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There's gold, and it’s haunting and haunting;
It’s luring me on as of old;
Yet it isn't the gold that I'm wanting,
So much as just finding the gold.

It's the great, big, broad land ‘way up yonder,
It’s the forests where silence has lease;
It's the beauty that thrills me with wonder,
It's the stillness that fills me with peace.

The Spell of The Yukon, Robert Service.
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Stratiform arsenic concentrations recently discovered by the Institute of Geological Sciences in Silurian
greywackes of the Southern Uplands are not only significant in themselves and worthy of detailed study
but also have pathfinder value for economic antimony mineralization. Stibnite is closely associated with
the bedded arsenopyrite but together with other valuable sulphides it is confined to veins of uncertain
age and origin. The presence of mass flow deposits in the hostrocks may provide a key to the
environment of deposition of the metals. Detailed mineralogical and chemical studies of the extensive
sample material (450m of drillcore) may serve to determine the loci of hydrothermal feeders while
geochemical analyses of ‘‘footwall’’ rocks, the stratabound sulphide body and ‘‘hangingwall’’ rocks
will permit assessment of the chemical and thermal evolution of the hydrothermal system. Isotope
studies will be required to elucidate the origin of the sulphur and lead.

Field analyses of arsenic in drainage and overburden samples in conjunction with outcrop mapping of
a wide area around the known mineralization will enable criteria to be developed for future exploration.
Comparative studies will be made on antimony-arsenic mineralisation elsewhere in the Southern
Uplands. Research techniques will be: reflected light microscopy, mass spectrometry, scanning
electron microscopy, X-ray diffraction and electron microprobe analysis in mineral characterisation,

and atomic absorption and X-ray flourescence in chemical analysis.

The student will acquire an all-round knowledge of geochemical techniques and an understanding of

mineralization which will equip him for work as an economic geologist.
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ABSTRACT

Detrital gold is widely dispersed in the Southern Uplands and attributed to minor Au-bearing vein mineralisation
hosted by Ordovician and Silurian turbidites. Field, mineralogical and geochemical studies in the Glendinning area
indicate the pervasive and laterally extensive nature of hydrothermal alteration and element zonation associated
with As-Sb-Au mineralization. Geochemical anomalies are characterised by elevated chalcophile (As, Sb, S, Cu,
Pb, T1, Hg) and depleted siderophile (Fe, Mg, Zn) and alkali group (Na) elements. Broad areas of sodium depletion
are indicative of primary hydrothermal activity and together with anomalous arsenic values locate 8 zones of As-
Sb-Au-Hg mineralization within 10km of the Glendinning mine and some 60 locations elsewhere in the Southern
Uplands of Scotland and the Longford Down, Ireland.

Electron microprobe studies demonstrate that an initial phase of arsenopyrite mineralisation forms the principal
locus of submicroscopic and lattice-hosted gold concentration in the Glendinning, Knipe, Caimgarroch Bay and
Clontibret As-Sb-Au deposits. Gold deposition was initiated during wallrock alteration and hydraulic brecciation,
possibly as a result of fluid chilling, while later stibnite vein deposition was accompanied and overprinted by minor
chalcopyrite, sphalerite, galena and a variety of sulphosalts.

Hydrothermal alteration and As-Au mineralisation in the Southern Uplands postdates arc-related volcanism,
turbidite deposition and early deformation. The model envisaged invokes the discharge of highly reducing,
sulphur-rich hydrothermal fluids, related to the emplacement of structurally constrained, late Silurian calc-alkaline
minor intrusives at the close of the Caledonian orogeny. Different levels of crustal emplacement and subsequent
exhumation are considered to explain the various styles of As-Sb-Au mineralization exposed in the Southern
Uplands.

The complex tectonic history of the Southern Uplands and Longford Down is mirrored by significant variations
in the chemical composition of strike parallel greywacke tracts admixed with sediments derived from ophiolites,
calc-alkaline volcanic arcs, stable cratons and carbonate shelves. Non-parametric K-means cluster analysis
applied to 840 petrographically defined samples, determined the chemical variation within each petrofacies and
provides a satisfactory method of classifying individual members. Geochemical traverses through the Southemn
Uplands and Longford Down reveal lateral continuity over a strike length of 350km.
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CHAPTER ONE

INTRODUCTION

1.1 INTRODUCTION

The Lower Palaeozoic turbidite sequences of the Southem Uplands of Scotland and the Longford Down Inlier in
the Republic of Ireland host numerous small baryte-base metal vein deposits (Morris, 1986). This baryte-lead-zinc
mineralization is consided by Russell (1978) to have a close association with major normal faulting and basin
development processes which formed large stratiform base metal deposits in central Ireland. In addition to these
vein systems a small number of highly unusual polymetallic deposits also occur in a variety of geological settings.
These include both sediment hosted (greywacke or shale) stratiform or stratabound deposits and igneous hosted
vein and disseminated (porphyry style) deposits.

This thesis presents a study of one group of these deposits, namely those associated with arsenic-antimony-gold
mineralization, and investigates the application of lithogeochemistry to both exploration for, and detailed
evaluation of, their related hydrothermal systems in a turbidite terrain. In addition, it also attempts to define the
nature, origin and timing of the As-Sb-Au mineralization and to detail the relationships between deposits and

igneous, tectonic and orogenic processes.

1.2 GEOLOGICAL FRAMEWORK

The Southem Uplands occupies an area of 18,000 square km and is bounded to the north by the Southern Upland
and Stinchar faults and to the south by the Northumberland Trough. Although the granitic intrusions in the SW of
this area give rise to peaks in excess of 700m (ie. Merrick at 842m and the Rhinns of Kells, 813m) a smooth well
rounded topography typifies the greater part of this region and results from the general uniformity of the Southern
Uplands sediments (Greig, 1971).

The Southern Uplands and also the Longford Down Inlier are principally occupied by an Ordovician-Silurian
greywacke/shale sequence whichis generally steeply inclined with a consistent NE-SW regional strike. This region
is subdivided by a series of major NE-SW trending strike-parallel faults into a number of stratigraphic tracts each
of which predominantly youngs to the NW but becomes sequentially younger to the SE (Stone et al., 198 7). Within
each unit, the beds are disrupted and repeated by folding and minor strike faulting (Eales, 1979). This turbidite
succession was deposited at the northem margin of the Iapetus ocean (Phillips et al.,1976) and has been compared
to modern accretionary prisms currently developing on active continental margins where successively younger
sedimentary units are underthrust below the continental margin (Leggett et al.,1979). This palacoforearc analogy
was recently subjected to intense scrutiny by Stone et al. (op.cit) who provided evidence for an alternative
depositional environment, invoking both back-arc basin sedimentation and thin-skinned tectonics to explain the

observed facts. Chemical evidence in support of a back-arc model is presented in Chapter 5.

Orogenic processes relating to the closure of the Iapetus ocean included intermittent, syn- to post-tectonic granitoid

and gabbroid plutonism from around 490-395Ma (Brown et al.,197f; Powell and Phillips,1984; Rock et al.,1987).
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Emplacement of an extensive dyke swarm of lamprophyres and associated intermediate acidic minor intrusions
commenced before 420Ma and continued until after 395Ma (Rock et al.,1986). Thus, the earliest syn-tectonic
lamprophyres are sheared and predate many of the Late Caledonian granites (eg. Doon, Fleet and Criffel) whereas
the latest, post-tectonic lamprophyres postdate even the commencement of post-orogenic molasse sedimentation

and represent the last event in Caledonian magmatism.

In the past, this region has been subjected to intense exploration activity for alluvial gold and has yielded in excess
of 40,0000z (Gillanders, 1981) from production dating back to the 16th century. One serendipitous result of this
activity was the discovery of a number of Pb-Zn-Ba deposits, most notably the Leadhills-Wanlockhead vein

system, which have been worked with various measures of success over the last 400 years (Gillanders op cit.).
1.3 GOLD MINERALIZATION IN THE UK and IRELAND

Gold has been exploited from a variety of locations and settings within the British Isles since pre-Roman times
(Collins, 1977). The location of the more important of these historical deposits is presented in figures 5 and 8. On
the British mainland a significant portion of all exploration activity carried out over the last 20 years has centred
upon gold exploration, with the bulk of this work undertaken in Scotland and Wales. This activity has met with
varying amounts of success. However, late in 1983 one of the most significant gold discoveries in north-west
Europe during this century was made in the Curraghinalt area of the Sperrin Mountains, 15 km north-east of Omagh
in Northern Ireland (Earls et. al., 1989).

In 1988 the thirteenth annual commodity meeting of the Institution of Mining and Metallurgy focused upon gold,
with emphasis on recent exploration. The resulting proceedings summary (Trans. Inst. Min. Metall. Vol.98)
presents the most recent review of exploration activity, techniques and methodology currently applied within the
British Isles, and supplements the historical discussions presented in this chapter.

1.3.1 Scotland

Although gold is widely distributed throughout the UK, a number of areas in Scotland have yielded concentrations

of gold in economic or sub-economic quantities, namely:

a) Leadhills-Crawford Moor area

Historical records show that mining was being carried out in the Leadhills area as early as the thirteenth century
(Wilson, 1921) but it is quite probable that mining activity was also undertaken here as in other parts of the British
Isles as early as Roman times. MacGibbons (1935) estimated that the total value of gold, both registered and that
illegally exported, obtained from this goldfield was in the region of £200,000 sterling. At the prices pertaining
during the peak of production, prior to 1600, this would account for approximately 40,000 ounces of gold, or in

present day terms, in excess of £ 10 million.

Until the sixteenth century, the focus of mining activity in Scotland centered upon the exploitation of base metal
mineralization forits silver content. During the middle of the sixteenth century the emphasis was switched to gold,
due to the discovery of alluvial gold mineralization in vein quartz pebbles and as fine nuggets within stream gravels
from the Leadhills area (Duff, 1985). However successful the alluvial deposits proved to be, the possible existence
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of gold veins in this district has preoccupied entrepreneurs and adventurers over the last 400 years (Gillanders,
1977).

A chronological account of the history of the Southern Uplands (Crawford Moor) and other Scottish goldfields
presented in Table 1.00 based upon a review by Langlands (1980), with additional information derived from
Atkinson (1619); Lauder Linsay (1868,1869); Porteous (1876); Cochran-Patrick (1878); Mitchell Cash (1917);
MacGibbon (1935); Snout (1967); Collins (1975); Harvey and Downs-Rose (1975); Gillanders, (1977); Dawson
etal. (1979); and Fraseret al. (p.com). The widespread distribution of alluvial gold in this area, led to the supposition
that a number of auriferous quartz veins existed, however during the following 400 years of subsequent exploration

activity, both at surface and underground, no such vein systems were ever formally documented.

Following a period of intense gold exploration and production during the sixteenth and early seventeenthcenturies,
the Leadhills-Wanlockhead area fell into a period of relative inactivity. However, previous attempts to locate the
source of the gold by trenching, had led to the discovery of a large number of Pb-Zn vein deposits in a district where
the surface indications of such veins were virtually absent, thus lending considerable impetus to the resurgent lead
mining industry (Gillanders, 1977). These veins were the subject of considerable mining activity over the next four
hundred years and contributed a greater portion of lead metal to the economy of Scotland than any other mining
district.

Temple (1955) detailed two major periods of mineralization in the Leadhills area, with the first phase producing
quartz veins containing gold and muscovite, followed by later galena and sphalerite bearing veins. However, the
report of a single gold-bearing quartz veinin this area by Temple (op. cit.) is in fact misquoted; Temple was actually,
referencing a quotation from Atkinson (1619), found in the treatise on the history of mining in this area by Porteous
(1876), where it was stated that the Elizabethan mining expert, George Bowes had ‘apparently’ located a small
gold-bearing quartz vein. This record reports that Bowes swore all his workmen to secrecy and concealed the
location of their workings. Due to the untimely departure of George Bowes, in an accident at the bottom of a copper
mine in Keswick, the vein was never worked and its location (if it ever actually existed) lost forever. Given the
difficulties faced by entrepreneurs such as Bowes in raising the necessary funds to undertake exploration in this
area (knighthoods were even offered by James VI as as a form of remuneration for such an investment), it is quite
probable that exaggerated claims of potential/proven reserves could have been made and may have found their way
into Scottish records of this period. Given also, the fact that none of the workers involved with this apparently major
discovery pursued the matter further following Bowes death, it is fair to assume that this report lies more within
the realms of Scottish folklore than Scottish mining history. The remaining portion of Temple's mineralogical
studies provided the first systematic and detailed account of the nature and diversity of the deposit found in the
Leadhills area, although his conclusions that the mineralization had a ‘deep seated’ origin, was emplaced at
temperatures of 143-281°C and was Hercynian in origin have recently been the subject of critical review
(Samson,1984).

S Kildon: Helm rl

Gold exploitation in the Strath Kildonan area of Sutherland was carried out in the latter part of the eighteenth
century. In the New Statistical account of Scotland (1845) the discovery of a gold nugget weighing more than half
an ounce was reported in Kildonnan Burn. Newspapers of the time recorded further discoveries of alluvial gold

in a number of the local burns (or streams) by Gilchrist, a native of Sutherland and a successful prospector, who



upon his return from the Australian goldfields, initiated the first systematic search for gold in 300 years. These
reports heralded the start of the famous 1868 Scottish gold rush. Within a few months of the initial discovery over
400 **miners’’ had moved into the area to seek their fortune and, upon payment of a prospecting fee of £ 1 per month
to the landowner (the Duke of Sutherland) they were assigned sole rights to a 40 foot square claim (Pledger, 1973).
Initially a large tented encampment was established at a spot knowntoday as Carn-nam-Burth (place of tents) which
was later replaced by a small shanty town (plate 1a and 1b) on the north bank of Kildonnan Burn at a locality known
as Baile-an-Or (the Bridge of gold).

Historical records indicate that individual ‘‘miners’’ were producing somewhere in the order of one ounce of gold
a week by hand panning and in three years of production over 30000z of gold was recovered and deposited at the
Helmsdale Bank. Given that all gold found at this time was subject to royalty payments it is safe to assume that
this figure only partially reflects the amount of gold actually recovered. Exploitation in this region was brought
toarapid haltin 1870 following the removal of mining permission by the Duke of Sutherland. Itis reported (Dunbar,
1970) that the Duke considered the wool and mutton from his sheep farm more valuable and less inconvenient than
the mining operations and all that they entailed and the miners were therefore given orders to quit.

Since this time a number of individual and commercial attempts have been made to produce gold from this area
and have met with a varying measure of success. In 1885 an English firm (under licence from the Duke) attempted
mining around the Suisgill Burn but departed from the area shortly afterwards. This aborted attempt was followed
by similar action by the Sutherland Mining Company in 1889. A further attempt was made to locate the ‘‘mother
lode’” by the Sutherland County Council early in the 1900’s. This operation, involving sixteen miners under the
direction of a Mr. Heath (a Californian gold mining expert), also resulted in failure, much to the delight of the local
farmers and fishermen who, with a wry sense of humor presented Mr. Heath with a gold watch and chain upon his
departure.

In 1964 the British Geological Survey carried out an evaluation of this area and concluded that due to “‘the rough
flaky and granular texture of the alluvial gold and its irregular distribution in streams draining the north-east flanks
of Strath Kildonan'’ the gold mineralization was derived from late-stage hydrothermal mineralization associated
with the emplacement of granite plutons. The gold recovered by the BGS survey occurred predominantly in the
size fraction 0.25 to 0.75mm. However, approximately 10% of the total number of grains recovered were of 1 to
3mm in size. Small scale hydraulic slucing techiques were suggested as an optimum method of economic
exploitation of these deposits, though it was pointed out that further detailed studies were required to assess the
true economic reserves of the area. It is worthy of note that the report of this assessment (Dawson et al. 1965)
included amongst its conclusions a provisional estimate that *‘at least as much gold still exists in this area as was

won by the 400 or more gold diggers operating during the years 1868-1870"".

In 1969 the Radioactive and Rare Minerals Unit of the BGS re-examined the gold workings in Strath Kildonan and
showed that the distribution of the alluvial gold was more extensive than previously believed, covering an area of
approximately 80 sq. km. (Phillipson, A.D. 1969) and in addition this study demonstrated a close spatial
relationship between gold sites and a zone of migmatites in the Moine series. Furthermore, it was suggested that
the gold and base metals may have been derived from complex sulphide ore bodies originally present in the
Dalradian meta-sediments which now form the migmatite zones, although it was recognized that large bodies of
Newer Caledonian granites intrude the migmatite complexes with the development of local skarns (Michie, 1974).



Following initial examination of the 128 panned concentrates collected by this study, the alluvial gold was
considered to have been liberated during tropical erosion and later redistributed by ice action. Detailed microprobe
studies of the gold grains (Fortey 1979) revealed that they were in fact gold-silver alloys (electrum) containing
minor amounts of platinum and copper. The silver content of individual grains was demonstrated to vary from 10
to 30 wt%. The discovery that the rims of each grain were depleted in silver (up to 98 wt% gold) with respect to
the core, was attributed to leaching processes within the alluvium. However, the presence of thin, incomplete rim-

zones was used to suggest a nearby source for the alluvial gold of this area.

c) Stronchullin area, Argyllshire

At Stronchullin a 38-46cm wide quartz vein containing galena, sphalerite and chalcopyrite, crosscutting quartzites
of Dalradianage, was discovered in the early 1900’s. Subsequent assays of the vein mineralizationrevealed arsenic
and antimony contents ranging from 5 to 12% and both gold and silver values of up to 40z per ton (BGS GoldFiles).
Following its discovery this deposit was worked as an opencut into the hillside and the remains of these workings
are still visible in the form of a 25m long trench, 1 to 2m in width and excavated to a depth of between 4-6 metres.
On the basis of these dimensions it can be calculated that approximately 750 tons of material were extracted by

this operation, though the exact proportions of ore to waste are unknown.

In the Loch Fyne area of Argyllshire, pyritiferous schists occur within the Ardrishaig phyllite series. Outcrops of
this unit on the shore of Loch Fyne have yielded minor gold and silver values associated with galena and sphalerite

mineralization.
h T P

The Loch Tay area of Perthshire has been known as a site of alluvial gold for over 130 years. Mining activity in
this area was initiated by the Marquis of Breadalbane in the early part of the nineteenthcentury. In 1838 the Marquis
retained Odernheimer, a German mineralogist, to examine the mineralization and mines on his estate, particularly
the Tomnadashan copper deposit, on the south bank of Loch Tay and the Corrie Buie lead veins, near the summit
of Meall nan Ogrieg.

In 186p Thoust, in his detailed account of the geology and mineral deposits on the south side of Loch Tay, reported
the discovery of a 20z nugget of gold from Glen Quaich and also noted abundant pyrite and heamatite in this area.
Three large gold nuggets (weighing 4, 5 and 60z respectively) were found at Corrie Buie during the process of lead
mining (Perthshire Courier,2-3-1852). Argentiferous galena from this quartz vein deposit historically yielded 40-
600 ounces of silver per ton. In addition, arsenical pyrites was reported from a small trial pit in the Locheamhead
area which yielded 60z of gold per ton. These discoveries linked with the location of native gold in the River
Almond (Perthshire Courier, 23-3-1852) appears to have stirred the exploration interests of the local community.
Lindsay (1870) reported that a digging ‘*mania’’ swept this region during 1852. A daily average of 300 ‘*diggers’’
in this area was not uncommon and exploration extended over an area of twenty square miles including opposite
shores of the Forth of Tay. Gold fever reached its peak on the 15th May, 1852 when over 1700 ‘gold seekers’

congregated on west Lomond Hill.

Recently this area hasbeenthe subject of intense exploration activity by a joint partnership of two Canadian mining

companies (Colby and East West Resources) under the management of R.S. Middleton Exploration Services, based



in Timmins, Ontario. Following an earlier reappraisal of the Tomnadashan mine area by the Canadian Boylen
Group which revealed gold assays of up to 0.060z per ton, and detailed literature surveys, this group obtained an
exclusive Crown licence to explore for gold and silver, over an area covering 185 square miles of Upper Dalradian
strata (118,400 acres) south of Loch Tay. Initial work confirmed the location of twenty historical sites of alluvial
gold mineralization in this area, and defined further alluvial gold localities in a 5 km long east-west trending zone,
on the southern flanks of Ben Chonzie in Glen Almond, paralleling the outcrop of a metabasite unit. This activity
furthered press speculation of a new *‘Scottish Klondike’’ (Daily Express, 4-3-86) in the Loch Tay area. In 1986
a regional geological, geochemical and geophysical assessment of five major estates in this area (resulting in
panned concentrate assays of up to 100,000 ppb gold) resulted in a 3000 ft drilling program within the Auchnafree
estate (owned by Sir James Whittaker). Although the results of this investigation were inconclusive, this area still
remains one of the most attractive sites for potential gold deposits outwith the Southern Uplands and, in light of
the Ennex discovery in the Sperrin Mountains of Northem Ireland (Earls et. al., 1989) should merit further

investigation.
¢) Tyndrum area

Ennex hasalso beenactively evaluating the gold potential of the Dalradian rocksin the highlands of Scotland, where
investigations centred upon the Cononish Farm, west of Tyndrum. Here gold-bearing quartz veins containing
0.450z/ton gold and 1.30z silver have to date been traced by trenching over lengths of up to 330 ft (Ennex Annual
Report, 1984; Parker pers.comm ). By the end of 1987 a total of 100,000 oz of reserves had been proven at this
site (Parker, 1987) and to date ore reserves stand at 925,000 short ton with grades averaging 0.22 oz Au/short ton
cut (0.35 oz Au/short tonuncut) and 1.18 oz Ag/short ton. The company recieved planning permission for an 850m
exploration adit in 1988 and development is well under way to confirm the continuity of mineralization and ore

reserves (Mining Magazine, January, 1989),
Gairloch area, Wester Ros

In 1907 a ‘copper-bearing limestone’ was reported by Peach et al. in the Gairloch area in northwest Scotland. This
deposit was not subjected to further investigation until 1978, when Consolidated Gold Fields, Ltd. began an
evaluation of this area. In 1983, Jones et al. presented summary results of this study and detailed the location of
an extensive stratiform mineralized horizon containing significant gold and zinc. This horizon occurs within the
Lewisian Loch Maree Group, a supracrustal sequence of mafic volcanics, greywackes, limestones, shales and
banded iron formations, unconformably overlying an older Lewisian high-grade metamorphic complex (Winches-
teret al. 1980). A submarine exhalative origin was proposed for this deposit (Jones, op.cit) and it was tentatively
compared with deposits of Besshi and Kieslager types. Although the mineralization is exposed over a relatively
small area, diamond drilling by Consolidated Gold fields delineated vertical and lateral extensions to this deposit.
In addition, further sulphide-rich gossans were reported in the general area.

£) Shetland Isles

Heddle in 1919 reported the occurrence of native gold associated with ilmenite sands on the Island of Unst, near
Berwick, and suggested a possible association with local quartz veins cross cutting an epidotic syenite. In the most
recent study of mineralizationin this region, Lord and Pritchard (1989) detailed the widespread distribution of low-
level concentrations of Au (10-100ppb) and demonstrated a primary magmatic association with chromite-rich or

clinopyroxene-dominated ultramafic rocks of ophiolitic affinity.
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1.3.2 Northern Ireland

The Sperrin Mountains discovery made by Ennex International Ltd. occurs in Dalradian metasedimentary rocks
of the Southern Highlands Group. This deposit is located in the Curraghinalt Bum area and is hosted by a WNW
trending quartz-vein swarm (0.4 to 11m in width) to the northwest of the Omagh Thrust (Clifford, 1986; Earls et.
al., 1989). Furthermore, drilling in juxtaposed Ordovician volcanics to the south of the Curraghinalt area, south
of the Omagh Thrust is reported to have intersected narrow zones of low grade base metal values with associated
gold. However, no intersections of economic widths/grades were located (Ennex Ltd. Quarterly Report, June,
1986).

Mineralogically, the Curraghinalt deposit appears simple, with electrum present as both intergrowths and fracture
infills within pyrite, arsenopyrite and chalcopyrite. Free gold is present and ranges in size from 20-130 microns
(Earlset. al., op.cit.). Lithogeochemical studies have established anintimate sympathetic relationship between Au,
Ag, Bi and Fe but Au appears unrelated to Cu, Pb, Hg and As. Current ore reserves of this Dalradian hosted quartz
vein-gold deposit are 1 million short ton at a grade of 0.28 oz Au/short ton cut (Ennex Ltd, Quarterly Report,
September, 1986). The gold-bearing vein systems are known to be openboth at depth (up to 500 ft) and along strike.
An underground exploration programme, including the development of a 1,400 ft adit to enable detailed
underground examination (at depths of 170 ft) of the five veins on which the ore reserve calculations are based is
currently underway. Recent exploration activity in Northem Ireland has also included an evaluation by Dungannon
Exploration Ltd. of licence DS, an area to the north of the Ennex deposit, approximately 25 km south of
Londonderry (Continental Carlisle Douglas Newsletter 1986). In this area the identification of a number of alluvial
gold anomalies led to the discovery of two auriferous vein systems in the Golan Burn area. Details of the results
of this study are still, for the most part confidential however, assays of 0.230z/ton over 8.125 ft and 0.270z/ton over
L4 ft have been announced (26-9-86). Intemal geological reports have speculated that the mineralization located
in the Golan Bum area is a lateral extension to that of Ennex’s adjacent property. However, a considerable

investigation is still required before this claim may be justified.

1.3.3 WALES

a) Ogofauy

Mining at this site has been undertaken since Roman times and it has been estimated by Annells (pers. com. 1983)
that production was in the order of 4-5,000 oz gold. From the late 1880’s this site witnessed sporadic activity by
Predominantly comish miners and in 1888 a small mill was built on the site. In the early 1900’s the Roman adits
were extended and a small number of new adits dug, but it was not until the formation of British Goldfields Ltd.
in 1931, that full-scale exploitation of this mine began. In the period that followed a 480 ft shaft was dug with a
series of levels at 100 ftintervals and approximately 2-3000 tons of ore were extracted. Work ceased at the the mine
Priorto the onset of the second world war due to the higharsenic content of the mill concentrate and other geological
problems.

The deposit is hosted by pyritic Ordovician siltstones and shales at the junction with the overlying Silurian
turbidites. Geochemical studies in the mine area reveal similar wallrock alteration characteristics to the

Glendinning deposit namely, arsenic enrichment and zinc depletion (with the lode zone itself is enriched in zinc).



Fluid inclusion and sulphur isotope studies infer deposition temperatures of the gold bearing quartz veins between
338-372°C (Steed pers com. 1985).

b) The Dogellau Gold Belt

The Dogellau Gold Belt is situated on the south eastem flank of the Harlech Dome a periclinal structure composed
of Cambrian sediments, recently described by Allen et al. (1985). A number of gold bearing quartz-sulphide veins
occurina ‘belt’ roughly coincident with the outcrop of the Clogau Formation, a sequence of black silty mudstones
of Cambrian age. Gold exploitation and mining in this area dates from the mid nineteenth century and in excess
of twenty mines and thirty known trials have been recorded. This region has produced approximately 130,000 oz
of gold since the 1850’s (Hall, 1975) and while interest centres upon the Clogau and Gwynfyndd Mines (80,000
and 40,000 oz production respectively) it should be noted that between 1890-19 10 twenty substantial deposits were
actively mined in this area. Integrated structural, textural and geochemical studies of the Gwynfyndd deposit were
undertaken by Ashton (1981) who assigned the gold mineralization a Late Caledonian age and proposed that the

deposits formed as result of extension and major normal faulting.

The forest of Coed-y-Brenin, five miles NNE of Dogellau was famed for its deposits of Turf Copper, an extensive
low-lying peat bog enriched with copper sulphate. Historical exploitation of copper at this site was undertaken
during the nineteenth century by burning the peat in kilns and extracting native copper from the ashes. This area
was the subject of intense exploration activity during the period 1965-1973 by Riofinex Ltd (Rice et al. 197¢) who
delineated the presence of an extensive, low-grade (0.2%) disseminated copper deposit, hosted by late Cambrian
diorites. This deposit displayed many features commonly associated with ‘porphyry copper’ deposits, such as a
phyllic-propylitic alteration envelopes and associated metal zonation patterns, and was ascribed a Caledonian age.
To date, little discussion of the gold potential of this deposit has been published and in comparison with similar
deposits elsewhere, the suggestion that any gold present could be extracted as a by-product during copper

production cannot be discounted.

In the mid-late 1970’s this deposit was the subject of a major public enquiry, due to its location within the
Snowdonia National Park. Unfortunately, the enquiry sided with the arguments raised by a strong nature
conservation lobby and refused to allow any further development of the Coed-y-Brenin deposit. Recently, the
Gold-Belt area was the subject of a geochemical drainage survey, undertaken by the British Geological Survey as
part of their on-going Mineral Reconnaissance Programme (Cooper et al. 1985). This study delineated the
metallogenic potential of this region and defined a series of anomalous areas related to a variety of different styles
of mineralization including: Gold Belt vein deposits; granite-related deposits; disseminated ‘porpyhry-style’

copper deposits; and stratabound and epigenetic manganese deposits.

1.3.4 Comwall and Devon

Although the south-west of England is best known for its tin mining industry, a large number of sites of alluvial
gold occur throughout Comwall and Devon, the most famous being at the head of the Restronget Creek in the
Falmouth Estuary. The earliest review of gold mineralization in this area is presented by McLaren (1908) who noted
that very little of this alluvial gold had been traced back to its bedrock source. The principal site of gold
Mineralizaton in Devon is North Molton, where in 1850 **vein gossans’’ crosscutting Devonian aged strata within



the Britannia and Poltimore mine, yielded over 1.30z of gold per ton and total production from this source was in
the order of approximately 1500z. The gossan has been described as a *‘friable ironstone containing copper’’
(Anon, BGS Gold file) which most probably formed by the decomposition of gold-bearing sulphides, predomi-
nantly pyrite (Collins, 1975). A further potential source of alluvial gold in the Port Issiac area of North Comwall
was identified by Stanley (pers.com.) where both native gold and electrum inclusions are present in tetrahedrites

hosted by metabasites.

Leake et. al. (1989) documented the results of a detailed drainage survey and gold exploration programme in south
Devon. Microchemical investigation of detrital gold grains from both drainage and overburden samples (for Au,
Ag, Pd, Cu and Fe) revealed the presence of cosiderable compositional variation. Zoned Pd-bearing gold (Pd 3-
10%) displays similar composition to dendritic gold from Hope’s Nose, and as such is inferred by Leake et. al.
(op.cit.) to represent the original composition of gold mineralization in this region.

1.3.5 Lake District

One of the earliest records of gold mining activity in the UK is attributed to Roman activity at the Goldscope Mine,
in the Vale of Newlands, to the south-west of Keswick. Mining activity resumed at this mine during the reign of
Elizabeth I and the succession of workings for both lead and copper at this site are detailed by Postlethwaite (1913).
The general geology of the mine area consists of a major E-W trending vein set dominated by chalcopyrite but also
containing pyrite, arsenopyrite, native bismuth and microscopic inclusions of native gold and electrum (Stanley,
1986 pers.com). The vein system cross cuts Ordovician graphitic siltstones in close proximity to the contact with
the overlying Borrowdale Volcanic Group. The Dale Head North vein, 2 km to the south of the Goldscope Mine
is also reported to contain gold bearing sulphides (Stanley 1986 pers com.).

The origin of these chalcopyrite-arsenopyrite-pyrite veins was discussed in detail by Firman (1986) who proposed
a volcanic source for the mineralizing fluids and in addition, tentatively suggested a model for the recirculation
of volcanic exhalative fluids, driven by Lower Devonian granite intrusion. Detailed mineralogical studies by Ixer
et al. (1979) upon a wide variety of cobalt-, nickel- and iron-bearing sulpharsenides from the Lake District also
led to the inference of a magmatic component to this form of mineralization. An additional point worthy of note
in relation to both of the above deposits is the presence of tourmaline in association with the sulphide-gold
mineralization. Thus, the pathfinder elements Cu, As, Bi, Sb and B could prove useful in any form of geochemical

survey for this type of mineralization.

Small quantities of arsenic-bismuth-molybdenum mineralization have been described by Young (1985) from a
quartz-topaz greisen located at the margin of the Eskdale Granite [SD 1525 9723]. The age relationships of this
mineralization is unclear but it was proposed that the mineralization was genetically related to the granite and

developed during the final stages of emplacement, thus implying an early Silurian episode of mineralization.

1.3.6 Republic of Ireland

Small quantities of gold have historically been located in various parts of Ireland (Fig 8). A detailed review of gold
in Ireland is presented by Reeves (1971) and more recently McArdle (1989) summarising the wealth of historical
literature from sources including Boat (1652), Kane (1845), Calvert (1853), Holdsworth (1857), Kinghan (1878),
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Ball (1895) and Simoens (1921). In addition to the predominantly alluvial deposits described above, in-situ gold
mineralizationhas also been reported from the Avoca district in southeast Ireland, South Mayo, the Longford Down
Inlier and the west of Ireland (McArdle, op.cit.).

Gold is currently the principal focus of mineral exploration for most companies in the Republic of Ireland (Morris,
1986; McArdle, op.cit.). Exploration activity has been encouraged by the definition and detailed investigation of
a number of prospects, including Clontibret (Munster Base Metals Ltd.); Westport, County Mayo (Tara
Prospecting Ltd.) and the Sperrin Mountains (Ennex plc Ltd.). Historical gold production in the Republic of Ireland
was confined to a number of placer occurrences in the Goldmines River area of the Wicklow Mountains, south of
Dublin where approximately 50,0000z of gold were liberated between 1790-1850 (a similar figure to the gold
production estimates of the Leadhills area in Southem Scotland). A chronological account of the history of alluvial
gold production in the Gold Mines River area, Co. Wicklow presented in table 1.51, is based upon this review with
additional information derived from Mills (1801), Weaver (1821), and MacLaren (1903).

In 1986 Tara Prospecting announced the discovery of a significant vein and placer gold mineralization, near
Westport in County Mayo. The deposit is located at the fault-bounded contact between Silurian turbidites,
Dalradian metasediments and anundated ophiolitic complex. Auriferous quartz vein systems have been traced over
astrike length of approximately 12 km and in one location preliminary diamond drilling delineated reserves of 7000
tonnes grading 4.9g/tonne (0. 160z/tonne) Morris (1986). Recently, Riofinex plc announced the discovery of a new
group of gold-bearing veins three km west of Omagh, County Tyrone and reported strike extensions of up to 3000ft
(Mew Quarrying and Mining 15th Feb, 1988). Furthermore, significant gold mineralisation associated with
massive sulphide deposits have been reported by Ovoca Gold Exploration PLC from their exploration programme
in Dalradian rocks in Connemara, westem Ireland (McArdle, 1989).

In County Monaghan, the Clontibret (Lisglassan-Tullybuck) deposit, historically worked for antimony (Morris,
1985) has since 1979, been subjected to an intense exploration program by Munster Base Metals Ltd. This study
has defined a number of NNW trending stibnite-quartz lodes, and a stratabound stringer-vein zone, within
Ordovician turbidites. The stringer-vein zone has been traced along strike for more than 500m, delineating a broad
zone of low grade gold mineralization (ie. 0.88g/tonne over 41.3m and 0.93g/tonne over 25.7m). The lode zones,
defined by Morris (1986) as vein/fault zones enveloped by disseminated auriferous arsenopyrite and pyrite in
pervasively altered (phyllic) greywacke, have yielded higher grades over considerably narrower widths (ie. 36g/
tonne over less than 2m). Detailed geological studies by Morris and Steed (1985,1986 and 1989) suggest that this

deposit is Caledonian in age and related to minor igneous activity.

1.4 ARSENIC AND ANTIMONY MINERALISATION IN SCOTLAND

Antimony, historically a strategic element because of its role in the explosives industry, has been recovered from
a number of deposits in the British Isles. In all instances however, production was carried out on a limited scale
and in each case the ore was confined to erratically distributed pods of stibnite within narrow quartz veins. A
summary of the internal and published BGS records relating to arsenic and antimony deposits in Scotland (Dewey,
1920) is presented below:
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1.4.1 Talnotry

Here a 1.3m wide arsenopyrite-quartz vein occurs along a faulted junction between the Caimsmore Granite and
Silurian slates and greywackes. Arsenopyrite occurs as both coarse masses up to 5cm in diameter within the vein
and as fine grained disseminations in the host rocks (Duller and Harvey, 1984). Historical workings dating from
the late 1800’s, consist of a shaft 32m in depth with a side level driven for a few tens of metres.

. .

1.4.2 Glendinning

The Louisa Mine at Glendinning, 12 miles north-west of Langholm was discovered in 1760 during a search for lead
mineralization. At this site a stibnite-quartz vein was located outcropping in the Glenshanna Bum, which on
detailed examination was also found to contain minor sphalerite and traces of galena, pyrite and chalopyrite. This
vein remained for the most part unexploited until 1793 when the Glendinning Antimony Mine Company began
regular production. In the six years that followed (1793-98) approximately 100 tons of antimony metal was refined
on site, valued at this time at £8,400. During this period approximately 40 people were employed on site and paid
wages of £23-26 per year. In 1888 exploitation of this deposit resumed and during the period 1888-91 a further 88
tons of metal were extracted. Mining activity appeared to have ceased abruptly in 1891 and approximately 10 tons
of ore was left on the sorting floor. Further work at the mine appears to have been undertaken during the period
of the first world war (1914-18) but few details or records of production are available.

The only cross-section of this mine located to date is that presented on General Dirom’s County Map of
Dumfriesshire (circa 1850) which forms the basis of Figure 85. The mine was worked on three main levels by a
process of open-stoping. However, access to the old workings is currently restricted to twenty metres of the adit
level, the remaining 100 metres of this adit is sealed off by a roof collapse and other levels are inaccessible due
to the (pre-1920) collapse of the main shaft. In 1979 this deposit was investigated by the British Geological Survey
as part of its Mineral Reconnaissance Program in Scotland. This survey led to the discovery of apparent stratiform
arsenopyrite mineralization inclose proximity to the vein stibnite deposit and recognized the association of arsenic

and antimony in the surrounding area (Gallagher et al. 1981 and 1983).

1.4.3 The Knipe

The Knipe Antimony Mine, 3 miles SSE of New Cumnock, was first reported by Alexander Rose in 1845. The
deposit is located near the centre of a small granodioritic cupola of Lower Devonian age intruding a Lower
Ordovician (Arenig-Llandeilo) series of greywackes and shales, and gives rise to the prominent upland areas of
Hare Hill and the Knipe (Khan, 1968; Fowler, 1976; Rollin, 1983; Naden and Caulfield, 1989). The orebody
consists of a N-S trending 30-50 cm wide vein containing acicular stibnite and quartz. Underground workings
consisted of an adit driven into the hillside for a distance of approximately 55 metres. However, as the entrance
to this adit has now collapsed, underground exposures are inaccessible. A second stibnite vein 15-20cm wide
trending N 010° was reported by Fowler (op cit.) to the west of the main vein, outcropping within the old boundary
walls of the Dalhana property (Blackadams Bum). This vein was traced by Fowler (op cit.) over a strike length of
400m during a VLF geophysical survey of the mine area. Immediately north of the main mine area a N-S trending
fine grained microgranite (‘felsite’) dyke outcrops within Garepool Bum. Disseminated arsenopyrite has been
located by the author within the wallrocks to the main stibnite vein (sericitised granodiorite) and the dyke (homfels
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greywacke) and as such a tentative link between the dyke and the As-Sb mineralization is inferred. Little
informationis currently available asto the exact timing of exploitation at this site or regarding the amount and value
of ore extracted. This deposit was recently the subject of detailed evaluation by BP Minerals Ltd and the results
of a fluid inclusion and stable isotopic study of this deposit is presented by Naden and Caulfield (1989).

1.5 THE ROLE OF THE BRITISH GEOLOGICAL SURVEY

The British Geological Survey was established by the Government in 1835 with the specific charter to produce
geological maps of the country in order to aid the assessment of national mineral wealth and assist the construction
of land utilisation policies (Wilson, 1977). Geological mapping of Scotland began in 1854 and for the first 20 years
concentrated upon the rapid survey of central Scotland and the Southern Uplands. Subsequent to this survey,
Lapworth (1884) established the importance of graptolites in the interpretation of the geology of the Southem
Uplands and as a result, a major resurvey of this area was undertaken by Peach and Home between 1888 and 1898,

resulting in the 1899 publication of revised maps and their now classic memoir.

Since this time the British Geological Survey has actively undertaken a wide variety of studies in the Southern
Uplands, including the remapping and publication of individual 1:50,000 scale geological maps and accompanying
sheet memoirs and a detailed assessment of the sand and gravel resources of this region. This work has been
supplemented to a great extent by detailed individual studies in a wide variety of disciplines, particularly the
Department of Trade and Industry funded Mineral Reconnaissance Programme (MRP). It should be noted that the
recent releases of drainage geochemical data relevant to this region from the Geochemical Survey Programme
(GSP) are not reviewed here. The MRP programmes instigated in the mid-1970’s centred upon a detailed
(re)examination of many of the known areas of historical mining activity or recorded mineralization. In addition,
the technique of stream sediment sampling was used during these studies to aid the assessment of the mineral
potential of the surrounding areas and proved extremely effective in delineating previously unreported minerali-

zation. The following areas and styles of mineralization were investigated by the Survey:

a) Stratabound arsenic and vein antimony mineralizationin Silurian greywackes at Glendinning, Southern
Scotland (Gallagher et al. 1983).

b) Base-metal mineralization associated with an Ordovician shale sequence in south-west Scotland (Stone
et al. 1983).

c) Investigations of small intrusions in Southem Scotland (Cooper et al. 1982).

d) Mineral exploration in the area of the Fore Burn igneous complex, south-western Scotland (Allen et
al. 1982).

e) Gold mineralization at the Southern margin of the Loch Doon granitoid complex, south-west Scotland
(Leake et al. 1981).

f) Copper-bearing igneous rocks at Caimgarroch Bay, south-west Scotland (Allen et al. 1981).

g) Porphyry style copper mineralization at Black Stockarton Moor, south-west Scotland (Allen et al.
1980).

h) Mineral reconnaissance survey of the Abington-Biggar-Moffat area, South-Central Scotland (Dawson
et al. 1979).

i) A geochemical drainage survey of the Fleet granitic complex and its environs (Leake et al. 1978).

i) A reconnaissance geochemical drainage survey of the Criffel-Dalbeattie granodiorite complex and its

environs (Leake et al., 1978).
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k) A mineral reconnaissance survey of the Doon-Glenkens area, south-west Scotland (Dawson et al.
1977).

I) Lead, zinc and copper mineralization in basal Carboniferous rocks at Westwater, south Scotland
(Gallagher et al., 1977).

m) Geophysical surveys around Talnotry Mine, Kirkcudbrightshire, Scotland (Parker, 1977).

The above reports present the most extensive and up to date source of reference for potential mineralization in
Southern Scotland. They have been used extensively by mineral exploration companies to delineate potential
targets within this region and as such are responsible for actively promoting further ‘private sector’ exploration.

Where appropriate the results of pertinent reports are discussed further within chapters 3-6.

1.6 OBJECTIVES AND METHODOLOGY

This research was initiated in 1982 with the objective being to characterise the geochemical effects of hydrothermal
alteration in the Glendinning deposit and test the hypothesis that lithogeochemical surveys could be used toidentify
potential areas of similar As-Sb-Au mineralization. In the period 1982-83, field work concentrated upon
subsampling of the available BGS drillcore, chip sampling in the immediate area of the Louisa Mine and the
implementation of a regional lithogeochemical sampling program between Glendinning and Hawick. During this
period sampling of many of the polymetallic vein deposits in the Southern Uplands was also undertaken in
conjunction with several visits to the turbidite hosted arsenic-gold deposit at Clontibret in the Republic of Ireland.
By the end of 1983 initial geochemical results clearly defined a number of anomalous lithogeochemical sites to
the north east of the Louisa Mine area, which were then investigated by a program of shallow soil sampling and

overburden geochemistry.

The success of these studies clearly merited the assessment of lithogeochemistry as a potential tool in gold
exploration on a much wider scale. To this end, simultaneous cross-strike traverses were undertaken by the author
and Dr R. Bames (across the south-west coast of Scotland) and Dr J. Morris of the Geological Survey of Ireland
(across the Longford Down). In addition, a suite in excess of 1000 petrographically studied greywacke samples
were made available for chemical study by DrJ. Floyd of the British Geological Survey from his ownresearch areas
in the Northern and Central belts of the Southern Uplands. Automated XRF, electron microprobe and more
traditional ‘wet’ chemical analysis was carried out in 1983-1984 within the geochemical laboratories of
Nottingham and Manchester Universities and Kings College, London. The third year of this study was dominated
by geochemical data assessment, interpretation, presentation and review, linked by intensive computer program-

ming activity.

This research initially set out to characterise the chemical effects of mineralizing hydrothermal fluids upon their
turbidite host rocks and to test the hypothesis that lithogeochemistry could be used effectively to detect the presence
of stratabound As-Au mineralization in any turbidite terrain. Lithogeochemical studies of greywackes, shales and
mineralized drillcore were used to define a ‘chemical fingerprint’ for the hydrothermal (wallrock) alteration effects
associated with As-Au deposits in southern Scotland and successfully delineated new areas of potential
mineralization. The resulting geochemical data were also used to provide detailed information upon the variation
in chemistry of the mineralizing fluids with time, and were augmented by detailed petrographic, mineralogical,

micro-chemical and isotopic studies.
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Lithogeochemical data from samples collected on a regional scale across the Southem Uplands of Scotland and
Longford Down in the Republic of Ireland were used to define ‘‘geochemical signatures’’ for a series of
petrographically distinct turbidite units and to generate a regional lithogeochemical 1:250,000 atlas of this region
(see enclosures) linking a number of detailed inset maps produced at scales of 1:100,000 and 1:50,000.

1.7 THESIS STRUCTURE

This thesis describes a geological, mineralogical and geochemical investigation of stratabound arsenopyrite-gold
mineralization in the Lower Palaeozoic turbidite succession of the Southem Uplands of Scotland. This attempt to
define the nature and genesis of these deposits also includes an evaluation of the application of lithogeochemistry

to regional studies in this terrain.

The research proposal (for this study) was developed during 1979, following the discovery by the Mineral
Reconnaissance Program of the British Geological Survey (formerly known as the Institute of Geological Sciences)
of stratiform arsenopyrite mineralization in close proximity to the Louisa Mine, near Glendinning, 13 km NW of
Langholm (Gallagher et al. 1981 and 1983). The original investigation by the BGS was regarded as a
reconnaissance; detailed studies were required to elucidate the origin and genesis of the deposit and evaluate the
potential of the region for similar occurrences. This project was proposed to and supported by the Natural
Environment Research Council, in the form of a CASE studentship supervised jointly by Professor M.J. Russell
of the Department of Applied Geology, Strathclyde University and Dr M.J. Gallagher of the British Geological
Survey, Edinburgh (see page iv for details of the original proposal).

This chapter reviews the geological and historical background to gold mineralization in the UK, defining the area
of investigation and outlining the methods and philosophy followed during the tenure of the research programme.
In chapter two, details of the analytical, computational, data management and interpretation techniques applied
within this study are presented and discussed. The Glendinning As-Sb-Au deposit is evaluated in detail within
chapter three. The broad spectrum of observational scales described in this chapter is used to test a number of
possible hypotheses relating to ore genesis and alteration processes. In chapter four a critical review of the global
association of arsenic and antimony deposits with gold mineralization is presented. This includes a discussion of
the nature, origin and genesis of such deposits and the structural control, occurrence and igneous association of

gold mineralization in Scotland.

The results of the systematic lithogeochemical sampling program in both Scotland and Ireland is described in
chapter five. This study is used to evaluate the origin and provenance of Scottish greywackes within their regional
geological context and define the relationships between turbidite petrography and geochemistry. mineralized and
unmineralized greywackes are also compared in order to distinguish the effects of ore forming processes from the
effects of turbidite provenance. Chapter six details the results of a series of micro-chemical mapping studies upon
anumber of individual sulphide crystals and discusses the application of this technique to both mineral exploration
and processing. In the final chapter the conclusions generated within this thesis are summarised and their
significance discussed. Opportunities for future studies and their application with regard to outstanding problems
are also presented. During the tenure of this research program interim reports were presented in the form of short
lectures at a series of local and international conferences and subsequently published (see References and

bibliography). A summary of the analytical studies undertaken is presented below:
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Microprobe Analysis

Sulphide Analyses

Arsenopyrite 1743

Pyrite 206
Stibnite 20
Sphalerite 12
Tetrahedrite 7
Gold Inclusions 16
Total.........coucuce. 2004

X-Ray Fluorescence Analysis

Rock Type Pressed Pellet  Fused Bead

Greywacke 1847 200
Mudstone 197 10
Mineralized Core 167 10
Soil Samples 495 -
Mineralization 84 -
Total.......cccuvuene 2790 220

Inductively Coupled Plasma Analysis

Rock Type Samples

Greywacke 213
Mineralized Rocks 15
Total................. 228

The geochemical database formed by the above data contains in excess of 100,000 elemental analyses together with
approx. 30,000 calculated values (ie. ratios, totals, norms, formula units and atomic proportions). Listings of all
data and computer programs are presented within the tables and appendices of this thesis. Copies of the
geochemical data in a computer readable format are lodged with the British Geological Survey and form part of
the National Geochemical Database.



CHAPTER TWO
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CHAPTER TWO
ANALYTICAL TECHNIQUES AND
METHODS OF INTERPRETATION

2.1 INTRODUCTION

The trend towards large-scale multi-element geochemical studies over recent years has not only yielded increasing
large numbers of geochemical analyses, but also an increasingly wide selection of chemical elements for each
sample. Twenty nine major, minor and trace elements were routinely analysed by XRF techniques during this study
and these were augmented by an additional 20+ elements analysed by ICP, neutron activation or other specialised
techniques. Inaproject of this size, considerable benefits were gained by the use of computer-based data processing
techniques, particularly in the fields of data management, statistical processing and automated cartography and
plotting. Computer programming and data analysis were carried out within the Applied Geology Department of
Strathclyde University whereas XRF data processing, discriminant analysis and grey scale mapping were carried
out in the XRF laboratory within the Geology Department of Nottingham University. An account of all sample
preparation and analytical procedures is provided within the appendices of this report.

2.2 ANALYTICAL TECHNIQUES

2.2.1 X-Ray Fluorescence Spectrometry

X-ray fluorescence spectrometry is a well established analytical technique, capable of producing reliable, high
precision geochemical data. It is only with recent developments in instrumentation and computer technology that
the speed of analysis has been increased to a point where the technique has become cost effective for use in
geochemical exploration (Harvey and Atkin, 1985).

These techniques are based upon the theory that X-rays (short wavelength electromagnetic radiation) may be
produced by bombarding matter with high energy particles or radiation. If the bombarding particles possess
sufficient energy they will be able to knock out electrons from the inner shells of atoms in the target area, leaving
holes. Electrons from outer energy shells of the atoms will fall back into the holes in the inner shells and in so doing,
emit electromagnetic radiation. The wavelengths of the fluorescent radiation emitted are determined by the atomic

energy levels and are characteristic of the element emitting them.

Sequential wavelength dispersive spectrometers are capable of determining most elements from atomic number
nine (F) upwards over a compositional range of a few parts per million, or less, up to 100% (Galson et. al. 1983).
The development and availability of a high power (3kW) rhodium anode X-ray tube was highly significant, as the
tube can be used to determine almost all elements of geological interest (with the exception of Ag, Cd and In)
thereby minimising the need to change X-ray tubes within analytical runs. Quality control procedures were
undertaken during geochemical analysis in order to ensure that the final analysis is within acceptable/predicted
error bounds. This involve the analysis of ‘‘known’’ samples (ideally Certified Reference Standards) in order to
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check the ‘‘accuracy’’ and the repeat analysis of either ‘‘known’’ or ‘‘unknown’’ samples to check the precision
(Harvey and Atken, 1985). As the concentration of an element decreases its measurement precision deteriorates
until the Lower Limit of Detection (LLD) where the precision is +/- 100% is reached (NB. The LLD may within
reason, be raised or lowered by altering the counting times). Standard analysis runs involved the frequent analysis
of an instrument ‘‘monitor’’, the analysis of several Certified Reference Standards, in-house Reference Standards

and the unknown samples.

Harvey et. al. (1973) described a technique for X-ray fluorescence analysis of fusion beads based upon the method
of Norrish and Hutton (1964) but modified to enable more rapid preparation and processing of samples without
any loss of accuracy. This method was followed during the preparation and analysis of greywacke samples during
the tenure of this project. Because of the non-destructive nature of the XRF technique, an identical set of standards
were used for all analysis runs, thereby ensuring that the data obtained from individual runs remained compatible
even in the low ppm range, throughout this project. Full details of the sample preparation techniques and analytical

procedures are presented in appendix one.

2.2.2 Electron Probe Microanalysis

A detailed summary of the principles of electron probe microanalysis is provided by Craig and Vaughan (1981).
In summary, a beam of electrons generated in a potential of 20kV may be focused into a 1 micron diameter beam
and directed at the sample under analysis. This beam then excites the emission of X-rays characteristic of the
elements present in the sample, the intensities of which are calibrated against those of known standards in order

to provide a quantitative analysis of element concentration.

The Manchester probe comprises a Cameca Camebax system fitted with two wavelength dispersive spectrometers
(WDS) and a Link 860-500 EDS system. A 20kv accelerating potential voltage was used with a 40° take-off angle,
14.5nA beam current and 2 micronbeam width. Spectra software was used to deconvolute overlapping X-ray peaks
and subtract a background radiation by reference to a previously obtained library of standard peak profiles.
Standards consisted of a mixture of pure metal and synthetics (see appendix 3). Arsenic analyses were calibrated

in relation to a secondary standard with respect to Kretchmar 200, the international arsenopyrite standard.

2.2.3 Scanning Electron Microscopy

If a microprobe’s electron beam is made to raster across the surface of a specimen (rather than remain stationary)
secondary and backscattered electrons are produced. When these electrons are detected and the signal amplified,
a magnified image of the specimen surface can be produced on a cathode ray oscilliscope in a similar manner to
atelevision picture. The backscatter electron image forms a powerful tool in the study of small-scale mineralogical
structures as it provides good atomic number contrast with a resolution of approximately 50nm. The CAMECA
Camebax at Manchester University uses four solid state diodes to detect the backscattered electrons. In addition
the Camebax can also be used as a high performance scanning electron microscope (resolution 10nm) by detecting

secondary electrons, however this image gives poor contrast between most silicate phases.
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2.2.4 Fire Assay

Although the special position held by fire assay in analysing the precious metals is under threat by other techniques,
the unique chemical properties of precious metals and their common association with complex matrices ensures
that the fire assay technique is still an essential analytical tool. Inits simplest form, the fire assay technique is based
upon the affinity of precious metals for molten lead. In detail, individual samples are heated with a mixture of lead
oxide, a reducing agent and a flux. The resulting high temperature lead metal forms alloys with the precious metals
contained within the sample and collects as a lead (Dore) bead, leaving the remaining material to form a glassy
slag. Following cooling and separation, the Dore bead is placed within a bone-ash crucible and heated in a direct
air flow. This oxidises the lead which is partially absorbed by the porous crucible and partially evaporated. Since
the precious metals are inert they remain in the crucible and at the end of this ‘cupellation’ stage, form a small bright
button (‘prill’) which is then weighed. In the absence of platinum group elements it is a simple matter to digest
the silver content of this bead in nitric acid, leaving the relatively more noble gold as a residue to be collected and
weighed. The silver content may then be calculated from the difference between initial and final bead weight. When
platinum group metals are present a complex series of chemical separations are also performed on the bead. The
limitation of this procedure is the smallest amount of gold that canbe weighed reliably, and most laboratories report
a detection limit of ~0.01 ounce per short ton (0.343ppm) using a 30g sample.

This technique has been modified withinthe isotope laboratories of McMaster University, where the standard Dore
bead isirradiated prior to instrumental neutron activation analysis (INA A). This pre-concentation of gold and other
precious metals within a lead bead prior to irradiation, serves to reduce many of the matrix effects inherent in whole
rock samples, increasing sensitivity and providing detection limits as low as 1ppb for Au. Full details of the
determination of gold by neutron activation analysis are provided by Hoffman and Brooker (1983).

Considerable confusion exists in the terminology and units used in analytical and economic assessments of gold
deposits. This is compounded by the fact that fire assay results are generally reported in ounces per ton, whereas
geochemical results are reported in parts per million (ppm). As such, simple conversion factors between these two
forms of data are presented below:
10 ppb = 0.00033 oz/long ton (2240 pounds)
10 ppb = 0.00029 oz/short ton (2000 pounds)
1 ppm = 0.033 oz/long ton (1000ppb)
30.61 ppm =1 oz/long ton
3428 ppm =1 oz/short ton = 1.120 oz/long ton
100 ppm = 2.917 oz/short ton = 3.267 oz/long ton

2.2.5 Instrumental Neutron Activation Analysis

Instrumental neutron activation analysis is an analytical technique dependent on the measurement of the number
and energy of gamma and x-rays emitted by radioactive isotopes produced within a sample, following irradiation
with neutrons from a nuclear reactor. This neutron-induced radioactivity emits a characteristic gamma-ray energy
spectrum for each element (ie. an individual nuclear fingerprint) which can be measured and quantified using a

gamma-ray spectrometer,
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The analytical facilities of the McMaster Nuclear Reactor Center, Ontario, Canada were used during the tenure of
this project. The McMaster nuclear reactor operates at a 2MW power level and allows simultaneous irradiation of
a large number of samples under a variety of conditions. This facility caters for an industrial requisite of large
numbers of routine gold analyses. This technique provides a highly sensitive method for gold and platinum assay
and is further enhanced when used in conjunction with the classical fire assay collection of gold in a Dore bead

prior to irradiation (detection limit 1ppb).

Until recently, restrictions in funding have prevented BGS from preparing geochemical maps for either gold or its
pathfinder elements such as arsenic and antimony. With supplementary support from the private sector, a highly
successful program of re-analysis of stream sediment samples from large tracts of northern Scotland (for As, Au,
Sb and other elements) by non-destructive INAA techniques is underway.

2.3 DATA MANAGEMENT TECHNIQUES

2.3.1 Introduction

The geochemical exploration programme instigated during this study is characterised by large, multivariate data
sets. Plant and Moore (1979) noted that the preparation of a systematic geochemical database provides a
fundamental requisite of regional exploration programmes.

The logistical problems of handling, manipulating and processing the large volume of data generated by this study
presented numerous problems. IBM-PC database and spreadsheet packages such as dBASE and Lotus 1-2-3 had
only recently been introduced to the UK at this time (1982-3) and were unavailable to the author. As such, this
problem was resolved by the creation of a purpose built, relational data management system (RAW) written in
Fortran 77 for use on the VAX 8600 mainframe computer.

2.3.2 The RAW Database Management System

Fundamental to the success of this project was the standardisation upon a flexible datafile structure. The RAW
format defined by Harvey and Atken (1982 pers. com.) was deemed to be most appropriate, based upon the
philosophy that each data set could be *self-formatting’ and carry its own detailed description which could be read
by other programs (ie. title, number of variables, number of samples, variable names and data formats) in addition
to the actual sample names and data values. Complete listings of the RAW system programs are presented in
appendix seven. Once developed, the initial RAW program allowed the user to:

1) CREATE - This option allows the user to CREATE a RAW database file from data input via the keyboard.

Upon CREATION the DATABASE contains the following information:

TITLE - Title for the data and pages of REPORT output.
VARIABLES - A list of the user defined VARIABLE names.

Mand N - The number of VARIABLES and SAMPLES/ROWS.
SAMPLE No's - A name for each RECORD of data in the file.
RECORDS - An array containing the numeric data input for each

SAMPLE/ROW of the ‘‘M’* VARIABLES.
This file may be edited from with RAW or by use of the screen editors.



2) DELETE -

3) APPEND -

4) MERGE -

5) EDIT -
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Any variable or sample record can be removed from the RAW datafile.

This section allows the user to both read and append RAW formatted data files.

Asinthe CREATE routine, additional data RECORDS may be input, then added to an existing file.
Output from this program is in the form of an incremento version of the original RAW filename.
Extreme care is therefore required with system PURGE commands after any APPEND. The naming,
number and order of the variables are defined previously by the RAW file which will be appended.
The ability to modify the output file generated by this program, is incorporated within the RAW
package, and may be accessed through the EDIT option.

The MERGE option allows a number of similar RAW files to be linked together to form a larger
DATABASE file. Two possible forms of MERGE may be undertaken:

1) Additional samples records may be added to existing variables.

2) Additional variables may be added to existing sample records.

Note that in each case, all variables (1) or samples (2) must exist in both files for this operation to

succeed.

This section allows the user to both read, manipulate and/or correct RAW formatted datafiles.
Numerous options are available to allow data conversions and these fall into two main editing
categories:

a) SAMPLE ORIENTATED : This editor allows individual sample records to be accessed and
allows the modification of items from any specific file. Any number of selected samples/rows may
be corrected in this way before returning to the main EDIT option and exiting. An added function
of this program is the ability to delete individual records by their unique sample/row name. By the
careful use of CREATE, APPEND and EDIT most, if not all data handling and manipulation
operations may be carried out, on an interactive basis in a user friendly mode.

CORRECT : This option allows mistakes within one or more individual SAMPLE RECORDS to be
corrected. Records are located by their respective SAMPLE numbers and any item of data relating
to that sample may then be modified.

DELETE : This option has the ability to delete any or all SAMPLE RECORDS from a data file and
REINSTATE any or all of the deleted records.

SELECTIVE DELETE : This function allows individual sample records to be deleted by SAMPLE
name.

TOTAL DELETE : This function deletes all sample records within the datafile, thereby allowing
a large number of individual records to be deleted by a single command. Individual sample records
may be ‘‘undeleted’’ by the use of the REINSTATE command. Please note that sample records may
not be REINSTATED once the user EXIT's from the RAW program.

b) VARIABLE ORIENTATED : This editor allows data to be modified, created or deleted by
VARIABLE. New names have to be GENERATED, and are placed at the end of the variable list.
Variable data may then be INSERTED by direct input from the keyboard or produced by a
TRANSFORM applied to one or more variables. Pre-existing variables may also be TRANSFORMED
using the math options; DELETED from the datafile or MOVED to a different position.
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INSERT : This option may be used to systematically insert new data into any given variable for all
or a selected number of records. No discrimination is made between existing variables and those
created within the EDIT section by the GENERATE command. In unforeseen circumstances, if it
is necessary to EXIT before the INSERT operation is completed, type 999.999. The program will
then provide you with the last completed record number which should be noted and input later in
the SELECTIVE INSERT option to continue the INSERT from the last known position.
TRANSFORM : This program allows the user to mathematically convert one or more variables for
each sample record in the datafile, by the use the mathematical commands: add (+); subtract (-);
divide (/); multiply (*); log'® (L); exponential (P); or none (N).

Examples:
VARIABLE 1 + VARIABLE 2 = VARIABLE 3 (addition)
VARIABLE 1L = VARIABLE 3 (log transform)
VARIABLE 1 N = VARIABLE 3 (copy)

Variable names 1, 2 and 3 are requested individually. However, a CONSTANT can replace names
1 or 2 by typing / when prompted for either name 1 or 2.

6) REPORT - Analytical data contained ina RAW file may be output in a user defined, tabular format. Two styles
of TABULATED REPORTS are provided by this option:
Style 1 - SAMPLES by VARIABLES (ie. Samples across and variables down).
Style 2 - VARIABLES by SAMPLE/ROWS (ie. Variables across and samples down).

The creation of the RAW program provided a powerful data management tool, which was fully utilised by this
project. The natural development of the RAW program was its integration of with existing programs in both the
department and university. To this end, interfaces were developed with the Computer Centre's PLOTLIB plotting
package and a number intemal geochemical mapping programs developed by Dr Bowes in the Applied Geology
Department.

A major drawback in the speed of analysis of the geochemical data was the cumbersome manner in which relatively
simple summary statistics were obtained using SPSS. Once generated (by ‘batch’ processing) the statistical data
would have to be manually edited to create even the most simple summary tables. As such, it was decided to write
an interactive statistical package which would not only interact directly with RAW datafiles, but also provide
tabulated, ‘report-ready’ output. Statistical algorithms were obtained from Davis (1973) and other sources (see
program listings for details) and used to develop the STA program. This program provided both standard univariate
statistics (from a selection of min, max, mean, range, standard deviation, skewness, kurtosis, geometric mean and
coefficient of variation) and correlation coefficients. When linked to a local daisywheel printer, report quality
tables were then able to be rapidly generated with minimum user interaction. Following completion of the STA

program, additional programs were written to assist the processing of the geochemical data, including:

1) SOR A series of sorting and file extraction utilities used directly with RAW files.

2) SIF A utility to input and edit a series of KEYs (ie. lithology, stratigraphy or Formation Codes). SIF may
also be used to subdivide RAW files on the basis of the KEY value.

3) HIS  Thisprogram may be used to create histograms cumulative frequency plots (or both superimposed) using

three modes of operation:
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a) Manual histograms created for any element with a user defined range
b) Fully Automated histograms automatically created for each and every variable with the range of each
defined by MIN and MAX values.
c) Preset histograms automatically created for each variable using pre-defined ranges, presented in a
separate RAW file.

4) TRV This program automated the production of simple bar charts and may be applied to any variable for a user
defined range. NB. the size of the diagram is controlled by the number of samples, as each sample within
the RAW file is represented by a single line bar.

This collective group of programs is referred to as the RAW System (Duller, 1984). Although time consuming in
development, this system and its interfaces to both plotting and mapping packages proved invaluable during the
collection, collation, statistical and graphical assessment of the data presented in this thesis. The RAW system was
incorporated into the Strathclyde University Computer Centre’s library of utility programs in 1984 and provides
a ‘user-friendly’ interface to their PLOTLIB plotting system. In 1986, the RAW System was evaluated and accepted
by the GEOCHEM Group Ltd and now forms the kermel of their data processing system.

The recent development of 4GL database systems such as Oracle and advent of standard query languages (SQL)
provides a level of sophistication, far in excess of that required by the general (geological) user. Small and highly
variable data sets are generally required to be rapidly input, processed and transformed into report-ready tables,
statistics and diagrams with a minimum of user interaction, prior to the interpretative phase of any study. In a
commercial geological environment, high throughput and rapid tumaround form the prerequisites of any
information processing system. The simple project orientated file structure provided by the RAW system, linked
with the ability of the user to generate high quality, report-formatted output with minimal effort, provides the user
with a powerful data management and analytical tool.

2.4 STATISTICAL TECHNIQUES

2.4.1 Introduction

Exploratory data analysis is an initial investigation of one or more data sets carried out with no explicit ideas on
the patterns or structure within the data. It is designed to assist the detection of patterns within complex data sets,
and aid generation of hypotheses about the underlying mechanisms. Ideally, it should be followed by confirmatory
analysis, in which the proposed hypothesis can be tested using independent data collected in the same way but not
used to formulate the original hypothesis. Exploratory data analysis techniques included ordering of data,
identification of outliers, simple univariate statistics, t-, F- and Chi? tests, correlation coefficients, principal
component analysis, simple discriminant analysis, and k-Means clustering methodologies. Graphical techniques
included the presentation of summary histograms and bar diagrams, cumulative frequency curves, point source and
contoured geochemical maps, compositional envelopes, summary geochemical logs, crossplots, triangular plots,

and spider diagrams.



23-

2.4.2 Simple Statistics

The STA program (see chapter 2.3) is used to calculate the following univariate statistical parameters:

1) Minimum (the lowest value);

2) Maximum (the highest value);

3) Mean (the arithmetic average);

4) Range (the difference between maximum and minimum);

5) Standard Deviation (a measure of the distribution of analytical values with respect to the mean);

6)  Skewness (a measure of the symmetry of the distribution compared to the normal population);

7)  Kurtosis (a measure of the ‘peakedness’ of the distribution compared to a normal population);

8) Geometric Mean (the multiplicative average, for use with highly skewed data);

9)  Coefficient of variability (A comparison of the degree of scatter between elements requires the use of a
statistic that is independent of the magnitude of the variables concerned (Tayloret. al., 1984). The coefficient
of variability (CV %) is one such parameter and expresses the residual variance as a percentage of the mean:
CV% = _residual variance x 100

mean

10) Correlation Coefficients : To estimate the degree of interrelation between two variables the correlation

coefficient (a dimensionless number ranging from +1 to -1) is calculated for each possible pair of variables.

These parameters are used to rapidly assess the nature and distribution of individual variables within each dataset,
and in the case of correlation coefficients, to identify possible relationships with other individual variables. It
should be noted that a correlation coefficient approaching +1 may be used to infer a direct relationship between
the variables, whereas a correlation approaching -1 is indicative of an inverse relationship. Coefficients close to
0 indicate the lack of any linear relationship. The actual value of a correlation coefficient may be influenced by
the number of samples, particularly in large datasets (n >50). In order to evaluate the significance of individual
coefficients, a ‘critical value’ (associated with a specific confidence level) is assigned to the correlation matrix.
The “critical value’ is dependant up the sample population and the level of confidence required (ie. 90, 95 or 99%).
Snedecor (1956) tabulated a series of critical values for the 0.05 and 0.01 confidence levels of correlation
coefficients. Correlation coefficients were calculated following the procedures outlined by Davies (1973) in order

to identify which major and trace elements displayed similar or opposing behavior.

Data evaluation using correlation coefficients may be partially distorted by the ‘Closure Effect’. This may be
explained in terms of the abundance and variability of the most significant element, normally silica (50-80%)
coupled with the fact that the major element values always sum to 100%. These factors result in an apparent
negative correlations between SiO, and all other oxides. This problem can be partly overcome by recalculating the
major element analyses as a percentage of the ‘non-SiO,’ fraction of the rock. Although this eliminates the problem
of the dominance of Si0,, a similar, albeit smaller problem is then posed by the next most significant variable. An
alternative approach to this problem would be the application of ‘power transforms’ as described by Howarth
(1981) and Aitchison (1984). Examination of the results of alternative types of transform on the Glendinning data
set revealed a considerable range of variation. As it appears that there is no simple solution to the examination of
closed data sets, simple correlation coefficients calculated using the program STA (appendix 7.3) are presented
in the context of this thesis. Ahrens (1957) demonstrated that the majority of minor elements show a lognormal
distribution and that they are positively skewed. As such, all lithogeochemical data was subjected to chi? analysis
to check whether they are normally or lognormally distributed.



2.4.3 Multivariate Statistics

Critical reviews of multivariate procedures in the analysis of geochemical data are presented by Miesch (1969),
Closs and Nichol (1975) and Howarth (1984). Multivariate data analysis techniques, are applicable in many areas
of geological and geochemical research, however they need to be used with considerable care and thought. These
techniques enable large data sets may be summarised in such a way that inherent albeit cryptic patterns may be
observed more clearly. Consequently, the aim of more detailed statistical analysis was to define any unknown or

unexpected patterns within the individual datasets.

Principal Component Analysis

Principal components, the eigenvectors of a variance-covariance or a correlation matrix (Davis, 1973) provide a
useful tool in the analysis of structure within a data matrix and are interpreted in a similar manner to factors. Full
details of the calculation of principal component scores and loadings are provided by Davis (op. cit). In principal
component analysis (PCA) the interelement covariance matrix for m elements is decomposed into an orthogonal
(intercalated) set of new variables which are linear combinations of the original element values. The eigenvectors
and related eigenvalues are extracted in such a way that the first eigenvector (which may be regarded as the
coefficients of the first linear transform equation) accounts for as much as possible of the total variability of the
data, the second for as much as possible of the residual variance, and so on (Howarth and Martin, 1979). Therefore,
each successive component chosen contains as much as possible of the remaining information and is uncorrelated
withall preceding components. In summary, principle component analysis is used to orthogonalize both major and
minor element data in order to produce a new set of variables, that tend to be geological-process orientated, rather
than chemical-response orientated (Garrett, 1983). As such, the interpretation of principal component loadings
(‘reification’) of geochemical data can provide insights into relatively cryptic chemical associations present within
differing mineralogical phases of the samples. An example of such a study is provided by Garrett (op. cit) in studies
of lithogeochemical data from Canada.

Discriminant Analysis

Discriminant analysis is a multivariate statistical technique that involves the ‘Formulation’ of a decision rule which
partitions the data into mutually exclusive groups, and the ‘Application’ of a decision rule to assign observations
to the group to which they have greatest resemblance (Chork and Govett, 1985). A number of different methods
of discriminant analysis including linear, piecewise and polynomial discriminant functions are reviewed by
Howarth (1973) and Chork and Govett (1985). Discriminant function analysis assumes that the two populations
(datasets) are different and computes a function (a factor for each element) which will best discriminate between
the populations. After the computation of the function foreach sample, the mean position of all the samples in each
formation is calculated and the distance between the two mean positions (the Mahalanobis distance) then forms
a measure of the discrimination (Davies, 1973). Using this method, several variables are combined into a single
new variable which optimizes the distinction between two sample populations. A representative set of known

samples (the training set) from each population is necessary to form the discriminant equation.

The role of discriminant analysis and its application to the analysis of geochemical data has been described by
authors including Davis (1973) and Howarth (1983). Specific explorationrelated studies include: lithogeochemical
surveys (Cameron et al.,1971; Govett, 197%.; Whitehead and Govett, 1974) the classification of gossans (Joyce and
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Clema, 1974) and regional stream sediment surveys (Howarth, 1971). In addition, studies by Rose (1979) combined
geochemical, geophysical and geological data to classify different areas according to their exploration potential.
In general terms, discriminant analysis is a multivariate statistical technique in which the variables are combined
in such a way as to maximise the difference among a number of previously defined groups. In geochemistry, a two-
group classification (eg. mineralized vs. barren) is the most common case. A discriminant function computed for

these groups, known as ‘training’ sets, can be used to classify unknown samples.

Cluster Analysis

In pattemn classification of geochemical data it is commonly required to group without prior knowledge, a set of
multi-element data into clusters that are geologically meaningful (Chork and Govett, 1985). The procedures
followed to accomplish these aims are known as cluster analysis (Davis, 1973) and have been discussed in detail
by Parks (1966), Gower (1967) and Howarth (1973).

Factor Analysis

Factor analysisis a statistical technique applicable to the analysis of large data matrices. Factoring methods attempt
to resolve the interrelation of multivariate geochemical data, in terms of much simpler relationships. However,
factor analysis forms one of the most controversial methods of multivariate analysis of geochemical data (Blackith

and Reyment, 1971) and as such, is deemed outwith the scope of this current study.

2.5 GRAPHICAL TECHNIQUES

In this study every attempt was made, where possible, to display the geochemical data spatially. The treatment of
such large data sets containing multiple components for each sample, required the extensive use of automated
cartographic procedures. The following presentation styles were selected in order to display and interpret various
types of geochemical data:

1) X-Y Crossplots: This format is used to display simple inter-relationships between both individual elements
and ratios, and is used to erect simple discriminant diagrams. Scatterplots provide an effective technique
for demonstrating trends and relationships between pairs of variables. The relationships may be quantified
by regression or correlation techniques. However, a problem arises with this form of data evaluation in that
only pairs of variables are correlated and any trends involving several variables (eg. the association of As,
Sb, Na, Ca, K and Fe during hydrothermal alteration) are not readily recognised. As such, principal
component analysis (PCA) was used in order to identify inter-relationships between all variables within a
dataset.

2)  X-Sample Traverses: It is difficult to compare differing multi-clement data sets whilst retaining the

individual contributions of each sample. To this end the geochemical traverses (foldout 1-7) were prepared
in order to aid visual assessment and correlation. This format is used to display the results of successive
sampling (ie. boreholes or traverses) in order to highlight systematic trends and variations within individual

datasets.

3) X-Y-Z Triangular Diagrams: This format is used to present three component data, such as the Fe-As-S

compositions of arsenopyrite and provide a further discrimination diagram.
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5)

6)

7
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REE diagrams: This format is used to present chrondite normalised data for a number of rare earth elements.
Normalised REE analyses for each sample are joined by a line and the relative shape of individual sample
lines are compared with known standards.

X-Y-Z Crossplots: This format is similar to the X-Y cross plot however the size of individual symbols is
controlled by the value of Z. This format is also used to generate geochemical base maps by providing the
grid reference of each sample site in the form of an easting (x) and northing (y) followed by the element
concentration (z). Symbol size may be directly related to concentration or controlled by a series of arbitrarily
established ranges. Rose et. al. (1979) noted that computer-generated maps may be used in large multi-
clement surveys to present individual elemental concentrations and via a process of contouring to establish

broader trends and patterns within the data.

Histograms and Bar Charts: This format is used to present the results of univariate and frequency statistics
and provide a simple graphical summary of data distribution.

Grey-Scale Maps: This format is applied to closely sampled geochemical data (ie. soil or microprobe grid
data) and provides a contoured, shaded area summary map. Element concentration is represented by an

increasing scale of grey shading .

As automated contouring of geochemical data plays a major role in this study it is important that the fundamentals

of contouring, as discussed by Walden (1972) are fully understood. The first stage in any contouring exercise was

to superimpose a fine rectangular grid over the area to be mapped and interpolate element values at each grid

intersection (node) from the raw sample data. A second interpolation procedure is then used to connect all points

of equal value (using the grid node values rather than the raw data). It should however, be noted that a number of

factors affect both gridding procedures and the resulting contour maps:

1)

2)

3)

4)

5)

fewer samples are required to estimate a smooth surface, than are needed to estimate a complex one;
random sample distributions form the most satisfactory arrangement for general purpose studies, however
concentrated sampling in areas where the greatest changes of gradient occur would generate a more accurate
estimate of the true surface than purely random samples;

the smoothness of individual contour lines is directly proportional to the size (or ‘fineness’) of the primary
grid;

increases in the sample population have a positive influence in the estimation of the surface, increasing the
reliability of the entire map;

surface correlation decreases slightly with increased grid size.

In conclusion, graphical techniques applied within this study include summary histograms and bar diagrams,

cumulative frequency curves, point source and contoured geochemical maps, compositional envelopes, summary

geochemical traverses (or logs), crossplots, triangular plots, and spider diagrams.



CHAPTER THREE



-27-

CHAPTER THREE

GEOLOGICAL, GEOCHEMICAL AND
MINERALOGICAL STUDIES
OF THE GLENDINNING As-Sb-Au DEPOSIT,
SOUTHERN SCOTLAND

3.1 INTRODUCTION

The greywacke-shale sequences of the Southern Uplands of Scotland has been known as a gold province for many
centuries. In the Leadhills area alone it has been estimated that prior to 1876 over 25,000 oz of alluvial gold valued
at over £10 million had been extracted by the exploitation of river gravels. No matter how successful these alluvial
deposits proved to be, the possible existence of gold veins in the Southern Uplands has preoccupied entrepreneurs
over the last four hundred years. Recently gold has been detected by panning in over 100 streams draining the
Silurian and Ordovician rocks of the Southern Uplands (Dawson et al., 1979). However, the presence of gold had
not been confirmed in situ, prior to a series of mineral reconnaissance studies by the British Geological Survey.
The first in-situ gold record in Southern Scotland was made by Leake et al., (1980) who located a series of gold
bearing arsenopyrite quartz veins within the contact margin of the Loch Doon granite (Fig 2b).

The field characteristics of turbidite hosted gold mineralization in the Glendinning area of the Southern Uplands
of Scotland was studied in detail as part of the original research proposal. The mineralogical and geochemical
setting of stratabound arsenopyrite mineralization at Glendinning is detailed together with the nature and genesis
of As-Sb-Au mineralization in the region. Furthermore, the validity of a sedimentary model for this deposit
proposed by Gallagheretal., (1983) istested. The stratabound appearance of the mineralization and the occurrence
of intraformational breccias or debris flows is re-interpreted. Analternative genetic model indicates that sediments
present in the Glendinning area do not contain evidence of exhalative input. The As-Sb-Au enrichments are
associated with late Caledonian hydrothermal fluids which migrated along and through the fracture and breccia
zones identified in this deposit and resulted in extensive wallrock alteration and the formation of the disseminated
and vein mineralization. These conclusions are discussed in the next chapter, where comparison is made between
the Glendinning As-Sb-Au hydrothermal system, similar deposits in the Southern Uplands and Longford Down,
active hydrothermal systems and historical examples reported from the literature.

3.2 REGIONAL SETTING

The disused Louisa Mine at Glendinning occurs 13km NNW of Langholm [NY 3313 5967] in the southeastern part
of the Southern Uplands (Fig 79 and 85). It is an isolated NNE trending vein deposit, crosscutting Llandovery
greywackes, remote from other mining district districts in Scotland, unrelated to major faulting and distant from

any contemporaneous volcanicity or igneous intrusion (Gallagher et al., op.cit).
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The Silurian hostrocks at Glendinning form part of a systematic sequence of stratigraphically distinct, steeply
dipping greywacke-shale units trending NE-SW across the Southern Uplands. Bedding is steeply inclined, dipping
SE and younging both NW and SE as a result of tight folding, with hinge zones plunging steeply WSW,
superimposed upon sub-horizontally hinged folds (Gallagher, 1981).

The location of the Glendinning deposit in relation to the Southern Uplands and Scotland is presented in Fig. 7a,
while the position of the Glendinning study area is presented in Fig. 18.

3.3 GEOLOGICAL ENVIRONMENT

3.2.1 Stratigraphy

Lapworth and Wilson (1871) defined the Hawick Group as consisting of ‘very arenaceous grey and purple
sandstones and schists’. In detail, this division consists of dominantly flaggy greywackes with interbedded
siltstones and grey-green and red mudstones. Over 50% of the succession is represented by dark bluish-grey
greywackes with a grain size varying from medium (0.25-1.0mm) to fine (<0.25mm) grained (Warren, 1964).
Many greywacke-siltstone beds display both laminated and small-scale current bedding, load, flute, prod and other
penecontemporaneous structures (plate 28).

Oliver (1988) in summarising the results of recent systematic studies of regional metamorphism within the
Paratectonic Caledonides of the British Isles, attributed tectonic burial within an accretionary prism as the
dominant mechanism of metamorphism within the Southern Uplands and Longford Down. The Glendinning
sediments have been affected zeolite facies metamorphism leading to the generation of prehnite and pumpellyite

from the minor basic volcanic clasts within the greywackes.

3.2.2 Structure

Intense folding and cleavage in the Hawick rocks, first recognised by Lapworth (1874) and Peach and Home (1899),
has been the subject of intense study (Craig and Walton, 1959; Rust, 1963, 1965; Weir, 1968, 1969, 1979; Treagus,
1972; Stringer, 1975; Stringer and Treagus, 1980, 1981; Webb, 1983; and Barnesetal., 1986, 1988). Warren (1964)
presented a detailed description of the stratigraphy and structure of the Silurian (Wenlock) rocks south of Hawick.
A series of major faults trending 015°-195° was interpreted on field evidence to represent a set of sinistral wrench-
faults. A subordinate series of dextral and second-order sinistral wrenches were also defined, trending 120°-300°
and 170°-350°. Williams (19¢5) demonstrated that the wrench component of these faults is pre-Devonian whereas

later normal faulting is of post-Caledonian age.

Geological relationships observed at exposures indicate that the As-Sb-Au mineralization is structurally con-
trolled. The Glendinning deposit may be viewed as a series of intersecting high-angle faults and breccia zones that
acted as the principal channelways for the ore-forming solutions. Numerous steeply-dipping normal faults cut and
offset altered and mineralized wallrock. In the smaller fractures the fault gouge is clay-rich (dickite). Breccia veins
exhibit a close spatial relationship with the larger quartz veins and appear in borehole section to have been fed
directly by them. The mineralized faults form laterally persistent features, consisting of wide areas of extensive
brecciation, containing variable quantities of quartz and sulphides in highly altered greywacke. This area is also
characterised by a strong component of brittle deformation in the form of intense fracturing and small scale

faulting.
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The Glendinning deposit lies structurally within a high angle, NNE trending, sinistral strike-slip fault zone. This
pattern of high angle, sinistral faulting was first described in this area by Warren (1964) and discussed more recently
by Kemp (1985). Prominent N 015° trending fractures provide the major structural controls upon the principal
geophysical and geochemical anomalies defined by Gallagher et al., (1981). Although Gallagher et al., (1983)
noted that ‘‘no significant structural control was apparent’’, it is tentatively suggested that this ‘Glendinning trend’
forms a southerly extension to a major regional fault structure, trending N 010° and termed the Southem Uplands
Shatter Belt (Fig.4b).

This Shatter Belt was first identified by Peach and Horne (1889) and may be traced over 30km from its intersection
with the Southern Uplands Fault to 8km east of Meggat, where it intersects the Leadhills line. The orientation of
this major linear breccia zone has previously been interpreted as converging with the Leadhills strike-fault zone
and thereby altering its trend to NE-SW. Although outcrop is sparse, this belt is represented by a 500-1000m wide
zone of brecciated, weathered/altered greyackes and mudstones. A detailed southerly extrapolation of this Belt
using 1:50,000 scale ordnance and geological survey maps, delineates a feature which passes within 1km of the
Glendinning deposit. It is tentatively suggested that the southerly extension of the Shatter Belt may be of
importance in providing both structural and genetic controls upon the Glendinning deposit. To date, little if any
metallogenic significance has been placed upon this lineament and to the authors knowledge this zone has not been
subjected to detailed exploration activity.

3.3.3 Greywacke Sedimentology

The Southern Uplands of Scotland are underlain by a series of petrographically distinct, steeply inclined turbidite
units, separated by major strike faults. The sediments present in the Glendinning area represent a series of turbidity
current deposits, consisting of a fining upwards sequence of thinly bedded greywacke sandstones, the Bouma B/
C units, together with interbedded mudstones, the Bouma E unit (Plate 27). They exhibit a wide range of
sedimentary structures including graded bedding, load, flute and groove casts, as well as flame and other
dewatering structures (Plate 28). The proposed environment of deposition of the sediments in this study area is
that of a mid to lower turbidite fan (Walker, 1979). Because of the interbedded nature and differing depositional
mechanisms it was decided to sample both greywacke sandstones (the B/C unit) and mudstones (the E unit) at each

site, whenever possible.
lendinning Brecci

The Glendinning deposit is proposed by Gallagher et al., (1981,1983) to represent a synsedimentary sulphide
accumulation deposited within a proximal/mid fan environment, later overprinted by a succession of vein
mineralization. Clemmy (1979) in a discussion of discrimination between ‘sedimentary’ and ‘tectonic’ structures
in ore deposits noted that correct identification is critical to the genetic model of the deposit and hence exploration

philosophy. As such, it is necessary to review this interpretation in considerable detail.

A debris flow is defined by Carter (1975) as a slurry-flow transport mechanism (or the deposits of such a flow) in
which appreciable numbers of suspended clasts are present in the slurry. Stow (1984) provided a succinct definition
of a debris flow as ‘‘a highly concentrated, highly viscous, sediment-fluid dispersion that moves downslope under
the influence of gravity’’. Most debris flow are composed of clasts carried in a watery mud matrix and supported

by a combination of clast buoyancy and matrix yield strength (Johnson, 1970; Hampton, 1972). Submarine debris-
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flow deposits have been described from many ancient flysch successions, including those of the northemn
Apennines where they are commonly called olistostromes (Abbate et al., 1970) and, more rarely from the modern
deep sea (Embley, 1976; Moore et al., 1976; Flooe et al., 1979). Submarine debris flows are commonly considered
as part of a continuum between slumping and turbidity currents (Rupke, 1978) and may be a very important process
of resedimentation in the deep sea (Hampton, 1972).

Studies by Stow (1984) revealed the logarithmic nature of the relationship between bed thickness and maximum
clast size in debris flows. This relationship can be used to predict the approximate maximum clast size expected
from the intraformational breccias at Glendinning, assuming a debris flow model for deposition. On the above
evidence, the estimated maximum clast size of 30-40cm is however ten times that identified in the Glendinning
breccias and as such casts doubt upon the validity of the BGS interpretation. On the basis of this study the BGS
model is disputed and an altemnative explanation of the textures described by Gallagher et al., (op.cit) is proposed,
based upon comparisons with similar deposits in Scotland, Ireland and Canada, namely that:

1)  The inter-formational breccia units at Glendinning represent part of a continuing spectrum of the vein
breccias described by Gallagher (op.cit) and were formed by intense hydraulic brecciation of wallrock. This
brecciation event forms the earliest manifestation of mineralization and alteration in the Glendinning
deposit. It should be noted however, that brecciation was polycyclic and continued throughout the life cycle
of the hydrothermal system.

2)  The major spatial control placed upon the occurrence of disseminated arsenopyrite is the distribution of
synsedimentary pyrite/magnetite which provided localised areas of reduction and a loci for arsenopyrite
precipitation within the greywacke unit. In many instances arsenopyrite nucleation sites now mirror the
original bedded nature of the pyrite, however the apparently bedded arsenopyrite occurs only in close
proximity to the vein mineralization (<15 m) and as such in the authors view, had previously been mistakenly

interpreted as primary synsedimentary mineralization.

A summary of the characteristic features of both hydraulic and sedimentary breccias in comparison with those
displayed in the Glendinning Deposit is presented in table 1.66. From this study it is concluded that a debris flow
model is incompatible with the structural, geochemical and petrographic evidence and it is proposed that the small
variety of breccias located within the Glendinning deposit represent part of a continuum of hydraulic fracturing
and intense hydraulic brecciation. The similarities between some tectonic and sedimentary structures are well
known (Cosgrove, 1979). However, on the evidence presented above, the inter-formational breccias of Gallagher
et al., (1983) can be confidently described as tectonic, fault-related structures.

3.4 SUMMARY OF PREVIOUS INVESTIGATIONS

3.4.1 Mining History

A detailed review of the mining history of the Louisa Mine at Glendinning is presented in chapter 1.4.2. Inaddition
to the documented mine history it should be noted that recent investigation by the author revealed the existence
of a second subsidiary adit, branching eastwards from but aligned parallel to, the High Level Forehead (Fig.85)
approximately 14m from the adit entrance. This secondary adit extends for a length of approximately 12m,

indicating the possible position of a second, structurally controlled ore zone. In addition, the remnants of another
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small trial adit were identified by this study, immediately north of the Powder Hut, displayed on a detailed plan
of the Glendinning mine area (Fig. 86).

3.4.2 Recent Studies

Prior to the late 1970's little previous geological work had been carried out in this study area. In 1979 this deposit
was investigated by the British Geological Survey as part of its Mineral Reconnaissance Programme in Scotland.
Studies by Gallagher et al., (op.cit) revealed that the Silurian greywackes of the Glendinning area contain As, Sb,
Hg Cu, Pb and Zn drainage anomalies which extend up to Skm NE of the deposit. This work has recently been
extended by both Riofinex (Hazleton per.com) and European Gold Exploration, up to 10km from the Glendinning
deposit. Based upon the location of these highly anomalous metal values (Sb > 20ppm) and the value of antimony
itself, a detailed investigation of the mine area was undertaken. As exposure was extremely poor in the mine area,
soil sampling and geophysics formed the major exploration techniques. These initial studies yielded coincident
VLF-EM and As/Sb soil anomalies (defined by the 40ppm Sb contour) trending N 015° to N-S within both the area
of known extraction and in an adjacent zone where little or no evidence of earlier workings existed (Fig. 84 and
87). A detailed plan of the Louisa Mine area is presented in Fig. 86 which defines the position of BGS traverse
lines and boreholes in the Louisa Mine area.

On the basis of these studies four shallow boreholes were drilled in 1980 (Fig. 86) which intersected stratabound
mineralization including a ?’stratiform’ pyrite-arsenopyrite assemblage (in which the sulphides are frequently
concentrated into individual bands parallel to original bedding) exhibiting drillcore intersections of 0.7% As over
12m and a series of reported ‘intraformational’ breccia units in close proximity to the vein stibnite deposit.
Gallagher et al., (op.cit) proposed that the deposit was formed by a synsedimentary mineralizing event and
interpreted the intraformational breccias to have formed by the penecontemporaneous fragmentation and
redeposition of sulphide sediment and sulphide mud within a sedimentary debris flow in a mid or lower fan
environment, where euxinic conditions periodically developed. After an initial study of the available drillcore,
hand specimens and thin sections it became obvious to the author that the interpretation was not as straightforward

as proposed by the original BGS study.

This chapter presents a considerable wealth of evidence in support of an alternative, much simpler model for
Glendinning mineralization than that proposed by BGS, invoking intense hydraulic brecciation and pervasive

wallrock alteration processes to account for all observed features of the deposit.

3.4.3 Scope and Objectives of this Study

This chapter documents the mineralogical and geochemical characteristics of both vein mineralization and
wallrock alteration at Glendinning and critically reviews the possible genetic models for the formation this deposit.
This deposit had not been studied to any extent, priorto investigation by the British Geological Survey during 1979-
80 (Gallagher et al., 1981). The principal objective of this study was to examine the mineralogical and
lithogeochemical characteristics of the As-Sb-Au mineralization at Glendinning and compare and contrast these
results with the other deposits in the Southen Uplands and Longford Down. In the current study, geochemical

surveys in the Glendinning area were undertaken to provide:
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1)  Evidence of existing mineralization and wallrock alteration profiles.
2)  Controlled sampling in areas of potential mineralization.
3)  Regional assessment of fundamental geochemical variation in composition.

The results of a number of analytical techniques including petrography, ore microscopy, XRD, XRF, ICP, SEM,
fluid inclusion and sulphur isotopes are integrated to provide a detailed evaluation of this deposit. Mineralogical
and geochemical correlation between wallrock alteration and sulphide mineral assemblages are documented.
Features such as veins, zoning, pervasive alteration patterns were quantified on a local scale. These studies are also
used to characterise the products of hydrothermal alteration and assist the interpretation of the geochemical data.
In this study the wallrock geochemistry, alteration mineralogy, ore textures and sulphide geochemistry were
examined with particular emphasis placed upon arsenic chemistry and mineralisation. As a result, this study has
identified the presence of arsenopyrite hosted gold mineralization dominantly concentrated within the wallrocks
to the stibnite-quartz vein system.

At the onset of this study, the size and nature of geochemical dispersions at Glendinning were unknown, and there
was a possibility that they could extend beyond the area of BGS investigations identified by Gallagher et al., (op.
cit). One of the major drawbacks of the B.G.S. reconnaissance in this area was the actual limitation of area
investigation. One aspect of this project was to evaluate the potential for a strike extension to the known
mineralization and establish the role of the Glendinning deposit in Scottish metallogenic models. An orientation
survey was carried out over the known mineralization at Glendinning, to establish the nature of geochemical
dispersion, and define the appropriate sampling and interpretational procedures required to evaluate possible strike
extensions within the regional study area. The results of this orientation were then compared and contrasted with
variations in background geochemical data obtained from a detailed lithogeochemical survey of over 200 sq km
of Upper Silurian strata, centred upon the Glendinning deposit. This survey resulted in the location of previously
unrecorded As-Sb-Au mineralization in this area and defined broad scale metallogenic correlation pattems in this

region.
Sampling

The Glendinning area consists of high moorland with a thin peat and residual soil cover (Plate 26). Although valleys
contain substantial thicknesses of boulder clay, exposure is not as poor as one would first expect. Stream sections
and various sized quarries provided suitable sites for sampling, but by far the most useful exposures in this area
were the numerous, recently excavated roadways created by various forestry groups. Many of these road provided
virtually complete exposure of cross-strike sections and were sampled in detail (Plate 27). The general sampling
philosophy followed was to collect from a series of 10km long traverses spaced 1500m apart, at 150m intervals
across strike. Due to the paucity of outcrop in some areas, all major exposures in the survey area were also sampled.
Because of the interbedded nature and differing depositional mechanisms of the interbedded sediments it was
decided to sample both the greywacke sandstone of the bouma B/C horizon and the mudstones of the D/E horizon

at each site, whenever possible.

It was demonstrated by Govett and Nichol (1979) that the application and success of lithogeochemistry, forms a
functiondirectly related to the availability of adequate samples, from bedrock exposure and/or drill core. The recent
expansion of forestation and the accompanying development of extensive roadways, crosscutting large areas of

Scottish moorland, now enables such a study now be undertaken. The object of the regional sampling program in
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the Glendinning area was to sample at regular interval throughout the entire stratigraphic thickness. At each site

fresh, unveined chip samples were collected across both complete greywacke and mudstone units in order to:

1) Remove any chemical bias which might otherwise be created due to grain size variations close to either the

top or the base of the greywacke unit.

2)  Facilitate the study of element partitioning within the two differing sedimentological environments of each
unit and any subsequent geochemical alteration. Approximately 4kg of greywacke and 1kg of mudstone rock
chips were collected from each sample location to provide a representative sample of the outcropping units.

The main objectives in undertaking the Glendinning study were to detect and quantify the anomalous geochemical
patterns related to mineralization within the deposit (ie. the nature, shape and extent of trace element dispersion
and alteration in the vein wallrock) in order to recognise similar anomalies superimposed upon background values
elsewhere in this region. To collect representative samples from each location, each turbidite unit was chip
sampled. Extreme care was taken during sampling to collect only those chips representative of un-weathered and
un-veined bedrock. Following crushing and grinding of these samples, the resulting powders were analysed by
automated XRF for 31 elements at the University of Nottingham. The mineralized drillcores from Glendinning
were also re-analysed using the same technique and standards to that of the regional samples in order to provide
comparable multi-element data for the target mineralization and place some constraints on the nature and source
of the mineralizing fluids in this environment. The distribution and variation of between 29 and 52 elements were
examined in 170 mineralized samples selected from four boreholes and compared with unmineralized greywacke
(n=305) and mudstone (n=195) samples collected from an area of 200 sq km surrounding the mine. However, an
assessment of the geochemical dispersion within the Louisa Mine was not possible due to the unstable nature of
the historical underground workings and restricted access caused by roof collapse. Following multi-element XRF
and ICP analysis the resulting geochemical database was used to:

1) Model the geochemical environment(‘s) within the Southern Uplands.
2)  Test hypothesis relating to mineralization
3)  Explore for and assess the strike extension of the Glendinning deposit in areas previously regarded as barren.

A sampling program was devised to obtain representative suites of samples from both mineralized, potentially
mineralized and barren regions. Samples of stibnite dominant mineralisation were obtained from the sorting floors
adjacent to the main adit and arsenopyrite dominant samples were obtained from the BGS drillcore. The
mineralogy of the Glendinning deposit was studied in hand specimen, and both thin and polished section. Both
reflected light and transmitted light studies were undertaken to evaluate the nature and inter-relationship of
sulphide mineralization and hydrothermal alteration in this deposit. Transmitted light studies of Glendinning core
samples were initiated in order to study the effects of ore-forming hydrothermal solutions, whereas ore microscopy
and microchemical studies were carried out in order to determine the mineralogical sites and distribution of the
known ore-forming elements. Clay mineral assemblages were identified by detailed X-ray diffraction techniques,
whereas sulphide composition data was obtained by electron-probe microanalysis. The extensive analyses of
individual arsenopyrite crystals were undertaken following the recognition of their auriferous potential. An
integrated approach to the problem of data analysis was undertaken . In an initial evaluation of the Glendinning

datasets, numerous techniques were used to discern the variations in element concentration related to hydrothermal



alteration and mineralization (see Chapter 2). The geochemical analyses were then assessed in terms of the
mineralogical study of the vein and wallrock assemblages, in order to provide evidence for, and fundamental
controls upon the variability and characteristics of greywacke provenance.; chemical nature of the As-Sb ore
forming fluids; and mineralogical controls upon element mobility during hydrothermal alteration and sulphide

deposition. The result of these investigations are documented in the following sections of chapter three.
3.5 MINERALOGY

The main aim of this section is to describe the nature of both vein and disseminated sulphide and silicate mineralogy
in the Glendinning deposit, within the context of the textural development of this deposit. Samples obtained from
borehole cores have been used, whenever possible to provide a suite of fresh, unweathered material from which
the effects of hydrothermal alteration may be characterised. In most instances the identity of the ore minerals was
determined using reflected light microscopy. Supplementary evidence was provided by stained and polished thin
sections and X-ray diffraction (Figs. 105-110). Where subject to supergene alteration in the near surface
environment the primary sulphide minerals are commonly altered to ‘secondary’ phases, as demonstrated in the
upper 3-8m of the BGS boreholes.

3.5.1 Ore Microscopy

Ore minerals, with the exception of arsenopyrite and pyrite (which are most abundant in the wallrocks to vein
mineralisation and breccia zones) are confined to fractures and immediate marginal areas (2-5mm in width)
associated with stibnite-bearing quartz veins. These prominent quartz-stibnite veins appear confined to the areas
of strongest hydrothermal alteration and are observed to cross cut zones of earlier brecciation. The dominant vein
mineralogy consists of intergrown coarse-grained aggregates of stibnite-rich and sphalerite-rich ore in a matrix of
quartz and ankerite. At the vein margins, stibnite may be observed to form individual or clusters of acicular crystals.
The polymetallic vein assemblages comprise of quartz, stibnite, dolomite, calcite, baryte, dickite, pyrite,
arsenopyrite, galena, sphalerite, semseyite, bournonite, chalcopyrite, tetrahedrite and tennantite (Gallagher et al.,
1983). The detailed textural and mineralogical relationships identified within this deposit are outlined in the
following section. In general, disseminated, irregular shaped aggregates and framboidal masses of pyrite occur
sporadically throughout unmineralized greywacke units. Pyrite, stibnite and sphalerite form the dominant
sulphides visible in hand specimens of vein material. Scarce chalcopyrite, galena and arsenopyrite may also be
identified within mineralized quartz-carbonate veins, whereas disseminated, minute, well developed arsenopyrite
needles (<Ilmm long) may be identified in bleached, altered greywacke lithologies. Two distinctive ore
assemblages occur in separate settings within the Glendinning deposit. In the Clontibret deposit, virtually identical
assemblages are inferred to represent two phases of deposition within a single mineralizing cycle (Steed, 1982).
The component phases of the Glendinning mineralization are discussed below:

nopyri e

The commonest sulphide mineral in polished section is arsenopyrite which generally forms near euhedral,
arrowhead to needle shaped crystals. These prismatic, crystals display a ‘needle-like’ habit with length/
width ratios up to 10:1. Fine grained arsenopyrite crystals are ubiquitous in wallrock samples from the

Glendinning mine dumps and readily identified by their physical characteristics and tin-white color in hand
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specimen. The high reflectivity, rhombic habit and strong anisotropy (strong blue-green to brownish-
yellow) formed diagnostic features in polished section. In the disseminated, wallrock hosted mineralization,
arsenopyrite forms by far the most dominant sulphide species (~80% of total opaques) followed by
subordinate pyrite and remnants of magnetite grains. The breccia hosted mineralisation is also dominated
by disseminated arsenopyrite which commonly tends to concentrate around the silicified rims of breccia
fragments, and is inferred to represent an extremely early phase of ore formation in the Glendinning deposit.
Arsenopyrite veinlets are subordinate to disseminations and are typically 1-2mm in width and a few cm in
length. Veinlets occur commonly as penetrations into breccia fragments that terminate at fracture margins
and are ubiquitous throughout the wallrocks to the mineralized zones. Although extensive arsenopyritisation
occurs at fracture margins, the growth of notably coarser, individual arsenopyrite crystals is observed within
siltstone and greywacke sandstones distal from the fractures.

Although individual crystals exhibit evidence of moderate post-depositional deformation and brittle micro-
fracturing, no evidence for dissolution, alteration or replacement was located. The euhedral nature of
arsenopyrite crystals within both breccia and wallrock hosted samples serve to illustrate the resilient nature
of arsenopyrite and absence of interaction with later fluid phases. Stylolitic, corroded crystal margins, as
described by Muff (1978) were not identified in any of the deposits studied in the Southern Uplands or
Longford Down.

Arsenopyrite concentrations at Glendinning are observed in some instances to form a pseudo-lamination
following and controlled by both grain size and the occurrence of detrital/syndiagenetic pyrite and magnetite
accumulations. However, the arsenopyrite crystals are observed as randomly orientated overgrowths upon
pre-existing bedding parallel sulphides with crystals projecting radially into overlying and underlying
microlaminii. This feature provides further evidence of post-sedimentation mineralization as opposed to the

deposition of fine grained crystals in the form of a sulphide mud.

Arsenopyrite is predominantly located within wallrocks to the quartz-stibnite vein mineralization, display-
ing a chemical correlation with elevated gold values and forming the mineralogical loci of gold deposition.
The fine grain size of the arsenopyrite mineralization may be used to infer that the crystals were deposited
rapidly, essentially as a single event indicating that the mineralizing fluids were active for a relatively
restricted period concomitant with breccia formation. The presence of arsenopyrite early in the history of
this deposit may be used to suggest a period of relatively high initial temperatures which were short-lived
due to rapid cooling. The widespread nature of arsenopyrite mineralization, hosted by fracture and breccia
systems supports a hydrothermal origin related to large scale tectonic and igneous processes, rather than a

sedimentary genesis.
Pyrite (FeS,)

Tiny crystals of euhedral and anhedral pyrite are found disseminated throughout a major part of the
Glendinning drillcore. Pyrite is one of the most abundant sulphide phases and may occur in association with
other sulphides, alone in barren quartz veins or disseminated in bedding-parallel ‘stratiform’ zones. Pyrite
was readily identified by its physical properties in hand specimen. In reflected light microscopy it was
recognised by its color, polishing hardness and idiomorphic habit. Textural evidence may be used to infer
the existence of four major types of pyrite in the Glendinning deposit:
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1) Detrital pyrite (small, rounded pyrite crystals, transported into the depositional environment).

2) Synsedimentary pyrite (rounded blebs or mosaic-like framboidal aggregates formed within the
depositional environment and represent the most common form of iron sulphide in sedimentary
rocks (Ostwald and England, 1977; Taylor, 1982)).

3) Authigenic pyrite (recrystallised anhedral pyrite grains formed post-deposition, commonly display
ing growth zones)

4) Quartz-stibnite vein-hosted pyrite (present as skeletal, granular and euhedral forms, and also

observed as inclusions in sphalerite, stibnite and galena).

Using SEM techniques, pyrite was observed to passively replace small, anhedral detrital grains of magnetite
(by a highly intensive phase of sulphidation) with brecciation observed to accelerate the process. The
resulting metablastic texture is displayed in plate 10. Kelling (1961) noted the presence of both euhedral
and framboidal forms of pyrite in Ordovician greyackes from the Southern Uplands which were interpreted
to represent low grade metamorphic recrystallisation and late-diagentic effects, respectfully. Anhedral
pyrite grains are generally found in association with, and form a neucleation site for disseminated, wallrock
hosted arsenopyrite. In opposition to pyrite, the arsenopyrite crystals display homogenous internal
structures and lack any form of optical internal zonation.

Nair and Ray (1977) noted the following syndepositional features in pyrite rich orebodies: layering (thin
alternating layers of pyrite and pyritic shale); scour and fill structures (crosscutting longitudinal sections of
layered pyrite); flame structures (exhibited by the disruption and ‘pulling out’ of pyrite layers); and
intraformational breccias (fragments of pyrite rich sediments incorporated into overlying sediment
horizons). In addition, the following diagenetic features were also observed in pyrite: load folds (resulting
from differential compaction during diagenesis), warping around scattered clasts, microfaulting of layered
pyrite (giving rise to displacements up to Smm); matrix filled fractures within intraclasts; and diagenetic
flowage of pyrite and shale layers. It should be noted that few if any of these textures has been recognised
in this deposit, providing further evidence in favour of their epigenetic origin.

Stibnite (Sb,S,)

Examples of stibnite-quartz vein material located on the sorting floor contain fragments of brecciated
siltstone and sandstone which display a range of wallrock alteration effects (‘bleaching’) and contain sub-
angular quartz grains in a matrix of sericite, muscovite, carbonate, disseminated pyrite and arsenopyite.

Stibnite crystals occur in acicular, bladed and prismatic habits and form massive clusters, crustified veins,

thin fracture fills and films. In polished section, stibnite is readily recognised by its strong reflection

pleochroism and anisotropy. In general, stibnite and quartz are intergrown and display overlapping periods
of crystallization. Three distinct textural types of stibnite can be distinguished in polished section, closely
associated with and replaced by ankerite:

1) Coarsely crystalline stibnite, which occurs in small veins and fracture infills in the form an
intergrown mass of large, elongate crystals (up to 2cminlength) exhibiting both simple and complex
twinning. Coarse grained crystals exhibit complex pressure lamellae (slightly offset portions of
grains that exhibit undulatory extinction or slightly different extinction positions) formed in
response to deformation processes.

2) Cementing material in brecciated wallrock, with similar characteristics to (1).
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3) Finely crystalline stibnite, exhibiting equidimensional grains, 120° triple junctions, and granoblas-
tic textures (see plate 8).

Oxidation of the sulphide ores on the sorting floors of the mine area resulted in the development of a small

suite of secondary metal oxides. This assemblage is dominated by stibiconite, forming a fine grained

boxwork-like texture, penetrating stibnite along grain boundaries and fractures. Oxidation products of

stibnite, identified by XRD studies include stibiconite, cervantite and kermesite.

The absence of berthierite in the stibnite phase of mineralization may be used to suggest an excess of Fe over
Sb in the mineralizing fluid. The late-stage formation of stibnite may correspond to an increase in sulphur
activity, or more likely, a simple decrease in temperature. It is inferred that sulphur saturation of ore fluids
was present throughout all phases of As-Sb-Au mineralization. (NB. A useful field test to identify stibnite
is its ability to be melted within a match flame).

Sphalerite (ZnS)

Sphalerite, the most common ore mineral located on the Glendinning sorting floors, was readily identified
by its physical properties (hardness, color and lustre). It is particularly notable for its wide range of color
(grey, gold and brown). Coarse- to medium grained intergrowths of sphalerite, galena and stibnite are
distributed in a coarsely crystalline gangue of euhedral quartz and calcite together with minor dickite.
Sphalerite is an important, but erratically distributed mineral which occurs in coarsely crystalline masses
associated in part with coarse grained stibnite mineralization. In polished section, sphalerite was recognised
by its deep grey color, low reflectivity, internal reflection and isotropism. It precedes and may be replaced
by galena and tetrahedrite and often displays cuspate boundaries. Sphalerite contains a patchy distribution
of tiny (<2mm) sheaf-like aggregates of stibnite which appear epitaxially orientated to the (110) cleavage
direction of sphalerite.

Galena (PbS)

Galena wasidentified in hand specimen by its physical properties, and found to represent a minor component
of the Glendinning mineralization. In reflected light, galena was identified by its color, reflectivity, isotropy,
polishing hardness and triangular cleavage pits. Galena although closely associated with sphalerite, is also
observed to form fine grained replacements and overgrowths with pyrite, sphalerite, tetrahedrite, carbonates
and quartz. Vein calcite frequently contains minute accicular crystals of galena. Numerous pulses of
sphalerite and galena deposition are indicated by a variety of inter-related crosscutting and replacive
textures. Semiquantitative microprobe scans indicated thatupto 0.45 wt% Ag is contained within the galena
lattice. The general paragenesis of stibnite followed by Pb-Sb sulphides and then galena was observed,
inferring that the hydrothermal system may be characterised by decreasing antimony and increasing lead
content withtime. Moelo et al., (1978) described the occurrence of a small Pb-Sb deposit at Brestree, France

in which a similar stibnite to galena paragenesis was observed.

Gold (Au)

Coarse grained, visible gold is absent in both the Glendinning and Clontibret deposits. In primary material,

gold is rarely identified as discrete grains, sulphide hosted inclusions or micro-fracture infills by reflected
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light techniques. However, backscatter SEM studies (plate 12) revealed the presence of small, discrete gold
grains (up to 12x20 microns in diameter) and a network of small gold filled fractures (0.1 to 1.0 microns
in width) in arsenopyrites. Semiquantitative assessments of gold fineness ((Au/(Au+Ag))*1000) in these

instances reveal values >950.

Data released by the British Geological Survey in 1988 defined the location of 95 positive and 30 possible
sightings of gold grains in pan concentrate samples, collected during stream sediment sampling programs
of the Clyde and Borders sheets. It is worthy of note that out of 61 sites identified on the Borders sheet over
25% occur within or in relative proximity to the Glendinning Regional Study area (as defined by the
Ordnance Survey Sheet 79) in an area historically regarded as having little if any potential for gold
mineralization. Traces of gold have been identified by the author in panned concentrate samples collected
downstream of the Glendinning deposit where it is intergrown with limonite and hematite. Although gold
was not identified by this survey in streams draining the Swin Gill or Rams Cleuch study areas, due to time
commitments, recent work undertaken by European Gold Exploration (pers com, 1987) confirmed the

presence of both native gold and cinnabar in these areas.

Tetrahedrite ((CuFeAg),,Sb,S,,)

In this study, tetrahedrite was only recognised in hand specimen after it had beenidentified by reflected light
microscopy, where it was distinguished from sphalerite by its lighter grey color, higher reflectivity and
isotropy. Tetrahedrite forms subhedral to anhedral grains <Imm in diameter and comprises <0.5% of the
vein material in the Glendinning deposit. In rare instances, tetrahedrite is observed to contain minute
inclusions of sphalerite, chalcopyrite, pyrite and arsenopyrite. In general the tetrahedrite is observed in close
association with pyrite, sphalerite and stibnite. Tetrahedrite is also known to form minute inclusions in
galena where it acts as host to silver mineralization (Pattrick, 1981). Electron microprobe analyses (table
2.25) reveal elevated silver levels (up to 0.62 wt%) which increase as a function of Sb content, within
tetrahedrites from the Glendinning deposit. Asselborn (1982) observed that minor Tl substitution can occur
within the tenantite-tetrahedrite series. Lead-antimony sulphosalts such as fuloppite, palagionite and
semseyite described by Jambor (1969) were however, not identified within the Glendinning deposit.

Cinnabar (HgS)

Detrital cinnabar has been identified at a number of localities within the Glendinning study area, however
it is interesting to note that these occurrences parallel those defined by lithogeochemical As-Sb values
(European Gold Plc, pers. com.) possibly inferring a genetic link between these elements. Cinnabar is
identified in pan concentrate samples by its high specific gravity, scarlet red color, uneven fracture and near
metallic, adamantine lustre. In addition, the presence of cinnabar was also confirmed by X-ray diffraction.
The quantity of cinnabar in the Glendinning ore is extremely difficult to estimate in reflected light because
of the fine grain size and irregular distribution, as inclusions within other sulphide phases. A similar Hg
association was noted by Otkhnezuri and Dolidze (1981) who identified a quartz-dickite-cinnabar assem-
blage in numerous As-Sb-Hg deposits from the USSR.
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Discussion

It is proposed that the earliest phase of mineralization at Glendinning was that of sulphidation of wallrocks coupled
with the introduction of As-rich fluids. Due to the absence of orpiment and realgar from the deposit it may be
inferred that deposition took place at temperatures exceeding their invariant points and that arsenopyrite was
precipitated from fluids in excess of 265°C (Hall and Yund, 1964). The Glendinning deposit is represented by a
linear core of quartz-stibnite vein mineralization enveloped by an extensive zone of anastamosing fracture
controlled and pervasive arsenopyritisation. Pyrite and auriferous arsenopyrite were the first sulphides introduced
during a period of initial brecciation of the host rocks and were deposited contemporaneously with wallrock
alteration. Subsequent minor movements may have reopened or created new fluid conduits for hydrothermal
solutions depositing minor amounts of pyrite, galena, sphalerite, bournonite, tetrahedrite, tennantite, quartz and
carbonate. However, the minor sulphides formed late in the hydrothermal episode after gold deposition. The
growth of ore minerals in open veins is commonly characterised by the formation of crystals with well-developed
faces and colloform or zoned monominerallic bands (Craig and Vaughan, 1981). Due to the complex nature of
fracturing, alteration and brecciation within this deposit, simple crustified veins, showing a successive deposition
of sulphides and a simple paragenetic sequence were not readily observed in this deposit. Detailed ore microscopy
has revealed a classical three stage hydrothermal paragenesis, with early pyrite and arsenopyrite (As-Fe-S-Sb-Au-
Hg), followed by stibnite and sphalerite (Sb-Zn-Cu), finally overprinted by a later phase of galena, sphalerite and
barite (Pb-Zn-Ba-Cu) mineralization. After their primary emplacement the ores were subjected to low-grade
regional metamorphism was caused by tectonic burial (Oliver, 1981). However, the effects of low-grade
metamorphism provided little if any modification to the textural or mineralogical composition of the sulphides.
On the basis of their textural relationships, it is suggested that:

1)  Syn-diagenetic sulphide phases were limited to pyrite (and/or its precursor minerals).

2)  Eary pyrite framboids and/or pyrite euhedra formed by the sulphidation of detrital magnetite grains acted
as cores and neucleation sites to wallrock hosted arsenopyrite crystals.

3)  Little if any remobilisation of wallrock hosted As-Fe sulphides occurred during the successive stages of
mineralization.

4)  Stibnite deposition postdates the major phase of arsenic-gold mineralization.

All the geological, mineralogical and textural evidence presented within the context of this study suggests that the
Glendinning ores were deposited from complex hydrothermal solution. Depositional sites were controlled by the
location of extensive fracture systems and breccia zones. The presence of pyrite and arsenopyrite in the vein
assemblages, restricts the fS, to a relatively narrow range. The upper limit of fS, is controlled by the pyrite-
arsenopyrite reaction, because the pyrite + native arsenic assemblage is not observed in this deposit. It may be
inferred that the ore solutions were saturated with sulphur due to the absence of metallic antimony and berthierite
in all phases of the ore. Late-stage deposition of arsenopyrite and stibnite on fractures and in calcite veins which
cut the disseminated core, together with the change from arsenopyrite dominant to stibnite dominant sulphides in
Glendinning-type deposits can be explained by decreased sulphur activity and/or temperature during the waning
stage of hydrothermal activity.



3.5.2 Textural and Petrographic Studies

Petrographic studies in the Southern Belt are hampered by the predominant fine grain size of the compositionally
mature, quartz-rich sandstones and their interbedded mudstones (Kemp, 1985). The Silurian Hawick Group
greywackes in the Glendinning study area have a distinct and relatively uniform mineralogy. In thin section the
greywackes are poorly sorted with angular to subrounded, elongate quartz and subordinate carbonate grains (0.5-
0.2mm) contained within a fine grained matrix (0.01-0.02mm) of carbonate and clays. Quartz is the dominant
framework mineral (35-60%) feldspar is present in variable but low amounts (2-5%). Rock fragments are common
and consist of chert, mudstone and quartz-arenite. Heavy minerals identified in decreasing order of abundance are
zircon, monazite, opaques, apatite and sphene. The most distinctive feature of the Hawick Group greywackes is
the presence of oxidised micas, magnetite and carbonate (Warren, 1963; Kemp, 1985). Biotite grains exhibit slight
to pervasive haematization which accounts for the strong reddening of the mica grains. Warren (1963) in a detailed
petrographic study of the Hawick and Riccarton groups, classified the Hawick Group on the basis of an abundant
‘reddish-brown’ biotite and noted that magnetite constitutes between 5 and 10% of the total rock composition.
Detrital angular particles of plagioclase feldspar are common, though partly or totally replaced by sericite in
proximity to the mine area, where coarse grained hydrothermally altered greywacke sandstones were found to
contain disseminated arsenopyrite intimately associated with anhedral pyrite. In this area, the rock matrix contains
a felted mass of sericite flakes, quartz and carbonate. In addition, quartz grains were observed to undergo
dissolution along microcrystalline boundaries.

In Hawick Group greywackes, the modal carbonate content can be >30% of and as such are more appropriately
termed calcareous sandstones (Kemp, 1985). The high carbonate content of the Hawick Group greywackes, may
be invoked as a possible source of CO, enrichment associated with hydrothermal alteration at Glendinning.
However, mantle degassing during magma generation cannot be rejected as a possible source for the CO,.

Breccias

The cause and effects of hydraulic fracturing and its relation to mineralization was presented by Phillips (1970,
1972) who demonstrated that the accumulation of a body of hydrothermal solution on a fault zone under pressures
greater than the pore water pressure would result in the extension of the fault by hydraulic fracturing. The abrupt
drop in pressure of the hydrothermal solution when fracturing occurs results in the ‘bursting’ apart of the rock into
which the hydrothermal solution has permeated under high pressure, and the formation of angular breccias. Under
these conditions, Phillips (op. cit.) showed that the dip of each extension to the normal fault increases up to the point

where the fracture forms a vertical breccia zone.

Following the initial explosive brecciation of the host rocks during the earliest phase of hydrothermal activity, it
is probable that both the porosity and effective permeability of the host rocks rapidly increased. These factors were
later reduced (to possibly less than its original pre-mineralization state) owing to the effects of wallrock alteration
and the precipitation of hydrothermal minerals, particularly quartz in pores, vugs and fractures. Considerable
evidence of structural disruption is observed, with thin beds of greywacke, siltstone and mudstones dislocated and
brecciated by a series of closely spaced fractures. Polyphase brecciation is evident with wallrock fragments
displaying earlier veining, cemented and then rebrecciated. The presence of a fine-grained quartz cement
throughout the polyphase breccias may be used to infer that the hydrothermal fluids were able to recharge after their
hydrothermal expansion into the brecciated zone (cf. Berger, 1985). The larger veins contain a high proportion of
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gouged and sheared wallrock. Fragments of brecciated wallrock enclosed within the quartz-stibnite vein contain
disseminated arsenopyrite-pyrite mineralization. These textures are interpreted to represent a series of hydraulic
fracturing along a conduit during successive episodes of fluid discharge.

Commonly, zones of micro-brecciation are developed in both vein and wallrock. In addition networks of micro-
veins of a similar mineralogy pervade the wallrocks adjacent to the quartz stibnite veins. Hydraulic fracturing may
have enhanced permeability on a microscopic scale by the opening of grain boundaries and microfractures,
although it is probable that each episode of fracturing and brecciation was followed by ‘self-sealing’ with silica.

Texturally the evidence provided by Gallagher et al., (op.cit) does not provide clear, conclusive proof that the
breccias recorded in the Glendinning boreholes were derived from debris flows. Detailed examination of
representative samples of intraformational breccia revealed that the clasts were formed by brittle fracture of
lithified and veined sediments, with fragment boundaries displaying straight edges and sharp angular comners.
Breccia fragments exhibit interiors of argillic alteration, enveloped by margins of siliceous alteration. Feldspar is
virtually absent from the breccia fragments, wallrock and matrix and has been replaced by fine grained sericite and
dickite. In addition this study noted that the breccia is generally clast rather than matrix supported, in opposition
to that inferred on the basis of the ‘debris flow’ model. The present study demonstrates that extensive hydraulic
brecciation of lithified sediments resulted in the generation of a wide variety of breccia textures which have
previously been interpreted by Gallagher et al., (op.cit) in terms of intraformational breccias or debris flows. This
epigenetic model could be refuted however, if it was found that stratiform metalliferous cherts exist in the vicinity
of the Glendinning deposit and/or arsenic-rich stratiform horizons occur throughout the Glendinning study area.

The formation of extensive brecciation in this deposii was probably assisted by fluid boiling and the loss of CO,
to the vapour phase. It is tentatively suggested that these breccias formed relatively early in the history of the
geothermal system, as later, steam-dominated phases of such systems have a tendency to produce un- or poorly-
cemented breccia zones (Berger, 1985). The extensive nature of rebrecciated and recemented sulphide and
greywacke clasts provide further evidence that extensive fault-related deformation occurred contemporaneously
with mineralization. As such, it is inferred that mineral deposition was accompanied by episodic periods of
brecciation and shearing in a structurally active environment. The development of mineralization in the
Glendinning deposit may be characterised by three discrete but temporally overlapping events, including: initial
fracturing, brecciation and wallrock alteration; arsenopyrite-pyrite-gold mineralization; and stibnite dominant
polymetallic mineralization.

Vein Mineralogy
Quartz

Quartz-carbonate veins (1-10cm wide) occur in both mineralized and unmineralized areas within the Glendinning
region. In the mineralized zones, these veins contain abundant disseminated pyrite crystals, fine grained masses
of pyrite and if mineralized, fine grained disseminated arsenopyrite needles. Pale grey and white to clear
microcrystalline quartz occurs throughout the drilicore and was deposited as irregular to massive cavity and
fracture fills, often cementing portions of the brecciated drillcore. Silica appears to be one of the earliest
hydrothermal minerals deposited in the drillcore, though it commonly contains disseminated, minute crystals of

pyrite and arsenopyrite. In thin section the average quartz veinis composed of anhedral interlocking grains of quartz
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which display irregular crystal margins. Rosettes of coarse quartz, up to 3.5mm in diameter, are located within a
matrix of finer mosaic-like quartz. Sulphide minerals within the vein system have grown at sites on quartz grain
boundaries, preferentially associated with the finer-grained mosaic quartz. Radiating crystal clusters of small
(usually less than 2mm) clear quartz crystals are present in a small number of cavities and fractures throughout
the drillcore. Crystalline quartz appears to be an early hydrothermal mineral, and was most probably deposited
immediately following hydraulic brecciation. A number of generations of quartz deposition have been identified
associated with differing phases of sulphide mineralization. Silica was a major component of the hydrothermal
fluids and formed a weakly silicified zone around both the breccias and veins. Silicification is the general term
relating to several processes which involve silica transport, and is defined by Meyer and Hemley (1967) as an

increase in the proportion of quartz and silica to other minerals in an altered rock.

Carbonate

XRD studies of unmineralized greywacke and mudstone samples from the Hawick Group revealed the major
carbonate component (15-35% of the sample) to be ankerite (cf. ferroan dolomite - Ca(Mg,Fe)(CO,),). Cavities
and fractures in the Glendinning drillcore are lined by ubiquitous, white to pale pink, bladed calcite crystals (up
to lcm long). Calcite appears to have formed relatively late in the paragenetic sequence of minerals, and generally

postdates the arsenopyrite mineralization.
Clay Mineralogy

A small subset of mineralized samples were subjected to whole rock and clay fraction analysis by the X-ray
diffractometry (XRD) techniques proposed by Bridges (1987). Four representative greywacke and mudstone
samples were selected from BGS borehole 3 for semiquantitative whole rock and clay fraction XRD analysis. The
results of this study are presented in Figs. 100-103 and Table 1.01. Whole rock analyses revealed the samples to
be composed of quartz, illite/mica and carbonate with minor quantities (<2%) of K-feldspar, plagioclase, chlorite,
dickite and pyrite. Mudstone samples may be distinguished from their coarser grained counterparts by systemati-
cally lower levels of K-feldspar and plagioclase. Clay fraction studies revealed that illite forms the major clay
mineral component in greywacke samples (35-70%) accompanied by subordinate dickite (up to 65%) illite-
smectite (2.5-7%) and chlorite (in order of decreasing abundance). Mudstone samples are characterised by
increased dickite content and relatively reduced illite values. In comparison with unmineralized samples these
results demonstrate that the total clay mineral content increases and that feldspar and lesser chlorite decrease in
mineralized material. In addition, the proportion of kaolinite (dickite) forming the clay mineral fraction in altered
material is substantially increased. The clay content of mudstone lithologies display reduced illite and illite-
smectite contents. However, the relative proportions of illite-smectite is increased in comparison with illite. The
chlorite and dickite contents of mudstone lithologies are considerably enhanced in comparison with their
greywacke counterparts (Table 1.01). In addition, sericite and mixed layer illite-smectite occurs as open space
fillings and as a whole rock alteration product throughout the drillcore.

XRD studies of clay minerals located in core samples (Fig 100-104) defined the powder diffraction profiles for the
mineral dickite, a structurally well ordered and morphologically well formed, polytypic variety of kaolinite.
Brindley and Brown (1980) noted that higher temperatures and hydrothermal pressures favour dickite rather than
kaolinite formation. Brilliant white to yellow-stained dickite is present in fractures, vugs and throughout the
drillcore. In thin section, dickite is observed to form pseudomorphous aggregates with sericite and finely divided



quartz and is found in association with pyrite, arsenopyrite, smectite, sericite and quartz. The results of a detailed
SEM examination of the morphology of hydrothermal dickite are presented in plate 9. The formation of dickite
results from the hydrolysis of sodic feldspar, which by coincidence releases sodium to the aqueous phase (Table
1.01 and Fig. 100-105) following the reaction :

6NaAlSi,0,+6H"+3H,0 = 3AL,Si,0(OH,)}+6Na*+12Si0,

Note that the Na* cation is transferred from mineral to the fluid phase and is removed in solution whereas H* enters
the solid phase (dickite). This mechanism is interpreted as the major cause of the sodium depletion associated with
the Glendinning deposit and implies both a genetic relationship with the As-Sb-Au mineralisation and the concept
of a pathfinder element. This reaction also provides an upper limit to the temperature of alteration as a dehydration
reaction occurs between kaolinite group minerals and quartz to generate pyrophyllite and water at temperatures
exceeding 300°C.

Hydrothermal minerals containing sodium as the dominant cation are commonly associated with hot spring activity
such as analcime, clinoptilolite, mordenite, Na-smectite and aegirine (Bargar and Beeson, 1985). These minerals
are however absent whereas minerals containing significant amounts of potassium, such as illite-smectite were
located in drillcore samples together with hydrothermal silica, dickite, sericite and chlorite. Due to the absence of
both gypsum and alunite from any of the mineral assemblages present in the Glendinning drillcore it is inferred
that the deposit was not formed in a near-surface environment (ie the upper 100m) of a geothermal system, as it
was not subjected to the form of acid (H,SO,) alteration characteristic of the Yellowstone (Muffler and Barger,
1974) and Steamboat Springs (Schoen et al.,1974) types of deposits. The absence of discharge sinters in the
Glendinning deposit provides further evidence for sub-surface deposition.

§gmmggy

Petrographic, geochemical and XRD studies of borehole and outcrop samples suggest the development of three
distinct but overlapping chemical and mineralogical zones surrounding the deposit:

1-  Outer: characterised by depletion of Na, Zn, Fe and Mg; the destruction of primary plagioclase and
ferromagnesian minerals and the development of secondary hydrated physicalists such as sericite and dickite

and chlorite.

2 - Inner: characterised by an abrupt increase in As and S, and is mineralogically defined by the presence of a
halo disseminated and fracture hosted arsenopyrite and pyrite marginal to a quartz-stibnite ore zone.

3 - Core: characterised by high Ca0O, SiO, As, Sb and S contents and the presence of quartz-carbonate-stibnite

veining.

Geochemical alteration halos (Outer Zone) have been identified up to 400m WSW of the Louisa Mine area, The
maximum extent of the sericitic alteration and the disseminated sulphide mineralisation in the host rocks to this
deposit has not been fully evaluated and is limited by the extent of sparse outcrop and diamond drilling in the mine

area.



3.5.3 Wallrock Alteration

Greywackes at Glendinning are extensively bleached and provide a visual indication of hydrothermal activity.
Geochemical alteration pattems in the host rocks in the immediate vicinity of the mine were established onthe basis
of 170 samples from 4 diamond drill holes and 25 outcrop samples. Alteration is defined within the context of this
study as the mineralogical, textural and chemical changes resulting from the interaction of circulating hydrother-
mal solutions with their host rocks. Meyer and Hemley (1967) defined 10 major types of alteration, 5 of which
are important in the context of this study, and include:

1)  Advanced argillic alteration: characterised by the presence of dickite, kaolinite, quartz (+ alunite). Sericite
is usually present together with pyrite and amorphous clay minerals. This type of intense alteration is often
present in breccia pipe deposits associated with acidic intrusions; in hot spring environments; and in
shallow precious metal deposits. This alteration may be characterised by extreme leaching of alkalis from
aluminous phases such as feldspars and micas, but is only present if aluminium is not appreciably
mobilised.

2)  Sericitization: characterised by the presence of sericite (fine grained muscovite) pyrite, quartz and minor
kaolinite. Zones of sericitization are commonly enveloped by zones of lower grade intermediate argillic
alteration. Sericitic alteration in this instance is represented by the assemblage sericite-quartz-pyrite-
carbonate-clays and is the most widespread form of alteration in the Glendinning deposit. Phyllic and
advanced phyllic alteration is distinguished from sericitic alteration on textural grounds. Phyllic alteration
is typified by very fine grained intergrowths of sericite-illite/dickite-quartz associated with intense (>10
vol%) sulphide mineralization. It may be regarded as overprinting sericitic alteration assemblages in the
Glendinning deposit.

3) Intermediate argillic alteration: The principle mineralogy of this form of alteration includes both kaolin- and
mountmorillonite-group minerals occurring mainly as alteration products of plagioclase and accompanied

by appreciable leaching of calcium, sodium and magnesium.

4) Propylitic alteration: characterised by the assemblage chlorite, epidote, albite (+ carbonate) with minimal
depletion of alkalis. H,O , CO, and sulphur may be added.

5) Silicification: This form of alteration involves an increase in the proportion of quartz or cryptocrystalline
silicain the altered zone. Silica may be introduced from the hydrothermal solution or derived as a by product
of feldspar alteration.

Alteration occurs in two forms within this deposit. The replacement of feldspar by sericite represents one aspect
of the most intense form of alteration, which is referred to within the context of this thesis as pervasive alteration.
The deposition of minerals within fractures, between breccia fragments and in voids is termed flooding. In both
instances the bulk composition has been changed, however the original mineralogy is changed only by pervasive
alteration. As demonstrated in section 3.5.2, wallrock alteration processes associated with fracturing, hydrother-
mal brecciation and vein formationinclude silicification, sericitisation and dickitisation. Greywacke and mudstone

samples located in both breccia and fault zones exhibit clear evidence of all three forms of alteration. Because of
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the small grain size of the alteration products XRD techniques were used to indicate the change in mineralogy from
unmineralized to mineralized country rock. In summary, a number of characteristic features relating to alteration
have been observed, in the Glendinning deposit including:

1)  Both alteration and mineralisation exhibit cross-cutting relationships with stratigraphy.

2)  Greywackes are more susceptible to alteration than their finer grained counterparts.

3)  Silicificationisanimportant factorinareasimmediately adjacent to the breccia zones, whereas sericitization
is the dominant alteration process in wallrock samples.

4)  Arsenopyritisation is pervasive and laterally widespread throughout this deposit.

The earliest evidence of hydrothermal alteration is identified by the appearance of clay mineral alteration of
plagioclase and the weak sericitization of primary micas. The mineralogical changes that occurred during
alteration, developed as a result of the destruction of primary feldspars and ferromagnesian minerals to form zones
of silicification and sericitisation. Although kaolinisation of feldspars is the commonest type of clay alteration,
extensive argillic alteration of rock fragments and ferromagnesian minerals by kaolinite/dickite was also observed.
The development of kaolinite (dickite) may be used to infer that the hydrothermal fluids which attacked the
feldspars were acidic (Scott and Taylor, 1982).

The initial phase of wallrock alteration which resulted in the dissolution of Na-feldspar is inferred to have resulted
in a marked increase in permeability and the development of favourable zones for the ore-bearing solutions. The
chemical breakdown of feldspars, particularly plagioclase is a major mechanism for the creation of secondary
porosity (McBride, 1985). As such it is clear that the initial alteration events at Glendinning served to increase the
relative porosity of the greywacke wallrock prior to the main phase of mineralization.

Magnetite, a somewhat refractory mineral, exhibits extensive evidence of alteration and varying degrees of
replacement by pyrite in the vicinity of the mine area, and provides an indication of the highly reducing conditions
present during alteration. X-ray diffraction, petrography, SEM and electron microprobe investigations indicate that
the both the progressive destruction of primary feldspars and a replacement of magnetite by pyrite (plate 10)
correlate with depletion halos of Na and Fe respectively. Similar processes were noted by Colvine et al., (1984)
invoking the sulphidation of iron oxides and silicates as virtually ubiquitous in Archean gold deposits. It is
tentatively suggested that the removal of magnetite by reduction with the hydrothermal fluid may have resulted

inthe formation of a ‘magnetic hole’ associated with the alteration zone, however this hypothesis remains untested.

Geochemical alteration halos (Outer Zone) have been identified up to 400m laterally from the Louisa Mine area.
The maximum extent of sericitisation, dickitisation and disseminated sulphide mineralisation in the host rocks to
this deposit has not been fully evaluated and is limited by the extent of diamond drilling and sparse outcrop in the
mine area. The extensive nature of wallrock alteration may be used to infer gross chemical disequilibrium between
the hydrothermal fluids and greywacke host lithologies. The wallrock alteration associated with the mineralising
event at Glendinning required the introduction of large volumes of hydrothermal fluid (in excess of the volume
of altered material) through structurally induced zones of high permeability. The fault controlled breccia zone acted
as a structural trap, or conduit through which hydrothermal fluids were transported, reacting with the wallrock and
precipitating the observed mineralization. Wallrock alteration may be interpreted in terms of a chemical exchange
between ore forming solutions and host rocks. The REE provide sensitive indicators of alteration and mineraliza-

tion, directly attributable to the destruction of primary feldspars (cf. section 3.6).
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In most hydrothermal ore deposits at least some of the alteration is contemporaneous with ore deposition because
the fluids normally do not deposit ore when they are chemically in equilibrium with the wallrock. The greater the
extent of alteration the more useful a guide to ore. Alteration may precede the ore but it has been found that this
has led to an increased porosity and permeability of the host rock and the development of fluid channelways. The
nature and extent of the alteration is dependent upon the host rock lithology, petrology and geochemistry. The width
of alteration present in the Glendinning deposit is dependent upon a number of physical parameters including both
porosity and permiability. Furthermore, the increased porosity of the greywacke in comparison to that of the
mudstone indicates that a more extensive alteration envelope would be developed in the greywackes. It is clear
that the early pervasive phase of hydraulic brecciation and wallrock alteration alteration enhanced porosity and
permeability and was rapidly followed by arsenopyritisation of wallrocks. The destruction of the original
greywacke texture is a major feature of the mineralized alteration zone at Glendinning. It may be demonstrated
that the changes in mineralogy and texture of the wallrocks enclosing the ore are far more extensive and obvious

than the fine grained, disseminated nature of the arsenopyrite-gold mineralization.

Altered rocks may be extremely useful in the interpretation of the chemical and physical conditions of ore
deposition. The assemblage of hydrothermal minerals forms a valuable supplement to the actual ore minerals as
they provide a wider range of elements compared to the ore itself. Detailed alteration studies therefore provide not
only a guide to the ore mineralization in the field but also an indication of the character of the fluids associated
with ore deposition. In general, the hydrothermal alteration identified in the breccia-fault zones associated with
As-Sb-Au mineralization resembles a compacted porphyry copper zonation.

A visual indication of the effects of hydrothermal alteration takes the form of a progressive bleaching of the
greywacke, up to areas adjacent to the main breccia zones. On the basis of this investigation, the hydrothermal
alteration at Glendinning can be subdivided into an inner core (or stockwork) containing the sulphide mineraliza-
tion and a surrounding halo of intensely altered and bleached greywacke. In addition, the presence of extensive
kaolinite group minerals adds to the characteristic pale nature of the sediments. Samples collected from the
Glendinning area exhibit a continuum ranging from unaltered dark grey greywacke to buff colored greywacke
containing visible disseminated sulphide and stringers of vein mineralization (Plate 38). The drab colors were
developed under reducing conditions by the reduction of ferric oxide and/or ferric oxide hydrate, with the resulting
ferrous iron incorporated into pyrite and other sulphides. This bleaching effect has been recognized elsewhere
within the regional survey area and proved extremely useful in ‘prelocating’ geochemically anomalous zones, prior
to analysis. It is therefore suggested that a qualitative system of diffusive colour charts arranged in matrix form,
such as the USGS or Methuen systems, could form the basis of an empirical field guide to alteration and form an
aid to the exploration geologist. Although such colour changes appear dramatic when viewed side by side, the
differences present in the field are more subtle as they may extend gradationally over a considerable area. Only
by careful study and qualitative colour classification can these changes be monitored during cross strike traverses.
The resulting ability to recognize areas of hydrothermal input and potential targets prior to the receipt of the
geochemical data, has may useful applications and advantages. Although the colour changes shown in Plate 38
appear dramatic, when compared in hand specimen, the colour differences between mineralized and unmineralized
greywackes inthe field can be subtle, as they extend gradationally overaconsiderable area. Although geochemical,
petrological and isotopic techniques provide extremely useful academic parameters, they are not always
immediately applicable for use by the exploration geologist in the field. Only by careful study and qualitative

classification can these changes be monitored during cross strike traverses. However, the ability to recognise areas
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of hydrothermal input and potential areas of stratabound mineralization prior to any geochemical study has
considerable benefits and applications.

3.5.4 Sulphur Isotopes

Sulphur isotopic ratios are widely used in recent studies of ore genesis. The determination of sulphurisotopic ratios
of vein minerals facilitated two aspects of the As-Sb-Au mineralization to be addressed, including the source of
the reduced sulphur and the potential for isotopic equilibrium in the vein system. Sulphur isotopic analyses of both
arsenopyrite and stibnite samples are presented in Table 1.03. These samples closely cluster around the -2, The
isotopic difference between mineral pairs (arsenopyrite-pyrite and stibnite-sphalerite) are minimal and infer the
close genetic relationship between arsenopyrite mineralization and wallrock hosted pyrite grains.

In the Glendinning deposit disseminated arsenopyrite (0.042°°) and pyrite (-2.81%®) concentrates from wallrock
samples were analysed together with both microcrystalline (-2.55%) and massive (-2.81%%) vein stibnite and
granular vein sphalerite (-2.743%). These values corresponded closely with values obtained for vein stibnite in
both the Knipe (-3.41%%) and Clontibret (-3.95%) deposits. The extremely narrow range of sulphur values defined
by this reconnaissance study may be used to infer the existence of isotopic equilibrium between the vein minerals,
while the lack of isotopically light (strongly negative) sulphur values, precludes the derivation of sulphur from the
greywacke wallrocks. The relatively narrow range of sulphurisotope values suggest that the fluids were dominated
by reduced-sulphur species and that fluid oxidation during sulphidation was minimal (Perring et al., 1987). The
results are consistent with derivation of sulphur from juvenile fluids, or by leaching of magmatic sulphides during
metamorphism (Ohmoto and Rye, 1979).

Sulphur isotopic determinations for all sulphide phases at Clontibret closely group within a -4 to +6”® range,
centered upon a mean of ~0°® (Morris and Steed, 1985). Individual ranges for pyrite, arsenopyrite and stibnite
closely mirror those observed in the Glendinning deposit and were used to suggest a magmatic or magmatic related
source for the mineralizing fluids. Limited sulphur isotope studies provide evidence for a sulphidisation model
for gold mineralization and may be used to demonstrate that the removal of suphur from solution due to
sulphidisation of the wallrocks may have been sufficient to cause the required change in gold solubility and
subsequent precipitation. Sulphur isotope values delineated a single grouping of samples at -2 +2°°, Although
isotopic fractionation factors for systems containing stibnite have not been determined, a comparison with the
sulphur isotope studies of Robinson and Farrand (1982) indicates that the sulphides were precipitated from an ore
fluid containing mantle derived reduced sulphur in solution (dominantly H,S) at temperatures around 200-250°C.
Little evidence of the acquisition of sedimentary sulphur was identified.

Preliminary sulphur isotope data of background and Pb-Zn mineralised sediments in the Southern Uplands and
Longford Down has been presented by Anderson et al., (1989). In the Southern Uplands, this study centred upon
the diagenetic pyrite component of Late Ordovician-Early Silurian Moffat Shales, and revealed a S range from
-0.6"™ to -17.1% as anticipated following normal bacteriogenic fractionation (-30 to -40%) of contemporaneous
seawater sulphate. While Anderson et al., (1989) consider that the Pb-Zn vein sulphides at Wanlockhead represent
leached and homogenized Lower Palacozoic diagenetic sulphide, the origin of sulphides in the Late Silurian/Early
Devonian Glendinning and Clontibret As-Au deposits is more problematical. Ithasbeen demonstrated in this study,
that the Glendinning deposit is hosted by sulphur-poor (mean 50ppm) greywackes, deposited in a relatively well
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oxygenated, carbonate-rich environment. As such, isotopic data derived from the pyrite-rich Moffat Shale
(Anderson et al., 1989) cannot be directly equated with the greywackes host rocks to this deposit, and further

investigation of the background isotopic composition is required.

The extremely narrow range of sulphur isotope values identified in all phases from the Glendinning deposit define
an isotopically homogenous source of sulphur from depth, exhibiting typical magmatic values. This statement
requires qualification, in as much as a magmatic source cannot be identified on the basis of these values without
due reference to the sulphur isotope values of the host (unmineralized) sediments, however the likelihood of a
magmatic derivation cannot be precluded. On the basis of the limited evidence available to date, it may be inferred
that hydrothermal, seawater sulphur was not involved in this deposit to any great extent, and that a magmatic source
of sulphur is quite probable. As such, there is no evidence of the involvement of reduced seawater sulphate in the
deposition of arsenopyrite, as would be expected in an exhalative sulphide deposit. Furthermore, close isotopic
similarities exist between:

1)  Vein and wallrock hosted sulphides in the Glendinning deposit.

2)  Differing vein-hosted sulphide phases in the Glendinning deposit.

3)  Stibnite samples from Sb-deposits across the Southern Uplands and Longford Down (including Glendin-
ning, The Knipe and Clontibret).

It is clear from this reconnaissance study that the As-Sb-Au mineralisation in the Southern Uplands and Longford
Down display a tightly constrained range of values, clearly distinct from those identified by Andersonet al., (1989)
for Lower Carboniferous vein and stratiform deposits. These results provide further evidence in support of the
hypothesis invoking a major magmatic component to the Glendinning deposit. However, detailed studies of this
and other As-Sb-Au deposits and their host rocks in the Southem Uplands are required to substantiate this
hypothesis.

3.5.5 Sulphide Geochemistry

The following section details the results of electron probe microanalysis of individual sulphide phases from the
Glendinning deposit.

Arsenopyrite

Lithogeochemical analysis of the mineralized greywackes and mudstones from the Glendinning deposit demon-
strated a correlation between arsenic, gold and the presence of visible arsenopyrite. Reflected light, electron probe
and SEM studies revealed that gold is commonly found intimately associated with arsenopyrite, but rarely in its
free (native) state. Arsenopyrite is potentially one of the most useful indicator of temperature and sulphur activity
during mineralization in this deposit due to the application of Kretchmar and Scott’s (1976) arsenopyrite
geothermometer, a detailed discussion of which is presented in chapter six. Electron microprobe mapping studies
revealed that arsenopyrites, particularly those hosted by wallrock contain significant amounts of sub microscopic
gold. Similar features have been observed within the Knipe, Talnotry, Cairngarroch and Clontibret deposits (cf.
chapter six). In summary, this study provides evidence for: the cryptic enrichment, substitution and zonation of
gold and associated trace elements within a sulphide lattice; the coexistence of two possible sites for gold

deposition within arsenopyrite crystals; and the preferential deposition of gold within areas of greatest thermal
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gradients and maximum fluid-rock interaction. As such, cooling of the ore solution by ‘quenching’ is proposed
as the most viable mechanism for the precipitation of early sulphide-gold phases.

In the earliest stage of mineralization, conditions of gold deposition were attained due to fluid/rock reaction which
lead to both precipitation of arsenopyrite and pyrite and a resulting decrease in sulphur activity. The arsenopyrite-
gold assemblage was deposited in a restricted zone where suitable chemical, physical and structural zones
coincided. These conditions occurred where high temperature As-Au-S bearing fluids interacted with a large
surface area of highly permeable, sulphide-rich rocks and were rapidly chilled. Estimates of mineralization
temperatures in the Southern Uplands based upon the use of the arsenopyrite geothermometer, mineral assem-
blages and compositions range from ~250-380°C, with an average of ~300°C.

Sphalerite

The FeS content of sphalerite coexisting with pyrite and pyrrhotite varies as a function of pressure, and has been
calibrated for use as a geobarometer (Scott, 1933). However, this geobarometer may only be applied to coexisting
samples of sphalerite, pyrite and pyrrhotite, whilst avoiding grains that contain or coexist with chalcopyrite.
Traverses made across two sphalerite grains provided little indication of zoning and defined generally low Fe
contents (0.0-0.54 wt%). In general, the trace element contents (table 2.24) were low, however the importance of
As, Sb, Cd, Ag and Pb (900, 3300, 6900, 1600 and 8300ppm max., respectively) should be evaluated further. The
low Fe content of sphalerite from the Glendinning deposit may be used to infer a low FeS activity and high sulphur
activity which serves to preclude the development of pyrrhotite. The absence of coexisting pyrrhotite in the
Glendinning deposits also precludes the use of the sphalerite geobarometer.

Stibnite

Although limited in extent, a pilot geochemical study, using the electron microprobe to analyse both coarse (n=6)
and fine (n=7) grained stibnite crystals uncovered rather suprising results: the coarse grained crystals (table 2.21)
displayed relatively low trace element contents, close to the detection limits of the technique (As-0.31; Ag - 0.02;
and Au - 0.00 wt%) whereas the finer grained fraction (table 2.22) demonstrated considerably elevated values (As
-4.72; Ag - 0.06; and Au - 0.10 wt%).

Tetrahedrite

Tetrahedrite-tennantite is a naturally occurring sulphosalt in which many substitutions can take place (Patrick,
1981). The general formula for the tetrahedrite-tennantite series is (Cu, Ag)m(Zn, Fe, Cu),(Sb, As, Bi) S,y This
series is defined by the substitution of Sb for As, forming a complete solid solution in which both As-rich, Sb-rich
and intermediate varieties are common. In the Glendinning deposit tetrahedrites (table 2.25) form the dominant
host mineral to Ag mineralization (up to 0.62 wt%) and are associated with elevated Sb and notably high Tl levels
(9.50 and 0.25 wt% maximum respectively) and are Cd poor (0.33ppm max). Microprobe analyses of tetrahedrite
inclusions from Glendinning demonstrated that an As-rich phase of precipitation was followed by an Sb-rich phase.

Pyrite

Following the methodology of Scott (1986) syngenetic/diagenetic pyrite may be distinguished from epigenetic

pyrite by extremely low chalcophile element (As and Sb) content. A reconnaissance evaluation of the trace-element
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content of syn-diagenetic framboidal pyrite located peripheral (~50m) to the Glendinning deposit, revealed the
absence of both arsenic and gold. As such, the presence of synsedimentary As-Au mineralization could not be
substantiated. Sulphidation processes were most intense in the margins of the quartz-stibnite vein system, where
magnetite rich bands and framboidal clusters were preferentially replaced and/or overgrown by pyrite. Frequently,
these pyrite euhedra contain arsenical margins, indistinguishable from the core zones in reflected light, but which
containing up to 5% As.

Levels of cobalt and nickel and the Co:Ni ratio in pyrite can provide reliable indicators of the origin of the pyrite
and the host sulphide deposit (Willan and Hall, 1980). Using this model pyrite samples associated with
mineralization in the Glendinning deposit, fall outwith the fields defined for both sedimentary/diagenetic pyrite
and synsedimentary massive sulphide deposits of hydrothermal origin. Early minerals introduced into the
Glendinning deposit include arsenical pyrite and auriferous arsenopyrite. Trace element studies of arsenian pyrite
crystals and rim zones from the Glendinning deposit (table 2.19 and 2.20; n=206) revealed the presence of elevated
As, Cd, Hg and Au values (5.39, 1.87, 1.09 and 0.20 wt% max., respectively). Pyrite associated with the As-Au
phase of mineralization contains high As, Sb, Hg and Ag values and displays slightly elevated Au levels. Their high
As/Sb ratio and association with intense wallrock alteration suggests a relatively high formation temperature. Vein
pyrite exhibits similar patterns of trace element enrichment but with a significant reduction in the As/Sb ratio due
to increased Sb content in the vein mineralization. The lower Sb content of wallrock hosted pyrite may reflect the

relative mobility of Sb in the fluid system.
3.6 GEOCHEMICAL STUDIES

Grigoryan (19Y4) in a classic paper on the application of lithogeochemistry to mineral exploration, noted that
hydrothermal mineral deposits are always accompanied by primary multi-element geochemical halos, and their
recognition and classification may be used to provide effective prospecting criteria for the identification of
concealed (‘blind’) deposits. In addition, Grigoryan (op. cit.) recognised that these anomalies may be both
horizontally and vertically zoned and proposed the use of multiplicative geochemical halos in defining the presence
of the ore zones. In general, primary geochemical halos surrounding ore bodies, can be classified as either
dispersions of chalcophile and siderophile elements, or zones of visible or cryptically altered wallrock. In a
discussion of the application of lithogeochemistry in detecting blind sulphide deposits, Govett and Goodfellow
(1975) demonstrated the presence of individual and multi-element halos associated with massive sulphide deposits.
In a summary of lithogeochemistry in mineral exploration, Govett and Nichol (1979) noted that chemical alteration
halos may be more intense and therefore detectable over greater distances than mineralogical halos, since the lattice
substitution of elements may be detected chemically without having any mineralogical representation. Selinus
(1983) in an assessment of the application of lithogeochemistry to mineral exploration in northern Sweden,
recorded distinct primary halos associated with known ore bodies and additional areas containing previously

unrecorded mineralization.

An advantage of lithogeochemical surveys providing fresh rock is available, is the direct measurement of deep-
seated dispersion pattems which are unaffected by complications from the secondary environment. This study is
used to demonstrate the more widely dispersed nature of alteration related elements, present in concentrations
several orders of magnitude greater than the ore-related elements. By comparing the geochemistry of unaltered
equivalents with host rocks from the hydrothermal environment, a semi-quantitative approach to chemical mass

transfer during alteration is attained.
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3.6.1 Drillcore Geochemistry

The results of multi-element geochemistry upon a series of interbedded greywackes, siltstones and mudstones of
Wenlock age sampled from four boreholes in proximity to the Louisa Antimony Mine, Glendinning are graphically
displayed upon fold-out No.3. Samples from each borehole have been grouped in ascending numerical order and
combined to create a composite geochemical profile (n=170). The chemical effects of hydrothermal alteration and
mineralization have been assessed in relation to background geochemical variations by both statistical and
graphical techniques, and by a direct comparison with fold-out No.1 (Section 3.6.2). Histograms of element
distribut in greywacke, mudstone and altered core samples from the Glendinning study area are presented in Figs.
32-34, respectfully. In addition, bar diagrams comparing and contrasting the effects of hydrothermal alteration
upon greywacke and mudstone lithologies are presented for individual elements in Figs. 37a-45b. Elements
intimately associated with mineralization processes (ie Na, As, Sb, Ni, Pb, Cu, S, Ba and Zn) display positively
skewed and highly kurt populations. The mean values, notably of As and S are affected by this distribution and the
geometric means (692 and 1243ppm respectively) display considerable variation from their arithmetic counter-
parts. Major rock forming elements display lower or negatively skewed, less kurt populations with a trend towards
a more normal distribution. Detailed lithological descriptions of the core samples are provided in tables 1.32 to
1.35. Geochemical data, summary statistics and correlation coefficients relating to this study are presented intables
4.111-4.119,2.108-2.116 and 3.00 respectively. A detailed discussion of the drillcore geochemistry is presented
below:

Sio,

S$iO, displays relatively consistent background values, upon which two forms of anomaly are superimposed: slight
increases, attributable to the effects of silicification, and major increases (81.40% max) resulting from brecciation
and intense quartz-stibnite veining. Increases in SiO, content correlate directly with both disseminated and vein
hosted ore forming elements. This is reflected in a skewed distribution and slight increase in the mean composition
(Fig. 35a) of mineralized samples (59.41%) in comparison with background values displayed in the Hawick
Formation (58.89%). Discrimination diagrams used to distinguish greyackes, mudstones and altered samples are
displayed in Figs. 46a to 47a. SiO, values are positively correlated with, in order of significance: Fe, Co, Sb, S,
As, Fe/Mg and Al/Ca+Na and inversely correlated with Al, Ti, Mg, Ca, K, Mn, P, Cr, Rb, Sr, V, Zn and Al/Si. A

detailed discussion of these correlation pairs was not undertaken at this time.

ALO,

Al O, displays variable background values with depletions directly related to increased SiO, content and
enrichments related to both mineralization and lithic-related element groups. This is reflected in a slight increase
in the mean composition of mineralized samples (18.01%) in comparison with background values displayed in the
Hawick Formation (14.23%). Discrimination diagrams used to distinguish greyackes, mudstones and altered
samples are displayed in Figs. 46a and 47b to 48d. AL O, values are positively correlated with Ti, K, V, Rb, As,
Cr, Cu, Ga, La, Ni, Nb and Y; and inversely correlated with Si and Co.

TiO,

Highly consistent TiO, values display little systematic variation with the exception of an inverse relationship to

SiO, anomalies. This pattern is interpreted, simply in terms of silica enrichment and detrital/lithic depletion (a
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‘dilution effect’) and bears little if any relation to alteration processes. This is exemplified by minimal variation
in mean composition between mineralized samples (0.81%) and background values in the Hawick Formation
(0.84%). Discrimination diagrams used to distinguish greywackes, mudstones and altered samples are displayed
in Figs. 47b and 48e to 49¢. TiO, values are positively correlated with Al, K, P, V, Cr, Ga, La, Ni, Nb, Rb, Th,
Sr, V and Zr; and inversely correlated with Si, Co and S.

Fe,0,

Fe,O, displays a relatively variable distribution and marked inverse correlation with anomalous arsenic and
antimony values. This is reflected in a slight decrease in the mean composition of mineralized samples (5.39%)
incomparison with background values displayed in the Hawick Formation (5.96%). Discrimination diagrams used
to distinguish between hydrothermally altered and unaltered samples are displayed in figs 46b, 48a, 48e and 49f
to 51b. Fe,O, values are positively correlated with Mg and Na; and inversely correlated with As and Sr.

MgO

Systematic variations in MgO content are observed in all boreholes with values inversely related with minerali-
zation. This is reflected by a slight decrease in the mean composition of mineralized samples (6.99%) in
comparison with background values in the Hawick Formation (7.40%). Discrimination diagrams used to
distinguish greywackes, mudstones and altered samples are displayed in Figs. 47¢,49b, 50b, 52d and 53a-53e. MgO
values are positively correlated with Fe, Ca, Mn, Na, P and Y; and inversely correlated with As, Sb, Co and S.

Ca0

Aswith MgO, this element displays systematic variations in all boreholes, inversely related to and counterbalanced
by the sulphide group elements. This is reflected in a slight decrease in the mean composition of mineralized
samples (6.99%)in comparison with background values in the Hawick Formation (7.4%). Discrimination diagrams
used to distinguish greywackes, mudstones and altered samples are displayed in Figs. 46f, 47f, 49¢c, 50c, 52e and
52f. CaO values are positively correlated with Mg, Mn, Na, P and Y; and inversely correlated with Si, As, Co and
S.

Na,0

Apart from the sulphide group elements (As, Sb, Pb, Cu, Ni and S) Na,O provides the single most useful indicator
of hydrothermal alteration and cryptic, low-grade As-Sb-Au mineralisation. This major element exhibits extensive
depletions in proximity to quartz-stibnite veins and disseminated As-rich sulphides, and defines broad alteration
envelopes associated with hydrothermal alteration. The effects of Na depletion result from the hydrolysis of sodic
feldspar and the creation of dickite (a high temperature polymorph of kaolinite). Almost total depletion of Na,O
is quantified by a major decrease in the mean composition of mineralized samples (0.20%) in comparison with
background values in the Hawick Formation (1.55%). Discrimination diagrams used to distinguish greywackes,
mudstones and altered samples are displayed in Figs. 46c, 47c, 48f, 49f, 50a, 51c-52d, 53a and 54a. Na,O values
are positively correlated with Fe, Mg, P and Zr; and inversely correlated with Al, K, As, Rb, Sr, Sb and S.
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K,0

The K,O content displayed throughout all four boreholes is relatively variable, but positively correlated with clay
mineral, detrital and mineralization group elements. This is reflected in a slight increase in the mean composition
of mineralized samples (3.36%) in comparison with background values displayed in the Hawick Formation
(2.21%). Discrimination diagrams used to distinguish altered and unaltered samples are displayed in Figs. 46d,47d,
49a, 51c and 53f. K,O values are positively correlated with Al, Rb, Ti, P, Cr, Cu, La, Ni, Nb, Sr, V and Y; and

inversely correlated with Si, Na, As, Co and S.
MnO

Highly consistent MnO values are displayed throughout all boreholes with the only deviations in concentration
directly related to major increases in SiO, content (‘quartz dilution’) and indirectly, the effects of mineralization.
This is reflected in a slight decrease in the mean composition of mineralized samples (0.09) in comparison with
background values in the Hawick Formation (0.11). MnO values are positively correlated with Mg, P, Y and Zr;
and inversely correlated with Si, As, S, Co, S and Sb.

P,0,

Highly consistent P,O; values are displayed in all four borehole sections with no variation between the mean
composition of mineralized samples and background values. P,O, values are positively correlated with Al, Ti, Mg

and Ca; and inversely correlated with Si, As, Co and S.

As

Highly elevated As levels (up to 25,994ppm) displayed in all boreholes are controlled by the presence of sulphides,
predominantly arsenopyrite (Fe AsS) with minor contributions attributable to substitutionin both pyrite and stibnite
(see chapter six). Mean arsenic concentrations in mineralized samples (2766ppm) demonstrate considerable
enrichment with respect to background levels in the Hawick Formation (3.5ppm). Arsenic concentrations are
particularly important in this study due to the positive chemical correlation between As and Au and the
identification of an arsenopyrite host to gold mineralisation in this deposit (see chapter six). Arsenic values are

positively correlated with S, Si, Sb, Co, Pb, Cu and La; and inversely correlated with Na, Mg, Fe and Ca.

Ba

Consistent patterns of background Ba values are displayed, upon which s superimposed a small number of sizeable
anomalies (max 5363ppm). No major correlation between barium and sulphide group elements was noted, however
subtle correlations may be discerned on the fold-out diagram, between Ba anomalies and fracture-controlled SiO,
enrichment. This association suggests minor baryte mineralization, unrelated to the As-Sb-Au phase of deposition
(and alteration) to be the most probable source of contamination. This pattern is reflected in a slight increase in
the mean composition of mineralized samples (386ppm) in comparison with background values in the Hawick
Formation (280ppm).
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Co

Co displays variable, systematic patterns throughout all four boreholes with enrichment associated with sulphide
group elements, notably As and S. This is reflected in a slight increase in the mean composition of mineralized
samples (33ppm) in comparison with background values in the Hawick Formation (26ppm). Discrimination
diagrams used to distinguish greywackes, mudstones and altered samples are displayed in Figs. 48b, 51e and 54b.
Co values are positively correlated with Si, As, S, Zn and Fe; and inversely correlated with Mg, Al, Ti, Ca, Mn,
K,P,La,Nb,Rb, Sr, V, Y, Zr and TL

Cr

Crdisplays a consistent, systematic pattern of values inversely related to silica, positively correlated with clay and
lithic group elements, but unrelated to the sulphide group values. No variation is noted between mineralized and
background mean Cr content (both 142ppm). Discrimination diagrams used to distinguish greywackes, mudstones
and altered samples are displayed in Figs. 50d, 51f, 54c and 54d. Cr values are positively correlated with Ti, Al,
K,Rb, V, P, Y, La, Nb, Ga, Zr, Ni, Sr, and Th; and inversely correlated with Si only.

Cu

Cu displays variable, systematic trends related to both sulphide and clay mineral group elements (Max. 103ppm).
This is reflected by an increase in the mean composition of mineralized samples (34ppm) in comparison with
background in the Hawick Formation (24ppm). Discrimination diagrams used to distinguish greywackes,
mudstones and altered samples are displayed in Figs. 51d and 54e. Cu values are positively correlated with Al,
K, As, La, Ni, Rb, Sb and V; and inversely correlated with Ca.

Ga

Relatively variable Ga values are displayed over a restricted range of concentration. These values may be correlated
with both detrital lithic, clay mineral and sulphide group elements, and are inversely related to alkali group
elements. No variationis observed between the mean composition of mineralised samples and background values.
Ga values are positively correlated with Al, Ti, V, As, Rb, Cr, Cu, Y, La, Ni, Nb, Pb, Sb, Sr and Zn; and inversely
correlated with Na, K and Ca.

La

Consistent La values are displayed within all four boreholes, elevated with respect to background values and
correlated with both clay and detrital group elements. A slight increase in the mean composition of mineralized
samples (38ppm) is observed in comparison with background values displayed by the Hawick Formation (32ppm).
La values are positively correlated with Al, Ti, K, Cr, Nb, Ga, Ni, Rb, Sr, V, Y and Zn; and inversely correlated
with Si and Co.

Ni

Consistent Ni values are displayed throughout the succession. A slight increase in the mean composition of

mineralized samples (72ppm) is observed in comparison with background values in the Hawick Formation
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(58ppm). Discrimination diagrams used to distinguish greywackes, mudstones and altered samples are displayed
in Figs. 52a, 53e and 55b. Little systematic correlation exists between Ni and the sulphide group elements with the
exception of Pb. Ni values are positively correlated with Al, Ti, Cr, V, Pb, Rb, La, Nb, Sr, Y and Zr.

Pb

Although a generally low background Pb content (14ppm) occurs in the Hawick Formation, Boreholes 1, 2 and 4
display anomalies which correspond to both SiO, and As enrichment. In addition, borehole 3 displays highly
elevated (max 1717ppm) Pb levels throughout the upper 120m of core, which are strongly correlated with pervasive
arsenopyrite mineralization. This is reflected in a significant increase in the mean composition of mineralized

samples (70ppm) in comparison with background values.

Rb

Slightly elevated Rb values display a positive relationship with clay mineral group elements. This is reflected in
aslight increase in the mean composition of mineralized samples (119ppm) in comparison with background values
in the Hawick Formation (71ppm). Discrimination diagrams used to distinguish greywackes, mudstones and
altered samples are displayed in Figs. 48d, 49d, 50e, 52a, 52b, 52¢, 53b, 54b, 54d, 54f, 55a and 55b. Rb values are
positively correlated with K, Al, Ti, V, P, La, Cr, Y, Ni, Nb and Sr; and inversely correlated with Si, Na, Co and
S.

Sr

Consistently low Sr values are present in all boreholes with the pattem of variation closely mirroring that of CaO.
This is reflected in a slight decrease in the mean composition of mineralized samples (121ppm) in comparison with
background (151 ppm). Discrimination diagrams used to distinguish greywackes, mudstones and altered samples
are displayed in Figs. 46e, 48c, 50f, 52c, 53f and 54f. Sr values are positively correlated with Ca, Al, Ti, K, P, Ti,
Cr, La and Nb; and inversely correlated with Si, Fe and Co.

Sb

Antimony (Sb) forms a key member of the sulphide group elements and displays patterns of variation which closely
mirror that of Pb. In particular, samples from borehole 3 display considerably elevated and widespread values (in
comparison to the remaining holes) which are interpreted as reflecting the stockwork-like nature of the quartz-
stibnite vein system and the extensive nature of fracturing and brecciation. Given the nature of this deposit it is
no surprise that highly elevated Sb levels are present (max 956ppm) in mineralized samples (mean 77ppm) in
comparison with background values (mean 2ppm) displayed in the Hawick Formation (Fig.42c and 5 1a). Sb values
are positively correlated with As, Cu, Pb, Zn and S; and inversely correlated with Ca, Na, Fe, Mn, Mg and Th.

S

Highly elevated sulphur concentrations (max 26,000ppm) in the core samples display a similar range and
distribution to arsenic (As) values. This is reflected by a major increase in the mean composition of mineralized
samples (3334ppm) in comparison with background values in the Hawick Formation (47ppm). S values are
positively correlated with Si, As, Co and Sb; and inversely correlated with Mg, Ca, Na, Mn, Ti, P, Nb, Y and Zn.



Th

Highly consistent Th values (mean 9ppm) are present throughout the succession which display no significant
variation in composition in comparison with background values (8.5ppm). Th values are positively correlated with
AL K, P, Cr,Nb, V, Y and Zr; and inversely correlated with Si, As, Sb and S.

vy

Highly consistent V values displaying no direct correlation with sulphide group elements are present throughout
this succession. No significant variation in composition between mineralized samples (mean 116ppm) and
background values could be defined. Discrimination diagrams used to distinguish greywackes, mudstones and
altered samples are displayed in Figs. 47a, 49e¢, 52f, 53c, 54a-54c and 55a. V values are positively correlated with
Al, Ti, K, P, Cr, Ga, La, Ni, Nb, Rb, Sr, Th and Y; and inversely correlated with Si and Co.

Y

Extremely consistent Y values, displaying no direct correlation with sulphide group elements are located in all
boreholes. No variation in composition between mineralized and background samples was observed. Y values are
positively correlated with Ti, K, Mg, Al, P, Cr, La, Ni, Nb, Rb, Sr, Th, V and Zn; and inversely correlated with Si,
Co and S.

Zn

The upper section of borehole 1 displays relatively unaltered background values; however, a rapid decrease in
occurs with depth which may be directly linked with the effects of both mineralization and hydrothermal alteration.
The systematic decrease in Zn concentration displayed by all boreholes is quantified by a decrease in the mean
composition of mineralized samples (45 ppm) in comparison with background values (66 ppm). Similar
progressive leaching of zinc was located by Stone (1985) to the west of this deposit in the Loch Doon area. Here,
zinc depletion is accompanied by the introduction of arsenic and lead vein mineralization. Notable zinc anomalies
(max 1846 ppm) are present in the upper part of borehole 3, which correlate with Pb, S, Sb, As, Ba, Co, Ni, Pb,
Si0,, quartz-sulphide veining and the presence of sphalerite in polished section. Atthe base of borehole 3, Zn values
approach background levels. In general Zn values are positively correlated with and Pb and Sb; and inversely
correlated with Ni, As and Co.

Zr

Highly consistent Zr values are displayed throughout all borehole profiles with little systematic variation in
response to mineralization. A minor decrease in the mean composition of core samples (177 ppm) is noted in
comparison with background values in the Hawick Formation (202 ppm). Discrimination diagrams used to
distinguish greywackes, mudstones and altered samples are displayed in Figs. 51b and 55c. Zr values are positively
correlated with Ti, P, Na, Mn, Cr, La, Nb, Sr, Th and Y; and inversely correlated with Si, As, Co and S.
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Tl

A considerable portion (approx.85%) of all samples analysed contained Tl levels below the detection limits of the
XRF (1- 2ppm). As such the Tl (max 7ppm) profile was not included in this fold-out diagram. Statistically, there
appears to be little variation between the mean composition of background and mineralized samples. However, in
the Glendinning regional study, relatively low Tl levels are closely associated with As-Sb mineralization and
provide useful clues to the genesis of this type of deposit. It is worthy of note that the Tl values are positively

correlated with K and possibly Sr; and inversely correlated with Co.

Element Ratios

In addition to the major, minor and trace element profiles a number of element ratios were calculated and displayed
in a similar format. These ratios are presented as fold-out diagrams and are used for tasks including discrimination
and the identification of hydrothermal alteration. The application of these ratios to the Glendinning borehole data
(mineralization) and a comparison with the Glendinning Regional study (background) is summarised below:

a) Al/Si: this ratio closely mirrors the Al O, profile and is relatively increased in comparison to background

levels.

b) K/Na: this ratio displays highly elevated values (30-40) in comparison to both background greywacke
(mean=1) and mudstone samples (mean=3), and as such provides an extremely useful index to alteration.
This ratio may be used to demonstrate that all samples with the exception of the upper portion of borehole
1 have been subjected to intense hydrothermal alteration. On this basis, it is clear that the boreholes were
drilled within the alteration envelope of the mineralization and did not intersect ‘‘unaltered’’ samples even
at depth. As suchit is proposed that the nature of hydrothermal alteration at Glendinning was both pervasive
and laterally extensive, and the deposit itself is open at depth.

c) K+Na: The total alkali content of mineralized samples is consistently lower than background values.

d) K/Na+K: This ratio may be used in a similar manner to K/Na and clearly defines the position of
hydrothermally altered samples throughout all boreholes (with the exception of samples 1-3 inhole 1). This
alteration index provides further, conclusive evidence of extensive nature of the alteration envelope to the

Glendinning deposit.

e) Fe+Mg: A systematic decrease in Fe+Mg content is displayed throughout all borehole samples in

comparison with background values.

f) Fe/Mg: Considerably lower Fe/Mg ratios are displayed in all borehole samples in comparison with
background levels displayed in the Hawick Formation (fold-out 1). Although both Fe and Mg are inversely
related to mineralization this ratio may be used to demonstrate a disproportionate reduction in Fe content

in comparison with Mg.

g)  Al/Ca+Na: Aslightincrease inthe alteration index is noted in comparison with with background values. This
‘alteration’ index is little use in the Hawick Formation as the effects of Na depletion are masked by the

exceptionally high Ca content of the greywackes.
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h)  Nb/Y: This ratio displays no variation between mineralized and background values.
i) Nb/P: This ratio displays no variation between mineralized and background values.

)] Rb/Sr: High values in greywacke samples can provide a useful guide to alteration, however increased
variability inbackground mudstone samples could result in samples being misclassified. This ratio may only

be used to identify the effects of hydrothermal alteration in lithologically controlled sampling programs.

k) Ni/Co and Cu/Co: Both ratios display slight increases in mineralized core samples, compared with
background values.

)] Zn/Co: Considerably lower values are identified throughout all borehole profiles in comparison with

background values. The dominant control upon this variation is zinc depletion (see Zn section).
m)  Zr/Nb: highly consistent values are displayed in both mineralized and background samples.
In comparison with the mean values of additional trace element studies in the Southern Uplands (n=170)
mineralized greywacke samples from Glendinning (n=29) display relatively elevated concentrations of Ag, Cs, Sc,

Mo, W and Ce with maximum values of 4, 59,27, 11, 951 and 262ppm respectively. No variations in Cd, Bi, Se,
Sn, Te, U and Hf values were detected by XRF.

3.6.2 Glendinning Regional Geochemical Traverse

This section reviews the results of a multi-element geochemical study upon a series of interbedded greywackes and
mudstones of Late Llandovery and Wenlock and Ludlow age, located in the Glendinning-Hawick-Eskdalemuir
area and defined as the Hawick Group. In this study, interbedded greywacke (n=305) and mudstone (n=197)
samples were collected from the same locality (whenever possible) on a series of cross-strike traverses centred
upon the Glendinning As-Sb-Au deposit. A location and drainage map of the survey area is presented in Fig. 158.
Separate point-source and contour maps for each element and lithology are displayed in Figs. 160-220 and
summary multi-element anomaly maps in Figs. 221-224. Samples were grouped on the basis of stratigraphy,
lithology and numerical order to aid the assessment and are graphically displayed in Fold-out No. 1. Correlation
coefficients forboth mudstone and greywacke samples display close similarities. As such, all reported correlations
are defined with respect to greywacke lithologies in order to facilitate a direct comparison with other units in the
Southern Uplands.

Differences between the geochemistry of greywackes and mudstones from the Hawick Formation may be attributed
to an overriding mineralogical control provided by an increased clay fraction in the finer grained lithologies.
Enhanced clay mineral content provides both enrichment (in mineralogically related elements such as Al, K, Rb,
V, Mn and Na) and depletion due to the effects of clay dilution upon lithic components. In acomparison of variance
using the F test statistic the major and trace element data for both Ludlow and Wenlock sediments display similar
variances. In addition the average composition of each stratigraphic division display close similarities and the
results of a Student T test indicate a high probability that both Ludlow and Wenlock sediments were both derived



-59-

from the same parent population/terrain. As such, in the following description of element variation, only trends
and patterns relating to lithological variations are discussed:

SiO,

Hawick Formation greywackes display relatively uniform silica values throughout this succession. No systematic
variation in composition is defined, however, values are enhanced by 4-5 wt% with respect to their interbedded,
mudstone counterparts. The spatial distribution of this data for both greywacke and mudstone lithologies is
presented in Fig. 160 and 190, respectfully. A single example of vein material from the Louisa Mine at Glendinning
is clearly distinguished from its host greywackes by its elevated SiO, (quartz) content. SiO, values are positively
correlated with, in order of significance: Al, Ti, P, Co, Fe/Mg and Rb/Sr; and inversely correlated with Ca, Sr, Mn,
Mg and Na.

Al O

8535

Al,O, values in greywacke samples exhibit considerably more variation that the relatively higher, but more
systematic values defined by mudstone lithologies. The most notable variation in AL O, values within both
greywacke and mudstone lithologies display strong antipathetic relationships with CaO. The spatial distribution
of this data for both greywacke and mudstone lithologies is presented in Figs. 161 and 191, respectively. Al,O,
values are positively correlated with, in order of significance: Ti, Fe, K, Rb, Ga, Ni, V, P, Ba, Cu, Nb, Th, Y and
Zn; and inversely correlated with both Ca and Sr.

TiO,

TiO, values display little variation in greywacke samples and marginally lower values than in their finer grained
counterparts. The spatial distribution of this data is presented in Figs. 162 and 192. TiO, values are positively
correlated with, in order of significance: Al, Fe, P, Cr, Ni, V, Zn, K, Ba, Ga, La, Rb, Th, Y and Zr; and inversely

correlated with Ca and Sr.

Fe,0,

The Fe,O, content of greywacke samples display generally lower values than their interbedded mudstones.
Anomalous Fe,O, values superimposed upon the general background variation reflect increases in arsenic (As)
content. However, it should be noted that similar arsenic enrichment in mudstone lithologies corresponds with a
subtle decrease in Fe,0, content. The spatial distribution of this data is presented in Fig. 163 and 193. Fe,0, values
are positively correlated with, in order of significance: Ti, Al, Mg, K, As, Ba, Ni, V, Cr, Zn, Rb and K/K+Na; and

inversely correlated with Ca and Sr.
FeO

The ratio of the ferrous to total iron content of silicate and metal oxide minerals was determined for greywacke
and mudstone samples of both mineralized and unaltered material, according to the procedure described by Kerrich
et al., (1977) and the results are compiled in Table 1.06. Although sulphur has clearly been introduced there is
considerable evidence of iron mobility. Detailed analytical studies (XRF fused bead, CO,, LOI and FeO analysis)
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reveal a significant depletion in the total Fe content of mineralized greywackes compared to background values
linked to increases in both Fe?*/Fe* and Fe?*/Total Fe. These features infer that both iron reduction and iron
depletion are characteristics of the hydrothermal system at Glendinning.

Ratio Greywacke Mineralized
Greywacke
Total Iron > Total Iron
Fe?*/Fe** 1.97 2.68
Fe?*[Total Fe 0.62 0.71

Based upon the actual decrease in total iron content within mineralized samples it is suggested that the source of
iron required in the formation of arsenopyrite may well have been locally derived with Fe?* obtained from the
alteration of iron bearing minerals such as pyroxenes, amphiboles or magnetite. Detrital magnetite bands have been
located using petrographic techniques from greywackes in the Glendinning mine area. The magnetite is composed
of small (<1mm) euhedral-subhedral grains containing fine ilmenite lamelli. SEM analysis of mineralized samples
revealed that the detrital magnetite had undergone partial or complete replacement by pyrite. As pyrite and
magnetite normally coexist this feature provides detailed constraints upon the nature of the fluids at the time of
ore deposition/replacement. For pyrite to replace magnetite a sulphidation reaction is required following the
equation outlined below:
2Fe,O, +IAHS = 6FeS +6H,0+ O,

This sulphidation reaction is similar to that observed in the Carrock Fell deposit (Hall, Pers. Com.) and when
coupled with the pyrite replacement of magnetite may be used to infer that the ore bearing solution was Fe deficient
(otherwise FeS would have been precipitated directly). The reduction of magnetite may be used to account for a
considerable part of the total Fe reduction observed in the wallrock samples from the Glendinning deposit. As
alteration in the form of a sulphidation reaction is clearly observed to affect magnetite bearing greywacke horizons
in the Glendinning area and as arsenopyrite exhibits an epitaxial relationship with both pyrite and magnetite it is
inferred that these horizonscould also provide anindirect locii for As and Au precipitationinthis area. In summary,
itis proposed that bands of syndiagenetic pyrite and altered magnetite served as nucleation sites for the localisation
of arsenopyrite precipitation in the Glendinning deposit. In addition, the alteration of detrital magnetite to pyrite
provided a major source of free iron in the fluid phase, and mechanism for gold deposition following the general
equation:
4FeO + 4HAu(HS), + O, = 4FeS, + 6H,0 + 4Au

Kerrich etal., (1977) in studies of gold bearing quartz veins from the Yellowknife district in Canada observed that
a significant reduction in the oxidation state of primary iron was due to large scale interaction of wallrocks with
ascending, reducing hydrothermal fluids (water/rock ratio >3:1). As described above, a significant mineralogical
redistribution of ironhad taken place, withiron liberated from detrital magnetite, incorporated into sulphide phases
or released to the aqueous phase. In general, the alteration zone is characterised by extreme reduction and the net
removal of total iron. Chemical studies of the oxidation state of the remaining iron present in mineralized samples
provides evidence for large scale fluid interaction processes, similar to thatdescribed by Kerrich (op. cit). Chemical
reduction appears to have formed a critical mechanism in the precipitation of ore phases. In addition, sulphidation

of detrital iron oxides (a reducing process) occurs over a greater extent than the deposition of arsenopyrite itself.
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MgO

Highly uniform MgO Values are displayed across the traverse with higher background levels established within
mudstone lithologies. In addition, systematic depletions of MgO are mirrored by significant levels of arsenic
enrichment in both lithologies. The spatial distribution of this data is presented in Fig. 164 and 194. MgO values
are positively correlated with, in order of significance: Fe, Ti, V, K, Rb, Ba, Zn and Na+K; and inversely correlated
with Ca, Mn and As.

Ca0

In greywacke lithologies the CaO content displays a strong antipathetic relationship with SiO,. Within finer grained
lithologies however, the CaO content is highly variable with anomalous values closely correlated with arsenic
enrichment. This data is presented in Figs. 165 and 195. CaO values are positively correlated with, in order of
significance: Sr and Mn; and inversely correlated with Si, Al, Ti, Fe, Pb, V, Na+K, Mg, K, P, Co, La, Ni, Y, Zn
and Zr.

Na,O

The Na,O content of greywacke samples displays highly consistent values with the exception of depleted zones
associated with arsenic enrichment (Fig. 166 and 196). Lower background Na,O values are displayed by the finer
grained, mudstone lithologies. Depletions of Na,O associated with arsenic enrichment are still present in the finer
grained lithologies, however the magnitude of variation is smaller and therefore more cryptic. Na,O values are

positively correlated with Zr; and inversely correlated with Fe, K, As, Sb, Ca, Ni and Nb.

The mineralization at Glendinning is also be characterized by major depletion of sodium (0.5% Na,O depletion
threshold) and zinc which define an envelope 400m in diameter surrounding the mine area. The sodium depletion
and potassium enrichment associated with the mineralization at Glendinning correspond closely with observed
mineralogical changes (ie. the kaolinitisation of albite and the alteration of chlorite to sericite). The decrease in
plagioclase content may be explained in terms of a kaolinitisation (dickitisation) process following the general
reaction:

3NaAlSi,0, + K* + 2H* = KALSi,0,(OH), + 3Na* + 6Si0,

310
The distribution pattern of Na,O inboth greywacke and mudstone samples in the vicinity of the deposit isindicative
of extensive Na,O depletion. These depletions, where they occur, are significant, with values falling to below 50%
of background. The Na depletion is accompanied by that of Zn and less obvious, Mg and Fe. These depletions,
together with a well defined arsenic anomaly associated with the Glendinning deposit may be followed for a
distance of up to 1 km NNE. All samples intersected by the BGS boreholes in the Glendinning deposit show clear
evidence of hydrothermal alteration and major sodium depletion. The extent of sodium depletion was not restricted

even within ‘bottom hole’ samples and as such the Glendinning deposit remains ‘open’ at depth.

Studies by Schouwstra and Villiers (1988) describing similar geochemical and mineralogical patterns of alteration
associated with gold mineralization noted that this type of alteration was detectable at least 5-10m away from
individual mineralized fracture zones. It is proposed that the broad sodium depletion envelope surrounding the
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Glendinning deposit extends beyond the limits of both As and Sb anomalies and was formed as a result of extensive
hydraulic brecciation at this site. This brecciation provided an anastamosing network of fractures forming conduits
to the mineralizing fluids and resulted in the development of a ‘stockwork-like’ zone of mineralization and
alteration. In a discussion of geochemical dispersion in wallrocks associated with the Norbec deposit in Quebec,
Pirie and Nichol (1981) noted that Na,O depletion is closely associated with sericitic alteration. Volume changes
during alteration are insignificant and as such are not responsible for ‘artificial’ trace element enrichments and
depletions (cf. Kerrich and Fyfe, 1981; Ludden et al., 1984). In comparison with the model proposed by Carten
(1986) for sodium-calcium metasomatism it is suggested that sodic alteration occurred at temperatures below
360°C. In summary, the most significant change in major element values approaching the Glendinning deposit
is the increase in the lgO/Na20 ratio and decrease in NazO values, both well known indicators of hydrothermal
alteration (Meyer and Hemley, 1967; Boyle, 1974). This change is accompanied by widespread sericitization and
bleaching of greywackes.

K0

Very consistent K,O patterns are displayed throughout this succession. Anomalous values displayed within
greywacke units may be directly related to areas of As enrichment, however similar enrichments within the
mudstone lithologies are less obvious and masked by higher background levels. The increase in K,O reflects the
increasing abundance of sericite and white mica, accompanied by the pervasive alteration of plagioclase and loss
of Na,O. The spatial distribution of this data is presented in Fig. 167 and 197. K,O values are positively correlated
with, in order of significance: Al, Ti, Fe, Rb, V, Ba, Ni, Th and Zn; and inversely correlated with Ca, Na and Sr.

Lickley et al., (1987) proposed that primary variations in K,O content were sufficient to mask changes in K,0
resulting from hydrothermal alteration. It is clear from the results of geochemical studies in the Glendinning area,
that this hypothesis is weak and virtually invalid in any form of multi-element study, where sufficient attention

to orientation studies and sampling procedures is made, and elemental ratios (ie. K,0/Na,O) are determined.
MnO

Highly consistent MnO levels are displayed by both greywacke and to a lesser extent, mudstone lithologies.
Enhanced MnO levels are directly attributable to increases in CaO content and as such a carbonate host mineral
for Mnis proposed. The spatial distribution of this datais presented inFigs. 168 and 198. MnO values are positively
correlated with, Ca, Y, K/Na and Fe/Mg; and inversely correlated with Mg and Na.

PO

=5

Virtually constant P,O; values occur throughout both greywacke and mudstone lithologies,which are positively
correlated with Ti, Cr, V, Al, La and Zr; and inversely correlated with Ca and Sb.

As

Arsenic is the third member of group VA of the periodic table, which also includes nitrogen, phosphorus, antimony
and bismuth. In nature, four oxidation states are possible, which enable a wide variety of soluble As complexes

and complex compounds to be formed. In a review of the geochemistry of arsenic, Onishi and Sandell (1955)
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detailed the average arsenic content of a series of igneous rock types, including granites (n=50; As= 1.7+ 0.3ppm)
basalts (n =40; As = 1.9 £0.3ppm) and ultramafic rocks (n= 19; As = 1.0+ 0.2ppm); and indicated that the arsenic
content of the lithosphere, is ~2ppm. Boyle and Jonasson (1973) presented a review of the geochemistry of arsenic

with particular reference to its use as an indicator element in geochemical prospecting.

Background arsenic levels established from the Glendinning regional study area are generally below the detection
limits of the XRF (1-2ppm). The highest levels of arsenic in the Mine area occur within greywacke lithologies and
breccias marginal to the quartz-stibnite vein systems and closely correlate with the presence of disseminated
arsenopyrite and subordinate pyrite. Govett (1983) noted that most dispersion halos around vein and replacement
deposits, demonstrate a logarithmic decay pattern away from mineralization, reaching background within 1-30m.
A linear rather than log-linear decrease in As values away from the main area of mineralization at Glendinning is
indicative of extensive permeation of the hydrothermal fluids and widespread alteration. The shape of the trace
element dispersion halos may be used to suggest that the hydrothermal fluids permeated away from the veins under
the influence of a pressure gradient.

Analytical results indicate a highly significant, positive correlation between As and Au (correlation coefficient
0.84) and a poor correlation between Sb and Au. Such concentrations within greywacke and siltstone lithologies
indicates a strong lithological control upon the sulphide deposition within this deposit. This control may be
indirectly related to grain size, porosity, permeability and the relative availability of iron within the individual
lithologies. Regional lithogeochemical studies reveal a range of As values from below the detection limits, to
65ppm As and 55ppm Sb. Arsenic and antimony anomalies are scattered throughout this region, and the prominent
correlation between As and Sb is reflected in the occurrence of many coincident As and Sb anomalies. Each of the
data sets appears to be unimodal and conforms approximately to a lognormal distribution. The sediments
immediately adjacent to the vein mineralization are enriched in As and Sb, with the Sb enriched sediments forming

a core to the much broader zone of As enriched sediments.

Kerrich and Fryer (1981) demonstrated that As, Sb, Hg, and B are typically present in association with
hydrothermal gold deposits and have been concentrated by a factor of 10>-10* compared with host rocks. In a
comparison between the mineralization and regional greywacke suite, arsenic is observed to be enriched by a factor
of 1000 when compared to a regional threshold of 15ppm. Similar enrichments at the 95 percentile level are
observed in Sb (11 ppm); Pb (26 ppm); Cu (43 ppm); Ni (81 ppm); S (400 ppm); Co (37 ppm) and Rb (100 ppm).
The background Au abundances determined inthis study, mirror those reported by Boyle (1979) in similar terranes.
Arsenic concentrations greater than or equal to 15ppm are present in 23 (~5%) of samples from the study area.

Arsenic enrichment occurs in both greywacke and mudstone lithologies. However, due tohigher background levels
in mudstone lithologies, cryptic As enrichment is more clearly identified in greywackes (figs. 170 and 200).
Furthermore, the effects of arsenic enrichment are mirrored by Sb, Pb, S, Cu and Fe (sulphide group elements);
K and Rb (clay mineral/alteration group elements); Na and Zn (depletion group elements) and K/Na, K/Na+K and
Al/Ca+Na (alteration indices). Arsenic values are positively correlated with, in order of significance: Sb, S, K/
Na, K, Cu, Pb and Rb; and inversely correlated with Na, Srand Na+K. Large (1981) and Russell (197, 1983) have
noted enrichment of Mn and Zn in ore-horizons associated with submarine exhalative activity. However, no
evidence has been detected by this study for the existence of a similar stratiform enrichment of As, Sb or Zn in the
Glendinning study area.



Au

Background Au values (< 1ppb) within both mudstone and greywacke were established in order to evaluate the
relative abundance in each rock type and determine their likelihood in forming the source of Auin the Glendinning
deposit. The lower limits of detection use for gold in this study vary between analytical techniques. Although MIBK
solvent extraction and fire assay techniques define detection limits of ~50 ppb Au, instrumental neutron activation
analysis (INAA) limits are as low as 1 ppb. Gold in unmineralized samples from the Glendinning area were
generally below detection limits (ie. < 1ppb or 0.001 g/t). It is low ( <100ppb) within quartz-stibnite vein samples
from sorting floor, but in arsenopyritised breccia and wallrock samples up to 840ppb (0.84ppm) is present marginal
to the main fault zone. This study demonstrates the occurrence of areas of significant precious-metal enrichment
(up to 500ppb Au). Background gold values at Glendinning (<1ppb) may be used to infer a 500 fold increase in

Au concentration associated with mineralization.
Ba

Barium displays consistent patterns throughout the traverse with generally elevated levels in the mudstone
lithologies compared with their coarser grained counterparts. Anomalous Ba values correlate well with zones of
arsenic enrichment, particularly in greywackes (figs. 171 and 201). Ba values are positively correlated with, in
order of significance: Fe, Mg, Rb, S, V, Zn, Al, K, Cu, Ni, and Y; and are inversely correlated with Ca and Sr.

Co

Highly consistent values occur in both mudstone and greywacke lithologies, however anomalous values may be
positively correlated with arsenic enrichment. The spatial distribution of this data is presented in Fig.173 and 203.

Co values are positively correlated with Cr, Ti, La, S and Zr; and inversely correlated with Ca and Sr.
Cr

Both greywacke and mudstones display similar, highly consistent values throughout the succession. The spatial
distribution of this data is presented in Fig.174 and 204. Cr values are positively correlated with, in order of
significance: Ti, Fe, P, V, Zr, Mg, La and Ni; and inversely correlated with Sb and Cu.

Cu

Relatively consistent values are displayed by greywackes as opposed to more variable, elevated levels in
mudstones. Anomalous values in both lithologies correspond to zones of arsenic enrichment. A diverse distribution
of copper anomalies unrelated to the As-Sb anomalies, may be explained in terms of the widespread presence of
low-grade Cu-dolomite veins throughout this area. The spatial distribution of this data is presented in Fig.175 and
205. Cu values are positively correlated with Fe, Ba, Al, Mg, K, Rb, Ni, V and Zn; and inversely correlated with
Na and Zr. The positive correlation observed between Cu, Pb, Zn and Sb in the Glendinning deposit may be
explained in terms of the sulphide mineralogy identified within the quartz-stibnite vein system, which included:
sphalerite (ZnS) galena (PbS) bournonite (2PbS.Cu,S.Sb,S,) semseyite (9PbS.4Sb,S,) chalcopyrite (CuFeS,)
tetrahedrite (Cu,SbS,) and tennantite (Cu,AsS,). The limited Cu content in the ore deposit may possibly indicate
the relative instability of copper-rich bisulphide complexes at low temperatures rather than a scarcity of Cu in the
hydrothermal solution (cf. Lambert and Scott, 1973).



CO, and H.O

The possibility that hydrothermal alteration was accompanied by a gain in H,O levels was investigated by wet
geochemistry. H,0 values were estimated from the total LOI subtracted from the CO, content. Thirty nine samples
were analysed in duplicate from mineralized and unaltered lithologies and the results are presented in tables 2.26
to 2.28. CO, and LOI levels in Hawick Formation greywackes (means = 6.44% and 2.03% respectively) and
mudstones (means = 4.01% and 2.5% respectively) reflect the abundance of carbonate and clay. Mineralised
samples from the Glendinning mine area display elevated levels of CO, (mean 7.64%) and to a lesser extent, H,O
(mean 2.85%) reflecting hydrolysis (H* metasomatism) and carbonate alteration. Elevated As, Sb and S in
mineralised samples correlate with CO, and H,O enrichment. The average CO, content of mineralized samples is
enriched in comparison to both greywacke and mudstone lithologies by 1.2-3.6wt% (mean) and 0.9-1.7wt%
(maximum) respectively. Average and maximum H,O contents of mineralized samples are higher compared with
greywacke and mudstone by 0.3-0.8wt% and 1.0-1.7wt% respectively, reflecting wallrock hydrolysis. The rocks
of the Glendinning deposit are therefore inferred to be water-rich compared to the surrounding sediments, a feature

reflected in the increased proportions of clay minerals in the altered sediments.
Ga

Highly consistent Ga values are displayed by both greywacke and mudstome lithologies (figs. 176 and 206) with
increased background values in the finer grained samples. Ga values are positively correlated with Al, K, Rb, Ti

and Fe; and inversely correlated with Ca and Sr.
La

Consistent La values are displayed throughout the succession with a slight increase in the background levels of
mudstones. Subtle enrichments in La values correlate with zones of arsenic enrichment (figs. 177 and 207). La
values are positively correlated with, in order of significance: Al, Ti, Ni, Nb, V, Zr, Fe, K, P, Co, Cr, Rb, Th, Y

and Zr; and inversely correlated with Ca.
Ni

Consistent Ni values are displayed in both of the studied lithologies with increased background values in mudstones
and subtle increases associated with arsenic enrichment (figs. 178 and 208). Ni values are positively correlated with

Al, Ti, Fe, V, K, Rb, Zn, Mg and Y; and inversely correlated with Ca, Sr and Na.

Nb

A consistent pattern displaying slight (2-3ppm)increases in the background value of mudstone samples compared
with their coarser grained greywacke counterparts (figs. 179a and 209). Nb values are positively correlated with,
in order of significance: Zr, Ga, La, Th, Y, Al, Na, K and Rb.

Pb

Consistent background levels are displayed in both of the studied lithologies. Anomalous Pb values cormrelate
closely with arsenic and copper enrichment (figs. 179b and 210). Pb values are positively correlated with Fe, K

and Zn; and inversely correlated with Na.



Rb

The element pairs potassium-rubidium and calcium-strontium display similar ionic radii, electronegativity and
ionic potentials (Schouwstra and Villiers, 1988), thereby providing evidence for the association of Rb in potassium
minerals and Sr in calcium minerals. The Rb/Sr ratio was proposed by Plimmer and Elliot (1979) to provide a
sensitive indicator of hydrothermal activity and wallrock alteration. Rb forms a pathfinder to gold-pyrite
mineralization in the Oggofau deposit, south Wales (Al-Atia, 1974). Elevated levels in greywacke
correlate with zones of arsenic enrichment whereas those in mudstones appear less sensitive to the effects of arsenic
enrichment and hydrothermal alteration (figs. 180 and 211). Rb values are positively correlated with: Al, Ti, Fe,
as, K, Ba, Ni, Zn, Mg, Nb, Th, V and La, and inversely correlated with Na, Ca and Sr. It is inferred that element
enrichment occured as a result of substitution in K-mica formed during sericitisation. The increase in Rb/Sr ratio

in mineralized zones correlates with the alteration of plagioclase and increasing illite content.

Sr

Mudstone lithologies display systematically lower values than their greywacke counterparts (figs. 181 and 212).
Sr values are positively correlated with Ca and Mn, and inversely with Al, Ti, Ni, V, Fe, Rb, K and Zn.

Sb

The lowest Sb value recorded in a 250m traverse across the Glendinning Mine area was 1ppm with elevated values
reaching a maximum of 387ppm marginal to the vein outcrop. No apparent variation was observed in background
levels between mudstone and greywacke, unlike those displayed by arsenic. Samples containing > 5ppm Sb are
considered anomalousrelative to the crustal abundances (0.2-0.5ppm) identified by Evans and Peterson (1986) and
define areas of hydrothermal Sb input and proximity to mineralization (figs. 182 and 213). Sb values are positively
correlated with As and inversely correlated with Na, Sr, Zn, Ti, Mg, P, Cr and La.

S

Background levels in the Hawick Formation (generally <50ppm) are the lowest in any of the Southern Uplands
greywacke Formations and are discussed in detail in chapter 5. Extensive sulphidation of host rocks to the
Glendinning deposit is apparent with levels in excess of 25,000ppm recorded from breccia and wallrock samples,
with possible sulphidation reactions including:

Fe,0, +28* = FeS, + Fe** + 30*
Fe,0, +4S* =2FeS, + 30%
As* + S* + Fe* =FeAsS + 4e

In the Glendinning study area anomalous levels of sulphur correspond with zones As and Sb enrichment (figs. 183
and 214). In general, sulphur values are positively correlated with As, Ba and Co.

Th

Th values in greywacke lithologies display generally low but eratic concentrations together with minor enrichments
in interbedded mudstone lithologies. No relationship is displayed with hydrothermal alteration or trace element
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enrichment associated with As-Sb-Au mineralization (figs.184 and 214). Th values are positively correlated with
Al, Ti, V, Fe, K, La, Ni, Nb, Rb, Y, Zn and Zr; and inversely correlated with Ca and Sr.

v

Minor increases occur within mudstone lithologies which correlate directly with increased Th content (figs. 185
and 216). There is a positive correlation with Th, Al, Ti, Fe, K, Ni, Rb, Zn, Mg, P, Ba, Cr, Cu, Ga and La, and an

inverse correlation with Ca, Sr and Sb.
Y

Minor enrichments mirroring those of Th and V are displayed in fig.186 and 217. Values are positively correlated
with Al, Ti, Ni, Nb, Fe, K, Rb, Th, V, Ba and La, and inversely correlated with Ca, Sr and Sb.

Zn

The Glendinning deposit is enveloped by a Zn depletion zone up to 400m in diameter. With the exception of the
quartz-stibnite vein system, all lithologies adjacent to the mineralization contain ~50ppm less Zn than background
values. Correlation coefficients reveal a cryptic, inverse relationship between Zn and As whereby As mineraliza-
tion may be characterised by subtle levels of Zn depletion. It should be noted that narrow zones (<1m in width)
of Zn enrichment associated with sphalerite deposition occur in association with the mineralised fracture system.
Data presented in figs. 187 and 218 show that Zn values are positively correlated with Al, Ti, Fe, Ni, V, K, Rb, S,
Th, Y, Ba, Cu, Ga and La, and inversely correlated with Ca, Sr and As.

Similar progressive leaching of zinc was identified by Stone (1985) to the west of the Glendinning deposit in the
Loch Doon area where it is accompanied by arsenic and lead vein mineralization. Large-scale zinc mobilization
processes may have been instigated by mineralizing As-rich hydrothermal fluids. Stendal (1981) in a study of the
geochemistry and genesis of arsenopyrite mineralization in late Precambrian sediments from central East
Greenland noted that Zn is depleted in mineralized samples compared with semipelitic quartzite host rocks.
Although Zn does not occur in conjunction with the arsenopyrite mineralization, it is associated with later quartz
veins. Base metal leaching has been observed at high levels within developing porphyry systems (Cyret al., 1984)
and extreme Zn depletionhas been observed by Luddenet al., (1984) in visible alteration zones within the wallrocks
to gold-bearing feldspathic porphyry dykes. Zinc depletion has also been observed in the Oggafau As-Au deposit
(see chapter 1). It can be argued that zinc depletion of wallrock may have contributed to the sphalerite phase of
mineralization in this system. The simultaneous depletion of zinc in the wallrocks and enrichment in the juxtaposed

veins would however be virtually impossible.
Zr

Consistent Zr values are displayed in both greywacke and mudstones with a subtle decrease in concentration in the
finer grained lithologies. The spatial distribution of this data is presented in Fig.188 and 219. Zr values are
positively correlated with Nb, Ti, Th, and Y; and inversely correlated with Ca and Sb.
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Tl

Tl enrichment halos were predicted around many base and precious metal deposits by Ewers and Keays (1977).
Although in excess of 95% of all samples analysed in this study contained Tl values below the detection limits of
the XRF, elevated T1 values (up to 17 ppm) have been identified in the regional study area (ie Rams Cleuch) and
define sites of major exploration interest (figs. 189 and 220). In general, Tl values are weakly correlated with Al,
K, Rb, As and Sb, and inversely correlated with Na and Zn.

Hg

Limited investigations of the Hg distribution has revealed cryptic enrichment in mineralized samples, however,
the distribution of Hg in the Glendinning deposit is sporadic and inferred to result from minute cinnabar inclusions,
too small to be determined under the optical microscope.

AA

Sporadic, elevated W values located in Glendinning drillcore samples may be interpreted in terms of a minor W
component (inferring a Lake District type As-Sb-W assemblage). However, it is possible that these values resulted
from W contamination of BGS samples during grinding. As such, it is impossible to ascertain the level of W
enrichment within the core samples and as such detailed resampling and analysis of core material should be
considered a priority for further studies.

Element Ratios

A number of element ratios are displayed in fold-out 1 which may be used to distinguish between mudstone and
greywacke, and between unaltered and mineralized samples. In addition, multi-element ratios are used to reduce
the effects of local reversals in zoning and analytical variation. Additive and multiplicative halos and ratios are
favored by Soviet geochemists in preference to regression and discrimination techniques, commonly used outside
of the USSR (Govett and Nichol, 1979). The ratio’s Al/Si, Rb/Sr, Ni/Co, Cu/Co, Zn/Co, Fe+Mg, Nb/Y, K/Na and
K/K+Na display relatively higher values in mudstones, as opposed to both Nb/P and Zn/Nb which display higher
values in greywacke lithologies. Boyle (1974) discussed the use of major element ratios in lithogeochemical
exploration and concluded that the K,0-Na,O ratio provided the best parameter for estimating proximity to
mineralization. As such, the ratio K,0/Na,0 was used to evaluate any consistent increase in proximity to
mineralization, thereby reflecting the corresponding effects of potassium metasomatism and sodium depletion. It
was found that the alkali alteration indices K/Na and K/K+Na clearly illustrate the effects of sodium depletion,
dickitisation and potassium metasomatism associated with hydrothermally altered samples. A decrease in the total
alkali content of altered samples is displayed by the K+Na profile, whereas an increase in both Fe/Mg and Fe+Mg
values associated with arsenic enrichment and alteration, demonstrates the clear addition of iron from the
hydrothermal system.

REE : REVIEW

The rare earth elements (REE) or ‘lanthanides’ comprise a group of elements with atomic numbers 57 to 71 (Haskin
et al., 1968) and occur primarily as trace elements in rock forming minerals. The ionic radii of the REE decrease
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with atomic number from 1.14A for La to 0.85A for Lu. The REE behave coherently during most geological
processes because of their similar chemical properties. The REE may be divided into two subgroups: those from
La to Sm (lower atomic numbers and masses) which are referred to as the light rare earth elements (LREE) and
those from Gd to Lu (higher atomic numbers and masses) referred to as the heavy rare earthelements (HREE). REE
data are normally presented in the form of a rare earth element pattem, constructed by plotting the normalised
concentration of each element versus the element name, thereby enabling the relative enrichments and depletions
of the REE in a sample to be readily observed (Haskin et al., 1968). The standard against which other samples are
generally normalised, is the distribution of REE in chondritic meteorites. In studies of sedimentary rocks, however,
additional standards suchas NAS C (north American shale composite) and PAAS (post Archean average shale) have
been used. The REE form a coherent group, because of their systematic decrease in atomic radii, with increasing
atomic number and predominant +3 oxidation state. The fact that two members of the group, Ce and Eu are often
found in anomalous oxidation states, adds to the groups use (Klinkhammer, 1983). REE data have been used
extensively for examining the compositions of hydrothermal fluids in many types of deposit (Graf, 1977; Kerrich
and Fryer, 1981; Jenner et al., 1981; Mitropoulos, 1982; Taylor and Fryer, 1978, 1982, 1983; Klinkhammer
et al., 1983; Wilton, 1985).

Graf (1977) demonstrated the use of REE’s as hydrothermal traces during the formation of massive sulphide
deposits. Because of the coherent and predictable geochemical properties of the REE, it was suggested that they
could be used to monitor the alteration reactions between hydrothermal fluids and their host rocks. This coherent
group behavior in hydrothermal alteration processes was noted to reflect changing fluid characteristics and
behavior (Taylor and Fryer, 1978). For example, in a porphyry environment, magmatic hydrothermal fluids
produce potassic alteration, with strong enrichment in the light rare earths (LREE) reflecting high pH and low
water/rock ratios. Increasing water/rock ratios and decreasing pH accompanying a progressive involvement of
meteoric fluids and propylitic/phyllic alteration, all REE are leached, with LREE leached more severely than the
HREE. Taylor and McLennon (1981) presented a detailed review of the composition and evolution of the
continental crust, based upon REE evidence from sedimentary rocks. It was demonstrated by Taylor and Fryer
(1982) that LREE are enriched and HREE are depleted during potassic alteration of granodiorites. Subsequent
overprinting by meteoric-hydrothermal solutions and the development of a quartz-sericite-pyrite assemblage,
results in progressive leaching of all REE. A detailed review of rare earth element geochemistry, was presented
by Henderson (1984). The rare earth elements, lanthanum to lutetium (atomic numbers 57-71) are members of
Group ITIA in the periodic table and all have very similar chemical and physical properties. Despite the similarity
in their chemical behavior, these elements can be partially fractionated by petrological, mineralogical and
alteration processes. Chatterjee and Strong (1984) in lithogeochemical studies in southwestern Nova Scotia, noted
the progressive depletion of LREE in the early stages of alteration, associated with K-metasomatism and
sericitization. Similar leaching of all rare earth elements, accompanying the destruction of the preexisting
mineralogy has been observed in porphyry-type mineral deposits (Taylor and Fryer, 1983). Bence and Taylor
(1985) in a discussion of the REE patterns associated with hydrothermal alteration processes noted that Eu may
be selectively mobilized and that the selective removal of LREE by the hydrothermal fluids, results in a severe
depletion relative to HREE. In studies of REE patterns associated with metasedimentary rocks adjacent to the
Land’s End granite, in southwest England, Mitropoulos (1982) demonstrated LREE enrichment relative to HREE,
and a general increase in REE content relative to unaltered sediments, due to the introduction of REE from the
granite by the action of hydrothermal fluids. Felsic volcanics derived by minor partial melting of a mafic source
are also characterised by HREE depletion (Jenner et al., 1981). In granitic rocks the REE are mainly concentrated
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in accessory minerals such as sphene, apatite and monazite. These minerals tend to concentrate the LREE and
consequently, whole rock samples are frequently enriched in LREE. Plagioclase, K-feldspar and biotite act as host

for the remaining REE, in order of relative abundance.

Trivalent REE such as Ce and Eu are highly succeptable to changes in the oxidation state of individual samples,
and display trends which differ from the systematic fractionation associated with other REE group members
(Moller et al., 1981). Eu* can be reduced to Eu?* during hydrothermal alteration, which due to an accompanying
large change in ionic radii, results in a notable fractionation or ‘anomaly’. In general, feldspars form the most
common group of minerals which exhibit positive Eu anomalies. During hydrothermal alteration and the
destruction of feldspars in the Glendinning deposit, Eu was passed into solution. It is proposed that the Eu was then
reduced to Eu?* and unable to follow the other trivalent ions in coprecipitation with Ca?* ions, was removed in
solution, therby resulting in the observed strong negative Eu anomaly. Itis predicted that vein calcite crystals would

also display negative europium anomalies, indicative of precipitation from the same mineralizing solution.
REE : RESULTS

Chondrite normalised REE plots illustrating the effects of hydrothermal alteration upon mineralized Hawick
Formation greywackes in the Glendinning deposit are presented in Figs. 471 to 473. Samples CXD1005, 1006,
1030, 1050, 1051, 1052, 1053, 1159, 1160, 1165, 1166, 1168, 1077 and 1078 display REE patterns parallel to those
of PAAS with similar if not slightly elevated total REE values; subtle evidence of LREE enrichment and the
presence of negative Eu-anomalies. On the basis of REE evidence, mineralized Hawick Formations samples
display characteristics typical of post-Archean upper crust, asindicated by PAAS. Fractionation of REE inthe form
of LREE enrichment and relative HREE depletion associated with hydrothermal alteration at Glendinning (Fig.
471-474) is interpreted in terms of leaching of the HREE during intense hydrothermal activity and provides further
evidence of extensive water-rock interaction. This pattern is similar to that defined by Kerrich and Fryer (1981)
for Au-bearing veins and precious-metal hydrothermal systems in the Abitibi Greenstone Belt of Canada, but is
opposite to that defined by Graf (1977) associated with stratiform, exhalative deposits in New Brunswick.

3.6.3 Glendinning Regional Lithogeochemical Atlas

The Glendinning Regional Study area is located within the central portion of Ordinance Survey sheet 79 (Scale
1:50,000). This area consists of high moorland with a thin peat and residual soil cover. Although valleys contain
substantial thicknesses of boulder clay, exposure is not as poor as one would first expect. Stream sections and
various sized quarries provide suitable sites for sampling, but by the far the most useful exposures in this area were
the recently excavated roadways on forestry ground (Plate 27). Many of these roads provide virtually complete
cross-strike traverses and have been sampled in detail. The general philosophy followed in the Glendinning study
area was to sample along a series of 10km long traverses spaced 1500m apart, at 100m intervals across strike.
However, due to the paucity of outcrop in some areas, all major exposures in the region were also sampled.
Orientation studies in the Glendinning mine area involved the collection of a closely spaced set of samples in
proximity to the vein and a more widely spaced set downstream of the deposit. This group of samples was

augmented by the BGS borehole material.
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To collect representative samples from each location, the entire unit in question was chip sampled. Care was taken
during sampling to collect chips representative of unweathered and unveined bedrock. A 4kg sample of greywacke
was collected from each site and where possible, 1kg of mudstone was also selected. Plate 27 displays the remnants
of a roadside exposure after one such sampling exercise. This sampling programme yielded 305 greywacke and
197 mudstone samples which formed the basis of a 31 element geochemical study, carried out by automated XRF
at the University of Nottingham. Samples of Glendinning borehole material (n=167) provided by BGS were also
reanalysed for major, trace and REE using both XRF (major and trace elements) and ICP (REE's) techniques in
order to provide comparable multi-element data for the target As-Sb-Au mineralization. Upon completion, the
multi-element geochemical data was transferred to the VAX mainframe computer system at Strathclyde University
and processed using software developed by the author (see chapter 2).

The drillcore samples were divided into three lithological groups (greywacke, siltstone and mudstone) and
subjected to univariate statistical analysis. The variations in the distribution of the major and trace elements
between the immediate mine environment and the surrounding area are compared in a series of histograms
presented in Figs. 32-34. In addition, a series of major and trace element discrimination diagrams which serve to
distinguish mineralized from unaltered lithologies are presented in figs. 46a to 55¢ and discussed at length later
in this section. Following XRF analysis a geochemical database containing over 22,000 values together with grid
references was created for the Glendinning area and manipulated by various univariate and multivariate statistical
procedures including correlation coefficients, principal component and discriminant analysis. This database
combined with site locations was used to automate the production of a 1:100,000 lithogeochemical atlas for
greywacke and mudstone lithologies (figs. 158-224). As lithogeochemical information is most easily evaluated
in terms of its spatial distribution, data are presented with accompanying topographic and drainage maps. Large
scale (1:100,000) maps were plotted on acetate sheets, using a high speed drum printer and form a series of
geochemical overlays for geological, geophysical and site location maps in this area. The scale on each map is
indicated by the scale bar and by the 1km ticks along the margins. On each of the single element maps sample sites
are represented by a graduated series of circles, the size of which is related to the concentration present of the
element with respect to a percentile classification of the sample population, the largest circles being indicative of
anomalous or at least threshold values. The close sample spacing and level of reduction necessary to present the
geochemical atlases on an A4 sized diagram, has made it impossible to identify individual sample sites by their
corresponding sample number. The use of proportional point source symbols has also been adopted as the principal
method of presentation for BGS regional geochemical data (Plant and Moore, 1979). The interpretation of point
source geochemical maps may be greatly assisted by contouring or ‘grey-scale’ mapping which highlights

important anomalous areas.

Due to the paucity of sample sites at the margins of the Glendinning atlas boundary lines were defined enclosing
a pentagonal region of high sample density (Fig. 159). This area of approximately 15km? defines the margins of
the area which was subjected to grey-scale contouring (Figs.160-220). The margins of the contour plots do not
however, directly correspond with the margins of the point-source maps, with figure 159 most clearly illustrating
this relationship. Although, contour intervals may be selected at perceived inflection points on histograms or
cumulative frequency plots in this study specific percentiles were be chosen for each population. All contouring
was carried out using computerized data processing algorithms in order to minimize the subjectivity and increase
both reliability and repeatability. Grid nodes were calculated using a weighted average of the 8 nearest data points

and an inverse-square distance weighting was used to determine the value of the grid points.
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Geochemical profiles of the geochemistry of greywacke, mudstone and mineralized drillcore are also presented
on fold-out diagrams 1 and 2. It should be noted that a geochemical map is a specialised form of geological map,
that enhances the known geology and provides a powerful tool in mineral exploration (Plant ¢}. ul.  , 1988). As
such, the Glendinning atlas and geochemical sections provide invaluable data as to the spatial distribution of the
primary geochemical environment and may be used to model the mineralization. Natural groupings (or clusters)
of anomalous samples may also be used to define target areas for further assessment and evaluation. Isochemical
plots of element composition superimposed upon each sample location were used to pinpoint zones of enrichment
or depletion relative to their surrounding area. In summary, the Glendinning atlas was compiled from lithogeo-

chemical data during a reconnaissance survey:

1) to evaluate areas adjacent to known gold-sulphide mineralization.

2) To establish regional geochemical thresholds for mineralisation related element (the 95th percentile).

3) To define localities favourable for disseminated and/or vein mineralization for further evaluation by
trenching, overburden sampling, geophysics and/or diamond drilling.

4) To assess geochemical partitioning between the greywacke and mudstone and the spatial distribution to
known mineralization.

lendinning A

This atlas (figs. 160-224) details the spatial and elemental variation in greywacke and mudstone iithologies. Point-
source data is presented with the position of individual sample sites identified by circles and in the lower right hand
cormner of each page a contoured, grey-scale map of element concentration is located with contour intervals defined
on the basis of a percentile classification (0-50, 50-75, 75-90, 90-95 and >95). The margins of the contour area
correspond to those defined by the shaded zone in Fig. 159 and do not correspond with the edge of the larger,
rectangular survey area and point source geochemical maps. Geochemical data, summary statistics and histograms
related to this survey area are presented in tables 4.37, 2.47 and figs 32, 33 and 34 respectively and summarized
graphically on foldout No. 1. The location of individual As and Sb anomalies (the main pathfinders for gold
mineralization) are presented in tables 1.37 (greywacke) and 1.38 (mudstone). Composite multi-element
anomalies are detailed in table 1.39 and the spatial position of trace element (As-Sb-Cu-Pb-Zn) anomalies defined
in figs 221 (greywacke) and 223 (mudstone); the position of Na and Zn depletion anomalies are presented in figs
222 (greywacke) and 224 (mudstone). Anomaly sites identified by this study and documented in table 1.39 include:
the Glendinning Deposit (G); Black Syke (BS); Rams Cleuch (RC); Swin Gill (SC); Wisp Hill (WH); Philhope Loch
(PL); Cat Rig (CR); Greatmoor Hill (GH); Rashigrain (R); The Shoulder (TS); Stibbiegill Head (SH); Stennies
Water (SW); Linhope Burn (LB); Phaup Bumn (PB); Meggat Water (MW) and Upper Stennies Water (US).
Sio,

The small range of SiO, values located in Hawick Formation greywacke and mudstone (figs. 160 and 190
respectively) display little spatial variation with relatively uniform silica values throughout. Samples in close
proximity to the mine area display little evidence of enrichment, and values are attributed to be directly related to
the detrital quartz content of the sediments. In comparison with mudstone (fig.190) a increase of 4-5wt% is

observed in greywacke samples.
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ALO,

The alumina values defined opon the point source geochemical maps (figs. 161 and 191) display little systematic
variation and bear little relation to mineralization related trace element values (ie. As or Sb). They may be directly
related to the clay mineral content of the greywacke and indirectly related to grain size of the samples (ie. finer
grain size - greater clay mineral content). In the greywackes a strong inverse relationship exists between Al,O, and
CaO, whereas in the mudstone samples Alzo3 values are positively correlated with Fe, K, Rb and V; and inversely
related to both CaO, Mn and Sr.

TiO,

Values defined within both greywacke and mudstone lithologies (figs. 162 and 192) display little spatial variation
and like samples close to the mine area display little evidence of enrichment associated with wallrock alteration
processes. Marginally higher values are defined within the mudstone lithologies as opposed to their coarser grained
greywacke counterparts. The close correlation observed between TiO, MgO and Fe,O, values may be directly
related to the detrital ferromagnesian mineral content of the sediments.

Fe,0,

The wide range of Fe values displayed by greywacke lithologies (figs. 163 and 193) are generally lower than their
mudstone counter parts and display little systematic variation throughout the survey area. However, anomalous
values (>95%) are closely related to sites of anomalous As and Sb values including Black Syke, Rams Cleuch and
Wisp Hill. This pattern is also reflected, albeit to a lesser extent within mudstone lithologies (Fig. 193). Although
three main sources of iron have been identified within the greywacke (ferromagnesian minerals, Fe-rich carbonates
and iron bearing sulphides) sulphidation processes associated with hydrothermal alteration are deemed to be
responsible for the observed anomalous Fe values. An increase in both Fe/Mg and Fe+Mg values associated with
arsenic enrichment and alteration provides additional evidence of the addition of iron from the hydrothermal fluids.

Na,0

The Na,O contents of greywacke and mudstone (figs. 164 and 194) are consistent except in depleted zones
associated with areas of arsenic enrichment and hydrothermal activity. Na,O has previously been identified as
inversely related to the elements As and Sb. This relationship may be explained mineralogically, as the dominant
host mineral for sodium within these greywacke is sodic feldspar, which when subjected to hydrothermal alteration
is converted to dickite (a high temperature polymorph of kaolinite) and water together with the release of sodium
to the aqueous phase. As such, sodium depletion is characteristic of the mineralization processes operating within
this area. Note the relative position of ‘sodium holes’ surrounding the Glendinning, Swin Gill, Rams Cleuch,
Greatmoor Hill, Phaup Bum, Linhope Bum, Stibbiegill Head and Greatmoor Hill anomalous zones (figs. 164 and
194).

CaO

The large range of elevated CaO values results from addition of major detrital carbonate. This component displays
a strong antipathetic relationship to SiO, (a ‘closure’ effect). The high carbonate content of the greywackes masks
the subtle effects of CaO enrichment associated with hydrothermal alteration. The contour plot details a slight



increase in CaO level in the south westemn portion of the study area. A highly variable, diverse range of CaO values
was identified within Hawick Group mudstone. In both greywacke and mudstone, CaO values display a strong
inverse relationship with SiO,. However, in mudstone samples CaO enrichment is more easily associated with the
effects of hydrothermal alteration and mineralization. Anomalous CaO values occur at Glendinning, Swin Gill,
Phaup Bumn and Rams Cleuch.

MgO

MgO values defined on point source geochemical maps (figs. 166 and 196) are highly uniform with little sy stematic
variation within the study area. Greywackes display a relatively restricted range compared with mudstones. In
addition, a positive correlation is defined with ‘depletion’ related elements such as Na and Fe, whereas an inverse
relationship is observed between MgO and hydrothermally enriched elements associated with As-Sb-Au
mineralization (ie. As, Sb, Cu, Pb). The contour plot displays a narrow belt of MgO depletion extending from the
Glendinning and Black Syke areas eastwards to Swin Gill. Depletion is also associated with smaller peripheral
zones marginal to the Rams Cleuch, Greatmoor Hill and Wisp Hill As-Sb anomaly zones.

K,0

Consistent K,O values in greywacke and mudstone (figs. 167 and 197) decrease in the south western portion of the
survey area. A notable exception to this trend is an enrichment zone surrounding the Glendinning and Black Syke
localities. In general K, O values are enriched within both greywacke and mudstone lithologies in the vicinity of
hydrothermal alteration and As-Sb mineralization, however enrichment within mudstone are less obvious and
masked by higher background levels. Examples of this feature are displayed by the Swin Gill, Cat Rig, Rams
Cleuch, Wisp Hill and Greatmoor Hill anomaly sites.

MnO

Highly consistent MnO values within both greywacke and mudstone (figs. 168 and 198) display a generally low
and an extremely narrow range of values throughout the survey area. No spatial or mineralization related variation
in MnO values canbe observed, however enhanced MnO levels are directly attributable to increases in CaO content
and as such, a carbonate host mineral for much of the Mn is proposed.

P,0,

As with MnO, P,0; values for both lithologies (figs. 169 and 199) are generally low and display an extremely
restricted (virtually constant) range throughout the survey area.

As

Arsenic, forming the main ‘pathfinder’ element of arsenopyrite hosted gold mineralization in this area, provides
an extremely useful guide to hydrothermal activity and As-Sb mineralization. Lithogeochemical studies (figs. 170
and 200) reveal that the Glendinning deposit forms a small part of a much larger mineralization center with
dimensions of ~10x10km. The full extent of As-Sb mineralization in this region is unknown due to the limited
extent of detailed sampling in this area. The Glendinning deposit has been the focal point of all previous

investigations due to its historical importance as an antimony mine and the lack of any regional geochemical data
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outwith the mine area. Although arsenic is enriched in both greywacke and mudstone because of the higher
background levels in mudstones, cryptic As enrichment is more clearly identified in greywackes. The effects of
As enrichment are mirrored by Sb, Pb, S, Cu and Fe (sulphide group elements); K and Rb (clay mineral/alteration
group elements); Na and Zn (depletion group elements) and K/Na, K/Na+K and Al/Ca+Na (alteration indices).
This study has identified the presence of 8 further sites of hydrothermal activity and As-Sb enrichment which
exhibit a multi-element chemical signature equal to, if not greater than that of the Glendinning deposit itself. These
sites (fig. 221) include Black Syke (BS) the NNE extension to the mine area; Rams Cleuch (RC); Swin Gill (SG);
Wisp Hill (WH); Philhope Loch (PL); Cat Rig (CR); Greatmoor Hill (GH); Rashigrain (R); The Shoulder (TS);
Stibbiegill Head (SH); Stennies Water (SW); Linhope Burn (LB); Phaup Bum (PB); Meggat Water (MW) and
Upper Stennies Water (US). Sites of As enrichment in mudstone as well as in greywacke samples, include: The
Shoulder (TS), Stennies Water (S), Stibbiegill Head (SH), Linhope Burn (LP) and Phaup Burn (PB) (refer to fig
223 and 224). Grid references and element signatures relating to these sites are given in tables 1.37, 1.38 and 1.39.

Ba

Barium s relatively consistent throughout the survey area, generally increasing in the southeast (figs. 171 and 201).
Greywackes display a restricted range of values compared with mudstones. Anomalous Ba values correlate well
with zones of arsenic enrichment, particularly in greywackes. Note the N-S orientated zone of Ba anomalies
displayed on the contour map, extending from Swin Gill in the south, through to Rashigrain and The Shoulder, in
the north. The presence of low grade Pb-Zb-Ba mineralization in this zone is the most probable source of Ba
enrichment observed in a small number of samples (max: 912ppm Ba) unrelated to, but occasionally superimposed
upon As-Sb-Au mineralization in the survey area, due to the continued use of the same structural controls and fluid
pathways.

Cl

Elevated Cl values are located in both the northern and southern sections of the survey area while centrally there
is a broad belt of relatively restricted values (figs. 172 and 202). Slightly elevated Cl values are associated with
the Glendinning Mine, Swin Gill, Rams Cleuch, Wisp Hill, and the Philhope Loch areas. Problems of Cl
contamination during sample preparation invalidate use of this data in geochemical modelling

Co

Co values on the greywacke geochemical map (fig. 173) are highly consistent and there is a strong systematic
variation within the study area. Although Co values display a restricted range (11-66ppm) anomalous values may
be positively correlated with arsenic enrichment and areas of hydrothermal activity. Individual sites of Co
enrichment include Glendinning, Black Syke, Swin Gill and Rams Cleuch. The trend towards high Co values
throughout all samples collected within Stennies Water, to the east of the mine area is as yet unexplained, however
it does result in the development of a major anomaly zone in the south westemn comer of the contour map. Co values
within mudstone (fig. 203) display a slightly enlarged compositional range (13-76 ppm) as opposed to their
interbedded greywacke counterparts (range 11-66ppm). Anomalous Co values correlate with zones of arsenic
enrichment, with maximum values contained within the central portion of the survey area, in proximity to the Rams
Cleuch, Cat Rig, The Shoulder and Rashigrain anomaly zones. Other sites of Co enrichment, outwith this central
zone, include Black Syke and Phaup Bum.
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Cr

As observed within the Southern Uplands Study Area, the distribution of Cr values is directly related to the
proportion of detrital Cr-bearing mineral phases present within the sample (ie. ferromagnesian minerals, detrital
chromite, and mafic lithoclasts). Within the Glendinning study area both greywacke and mudstone (figs. 174 and
204) display similar, highly consistent values; a small, relatively restricted range composition (49-290 ppm) and
no systematic spatial relationship with either stratigraphic or mineralization related trends. Mudstones display a
much narrower range of compositions (100-188ppm) than their interbedded greywacke counterparts, with the
maximum values spatial concentrated in a strike parallel belt, occupying the northwestem half of the survey area.
No mineralization related trends are observed.

Cu

Copper within greywacke lithologies (fig 175) exhibit relatively consistent values over a small range (7-70 ppm)
as opposed tomore variable, elevated levels in mudstones (fig. 205). Although, anomalous values inboth rock types
correlate withzones of As enrichment, only two of the eight sites identified above (Wisp Hill and Rashigrain) which
contain a mineralized or hydrothermally altered geochemical signature could be identified by anomalous copper
values. In addition, however anumber of isolated Cu anomalies occur throughout the survey area unrelated to either
As-Sb-Au or Pb-Zn-Ba phases of mineralization (see fig. 221). Copper values in mudstones exhibit relatively
variable values over the range (5-109ppm) as opposed to the more static, lower levels displayed by greywackes.
A small number of Cu anomalies are grouped in the central portion of the study area (similar in spatial distribution
to the trend identified by Co anomalies in Fig.203). It was observed that anomalous Cu values may correlate with
zones of As enrichment. In particular, five sites (Black Syke, Stennies Water, The Shoulder, Rashigrain and
Greatmoor Hill) containing a mineralized multielement geochemical signature are also identified by anomalous
copper values. In addition, a number of isolated Cu anomalies are identified, unrelated to either As-Sb-Au or Pb-
Zn-Ba geochemical anomalies, and are attributed to the widespread occurrence of low grade Cu-dolomite vein

mineralization in this region.
Ga

Highly consistent Ga values are displayed by both lithologies within the survey area (figs. 176 and 206).
Greywackes exhibit an extremely narrow range of values (6-24ppm) somewhat lower than the mudstones (7-36

ppm) and display no spatial or mineralization related varation.
La

La defined on the point source geochemical maps (figs. 177 and 207) display consistent values and a relatively
systematic pattern of variation. Although these values display a restricted range (12-56ppm) they are positively
correlated with mineralization related elements such as As and Sb. Individual sites of major La enrichment include:
Glendinning, Swin Gill, Wisp Hill Rashigrain and Rams Cleuch. In addition, the contour plot displays the presence
of a strike parallel belt containing elevated La values, crosscutting the contour map in a NE-SW direction. In
general, mudstone values display an increase in back ground values (range 28-60ppm) compared with their coarser
grained counterparts. Subtle enrichments of La correlate with arsenic enrichment and anomalies of other
mineralization related elements such as Sb, S, K, Cu, Pb and Rb. Elevated La values are concentrated in the vicinity
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of the Glendinning and Black Syke locations, with additional anomalous values are located in the vicinity of both
Rams Cleuch and Phaup Burn anomaly zone.

Ni

As observed within the Southern Uplands Study Area, the distribution of Ni values is related to both Cr and Fe
values. Within the Glendinning study area Ni values (fig. 178a) exhibit a small, restricted range of composition
(12-100 ppm) and display a subtle association with mineralization. Anomaly sites identified containing elevated
Ni levels include: Black Syke, Wisp Hill, Phaup Bumn, Greatmoor Hill, Rams Cleuch, Cat Rig and Rashigrain. In
mudstone lithologies (fig. 208) Ni values exhibit an increase in background values (range 0-222ppm) compared
with their coarser grained counterparts and display a subtle association with As enrichment and mineralization.
Elevated Ni values are concentrated within a strike parallel belt occupying the northwestern half of the survey area.
Within this belt, anomaly sites containing elevated Ni levels include: Black Syke, Rams Cleuch and The Shoulder.
In addition, note the N-S orientation of Ni anomalies in the central portion of the survey area and the concentration
of minor anomalies immediately SW of the Glendinning deposit.

Nb

Highly consistent Nb values defined on the point source geochemical maps (figs. 178b and 209) display a relatively
cryptic pattern of variation within the study area and display a restricted range (4-37ppm). In general the maximum
Nb values are located in the northern section of the survey area, however the contour plot displays the presence
of a strike parallel belt containing elevated Nb values in the central portion of the diagram, which crosscuts the map
in a NE-SW direction. In mudstone lithologies Nb displays a slight increase in background levels (minimum
10ppm) in comparison with their interbedded greywacke counterparts (minimum 4ppm). Both lithologies are
weakly correlated with mineralization related elements (As/Sb) and positively correlated with Zr, La, Th, Na, K
and Rb.

Pb

Highly consistent background levels are displayed by both greywacke and mudstone lithologies (figs. 179 and 210).
Anomalous Pb values are defined on both maps and display a close correlation with both arsenic and copper
enrichment. Although these values display a restricted range (0-53ppm) individual sites of Pb enrichment within
the survey area are clearly identified and mirror a number of locations defined as As anomalies in fig.170. These
sites include: Swin Gill, Rams Cleuch, Cat Rig, Stennies Water, The Shoulder, Linhope Bum, Phaup Bumn and
Philhope Loch. Mudstone values display an enlarged compositional range (5-209ppm) in comparison with their
interbedded greywacke counterparts. Note the similarity and relative position of the centres of mineralization
highlighted onboth As and Pb contour plots and the N-S orientation of anomalies in the central portion of the study

area.
Rb

In greywacke lithologies (fig. 180) Rb values display a relatively restricted range of values (15-136ppm) with
anomalous values correlating with zones of arsenic enrichment. Although Rb values in mudstones (fig. 211) are
considerably enriched (64-182 ppm) in comparison with their coarser grained counterparts, they appear less
sensitive to the effects of As enrichment and hydrothermal alteration. A number of individual sites of Rb



-78-

enrichment within the survey area mirror anomalous As-rich locations (refer to fig.170). These sites include: The
Glendinning Mine area, Swin Gill, Rams Cleuch, The Shoulder, Phaup Bum and Philhope Loch. The concentration
of minor values to the immediate SW of the Glendinning deposit should be noted together with the general NNE-
SSW orientation of Rb anomalies crosscutting the Glendinning deposit on the contour plots.

Sr

Sr display a generally consistent values throughout the survey area. In general, mudstone lithologies display
systematically lower values (20-278 ppm) than their coarser grained counterparts. Spatially, Sr values correlate
with both Ca and Mn values and display an inverse relationship with Rb, Al, Ti, Ni, V and K throughout the survey
area. Note the general depletion envelope surrounding both the Mine area and Swin Gill anomaly zones.

Sb

The Louisa Mine at Glendinning formed a historically important source of antinomy (stibnite) and was one of only
two such mines in Scotland. Despite historical exploration activity in this region the Glendinning deposit was
regarded prior to this study as a single isolated example of this form of turbidite hosted Sb-mineralization.
Antimony (Sb) forms the main pathfinder element for quartz hosted stibnite mineralization and also acts as a
secondary guide to gold mineralization in this area. Background levels of 0-2ppm may be used to infer that
detectable values (>5ppm) define areas of hydrothermal Sb input and proximity to mineralization. Individual sites
of Sb enrichment within the survey area are clearly identified and mirror a number of locations defined as As
anomalies in fig.170. No apparent variation in background levels between mudstone and greywacke are observed,
unlike those displayed by arsenic. This feature may be explained by the relative pervasive nature of arsenic as
opposed to antimony mineralization and/or the transgressive, crosscutting nature of Sb emplacement. Note the
similarity and relative position of the centres of mineralization highlighted on both As and Sb contour plots. Despite
the low levels of Sb in regional greywacke and mudstone samples, this evaluation details the presence of 8 further
sites of hydrothermal activity and As-Sb-Au enrichment, up to 10km from the mine area. The anomaly sites located
by this study are identified withinin fig 221-223 and include: Black Syke (BS); Rams Cleuch (RC); Swin Gill (SG);
Wisp Hill (WH); Cat Rig (CR); Great moor Hill (GH); Rashigrain (R); The Shoulder (TS); Phaup Burn (PB);
Stibbiegill Head (SH); Stennies Water (SW); and Linhope Bumn (LB). The contour plot clearly illustrates the
isolated nature of the zones of Sb enrichment and hydrothermal activity. A number of additional sites sites have
been located which exhibit evidence of alteration and/or weak mineralization. These sites, together with their
respective grid references and element signatures are detailed in tables 1.37-1.39. It should be noted that although
no direct spatial orientation of Sb anomalies is defined by these plots, both the Rams Cleuch Swin Gill and The
Shoulder/Rashigrain anomaly zones are contained within a relatively narrow N-S or NNE-SSW trending zone.
Note the relatively small geochemical signature of the Glendinning-Swin Gill anomaly zone and compare this with
both the Wisp Hill, Stennies Water, Rams Cleuch, Rashigrain and Phaup Bum anomaly zones.

S

Although sulphur displays a wide range of values (0-2755 ppm) a comparison with greywacke samples collected
from other formations inthe Southem Uplands indicates that background values are remarkably low (mean 48ppm)
within the Study Area (Hawick Formation). The maximum sulphur concentrations are located within a relatively
narrow, strike parallel belt, along the south eastem margin of the survey area. The strong spatial association
between sulphur values and As anomalies, is best exemplified within the Black Sike, Swin Gill and Rams Cleuch
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zones. Sulphur values in mudstone samples display a relative restricted range of composition (0-592ppm) in
comparison with their greywacke counterparts. Anomalous levels of sulphur define areas subjected to the effects
of sulphidation associated with hydrothermal alteration and As enrichment. These include: Swin Gill, Rashigrain,
The Shoulder, Phaup Burn and Rams Cleuch. The concentration of anomalous sulphur values in the tributaries of
the Swin Gill zone, at the southern margin of the study area should also be noted.

Th

A highly consistent pattem of Th values occur throughout the study area. Mudstone lithologies (fig. 215) display
minor enrichments in composition (range 0-30ppm) compared with their interbedded greywacke counterparts (fig.
184). Slightly elevated Thlevels occupy a strike parallel belt on the northwestem flank of the survey area. However,
no direct relationship with hydrothermal alteration or As-Sb-Au mineralization is displayed.

\'A

Vanadium displays highly consistent values throughout the survey area. A minor increase in concentration occurs
within the mudstone lithologies, and minor enrichments correlate directly with increases in Th content. Maximum
V levels are concentrated in a strike parallel belt on the northwestern flank of the survey area. In general vanadium
enrichment is inversely correlated with Ca, Sr and Sb, however a subtle enrichment in V values occurs in proximity

to the Glendinning mine area.
Y

In both greywacke and mudstone lithologies (figs. 186 and 217) Y displays highly consistent values throughout
the survey area with minor enrichments mirroring those of Th and V. The variation in Y composition closely
follows that of V and values are inversely correlated with Ca, Mn and Sr. In addition a weak inverse relationship
between Y and mineralization related elements is observed within the study area, however the application of Y
geochemistry in predicting areas of hydrothermal alteration and possible mineralization is extremely limited.

Zn

Zinc displays relatively consistent valuesin greywackes with slightly elevated levels in mudstone lithologies. Two
differing relationships exist between zinc values and mineralization in this area (Duller and Harvey, 1983 and
1984): The first, a cryptic inverse relationship between Zn and As allows Glendinning type As-Au deposits to be
characterised by subtle levels of Zn depletion within their wallrock; Whereas secondly, anomalous Zn levels
pinpoint areas of low grade Pb-Zn mineralization which due to overriding structural controls, is often superimposed
upon earlier phases of As-Sb-Au mineralization. Zinc depletion is by far the more pervasive of the two styles of
anomaly and may be used to identify a depletion zone approximately 400m wide in the vicinity of the Glendinning
deposit. Zn enrichment is characteristic of a number of As anomaly sites in the survey area including; Swin Gill,
Rams Cleuch, Rashigrain, Cat Rig and The Shoulder. The N-S orientated zone of Zn anomalies located on the
contour map, crosscutting the central portion of the survey area should be noted. Similar zinc depletion processes
were located by Stone (1985) to the west of the Glendinning deposit in the Loch Doon area, where Zn depletion
accompanied both As and Pb vein mineralization. In mudstone lithologies Zn displays slightly elevated levels
(range 18-718ppm) in comparison with its interbedded greywacke counterparts. Zn enrichment is characteristic
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of a number of As anomaly sites in the survey area including: Stibbiegill Head, Rashigrain, Cat Rig and The
Shoulder whereas Zn depletion sites (see fig. 224) include: Glendinning, Upper Stennieswater, Swin Gill, Rams
Cleuch, Wisp Hill and Phaup Burn.

Zt

Consistent Zr values are displayed in both greywacke and mudstones lithologies (figs. 188 and 219) throughout
the survey area. A slight decrease in concentration is observed within the finer grained mudstone lithologies,
however no evidence of mineralization related variation is observed. This feature may be explained due to the fact
that the main host for Zris zircon (ZrSiO,) a detrital mineral, highly resistant to the effects of hydrothermal activity.
Zr values are positively correlated with Ti, Th, Y an Nb and inversely correlated with Ca and Mn.

Tl

Over 95% of all samples analysed within the survey area contain Tl values below detection limits (1-2ppm). Of
the remaining samples, Tl levels up to 7ppm were located within the Glendinning deposit, whereas values up to
17ppm were detected outwith the Mine area and define areas of considerable exploration, given their close
association with As-Sb anomalies. Sites of Tl enrichment include: Rams Cleuch, Black Syke, Cat Rig, Wisp Hill,
Philhope Loch and Rashigrain.

Summgy

A summary of composite multi-element anomalies located within greywacke samples from the Glendinning Study
Area is presented in fig. 221. Details of each individual site including name, grid reference and multi-element
signature are presented in table 1.39. The most significant eight sites within this study area are identified by a one
ortwo letter abbreviation and include: Glendinning (G); Black Syke (BS); Rams Cleuch (RC); Swin Gill (SC); Wisp
Hill (WH); Philhope Loch (PL); Cat Rig (CR); Greatmoor Hill (GH); Rashigrain (R). A number of additional
anomaly sites were identified in studies of mudstone geochemistry within this area and are presented in Fig. 223.
The sites include: The Shoulder (TS); Stibbiegill Head (SH); Stennies Water (SW); Linhope Bum (LB); Phaup
Bum (PB); Meggat Water (MW) and Upper Stennies Water (US). A summary of element depletion sites used to
characterise the location of zones of hydrothermal activity in greywacke samples from the Glendinning Study area
is presented in fig. 222. The location of sites of Na and Zn depletion are indicated by diamond and circle symbols,
respectively. These maps clearly illustrate the extensive zone of sodium and zinc depletion in the Glendinning/
Black Syke area; the zinc depletion at Swin Gill; and the extensive sodium depletion at Rams Cleuch.

A summary of composite multi-element anomalies located within mudstone samples collected from the
Glendinning Study area is presented in fig. 223. Note the large number of single element anomalies contained
within mudstone lithologies in direct contrast to the much smaller number of single element anomalies defined by
greywacke samples (Fig. 221). Details of eachindividual site including name, grid reference and element signature
are presented in tables 1.38 and 1.39. Mudstone depletion sites used to characterise the location of zones of
hydrothermal activity are presented in fig. 224. The location of sites of Na and Zn depletion are indicated by
diamond and circle symbols, respectively. Sodium depletion anomalies highlight the position of the Glendinning
area and point to zones of hydrothermal activity to the southwest of the main mine area. As with the greywacke

samples, zinc depletion is a characteristic of the Swin Gill, Phaup Burn and Rams Cleuch zones whereas sodium



-81-

depletion is located in the Wisp Hill, Linhope Bum, Stibbiegill Head, Meggat Water, and Upper Stennies Water

and Stennies Water sites.

In summary, target areas of potentially economic arsenopyrite-gold mineralization may be detected by the
recognition of visual, mineralogical and primary geochemical indicators of pervasive hydrothermal alteration. The
use of major and trace element depletion holes may provide evidence for the existence of a hydrothermal activity
and rapidly delineate target areas for further detailed studies. On the basis of the reconnaissance survey, eight target
areas for priority follow-up surveys were identified and mineralization-related alteration was traced for approxi-

mately 1000m north of the Glendinning mine area.

3.6.4 Hydrothermal Alteration and Geochemical Discrimination

Hydrothermal alteration may be classified into five types, each characterized by particular mineral assemblages,
alteration textures and spatial relationships to the vein mineralization. These include propylitization, intermediate
argillic, advanced argillic, quartz-sericite and siliceous alteration styles. Geochemical halos are associated with
distinct mineralogical zones that have developed out from the orebody in response to progressive decreases in
intensity of alteration. These halos may persist from greater distances along primary or induced zones of

permeability and porosity in the host rocks.

Element associations identified by correlation coefficients and lithogeochemical concentrations can be easily
matched with petrographic and mineralogical observations relating to alteration. In particular the highest K,O and
Al,O, values correspond with intense sericitisation. A substantial reduction in K/Rb ratios associated with altered
samples suggests that the alteration may have been produced by fluids from a late magmatic source (Ambrust and
Gannicott, 1980). A model for the development of the alteration zone may be created based upon the assumption
of localised equilibrium conditions. Within an alteration sequence the width of alteration varies due to lateral
changes in the physical parameters at the reaction fronts (ie porosity, fluid availability etc). On the basis of the
geochemical study of the borehole samples it was clear that the alteration was highly pervasive and as no unaltered
samples were intersected at the bottom of the four holes, this deposit may be regarded as open at depth.

Wallrock alteration and trace element dispersion pattems associated with the Glendinning deposit are both cryptic
and laterally extensive. The comparison of altered and unaltered greywackes enables the geochemical effects of
the hydrothermal ore forming fluid to be evaluated, the results of which are summarized in figure 89. Net additions
resulting from hydrothermal interaction within the fluid conduit include major silica, arsenic, antimony, sulphur,
lead, copper and nickel; minor enrichments of cobalt, potassium, strontium, rubidium, gold and thallium while
sodium and zinc as well as subordinate iron and magnesium underwent depletion. The only grains that show no
evidence of alteration or dissolution are the common ultrastable heavy minerals, including zircon, tourmaline and
rutile. Within mineralized samples, TiO,, Zr, Y and Nb were shown to be relatively immobile during alteration by
comparison with their unaltered counterparts. Many arsenic-gold deposits are surrounded by chemical alteration
halos defined by anomalous abundances of various elements. These zones are spatially larger than their respective

ore deposits and they provide a considerably enlarged target area.

The host rocks in the immediate vicinity of the deposit are marked by the development of distinctive chemical and
mineralogical zones representing an outward gradation in alteration intensity. Chemical variation within samples

of wallrock alteration are directly related to the relative intensity of alteration. Systematic variations such as those
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observed within the Glendinning deposit may be inferred to reflect distance from the source of hydrothermal input
and the pervasive nature of the alteration. The geochemical effects of the hydrothermal ore forming fluid upon
greywacke geochemistry are summarised in figure 89. The geometry and size of any alteration zone is dependant
upon the primary permeability, as well as the chemical reactivity of the rocks being altered. The permeability of
the host rocks is one of the most important physical parameters affecting the hydrothermal fluid and is therefore

an important control on hydrothermal alteration and trace element zonation.

The observed alteration effects are not confined to geochemistry alone. A visual indication of hydrothermal
alteration takes the form of a progressive bleaching of the greywacke, up to areas adjacent to the main fluid
conduits. Samples (Plate 38) from the Glendinning area typify this effect, moving from unaltered dark-grey
greywacke through to pale grey greywacke marginal to mineralization. This bleaching effect can, and has been
recognised within the regional survey area, and has proved extremely useful in pre-locating geochemically
anomalous zones. The salient chemical changes associated with alteration of greywacke, are major additions of
Sb, As, S and volatiles, which correspond to the precipitation of metal sulphides and the formation of hydrated
silicates such as sericite. In addition, Fe, Mg and Na have been removed, whereas K was added and represents the
hydrolysis of feldspar and biotite, to muscovite and clay minerals. The alteration envelope is characterised by Na,
Zn, Fe and Mg depletion and As, Sb, Pb enrichment. Because these depleted patterns occur within samples,
displaying obvious hydrothermal mineralogy, the depletion is attributed to alteration produced by hydrothermal
overprinting.

It was evident that extensive fracturing and brecciation of the wallrock to the vein mineralization had occurred.
Field relations suggest that the major N10°E trending fault structures in the Glendinning deposit formed the major
fluid conduit for all episodes of hydrothermal activity, alteration and mineralization. The morphology of this
deposit is reinterpreted in terms of a fracture related elongate breccia pipe and associated stockwerk zone (Fig.88).
The spatial relationships between the various alteration types are envisaged as an elongate halo grading outward
from the quartz-stibnite veining to unaltered greywackes. Argillic alteration may host stibnite, but this is always
fracture controlled and clearly later than the arsenopyritization. Although the hydrothermal fluids were initially
weakly acidic, it is suggested that they became neutral or slightly alkaline by reaction with wallrock.

The scale and intensity of changes in the chemistry of the host rock is a function of the genesis of the ore, the
chemistry of the host rock, and the nature of secondary processes (Govett and Nichol, 1979). These chemical and
mineralogical changes are associated with and envelope the ore zones, and provide an enlarged target for mineral
exploration, of significantly greater width than the vein mineralisation. Bailey and McCormick (1974) noted that
wallrock alteration halos may enlarge the target area for a vein deposit by a factor >10. The depletion envelopes
associated with the Glendinning deposit define an approximate symmetrical halo which is 2-3 orders of magnitude
wider than the vein system. Gold exploration in the Glendinning area is still in its early stages and the search for
additional centres of hydrothermal activity is continuing. Only by a detailed and systematic study of each
mineralization centre can the full potential of this region be properly assessed.

mical Distribution

The distribution of major and trace elements in greywackes and mudstones from the regional study area and
mineralised drillcore from the Glendinning deposit are displayed in a series of histograms in Figs. 32, 33 and 34.
Bar diagrams displaying this variation in detail are presented in figs. 35ato 45b: A general increase in Si, Al, K,
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Mn, As, Co, Cu, La, Ni, Pb, Rb, Sr, Sb, S, Th, and Tl, and decrease in Fe,0,, MgO, Na,O and Zn composition was
identified in altered samples with respect to their unmineralized counterparts. In general, the mudstone lithologies
are lowerin SiO,, CaO and Na,O; and higherin Ti, Al, Fe, K, Rb, Ba, Al,0,2/Na,O and K,0/Na,O when compared
totheirinterbedded greywacke counterparts, reflecting the increased abundance of clay minerals. As Ga substitutes
for Al, it follows that Ga should be preferentially concentrated in the finer grained clay-rich fraction of the
sediments, a feature clearly displayed in the Glendinning mudstone samples. In addition, both Ba and Rb correlate

with and follow the distribution of K in clay minerals.

Sulphidation is observed to have formed a major process during alteration and has imposed considerable
enrichments in both greywacke and mudstone samples. Altered greywacke samples are enriched in sulphur by a
factor of 100% compared to their altered mudstone equivalents inferring that greywacke lithologies were
considerably more succeptable to this process of alteration. Although a slight increase in minimum V content is
observed between greywacke and altered greywacke samples no major changes in V content can be directly
attributable to the mineralizing processes. A minor increase in average altered greywacke composition is
counterbalanced by decreases in altered mudstone composition. Although characteristic decreases in maximum
Zr contents are observed in both altered greywacke and mudstone samples the average composition is relatively
unaffected by alteration and although possibly affected by minor dilution effects, Zr has remained immobile during
the mineralization processes. It is important to note that zinc unlike other base metals displays a major depletion
effect associated with altered greywacke (mean 30ppm) and mudstone (mean 60ppm) samples. Although the
maximum Zn content in greywackes is highly enriched (max 2000ppm) this value may be due to the incorporation
of sphalerite (ZnS) in the sample.

A summary diagram detailing the geochemical net additions and depletions within the wallrocks adjacent to the
vein mineralisation at Glendinning is presented in fig. 89. In general, all chalcophile elements are enriched during
the alteration processes, whereas lithophile elements exhibit varying degrees of depletion. It should be noted that
the Glendinning mineralisation is also characterised by slight increases in both CO, and volatile components. The
depletion of Zn and Na,O coupled with the levels of trace element enrichment defined previously, provides a
chemical fingerprint for the location and identification of Glendinning type deposits in this terrane.

Discrimination Di

This section details the results of the application of a number of different forms of discrimination diagram to the
Glendinning regional and mineralised datasets and display the major chemical characteristics of greywacke,
mudstone and hydrothermally altered samples. Following the classification scheme defined by Blatt et al., (1972)
and Crook (1974) samples from the Glendinning regional study area within the Hawick Formation (fig. 77) may
be classified as Fe-rich, quartz rich greywackes/lithic sandstones. Total alkali contents extend outwith the field
defined by Maynard et al., (1982) for Lower Palaeozoic greywackes. The majority of values are emplaced above
the Na/K=1 threshold, indicative of a major increase in K,O content, resulting from the cratonic nature of these
sediments. Inaddition, the effects of hydrothermal alteration within the Hawick Formation samples may be directly
correlated with Na depletion. Using a Na,0=1.0% depletion threshold, sixteen samples may be immediately
identified as altered and subjected to detailed study. Mudstone samples from the Hawick Formation (fig. 78)
demonstrate a positive enrichment in K, O content with respect to their coarser grained counterparts. The total alkali
diagram demonstrates a clear inverse relationship between Na,O and K,O contents which extend outwith the field
defined by Maynard et al.(1982) for Lower Palaeozoic greywackes. All values are emplaced above the Na/K=1
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threshold. The effects of hydrothermal alteration and Na depletion may be directly assessed using a Na,0=0.8%
depletion threshold. Mineralized samples from the BGS Glendinning boreholes (fig. 79) demonstrate the major
effects of Na depletion associated with hydrothermal alteration upon the host rock geochemistry. Sample
populations in both plots illustrate the virtually complete removal of Na from all samples and justifies the use of
Na depletion in the identification of hydrothermally altered samples in the regional sample set.

The SiO, vs AlL,O, diagram (fig. 46a) provides a chemical classification to differentiate between mudstone and
greywacke samples from the Glendinning regional study area. The discrimination boundary is defined on the basis
ofa95% significance level. The SiO, vs Fe,O, diagram (fig. 46b) clearly demonstrates the chemical differentiation
of mudstone and greywacke samples on the basis of major element composition. Particularly noteworthy in the
$i0O, vs Na,O diagram (fig. 46c¢) is the differentiation between greywacke and mudstone, and the effects of
hydrothermal fluids onuponboth lithologies, namely the sodium depletion associated with wallrock alteration. The
Si0, vs K, O diagram (fig. 46d) details the increased potassium content of mudstone samples which is interpreted
as reflecting an increased clay mineral content. The IUGS Silica-Total Alkalii diagram (fig. 304) displays the
position of cratonic derived Hawick Formation greywackes from the Glendinning regional study area, and
illustrates the relatively narrow, restricted range of total alkalii content which displays a weak positive correlation
with silica values. Silica values (fig. 303) have been systematically depleted by the introduction of carbonate
detritus and are located within the basaltic-andesite and andesite fields. Mineralized Hawick Formation grey-
wackes from the Glendinning deposit are also presented in this format in fig.305, where values are concentrated
in the basaltic-andesite and andesite fields, and display a decrease in minimum and increase in range of alkalii
values compared with their unmineralized counterparts. In addition, a small subset of samples are located within
the dacite field (SiO, > 61%) which indicate silica enrichment (silicification) together with major alkalii depletion
(dickitisation) within this deposit. The SiO, vs Sr diagram (fig. 46e) clearly illustrates the addition of strontium
to both greywacke and mudstone samples and provides a discrimination between individual lithologies as well as
cryptic mineralisation. The SiO, vs CaO diagram (fig. 46f) clearly illustrates the relationship between these
elements in both greywackes and mudstones and may be used to chemically differentiate between the two
lithologies. The SiO, vs V diagram (fig. 47a) displays anincreased vanadium content in mudstones which correlates
well with similar increases in both potassium and alumina contents, thereby inferring a clay mineral host for this

element.

The AL O, vs TiO, diagram (fig. 47a) may be used to differentiate between greywacke, mudstone and hydrother-
mally altered equivalents, due predominantly to potassium metasomatism in wallrock samples. The Al,O, vsNa,O
diagram (fig. 47b) may be used to distinguish between altered and unaltered lithologies and provides a further
discrimination diagram for use in pinpointing cryptic mineralization. The AL, O, vs K ,O diagram (fig. 47d)
demonstrates the clear linear relationship between Al and K content, thus inferring a clay mineral association.
Mudstone and greywacke samples may be clearly differentiated by the relative abundance of these two elements
(ie. their relative clay content). In the AL,O, vs MgO diagram (fig. 47¢) the effects of magnesium depletion in
wallrock samples is superimposed upon the linear relationship between alumina and magnesium in all unminer-
alized samples. The Al,O, vs CaO diagram (fig. 47f) clearly illustrates the combination of clay mineral alteration
and increase in CaO content (predominantly as carbonate) within altered samples. In the Al,O, vs FeO (fig. 48a)
the effects of iron depletion in hydrothermal alteration, superimposed upon the linear relationship between Al and
Fe in all unmineralized samples. The Al,O, vs Co diagram (fig. 48b) displays the uniform levels of cobalt in both
greywacke and mudstone samples and identified the sporadic nature of cobalt enrichment associated with

mineralized samples. The AL O, vs Sr diagram (fig. 48c) clearly illustrates the combination of clay mineral
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alteration and increase in strontium content associated with wallrock alteration processes. The correlation between
strontium and CaO infers a close mineralogical association and as such it is proposed that the predominant host
mineral for Sris CaCO,. Inthe Al O, vs Rb diagram (fig. 48d) a linear relationship between alumina and rubidium
is displayed with threshold values between greywacke and mudstone lithologies controlled by clay mineralogy (as
identified in figs. 47d and 48a).

The TiO, vs Fe,O, diagram (fig. 48e) clearly displays a linear relationship between titanium and iron in both
greywacke and mudstone samples whereas the TiO, vs Na,O diagram (fig. 48f) may be used to differentiate
between greywacke and mudstone samples together with the effects of wallrock alteration processes. The TiO,
vs K, O diagram (fig. 49a) provides a suitable means for discriminating between greywacke, mudstone and wallrock
alteration samples, with an increase in K content relative to Ti in the altered sample suite. TiO, vs MgO diagram
(fig. 49b) illustrates the approximate linear relationship between titanium and magnesium in both greywacke and
mudstone lithologies and the effects of magnesium depletion associated with the alteration processes. Inthe TiO,
vs CaO diagram (fig. 49c) an inverse linear relationship between titanium and calcium contents is displayed, with
the highest titanium values occurring in mudstone lithologies. The TiO, vs Rb diagram (fig. 49d) clearly illustrates
the addition of rubidium during hydrothermal alteration of both lithologies. In the TiO, vs V diagram (fig. 49¢)
a linear relationship between titanium and vanadium in both lithologies is clearly identified, possibly inferring a
similar host mineral.

The Fe,O, vs Na,O diagram (fig. 49f) illustrates a direct relationship between iron and sodium content of both
greywacke and mudstone lithologies. The greywacke samples are relatively enriched in sodium compared to their
finer grained counterparts however the iron content of mudstones is considerably enriched in preference to
greywacke samples. Note the pronounced effects of sodium depletion associated with hydrothermal alteration. In
the Fe,0, vs K, O diagram (fig. 50a) a linear relationship between Fe and K is displayed together with the combined
effects of potassium enrichment and iron depletion upon the wallrock alteration suite of samples. In addition, the
Fe,0, vs MgO diagram (fig. 50b) Note the approximate linear relationship exhibited between iron and magnesium.
This positive correlation is interpreted to reflect the nature of a joint parent mineral. The Fe,0, vs CaO diagram
(fig. 50c) displays an inverse relationship between iron and calcium, similar in many respects to that displayed in
fig. 49c between titanium and calcium, and illustrates a decrease in Ca content with grain size. In the Fe O, vs Cr
diagram (fig. 50d) an apparent linear relationship is displayed between iron and chromium inferring a possible host
mineral association. Sporadic high concentrations of Cr in greywacke samples is inferred to result from the
inclusion of a separate, possibly monomineralic source, such as detrital chromite grains. The Fe,O, vs Rb diagram
(fig. 50e) illustrates the strong positive correlation between iron and rubidium and the effects of iron depletion and
rubidium enrichment in the alteration suite. The Fe,O, vs Sr diagram (fig. 50f) displays an apparent inverse
relationship between iron and strontium reflecting a similar trend to that observed with calcium and thereby
reaffirming the mineralogical association of both calcium and strontium. The Fe,O, vs Sb diagram (fig. 51a)
display generally low levels of antimony (<3ppm) in all unaltered lithologies and the lack of a significant
correlation between antimony and iron enrichment in wallrock samples. The Fe,O, vs Zr diagram (fig. 51b)
displays the increased variation in Zr content in greywacke samples as opposed to their mudstone equivalents
(inferred to be due to variances in grain size distribution) and exhibits a sharp cutoff between the two lithologies

on the basis of iron content.
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The Na,O vs K,O diagram (fig. 51c) illustrates an inverse relationship between sodium and potassium content.
Potassium enrichment in the finer grained lithologies is attributed to an increase in the proportion of clay minerals,
whereas sodium enrichment appears concentrated within the course grained fraction of the sample population and
is interpreted as representing an increase in detrital feldspar content. In the Na,O vs Cu diagram (fig. 51d) a general
increase in abundance of copper is noted within the mudstone lithologies and is attributed to the scavenging effects
of clay minerals. Here again, the effects of sodium depletion and minor copper enrichment are displayed in the
hydrothermally altered samples. The Na,O vs Co diagram (fig. 51¢) displays a narrow range of cobalt composition
in both lithologies and the effects of minor cobalt enrichment during hydrothermal alteration. In the Na,O vs Cr
diagram (fig. 51e) an approximate bimodal relationship between sodium and chromium is displayed. A simple
inverse relationship between both lithologies is overprinted by a range of high chromium values concentrated in
greywacke lithologies and interpreted interms of detrital components. Inthe Na,O vs Nidiagram (fig. 52a) displays
an inverse linear relationship between sodium and nickel and the effects of hydrothermal alteration. The Na,O vs
Rb diagram (fig. 52b) clearly illustrates the inverse relationship between sodium and rubidium and the effects of
Na depletion and Rb enrichment in altered samples. In the Na,O vs Sr diagram (fig. 52c) an approximate linear
relationship between sodium and strontium is displayed in both greywacke and mudstone lithologies, together with
the effects of Sr enrichment and Na depletion in wallrock samples.

The CaO vs Rb diagram (fig. 52¢) may be used to clearly differentiate between greywacke, mudstone and
hydrothermally altered material. Wallrock alteration is identified by enrichment of both calcium and rubidium. In
the CaO vs V diagram (fig. 52f) a general inverse relationship between calcium and vanadium is defined with
elevated vanadium values concentrated predominantly within the finer grain lithologies. The MgO vs Na,O
diagram (fig. 53a) displays a preferential concentration of magnesium values in finer grained lithologies, together
with the effects of both sodium and magnesium depletion in altered samples. The MgO vs Rb diagram (fig. 53b)
illustrates the linear relationship between magnesium and rubidium, the increased values of both elements present
in finer grained sediments and the profound effects of magnesium depletion and rubidium enrichment in
hydrothermally altered samples. In the MgO vs V diagram (fig. 53c) the linear relationship between magnesium
and vanadium is displayed, together with the limited effects of magnesium depletion on the sample population.
The MgO vs Ga diagram (fig. 53d) displays an approximate linear relationship between magnesium and gallium
in both lithologies and displays the effects of magnesium depletion during alteration. In the MgO vs Ni diagram
(fig. 53e) a linear relationship between nickel and magnesium content is identified in both lithologies with the
highest values present in the finer grained sediments.

The K,0-Rb diagram (fig. 382) displays the relative position of cratonic derived Hawick Formation greywackes
and their mineralized equivalents obtained from boreholes through the Glendinning As-Sb-Au deposit. A narrow
compositional trend and strong positive correlation is displayed by unmineralized Hawick Formation samples.
Elevated levels (>3wt% K,0 and >100ppm Rb) and expanded range are displayed by hydrothermally altered
samples from the Glendinning deposit. The positive correlation displayed between K, O and Rbis formed as aresult
of strong mineralogical control, with clay minerals (potassium aluminium silicates) forming the main host to Rb
values. The (K/K+Na)-(K+Na) diagram (fig. 365) also displays the relative position of cratonic derived Hawick
Formation greywackes and their mineralized equivalents. A narrow K+Na range of values is displayed by
unmineralized Hawick Formation samples, whereas a small subset of altered samples is defined by K/K+Na values
in excess of 75-80% and/or K+Na values less than 3wt%. In addition, a marked concentration of mineralized
samples occur in a narrow, elliptical field defined by K/K+Na values in excess of 90%, which display the lowest
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recorded total alkalii content of any greywacke in the Southern Uplands. The K,O vs Sr diagram (fig. 53f) clearly
identifies an inverse relationship between potassium and strontium content in both lithologies and the effects of
K and Sr enrichment during mineralization.

The Na,O vs V diagram (fig. 54a) illustrates an inverse relationship between sodium and vanadium as a function
of grain size. This trend is also observed with nickel, rubidium, potassium, iron, aluminium and copper when
compared with their corresponding sodium values. In the Co vs Rb diagram (fig. 54b) a clear distinction between
greywacke and mudstone lithologies is observed, together with the limited effects of cobalt enrichment during
alteration. In the Cr vs V diagram (fig. 54c) a bimodal distribution of chromium values is displayed. The linear
relationship between Crand V is disrupted by a secondary population of high Cr values which has previously been
interpreted as resulting from the inclusion of detrital chromite grains in greywacke samples.

The CrvsRb diagram (fig. 54d) identified a linear relationship between chromium and rubidium in both lithologies
and displayed the enrichment of both elements in the finer grain samples. In the Cu vs Rb diagram (fig. 54e) a
confined range of greywacke compositionsis identified in comparison with the finer grained, mudstone lithologies.
This diagram has limited use of in differentiating between altered and unaltered material. The Rb vs Sr diagram
(fig. 54f) displays clear differentiation pattern between greywacke and mudstone geochemistry with rubidium and
strontium inversely related and both subjected to enrichment during wallrock alteration. Inthe Rb vs V diagram
(fig. 55a) a positive correlation between rubidium and vanadium is displayed by both lithologies, with the
concentration of these elements in the finer grained (mudstone) lithologies. The Ni vs Rbdiagram (fig. 55b) defines
the linear relationship between nickel and rubidium in both lithologies. The effects of rubidium enrichment during
alteration are also clearly illustrated. The V vs Zr diagram (fig. 55¢) illustrates the narrow range of Zr content
defined in both greywacke and mudstone lithologies, however the boundaries between the two sediments may be

defined on the basis of vanadium content alone.
Princi m nt An i

To aid the understanding of the complex relationships present within this geochemical data, principal component
analysis was applied to both Hawick Formation greywackes and the individual lithologies present in Glendinning
borehole sections. The principal component analyses and component scores are presented in tables 3.14 to 3.20.
The geochemicial associations defined by this study are discussed below:- three eigen vectors are presented, the
first of which displays the chemical associations which account for the greatest proportion (approx.65%) of
element variation in the dataset; the second and third account for significantly less of the total variation and are
used to define more subtle associations superimposed upon the general background. In the Hawick Formation

greyackes the following geochemical associations were identified:

Eigen vector 1: Ca-Sr, Sb-S-Pb-Co, Fe-Ti-K-Al-Rb-V-Ni, Mg-La-Cr-Nb-P, As-Ba-Cu-Zn, Si-Zr-P.
Eigen vector 2: Ca-Sr, As-Pb-S-Ba-Mg, K-Rb-Zn-Ni, Ti-La-Y-Nb, Co-Cr and Si-Zr-P.
Eigen Vector 3: Ca-Zr, Cu-Mn, Al-Y-Zn, K-Rb, As-Sb-S, P-Sr-Th-Fe, Ti-Na and Co-Cr.

In comparison, hydrothermally altered greywackes from Glendinning display the following associations:
Eigen Vector 1: Ca-Mn-Mg, Fe-Na, Y-Zr-Th, Nb-Cr, Sb-K-Ba, Si- Ti-La, As-S, Pb-Zn-Co-Ni.

Eigen Vector 2: Ca-Fe-Mg-Cr, As-Sb-S-Pb-Cu-Zn-Co-Ni- Na-S and K-Al-Rb-Sr-Ti-Nb-P.
Eigen Vector 3: Ca-As-Sb-S-Pb-Mg-V, Fe-K-Al-Rb-TI, Si-P-Ti-Y.
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These elemental groupings appear complex, however they may be interpreted by reference to their petrographic
and mineralogical associations and classified in terms of alteration, sulphide, carbonate, ferromagnesian, silicic
and accessory group members. It should be noted that the subtle mineralization group associations are defined
within the Hawick Formation samples, formed in response to the presence of weakly altered samples within the
regional dataset. The As-Sb-S association however, is not defined until eigen vector 3, thereby demonstrating the
reduced influence of mineralization in the regional data set. Although similar element associations are defined in
the siltstone, mudstone and ‘breccia’ lithologies from the Glendinning core, a strong As-Sb-S-TI-Pb-Cu-Si
association is particularly noteworthy in the breccia samples (eigen vector 1) as is a Na-Zn-Mg (depletion)
association identified in all lithologies (eigen vector 1). Inprincipal component studies of mineralized sample data
from the Clontibret deposit, similar element associations were defined (table 3.15). In addition, both loss on
ignition (LOI) and CO, were defined in close association with CaO, whereas gold (Au) occurs in association with
As, Fe, Cu and Zn. In comparison with As-Sb-Au dominant deposits, a geochemical study of altered wallrock
samples from the Susannah Vein at Leadhills reveals major differences in the nature of element associations
characterised by the Pb-Zn-Cu vein mineralization (table 3.16). In particular, principal component analysis
indicates that the As-Sb relationship dominant at Glendinning and Clontibret is replaced by As-Pb and Sb-Zn-Cu

associations.
Discriminant Analysis

Grunsky (1986) demonstrated that the spatial presentation of lithogeochemical data combined with discrimination
and clustering techniques can be used to delineate both geology, zones of alteration, and other lithogeochemically
anomalous zones. Selinus (1983) detailed the application of factor and discriminant analysis to lithogeochemical
data from central Sweden. Several different geochemical populations relating to distinct multi-element halos were
distinguished. At the onset of this project it was proposed that discriminant analysis of the lithogeochemical data
based upon the defined geochemical associations within the Glendinning deposit could be used to assess the
significance of any target area prior to more detailed geological examination. Chemical analysis of 170
mineralized greywacke samples were statistically compared with ~2,000 regional samples. On the basis of this
study a number of factors have been recognised, resulting from either the regional variation in rock chemistry or
hydrothermal alteration. These factors may be used to aid the identification of sites containing hydrothermally
altered and/or cryptically mineralized greywackes from regional sample sets.

Given ‘a priori’ knowledge of the geochemical characteristics of the mineralized area, discriminant analysis may
then be used to isolate further anomalous zones. In this study, discriminant analysis was performed upon two
groups; unmineralized Hawick Formation greywackes and As-rich greywackes from the Glendinning deposit,
- using four different classifiers (table 3.21). Classifier 1, included the total data set (31 variables) and gave an
exceptionally good separation with only 1.7% of the total population misclassified. Further classification based
upon relatively restricted variable sets including Na, K, As, Co, Ni, Pb and Zn (Classifier 2); Na only (Classifier
3); and Na+K (Classifier 4) resulted in a progressive increase in rate of misclassification (4.0%, 5.2% and 6.1%
respectively). All the discriminant classifiers used in this study are effective in the classification of As-Sb-Au
mineralization. However, the most successful results obtained to date using the largest number of variables (n=31),
thereby inferring the complex inter-element relationships associated with hydrothermal alteration and minerali-
zation. On a cost effective basis however, it is clear that a small subset of carefully selected elements (classifier
2) could provide similar levels of discrimination. As a sufficiently high proportion of the samples (>95%) are
correctly classified, this technique may be applied to unknown samples from this region.
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The results of simple discriminant analysis applied to both greywacke and mudstone lithologies from the
Glendinning regional geochemical data set are presented in table 1.39. Threshold values were established, based
upon simple mean + 2 standard deviations (enrichment) and mean - 2 standard deviations (depletion) levels for each
lithology. In the Glendinning study area, simple discriminant analysis has revealed the following anomalous
samples (prefixed by DJR):

Greywacke - As: 063, 064, 066, 784, 785, 788, 863, 903, 946, 947.
Sb: 053, 063, 064, 065, 066, 704, 785, 787, 788, 809, 863, 900, 903, 946.
Cu: 006, 700, 712, 734, 809, 903.
Pb: 003, 004, 021, 761, 768, 775, 787, 788, 858, 857, 893, 910, 936.
Na: 033, 049, 063, 064, 065, 066, 766, 785, 786, 787, 788, 858, 863, 888.
Zn : 010, 063, 066, 715, 731, 863, 886, 946.

Mudstone - As: 1021, 1023, 1031, 1048, 1053, 1056, 1761, 1784, 1802, 1811, 1815, 1817, 1830, 1864,

1908, 1910, 1943.

Sb: 1023, 1053, 1704, 1900, 1903, 1942.

Cu: 1003, 1008, 1734, 1802, 1811, 1872, 1898, 1919, 1926, 1942.

Pb: 1002, 1023, 1777, 1784, 1801, 1814, 1845, 1883, 1916, 1929, 1943.

Na : 1011, 1021, 1033, 1037, 1048, 1049, 1053, 1766, 1784, 1874, 1888, 1909, 1910, 1911,
1921, 1943.

Zn: 1010, 1011, 1049, 1057, 1791, 1815, 1851, 1900, 1950.

To aid the interpretation of the multivariate, bi-lithology data a simple numbering system was adopted which
distinguished each site (and greywacke sample) with a 3 digit number (ie. 900), and identified mudstone samples
from the same site by prefixing the site number with ‘1°. Thus, sample number 1900 represents a mudstone sample
collected from an turbidite unit at sample position 900 and may be compared directly with its interbedded
greywacke counterpart (sample 900). This simple attempt at ‘codification’ provided considerable benefits in both
sample preparation, XRF and wet chemical analysis, data handling and interpretation. In general, two types of
anomaly site are defined by this study; the first associated predominantly with greywacke anomalies, whereas; the
second concentrated upon anomalies defined by mudstone lithologies only (figs 220-223). It is clear that in
conjunction with the Glendinning deposit, the Black Syke, Rams Cleuch, Swin Gill and Wisp Hill Zones display
very similar characteristics. Sb-Zn anomalies (with no arsenic enrichment or sodium depletion) are detailed in the
vicinity of Greatmoor Hill and Rashigrain, whereas Pb-Zn anomalies are located near Philhope Loch and Cat Rig,
respectively. Arsenic anomalies which occur in mudstone lithologies only, have been detected in five locations;
AtStennies Waterand Linhope Bum, arsenic enrichment is associated with sodium depletion only, whereas; at both
The Shoulder and Stibbiegill Head an additional zone of Cu-Pb-Zn anomalies are superimposed upon the arsenic
richzones. Inboth Meggat Waterand Upper Stennies Water, combined Na+Zn depletion zones were defined which
lack any apparent form of metal enrichment. Although these sites have a relatively low priority in any follow-up
study of this area, these two sites should still be evaluated as the Na+Zn depletions indicate the presence of
hydrothermally altered samples (Outer Zone 1) and infer the close proximity of As-Sb mineralization. In summary,
multi-element geochemical studies in the Glendinning Regional Project area have pinpointed several new sites of
As-Sb-Au mineralization, and numerous primary target areas for further evaluation. In addition, this study has
detailed the presence of an additional Pb-Zn-Cu phase of mineralization, quite separate, although occasionally
superimposed upon the As-Sb-Au target.
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This study demonstrates that although successful discrimination can be made using certain covariance element
relationships (eg. Ba/Rb, Z1/Rb) it is clear that the application of discriminant analysis to the analytical data
guarantees >95% success in separating the barren and the ore-bearing groups. From the results of the discriminant
analysis, the following elements, As, Sb, Pb, Na, Zn and Mg were found to be most useful in distinguishing the
altered from the unaltered greywackes. As such, it is recommended that discriminant analysis should be utilized
during the orientation survey stage of a lithogeochemical exploration program. This allows an optimum set of
pathfinder elements to be chosen from the multi-element analyses carried out on a relatively small sample
populations thereby avoiding the subsequent analyses of hundreds or thousands of rock samples for variables that
prove to be ineffective in defining geochemically anomalous rocks. In summary, the results of this comparison
showed that As, Sb and Pb provide the best anomaly contrast, together with Na and Zn depletion. Simple ratios
including K/Na, Fe/Mg, Rb/Sr although identifying sites of potential mineralization failed to extend the anomaly
width defined by individual elements. The readily identifiable geochemical halos associated with the Glendinning
deposit, may be used to infer that As, Sb, S and Na,O form the best combination of elements to use in further
lithogeochemical exploration. Geochemical evidence points to at least eight centers of mineralization and
hydrothermal activity in the Glendinning study area. The exploration significance of all geochemical anomalies
in the Glendinning area has not been established, however their multi-element geochemical signature, is indicative
of probable undiscovered mineralization. In addition, it should be noted that this study has revealed similar
anomalous patterns related to As-Sb-Au mineralization in the Leadhills, Loch Doon and Caimgarroch Bay areas.

3.7 SOIL GEOCHEMISTRY

3.7.1 Overview

The aim of the initial lithogeochemical reconnaissance survey in the Glendinning region was to determine the
mineral potential of a relatively large area (200 sq km) eliminate barren ground and draw attention to local areas
of interest. These studies identified a number of target areas containing a mineralized geochemical signature which
have been investigated in order of decreasing magnitude. The three major anomalous areas, Rams Cleuch, Swin
Gill and Black Sike provided priority targets for further exploration. In order to establish the extent of the identified
lithogeochemical anomalies this study was then extended to a second stage follow-up study including field
investigation, soil sampling and geochemistry and reconnaissance panning. Subsequent to lithogeochemical
survey heavy mineral separates were collected from the Glendinning, Swin Gill and Rams Cleuch areas and
examined by binocular reflected light microscopy. Both stibnite and realgar were identified in all three locations,
providing evidence for the location of new As-Sb mineralization in this region; the importance of mercury; and

the possible genetic association between As-Sb-Au and Hg.

Arsenic anomalies at Black Sike occur approximately 1km along strike from the mine workings at Glendinning.
A detailed site investigation indicated the presence of an ~400m wide zone of hydrothermal alteration/bleaching,
similar to that associated with both the Glendinning and Clontibret Sb-As-Au deposits. XRD studies of gossans
from Black Syke identified limonite and quartz as the dominant phases, with accessory constituents, including a
variety of sulfates, arsenates, carbonates, silicates, and clay minerals (predominantly dickite). Given the high
correlation between overburden geochemical anomalies and subcropping mineralization at Glendinning it was
proposed that shallow soil sampling would prove the most appropriate technique for detailed site investigation of
the Swin Gill and Rams Cleuch target areas. As such, two follow-up geochemical soil sampling programs were
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undertaken on a grid basisin the vicinity of the target areas with the objectives to determine the nature, trend, extent
and element associations of the primary dispersion pattem related to low grade As-Sb (-Au) mineralization at each

site.

Orientation studies by Leake et al., (1981) over several arsenic vein systems in the Loch Doon area concluded that
the arsenic levels in soil samples from either A or B/C horizon can be directly compared. As such, samples from
either horizon are deemed equally applicable to future sampling programs in the Glendinning region. Soil sampling
was then applied to detailed survey areas where lithogeochemistry and reconnaissance sediment sampling
indicated potential for hydrothermal alteration and/or metal enrichment. A rectilinear sampling grid was set out
overeach areausing a Watts theodolite, leveling staff and ranging poles, and the baselines were identified by 2"x2"
wooden stakes. Traverse lines were laid out in an E-W direction, at a right angle to the known mineralization trend.
In comparison with the soil survey carried out by BGS at Glendinning (Gallagher et al., 1983) sample intervals of
20 and 30m were selected for the Rams Cleuch and Swin Gill sites respectively, thereby ensuring that at least two
points would fall within each anomaly of interest. Both soil grids were oriented with respect to the National grid
and the location of individual sample sites are identified by a unique 12 figure grid reference.

Approximately 50-100g of B/C horizon soils were collected from each site at depths of 90-120 cm using a shallow
soil auger and placed into 3"x8" water resistant ‘Kraft’ paper bags. In both areas the soils are well drained and
similar to those described by Gallagher et al.(op cit) in the vicinity of the Glendinning deposit. They consist of well
oxidised yellow-brown silty clays with a variable content of angular lithic fragments generally increasing with
depth. The samples were air dried, but not sieved (in order to preserve the lithic component) and ground to <300#.
Each sample was then analysed by automated X-ray fluorescence for six major and 14 trace elements including:
Si, Al, Fe, MgO, Na, K, As, Ba, Co, Cu, Ga, Ni, Pb, Rb, Sr, V, Zn, S, Sb and TL In addition to the above oxides
and elements the following ratios were also calculated: Si/Al, As/Na, Sb/Na, Cu/Na, S1/Rb, together with the
multiplicative variable As*Mg.

Potential sources of contamination in this region included human habitation, agricultural operations, forestry
development and previous mining activity. The position of both Rams Cleuch and Swin Gill surveys areas in high,
well drained upland areas, remote from industrial activity and habitation, tends to preclude environmental
contamination as a major factor for consideration in this study. The most northern portion of the Rams Cleuch map
forms a topographically high area of relatively flat-lying ground whereas both the south western and north eastern
quadrants of the Swin Gill grid are topographically high and form the flanks steeply incised hillside. Given the lack
of potential sources of environmental contamination in the vicinity of either soil grid all geochemical anomalies

are defined to be directly attributable to variations in subcropping bedrock mineralization.

3.7.2 Exploratory Data Analysis

The first phase in exploratory data analysis of the soil geochemistry from both grids comprised an assessment of
histograms for each variable. This then enabled both the nature and order of magnitude of element variation to be
assessed and approximate contour levels, background and threshold values to be selected. Studies of the frequency
distribution of elements in rocks and other natural materials suggest that in many cases the log-transformed
concentrations are distributed approximately normally (Ahrens, 1954 and 1957). Percentile classificationsare used

within the study as opposed to the use of more common parameters such as mean and standard deviation because
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of they are less effected by the extreme values present in a skewed distribution and more reliably describe the nature
of the frequency distributions. In addition, elements that are below the detection limit in some of the samples are
easier to handle statistically (Nurmi,1985). NB. The nth percentile is the value below which n% of the data occur.
The geochemical data was contoured using an interactive grey-scale mapping package incorporating a nearest
neighbour contouring algorithm. Class intervals chosen for each map represent (with increasing grey density) the
0-50, 50-75, 75-90 and 95-100 percentile intervals, respectively. The GRD mapping program (Harvey, 1981) used
for this study incorporated a nearest neighbour grid model using a d” inverse distance weighting with six nearest
neighbours. Careful selection of the grey scale shading symbols enabled any increase in contrast or element

concentration to be mirrored.

Grey-scale geochemical maps were drawn for each variable and for many of the calculated ratios (Boyle,1974).
These maps provided considerably more information than ordinary point source symbol maps. Contour levels for
both oxide and trace element data for the Rams Cleuch (grid 1) and Swin Gill (grid 2) survey sites are presented
intable 1.42. The frequency distribution of data for each element was divided into 5 classes (in order to best reflect
spatial trends and features within the data) defined on the basis of the 0-50, 50-75, 75-90, 90-95 and 95-100
percentiles intervals. The individual element threshold for each percentile level are presented in table 1.42. Grey
scale/level symbol maps (figs.93-98) illustrate the distribution of samples that have concentrations within each
class. Total element concentrations determined for the soil samples from the Rams Cleuch and Swin Gill surveys
are presented in tables 4.35 and 4.36. Gold analyses from a subset of the Rams Cleuch samgples are displayed in
table 2.41. Location maps of the Rams Cleuch and Swin Gill soil sampling grids are presented in in figs. 90a and
90b, individual sample sites are displayed in figs. 91 and 92, and summary statistics are displayed in tables 2.45
and 2.46. For the Rams Cleuch exercise a 20x10m rectangular sampling grid was mapped to a 10x10 primary grid
by the creation of intermediate ‘traverses’ estimated by using the four nearest neighbours and a weighting factor
of two. A secondary or ‘plotting’ grid 94x64 was then used to provide the necessary details for grey scale
contouring. (This grid was designed to generate a map 8x8" using a line printer set to 12 cpi horizontally and 8 cpi
vertically). A composite anomaly trend map for the Swin Gill areais presentedin fig. 99. These geochemical trends
are closely supported by aerial photographic observations of this area. Threshold level was set to isolate the samples
present in the sub-populations related to mineralization. The 50th percentile interval was taken as the upper
threshold for the background values and the 90th percentile as the threshold for mineralization. Although these
values appear arbitrarily selected their calculation is relatively simple and they do provide a detailed measure of
the distribution of data within the sample population. Suitable alternative graphical techniques have been proposed
by Sinclair (1983 ) and Lepeltier (1979) where threshold selection is defined on the basis of significant ‘breaks’
of the gradient when the data is displayed upon cumulative probability plots.

Both element ratios and multiplicative values provide an extremely simple technique for the enhancement of
inherent variations within the soil geochemical dataset particularly in instances where elements are highly
correlated. The definitions of areas associated withtwo positively correlated (enriched) elements may be enhanced
by a multiplicative technique (ie. As*Sb or As*MgO) element ratios however are best applied where two variables
are negatively correlated and they may be used to demonstrate the presence of either enrichment or depletion

dependent upon the variable selected as the exponent (ie. As/Na).

Statistical treatment of the analytical data was restricted by the complex form of most element distributions,
however element association were examined using correlation and principal component analysis. Correlation

coefficients were calculated from each soil survey area (Table 3.22 and 3.23). Tables of summary statistics for grid
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1 and grid 2 overburden geochemistry are presented in Table 2.45 and 2.46 respectively. As part of the statistical
assessment of the multi-element soil geochemistry individual principal component scores relating to each sample
site were contoured for both eigenvectors 2 and 3. A total of 20 computer generated isochemical maps summarising
the analytical results for each grid area are presented in figs. 93-99. NB. All anomaly widths are measured on the
basis of the 90-100th percentile intervals.

3.7.3 Rams Cleuch

AtRams Cleuch, 8km northeast of the Glendinning mine area, on the north western flank of Commonbrae Hill (800-
1100ft) a clearly defined N15°E trending fault zone provided the main locii of exploration activity and the center
of the soil grid (200x200m). In outcrop, the fault comprised a ten metre wide zone of a highly altered and brecciated
mixture of sulphidic greywacke, siltstone and minor mudstone clasts (<15¢m in diameter) hosted by clay gouge.
Dickite was present on joints and fractures within the breccia zone. In addition to lithogeochemically anomalous
As and Sb results, Tl values up to 17ppm were detected in breccia samples. A relatively close sample spacing was
selected using 10m x 20m intervals. A grid was laid out in the vicinity of the major bedrock anomaly and extended
to cover an area of 40,000 m? (Fig. 90a and 91). Two hundred soil samples were then collected.

With reference to the soil geochemical maps, the maximum concentration of As, Sb, Cu, Pb, Zn, Ba and Tl occur
in two near parallel, NNE trending linear zones with the major structure transecting the western half of the grid
area while a second somewhat smaller structure occurs in the north western comer and extends over approximately
50% of the grid. Visually there is an excellent spatial correlation between As, Sb, Cu, Pb, Zn, Ba, Co, Ni, Sr, Tl
and to a limited extent Al and Fe. The highest values of these elements occur within a prominent NNE trending
zone cross cutting the western half of the grid area. The arsenic background figures for fresh, unmineralized rock
in each of the areas studied is less than 1ppm. At Rams Cleuch a broad, irregular, secondary dispersion pattern
nearly 300m in length was defined by values >30ppm arsenic. This concentration however, falls linearly with
distance from the vein structure, and background values are usually reached within 50m from the peak of the
anomaly. Within the mineralized zones arsenic values found to be very erratic, reflecting indirectly the nature of
the fracturing and brecciation within individual lode zones.

The normal background level of antimony in soils is <Ippm (Wedapohl, 1978). Approximately 30% of all samples
analysed in grid 1 and 2 contain significantly higher level than this and as such, were considered anomalous. It
appears from the figures obtained, however, that the primary dispersion pattern of As is broader than that for Sb,
extending into the wallrock for at least 10m on either margin of the feeder vein. The degree of mineralization and
hydrothermal alteration decreases outwards from the feeder zone and defines a gradational transition to unaltered
rock. A small As anomaly occurs onthe eastern side of the Rams Cleuch grid, yielding a maximum value of 17ppm
and measuring 20 x 100m (at the 90 percentile level). It is possible that the slope of the hillside, albeit gentle,
contribute to the broadening of the more relatively mobile trace element concentrations by either drainage effects
of downward dispersal of particulate matter. As the top of the map is topographically high yet relatively flat, this
may explain the encroachment of the two anomalous zones. In general, the shape of the As-Sb soil anomalies
reflects the way in which these elements exist in bedrock. The As anomalies form a relatively broad envelope to
narrow Sb anomalies, thereby reflecting the extensive nature of arsenopyritisation marginal to the quartz-stibnite
vein mineralization. The highest anomalous members of the sample population are either directly related to the

presence of subcropping mineralized material in the soil samples whereas the 50-70 percentile level of values may



-94-

be attributed to secondary dispersion. The total chemical variation within this site may be attributed to the presence
of a mineralized fault breccia transecting the survey grid. In comparison with the Glendinning deposit this pattern
is interpreted as a similar stibnite dominant quartz vein system, contained within an extensive zone of
arsenopyritisation (note the arsenic envelope and associated sodium ‘hole’). Contour plots of As, Sb, Cu, Pb, Zn,
Ba, Co and Ni showed spatially related high and anomalous levels of these elements thus indicating a similar source
of variation. The interelement correlation of major and trace elements within this grid infers the considerable extent

of interation between wallrock alteration processes and the mineralizing fluids.

In order to define the element associations present, principal component analysis was applied to the Rams Cleuch
and Swin Gill soil geochemistry datasets. Inboth cases all analysed elements were compared and it was noted that,
three eigen vectors account for >95% of the variance. The results of this study are displayed intable 3.06a and 3.06b
and discussed below. Simple distributions are caused by the dominants of a single source of variation such as the
presence of arsenopyrite (arsenic enrichment) and stibnite (antimony enrichment). In the Rams Cleuch dataset the

following geochemicial associations are identified by principal component analysis:

Eigen vector 1: As-Sb-Pb-T1-Mg, K-Al-Rb-V-Ni, Cu-Zn-Ba-Fe and Si-Na-S.
Eigen vector 2: As-Sb-Pb-Fe-S, K-V-Rb-Sr-Cu-T1, Na-Mg-Si.
Eigen vector 3: As-Sb-Pb-Zn-Cu-Ni, K-Rb-V, Fe-S-Tl, Co-Sr-Mg-Na and Si-Al

In addition to the single element contour maps, two further maps are also presented, named EV-2 and EV-3. These
maps present a spatial analysis of the structure of the correlation matrix for the total multi-element data set and
were generated by the extraction of component scores for each sample site, with respect to both eigenvectors 2 and
3 (EV-2 and EV-3 respectively) during principal component analysis of the the data. Evaluation of the eigenvector
values indicate that the EV-2 map summaries the spatial distribution of a group of elements either positively or
negatively correlated with respect to eitherarsenic and antimony mineralization. The EV-3 map delineates a second
suite of mineralization related elements, dominated by copper, lead, zinc and barium. One possible interpretation
of these diagrams is that two geochemically distinct phases of mineralization are present within the survey area.
The Cu-Pb-Zn-Ba association appears spatially related to, but more laterally extensive than the As-Sb association
and as such it is tentatively suggested that although the Cu-Pb-Zn-Ba mineralizing fluids migrated along the same
structural conduits as those of the As-Sb-Au fluids, they did so at a later stage.

Wallrock alteration is strongest in the vicinity of mineralised fractures. Secondary minerals identified by XRD
studies include quartz, potassium feldspar, biotite, dickite and sericite. Na, K, and Mg have a low anomaly contrast
and form broad but slightly dispersed depletion anomalies surrounding and immediately above the main
mineralised structures. These depletion envelopes provide further evidence of the extensive nature of wallrock
alteration in this area. Potassic alteration is best defined by the distribution of K values although Rb, Rb/Sr and
Al/Ca show comparable anomaly patterns. The broadest depletion halos occur in the Westem part of the grid and
again identify the principal mineralized zone. The elements Si, Ga and V show no consistent pattern related to the
identified mineralized structure.

Rank Spearman correlation coefficients for the Rams Cleuch samples are presented in Table 3.22. These
coefficients clearly illustrate a number of factors; The main ore forming elements, arsenic and antimony are

positively correlated with Cu, Pb, Zn and S, but inversely correlated with both Na and Mg. Arsenic in particular
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is strongly correlated with iron whereas antimony correlates well with potassium and strontium. Other pertinent

correlations worthy of note include the strong negative relationship between Mg and Sr, and Zn and S.

Aluminium is positively correlated with a number of ore forming elements; Ba, Cu, Ni and Zn together with K,0O
and Sr, however it appears inversely correlated with sulphur. The problem of a closed dataset as illustrated by the
inverse correlation of SiO, with all other elements with the exception of sodium. The removal of oxide copper due

to rapid runoff of the groundwater may explain the zone of low copper geochemistry on the sloping flanks of the
grid.

Due to both time and cost factors, gold analyses were only undertaken on the soil samples across a single traverse
in grid 1 at Rams Cleuch. The gold content of 20 samples forming a single E-W traverse across the grid was
determined by conventional fire assay followed by instrumental neutron activation analysis (detection limit 1 ppb).
The results of this study yielded gold values of 0-20ppb. It is worthy of note that the maximum gold value in the
samples occurred coincident with arsenic and antimony maxima (27ppm As and 20ppm Sb). As suchit can be quite
readily observed that the gold values mirror the arsenic dispersion pattern. These factors thus provide additional
evidence for the presence of minor, structurally constrained arsenic-gold mineralization at this site and
demonstrate quite clearly the effectiveness of arsenic as a pathfinder element for gold mineralization in this region.
The dispersion represented by >10ppb Au within the soil sample defines a zone 30m in width and effectively
outlines the projected breccia zone and zone of arsenopyritisation. As wallrock arsenopyrite is reported to act as
a host for gold in this region (see Chapter 5) this linear anomaly should form the locus for future exploration in

this area.

Insummary, at Rams Cleuch a combination of lithogeochemistry and overburden geochemistry led to the definition
of a NNE trending brecciated fault zone containing As-Sb-Au mineralisation. A systematic geochemical zoning
pattern was present in all samples from the Rams Cleuch area providing a clear reflection of bedrock
mineralization. Although the magnitude of the geochemical values is small these undisputed arsenic anomalies
provide clear evidence of a subcropping mineralized fracture system in the area and define detailed targets for
further evaluation, as the full extent of the As/Sb soil anomalies have yet to be identified. The presence of dickite
on fracture surfaces within the breccia zone provides further cryptic evidence for potential gold mineralization at
this site.

3.7.4 Swin Gill

Swill Gill, on the southwestemn flank of Sole Hill, was previously identified as a potential target area by a limited
BGS stream sediment survey of this and the surrounding drainage systems and yielded maximum antimony pan
concentrate anomaly values of 127ppm near the its headwaters, in the vicinity of the lithogeochemical anomalies
and the site of the soil survey grid. AtSwin Gill, the lithogeochemical anomalies were however, more widespread
than those at Rams Cleuch with less apparent structural control and no obvious target. As such, the field of
investigation and size of soil grid were expanded accordingly (300x500m). At this site 300 soil samples were
collected at 10m intervals along traverse lines spaced 50m apart. The sampling grid was laid out over the
widespread lithogeochemical anomaly zone in the western headwaters of Swin Gill (Fig. 90b and 92) covering an
area of 150,000m? at a height of 1100-1500 ft. Although most of the metallic constituents from this site were
dissolved in the course of weathering, appreciable amounts were absorbed or coprecipitated with the ubiquitous

hydrous Fe-oxides as evident from the anomalous (As-Sb) stream sediment samples collected by BGS in this area
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(Gallagheretal., 1983). The elements associated with the As-Sb-Au mineralization show rather dispersed anomaly
patterns as might be expected from the Rams Cleuch study. Elements having significant positive or negative
correlation coefficient with either As or Sb reflect albeit cryptically, the nature of the mineralization processes.
The distribution of the anomalies appears more complex in the Swin Gill study area but the cross strike trend is
still apparent. The main anomalies and associated higher values occur in a series of parallel linear features in an

area where there is no evidence of previous mineralization or mining activity.

The geochemical anomalies (Fig. 96-98) from the Swin Gill area, define far more complex pattern than were
detected within the Rams Cleuch grid (fig. 93-95). This may be due in part to the four fold increase in grid area
(40,000 to 150,000m?) and the two fold increase in traverse spacing (20 to 50m) as opposed to a 50% increase in
the number of samples. This detailed soil survey both up and downslope from the original lithogeochemical
anomalies located a number of linear structures. These structures, their orientation and chemical associations are
presented in Fig. 99 and table 1.69. In general two major groups of linear structure are observed in the grid area.
The first group comprises of nine N10°E trending parallel features each separated by approx. 50m, extending across
the entire grid. The second group are represented by approximately four NW-SE trending zones. The relative
position of both sets of features are summarised in Fig 99. Each separate structure has been assigned an
identification number (1-13) which is used for reference purposes in the following discussion of the individual

geochemical maps.

Arsenic forms a broad W-shaped envelope enclosing a number of smaller lobate zones (>90th percentile interval)
and define both NNE (1,2,3,4,5,6 and 8) and W (10,11) trending anomalies. Antimony distribution mirrors that of
arsenic in the central and south westem portion of the grid section (anomalies No.7, 8 and 9) but not in the eastern
sector. The distribution of arsenic and antimony differs particularly in the north eastern quadrant of the survey area.
In the north of the area As and Sb anomalies are sparse and generally of much smaller amplitude. Neither the
intensity nor the contrast or spatial extent of the antimony anomalies are as pronounced as those for arsenic. The
highest antimony content was 34ppm (sample no.311) while the lowest value was below detection limits. It is
suggested therefore, that antimony displays a much narrower secondary dispersion pattern than arsenic in this area,
and as such it is concluded that the antimony distribution is directly related to and controlled by subcropping Sb-
quartz vein mineralization.

Within the Swin Gill study area there is a narrow ‘peak’ of high values rising to 65ppm As (sample 382) and 34ppm
Sb (sample 311) immediately over the suboutcrop of the main structure. It is possible, however, that multiple
parallel veins are responsible for the single composite anomaly displayed in figure 96-98. However, a major
component of the elemental variations present within this area may be attributed to an increase in the spatial
complexity of underlying mineralization. A disparity between the two anomalous zones may be noted; the most
westem structure at Swin Gill comprises of a localised zone of antimony anomalies contained within an envelope
of enriched arsenic values, whereas the easterly structure, containing the strongest arsenic values and exhibiting
similar alteration patterns (Rb, Sr, Cu and Pb enrichment associated with Na depletion) contains few antimony
values above detection limits. The differences between the two geochemical signatures can be reconciled by a
model invoking:

1) Early hydraulic brecciation and associated As (+Au) enrichment, with the hiatus of brecciation concentrated

on the westerly zone.
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2) Later, antimony-bearing fluids followed existing fluid conduits with deposition concentrated within areas

of highest permeability (predominantly in the western zone).

3)  Reactivation of both NNW trending fault structures and overprinting during a later phase of Cu-Pb-Zn-Ba

mineralization.

The results of zinc analysis show that except in the quartz-stibnite vein, all wallrocks adjacent to the mineralization
contain ~50ppm less Zn than those marginal to the deposit. Thus this element shows a ‘negative’ anomaly (or
depletion) with respect to mineralization and suggests that zinc has been mobilised by the mineralizing fluids. The
apparent antipathetic relationship between arsenic and silica is deemed insignificant due to the closure effect
inherent within this form of dataset.

3.7.5 Discussion

Although many elements in poorly developed soils occur as partially weathered grains of the parent material, a
small portion of the metal values liberated by weathering may be held in organic material, or as ions adsorbed onto
both clays and/or colloidal Fe-Mn oxides (Rose, 1979). Most mobile or semi-mobile metals in freely drained
residual soils overlying oxidised ores are firmly associated with clays and Fe-Mn oxides. Mather (1959)
demonstrated that high concentrations of arsenic in soils occur predominantly in the form of Fe-arsenate. In
oxidised soil samples arsenic is positively correlated and chemically associated with iron, presumably in the form
of arsenate adsorbed on ferric oxides and hydroxides or of precipitated FeAsO, (Kenanori, 1965; Ferguson and
Gravis, 1972; Price, 1976 and Farmer and Lovell, 1981). Where highly acid conditions prevail and where the
supergene solutions encounter low amounts of carbonate minerals, arsenic is relatively mobile and may migrate
for considerable distances. Where the solutions are weakly acid, neutral, or alkaline, soluble arsenic is relatively
immobile because of hydrolysis phenomena and coprecipitation with various natural compounds, particularly
hydrousironoxides (limonite, etc). Iron cobalt, nickel, lead, and zinc in solution react readily with soluble arsenates
forming a number of secondary minerals. Scorodite, erythrite, and annabergite are particularly common among

the secondary arsenates, however none of these minerals have been identified to date within the grid area.

During the weathering of rocks and deposits containing arsenic the element enters the exogene (surficial) cycle
mainly as soluble arsenates in which the element is in the (V) oxidation state. The oxidation of arsenic minerals
is a complex process involving numerous step-wise reactions, however the oxidation of arsenopyrite can be

expressed as follows:
4FeAsS + 130, + 6H,0 --> 4FeSO, +4H,AsO,.

Residual hydrous Fe-oxide derived from the oxidation of Fe-bearing sulfides and carbonates has long been of
significance in mineral exploration (Rose et al., 1979). Accumulations of hydrous Fe-oxide are known as gossans
and are commonly formed from the weathering of pyrite, arsenopyrite (FeAsS), siderite (FeCO,) and ankerite
(Ca(Mg.Fe)CO,),). Precipitation of the small amounts of arsenic from surface waters takes place by adsorption
on mineral particles, clays and gels, and by adsorption and/or chelation or other forms of organic binding by humic
constituents. Natural hydrous iron oxides are particularly good scavengers of arsenic, as are also certain types of
natural precipitates containing hydrous iron oxides, manganese oxides, and humic constituents by the positive iron
colloids (gels). Manganese oxides, on the other hand carry a negative charge, and tend to repel the anions. Wad
and other manganese oxides do not, therefore contain large amounts of arsenic and antimony and as such MnO was

not determined in this study.
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Investigation of arsenic and antimony dispersion pattern in soils over a number of antimonial gold deposits in
Southern Rhodesia were made by James (1957). The results showed that anomalous arsenic values are commonly
found in the immediate vicinity of gold mineralization. In detail, the gold mineralisation was found to occur in
association with fracture controlled and disseminated phases of pyrite-arsenopyrite mineralization. Similar
lithogeochemical and soil geochemical surveys have defined additional areas of As-Sb-Au-Hg mineralization up
to 10km north of the Glendinning mine area, thus adding considerable importance to this region as a metallogenic
center within the Southem Uplands. Relatively broad primary halos are associated with all four occurances. The
halos are characteristic of each particular occurrence. As, Sb, Pb, Zn, and Na seem to be useful pathfinder for this
form of cryptic occurrence. Sulphur halos are however, smaller and often erratic. Mineralogically, the trace
elements presented on the soil maps reflect both primary sulphides (As, Sb, Pb, Zn, Cu, Tl) and sulphates (Ba)
whereas the major element chemistry relates to wallrock alteration processes particularly the loss of sodic feldspars
during K-metasomatism and sericitisation. Trace elements, most notably As and Sb form elliptical, narrow, 30m
wide anomaly zones the strike of which correspond to those of fracture zones observed in bedrock (Rams Cleuch)
or within aerial photographs (Swin Gill).

Although the order of magnitude of As and Sb values are relatively small (max 65 and 34ppm respectively) the
anomalies detected in both grid 1 and grid 2 compare favorably with the results of the BGS soil survey at
Glendinning (55ppm Sb and 350ppm As), particularly when environmental contamination from the historical
mining activity is taken into consideration. Although the background arsenic content of the unaltered rock was
found to be <1ppm, alteration zones are defined by soil geochemistry upto 30m in width which yield arsenic values
>50ppm. The width of the primary dispersion pattern however, is unknown due to the limited exposure within the
grid area.

From the orientation of soil geochemical anomalies located to date it is clear that the arsenic concentrations are
directly related to the weathering of wallrock hosted arsenopyrite associated with fracture controlled quartz-
stibnite mineralisation rather than being derived from stratiform, synsedimentary concentrations of arsenic within
the underlying greywackes as proposed by Gallagher et al., (1983). In any appraisal of the possible economic
significance of soil anomalies a number of factors merit consideration, namely: the magnitude of the values (ie.

the contrast between peak and background); the size and shape of the anomaly zone; and the geological setting.

Magnitude: It should be noted that in comparison with the Glendinning Deposit, the heavy metal content of soil
samples overlying the mineralization were several orders of magnitude lower that the bedrock source. Thus,
relatively low metal values in soil samples are of considerable importance and may be used to infer details of the
primary mineralization. It should be noted however, that the classification of anomalies solely on this basis, making
the fundamental assumption that a reliable correlation exists between anomaly contrast and ore grade is rarely

justified in practice (Rose, op.cit).

Size and Shape: Soil geochemistry in the Rams Cleuch site defined two parallel, NNE trending, coincident, linear
As-Sb anomalies approximately 40m in width. These anomalies are most strongly developed in the central potion
of the grid area, however, it is clear that they are open at both ends and as such the strike length of this mineralized
fault system is unknown. In the Swin Gill study area a number of linear NNE trending anomalies were identified
traversing the grid. It is clear from this study that both arsenic and antimony enrichment is considerably more
widespread in this area than previously reported.
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Geological Setting: Both the Rams Cleuch fault/breccia zone and the Swin Gill survey area display close
geochemical, petrographic and structural similarities withthe Glendinning deposit; They are hosted by greywackes
of the same carbonate rich petrofacies, and both follow the same NNE structural trend. Evidence of hydrothermal
activity at Rams Cleuch is present in the form of trace element enrichment, sodium depletion, bleaching and
dickitisation, features characteristic of outcrop samples from the Glendinning deposit.

Webster (1986) showed that secondary gold remobilization in this form of disseminated deposit can often be
attributed to gold complexing by sulphur-bearing ligands. The nature and mineral association of secondary gold
in oxidised zone of Glendinning type disseminated gold deposits in the Southern Uplands may therefore have been
ultimately responsible for the widespread distribution of coarsely crystalline alluvial gold, consistent with prior
remobilization as a thiosulphate complex. Reconnaissance stream sediment sampling by the British Geological
Survey (Gallagher, Pers.Com) within the tributaries of Ewes Water defined a series of arsenic, antimony and base
metal anomalies in heavy mineral concentrates contained within 1.5km section of Swin Gill (with maximum
concentrations 127ppm Sb and 43ppm As). Unfortunately this sampling program did not extend northwards to the
Rams Cleuch site area however recent surveys carried out by European Gold Exploration Limited following the
authors recommendations have defined the presence of arsenic, antimony and mercury anomalies within this area.
These results clearly outline the widespread potential for further discoveries of As-Sb-Au-Hg mineralization
within the Glendinning study area and the importance of this region in Scottish metallogenic models.

3.7.6 Recommendations

The systematic sampling of residual soils in the search for anomalies directly overlying suboutcropping
mineralized vein systems has been outstandingly successful in the Glendinning study area. Soil Geochemistry
provides an effective tool in exploration for and the delineation of fracture controlled shallow of blind As-Sb-Au
mineralization. These results provide clear diagnostic features of As-Sb-Au mineralization and assist the
preparation of conceptual models and criteria for further exploration in this region. In summary, this study has
demonstrated that anomalous levels of arsenic can be directly used as pathfinder for As-Sb-Au mineralization in
this region, and that shallow soil sampling can serve as a powerful exploration tool for Glendinning type As-Sb
deposits where outcrop is sparse and bedrock largely unknown. As such, it is recommended that the lateral
extensions of both soil grid areas be evaluated and large scale E-W traverses be undertaken to detect further parallel
structures. The anomalies defined by this further studies should then be investigated by trenching, detailed
geological mapping, lithogeochemical bulk sampling and diamond drilling.

3.8 NATURE AND EVOLUTION OF
THE HYDROTHERMAL SYSTEM

The hypothesis presented here to account for the origin of As-Sb-Au deposits in the Southern Uplands, involves
the focused discharge of magmatic/geothermal fluids. The resulting hydrothermal system is closely linked to the
emplacement of late Silurian calc-alkaline minor intrusives and is structurally constrained by the extent of

hydraulic fracturing in a tension zone at the close of the Caledonian orogeny.
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3.8.1 Overview

The Glendinning deposit exhibits close structural, chemical and mineralogical similarities with both the Clontibret
deposit in Eire (hosted by Ordovician greywackes) described by Morris and Steed (1985,1989), the Sheba Mine
in South Africa, hosted by Archaean turbidites (Schouwstra and Villiers, 1988) and a number of Early Devonian
high-temperature As-Cu-Co (270-350°C) deposits from the Lake District detailed by Stanley and Vaughan (1982).
In a comparison of the Glendinning and Clontibret deposits, the most notable differences include the extent of both
brecciation and wallrock alteration. The broader zones of both features identified at Glendinning are inferred to
be indicative of relatively shallower, near-surface emplacement (see fig. 475).

The definition of multi-element halos around gold deposits in the Southern Uplands, relies upon the ability to define
background abundances in the surrounding country rocks. As such, geochemical investigations of the Glendinning
deposit were extended over the general area, outwith the area of known mineralization, and also undertaken on a

regional scale.

To aid the understanding of ore genesis within the Glendinning deposit, indirect arguments based on the
geochemistry of the mineralization and its hydrothermal alteration products become critical. Even though the exact
chemical composition of the mineralizing fluid is not known, a number of parameters may be closely constrained.
Factors affecting the formation of hydrothermal minerals at Glendinning include temperature, permeability, fluid
composition, greywacke composition and pressure (important in determining the depth of boiling). Permeability
is an important control since most mineralogical changes are not isochemical and the rocks must be open for

exchange of constituents (Weissburg et al., 1979).

The key factors in any discussion of the genesis of the Glendinning deposit, relate to whether the mineralization
is essentially syngenetic and related to some form of early volcanic or volcano-sedimentary processes (Gallagher
et al., 1983), or whether it is truly hydrothermal and related to igneous and tectonic processes (Rock et al., 1986;
Gallagher et al., 1989; Duller (this thesis)). A number of features are considered to support an epigenetic origin
for the As-Sb-Au mineralization at Glendinning, including the absence of true chemically precipitated cherts; the
structural control upon mineralization and hydrothermal alteration and the close mineralogical and geochemical
similarity with epigenetic deposits throughout this terrane. Detailed evidence for and against both models have
been presented in the previous sections of this chapter and it is concluded that considerable support exists for the
epigenetic/epithermal nature of Au-As mineralization. On the basis of this study, it is proposed that the
hydrothermal arsenic-gold mineralization resulted from extensive geothermal activity related to the high heat flow

and minor intrusive activity.

A number of parameters constraining the origin and subsequent history of the ore-forming fluids may be established
from the chemical composition of vein and alteration minerals, redox patterns, fluid inclusions, and sulphur
isotopes. Barnes (1979) proposed that although precipitation may result from changes in temperature and pressure,
chemical reactions between the hydrothermal fluid and wallrock form one of the most important factors inthe onset
of sulphide deposition. Inthe Glendinning deposit K* and H* metasomatism led to kaolinitisation and sericitisation
with the release of Na, Mg, Zn and Fe. All four elements were removed to varying extents by the hydrothermal
solution, resulting in a depletion zone associated with alteration. The mechanisms resulting in the onset of initial

sulphide (arsenopyrite) deposition were also directly responsible for gold mineralization in this deposit. On the
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basis of mineralogical and geochemical evidence it may be inferred that the gold was transported in an arsenic-
sulphur-bearing fluid containing minor quantities of antimony, mercury, lead and copper. Although Fe, Ni and Zn
are present in sulphide phases, a comparison of mineralized and unmineralized host rock geochemistry indicates
that these elements were most probably obtained from primary constituents of the host rock. The broad scale nature
of metal zonation in the Glendinning mine area, is indicative of dispersion methods, related to high permeability
rather than those simply controlled by diffusion.

Mineralogical studies indicate that ore deposition took place from sulphide rich, alkaline to neutral, H,0-CO,
solutions. Gold was transported by reduced sulphur complexes and precipitated during wallrock alteration by the
following reactions:

2Fe,0, + 6Au(HS), +4H" = 6FeS, + 8H,0 + 6Au

Fe, O, +2Au(AsS,) + 4H, = 2FeAsS + FeS, +4H,0 + 2Au

Auriferous mineralisation is spatially and genetically related to extensive wallrock alteration including carbonatization,
arsenopyritization and sulphidation. Gold-bearing arsenic rich fluids were channeled into the main conduit, which
then flooded the highly permeable breccia and stockwork zones. Temperature and/or pressure changes can be used
to explain the deposition mechanisms operating within this deposit. Alternatively, a decrease in reduced sulphur
activity caused by rapid sulphide deposition offers a possible explanation for the mechanism of gold deposition.
Arsenopyrite geochemistry indicates that gold mineralization was dominantly controlled by temperature with
precipitation resulting from a temperature drop through 300°C, below which the solubility of Au declines rapidly
(Kay and Strong, 1983). The chemical composition of the hydrothermal fluid was constantly changing due to the
dissolution of rock-forming minerals and the primary crystallization of sulphide minerals. However, in this model
itis proposed that As, Sb and Au were of hydrothermal origin and that they were deposited from a sulphurrich fluid
containing a strong magmatic component.

3.8.2 Breccias

An area of mineralization related alteration (a stockwork zone) has been outlined in the vicinity of the abandoned
Louisa mine at Glendinning. This stockwork zone is characterised by multistage brecciation and infilling by
sulphides and silica, accompanied by pervasive arsenopyritization, sericitization and the obliteration of many
primary textures. It is proposed that the widespread nature of mineralization in the Glendinning deposit formed
as a result of large-scale faulting and brecciation processes which provided a broad conduit for numerous pulses
of hydrothermal fluid. In detail, it is proposed that large but short lived overpressures in the geothermal reservoir,
probably triggered by sudden magmatic activity, induced hydraulic shear, tensile fracturing and extensive
brecciation processes in this deposit. The consequence of high fluid pressure, is that these hydraulic fractures will
tend to propagate towards the surface. The hydraulic brecciation identified in the vein system at Glendinning is
indicative of relatively shallow (<lkm) mineralization (cf. Phillips, 1972; Pattrick et al., 1983).

These breccia zones are interpreted as the the main hydrothermal flues (cf. Berger, 1985) with clasts in the breccia
representing the remnants of this or earlier periods of explosive brecciation and self-sealing, thereby indicating that
repeated activity was focused in the same hydrothermal conduit. The number of brecciation events is however,
difficult to quantify. Extensive fluid-rock interaction in large scale breccia zones, resulted in major chemical and

thermal exchange between the two and may be used to explain the relative lack of zoning in the breccia zone,



-102-

compared to the vein mineralization. These observations can be used to define further exploration targets in the
Southern Uplands and Longford Down. It should be noted that breccias similar to those at Glendinning are widely

reported in the literature, and reviewed in detail in chapter four.

3.8.3 Fluid Inclusion Studies

Samson (1983) demonstrated that Base metal vein deposits in the Southern Uplands of Scotland formed from ~80
to 150°C solution which had salinities mostly in the range of 18-30 wt%. The Knipe antimony deposit in the
Southern Uplands of Scotland was deposited from higher temperature, and lower salinity fluids formed at ~185
t0215°C from a 5-8wt% NaCl fluid. In this study, eight polished wafers of Glendinning vein material were studied
intransmitted light. All wafers exhibited a general paucity of fluid inclusions. However, of the inclusions located,
~95% occur within late stage milky white quartz, are extremely small (~1 micron in diameter) and contain a single
fluid phase implying temperatures of deposition less than 60°C. A smallernumberof complex CO, rich three phase
inclusions (<5 microns in diameter) were identified within quartz veining associated with early arsenopyrite
mineralization. Microthermetric studies of both types of inclusions proved extremely difficult. The limited results
obtained to date, however infer low salinities (0-3 wt% NaCl) and depositional temperatures in excess of 250°C
for the arsenopyrite-quartz mineralization. In general, fluid inclusions are rarely preserved in the quartz veins, but
where present they indicate CO,-rich fluids of low salinities similar to those in quartz veins from the Clontibret
deposit (Morris and Steed 1986). These liquid + vapour CO, rich fluid inclusions associated with arsenopyrite
mineralization may be used to infer periods of sporadic boiling. These results are however, too few to be statistically

valid, and as such are not discussed further.

If a comparison is made between paragenetic and published thermochemical data, an estimate can be made of the
conditions of deposition present during mineralization in the Glendinning deposit. Deposition was initiated by
rapid physical and chemical changes, such as major decreases in temperature; concentration due to the separation
of steam; and the loss of CO, and H,S to the steam phase. In close proximity to a hydrothermal vein system it can
be argued on the grounds of fluid pressure alone, that an outward migration of ore-elements is more likely to have
occurred rather than the remobilization effects proposed by Gallagher et al., (1981; 1983). The shape and extent
of the alteration zones, suggest formation in vertical zones of high permeability by a process of fluid flow rather
than diffusion. The dispersion profile of As and the intense nature of arsenopyritisation may be used to infer that
pressurized hydrothermal fluids entered the wallrock by permeation. The resulting fluid/wallrock interaction
resulted in the destabilization of metal complexes and led to the deposition of gold-rich sulphides during episodic
boiling.

It is proposed that the rapid precipitation of gold and arsenopyrite took place in several pulses of fluid flow
associated with hydrothermal brecciation. If, as suggested above, boiling did occur, the resulting vapour phases
would stream upward. Retrograde boiling would therefore result in a loss of CO,, brecciation of arsenopyrite and
deposition of calcite. In a comparison with the studies of Kay and Strong (1983) it is proposed that the initial vein
formation resulted from early CO, rich fluids. Decreasing CO, content and temperature with time, resulting in the
transition from As-rich to Sb-rich mineralization. It should be noted that the reaction of clay minerals with
carbonates during deep burial diagenesis provides a powerful mechanism for generating large quantities of CO,
by inorganic origin (McBride, 1985). This study demonstrates that the Glendinning ore solutions differ from the
modem hot springs of the east Pacific Rise, in that they were boiling, and had lower discharge of temperatures.
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The presence of a pressure gradient between the hydrothermal fluids in vein and wallrock was used to explain why
peak metal values not occur immediately adjacent to vein (Phillips, 1971; Ashton, 1981). As diffusion controlled
alteration never ventures more than 10m or so from the vein wallrock (Ashton, op.cit) it is suggested that a system
of open fractures were present at the time of mineralization/alteration allowing the fluids to permeate wallrocks
over a much greater extent. This hydrothermal flooding model may be used to explain the broad nature of the
observed hydrothermal alteration at Glendinning. Romberger (1986) noted that under conditions of stability of
pyrite and argillic alteration assemblages, gold will be transported as bisulfide complexes. In systems such as this,
containing significant amounts of arsenic, thioarsenide complexes may be important with oxidation, dilution and
cooling promoting gold depositionunder these conditions. In addition, adsorption and coprecipitation are possible
mechanisms of deposition for gold. The acidity required to generate sericite alteration may have been provided
by the condensation of acid volatiles (cf. Vivian et al., 1987). The boundary conditions of the ore-bearing
hydrothermal solution have been summarised above. In the following discussion the factors responsible for the

changes in the hydrothermal solution chemistry responsible for the observed paragenesis are reviewed.

pH : Factors invoked in order to suggest that the pH of the hydrothermal solution was probably near neutral or
slightly acidic, include a comparison with the pH of currently active high temperature geothermal systems at depth
and the fact that the interaction between the hydrothermal solution and carbonate-rich wallrocks will have a
neutralizing effect upon the solution.

Temperature : The temperature of the hydrothermal solution may decrease as a result of three processes, including:
fluid chilling during interaction with large surface areas of relatively cold hostrocks; fluid mixing with cooler
solutions (meteoric or seawater); and adiabatic boiling of the solutions prior to exhalation. The development of
alteration began with the infiltration of hydrothermal fluids into open extensional fractures and fracture related

breccia zones.

3.8.4 Oxygen Fugacity

The destabilization of metal complexes in the fluids may have been caused by a change in fluid buffering from a
pyrite-magnetite assemblage to a pyrite-arsenopyrite assemblage in the host rocks. To estimate the oxygen
fugacity it is necessary to follow an indirect approach. A rapid deposition of sulphides without re-equilibriation
with the source fluid would drastically decrease the activity of reduced sulphur in solution thus causing a drop in
gold solubility. In comparison with studies by Seaward (1973) it may be shown that the change from pyrite-
magnetite fO, buffering to pyrite-arsenopyrite should be accompanied by an increase in the fugacity of hydrogen
with the resultant deposition of gold. Mineralized greywackes which are crosscut by gold-bearing hydrothermal
veins, display a strongly reduced state of iron, relative to the oxidation state of unmineralized material. This
extreme reduction may be used to infer the extensive interaction with fluids originating under high-temperature
reducing conditions. Estimates of minimum fluid-rock ratios obtained from shifts in the oxidation state following
the methodology of Kerrich et al., (1977) are >3:1. Inaddition, there is evidence for the reduction and replacement
of iron oxides on a meso- and microscopic scale. The withdrawal of sulphide and arsenide ions by reaction with
iron in the host rocks (ie. the formation of pyrite and arsenopyrite) may also lead directly to the breakdown of gold
complexes and the consequent precipitation of gold. The redox condition of the hydrothermal solution are normally
reported in the form of oxygen fugacity (fO,). Modern hydrothermal solutions display a pO, (~fO,) of 104** to 10r
3 bars at temperatures in the range 225-300°C (Ellis, 1979). On the basis of investigations by Large (1989) in the
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Fe-S-O system it may be demonstrated that the fO, of the mineralising solution lies within the range 10* to
10 “*° (atm). The mineralizing fluids were buffered to a near-neutral pH and had their redox and sulphidation states
buffered by Fe phases in the wallrocks and veins. Precipitation is enhanced by decreasing temperature, increasing
pressure, reduction of alkalinity or dilution of the fluids.

It is possible to construct a quantitative hypothesis for the mineralization process at Glendinning, based upon the
oxidation state of iron in the context of the arguments presented by Kerrich et al., (1977) and Rock et al., (1987).
Late Silurian minor intrusive activity in the Glendinning region provided the energy source and conditions of high
permeability required for the creation of a convective instability to drive hydrothermal fluids up conduits within
fracture zones. A diffusional model for fluid transport and ore deposition is rejected on the grounds that the low
water/rock ratios involved could not account for the extensive reduction of iron in the mine area. It should be
stressed that unless a fluid is moving over a large T-P gradient, the reduction of iron observed in both the
Yellowknife and Glendinning deposits is virtually impossible. Thus, the extensive iron reduction within the
Glendinning deposit may be used to infer a high water/rock ratio; high geothermal gradient; and the presence of
a large-scale hydrothermal system (Kerrich et al., 1977).

3.8.5 Proposed Mineralization Model

Any potential model for hydrothermal activity and ore deposition must account for the observed chemical and
mineralogical variations within the Glendinning deposit. In the Glendinning deposit it is proposed that the initial
phase of arsenic-gold mineralization was relatively short-lived (~10°y) sulphur-rich hydrothermal system. The
reduction of fluid temperatures during successive mineralization phases may in itself have resulted in thermal

stressing, increasing both permeability and circulation and leading to further heat loss.

A four stage sequence of events are recognised in the Glendinning deposit: The initial phase of activity occurred
during the Late Silurian and involved the onset of large-scale faulting; the initiation of hydraulic fracturing and
brecciation propagating from depth (cf. Allison and Kerrich, 1981); and the formation of pathways for subsequent
hydrothermal fluids. The second phase of activity followed concomitant with the first and led to the development
of extensive alteration zones and the deposition of disseminated As-Au mineralization. The third phase of
mineralization involved the deposition of quartz-stibnite veins; with the final phase of mineralization following
much later (?Lower Carboniferous) and represented by Pb-Zn-Cu-Ba vein mineralization. The geometry of the vein
systems at Glendinning indicate formation by hydraulic fracturing under conditions of very high fluid pressures.
The prediction of the style of mineralization to be expected in this terrane may have a profound influence upon the

design of geochemical and geological exploration programmes.

The vertical extent of geochemical halos above a deposit depends upon the permeability and structural controls
for the deposit. Beus and Grigorian (1977) indicated that primary halos extend 200-800m above most types of
hydrothermal deposit controlled by steeply dipping fracture zones. On the evidence described in this chapter, it is
quite probable that an extensive vertical zonation profile exists in the Glendinning deposit, however the relatively
shallow borehole investigations undertaken to date, have not allowed this hypothesis to be tested. The vertical
extent of the alteration at Glendinning is difficult to assess due to limited underground access and diamond drilling
carried out on the property. Limited published data have been used to propose a generalized metal zonation in
precious-metal systems which is defined by T1, Hg, As and Sb at surface or shallow depths, followed by Au and



-105-

Ag with increasing Ag/Au with depth, towards a base metal rich mineralized zone (Celenek, 1987). If this model
is applied to the Glendinning deposit, it may be used to infer the presence of a high level (Au-poor) portion of a
zoned hydrothermal system and more importantly, considerable potential for higher grade Au mineralization at
depth. It also follows that, if the elevated gold values identified in the Clontibret deposit form a feature mirroring
the depth of emplacement, then considerable potential exists for the discovery of ‘bonanza’ type zones at below
the currently evaluated levels of the Glendinning deposit, or within the surrounding area. Furthermore, a number
of factors favour a magmatic origin/component for the hydrothermal fluid, including:

1) Sulphur isotopes, with low to nil fractionation, resemble those of magmatic sulphides.

2) The As-Sb veins appear to have been deposited at a higher temperature than subsequent Pb-Zn veins.

3) The common association of gold mineralization with minor intrusive activity

4) The high deposition temperatures.

5) The consistent proximity of As-rich veins to minor intrusives and their adjacent fracture systems.

6) The geochemical similarity to other vein systems genetically related to acid magmatism (cf. Kay and
Strong, 1983).

The absence of an As enriched ore-equivalent horizon in proximity to the Glendinning deposit provides further
evidence in favour of an epigenetic model for mineralisation. In a comparison of the Glendinning deposit with
volcanic epithermal environments, a number of similarities are observed, including: metal associations (As-Sb-
Au-Hg) and hydrothermal alteration (silicification, sericite, kaolinite-dickite and K-feldspar). In addition, a
number of arguments proposed in favour of a hydrothermal model for this deposit, which include: geological field
relationships; the vein type mineralization; the pervasive nature of wallrock alteration, the polymetallic,
multiphase nature of mineralization; the regional distribution of arsenopyrite mineralization associated with minor

intrusive activity and major structural controls.

It is possible that this deposit represents an early stage of development of a downward excavating hydrothermal
convection system, similar to that proposed to account for the development of the Leadhills-Wanlockhead Pb-Zn
vein system (Russell, 1986). However, the As-Sb-Au-Hg bearing mineral assemblages, structural and igneous
associations, and limited sulphur isotope data point towards a single, magmatic source for the hydrothermal
solutions. Furthermore, in order to explain the observed paragenetic sequence, a fall in temperature throughout the
lifetime of the hydrothermal system is required. These variations are in direct opposition with the model proposed
by Russell (1978, 1986) and invoked by Pattrick (1981) to account for the Pb-Zn vein mineralisation at both
Tyndrum and Leadhills.

This investigation suggests that the Glendinning deposit was developed coeval with minor intrusive activity and
?volcanism, and is epithermal in nature. As-Au mineralizing events may be constrained by a relatively consistent
Late Silurian/Early Devonian age of mineralisation. From the evidence presented in this chapter, three possible
genetic sources may be invoked, namely: direct hydrothermal evolution from granitic intrusions or basic
intrusions; hydrothermal processes resulting in the selective concentration from associated black shales or pre-
existing sulphides; and ore solutions derived from a deep source near the crust-mantle boundary.

Although a source for the ore fluid cannot be unequivocally defined by existing data, considerable evidence is
presented for the involvement of juvenile components, in the ore fluid and their association with volatile-rich Au-
bearing lamprophyres. Although no igneous intrusions were encountered within the mine area, the presence of a
relatively shallow minor intrusion is invoked as a source for the metals. It is therefore proposed that structurally

controlled, minor intrusives provided the Au-bearing fluids, and acted as a localised heat source.
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The association of As-Sb-Au-HgtAg identified in the Glendinning deposit is similar in many respects to the
element suite identified by White (1985) in active geothermal systems associated with epithermal deposits. A
common chemical and mineralogical zonation of alteration assemblages and sulphide phases occurs throughout
this region. The elemental and mineralogical composition of the ores and alteration products is similar to that of
demonstrably epigenetic deposits elsewhere in the Southem Uplands and Longford Down, reflecting a similar fluid
source and origin. In addition, because of their close mineralogical and geochemical similarities the Glendinning
and Clontibret deposits are inferred to have been formed by similar processes.

On the basis of this study in Southern Uplands and Longford Down it is proposed that gold deposition was most
likely to occur at/or within the margins of the fluid conduit, but precipitation was greatly increased in situations
that resulted from incipient hydraulic brecciation and fracturing, where relatively ‘hot’ fluids were rapidly
introduced to large surface areas of relatively ‘cold’ wallrock and rapidly chilled. As the mineralizing event
proceeded, temperature gradients may migrate away from the zones of initial sulphide deposition and fluid/rock
thermal exchange, allows the system to return to temperatures approaching that of the parental fluid. This model
is invoked to explain the large variations in temperature observed in both disseminated and breccia hosted

arsenopyrite crystals.

It was noted by Colvine et al., (1984) that silicification, sulphidation and alkalii metasomatism, although directly
associated with gold mineralisation in Archean lode gold deposits, does not give rise to broad alteration halos. It
may be concluded that the processes that resulted in the depletion halos associated with the Glendinning deposit,
were not dominated by diffusion, but controlled by fluid flow in a permeable medium, with the limits of the halos
approximating to the limits of permeability (the fracture system) at that time. The variety of alteration products
inbrecciated samples indicate anincomplete wallrock reactionindicative of a short lived event and/or the existence
of small scale chemical potential gradients. The precipitation of gold, sulphides and quartz, together with the

extensive reduction of iron are all consistent with the behavior of ascending and cooling hydrothermal fluids.

The high frequency of mineralised veins and breccias in the vicinity of the Glendinning deposit is inferred to have
formed asaresult ofaparticularly violent upwards flow of fluids. CO, formsthe most abundant gaseous component
that is discharged at modemn hydrothermal centres. As such, the CO, content of the hydrothermal solution at
Glendinning played a critical role in metal transport and deposition processes. In addition, the relatively high
content of CO, in the hydrothermal solution will have reduced the solubility of Ca?* (Large, 1980).

It may be tentatively suggested that the breccia zone at Glendinning represents the feeder zone to, and is spatially
related with, stratiform precious metal deposits, similar in many respects to that identified at Rhynie by Rice et
al., (1987). The inferred surface features of the Glendinning geothermal system, most probably included sulphur
deposition around vents, high and low pressure steam vents, and metalliferous sediments. The metal rich sediments
were deposited within porous/highly permeable units such as breccia and fault zones, interpreted as a sub-surface

fissure system associated with continental hot springs.

Alteration zones due to hydrothermal activity from fumarolic fluids, have been recognised below massive sulphide
deposits (Govett and Goodfellow 1975). Compared to volcanogenic massive sulphide deposits, the Glendinning
deposit differs in the lack of magnesium enrichment associated with alteration and displays a lower base metal

content in the sulphide ores.
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3.8.6 Summary

In a comparison of As-Sb-Au mineralization in Scotland it is proposed that one or more minor intrusions may be
present at shallow depths below As-Sb-Au mineralized fault breccias and hydrothermally altered wallrocks at
Glendinning. Additional intrusions may also be responsible for the observed zones of mineralization in the
Glendinning study area. A model is proposed for the Glendinning deposit invoking the development of a
hydrothermal system genetically related to and driven by intrusive heat sources. Different levels of crustal
emplacement/exhumation may be invoked to explain the various styles of As-Sb-Au mineralization exposed in the
Southern Uplands. A summary diagram illustrating the pertinent points of this model is presented in figure 89b.
In this model it is proposed that hydrothermal activity commenced coeval with a period of lamprophyric intrusion
and the formation of hydrothermal breccias. Precious metal bearing solutions were transported through fault
breccia systems, permeating wallrock and depositing gold rich assemblages in sites of high fluid-rock interation
(ie. wallrock and breccias). The interaction of carbonate rich greywacke with high temperature hydrothermal fluids
may have led to the dissolution of carbonate and the addition of both CaO and CO, components to the aqueous phase.

Zones of intense, pervasive hydrothermal alteration are spatially associated with Sb mineralization confined to
small, localized structures including parallel fault systems and hydrothermal breccias. Auriferous fluid flow was
focussed preferentially into highly fractured, brittle greywacke at points of high competency contrast. Major NNE
trending fault zones acted as high permeability zones which controlled the emplacement of sulphide mineralisation.
An epigenetic origin is supported by the available structural, mineralogical and isotopic data. It should be noted
that the size and duration of the hydrothermal convective system, driven by heat released from the intrusion, places
important constraints upon the development of economic gold concentrations in this region. Hydrothermal fluids
containing the As-Au association were expelled upwards and laterally away from the cooling intrusion and

deposited minerals of sequentially lower temperature facies with time.

At the onset of this project the author proposed that in comparison with modem day hot springs, the element
thallium could prove to be an extremely useful pathfinder element for gold mineralization in the Southern Uplands.
However, at Glendinning the distribution of thallium is relatively low and sporadic (max 8ppm). Although
concentrations of 17 ppm have been recorded in the Rams Cleuch Breccia Zone, Tl values cannot be generally
applied as a guide to hydrothermal alteration in the region. Where thallium is present in significant quantities, it
is located within the immediate vicinity of As-Sb-Au vein mineralization (ie Rams Cleuch) and as such has an
important bearing upon the nature of the hydrothermal processes responsible for this form of deposit. In
comparison with studies elsewhere in the Southern Uplands by Caulfield and Naden (1988) it is proposed that the
fault system at Glendinning probably remained active for a period of 10-30 million years and provided important
structural controls throughout a series of relatively short-lived hydrothermal events.

3.9 SUMMARY AND CONCLUSIONS

The integration of mineralogical, textural, structural and lithogeochemical data provided a powerful tool in the
examination of ore genesis in this deposit. This study has identified a number of structural and mineralogical
controls upon the location of gold within the Glendinning deposit. In addition, this deposit has been evaluated in
respect of its regional context and numerous geochemically similar deposits have been identified within a ten km
radius of the mine area. In addition, detailed inspection of mine workings, drill core logging, mapping of individual
deposits and literature review have shown that the Glendinning mineralization has many similarities to other
deposits in this class, on both a local, regional and global scale.
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Field observations, petrographic and geochemical studies of 304 greywacke and 197 mudstone samples collected
from the Glendinning regional study area indicate that there is extensive, cryptic hydrothermal alteration and trace
element zonation associated with the Glendinning As-Sb-Au deposit. The effects of similar alteration processes
active throughout the study area are readily observed, and serve to pinpoint further examples of As-Sb-Au
mineralization. The most important features of the Glendinning deposit investigated by this study, include:
structural controls, hydrothermal alteration, lithogeochemical zonation, overburden geochemistry and sulphide

hosted gold mineralization.

3.9.1 Structural controls

Fault or breccia structures provide the single most important control upon gold distribution in this region. Sillitoe
(1985) noted that breccia related deposits are often misclassified as ‘sedimentary’ in origin when they were
actually, tectonically derived. In the Glendinning deposit hydrothermally altered clasts and fragments of both
sulphides and gangue minerals are common and provide evidence of multiple alternating episodes of brecciation
and mineralization. The Glendinning deposit is interpreted to have formed during a period of major fracturing and
minor intrusive activity, as a precursor to and possibly developed coeval with, granite emplacement. This deposit
may be regarded as an elongated breccia pipe intruded into the Hawick formationand contains pyrite, arsenopyrite,

stibnite, sphalerite and minor gold.

3.9.2 Hydrothermal alteration

One of the major problems with exploration geochemistry in the past has been the prerequisite to isolate extremely
localised anomalous areas within a larger field area. In addition, because of the rapid increase in exploration over
the last two decades, and subsequent major discoveries we are now rapidly exhausting the supply of near surface
deposits. A new generation of exploration techniques and models must be based upon the recognition and location
of crypto-chemical signatures (areas of weak hydrothermal alteration or depletion) which provide broader target
areas for further detailed study.

In this study geochemical criteria have been established to define cryptic hydrothermal alteration of greywackes
associated with As-Sb-Au mineralization. A primary halo is identified enveloping the Glendinning deposit,
yielding coherent and extensive geochemical anomalies, and which and may be located by using a relatively low
sampling density. The location of ore zone itself requires a larger number of samples, since the alteration halo (zone
1 and 2) is several times as extensive as the ore outcrop (zone 3). Alteration is uniformly pervasive and is
characterised by distinct mineralogical and lithogeochemical signatures. Altered greywackes are characterised by
extreme depletion of Na,O and subordinate Zn, Fe and Mg. Arsenic and sodium, however form the most efficient
pathfinder elements for Glendinning-type deposits in this environment.

This work defines the presence of widespread alteration zones in the Glendinning area, accompanied by at least
three periods of hydrothermal activity. In addition, eight types of hydrothermal alteration processes are associated
with the As-Sb-Au mineralization at Glendinning; carbonatisation, silicification, potassium metasomatism,
sericitisation, dickitisation, sulphidation, pyritisation and arsenopyritisation. The recognition of the visual
indications and geochemical characteristics of As-Sb-Au deposits forms an important component of any

exploration programme in this region.
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3.9.3 Lithogeochemical Zonation

This study demonstrates that lithogeochemical halos can be recognised in surface samples at a considerable

distance from As-Au deposits. Lithogeochemistry has been applied at three levels of exploration:

1) Regional scale reconnaissance - the identification of geochemical provinces and mineralization centres.

2) Local scale reconnaissance - the recognition of local halos related to individual deposits within a study area.

3) Mine scale - the recognition of wallrock anomalies related to individual alteration profiles, veins and
structures.

On a local scale, mineralized zones may be characterised by elevated chalcophile (As, Sb, S, Cu, Pb, Tl, Hg) and
depleted siderophile (Fe, Mg, Zn) and alkalis (Na) elements. The resulting geochemical halo has a minimum width
of 300 to 400m. As such, sampling on cross-strike ‘mega-traverses’ using a spacing of 200-250m is adequate to
delineate lithogeochemical halos associated with Glendinning-type deposits in this terrane. The location of broad
zones of sodium depletion provide a primary indicator of hydrothermal activity. Anomalous arsenic values may
be used directly as a guide to pinpoint the position of arsenopyrite-gold rich fracture zones within the sodium
depletion envelope. All anomalous As and Sb values located within this region, infer the presence of bedrock As-
Sb-Au mineralization and provide primary targets for detailed exploration. Samples collected from surface
outcrop northeast of the mine area indicate similar enrichments and depletions (As 65ppm) at sites predicted by
the extrapolation of the vein mineralization at Glendinning, inferring a minimum NNE strike extension of 1km to
the known vein system. On the basis of a lithogeochemical study of the Hawick Formation greywackes hosting
the Glendinning deposit, it is considered that no evidence of synsedimentary enrichment of As and Au exists.

Broad, primary halos are associated with a series of anomaly zones identified within the Glendinning study area.
As, Sb, Pb, Zn, and Na form the most useful pathfinder elements for this form of cryptic occurrence. Sulphur halos
are smaller and often erratic. The broad-scale nature of these geochemical anomalies suggest, that such studies may
be successfully applied as a primary exploration tool. In addition, this form of study provides considerable benefits
in detailed exploration around known mineral occurrences. It should be noted however, that the lithogeochemical
anomalies identified in the Glendinning study are do not constitute exact drilling targets; detailed sampling and
geophysical techniques are required to define the location, structure and size of the primary mineralization, prior
to trenching and/or diamond drilling. In summary, this study has proved conclusively that anomalous levels of
arsenic can be directly used as pathfinder for As-Sb-Au mineralization in this region. In addition, the recognition
of the nature and processes responsible for alteration in the Glendinning deposit has important exploration and
conceptual value in our understanding of the parental hydrothermal system.

3.9.4 Overburden Geochemistry

Mineralogically, the trace elements presented on the soil geochemical maps from the Rams Cleuch and Swin Gill
areas reflect both primary sulphides (As, Sb, Pb, Zn, Cu, Tl) and sulphates (Ba) whereas the major element
chemistry relates to wallrock alteration processes particularly the loss of sodic feldspars during K-metasomatism
and sericitisation. Trace elements, most notably As and Sb form elliptical, narrow, 30m wide anomaly zones the
strike of which correspond to those of fracture zones observed in bedrock (Rams Cleuch) or within aerial
photographs (Swin Gill). It should be noted that although the order of magnitude of As and Sb values are relatively
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small (max 65 and 34ppm respectively) the anomalies detected in both the Rams Cleuch and Swin Gill grids
compare favorably with the results of the BGS soil survey at Glendinning (55ppm Sb and 350ppm As) particularly
when environmental contamination from the historical mining activity is taken into consideration. The width of

the primary dispersion pattern however, is unknown due to the limited exposure within the grid area.

This study has demonstrated that the systematic sampling of residual soils in the search for secondary dispersion
anomalies directly overlying suboutcropping mineralized vein systems has been outstandingly successful in the
Glendinning study area. Soil Geochemistry provides an effective tool in exploration for and the delineation of
fracture controlled shallow of blind As-Sb-Au mineralization. These results provide clear diagnostic features of
As-Sb-Au mineralization and assist the preparation of conceptual models and criteria for furtherexploration in this
region. It is considered that there are sufficient indications of As-Sb-Au mineralization in the Glendinning area
to justify further investigations. Specifically, the lithogeochemical and shallow overburden anomalies defined at
Rams Cleuch and Swin Gill, together with six further geochemically anomalous sites, should be investigated
further.

3.9.5 Sulphide hosted gold Mineralization

This study has demonstrated that an initial phase of arsenopyrite-pyrite mineralisation formed the principal locus
of gold mineralisation in both the Glendinning and Clontibret deposits. The presence of submicroscopic and lattice-
hosted gold associated with low grade, disseminated arsenopyrite-pyrite assemblage in a structurally controlled
breccia suggests that there is considerable potential for the discovery of a large scale turbidite hosted gold deposit
in the Glendinning area. The fundamental controls of temperature, pressure, ore-fluid chemistry and wallrock
composition were clearly important in the genesis of this deposit.

3.9.6 Conclusions

Target areas of potentially economic arsenopyrite-gold mineralization may be detected by the recognition of
primary mineralogical and geochemical indicators of pervasive hydrothermal alteration, including:

1) Visual - a progressive decrease in diffusive colour.

2) Mineralogical - the presence of dickite within veins or fractures.

3) Geochemical - the location of primary arsenic and associated trace elements anomalies.

4) Depletion - the location of primary sodium and zinc geochemical depletion anomalies may be used to

delineate broader targets than those associated with primary sulphide mineralization.

It is proposed that the location and occurrence of gold in the Glendinning deposit is structurally controlled and
hydrothermal in origin. The Glendinning deposit may be classified as an auriferous polymetallic vein-type
epigenetic deposit, in which disseminated arsenopyrite mineralization forms the locii for gold deposition. On the
basis of geochemical, mineralogical and isotopic evidence it may also be tentatively suggested that the Glendinning
deposit represents a hydromagmatic breccia-hosted As-Sb-Au deposit related to minor intrusive activity. In
comparison with similar hydrothermal systems (cf. chapter 4) it is proposed the the As-Sb-Au phase of
mineralization took place over a period of ~150,000 to 500,000 years.
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Using the above model, geochemical atlas and multi-element anomaly maps a number of target areas were
delineated in the Glendinning study area which merit further attention. To date both gossans and two new vein
systems have been located by the application of lithogeochemistry in this region and the strike length of the known
As-Sb-Au vein mineralization at Glendinning (or at least its geochemical alteration envelope) has been extended
over a distance of 1km NNE from the main adit. From an evaluation of the Glendinning deposit and soil
investigations of two target areas (Rams Cleuch and Swin Gill) it is concluded that As-Sb-Au mineralization in
this region is structurally controlled and located with a series of NNE trending fracture zones.

The economic potential of the mineralization around the Louisa Mine at Glendinning is difficult to assess from the
limited information obtained from the geochemical surveys and drilling conducted to date, and due to the poor
exposure to the east of the deposit. No evidence of coarse grained gold has been found in vein samples, and
geochemical evidence suggests that virtually all gold within this deposit is preferentially located within an
arsenopyrite host. This work has shown that arsenic may be used as a pathfinder element for As-Sb-Au
mineralization in this region, in both lithogeochemical reconnaissance and detailed overburden sampling
programmes. In addition, this study has revealed the presence of numerous vein and vein swarms in the Glendinning
study area and suggest that the Glendinning deposit forms an important new mineralization centre in Southern
Scotland. In light of the evidence presented in chapter four, and the timing of igneous activity in Scotland, a late
Silurian-Early Devonian age is proposed for the mineralizing event at Glendinning. Although no examples of late
Silurian minor intrusions were detected in boreholes through the Glendinning deposit, numerous local intrusions
(homblende lamprophyres, monzonites and quartz-porphyry dykes) provide favourable environments for gold-
rich mineralization in the Glendinning study area. Further exploration for similar deposits in Scotland may be
restricted to areas where three fundamental conditions coincide namely, the presence of a suitable fracturing
system, the identification of metal enriched primary or secondary anomalies and the location of an intrusive heat

source.

Prior to the BGS investigation (Gallagheret al., 1983) the Louisa Mine at Glendinning was regarded as an isolated
antimony deposit, historical subjected to mining activity and unrelated to other deposits in this region. It has been
demonstrated by this study that the Glendinning deposit contains a previously unreported phase of As-Au
mineralisation and that the surrounding area hosts numerous sites of As-Sb-Au mineralisation. As such, potential

exists for the discovery of similar, if not larger deposits to that identified at Glendinning.

The Southem Uplands greywacke terrane and its continuation into the Longford Down, host four major centres of
mineralisation, including: Clontibret, Newtonards, Leadhills and Newton Stewart. Lithogeochemical and soil
geochemical surveys have defined additional areas of As-Sb-Au-Hg mineralization up to 10km north of the
Glendinning mine area, thus adding considerable importance to this region as a metallogenic center within the
Southem Uplands. In view of the widespread nature of As-Sb-Au vein mineralization identified by this study, the
Glendinning area is proposed as the fifth major mineralisation centre, in this region.



CHAPTER FOUR
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CHAPTER FOUR

TURBIDITE HOSTED ARSENIC-GOLD
MINERALIZATION

4.1 INTRODUCTION

Interest in the location of arsenic deposits across the Southern Uplands has rapidly increased during the last decade,
due to the recognition of the arsenic-gold association and the potential for economic gold mineralization in this
region. This chapter summarises the empirical features and geological setting of As-Sb-(Au) deposits and presents
a review of their lithogeochemical, mineralogical and genetic characteristics in order to establish the background
to chapter’s 3, 6 and 7. In addition, this study documents the contention that Lower Palacozoic sediments in
southem Scotland form the host to a range of gold-bearing epithermal deposits.

It should be noted that the origin of mineral deposits has been the subject of considerable debate throughout the
last five centuries, if not earlier. A detailed review of the historical background to such metallogenic studies is
presented by Emblin (1978): As early as 1546, Agricola recognised that ore bodies were emplaced in older rocks
by circulating currents of various origins and also that the shape and orientation of the emplacement was controlled
by the structure of the host rock. Steno (1669) suggested that ores were a condensation product of vapors which
ascended through open fissures from deep in the crust. Henkel (1725) and Zimmerman (1746) both applied the term
‘hydrothermal solution’ to Steno’s vapors and proposed that these solutions should contain material dissolved from
the country rock through which they had ascended. Hutton (1788) and Wemer (1791) initiated what has since been
termed the Plutonist/Neptunist argument. Hutton proposed that deposits were derived from deep molten magmas
(plutonism) and had been transported by ascending fluids, whereas Wermer maintained that mineral veins
originated as chemical precipitates in structural cracks that developed on the floors of primeval oceans
(Neptunism). Lindgren (1933) developed a hierarchy of genetically separate mineralizing mechanisms which,
while allowing for syngenetic and diagenetic ores, placed considerable emphasis on igneous-hydrothermal
activity. This hierarchy forms the basis of a fundamental classification system still in use at this time. The term
‘hydrothermal’ when used in the context of this study is taken to imply the formation from a hot, aqueous fluid
of unspecified origin. A comprehensive review of hydrothermal ore deposits is presented by Bames (1979).

4.2 FLUID CHEMISTRY

Two major mechanisms for the formation of trace element halos in essentially unaltered wallrocks are widely
discussed in the literature, namely diffusion and permeation. Diffusionis the process by which trace elements enter
wallrock due to concentration gradients between the hydrothermal fluid (in the vein) and the pore fluids (in the host
rocks) whereas permeation is the process by which trace elements are transported by circulating hydrothermal
fluids through pore spaces, and/or other voids, in the wallrock under the influence of a pressure gradient between
the vein fluid and the pore water pressure. It has been demonstrated by this study (chapter 3) that epigenetic gold
deposits in the Southern Uplands are enveloped by laterally extensive multi-element halos, formed during the

pervasive alteration of country rocks by fluid permeation.
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The transport of gold in solution has been investigated by numerous authors and is the subject of considerable
debate. Precipitation mechanisms may include the decomposition of gold complexes in solution due to changes
inpH, Eh and wallrock reactions; and the adsorption and/or coprecipitation of soluble gold complexes and colloids.
Helgeson and Garrels (1968) in a discussion of the hydrothermal transport and deposition of gold, suggested that
gold-quartz veins are formed from weakly acid solutions and are generally precipitated above 175°C. Fife and
Henley (1973) demonstrated that the solubility of gold in chloride solutions increases from 10ppm at 300°C to
1000ppm at 510°C, thus enabling large amounts of gold to be transported at high temperature before precipitation
at ~300°C. Seward (1973) in studies of the transport of gold in hydrothermal ore solutions, concluded that three
thio gold complexes contributed to the solubility of gold in aqueous sulphide solutions. The complex Au,(HS),S*
predominated in alkaline solution, the Au(HS),” complex occurred in the neutral pH region, and in the acid pH
region Au(HS)° complex was present. In addition, Fyfe et al., (1984) included CO and COS as possible ligands.
It was therefore proposed that gold is transported in hydrothermal ore solutions as both thio and chloro complexes
and may be deposited in response to changes in temperature, pressure, pH, oxidation potential and sulphur activity.
The absence of igneous intrusions and the extensive nature of hydrothermal alteration in numerous deposits, led
to the development of a model by Fyfe and Henley (1973) invoking the concentration of gold by the circulation
of fluids during metamorphism. They concluded that dehydration/metamorphic fluids in which chlorides are
present, could move gold from large volumes of rock into shear zones and faults where it is concentrated by
precipitation at lower temperatures and pressures. Additional mechanism for precipitation from solution include
changes in temperature, pressure, pH, oxidation state and other chemical disequilibria, resulting from the
interaction with wallrock, boiling and mixing with groundwater or other fluids (Barnes, 1973).

Experimental work by Ewers and Keays (1977) demonstrated that decreasing temperatures are highly effective in
controlling the deposition of As and Sb sulphides. In addition, the fugacities of H,S and H, in a number of
Broadlands drillholes are ~0.1 bars, which indicate the reducing nature of the solutions. Studies by Rytuba and
Dickson (1974) indicated that in a reducing environment, chloride ions are not effective in transporting gold.
Hutchinson (1983) demonstrated that most deeply circulated metalliferous hydrothermal fluids are strongly
reduced, with very low Eh or fO,. Seward (1983) however, noted that even very low gold concentrations, close
to those of seawater values, may still lead to economic concentrations of gold (eg. Broadlands Geothermal system,
New Zealand). Seaward (1984) proposed that the most important complexes involved in the transportation of gold
are those involving CI, sulphur donor ligands such as HS" and S~, thioarsenite ligands such as AsS,", or NH,. Ore
bodies such as those located within the Carlin deposit were formed where hydrothermal solutions flowing along
fault and breccia zones penetrated outward and reacted with the wallrocks, depositing hydrothermal silica, pyrite,
arsenopyrite and gold. The decrease in pressure as solutions are discharged at the surface and the resulting losses
of H,S through boiling, tend to reduce the stabilities of metal complexes and contribute to the surface enrichment
of As, Sb and Au (Ewers and Keays, 1977). Harris and Radtke (1976) demonstrated the use of statistical assessment
of lithogeochemical data to test hypotheses on the origin and geochemical paragenesis of disseminated gold
mineralization in the Carlin deposit, Nevada. They concluded that the hydrothermal solution responsible for the
Carlin ores was weakly alkaline and contained excess dissolved sulphur.

Finlow-Bates and Large (1978) documented the effects of water depth upon the formation of submarine exhalative
ore deposits, and demonstrated that boiling in the feeder zones due to low pressures would cause cooling of the
solution and precipitation of the least soluble sulphide phases as a crosscutting (disseminated, breccia filling, vein-

type or stockwork) facies prior to exhalation. In hypogene environments, the loss of alkalis during wallrock
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reaction (sericitization) leads to a shift in the pH towards acidic compositions, the decomposition of alkaline
complexes and the precipitation of native gold (Boyle 1979). Weissburg et al., (1979) also noted that cooling,
oxidation and decreasing pH were important factors in the deposition of gold bearing precipitates in New Zealand
hot springs (accompanied by high arsenic, antimony, mercury and thallium). Boyle (1979) however, noted that the
oxidation processes in gold deposits are complex and depend essentially on the Eh and pH.

Active geothermal systems have been considered to be modern analogues of epithermal systems (White, 1985;
Weissbergetal., 1979). The trace element chemistry of modern geothermal systems has been studied by numerous
authors including Weissberg et al., (1979), Ewers and Keays (1977), White (1985) and Henley (1985). These
studies documented high concentrations of As, Sb, Hg and Tl in the upper portions of geothermal systems in
additionto Au and Ag. Dilute geothermal waters may transport and deposit sufficient amounts of Au, Ag, Hg, As
and Sb to account for many ‘epithermal’ deposits in spite of the extremely low concentrations of metals, provided

that sufficiently high flow rates persist for long periods of time (Weissburg et al., 1979).

A consequence of the transport and deposition of gold from reduced sulphur complexes is the distinctive elemental
composition of the ores, characterised by high concentrations of Au, Sb, Hg, As, Bi, B (Kerrich, 1977; Kerrich and
Fryer, 1981; Phillips et al., 1984). Phillips and Groves (1983) have argued that the enriched elements form weakly
charged cations (or soft acids) that complex selectively with larger polarizable ligands (or soft bases), such as
bisulphide ions.

Temperature forms the main control on SiO, solubility in hydrothermal aqueous solutions, with the solubility
increasing with increasing temperature, while decreases in temperature result in precipitation. Active hot-spring
hydrothermal systems are generally saturated with silica and Ellis (19 67) identified values ranging from 250-
750ppm SiO, in solution in surface waters. It should be noted that if the confining pressure upon the hydrothermal
solution is exceeded by the vapour pressure, the solution will commence to boil. Such fluid boiling will result in
a loss of CO, (and H,S). Furthermore, if gold, arsenic and antimony are present as thio complexes, their
coprecipitation is enhanced by the removal of reduced sulphur (as H,S) through boiling and to a minor extent, by
precipitation of iron sulphides (Weissburg et al., 1979).

Heinrich and Eadington (1986) demonstrated the application of thermodynamic calculations to predict the
speciation of arsenic inhydrothermal solutions and the solubility of arsenic minerals. This evaluation revealed that
at neutral to acid pH the aqueous species H,AsO,’ may account for the transport of arsenic. The As mineral
associations: 1) Orpiment + realgar + native arsenic + pyrite; 2) Arsenopyrite + pyrite; and 3) Arsenopyrite +
pyrhotite + loellingite £ pyrrhotite were predicted to reach As solubilities high enough to account for hydrothermal
transport at progressively higher temperatures in systems containing excess iron sulphide. In addition, host rock
buffers were proposed to have dominated the chemical evolution of fluids in disseminated breccia ores which
exhibit penetrative wallrock alteration. Rosenbauer and Bischoff (1983) in studies of the hydrothermal alteration
of greywacke by NaCl-rich fluids at 350°C, noted that 67% of the original greywacke was converted to albite and
smectite. In addition the rock gained Na and released Ca, K, heavy metals and CO, to solution. The fluid
composition combined with ore element association and the intimate relationship between Au and Fe-As-
sulphides, may be used to suggest that reduced-sulphur complexes formed the major transporting agents for gold
mineralization (Phillips and Groves, 1983). Grovesetal.,(1983) suggested that the majority of Archaean volcanic
hosted gold deposits of westemn Australia formed from CO,-rich fluids of low salinity at temperatures 350°C +
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50°C. The composition of these fluids (CO, rich, low NaCl) appears incompatible with a seawater source. In
relationto Scottish deposits, Russell (1986) proposed that the elements As, Sb, Bi, Cu and Au could have partitioned
into the Caledonian melts to be precipitated from late stage magmatic hydrothermal solutions on loss of CO, and
near surface boiling.

Henley (1985) identified the coincidence of high gas flux (CO, + H,S) and gold and proposed a hypothesis that the
gas was derived from a deep crustal (or even upper mantle) source. This work was extended by Cole (1986) who
demonstrated the direct relationship between the vertical extent of gold mineralization, the depth of deposition,
the initial CO, content of the solution prior to boiling and the amount of gold deposited during the boiling event.
High CO,-bearing systems were demonstrated by Cole (op. cit) to have vertically extensive mineralization over
depths of ~600m. Cole and Drummond (1986) noted that the depth at which boiling commences becomes shallower
with either decreasing temperature and/or CO, concentration for a constant salinity. Their model predicted zones
of intense gold enrichment near the top of the boiling interval (analogous to high grade bonanza ores) associated
with high water-rock ratios, in order to deposit concentrations typical of most epithermal deposits.

Krupp and Seaward (1987) in a study of the Rotokawa geothermal system, New Zealand, identified 12 different
hydrothermal explosion breccias. Clasts within these breccias commonly contain pyrite and yield sub-economic
gold values (<0.1ppm). Thermal waters discharging at this time are currently depositing ore grade gold, arsenic
and antimony-rich muds which also contain high concentrations of thallium and mercury. Perring et al., (1987)
identified a number of constraints upon the source of auriferous fluids for Archaean gold deposits. Most models
emphasise the focusing of H,0-CO,, low-salinity fluids along fault or shear zones to dilational sites where fluid-
rock reactions caused Au precipitation under suitable P-T conditions, in contrast, hypotheses conceming the source
of ore fluid and ore components, including Au, are diverse. The separation of a vapour phase during boiling or direct
exsolution of gaseous phases from magmas, coupled with the interactionbetween hot vapour and cold groundwater,
may lead to the explosive escape of vapour and the generation of hydrothermal eruption vents (Foster, 1986).
Recent studies of the Broadlands geothermal system (Henley, 1985) have indicated that almost all gold
precipitation may be accounted for by boiling. In a comparison with the above features and those documented in
chapter three, hydrothermal fluids implicated in the Glendinning deposit were present at 320° + 40°C, and

underwent transient effervescence of CO,.
4.3 STRUCTURAL RELATIONSHIPS

This section details the major structural relationships identified within the literature, which provide dominant
controls upon the location of As-Sb-Au deposits.

4.3.1 Breccias

An epithermal ore deposit is defined by Silberman and Berger (1985) as a relatively near-surface deposit, formed
in a hydrothermal system under low to moderate pressure and a temperature range below ~300°C. Epithermal
deposits occur in a continuum of settings ranging from shallow stockwerk and breccias (the ‘hot spring’
environment) to relatively deep veins and fissures (the ‘Bonanza’ environment). Brecciation processes including
hydrothermal explosions and hydrofracturing result in the rapid decrease of both temperature and pressure.

Simultaneously, nonvolatile dissolved components are enriched in the residual liquid, whereas the partitioning of
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gasses into the steam fraction will result in changes to both the pH and Eh of the solution (cf. Fournier, 1985). As
such, hydrothermal brecciation creates the ideal conditions for the deposition of silica minerals, sulphides and gold.

Explosive brecciationin a relatively near-surface environment provides evidence toindicatesthat the hydrothermal
system had become overpressured, with a consequent violent and sudden release of energy. As such, the formation
of a seal or cap to this system forms a necessary requisite for the development of the extensive breccia zones
identified in the Glendinning deposit (cf. Berger, 1985). A number of mechanisms are proposed to explain the
origin of breccia pipes including hydrothermal stoping (Sillitoe and Sawkins, 1971), fluidization (Gilmour, 1977)
and phreatomagmatic explosion (Wolfe, 1980). Phreatomagmatic explosions and the resulting brecciation occur
when a rising body of magma encounters a voluminous supply of water, which instantly flashes to steam. After
numerous repetitions of this process the resultant breccias may be sealed from crystallization from the
hydrothermal fluids. In a review of ore-related breccias in volcano-plutonic arcs, Sillitoe (1985) defined six
possible mechanisms for sub-surface brecciation, including:

1) Release of magmatic-hydrothermal fluids from high-level hydrous magma chambers.
2) Magmatic heating and expansion of meteoric pore fluids.
3) Interaction of ground waters with sub-surface magma and the generation of phreatomagmatic explosions.

4) Magmatic-hydrothermal brecciation caused by decompression and eruption of the top portion of an

underlying magna chamber.

5) The mechanical disruption of the wallrocks during sub-surface movement of magma (any intrusion related

deposit may include such intrusion breccias).

6) Tectonic breccias resulting from fault displacement.
H ulic F rin

In 1972, Phillips proposed a model for vein genesis which explains both lateral variations in structure and
mineralization along the veins, as well as providing the broad stratigraphic control on ore formation. In summary,
he proposed that pressurized hydrothermal fluids accumulated on normal shear factures, causing extension of the
fractures and brecciation resulting from episodic bursts of hydraulic fracturing. Hydraulic fracturing occurs when
P o> Prosaic + tensile strength of the rock, and is a likely mechanism where fluid from deep level plutons penetrate
upwards to higher crustal levels. Furthermore, Sibson et al., (1975) noted that as a consequence of the dilatency/
fluid-diffusion mechanism for shallow earthquakes, considerable volumes of fluid are rapidly redistributed in the
crust following seismic faulting. It was therefore proposed that a seismic pumping mechanism may have been
involved in the generation of hydrothermal vein deposits. This dilatency/fluid-diffusional model of Sibsonet al.,
(op.cit) provides one explanation for the intermittent flow of hydrothermal fluids in and around fault zones, and
may be used to infer that seismic faulting acts as a pumping mechanism for the mineralizing fluids. Norris and
Henley (1976) noted that where interconnected hydraulic fracture systems developed over more than 100 to 200m
in vertical extent, the fractures become unstable and the process will tend to be self perpetuating. This process is

most successful with wrench faults because differential stresses associated with normal faulting are relatively low.
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Beach (1980) described the processes of hydraulic fracturing in which load parallel (tensile) orload oblique (shear)
fractures are produced through the action of a fluid under pressure within a crack. Hydraulic fracturing of rocks
occurs during the burial, dewatering and metamorphism of sedimentary sequences as very large volumes of water
are released (Holland and Lambert, 1969; Fyfe, 1976, Norris and Henley, 1976). It is highly probable that the
decrease in pressure caused by breccia development, resulted in boiling and the rapid precipitation of fine grained
silica and sulphide phases. High-power discharge of metalliferous fluids may occur through breccia pipes and vents
generated by hydrothermal explosion. Subsequent events may result in the brecciation of both ore and stockwork.

Sillitoe (1985) noted that a continuum exists between many of these breccia types, and as such it is difficult to
identify unique criteria for their unambiguous distinction. Phillips (1986) presented a classic study of the effects
of hydraulic fracturing in the formation of gold-bearing vein mineralization in mid-Wales and noted that many of
the normal mineralized faults tend to pass laterally into vertical, dilational breccia zones. This feature was
interpreted in terms of a three stage process, involving: a slow build up of the differential stress until the critical
failure conditions are reached; abrupt fracturing that results in a release of elastic strain energy, a temporary
reduction in fluid pressure, which results in brecciation, and a small reduction in the differential stress near the

fault; and permeation of the pore water into the fracture.

In volcanogenic deposits the diameter of the alteration pipe increases upwards until coincident with that of the
massive ore (Sangster, 1973). Volatile separation during the ascent of a granitic magma, could raise the pressure
sufficiently in the magmatic system to fracture surrounding country rock and produce pathways for fluid flow and
zones for the precipitation of lode deposits (Bumham and Ohmoto, 1980).

Evidence for a relatively high crustal level of intrusion in the Southern Uplands is provided by Leake and Cooper
(1983) who detailed the occurrence of breccia pipes and breccia dykes in the Black Stockarton Moor subvolcanic
complex. According to the model for porphyry copper systems developed by Sillitoe (1973) the probable depth of
this complex and its associated mineralization would be ~2km below the pre-existing land surface. In borehole
sections, in the Black Stockerton Moor complex, there is abundant evidence of tensional fracturing and brecciation
in the turbidites immediately above many of the sheet intrusions, reflecting a rise in hydraulic pressure due to
retrograde boiling (Phillips, 1973; Leake and Cooper, 1983).

4.3.2 Lineaments

Lineaments are ‘pattern disruptions’ expressed in rock outcrop patterns, volcanic elongations, magnetic or gravity
anomalies, folds, faults or joints (Haszeldine, 1987). In the UK, these form N-S (+ 10°) alignments, extending up
to 400km across different basement terranes and the lapetus Suture. Their first manifestation occurs during the late
Silurian (Pridoli) times immediately after the closure of Iapetus, where lamprophyre dykes and coeval 415-400 Ma
granodiorites were orientated N-S (Rock et al., 1987, Haszeldine, 1987). These lineaments provided major
structural controls upon mineralization, sedimentation, rifting and volcanism throughout the Devonian and
Carboniferous periods and influenced Permian, Triassic, Jurassic and early Tertiary sedimentation and volcanism.
The series of major N-S lineaments identified by Haszeldine (1987) during research upon structural controls of
Carboniferous sedimentation are presented in fig. 4a. Within the Southern Uplands exceptionally regular N-S
structures were identified by Russell (1971, 1972) and Haszeldine, (1987). These lineaments acted as a focii for
igneous activity as demonstrated by the Loch Doon granite and its surrounding lamprophyre and porphyrite dykes
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(Haszeldine, 1987). As such, the hypothesis postulated within this thesis is that there is a significant correlation
between lineaments, intrusions and gold mineralization in Southern Scotland.

Plant ek. ol, (1988) have demonstrated the effective use of regional geochemical and other databases in
identifying fundamental crustal blocks and lineaments in basement terranes. In the Scottish Caledonides
metalliferous mineralization is found in association with granites only when they are also associated with major
fault systems (Atherton and Plant, 1986). Plant (1988) demonstrated that in Scotland all metalliferous granites are
located along major lineaments. Geochemical changes are therefore not progressive across Scotland as suggested
by Thirwlwall (1980) but are discontinuous and related to the emplacement of granites (and other minorintrusions)
in deep crustal lineaments. Stephens (1986) however, in studies of the Late Caledonian granites in Scotland,
concluded that deep crustal boundaries do not correlate well with the surface traces of major faults.

Russell (1971) proposed that north-south trending faults as well as crustal inhomogeneity in central Scotland were
formed in response to E-W tensional activity within the lithosphere. Russell (1971) identified the occurrence of
the Buckhaven-Innerleithen lineament 45km east of the postulated Alva-Thomhill structure. Although Russell (op.
cit.) noted that no major mineralization exists along this structure, it is interesting to note that this structure
corresponds with the approximate position of the Southern Uplands ‘Shatter Belt’, and also the Glendinning
deposit. This study demonstrates that many, if not all of the As-Sb-Au deposits in the Southern Uplands and

Longford Down occur in close proximity to major fracture-related lineaments.

Haszeldine (1987) noted that major structural lineaments may affect areas several km in width, on either side of
acentral structure. In a discussion of the origin of these major structural lineaments, Haszeldine (1987) proposed
that they formed as a result of epiric tensional forces, unrelated to local plate tectonic activity. N-S trending fault
structures generated by extensional tectonics, together with extensive strike-parallel shear zones, were intruded
by felsic, lamprophyric and porphyry dykes and stocks and served to localize widespread hydrothermal alteration
and As-Sb-Au mineralization. A further manifestation of these lineaments is displayed at the western margin of
Black Stockarton Moor (Leake and Cooper, 1983) where they control the orientations within lamprophyre and/or
subvolcanic complexes. Preliminary analysis suggests that large scale crustal lineaments, provided an important
structural control upon the location of gold deposits in this region.

Jahoda et al., (1989) identified the relationship between en-echelon fault offsets (‘jogs’), igneous activity,
hydrothermal breccias and As-Au mineralisation in northwest Spain. The recognition of jogs that have been the
loci of intrusive magmatism (‘hot jogs’) is of fundamental importance in the genesis of gold mineralisation and
may have particular application within the British Caledonides. The mineralized zone at Glendinning lies within
the extension of a major linear feature identified as ‘the Southem Uplands Shatter Belt’. The importance of similar
structures in localizing mineralization is emphasized and guidelines are suggested, upon which future exploration
for similar deposits may be based. The proposed structural controls are considered to be extremely important and
may be used to assist the choice of target areas at both local and regional scale. Similar lineaments have been
identified in Canadian greenstone terranes and are interpreted by McNeil and Kerrich (1986) as trans-crustal listric
normal faults, which initially accommodated rifting and acted as conduits for mantle derived alkalic magmas.

These structures also provided major structural controls upon hydrothermal fluids and the siting of gold deposits.
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4.4 IGNEOUS RELATIONSHIPS

This section details the major igneous relationships identified during this study which provide dominant controls
upon the location of As-Sb-Au deposits.

4.4.1 Calc Alkaline Volcanics

During the last decade there has been a dramatic increase in the search for low-grade, large-tonnage and near-
surface gold deposits. This was due to higher gold prices accompanied by technological improvements in bulk
mining capability. Most of the major discoveries since the 1970’s have been restricted to areas of calc-alkaline
volcanism in the circum-pacific region, including westem USA, Chilli, southern Japan, Fiji and Papua New Guinea
(Celenek, 1987).

Stephenson and Ehmann (1971) proposed that mafic intrusions provided the source rocks to numerous gold
deposits. Marakushev (1977) proposed that the relationship between auriferous deposits, diorites and granodiorites
was related to endogenic concentration during the early stagesin granitoid magmatism. Boyle (1979) demonstrated
a trend towards progressively decreasing gold content from mafic to calc-alkaline rock types. Unfortunately,
Govett and Nichol (1979) noted that vein deposits associated with intrusive rocks, represent one of the smallest

targets for mineral exploration.

Halliday et al., (1979) in a study of the Rb-Sr and U-Pb isotopic systems of Caledonian granitic plutons in Scotland
and northem England concluded that, in strong contrast to the ~550 Ma and ~460 Ma granitoids, the ~400 Ma
magmas were largely hybrids derived from the mantle and/or ‘new’ lower crust with varying degrees of
assimilation of upper crustal material. In detailed studies of the Rb-Sr and O isotopic systems within zoned
Caledonian granitic plutons, Halliday et al., (1980) demonstrated that the magmas responsible for the Loch Doon,
Criffel and Fleet plutons were derived by melting of mantle and/or ‘new’ basic lower crust and metasediments.
Isotopic variations between the three plutons were interpreted to have formed as a result of incomplete
hybridization between magmas derived from these differing sources. Stanton and Ramsay (1980) in a discussion
of the relationship between calc-alkaline volcanics and mineralization, noted that fractional crystallization forming
the calc-alkaline suite of rocks was also responsible for the generation of an aqueous volatile-rich phases. Thirlwall
(1981) in a study of the geochemistry of Lower Devonian volcanic rocks in northemn Britain, noted that volcanic

and plutonic rocks south of the Southern Uplands fault were probably unrelated to subduction activity.

Eugster (1985) in a study of the relationship between granites and hydrothermal ore deposits noted that large highly
charged cations (LHC) elements including As, Sb, W, Snand Mo may become enriched inthe roof of an acid magma
chamber via transportation mechanisms enhanced by the formation of hydrous complexes. According to computer
models, the development of convective circulation in, and around intrusions is an inevitable outcome of magma
emplacement, the magnitude of which is dominantly controlled by permeability (Shepherd and Allan, 1985).
Stephens (1988) provided detailed evidence that calc-alkaline magmatism may be generated by processes other
than subduction at destructive margins, and demonstrated that collision tectonics may provide suitable crustal

protoliths for calc-alkaline magmas.
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Plant et al., (1983) in studies of metalliferous Caledonian granites, noted their association with major deep seated
fracture systems and suggested that the development of mineralization associated with granites is dependant upon
both the chemistry of the intrusion and the crustal setting in which it is emplaced. Furthermore, Colvine et al.,
(1984) demonstrated that many Archean lode gold deposits are temporally associated with alkaline magmatism
and dioritic to granodiorite batholithemplacement in a similar manner to that observed by this study in the Southern
Uplands.

Plant et al., (1985) in a study of the geochemistry of high heat production granites in the British Caledonides,
identified three main groups of granite which can be related to classifications based upon metalliferous
associations, including: granites emplaced at constructive plate margins and in extensional marginal basins
associated with high heat flow and the rise of basic magma into the crust; calc-alkaline granites emplaced at
destructive plate margins; and alkaline- and sub-alkaline granites which were emplaced post-orogenically or in
anorogenic rift zones. The post orogenic granites in Scotland and Ireland display juvenile isotopic compositions
and were emplaced through deep lineaments, comparable to the granites of the Peruvian coastal batholith (Atherton
and Plant, 1986). In addition, Plant (1986) documented a series of models for granites and their mineralizing
systems in the British and Irish Caledonides.

Stephens (1988) reviewing granitoid plutonism in the Caledonian orogen of Europe noted that early magmatism
N of the Iapetus suture line was dominantly S-type resulting from crustal anatexis of dominantly metasedimentary
rocks. Later plutonism (400-410 Ma) in the Southern Uplands is dominated by concentrically zoned I-type plutons,
with the exception of the Caimsmore of Fleet pluton which exhibits S-type characteristics. A detailed overview
of Ordo-Silurian volcanism in the Caledonian-Appalachian Orogen was presented by Stillman (1988) who
demonstrated that the primary controls upon volcanism were plate-margin dynamics resulting from the change
from a spreading to closing ocean basin with the development of converging margins, volcanic arcs, marginal
basins, active continental margins and arc trench systems. Detailed studies of Wenlock to mid-Devonian volcanism
of the Caledonian orogen were presented by Thirlwall (1988) who noted the presence of abundant calc-alkaline
volcanism in Scotland (410 Ma) which he related to subduction processes on the NW margin of the Iapetus ocean.
Cu porphyries (‘I’ type granites) have the most primitive geochemistry and characterise the early stages of
subduction under conditions of high pH,O in the mantle and lower crust (Plant, 1986). The association between
magma genesis of metalliferous granitesand movement on deep faults is particularly relevant in Southern Scotland.
Intrusions of porphyry Cu association occur dominantly in the south and southwest Grampian Highlands and in
the Southern Uplands of Scotland. These intrusions are composed of small calc-alkaline complexes associated with
ultramafic or mafic rocks and have juvenile isotopic compositions and relatively unfractionated trace element

patterns (Plant, 1986).

During the final stages of the Caledonian orogeny, numerous granitoid plutons were intruded into the Caledonian
rocks of Scotland and northern England. In the Southern Uplands of Scotland metalliferous granites were emplaced
into relatively-cool crust. The intrusions are geochemically and structurally discordant and their spatial positions
suggest a relationship with deep seated, sub-crustal processes. Initial igneous activity in the Southem Uplands
consisted of an initial phase of numerous small, volatile-rich, fracture-controlled intrusions, in contrast to the final
phases of Caledonian igneous activity are characterised by the development of large-scale plutons. The
identification of centres of minor igneous activity in Southern Scotland is hampered by the fact that the published
geological maps of do not necessarily reflect the abundance of such intrusions (Leake, et al., 1981). Stone (1981)
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invoked the presence of pre-tectonic minor intrusions to suggest the presence of local areas of high geothermal

gradients.

During the initial stage of emplacement of granitoid batholiths, calc-alkaline volcanics were developed comagmatically.
The occurrence of early Devonian andesitic lavas in the Cheviots in addition to other centers further north (Leake
and Cooper, 1983) provides further evidence that volcanism was developed coeval with granite intrusion. Stone
and Leake (1983) proposed that the abundance of metal-rich minor intrusions in the Glenhead area provides strong
circumstantial evidence in favour of an igneous source for all mineralisation. This hypothesis may also be applied
on a wider regional scale in the Southern Uplands and in addition, metalliferous mineralization associated with
granites from the Longford Down is favored by the contemporaneous age of the intrusions with the metalliferous
suite in Southern Scotland. It was however proposed by Stone and Gallagher (1984) that the association of gold
with minor intrusive activity was a result of remobilization from a greywacke source rather than of primary origin.
As such, the spatial association between As-Sb-Au deposits and minor intrusions, does not provide unequivocal
evidence for a genetic link between the two, and further lines of evidence must be sought.

4.4.2 Lamprophyres

This section details the results of the first attempt to classify the economic/auriferous potential of lamprophyre
dykes and their associated breccia pipes and stocks in Scotland. As part of the geochemical investigations
undertaken during the tenure of this project, over 100 samples of lamprophyre dyke material collected across
Scotland by BGS, were analysed for As-Sb in order to assess the source potential of these rocks for As-Sb-Au

mineralization.

In general, the Southern Uplands of Scotland consist of an Ordovician-Silurian greywacke-mudstone sequence
associated with rare ophiolites, intruded by large granitoid plutons (ca 400 Ma; Harmon et al., 1984), many
thousands of lamprophyre, *‘porphyrite’’ and ‘‘porphyry’’ dykes and associated subvolcanic complexes (ca 425-
395 Ma: Barnes et al., 1987, Macdonald et al., 1985; and Rock et al., 1986). Many similarities exist between the
Southem Uplands and the Californian goldfields described by Rock, Duller, Haszeldine and Groves (1987); both
are accreted oceanic terranes with ophiolites, intruded by plutons and lamprophyre dyke swarms. Rock et al.,
(1986) noted that although the origin of calc-alkaline lamprophyres is both obscure and contentious, their closest
chemical allies, the lamproites, are derived by minor partial melting, at >100 km depth, of mantle peridotite
metasomatically enriched in K, Ba, REE etc., by mantle ‘plumes’ from the core-mantle boundary. Lamproites are
as such of deeper origin than any other terrestrial rocks, with the exception of kimberlites, and their genesis is
essentially independent of lithospheric plate activity. Rocketal., (1987) presented a detailed overview of the nature
and origin of lamprophyres, in which it was stated that they represent primitive if not primary magmas. Calc-
alkaline lamprophyres were demonstrated to represent parental magmas to a range of hydrous alkaline intrusives,

including potassic pyroxenite, diorite, shonkinite, syenite, and granite plutons.

Macdonald et al., (1985) demonstrated that mafic lamprophyre dykes in northem England were emplaced
immediately following the final closure of the lapetus Ocean at the end of the Caledonian orogeny. Three
components were recognised in the lamprophyre chemistry, including: a depleted mantle source; a H,O-rich
subduction zone component; a CO,-rich phase formed from the degassing of the mantle after ocean closure. Rock

et al., (1986) noted that dyke swarms formed the most neglected aspect of Late Caledonian igneous activity in the
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British Isles and identified a regional SW-NE trending zone in the Southern Uplands, ~10km wide and >300km
long containing Siluro-Devonian calc-alkaline lamprophyre dykes. It was then demonstrated that the lamprophyres
were locally emplaced, contemporaneously with small (<400 x 200m) subvolcanic vents of greywacke/mudstone

agglomerate.

Anderson (1986) demonstrated that the hiatus of sinistral movements followed the deformation of early pre- and
post- S1 vein sets and was expressed in the form of widespread wrench faulting associated with the intrusion of
lamprophyre dykes at ~400 Ma. These dykes present several paradoxes in the current models for the development
of the Southern Uplands, namely: volcanic, subvolcanic and plutonic magmatism is juxtaposed in both time and
space; the lamprophyres were derived from an excessively deep mantle source unrelated to the subduction zone;
and they display similar chemistry over a 700km wide zone from northern England to the westem and northern
Isles of Scotland. These studies, revealed that lamprophyres are rocks of exceptionally deep mantle origin
(>130km) with a unique chemistry which would have been lost had they been intruded through a volatile-rich
subducting plate (Rock et al., 1988). Furthermore, recent evidence suggests that lamprophyres intrusion began
before turbidite deposition in the Southemn Uplands ceased and compositional changes in lamprophyre geochemistry
across the province mirror those of central Scotland. Both features are difficult to reconcile with a simple
accretionary prism model for the Southern Uplands (Rock et al., 1986, 1988 and Rock, 1989).

The subvolcanic complex at Black Stockarton Moor, which immediately predates the Criffel pluton, is probably
the most remarkable example of lamprophyric magmatism in the Southem Uplands. It forms a low-grade Cu-
porphyry deposit with minor As (<300ppm), Au(<60ppb) and Sb (<200ppm) and consists of small granite cupolas,
breccia vents and vast numbers of lamprophyre-porphyrite dykes intruded as four distinctly orientated swarms. The
latter cumulatively produced up to 50% crustal extension over an area of approximately 30 km? (Leake and Cooper,
1983). Elsewhere in the Southern Uplands, extensions due to dyke emplacement commonly reached 6% (Bames
et al., 1986) but are probably nearer the 1 to 2 percent on a regional scale. There is no lack of evidence for the
explosive, forceful nature of emplacement, particularly in the upper most margins of some dykes (cf. Leake and
Cooper, 1983).

A series of six subvolcanic vents accompanied by calc-alkaline porphyrite and lamprophyre dyke swarms were
identified by Rock et al., (1986) near Kirkcudbright in southwest Scotland. Although considerable geochemical
studies have beenundertaken on these intrusions (Macdonald etal., 1985; Rocket al., 1986; Rock 1987) the absence
of both As and Sb analyses precluded the identification of zones of As-Sb-Au enrichment.

Gold mineralization in the Southern Uplands, as demonstrated within this study, generally consists of anastamosing
quartz-stibnite vein systems surrounded by an envelope of disseminated auriferous arsenopyrite and pyrite. These
veins are associated with intense fracturing and explosive brecciation. As in the Abitibi Belt (Kerrich, 1979)
wallrock enrichment in K, Rb, Ba, Co, Nj, Si, As, Sb, Ca, Pb, Tl and S (as well as Au) and depletions in Na, Fe,
Mg and Zn, closely mirror the chemistry of lamprophyres themselves, which are characteristically enriched in K,
Rb, Co and Ni relative to common igneous rocks of similar Si content (note that both the gold deposits and
lamprophyres possess lithophile-element enrichments).

The ultimate source of gold in the Southern Uplands remains problematical: the granitoid plutons and country rock

greywackes are essentially barren of Au and its associated As and Sb; there isno evidence for any form of structural,
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temporal or genetic association between the plutons and the Glendinning Deposit; other potential source-rocks (eg.
serpentinites and stratiform mafic volcanics) are rare and their occurrence does not correlate with gold deposits
inthis region. This limited study undertaken during the tenure of this project recognised the widespread association

of lamprophyres (deep crustal melts) with gold mineralization.

On of the earliest accounts of lamprophyre related gold association was documented by Buturlinov and Latysh
(1970) who identified values up to 80ppb Au in lamprophyres in the Donets Basin, USSR. Boyle (1979) noted that
some varieties of monchiquite, camptonite, odonite and other lamprophyre rocks were enriched in gold (and silver).
McNeil and Kerrich (1986) demonstrated the close relationship between lamprophyre dykes, mafic magmas, deep
crustal structures and gold mineralization in the Canadian Arrow deposit, Matheson, Canada. In the Canadian
Arrow deposit, ductile shear zones and gold mineralization were developed preferentially in lamprophyre dykes
(McNeil and Kerrich, 1986). Gold values ranging from 380-2700ppb Au were identified in hydrothermally altered
lamprophyres. Rock et al., (1987) demonstrated that major gold deposits may be aligned along crustal-scale
lineaments, which may form syn-basinal faults or major shear zones.

The close spatial association of gold mineralisation with both major and minor igneous intrusions throughout the
Southern Uplands and Longford Downis the first line of evidence, invoked to suggest a genetic association between
As-Sb-Au mineralisation and magmatic activity. However, a number of differing models may be invoked to
explain the origin of the gold-lamprophyre association identified in Southern Scotland. Preliminary evidence

presented below enables each hypothesis to be assessed on its relative merits:

In 1985, the author proposed that in comparison with breccia pipe structures produced by lamprophyres and the
orientation of the dykes themselves, a genetic association with the Glendinning breccias might exist. (NB.
hydrothermal pipes, vents and dykes may be differentiated by their width/length aspect ratios. Pipes display an
essentially elliptical/sub-surface outcrop pattemn whereas vents display irregular, elongated outcrops and dykes are
more elongated still (Rock et al., 1987)). In the Southem Uplands, hydrothermally altered lamprophyres display
LREE depletion and HREE enrichment relative to the assumed parental lamprophyre dyke, and define a similar
pattemn to that previously described in Archaean gold deposits by Kerrich and Fryer (1981).

Following a review of the structural and igneous controls upon in-situ gold mineralization in Southern Scotland
it was noted that all gold sites were related to, if not confined by areas in close proximity to major N-S trending
lineaments identified by Hazledene (1986). The predominant trend of the related vein mineralization is N10°E as
opposed to the regional lamprophyre strike NE-SW. However, lamprophyre dykes in the vicinity of these
lineaments have a trend closer to N-S than NE (Rock et al., 1987). In view of the global gold-lamprophyre
associations identified above, a small subset (n=119) of lamprophyres were selected from the BGS collection of
more than 3000 fresh dykes from the whole of Scotland, in order to assess possible relationships with As-Sb-Au
mineralization. These samples were analysed by automated XRF spectroscopy at Nottingham University. The
results of this study clearly demonstrated a preferential arsenic-antimony enrichment in samples intruding the
Lower Palaeozoic turbidite succession, south of the Southern Uplands fault. The lamprophyre suite comprised of
both fresh and altered samples of hornblende, biotite and mica rich varieties collected from the Wigtown, Glen
Luce, Hawick, and St Abbs Head.



-124-

All analysed lamprophyres invading the Proterozoic and Archaean schists and gneisses of the Scottish Highlands
contained As and Sb values below detection limits. Arsenic, a well-known pathfinder element for gold
mineralization (Boyle, 1979; Rose et al., 1979) reaches levels >50ppm, over thirty times higher than the average
arsenic content for intermediate igneous rocks (Wedepohl, 1979). Eleven of these enriched dykes representing the
upper tenth percentile of the Sb and As distributions were then analysed by fire assay/neutron activation at the
McMaster University Research Reactor Centre. This study revealed extraordinary Au enrichments (mean 137ppb
and median 90ppb) and As-Au correlations (0.98) significant above the 99.9% level. Lamprophyres showing the
highest Au values are homblendic (spessartites), fine grained and rich in felsic magmatic segregations (the
‘globular’ structures of Rock, 1987) which are locally cored by sulphides. These results provided clear evidence
for considerable As-Au enrichment however, in comparison with the initial 100+ samples, this As-Sb rich group
is interpreted as representing a potentially mineralized or hydrothermally altered subset and as such, the trend
observed between As-Au cannot be assumed to be characteristic of the remaining 90% of the sample population.

In comparison with the initial 100+ samples, the group of 11 samples represent a mineralized/hydrothermally
altered subset and as such the relationship between As-Au may not be observed in the remaining 90% of the
population, which contain arsenic values below detection limits. These systematically high gold values appear
elevated in comparison with gold values reported for other igneous rock types (Wedepohl, 1979; Keays, 1984,
Mutschleretal., 1985). However a number of working models may be invoked to explain the observed relationship
between gold and lamprophyres in the Southern Uplands, including:

1) Au is from the mantle, transported as primary gold in the lamprophyre dykes.

2) Au is incorporated into mantle-derived lamprophyres by crustal contamination during ascent.

3) Au is derived from the terrane around the dykes, leached out by small-scale hydrothermal cells set up in
the wallrocks to the dykes.

4) Lineaments provided discharge pathways for Au-bearing fluids and also conduits controlling lamprophyre

emplacement (ie. the gold and lamprophyres have no direct genetic connection).

All known primary gold localities in the Southern Uplands occur close to major lineaments, which in tum are
spatially related to lamprophyre dykes (Fig 1 Rock, Duller, Haszeldine and Groves, 1987). Most dykes and the
Criffel and Fleet Plutons are elongated NE-SW parallel to the regional Caledonian trend. However in a few narrow
zones, the dyke orientations deviate towards crosscutting N-S trends, one of which coincides with the axis of the
Loch Doon pluton. Similar N-S lineaments exist both 43km east and 43km west of this lineament, and all extend
axially for tens of kilometers. Less well developed N-S lineaments occur between and east of these major
lineaments at spacings of approximately 11 or 22km. Dykes or veins associated with these lineaments in the
Glendinning, Caimgarroch, and Loch Doon deposits show high As and/or Au contents (Duller and Harvey, 1985a,
b). The earliest manifested activity of the lineaments is in relation to the dyke orientations within the Black
Stockarton Moor subvolcanic complex, however the same N-S lineaments later controlled the location of
Carboniferous - Permian sedimentary basins, and the Carboniferous Pb-Zn veins at Leadhills and Wanlockhead
(Russell, 1972). Haszeldine (1987) considered the lineaments to have originated within the mid- or lower crust due
to epeirogenic tensional forces commencing after Iapetus closure and unconnected with contemporaneous
European plate-tectonic movements. Increasing crustal contributions to the Criffel, Doon and Fleet plutonic melts
with time (Halliday et al., 1980) confirm progressively decreasing crustal tension. It is speculated that lamprophyre
magmas may be Au-bearing because they form deeper in the mantle (>150km) than any other igneous rocks; in
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fact, from mantle which was previously metasomatised by fluids which may have originated as deep as the core-
mantle boundary, and may therefore carry Au scavenged from both core and mantle. When emplaced into the crust,
lamprophyres generate large volumes of felsic (syenitic or granitic) magmas by combined differentiation and
crustal anatexis, and release large quantities of metasomatising fluids rich in CO,, K and related elements.
Therefore lamprophyres have the potential to explain many general features of gold deposits, such as the origin
of gold and the ore fluid; the indirect association between gold and felsic intrusions; and the associated

metasomatism.

On the basis of As-Sb-Au geochemistry, structural and temporal evidence it is proposed that lamprophyre dyke-
swarms were genetically related to Au-bearing quartz-arsenopyrite-stibnite deposits in the Southern Uplands. Both
lamprophyres and mineralization are in turn related to crustal lineaments which first became active synchronous
with lamprophyre emplacement, and continued to influence mineralization events into the Carboniferous. The
conjunction of lamprophyric rocks, major structures and gold deposits are therefore interpreted in terms of trans-
crustal fractures, utilised as a conduit for alkalic magmas from the mantle, and for discharge of hydrothermal fluids
from a magmatic reservoir. Itis speculated that lamprophyre magmas may be Au-bearing because they form deeper
in the mantle (>150km) than any other igneous rocks; in fact, from mantle which was previously metasomatised
by fluids which may have originated as deep as the core-mantle boundary, and may therefore carry Au scavenged
from both core and mantle. When emplaced into the crust, lamprophyres generate large volumes of felsic (syenitic
or granitic) magmas by combined differentiation and crustal anatexis, and release large quantities of metasomatising

fluids rich in CO,, K and related elements.

Whatever the mode of origin for gold enrichment in lamprophyre, the intersection and combination of
lamprophyres with major structural lineaments originating from epiric tensional forces unconnected with local
plate tectonic activity, provides a major new gold exploration target. Calc-alkaline lamprophyres thus deserve
careful assessment as both gold sources and potential exploration targets in the Southern Uplands of Scotland, and

elsewhere.

4.5 WORLDWIDE As-Sb-Au DEPOSITS

4.5.1 Arsenic Dominant Deposits

Arsenic is a relatively mobile element in hydrothermal systems and is commonly associated with several types of
sulphide ore deposits particularly those containing chalcophile elements and gold, for which it is used as a
pathfinder (Zhou, 1987). Arsenic is associated with most types of gold deposit, usually within the ore zone and,
more importantly, in the supra-ore assemblage, which makes it particularly useful in prospecting for a wide variety
of different types of mineral deposits, enriched in a range of metals, including: Cu, Ag, Au, Zn, Cd, Hg, U, Sn, Pb,
Sb, Bi, Mo, W, Co, Ni, Pt metals and S.

Both organic and inorganic arsenic compounds are commonly used in agricultural chemicals including herbicides,
plant desiccants and defoliants, insecticides, soil sterilizers, insect baits and sheep dips (Loebenstein, 1980). Other
industrial applications of arsenic include its use in wood preservatives, floatation agents, glass manufacture,

chemical catalysts, pharmaceuticals, and semiconductors.
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Boyle and Jonasson (1973) noted the strong coherence between arsenic and gold in practically all types of gold
deposit and the frequently close relationship between arsenic, antimony and bismuth in many polymetallic
deposits. Detailed reviews of the application of As, Sb and Bi as pathfinder elements in geochemical exploration
have been presented by numerous authors (Hale, 1981; Boyle and Jonasson, 1973).

The chalcophile nature and relative mobility of arsenic leads to the development of broad primary halos in the
vicinity of many gold deposits (Hale, 1981). These deposits occur in a wide variety of settings, ranging from
massive sulphides, volcanic breccias, skarns and hydrothermal veins. A comprehensive review of the geochemistry
and nature of gold occurrences worldwide is presented by Boyle (1979). Craig and Vaughan (1981) noted that gold
in quartz vein hosted deposits occurs primarily within, or marginal to pyrite and/or arsenopyrite, and is generally
very fine grained. Arsenic occurs as an essential element in a range of mineral types from arsenides, sulphides,
sulphosalts and arsenates through to oxides and the native element. In the Southern Uplands, the principle As
mineral is arsenopyrite, however elevated arsenic levels have also been defined in both pyrite, stibnite and

tetrahedrite.

In southern Rhodesia, James (1957) studied the geochemical dispersion patterns related to As-Sb rich gold
deposits. Wilson (1973) in studies of wallrock alteration, in the Ashanti gold mine, Ghana, noted that the
mineralization was accompanied by sericitization, carbonate enrichment and arsenopyrite depletion. Webb et al.,
(1973) detailed the results of a geochemical stream sediment survey of Northern Ireland, undertaken to evaluate
the applicationregional datasets to mineral exploration, agriculture, pollution and public health. Arsenic anomalies
(>20ppm) were located in association with major shear zones in NE Antrim, Omagh and Central Tyrone; and
peripheral to the north-west margin of the Newry granodiorite - a composite intrusion hosted by Lower Palacozoic
greywackes and associated with dioritic and monzonitic minor intrusions (O’Connor, 1986) (Note that the Omagh

Thrustzone forms a prominent structural feature associated with economic gold deposits in the Sperrin Mountains).

Cooperetal., (1985) in a reconnaissance geochemical drainage survey of the Harlech Dome in North Wales, noted
the presence of arsenic (+?Au) anomalies associated with Ordovician acid volcanics, ranging in composition from
dolerite to microtonalite. Historical gold mining activity in this area was concentrated on the south-eastern side
of the Harlech Dome in the ‘Dolgellau gold-belt’ which coincides with the outcrop of the Cloggau Formation. A
series of quartz-sulphide veins form the host of the gold mineralization, with gold occurring as either ‘free gold’
dispersed within the quartz, or intimately associated with sulphides including: pyrite, pyrrhotite, chalcopyrite,
arsenopyrite, galena and sphalerite. Examples of gold forming replacement or exsolution blebs in pyrite and

arsenopyrite were also identified.

In studies of the geological and fluid controls on Lower Palaeozoic hydrothermal veins in the Moretons Harbour
area, Newfoundland, Kay and Strong (1983) defined the occurrence of three types of vein mineralization,
including: arsenopyrite dominant (Au rich); stibnite dominant (Au poor); and base metal + arsenopyrite dominant
(Au + Ag rich). The arsenopyrite dominant vein mineralization was deposited from CO,-rich, low salinity fluids
attemperatures > 300°C, whereas the stibnite dominant veins were deposited from relatively saline, low-CO, fluids
at temperatures < 220°C.

In a detailed description of the mineralogy, paragenesis and origin of Ag-Ni, Co arsenide mineralization in the
Camswell River area, N.W.T. Canada, Badham (1975) noted that the location of individual mineral veins were
controlled by contacts of earlier intrusions; rock chemistry; the presence of sulphides in the host rock; and the
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position of tensional fractures. Wojak and Sinclair (1984) in a detailed description of the Equity Silver mine (an
Ag-Cu-Au-Sb deposit in British Columbia) noted the presence of concentric clay-rich alteration zones up to 300m
in width, enveloping a finely disseminated mixture of pyrite, arsenopyrite, chalcopyrite and tetrahedrite contained
within the matrix of a volcanic breccia. An epithermal model was proposed for this genesis deposit invoking the
intrusion of quartz monzonite which heated acidic meteoric water and contributed a saline magmatic component
in order to create the ore fluid. Perrault et al., (1984) demonstrated the existence of auriferous halos associated
with gold depositsinthe Val d’Or area of northwestem Quebec. Two distinct forms of halo were identified: a >3ppb
zone, enclosing a broad area interpreted as an ore-field halo; and a >10ppb zone enveloping all known ore zones
and defined as the ore-zone halo. These ore-zone halos however, do not constitute exact drilling targets and further
geophysical or geochemical methods are required to define the nature of mineralization within individual halos.
In addition it was noted that the presence of slightly elevated gold values could be used to define to position of
auriferous ore-field (>3ppb) and ore-zone (>10ppb) halos. Robert and Brown (1986) in a study of hydrothermal
alteration in the Sigma Mine, Quebec noted that deposition of vein minerals may be attributed to chemical changes
in the fluid resulting from progressive wallrock alteration.

In a study of arsenopyrite-gold mineralization from the Yuzhnoye deposit, in the USSR, Atabekyants (1972) noted
the significant distribution of lamprophyre and dioritic dykes in close proximity to mineralization. The main host
rocks to the mineralization are a series of brecciated sandstones and mudstones, impregnated with sulphides and
dominated by pyrite and arsenopyrite which host the majority of the gold. Luzgin and Shepelenko (1975) detailed
the relationship between mercury, arsenic and antimony deposits in the Gomyy Altay region of the USSR. In the
Baley gold deposit in eastem Transbaikalia, Au-bearing veins display As-Sb-Hg anomalies which widen and
coalesce upward forming a zone in excess of 300m in width near and above the ore, which can be detected at least
250m above the zone of ore grade mineralization (Rose et al., 1980). These deposits lie within the arsenic-,
antimony-, or mercury-bearing base metal vein-type deposits described by Craig and Vaughan (1981) and
exemplified by the Butte (Montana), Getchell (Nevada) and Almaden (Spain) deposits, respectively. A feature
common to all three types of deposit is the development of feldspathization, sericitisation, argillization and
bleaching in the wallrocks to the sulphide ores (Craig and Vaughan, op. cit).

Sillitoe, Baker and Brook (1984) in studies of gold deposits associated with hydrothermal eruption breccias in
Papua, New Guinea, noted that fluid over pressures, which developed at depths of >100m triggered hydrothermal
eruptions which gave rise to a ramifying system of irregular veins and bodies of hydrothermal breccia. Self-sealing

was caused by early quartz carbonate vein mineralization, which also may be found in fragments of later breccias.

Pamir (1974) in a short description of gold-bearing arsenopyrite veins from the Sobice Mountains in Turkey, noted
an inverse relationship between vein thickness and gold content; an intimate association of gold and arsenopyrite;

and grades up to 129ppm.

Stephens et al., (1988) presented a review of massive sulphide deposits in the Caledonian-Appalachian Orogen.
The Buchans deposit in Newfoundland is a polymetallic, stratiform, volcanogenic massive sulphide deposit
associated with submarine fumarolic activity, formed during the quiescent phases of calc-alkaline volcanism, and
exhibits numerous similarities to the Kuroko deposits of Japan (Thurlow et al., 1975). Henley and Thomley (1979)
in a discussion of polymetallic massive sulphide formation noted that these deposits result from transient discharge
to the seafloor from submarine geothermal systems. Low-power discharges result in metalliferous sediments or
banded massive sulphide ores whereas short-lived high-power discharges through stockwork zones formed by

hydrothermal brecciation, result in the formation of Kuroko and Archaean type massive sulphide deposits.
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In a detailed summary of mineralization in the English Lake District, Stanley and Vaughan (1982) identified two
major types of mineralization which include both Lower Devonian (Caledonian) Cu-As-Fe deposits and early
Carboniferous Pb-Zn deposits. Stanley and Vaughan (1982) in studies of the Bonsor vein deposit, in the English
Lake District, demonstrated that an early phase of arsenopyrite mineralization had penetrated the cleaved and
altered wallrocks to this deposit. Where the Cu-As-Fe mineralization is closely associated with granite intrusions,

more complex assemblages involving W or Mo bearing phases were found to occur.

In the western United States sediment hosted precious metal deposits have been identified in carbonaceous, silty
dolomites and limestones or calcareous siltstones and mudstones. Gold mineralization is disseminated in the host
sedimentary rocks and is exceedingly fine grained, usually <1 micron in size, in unoxidised ore. These deposits
are commonly associated with As, Hg, Sb, and TI and are classified by Bagby and Berger (1985) as sediment-
hosted, disseminated precious-metal deposits. Boyle (1981) noted that extensive replacement/alteration may be
developed in calcareous pelites and psammites and other thinly bedded carbonate rocks by the intrusion of granitic
stocks, porphyry dykes and sills. Deposits of this type are widely distributed throughout the world and are
commonly referred to as ‘Carlin-type’. In studies of gold bearing quartz veins in the Alleghany district of
California, Ferguson and Gannett (1972) identified the widespread association of gold with arsenopyrite, and noted
that arsenopyrite is most abundant in veins crosscutting Fe-rich wallrocks, such as gabbro and serpentenite.

The principal ore minerals in hydrothermal gold deposits such as those at the Cortez Mine, Carlin, Nevada are
arsenopyrite and pyrite (Wells and Mullens, 1973). Gold is rarely observed even at 15,000 x magnifications, yet
assays of sulphide concentrates reveal grades of up to 200 oz/ton. Springer (1985) presented a graphical summary
of the submicroscopic gold content of both arsenopyrite and pyrite from numerous deposits around the world. The
highest values were located in oxidised ores at the Carlin Mine (Wells and Mullens, 1973) containing up to 2500ppm
Au in arsenopyrite and 700-1500ppm Au in pyrite. Radtke (1976 ) reported an average content of 506ppm As and
126ppm Sb in unoxidized ore from the Carlin deposit. Evans and Peterson (1986) in lithogeochemical studies in
the vicinity of the Carlin deposit, Nevada noted that hydrothermal alteration and gold mineralization are present
in all rock types within the mine area, but are intensely developed along faults and breccia zones. Gold-bearing
quartz veins occur in and near major fault zones in deformed oceanic and island arc lithologies west of the Sierra
Nevada composite batholith (Bohlke 1986). It was proposed that the mineralizing fluids were mobilised by deep

seated magmatic activity, related to subduction processes along the western margin of North America.

Greenstone belts have produced over 20,000 metric tons of gold mainly from Canada, Australia, Zimbabwe, South
Africa, Brazil and India. Within the greenstone belts, two general types of gold deposits may be recognised. The
first, is vein-associated occurring dominantly in metavolcanic and metasedimentary rocks, whereas the second is
represented by stratiform-stratabound deposits in banded iron formations. Despite the stratabound nature of vein
sets, critical evidence for an epigenetic origin of the vein associated deposits was defined including their
transgressive nature. Anhacusser (1976) presented a review of the nature and distribution of Archean mineralization
in southern Africa and noticed that although gold mineralization is generally stratabound, it had been remobilised
by structural and metamorphic events following the intrusion of a range of granites and other minor intrusions. In
a study of trace element mobility in alteration zones associated Archean Au vein deposits, Ludden et al., (1984)
noted the presence of a cryptic alteration zone characterised by rare earth element leaching accompanied by
sericitic alteration. An integrated model for the origin of Archean lode gold deposits was presented by Colvine
etal., (1984). It was noted that gold deposits occur within linear tectonic zones (transcurrent or thrust systems) and
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were formed by dynamic, evolving hydrothermal systems which produced several forms of permeability and styles
of mineralisation, within individual deposits. Kerrich (1981) in a synthesis of stable isotope and geochemical
relations, noted that wallrocks associated with Archean gold-bearing veins, display a strong iron reduction anomaly
compared to background. In addition, it was suggested that the distinctive suites of metals in vein gold deposits,
when compared to massive base-metal sulphides, reflect fundamentally different properties and conditions of
deposition within a hydrothermal system. Burrows, Wood and Spooner (1986) presented carbon isotope evidence
for a magmatic origin of Archaean gold-quartz vein deposits.

Gold abundances in ultramafic rocks have been the subject of recent research (Saager, et al., 1982; Fyon, et al.,
198 4. Tilling et al., (1973) observed that mafic rocks contain more gold than felsic and intermediate rocks inboth
plutonic and volcanic suites. It was also demonstrated that gold tends to be more abundant in early crystallizing
minerals, such as mafic silicates than in later quartz and feldspar. Buisson and Leblanc (1985) noted that arsenic,
gold, mercury and Co-Ni arsenides may be located in carbonate-bearing ultramafic rocks (termed ‘listwaenites’)
located along the boarders of Alpine-type ultramafic massifs. lithogeochemical studies reveal a strong positive
correlation between As-Au and As-Au-K, with Sb, Bi and Ag also associated with high gold values. Mineralogically,
the concentration of gold is related to gold rich sulphides, sulphoarsenides, or arsenides. Listwaenites are
developed during the late stage tectonic emplacement of serpentinized ultramafic massif, along deep seated suture
zones, and formed by CO,-Ca metasomatism within a large-scale hydrothermal system.

Gold deposits in California, although widely scattered, show a marked preference for oceanic and island-arc
terranes that have been invaded by granitoid plutons (Albers, 1981). The association of gold deposits with oceanic
and island-arc derived sediments in California was suggested by Albers (op. cit) to infer that the gold was derived
from these two types of material and that lesser amounts of gold would be available in areas of continental crust.
Buisson and Leblanc (1985) reported the location of several gold occurrences in carbonate-rocks located along the
margins of serpentinized ultramafic massifs, related to various ophiolite complexes. These carbonate rich rocks
(listwaenites) were formed during CO,-Ca metasomatism of ultramafic rocks, and contain elevated gold values (1

to 10ppm) in areas of cobalt-arsenide mineralization and display a strong positive correlation between As-Au-S.

A number of papers reviewing recent developments in the exploration and genesis of turbidite hosted gold
mineralisation, were presented in 1985, at the turbidite hosted gold mineralisation symposium during the joint JAC/
MAC annual general meeting at Fredricton, Canada. Authors and their respective areas of interest included: Boyle
(overview) ; Foster et al., (Zimbabwe); Ruitenberg (New Brunswick); Smith (Nova Scotia); Sandiford and Keays
(Victoria, Australia); Paterson (New Zealand); Steed and Morris (Ireland); Duller and Harvey (Scotland); Goldfarb
et al., (Alaska); Bow (Ywoming); Padgham (Northwest Territories); Tomkinson (Southem Appalachians); and
Crockett et al., (Nova Scotia). Boyle (1985) noted the widespread distribution of turbidite hosted gold
mineralisation, noted the widespread distribution deposits throughout the world, which occur in rocks ranging in
age from Archean to Tertiary. Since the mid 1800’s when gold was first discovered in Nova Scotia, the Lower
Palaeozoic Meguma group of turbidites has gained world recognition as a type-example of turbidite hosted gold
deposits, with more than 60 producing mines, yielding over 1,000,000 0z gold. Typically, wallrocks to in this region
have been subjected to intense arsenopyritisation and sericitization and display many similar characteristics to the

vein systems identified in the Southem Uplands.

Smith (1985) in an evaluation of turbidite hosted gold mineralization in the eastern Meguma terrane of Nova Scotia,
proposed a tentative genetic model in evoking a Devonian granitoid intrusion, as the hydrothermal pump
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responsible for introducing mineralization along a shear zone. Haynes (1985) in studies of gold deposits of the
Meguma Terrane suggested that tectonically activated fault zones acted as feeders for hydrothermal hot-spring
systems, which precipitated gold, arsenic, mercury and other metals from low density buoyant plumes (‘white
smokers’) as laminated siliceous exhalites, exhibiting structures similar to modem geyserites. In the underlying
hydrothermal system and vertical fluid conduits, silicification, sericitization and arsenopyritization at temperatures

of 300-350°C were responsible for the development of extensive stockwork zones.

Ina study of mineral deposits in New Brunswick, Ruitenberg and Fy ffe (1982) noted the association of gold-bearing
quartz veins (hosted by Ordovician siltstones and shales) with contemporaneous granitic and mafic intrusions.
Numerous gold-bearing veins (+ Pb-Zn sulphides) are associated with granitic intrusions along the Bay of Fundy
Coast in New Brunswick, Canada (Ruitenberg and Fyffe, 1982). In addition, Ruitenberg (1985) identified a low
grade gold-arsenopyrite bearing argillic alteration zone enveloping quartz-stibnite vein mineralization, hosted by
Silurian turbidites in the Lake George deposit, New Brunswick.

Wilton (1985) detailed the results of a REE and Au geochemical study of gold mineralization associated with the
Cape Ray Fault Zone in southwestem Newfoundland. Wallrocks to gold bearing quartz veins in both schists and
granite, exhibited LREE depletion probably due to leaching by hydrothermal solutions. Baldwin (1980) reported
the occurence of stratabound arsenopyrite mineralization hosted by Precambrian volcanic-derived turbidites in the
Churchill Province of Manitoba, Canada. This deposit has been subjected to regional amphibolite-grade
metamorphism and all primary sulphides have been remobilized into sulphide-rich bands, conformable with
metamorphic layering. Turbidite hosted gold vein mineralization is widespread throughout the Yellowknife

Supergroup, of the northwest territories, Canada, and is currently the subject of extensive exploration programmes.

In an investigation of turbidite hosted Au-Sb deposits in Otago, New Zealand, Paterson (1985) identified the
general occurrence of sericitic-propylitic wallrock alteration assemblage enveloping vein mineralisation which
formed at ~300°C. Sandiford and Keays (1985) in a study of turbidite hosted gold deposits in Australia, attributed
the source of gold to metamorphism and dehydration of deep seated crustal rocks associated with the generation
of late to post-tectonic granites. In studies of the origin and structural control of gold-rich deposits in deformed
turbidites from the Cobar mining district in Australia, Glen (1987) noted that Au-Cu deposits previously interpreted
as remobilized syngenetic ores are structurally controlled and lie in zones of silicification on or adjacent to major
faults. Robertson (1987) in studies of the Cobar deposit in Australia, noted that the mineralization was surrounded
by unusually extensive depletions in Na and K in the host metasediments. These zones are marked by the virtual

absence of feldspar in proximity to the ore and an increase in sericite.

The geochemistry of hydrothermal arsenopyrite mineralization in late-Precambrian sediments of Central East
Greenland was reported by Stendal (1981; 1983). Two types of arsenopyrite mineralization were noted: the first,
a stratabound occurrence was restricted to fracture zones and their respective wallrocks crosscutting semipelitic
quartzites. This style of arsenic mineralization was found to contain gold values up to 650ppb and was associated
with zinc depletion; the second, vein hosted arsenopyrite mineralization crosscuts both quartzite and semipelitic
lithologies and occurs together with galena and chalcopyrite. Evidence for the hydrothermal origin of both styles
of mineralization were cited, based upon field relationships, including: the vein type mineralization; arsenic
impregnation associated with fracture zones; decreasing metal contents of wallrocks with distance from the vein
systems; the regional distribution of deposits; and polymetallic nature of the mineralization. In a re-evaluation of
the genesis of this mineralization based upon field and geochemical evidence, Stendal (op.cit) discounted earlier
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models of syn-sedimentary/diagenetic arsenopyrite formation with later remobilisation, in favour of a pneumatolytic-
hydrothermal origin for the widespread arsenic mineralization located in this terrane. Stendal and Ghisler (1984),
in studies in east Greenland, noted the occurrence of widespread arsenopyrite mineralization which were deposited
from boiling CO,-bearing fluids of low salinity at temperatures 225° to 260°C. Mineralized fracture zones were
found to contain an average 5.5% As and are generally enriched in Pb, Cu, B and Co. It is proposed that the
occurrences of hydrothermal mineralization in east Greenland displays many features in common with Caledonian
magmatic activity and mineral deposits in Scotland.

Pedersen and Stendal (1987) in an investigation of the geology and geochemistry of W-Sb-As (-Au) vein
mineralization in central east Greenland, established a Caledonian age for the mineralizing event. In general, early
arsenopyrite-pyrite-gold mineralization is superimposed by later phase of stibnite (+ scheelite). It was proposed
that these deposits form examples of lineament controlled, precious metal-bearing geothermal systems, in which

antimony and gold are concentrated at shallow depth.

Brill (1983) in studies of polymetallic deposits from the French Massif Central, noted that early crystallization of
arsenopyrite is always a precursor to stibnite mineralization. Brill (op. cit) identified two types of paragenesis
originating from complex low salinity, CO,-rich fluids. These included a high temperature (~350°C) As-W-Au
deposits and lower temperature (~260°C) stibnite occurrences. A later, lower temperature phase of Pb-Zn
mineralization, deposited from highly saline fluids resulted in some remobilisation of antimony, which was
redeposited with Pb in the form of sulphosalts.

Breccia-hosted arsenopyrite-gold mineralisation occurs within Cambro-Ordovician metasediments in the Monteroso
deposit in northwest Spain (Jahoda et al., 1989). The hydrothermal system responsible for this deposit was
associated with minor mafic-granodioritic intrusions emplaced within a dilational fault zone. Numerous close
similarities exist between the Glendinning deposit and the carbonate-quartz-stibnite-sphalerite-gold deposits
identified by Gumiel and Arribas (1987) in the Iberian Peninsula. These deposits are characterised by the early
deposition of pyrite, arsenopyrite and gold. Other minerals which complete the paragenesis include sphalerite,
chalcopyrite, tetrahedrite and berthierite. Examples of such deposits include the Ribeiro da Igreja mine (Portugal)
and the Pilar mine (Badajoz). Such a re-interpretation is not unique; Allen and Easterbrook (1978) suggested that
the Glasdir mine in the Dolgellau gold belt in central Wales, previously regarded as a vein deposit, was a
mineralized breccia pipe associated with intermediate and basic intrusions formed during Lower Palaeozoic

magmatic activity.

A variety of origins have been suggested for turbidite-hosted gold deposits in a detailed review by Boyle (1985)
including igneous, hydrothermal and lateral secretion: According to Meyer and Hemley (1967) the most abundant
alteration minerals in Precambrian gold deposits are chlorite, sericite and complex carbonate assemblages,
especially magnesium and iron-rich types (ie., ankerite). In most of these deposits sericitic alteration is associated
with sulphide deposition. The compositions of hydrothermal fluids and the nature of gold transport mechanisms
have been the subject of critical debate (Fyfe and Henley, 1973). Several mechanisms can be invoked resulting
in the destabilization of soluble Au complexes (Henley, 1973; Seaward, 1973 and 1976) with a decrease in

temperature forming one of the simpler mechanisms.

Kerrich and Fryer (198] ) detailed the REE compositional variations, associated with Archean precious-metal
hydrothermal systems in the Abitibi Greenstone belt of eastern Canada. Oxidation accompanying hydrothermal
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alteration in proximity to the seafloor has been discussed by Spooner and Fife (1973) and Spooner et al., (1977).
The chemical composition of fluid inclusions in As-Sb-Hg deposits in the USSR was investigated by Otkhnezuri
and Dolidze (1981). In a study of trace element mobility within alteration zones associated with Archean Au vein
deposits, Ludden et al., (1984) noted that zones of incipient sericitic and cryptic alteration may be characterised
by REE leaching, developed within a low pH environment. A range of criteria were used by Kay and Strong (1983)

to suggest that the ore fluids were derived from a felsic magma.

A common association exists between CO, rich fluids and As-Sb-Au deposits (Kay and Strong, 1983; Smith et al.,
1968). Phillips and Groves (1983) suggested that Au deposition occurred by selective sulphidation of Fe-rich rocks,
with concomitant destabilization of reduced-sulphur Au complexes. Novgorodova et al., (1984) in a study of the
geochemistry of trace elements in gold-bearing quartz veins, demonstrated a marked correlation between Au, As,
Sb, Na and REE (La, Eu and Sm). In studies of the Macassa gold deposit in Ontario, Kerrich and Watson (1984)
noted that the hydrothermal fluids had not fractionated the REE, during interaction with wallrock. This data is
consistent with a fluid which evolved from a dehydration of volcanic/igneous rocks, which ascended by

hydrofracture along pre-existing faults and fractures, into which sulphide and gangue phases were precipitated.

In studies of hydrothermal alteration associated with gold mineralization in northwest Spain, Harris (1980)
identified a disseminated pyrite, arsenopyrite, molybdenite and stibnite assemblage within a Hercynian granodioritic
complex. The mineralization and accompanying hydrothermal alteration were inferred to have formed from
episodic influxes of sporadically boiling fluids, rich in CO,, H,0, S, Sb and As. This form of hydrothermal
brecciation and associated silicification may be used to indicate proximity to fluid upflow and boiling (Hedenquist

and Henley, 1985).

It has been widely recognised that certain types of deposit are concentrated in specific regions of the world. These
regions are known as metallogenic provinces and may be delineated by reference to one or more metals or metal
associations. On the basis of this study, the Lower Palacozoic turbidite succession of the Southern Uplands and
Longford Down (and their lateral extensions) may be regarded as a As-Sb-Au metallogenic province. The
recognition of the development of this type of gold province is of fundamental importance to the exploration
geologist. As such, detailed lithogeochemistry can be a very potent technique in the exploration for As-Sb-Au

deposits in this terrane.

4.5.2 Antimony Dominant Deposits

The word antimony is derived from the Greek ‘anti plus monos’ which means *‘a metal seldom found alone’’ and
aptly defines the polymetallic nature of this metal in its natural form (Rathjen, 1980). The most important property
of antimony is that it expands, rather than contracts upon cooling. Antimony has many industrial applications, the
most important of which is its use as a hardener in antimonial lead used in storage batteries, protective sheathing
for power cables, sheets, pipes, collapsible tubes and foil. Other applications of antimony include flame retardants,
casting alloys, semiconductors, pigments, glasses, glazes, electroplating, Britannia metal and pewter, ammunition,

flares, tracer shells and bullets, vulcanizing rubber and pharmaceuticals.

Antimony deposits may be classified into two types - those which are mineralogically and structurally simple and

those which are complex. In the first category, deposits are generally small in extent, discontinuous, and consist
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mainly of quartz and stibnite. They are considered to have been formed from hydrothermal solutions at low
temperatures and shallow depths, and are normally associated with granitic rocks. Deposits of this type do not
usually contain more than several thousand tonnes of ore, but are represented by some of the world’s most
productive antimony deposits, including those of Bolivia, Mexico, China, Peru, South Africa, Italy and Japan. In
the second category, antimony occurs as a constituent of other metalliferous ores; either as stibnite in gold-quartz

veins or as a constituent of Cu-Pb-Zn sulphide bodies where it occurs in minerals such as tetrahedrite.

South Africa is the worlds leading exporter of antimony with production of ~16,000 tons accounting for ~23% of
the worlds annual output. The other major world producers are Bolivia and Mexico. In addition, China and Russia
together produce about 22,000 tons/year, however their production is normally consumed internally. Sahli (1961)
noted that the first phase of mineralization in the Murchison range was the emplacement of pyrite-arsenopyrite-
gold deposits. With decreasing temperature the succeeding phase was dominated by the emplacement ofubiquitous
stibnite-gold mineralization, and overprinted by cinnabar deposition.

Muff (1978) presented a major review paper on the antimony deposits in the Murchison Range, South Africa and
identified the association of As, Sb and Hg in terms of a ‘hot spring’ or ‘mobile element’ factor. Muff and Sager
(1979)inareview of metallogenic studies of antimony deposits inthe Murchison greenstone belt noted the presence
of a stratabound, banded pyrite-arsenopyrite ore in addition to a separate, almost monominerallic stibnite ore. It
was proposed that this pyrite-arsenopyrite assemblage formed the precursor of, and was genetically related to
primary antimony ores, formed by synsedimentary volcanogenic submarine-hydrothermal processes. At an early
stage of fumarolic activity the high-temperature mineral assemblages of the banded pyrite-arsenopyrite ore were
formed. With decreasing temperatures the fluids became enriched in volatile elements, silica and carbon dioxide.
As a result, the mineral assemblages changed gradually from pyrite-arsenopyrite ore to stibnite ore. During the
waning phase of volcanic activity and mineralization the mineralizing solutions were enriched in Sb, Hg, As, CO,
and SiO, and depleted in Fe, Cu and Zn. A genetic link between gold and komatiitic rocks has been suggested to
explain the distribution of gold deposits in South Africa (Viljoen, 1982, 1984). The close association between gold
mineralization and tonalite-granodiorite intrusions in Zimbabwe, was explained by a number of complex and inter-
related parameters, including the igneous source, diapiric nature, timing of emplacement and the generation of low
fO,, high SO,-H,S fluids capable of efficient gold transport (Foster, 1988).

Mitchell (1975) speculated that the location of antimony deposits in Burma and China, on the continental side of
tin-bearing granite belts suggests that antimony mineralization was related to a rise in volatiles from a depth of
several hundred km. Submarine-hydrothermal Sb-Hg-W deposits were investigated in Turkey (Holl, 1966), Spain
(Maucher and Saupe, 1967) and in Austria and Yugoslavia (Holl and Maucher, 1967).

Jankovic (1960) in studies of Yugoslavian antimony deposits noted their genetic association with Tertiary
volcanics, and identified the following associations: Sb only; Sb-As-Hg; Sb-Pb-Zn-Cu; Sb-W; Sb-As-Ni-Co-U;
Sb-Cu-Mo. In subsiquent studies, Jankovic et al., (1977) noted the association of Sb-As-Pb-Zn and provided

detailed evidence of the genetic relationship between mineralisation and Tertiary granodioritic intrusions.

In a geological and geochemical study of the Senator antimony deposit in Turkey, Bernasconi et al., (1980) defined
the presence of a hydrothermal breccia pipe containing Sb-mineralization composed almost entirely of oxides
(stibiconite, scorodite, dussertite) with lesser amounts of amorphous sulphides (metastibnite). This deposit was

formed by hot spring/fumarolic activity associated with Late Tertiary-early Quaternary volcanic activity.
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Antimony bearing vein mineralization has been observed in the Brioude-Massiac district of the Massif Central,
France (Roger, 1969). The dominant ore mineralogy comprised of stibnite, berthierite and minor sulphosalts in a
gangue of quartz and carbonate: in narrow veins hosted within a series of NNE trending faults and sub-concordant
fractures. Bril (1983) in a study of the metallogeny of antimony mineralization in the Brioude-Massiac district
in the French Massive Central, noted that ore deposition took place at relatively elevated temperatures (300°-
400°C) from complex low salinity, CO, rich fluids. A metallogenic model was proposed invoking extensive fluid
circulation resulting from thermal anomalies caused by late magmatism and fracturing events.

In a review of antimony deposits in the Iberian Peninsula, Gumiel and Arribas (1987) defined eight mineralogical
associations including: quartz-stibnite; quartz-stibnite-gold; carbonate-quartz-stibnite-sphalerite-gold; carbonate-
quartz-stibnite-galena-silver; quartz-stibnite-sphalerite, quartz-stibnite-scheelite; quartz-stibnite-cinnabar; quartz-
stibnite-copper. Three phases of antimony mineralization were observed (Lower Ordivician, Silurian-Devonian,
and Lower Carboniferous) and interpreted to be the result of pre-orogenic volcanism. In all instances of antimony
mineralization recorded from the Iberian Peninsula, arsenopyrite deposition forms a precursor to the main phase
of stibnite deposition. The Almaden mercury deposit in Southern Iberia is particularly noteworthy. This deposit,
recently described by Saupe (1987) is responsible for one third of the cumulative world production of mercury and
as such, may be regarded as a giant orebody of its type. This deposit occurs as both stratabound and diatreme related
mineralization hosted by Lower Silurian (Llandovery) quartzites which have been subjected to low grade
(anchizone) metamorphism. Three periods of major volcanic activity are recorded from this region (Llandeilo,
Llandovery-Wenlock and Middle Devonian) during which abundant basic volcanic rocks (spilites and diabases)
were erupted or extruded together with the intrusion of dykes and sills of dolerite, microgranites and lamprophyres.
It is clear that the tectonic environment during mineralization exhibits many close similarities with that of the
Southern Uplands. The cinnabar is interpreted by Saupe (op.cit) to have been deposited at, or just below the seafloor
at temperatures of approx. 300°C. Sulphur isotope fractionation studies of pyrite associated with cinnabar indicate
that hydrothermal circulation of Silurian seawater provided a partial sulphur source. Possible sources of the
mercury include, thermal remobilization from Silurian black shales or volcanics, and mantle degassing, genetically

related to basic Silurian volcanism.

The geochemistry of the ore-bearing fluids for similar Californian deposits has been investigated by Bames and
Seward (1987) who developed a general genetic model for these deposits, invoking low grade metamorphism of
subducted marine sediments to provide the necessary ore forming solutions and subsequent syngenetic, diagenetic
or shallow epigenetic deposition of sulphides which resulted from either cooling or a decrease in pH. Gumiel and
Arribas (1987) classify most if not all, stibnite-cinnabar deposits as epithermal (mostly volcanic) origin and they
proposed that all antimony deposits in the Iberian Peninsula were genetically related either to volcanic exhalative

processes or the emplacement of intrusive rocks.

In a study of polymetallic deposits from Sardinia, Schneider (1972) noted the presence of stratabound As-rich ores
(£ stibnite) constrained by Lower Palacozoic (mainly Silurian) sediments, associated with acid, submarine
volcanism. In a more recent evaluation of Sardinian antimony deposits Carmignani et al., (1982) detailed the
occurrence of a major, lineament controlled, tectonic breccia hosted by Lower Silurian black shales, containing
extensive stibnite mineralisation. Although a number of possible origins were considered, field and geochemical

evidence pointed towards a magmatic-hydrothermal model for this deposit.
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In a discussion of exploration for antimony deposits in Italy, Dehm et al., (1983) demonstrated the application of
overburden sampling in extending the patterns of known mineralization and identifying neighbouring anomalies.
Furthermore, Dehm et al., (op.cit) proposed a genetic model for the Sb deposits invoking deep seated mobilization
of Sb rich fluids, transport along major structural features and near-surface precipitation.

In 1948, Ahlfeld presented a review of antimony deposits in Argentina. Of particular importance in this study were
the detailed descriptions of vertical zonation within numerous working deposits. The Puyita mine vein (which
yielded 300 tons of antimony ore) is unusual in that it is vertically zoned and it passes at depth to a sphalerite-
dominant system. In the Pabellon deposit, stibnite veins hosted by Ordovician turbidites pass with depth into a
gold bearing (stibnite absent) quartz vein.

Threadgold (1958) documented the occurrence of antimony-gold mineralization at Steel's Creek, Victoria,
Australia. In this deposit the ore occurs as a series of narrow, near vertical veins, hosted by a quartz-feldspar
porphyry, which itself intrudes a Silurian turbidite succession. These veins exhibit similar morphology,
mineralogy and alteration to that observed in the Southern Uplands. Balitsky et al., (1968) in studies of the
formation of natural antimony and stibnite noted that a H,S deficiency is the most important controlling factor for l
the formation of antimony in a hydrothermal deposit. It may be demonstrated therefore that in hydrothermal

solutions a temperature decrease and increase in H,S activity lead to the formation of stibnite.

Leonard (1965) documented the occurrence of a cinnabar-bearing stibnite deposit in central Idaho, USA. This
deposit occurs in a sheared, silicified zone hosted by granodiorite and cut by basic dykes. Although the principle
ore mineral is stibnite, it is associated with fine grained and disseminated cinnabar, pyrite, arsenopyrite, sphalerite,
and boulangerite. Cinnabar, one of the commonest forms of mercury sulphide, occurs sporadically in stibnite and
quartz as groups of discreet granules and as coatings of very small crystals. Cinnabar is readily overlooked in
massive stibnite which may be cut by hairlike veinlets of cinnabar.

Stibnite vein mineralization is commonly found in association with granitic intrusions. Srikantia (1977) recorded
the presence of a series of polymetallic stibnite veins inthe Lahaul-Spiti District of India which assayedup to 1.52%
As, 1.4dwt/ton Au and 50 oz/ton Ag. Farrand (1979) in a study of stibnite mineralization in Australia presented
a model for the origin of antimony from the troilite phase of the deep mantle. One of the major controls of stibnite
mineralization in Australia was demonstrated to be the landward projection of major transform faults related to
calc-alkaline volcanic activity and extensional tectonics. Furthermore, Farrand (op.cit) noted the close similarity
of stibnite mineralization in the Central Asian Mercury Belt to that in New England, Australia which he related
to plume activity and possibly a failed spreading axis. It should be noted that stibnite mineralization is widespread
throughout the eastern margin of Australiasia and extends discontinuously throughout the eastern coastal area of
Australia. New England is a focus of stibnite deposits with production centered on the Hillgrove-Metz mining field,
30 km SE of Armidale (Robinson and Farrand, 1982). This areais currently responsible for 2-3% of world antimony
production.

Maucher (1968) showed that Sb-W-Hg formations in the Mediterranean and eastern Alps were related to early
Palaeozoic volcanism. The coincidence of Cretaceous-Tertiary Sb-Hg deposits with the early Palaeozoic
sequences is widespread and as such it was proposed that the younger deposits represented mobilization from early

Palacozoic Sb-Hg-rich formations. In 1978, Maucher presented an extensive review of stratabound Hg-Sb-W
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deposits, with examples from the Mediterranean and eastern Alps. It was noted that the fundamental metal supply
took place during the early Palacozoic period, and was genetically connected with basic volcanism and its alkali-
rich acidic differentiates, and closely linked with major structural lineaments. The metals Sb, Hg, W, Be, Bi, As,

Au and Ag were derived from the mantle and transported by deep seated volcanic processes.

Holl (1977) in studies of Sb-As-Hg mineralization in north west Europe identified the widespread occurrence of
minor scheelite (CaWO,) mineralization in association with these deposits. In addition, it was reported that stibnite
and cinnabar occurrences in the eastern Alps are spatially, temporally and genetically connected with subduction
related basic, locally ultramafic and acid volcanism, and with igneous related hydrothermal activity during the
Upper Ordovician and Silurian. Holl (1979) defined a simplistic model for Sb-W-Hg deposits in the eastern Alps,
invoking a series of parallel belts above a subduction zone system. In this model Hg deposits were produced near
the trench whereas Sb-As-W deposits were produced further from the trench and related to a more deep seated
origin. Furthermore, Holl (1979) noted that many stratabound stibnite and cinnabar deposits in northern Europe
show close temporal and genetic relationships to deposits hosted within Archean greenstone belts.

Stumpfl and Reimann (1980) noted the close association of ocean-floor basalts and associated mafic volcanics with
stibnite mineralisation in the Southern Central Alps. The genetic model of Maucher (1978) involving a direct
association between Sb-Hg mineralization and mafic rocks has been somewhat modified by the detailed studies
of Reimann and Stumpfl (1981) to include submarine volcanicity of basic to acid affinity, associated with
exhalative activity and intermittent clastic sedimentation. This model may be extended further to incorporate the
features identified in the Southern Uplands by the inclusion of both terrestrial and subvolcanic categories. In
addition, Reimann and Stumpfl (1981) in studies of stratabound stibnite mineralization in the Kreuzeck mountains,
Austria noted that both arsenopyrite and pyrite are present in stratabound and vein-type ores. Previous authors have
stressed an exclusive association of stibnite mineralization with basic volcanic rocks, however this study
demonstrated that, intermediate to acid volcanic rocks play an important role in the development of the

mineralization.

A 10m wide phyllic alteration zone were identified by Morris and Steed (1985) in the immediate vicinity of vein
mineralisation in the Clontibret As-Sb-Au deposit. This zone was enclosed within a propylitic alteration envelope
of indeterminate width. The Clontibret deposit (see Chapter 1) consists of several NNW-trending lode zones and
was worked historically for antimony. Two principle mineralization episodes are present, with early disseminated
arsenopyrite-pyrite followed by a localised stibnite veining. Wallrock alteration is characterised by progressive
K, O enrichment and Na,O depletion, in proximity to the ore body. Furthermore, mineralogical studies by Morris
et al., (1985) were used to infer that the most intensive, and highest temperature phase of mineralization in the
Clontibret deposit, is represented by the arsenopyrite-pyrite assemblage. In contrast, the stibnite phase of
mineralization is relatively localised and unaccompanied by any form of distinctive wallrock alteration. Igneous
intrusions are both rare and poorly exposed, in the vicinity of the Clontibret deposit, however drilling by Munster
Base Metals limited, has identified several minor mafic intrusions (?sills) immediately east of the deposit. In
addition a small area of homnfelsed greywacke is exposed ~2km SE of the deposit, unassociated with any visible
igneous rocks. Elsewhere in the Longford Down, similar homfels is associated with small intermediate intrusions
(? monzodiorite) of Caledonian age (Morris et al., 1986). Immediately south of the Clontibret Sb deposit, further
mineralization comprising of a dense stockwork of veins, displaying prominent, internal, cataclastic deformation

textures was identified and considered to be a precursor to the main mineralization event (Morris et al., 1986).



-137-

In the Wadebridge area of southwest England antimony occurs in small quartz vein deposits and has been
historically mined. Jamesonite is the principal antimony mineral associated with subsidiary amounts of chalcopyrite
and galena. Edwards (1976) using metallogenic maps, showed that a spatial relationship exists between the
antimony mineralization and spilitic lavas which outcrop in this area and suggested a genetic relationship between
the two. The association of Sb-rich spilites and metasediments were compared by Edwards (op. cit.) with the
stratabound, volcanogenic stibnite deposits from Ballao-Villasalta (Holl, 1966) and Turkey (Maucher, 1972).
Stanley et al., (1989) detailed the mineralogical and structural setting of gold-antimony vein mineralization in
southwest England. NW-SE trending, quartz-carbonate veins at Loddiswell were found to contain native gold,
tetrahedrite, bournonite, bismuthian jamesonite, antimonian bismuth, chalcopyrite, covelline, gersdorffite,
acanthite and sphalerite. A model for this mineralization was proposed invoking the interaction of volcanic rocks
(spillites and dolerites) with a series of major NW-SE lineaments.

Rundle (1979) concluded that the Eskdale granite was altered as a result of hydrothermal activity during the Late
Silurian to Early Devonian period. In addition, Fortey et al., (1985) noted the relatively widespread distribution
of antimony mineralization in the Lake District of northern England. In a study of scheelite-ferberite-chalcopyrite
mineralization hosted by granodiorite at Buckbarrow Beck in the Lake District, Young et al., (1986) noted that the
mineralization formed part of a minor episode of hydrothermal activity related either to emplacement of the Early
Silurian Eskdale granite or to the end-Silurian Caledonian orogenic event.

It is interesting to note that stibnite mineralisation occurs along a major shear zone separating Ordovician and
Silurian turbidites in New Brunswick, Canada (Ruitenberg and Fyffe, 1982). In a study of fracture controlled
antimony mineralization in the Lake George deposit, New Brunswick, Scratch et al., (1984) detailed the
mineralogy, geochemistry and alteration products of a deposit which exhibits many close similarities with the
Glendinning and Clontibret deposits. This deposit comprises of a series of stibnite-bearing quartz veins crosscutting
a Silurian turbidite succession. The vein system passes at depth into a siliceous skam intruded by granite porphyry
dikes, which was preceded by, or developed contemporaneous with, an argillaceous alteration halo. In the Lake
George deposit, a series of stibnite bearing quartz veins, crosscut tightly folded Silurian turbidites, within the
contact metamorphic aureole of a small granodiorite porphyry intrusion. Wallrock alteration accompanying
stibnite quartz vein emplacement involved major additions of Sb, As, S and volatiles, with minor introduction of
K,0, Rb and Si. In addition Fe,0,, MgO, CaO and Na, O together with Co, Ni and Zn were depleted. The dominant
fracture controlled argillic alteration zone, containing quartz-stibnite veins and disseminated arsenopyrite, was
developed at 360° to 490°C and pressures of 600-900 bars and may be directly related to small granodiorite
porphyry. An argillic alteration zone envelopes the stibnite bearing veins and is developed over distances of 30m
from the major vein. This alterationis characterised by a fine grained assemblage of quartz, sericite, illite, kaolinite,
dickite, arsenopyrite and pyrite. In addition a siliceous alteration zone, 3-5 cm thick surrounds the main stibnite-
bearing quartz veins, overprinting the previously formed argillic alteration and formed contemporaneous with vein
emplacement. The ore forming solutions, were proposed to have been late-stage magmatic in origin, evolved from
the granitic intrusion, itself derived from partial melting of Sb-enriched sediments. It is interesting to note
however, that Sb enrichment within the granodiorite porphyry occurred during alteration, rather than as a primary
feature, and a lamprophyre dyke swarm occurs parallel to, and is transected and altered by the stibnite bearing
quartz vein. The quartz-stibnite veins also host native antimony (the only other mineral of economic importance)
arsenopyrite, pyrite, pyrhotite, tetrahedrite, bournonite, boulangerite, cubanite, sphalerite, chalcopyrite, molybdenite,
bornite, kermasite and senarmonite. In summary, the stibnite-quartz vein mineralization in the Lake George
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deposit, is related to, but slightly later than, the arsenopyrite-rich argillic alteration and both are directly controlled
by the fracture system. Scratch et al., (1984) proposed that Sb, As and Au in the Lake George deposit, New
Brunswick were derived from either the direct leaching of metal enriched Cambro-Ordovician black shales or a
late-stage magmatic fluid, with secondary Sb enrichment resulting from a magma derived from partial melting of
the Cambro-Ordovician sediments.

Two possible schemes for the hydrothermal system of the Lake George Sb deposit were proposed by Scratch et
al., (1984). The first, involved the generation of an ore fluid by thermally driven convection of meteoric surface
waters through the sedimentary sequence. The early phase of argillic alteration may have been induced by the
escape of the vapour phase, followed by stibnite-quartz deposition from the residual saline liquid (Scratch et al.,
1984). The second model invoked the expulsion of Sb-rich magmatic fluids from an intrusion associated with a
coeval meteoric water convection cell. Seal et al., (1987) in a discussion of W-Mo mineralization in the Lake
George deposit, New Brunswick noted that a Late Silurian complex hydrothermal center was spatially and
temporally related to a biotite monzogranite stock, and porphyry and lamprophyric dykes.

4.5.3 Hot Spring Geothermal Systems

De La Beeche (1839) divided the more rational of early views on metallogenesis into two categories, namely the
sublimation of substances driven by heat from below; and the filling of fissures in rocks by chemical deposits from
substances in solution in the fractures. Using contemporary ideas the first ‘hot spring’ model was developed,
generated by the natural geothermal gradient with metalliferous components derived from indigenous rocks.

The characteristics of epithermal precious-metal deposits have been recorded by numerous authors including
Lindgren (1933), White (1943, 1985), Henley and Ellis (1983), Berger and Eimon (1983) and Hendenquist and
Henley (1985). In addition, a detailed account of the geological and geochemical features of hot spring precious-
metal deposits is presented by Berger (1985). These deposits may be distinguished from their deeper-seated
epithermal counterparts by extensive near-surface silicification, elevated As, Au, Hg, Sb and Tl values, and
widespread hydrothermal brecciation. Similarities between epithermal ore deposits and active geothermal systems
have been recognised by numerous authors including White (1974, 1981), Ewers and Keays (1977), Sillitoe et al.,
(1984). Evidence supporting a genetic link between geothermal activity and precious metal mineralization has
accumulated over the last decade from research into active geothermal systems and from studies of precious metal

deposits in hot spring environments.

Epithermal Au-As-Sb-Hg vein deposits are common in volcanic areas of north America, parts of the USSR, New
Zealand and elsewhere. The association with volcanic activity, and the limited vertical range of mineralization has
been invoked to suggest near surface deposition in an environment similar to modern day hot springs (Ewers and
Keays, 1977; Rose et al., 1979). Hemley and Jones (1964) discussed the characteristic effects of hydrogen
metasomatism, within different types of hydrothermal alteration. The hydrolysis of feldspars to form a kaolinite-
quartz bearing assemblage is characteristic of both hot spring and epithermal Au deposits and represents an intense

form of hydrogen metasomatism.

The transport chemistry of the epithermal group of metalshas been reviewed in detail by Bames (1979), Weissberg
et al., (1979), Henley (1985), and Henley and Brown (1985). Hg and Sb deposits are reported from several sites
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of hot spring activity in the western United States. White (1967) described the frequent association of mercury
deposits with hot springs. Stibnite and amorphous silica are deposited at/or near surface in the Steamboat Springs
deposit (Dickson and Tunell, 196%). Further examples of hot springs associated with As-Sb-Hg sulphides include
Boiling Springs, Idaho; Sulphur Bank, Amedee Springs, and Skagga Springs, Califomia and Norris Basin,
Yellowstone National Park (White, 1967). The nature of gold deposition at modern hot springs indicates that the
gold was originally deposited as disseminations of sub-microscopic grains. Subsequent metamorphism may have
resulted in an increase in grain size. The processes involved in exhalative sulphide deposition and their application
to existing ore bodies has been discussed by Hutchinson (19§3), Sangster and Scott (1976) and Solomon (1980)
and a general correlation between As and Au was observed in discharge material.

Schoenetal., (1974) presented a detailed account of the argillization process associated with present-day hot spring
activity in the Steamboat Springs area, Nevada. It was demonstrated that sulphuric acid formed by oxidation of
exsolved hydrogen sulphide formed the active altering agent. Rose and Burt (1979) in a study of alteration in hot
springs and epithermal deposits noted that the character of alteration and mineral deposition may be changed by
cooling and/or boiling. Cooling results in super saturation of the fluid components, whereas boiling selectively
removes CO,, HIS and other volatile compounds, and increases pH. Moore et al., (1983) identified As-Sb-Hg-Au-
rich surface discharges at the Roosevelt Hot Springs thermal system in Utah. Mercury and arsenic were
demonstrated to form the most widely distributed trace element anomalies in soil samples overlying the thermal
system, with the highest concentrations of Hg and As (5.5 and 26ppm respectively) occurring in soils within 300m
of the thermal discharge. Stauffer and Thompson (1984) demonstrated that both arsenic and antimony were present
at elevated levels in geothermal waters, from the Yellowstone National Park, Wyoming. Berger and Silberman
(1985) in a discussion of trace element zonation patterns within hot spring type precious metal deposits noted that
epithermal mineralization generally precipitated within 100-300m of the surface and emplaced as small veins,
stockworks and explosive breccias in association with non-marine volcanism, generally calc-alkaline in composition
(NB. phreatic eruptions occur in areas where the heat flow is sufficiently high to locally exceed the boiling point-
depth relationship). Furthermore, in 1985, Silberman and Berger proposed a vertical zonation scheme through
active geothermal systems.

Tooker (1985) noted the similarity between disseminated gold deposits formed from near surface, low-
temperature, silica-rich hydrothermal solutions and those associated with hot-spring systems. In a study of
hydrothermal eruption mechanisms and hot spring gold deposits, Nelson and Giles (1985) noted that episodes of
gold mineralization in hot spring environments are directly related to hydrothermal eruption events, their
accompanying breccias and peripheral stockwork zones. Antimony and mercury deposition from hot springs has
also beenreported from several localities in the western United States, in the USSR and on Hokkaido, Japan (Muff,
1978); for example, the Mayacmas district of California contains a 40km long NW trending belt of mercury
deposits and thermal springs hosted by Franciscan greywacke and shales.

Henley (1985) in a discussion of terrestrial, magma-related hydrothermal systems noted that alteration assemblages
correspond closely to those encountered in epithermal and porphyry-style mineral deposits. The major difference
between the discharge behavior of terrestrial and submarine systems is that the excess pressure due to overlying
seawater (for the latter) leads to relatively higher temperatures in the near surface systems and renders boiling less

common.
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The element thallium (T1) displays close chemical affinities with As, Au and Sb within many epithermal precious
metal systems. The geochemistry of thallium was reviewed by Shaw (1957) who noted that Tl replaces K in both
feldspars and mica in a similar manner to that of Rb. It should be noted however, that in minerals, Tl only substitutes
substantially for K, during hydrothermal alteration. Weissberg (1969) in a description of the chemistry of
precipitates from active hot spring and drill hole discharges from New Zealand noted the following maximum
values: 2% As; 85ppm Au; 500ppm Ag; 2000ppm Hg; and 1000ppm Tl. Lambert and Scott, (1973) in a
geochemical study of the host rocks to the McArthur Zn-Pb-Ag deposit, Australia, noted that Tl is preferentially
concentrated in the ore deposit (with values ~100ppm). Ewers (1975) determined the distribution of Au, As, Sb,
Tl, Ag, Bi, Pb, Zn, Te, Se and Co in the sulphide fraction of borehole samples from the Broadlands Geothermal
System, New Zealand. Two main zones of sulphide deposition were located in which pyrite, was found to contain
up to 1.30 ppm Au. The geochemical association of Au-As-Sb-Hg and Tl corresponds closely with that found in
the Broadlands (New Zealand) hot spring gold deposits forming at this moment in time. Tl enrichment/primary
dispersion halos, were predicted by Ewers and Keays (1977). Emsley (1978) detailed the historical background to
the discovery of thallium and described the nature of its toxicity. Polymetallic vein deposits containing elevated
Tllevels, are related to either volcanic or plutonic acidic magmatism (Jankovic, 1980). The enrichment of Tl during
late stage of magmatic differentiation, follows closely to that of potassium. On the basis of element mobility Hg,
Tl, As and Sb will travel upward and outward to form large, near-surface halos (White, 1985). Duchesne et al.,
(1983) noted the occurrence of elevated Tl levels (30 to 6800 ppm) in Fe-sulphides, associated with Belgian Pb-
Znveindeposits. Inaddition, Ikramuddinet al., (1983) presented a detailed review of the geochemistry of thallium
and its application as a potential guide to mineralization. In the north Moccasin gold deposit of Arizona, low Tl
values (1.84ppm) were regarded as highly significant in comparison to background values (0.52ppm). In addition,
it was demonstrated that the high abundance of Tl in altered rocks and the significant positive correlations with
both K and Rb in the mineralized rocks, infers that Tl was concentrated in the hydrothermal fluids. Relatively low
temperature hydrothermal solutions associated with epithermal gold deposits were demonstrated to have a much
greater abundance of Tl than high temperature fluids associated with Cu-Mo deposits (Ikramuddin et al., 1983).
The source of Tlin the As-Sb-Au deposits located in the Glendinning study area, may thus be linked to a magmatic

component.

In New Zealand a number of geothermal systems have been identified by Weissberg et al., (1969; 1979) along the
eastern margin of the Taupo volcanic zone (regional Mesozoic greywacke basement) at Rotokaua, Broadlands,
Waiotapu and Waimangu. These systems are characterised by amorphous arsenic and/or antimony rich sulphide
precipitates which contain highly elevated gold, silver, mercury and thallium values. Detailed investigation
indicated a zoned deposition pattern with Zn, Pb and Cu sulphides at depth and a near-surface element suite of As,
Sb, Hg, Tl, Ag and Au. In general, the element association Sb-As-Au-Hg-TI identified in hot spring deposit
worldwide is similar to the associations identified in the Glendinning deposit.

In a study of precious metal zoning in the Broadlands geothermal field, New Zealand, Ewers and Keays (1977),
noted that the deposition of Tl occurred solely in response to decreasing fluid temperature, while other elements
were precipitated through the combined effects of decreasing temperature and boiling within permeable zones.
This study demonstrated the existence of a crude metalliferous zoning with As, Sb, Au and Tl enriched in near-
surface regions while Ag, Se, Te, Bi, Pb, Zn, Cu and Co are concentrated mainly at depths of ~1.0-1.4km. Blakestad
and Stanley (1986) defined the characteristics of monotonic and prograding geothermal systems. Monotonic
systems display little if any spatial variation whereas, prograding systems display steep geothermal gradients,
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explosive breccias, complex veining and mineralisation. Armannsson et al., (1986) presented a detailed study of
the Theistareykir high-temperature geothermal area in Iceland, and noted that geothermal activity may occur in

areas as large as 20km?.

In a study of submarine exhalative gold mineralization, Mangan et al., (1984) noted the close spatial association
of submarine epiclastic volcanic debris and exhalative chemical sediments. These deposits were believed to have
formed by processes analogous to those currently active in the Atlantis I Deep of the Red Sea. Silica rich,
hypersaline brines discharged through fractures in the sea floor, ponded in a local basin and were subjected to
epiosodic influx of clastic debris. Hedenquist and Henley (1985) proposed a model of the origin of hydrothermal
eruptionsin the Waiotapu geothermal system and their relationship to precious metal mineralization. In opposition
to the fluid overpressure models of Sillitoe et al., (1984) this mechanism invoked the transmission of deeper
reservoir pressures by the evolution of a compressible cap of exsolved gas (dominantly CO,). In addition, two
chemical environments were recognised in which arsenopyrite deposition and coprecipitation of gold and other
metals may occur, namely: boiling and H,S in the fracture network and conduit below an eruption crater and/or

surface heat loss and pH buffering.

Hedenquist and Henley (1985) emphasized the correlation of epithermal precious metal deposits and active
geothermal systems, and detailed the characteristics and origin of hydrothermal eruptions and associated breccias
at Waiotapu, New Zealand. Zhu Bingqiu et al., (1986) demonstrated the direct application of As-Sb-Hg
geochemistry in the identification of active geothermal areas in China. Average anomaly values of 19ppm As and
2.7ppm Sb correspond favorably with those identified in the Glendinning study area. It is therefore proposed that
As-Sb-Au mineralization was deposited by analogous processes, from fluids of similar chemical composition,
forming part of a major hydrothermal episode. The results of this study may be used to infer the presence of ahighly
active geothermal system in this area during late Silurian-early Devonian period, similar in many respects to that
currently located in the Broadlands area, New Zealand.

Recent studies by Silberman and Berger (1985) have linked fossil hot-spring systems to the more deeply emplaced
bonanza-type epithermal vein deposits by documenting a continuum of features from surface springs to the deep
veins. A bonanza-type epithermal precious metal deposit is defined by Harris et al., (1988) as a relatively near-
surface deposit formed in a hydrothermal system under low to moderate lithostatic pressures (less than 300m) at
temperatures below 300°C. The potential for the discovery of such a deposit in the Glendinning area therefore
cannot be ignored.

Many epithermal deposits may be closely associated with convergent plate boundaries and are characterised by
recent volcanism, high heat flow, tectonic activity, and by the presence of active and recently active geothermal
systems. Mitchell (1985) noted that epithermal gold mineralization in magmatic arcs is commonly associated with
the start of transform faulting that follows either arc rotation or oblique collision (such as that associated with the
closure of the Iapetus Ocean, in the Southern Uplands). Within arc systems epithermal gold mineralization is
mainly confined to sub-volcanic or plutonic intrusions, their contact margins and overlying pre-intrusion host
rocks. It should be noted that epithermal deposits in the Circum-Pacific region produce ~30 million grams of gold

annually together with a larger but indeterminate amount of silver.

Foster and Furber (1985) in discussions on calc-alkaline related exhalative and volcaniclastic-hosted gold
mineralisation in Zimbabwe, noted that typical end member models of lode-gold and massive sulphide mineralisation
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were not applicable in the Shamva deposit. Foster (1986) proposed that felsic-related fumarolic activity may be
accompanied by gold, arsenic and other metals. This analogy may also be applied in the British Caledonides, where
outcropping mineralisation forms a part of a continuum related to depth of exposure, depth of emplacement and

proximity to igneous intrusions.

The analogy between epithermal ore deposits and geothermal systems is supported by the identification of
economic concentrations of Au and Ag and other associated elements from several active geothermal systems
including Steamboat Springs, Nevada; Ohaaki, Broadlands and Waiotapu, New Zealand and elsewhere (Weissberg,
1969; Weissberg et al., 1979; Ewers and Keays, 1977; and Silberman and Berger, 1985). The discovery of
economic precious-metal deposits related to physical-chemical processes in the near-surface portions of high-
temperature hot-spring systems has led to intensive exploration efforts for similar types of deposit. James (1984)
identified a large number of gold environments within the Philippines. These depositional environments are
geologically complex and mirror those of the Southern Uplands in many respects (metamorphic basement, accreted
terranes and calc-alkaline volcanics). Furthermore, many of the hot spring systems in both New Zealand and
Nevada are associated with felsic volcanics and porphyry dykes, features also characteristic of Au deposits in the
Southem Uplands.

Mineral assemblages similarto those identified in the Southern Uplands are also reported from recent volcanic and
hot spring areas worldwide. In addition, a number of close similarities were observed between the Glendinning,
Clontibret and Lake George deposits (Duller and Harvey, 1985; Morris and Steed, 1985; and Ruitenberg, 198/9.
Although the surface expression of Palacozoic hot-spring systems are rarely preserved in the stratigraphic record,
Cunneen and Sillitoe (1989) have identified a Late Devonian hot-spring sinter in the Dummond Basin, Australia.
Disseminated gold occurrences first reported in western USA are now recognised in similar (if older) accreted
terranes such as the Southern Uplands and as such, the conclusions and models detailed in this study may have

widespread application to exploration programmes in other turbidite terranes.

4.6 SCOTTISH As-Sb-Au DEPOSITS

The Southern Uplands may be regarded as a turbidite dominant, complex intrusive-volcano-sedimentary terrane
characterised by numerous epigenetic gold deposits. Particles of gold and gold-bearing secondary oxidation
products are readily identified in stream sediment samples and panned concentrates in the vicinity of numerous
historical mines in the Southern Uplands. In a study of the morphology and composition of placer gold from this
region, Naden et al., (1985) noted that the alluvial gold shows evidence of short transport distances (<10km). In
addition compositional variations related to the greywacke petrography, included relatively ‘silver-rich’ grains
associated with acidic lithologies (cratonically derived); and ‘gold-rich’ grains associated with basic clast

lithologies (volcanically derived).

This study provides an attempt to elucidate the broad metallogenic relationships between diverse types of As-Sb-
Au deposits in this terrane and details the evolution of the hydrothermal systems with time. Three main type of
metalliferous mineralization were identified in this study, namely: As-Sb-Au vein-type deposits; Cu-Mo-As-Au
deposits directly associated with Caledonian igneous intrusions; and late stage Pb-Zn-Ba-Cu vein mineralization.

The relative positions of the five main arsenopyrite-gold deposits studied within the Southern Uplands are
presented in figure 7b and superimposed upon the relative position of juxtaposed petrographically and geochemically
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distinct turbidite formations within the study area in fig. 296b. Despite the apparent differences between As-Sb-
Au deposits in southern Scotland, there is a marked similarity in the nature of the geochemical dispersion and
alteration features. Sericitization is almost ubiquitous and often accompanied by silicification and carbonatization,
and sodium is found to be strongly depleted in the vicinity of all deposits. In addition, a frequent association exists
between tourmaline with gold-bearing igneous rocks in the Southern Uplands.

This section summarised the results of a series of highly pertinent British Geological Survey M.R.P. reports relating
to mineralization in the Southern Uplands, re-examined or newly discovered since 1973 and is combined with the

results of a literature survey.

The Doon-Glenkens Area

Dawson et al., (1977) reported the results of an integrated reconnaissance survey of the Doon-Glenkens area in
south-west Scotland undertaken between 1972-75, by the British Geological Survey. It is interesting to note that
five out of the seven previously unknown examples of exposed mineralization defined by this study contained
arsenopyrite and were located in close proximity to panned gold anomalies: Four sites were contained with altered
tonalite-diorite intrusions/dykes (Burnhead, Kirreoch Burn, Milldown and Kishinnoch Burn) whereas at the fifth
site (Step of Trool [NX 420797]) a 30cm wide, mineralized greywacke breccia was found to contain pyrite and

arsenopyrite together with traces of galena and sphalerite.

The Abington-Biggar-Moffat Area

Dawson et al., (1979) in a mineral reconnaissance study of 195 panned heavy mineral concentrates from the
Abington-Biggar-Moffat area (immediately east of the Leadhills mining district) revealed numerous new
occurrences of Pb, Cu, and Ba minerals together with the widespread distribution of fine grained particulate gold.
In addition, the mercury mineral, cinnabar (HgS) was identified for the first time in Scotland, at three locations
in close proximity to the Southern Uplands Fault. Chromiferous spinel was recognised as a major constituent of
panned concentrates. It also forms a detrital component in greywackes from this region and infers derivation from
an ultrabasic source. Although no antimony minerals were identified in pan concentrates, XRF analysis revealed
a small number of anomalies (25-45ppm) concentrated in tributaries of the River Tweed. Arsenic mineralization
dominated by arsenopyrite, was identified intrace amounts within a small number of pan concentrates. XRF studies
defined 10 samples containing arsenic values >90ppm which cluster in close proximity to the Ordovician-Silurian

boundary.
The Fleet Granite

The results of a regional geochemical drainage programme centred upon the Fleet granitic complex were reported
by Leake et al., (1978). These results provided evidence for the existence of eight geochemical units within the
turbidite sequence, separated by presumed major strike faults adjacent to belts of black shales. The most northerly
unit in this area is correlated with the Afton Formation, and characterised by greywackes rich in quartz but poor
in ferromagnesian minerals (Dawsonet al., 1977; and Floyd, 1988). Six panned concentrate samples from this study
were found to contain detectable Sb levels. The highest concentration (25ppm) was located in Craigshinnie Burn,
draining historical Pb-Zn-Cu trials whilst other samples occur near the headwaters of Penkiln Burn, associated with
base metal mineralization and plumbogummite rich gossans. Unfortunately, arsenic was not analysed within either
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stream sediment or pan concentrate samples, and as such a comparison with the Loch Doon and Glendinning areas
could not be made. The location of old metalliferous mines in the vicinity of the Fleet Granite, Southwest Scotland
is displayed in fig. 24. Arsenopyrite was reported as a minor constituent of a series of NW-SE and NNE-SSW
trending, lead-zinc bearing veins on the south-west flank of the Cairnsmore of Fleet granite (Wilson, 1921; Leake
et al., 1978). Temple (1955) considered on the basis of field evidence, that the veins were Permo-Carboniferous
in age, due to their field, however Leake et al., (op.cit) invoked their association with the aureole of the Caimsmore

of Fleet granite to suggest a Caledonian age for emplacement.
Caimgarroch Bay

Two complex intrusions comprising of microtonalite, granodiorite, quartz porphyry, porphyritic quartz-microdiorite
and quartz-microdiorite are emplaced within a folded succession of Silurian sedimentary rocks at Caingarroch Bay
(Allen et al., 1981). Investigations during the late 1970’s by the Mineral Reconnaissance Unit of the British
Geological Survey, revealed the presence of localised zones of intense hydrothermal alteration, network fracturing,
brecciation and pyritisation. Rare chalcopyrite crystals were identified as sparse disseminations and hosted by
pyrite rich quartz-veins; and arsenopyrite was located in wallrocks adjacent to the main Bay complex. Lithogeochemical
studies indicated the presence of pervasive but patchy Cu-Fe-As-Mo mineralization in all rock types, accompanied
by irregular Ba, K and Sr enrichment. Arsenic levels were highly variable with values including: microtonalite
(max 89ppm); microdiorite (max 123ppm); mineralized greywacke (max 53 1ppm) and quartz sulphide veins (max
>1000ppm). The nature of mineralization and alteration identified within this deposit exhibit characteristics of a
small, low-grade copper porphyry system.

Loch Doon

In an evaluation of gold mineralization at the southern margin of the Loch Doon granitoid complex, Leake et al.,
(1981) reported the discovery of native gold and arsenopyrite hosted by quartz veins intruding turbidites within
Glenhead Burn, south-east of Loch Trool. Lithogeochemical samples from this deposit reveal a strong correlation
between arsenic and gold. Furthermore, swarms of concordant minor intrusives including quartz monzonite,
granodiorite and homblende lamprophyres predate the pluton and are located within its aureole (fig. 25). Indetail,
two phases of gold-bearing, arsenic-rich mineralization were recognised by Leake et al., (op.cit) in the Loch Doon

area, namely:

1) Early disseminations of pyrrhotite, arsenopyrite and pyrite in the margins of monzonitic minor intrusions
and disseminations of arsenopyrite in the adjacent homfelsed metasediments. This style of mineralization
occurs in zones up to 18m wide, containing arsenic and gold levels of upto 3000ppm and 0.16ppm

respectively.

2) A superimposed a stockwerk of discordant N-S trending quartz veins, crosscutting all rock types in this
area, containing pyrite, arsenopyrite (up to 3.5% As) and native gold (8.8ppm max). Wallrocks adjacent
to these veins are strongly sericitised and contain abundant disseminated arsenopyrite. (NB. A separate,

later phase of sphalerite and galena mineralization also occur within this area).

A N-S trending elongate, complex pattemn of chemical and petrographic zonation occurs within the ‘granite’ with
peripheral diorite, norite and tonalite surrounding a granite and transitional granite core (fig. 25). Furthermore, the
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widespread distribution of alluvial gold throughout this region and the concentration in areas marginal to small
igneous intrusions is displayed in fig. 26. Pervasive metasomatism has affected all sedimentary rocks in this area.
Two forms of alteration were identified in the turbidite sediments, dominated by Ca and subordinate Mn and Sr
enrichment, and accompanied by Mg, Ni, Zn, Rb and Ba depletion.

A genetic model of mineralization in the Loch Doon area was presented by Leake et al., (op. cit) which attributed
gold deposition to metasomatic and hydrothermal events within an evolving cycle of magmatism in which phases
from granodiorite to diorite were emplaced at a moderately high levels (>3km) in the crust. The association of
arsenic and gold with minor intrusive igneous activity was clearly demonstrated in the Glenhead Bum.
Furthermore, the abundance of CO,-rich fluid inclusions in the later, discordant gold-bearing quartz veins was used
by Leake et al., (op.cit) to infer a magmatic source for this phase of mineralization, however the location of this

deposit is also subject to major structural controls.
Penkiln Bumn

Significant secondary base metal anomalies were located in a N-S trending fracture zone, 2.3km in length, across
the Penkiln Burm area onthe SW margin of the Loch Doon pluton (Stone et al., 1983). These anomalies were located
within a broadened section of Moffat shales containing an abundant dyke swarm (porphyritic homblende
microdiorite, spessartite lamprophyres, microtonalites and quartz-microdiorites); and spatially associated with
weakly disseminated and fracture controlled Pb-Zn-Cu mineralization. Lithogeochemical studies of extensively
altered dyke material from within a fault zone south east of Lamachan Hill revealed arsenic levels in excess of
10,000ppm. Due to the level of alteration, no crystalline arsenic minerals were detected and it was proposed by
Fortey (1981) that the arsenic was hosted within hydrated iron oxides. Subsequent borehole investigations by the
British Geological Survey revealed elevated As and Sb levels within all minor intrusions (As - 1560ppm max; Sb
- 42ppm max). Extensively veined and hydrothermally altered minor intrusions display evidence of potassic
metasomatism and sericitisation accompanied by sodium, magnesium and zinc depletion. The virtual absence of
zinc within altered samples may be used to indicate the extensive nature of leaching within the fracture zones. A
genetic model of Penkiln Burn mineralization was tentatively proposed by Stone (op. cit.) invoking the presence
of minor intrusions and resulting high geothermal gradients to initiate localised hydrothermal convection cells. It
should be noted that mineralized sites within the Penkiln area occur within 1-3km south of the known Au-As-Base
metal mineralization at Glenhead, where concordant minor intrusions are believed to control the early phase of
mineralization (Leake et al.,, 1981). Close geochemical similarities exist between the Penkiln Bum and
Glendinning deposits, however the Glendinning deposit is distinguished by the ‘apparent’ absence of intrusive
rocks in the immediate mine vicinity. It should be noted that Leake et al., (1981) noted a localised 60° flexure of
strike in the Glenhead Burn area, inferred to have produced the tensional stress regimes necessary to facilitate the

emplacement of minor intrusions and mineralization.

Fore Bum

Allenetal., (1982) detailed the results of amineral reconnaissance investigation of the Fore Bum igneous complex,
immediately north of the Southern Uplands Fault, 24km east of Girvan. This early Devonian complex comprises
of concordant and semiconcordant bodies of quartz-microdiorite, tonalite and feldspar porphyry. The complex
hosts several small intrusion breccias and a zone of monolithic breccia, located along a 2km long fault zone
following the drainage pattern defined by the Fore Burn. Extensive sericitic alteration, sodium metasomatism and

the wide distribution of tourmaline serve to characterise this area.
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Drainage geochemistry revealed elevated levels of B and As ( 2310ppm and >3000ppm max. respectively) over
an area of 4km?, which was interpreted to represent the presence of Cu-As-B-Au-Mo mineralization, concentrated
along the Fore Burn breccia zone. Lithogeochemical studies noted the enrichment of Cu (>10,000ppm max), As
(>3,000ppm max), Mo (410ppm max), Au (1390ppb max), Sb (1404 ppm max), Bi (521ppm max), Co, Ni, Pb and
Zn in mineralized breccia samples; and mineralogical investigations defined the presence of arsenopyrite, pyrite
and chalcopyrite together with traces of tennantite, tetrahedrite, cobaltite and native gold. In a comparison with
the work of Drummond and Goodwin (1976) in western Canada, Allen et al., (op. cit.) proposed that the Fore Bum
complex represented the upper and outer portions of a Cu-Mo-Au porphyry system. Charley et al., (1988) in studies
of the Fore Bum igneous complex in the Southem Uplands (an eroded volcanic core) demonstrated the presence
of gold and silver mineralization hosted by mineralogically complex quartz-tourmaline-sulphide veins within
volcanic breccias, acid to intermediate lavas, agglomerates and small dioritic intrusions. Both hydrothermal

mineralization and alteration were defined to have ‘porphyry’ affinities.

Black Stockarton Moor

Porphyry type copper mineralization has been reported by Brown et al., (1979) at Black Stockarton Moor in
southwest Scotland. This mineralization s associated with a subvolcanic complex of intersecting dykes and breccia
pipes on the western margin of the Criffel granodiorite. The mineralogical and geochemical parameters associated
with porphyry copper mineralization were detailed by Henley and McNabb (1978). The Black Stockarton Moor
subvolcanic complex described by Leake and Cooper (1983) is composed of a series of intersecting porphyrite dyke
swarms, granodioritic sheet intrusions, small granodiorite stocks and breccia pipes of Late Caledonian age,
emplaced within the Lower Palaeozoic turbidite succession of the Southern Uplands. An evolution from
subvolcanic to plutonic igneous regimes, was identified with the successive intrusion of dykes, sheets, stocks and
the adjacent Bengaim and Criffel plutonic complexes. Breccia pipesidentified by Leake and Cooper (1983) in this
complex display many close similarities with the Glendinning breccias. For example, a breccia pipe located at
Pennan Hill [733 565] is composed of irregular, mainly angular fragments of randomly orientated, silicified
mudstone and greywacke, ~2cm in diameter. The margins of most fragments are silicified and the breccia matrix
consists of crypto-crystalline silica. Although there are no traces of igneous rocks in the breccia matrix, this pipe
appears to be associated with the top of a small granodiorite stock and as such it was suggested that the pipe formed
by hydraulic fracture or violent degassing of the magma.

Minor Intrusions

An investigation of sixteen small intermediate intrusions throughout Southern Scotland were undertaken by
Cooper et al., (1982) in order to define the potential for disseminated porphyry copper style mineralization at or
near surface. Unfortunately, this study concluded that there were few indications of this type of mineralization
within the studied locations. This study however provides invaluable lithogeochemical and panned concentrate
data, of considerable importance in the assessment of the As-Sb-Au potential in this region. Although the
significance of the arsenic geochemistry was not fully appreciated in this evaluation, highly elevated arsenic levels
(1019ppm max) were defined within hydrothermally altered microdiorites from both Glenluce (NX 214569) and
the Mull of Galloway (NX 140308), together with elevated arsenic levels (89ppm max) in microtonalites from
Caimgarroch Bay. Inaddition, altered greywackes from the wallrocks of the Tonderghie copper mine (NX 439384)
2.5km north-west of Burrow Head revealed As levels up to 386ppm. Furthermore, although antimony levels were
only analysed in panned concentrates, samples from Cockburnlaw (NT 772589) in the north-east of Scotland
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revealed values up to 207ppm (NB. arsenic was not analysed in pan concentrates). At Cockbumlaw a complex
hybrid intrusion together with numerous lamprophyre and quartz-porphyry dykes intrude Silurian turbidites. It
should be noted that tourmaline, the dominant indicator of Cu-As-Au-Sb mineralization within the Fore Bum
igneous complex, occurs locally throughout this area. Incomparison with the Glendinning and Fore Burn deposits,
these factors may be used to infer the presence of Sb mineralization and as such, this area provides a new target

for possible As-Sb-Cu-Au mineralization in this region.

Caulfield and Naden (1988) presented the results of a fluid inclusion and isotopic study upon quartz-pyrite-
arsenopyrite vein mineralization associated with granitoid intrusions at Hare Hill, Moorbrock Hill, Stobshiel and
Glenhead Bum. Low salinity (3.4-5.8 equiv.wt% NaCl) two and three phase fluid inclusions yielded temperatures
of 220-280°C. In addition, this study revealed that extensive fluid un-mixing had not taken place during

mineralization, which was suggested to have occurred at different structural levels.

venan Fell

Reconnaissance geochemical and geophysical surveys were carried out by BGS at Culvenan Fell to investigate the
potential for porphyry copper style mineralization associated with the Culvenan diorite (Parker, 1981). Exploration
centred upon the west of the intrusion where numerous intermediate dykes and three small intrusion breccias
crosscut Silurian greywackes from the Gala Group. Narrow geophysical anomalies associated with sulphide
concentrations in both sediments and dykes were associated with low-grade, localised Cu-As-Fe-Pb mineralization
with arsenic values including: intrusion breccias (900ppm max); sandstones (137ppm max); homblende lamprophyres
(56ppm max) and quartz veins containing >1000ppm As.

The Cheviots

Leake and Haslam (1978) presented the results of a panned concentrate geochemical survey of the Cheviot area

in northern England. This study is of importance to this discussion in that:

1) The Cheviot granite hosted by Lower Devonian volcanics, intrudes Silurian greywackes at depth,
petrographically similar to those hosting the Glendinning deposit, 35km to the southwest.

2) The igneous rocks of this area are cut by a suite of contemporaneous dykes and by a number of fault, shear
and breccia zones of predominantly NE and NNW trend.

3) Although arsenic and gold values were not generally determined, anomalous antimony values (>10ppm)
define a NNW trending ‘Kingsseat’ lineament on the southwestern margin of the Cheviot granite,
paralleling the trend defined by Breamish fault zone (Leake and Haslam, op. cit).

4) The most anomalous antimony values were defined at the northern margin of this lineament, within
gossanous samples from Kingseat Burn (NT 869 182) containing 130ppm Sb; 110ppm Cu; 20ppm Ag; and
40ppm As.

5) Antimony anomalies are also located in the headwaters of the River Coquet, draining greywackes of
Wenlock age, and forming the southwestern extension of the trend established by Harthope Bum, following
a major NE-SW trending shear zone, crosscutting the central portion of this study area.

Although Leake and Haslam (op. cit.) clearly identified anumber of discrete Cu, Pb, Zn and Ba mineral occurrences
in this area the importance of the antimony (-arsenic-silver) anomalies and their relationship with major structural
features, was somewhat overlooked. In comparison with the Glendinning deposit, it is proposed that the Cheviot
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area is host to a previously unidentified, fracture related phase of As-Sb-Ag-?Au mineralization, and as such forms

a further target area for gold exploration in this region.

The Knipe

The first recorded evidence of the existence of an antimony deposit at this site was made by Alexander Rose, a
mineral surveyor from Edinburgh, who in 1845 at the bequest of the Marquis of Bute evaluated the deposit and
reported that the main vein was 51-56cm in width and contained a stibnite to quartz ratio of 2:1. The second vein
was also evaluated and found to be 15-20cm in width and of a similar N10°E trend to the main vein (cf. anidentical
trend to the stibnite-quartz vein mineralisation at Glendinning). On the basis of this report, mining operation were
commenced early in 1847 and an adit was driven for approximately 55m into the hillside, following the main vein
mineralisation. Itis interesting to note that the discovery of both veins within the margins of the intrusion was not
fortuitous - the granodiorite forms a topographically high feature, rising above a broad area of ground covered by
peat bog. It is highly probable that both vein systems extend into the hornfelsed greywacke host rocks, below the
extensive drift/peat cover.

A reconnaissance study of stibnite vein mineralisation at the Knipe revealed that the vein occurs at the contact
margin of a small biotite-hormnblende granodiorite intruding Lower Ordovician turbidites in close proximity to the
Southern Uplands fault. Although exposure in the mine area is poor and the adit at the time of this study was
inaccessible, fragments of highly altered, sericitised granodiorite and possibly greywacke are identified within
quartz-stibnite vein material from the mine dump. It should be noted that the stibnite vein occursimmediately south
of aN-S trending biotite-homblende porphyrite dike that extends over a strike length of 1km, which may be directly
related to the mineralisation. Disseminated and vein hosted arsenopyrite mineralisation was identified in samples
from the mine area and, perhaps more importantly disseminated in hornfelsed greywackes within the margin of
the porphyrite dike, ~800m north of the main mine area in Garepool Burn.

Rollin (1976) defined the presence of highly magnetic (ultrabasic) rocks between the mine area and the Southemn
Uplands fault. Detailed mapping revealed a sequence of Arenig cherts, spilites, dolerite and gabbros of ophiolitic
affinity, NW of the mine area. A geochemical and geophysical investigation of the Knipe deposit, near New
Cumnock, Ayrshire was undertaken by Fowler (1976) in which the position a second N-S trending vein in the
headwaters of Blackdams Bum, in proximity to the old boundary walls of the Dalhana property was also
investigated. VLF studies were used to trace the extent of both veins trending in a similar N-S direction over
distances of ~400m.

Talnotry

Sample collected from a quartz-arsenopyrite vein within Palnure Burn, 300m SE of the Talnotry nickel mine (NX
477 701), close to the margin of the Caimsmore of Fleet granite. Although gold values at this site lay below
detection limits, assays of ore samples from the nearby Talnotry nickel mine (a lens of diorite containing
pentlandite, chalcopyrite, pyrrhotite, niccolite, smaltite and arsenopyrite, intruding lower Palacozoic turbidites)
revealed gold values up to 2ppm (Dawson et al., 1977).
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Leadhills

During the last quarter of the 18th century, John Tyler, who was the then manager of the Lead mines at
Wanlockhead, recognised a close correlation between the increasing abundance of alluvial gold and the outcrop
of lead-zinc veins. Many factors could contribute to such an observation, but the existence of disseminated
auriferous arsenopyrites within the wallrocks to the vein systems, could not only explain this trend, but also provide
an explanation as to why in-situ particulate gold had never been recorded from within the veins of this area. This
hypothesis was then tested by detailed wallrock sampling along a crosscut to the Susannah vein, the detailed results

of which are presented in chapter five.

Kilmelford

Zhou (1988) presented the results of a detailed petrographic and lithogeochemical study of agold and silver-bearing
Late Caledonian subvolcanic centre, near Kilmelford, Argyllshire. At Lagalochan, the field relationships between
igneous rocks including porphyrite, flow-banded dacites, pyroclastics and several bodies of hydrothermal breccia,
were used to infer subvolcanic emplacement near a volcanic vent. This subvolcanic zone acted as a conduit to
mineralizing fluids which were responsible for widespread sericitic alteration, and the deposition of anomalously
high concentrations of Au (0.67ppm), Ag (10.1ppm), As (35ppm), Cu, Mo, Zn and Pb, with the maximum
concentrations located within azone of hydrothermal breccias. This area has been the subject of intense exploration
activity since the middle 1970’s during which time porphyry-related disseminated copper mineralization was
discovered by the British Geological Survey (Ellis, et al., 1977) 5km south-west of the Lagalochan deposit. An
extensive three year exploration programme was undertakenin this area by B.P. Minerals from 1982 to 1986. Harris
et al., (1988a) detailed the results of an initial top-of-bedrock geochemical survey which yielded strong Au-Ag-
Cu-(Mo or As) anomalies and accurately pinpointed the periphery of a zone of intense hydrothermally alteration
and mineralization. This mineralization was shown to comprise of a shear-related As-Sb-Au-Ag-Pb-Zn assemblage
that occurs peripheral to an earlier, hypogene Cu-Au-(Mo) stage associated with breccias and calc-alkaline,
granodiorite-diorite intrusives (Harris et al., 1988b).

It was proposed by Harris et al., (op. cit.) that the Lagalochan complex represented the basal section of a vented
phreatomagmatic event, complexly intruded by stocks, dyke sheets and breccia bodies, with intrusive activity
accompanied by base- and precious metal mineralization and associated sericitic/phyllic hydrothermal alteration.

To date, however, the BP investigations have proved unsuccessful in defining large-scale ore reserves in this area.

Discussion

Low grade copper mineralization has been identified in association with small calc-alkaline porphyry intrusions
of Caledonian age throughout Scotland. One such deposit at Garbh Achadh (Ellis 1978) is located within a small
stock of biotite-feldspar porphyry, 0.25km? in area, intruded into a sequence of Dalradian schists and quartzites.

Hydrothermal alteration is extensive and characterised by the widespread development of sericite and kaolinite.

The Scottish ‘Newer Granite’ complexes (characterised by large negative gravity anomalies and strong magmatic
trends) are relatively enriched inincompatible elements and often associated with metalliferous mineralization (eg.
Grudie (Mo, Cu, Bi) Ellis, 1977; Kilmelford (Cu, Mo) Evans, 1977; Ballachulish (Cu, Mo), Gallagher, 1974;
Helmsdale (U, Mo, As) Plant, et al., 1979). These igneous complexes are believed to be derived from modified
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Upper Mantle and emplaced in a subvolcanic, continental margin environment. This environment is typical of a
low grade, porphyry style, copper-gold deposits. Sillitoe (19 85) has recently discussed the occurrence of gold-rich
porphyry copper deposits (defined as containing more than 0.4ppm Au). Economic gold values are normally

associated with potassic alteration. Secondary biotite, potassium feldspar and sericite are typical.

Simpson et al., (1988) noted that gold mineralization present in the Dalradian ensialic basin of Scotland is
associated with both late porphyries (temporarily and spatial related to the emplacement of post-tectonic granites)
and deep crustal lineaments crosscutting turbiditic sediments. A model was proposed invoking the initial
concentration of gold in organic enriched turbidites with subsequent enrichment in both porphyry and lineament
controlled systems. The significance of iron in depositing gold from solutions in which gold is carried in the AuHS

complex was emphasized.

Zhou (1987) detailed the results of a lithogeochemical survey of the Kilmelford district, in the Grampian Highlands
of Scotland and identified an area exhibiting high levels of Ag, As, Cu, Rb, Cd, Pb and Zn in the northeast of the
study area near Lagalochan. This association of elements was interpreted as similar to that around porphyry copper
deposits and was used to propose that this area may contain significant copper and gold mineralization. Elevated
gold values (up to 0.67ppm) identified in selected rock samples from Lagalochan were used to confirm this
conclusion. The association of As and Sb may occurup to 150m from gold deposits whereas, simple As anomalies

located along shear zones may extend as much as 600m above the ore zone (Zhou, 1987).

Russell (1986) in a detailed assessment of the evolution of the Scottish mineral sub-province, identified a mantle
and subduction related contribution to Au, As and Sb, which he proposed were remobilised during the later stages
of Caledonian magmatism. Furthermore, the geological evidence provided by the Glenhead Bum, Black
Stockarton Moor, Caimgarroch Bay, Fore Burn and Talnotry deposits, suggests a close genetic relationship
between Late Silurian minor igneous activity, mineralization and hydrothermal alteration. The close spatial and
temporal relationship between ore formation and magmatism form provide fundamental evidence for a magmatic
source for the ore bearing fluids. The Glendinning deposit may therefore represent an earlier phase of hydrothermal
activity and/or a precursor to intrusive activity. Implicit from the above discussion is that the As-Sb-Au
mineralisation in this region is directly associated with Late Silurian/Early Devonian magmatic activity and
controlled by deep-seated structural lineaments.

Rice and Trewin (1987, 1988) identified a Lower Devonian gold-bearing hot spring system near Rhynie, in the
Grampian regionof Scotland. Elevated levels of Au, As and Sb (maximum 0.18, 300 and 7 1ppm respectively) were
identified in the Rhynie chert (interpreted as a siliceous sinter) and in a silicified fault zone (forming a feeder zone
to the stratiform chert) developed during the final stages of Caledonian magmatism in a linear, fault-bounded basin.
In terms of both the regional tectonic (orogenic) and local magmatic setting, hot spring activity at Rhynie was
similar to that which occurs in the western USA and New Zealand. Deposits of this type were generated in
hydrothermal systems analogous to the present-day Taupo volcanic zone of New Zealand and the Yellowstone
caldera of the USA.

Given the large-scale exposure of Lower Devonian andesitic lavas in the Cheviot area of Northern England and
the identification of precious-metal hot spring systems of similar age at Rhynie (Rice and Trewin, 1987, 1988) this

area offers considerable potential for the generation and preservation of similar stratiform deposits. It should be
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noted however, that the relatively shallow origin of these deposits may have resulted in the loss by erosion of a
significant portion of the deposits in this terrane. It is therefore proposed that hot spring sinters such as those
identified at Rhynie by Rice and Trewin (op.cit) characterise the paleaosurfaces above epithermal As-Sb-Au
deposits in the Southem Uplands. Unfortunately, little if any consideration has been given to the surface expression
of the vein systems during mineralization. The model proposed in Fig. 475 may be used to illustrate the likelihood
that the fault systems were open to the surface during mineralization.

The Newry granodiorite which intrudes Silurian greywackes in the Longford Down is associated with a suite of
ultramafic, dioritic and monzonitic lithologies in the northeastern end of the pluton. In comparison with the Loch
Doon area of Southern Scotland, this site is predicted to host extensive As-Sb mineralization and should be regarded

as a priority target for further exploration.

In view of the known mineralogical and geochemical association of arsenic and gold in the studied deposits, the
use of arsenic as a pathfinder element for gold exploration in the Southern Uplands is strongly recommended. As
such, the forthcoming publication by BGS of a regional stream sediment atlas of Southern Scotland (including
extensive arsenic data) will form an fundamental basis for future gold exploration in this region.

4.7 GENETIC MODELS

In the last 60 years, many investigators have advocated a magmatic hydrothermal origin for all gold deposits. This
extreme view was however believed by many authors, including Boyle (1979) to be fundamentally wrong, because
it failed to consider many of the geochemical features of gold, particularly its behavior within the weathering cycle,
and the role played by metamorphism.

This review of individual deposits throughout the Southern Uplands and Longford Down provides fundamental
evidence to suggest that rather than representing a variety of individual deposit types generated over a wide period
of time, they form part of a continuum of styles related to a single, composite Late Silurian/Early Devonian
mineralising event (Fig. 475). The timing of hydrothermal activity may be considered in two different manners.
On a very broad scale, hydrothermal activity may be related to its relative time position within the tectonic
evolution and development of the Southern Uplands. Smaller scale studies of the absolute timing of mineralization

relative to the host rocks, is also of considerable importance.

The fundamental requirements pertaining to the origin and genesis of epithermal As-Sb-Au deposits in the Southern
Uplands, namely a heat source at depth and a fracture system to facilitate convective circulation of the hydrothermal
fluid. As demonstrated earlier, gold mineralization in the Southern Uplands occurs within fault-related structures
on a regional and local scale. These structural lineaments are inferred to have provided pathways for the
introduction of heat, hydrothermal fluids and igneous intrusions. Since the As-Sb-Au mineralization exhibits a

close relationship with major structural features it is inferred to be related to deep seated processes.

The mechanisms of hydrothermal convection in ore-forming systems have been reviewed by Henley (1973).
According to the general exhalative model of Hutchinson (1983), Solomon (1974), and Russell (1975, 1978, 1983,
1986) normal seawater initially descends along faults and permeable strata (forming a downward excavating

convectioncell) increasing in temperature with depth. These hot fluids react with the surrounding rocks and become
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relatively reduced, slightly alkali solutions which are able to leach and transport metals in solution, predominantly
as CI complexes. If these hot, metalliferous fluids are convected upwards through faults and fractures and exhaled
onto the sea floor, a distinctive suite of oxides, sulphides and sillicates will be precipitated as the brine mixes with
the cooler, oxidizing seawater. Russell et al., (1981) in a discussion of the genesis of sediment-hosted, exhalative
Zn-Pb deposits, noted that these ores formed in local basins on the seafloor as a result of protracted hydrothermal
activity accompanying continental rifting. A downward-penetrating convection cell model was proposed to
account for the general characteristics and features of such deposits. This large scale fluid convection model
contrasts strongly with the relatively restricted zones and high geothermal gradients related/induced by magmatic

intrusion.

Available data from a wide variety of lower Palaeozoic As-Sb-Au deposits point towards an epigenetic model for
mineralization. Low salinity, H,0-CO, fluids carrying Au in the form of reduced sulphur complexes were focused
along dilational zones, where gold was deposited at 300° + 50°C and 2 + 1 kb in response to a decrease in
temperature and fluid rock reactions. The development of metalliferous mineralization associated with granitoid
intrusion is dependant upon magma emplacement in an adequately hydrous environment (Plant et al., 1983). The
recently deposited turbidite sequence in the Southern Uplands provides a classic example of this form of hydrous
environment. Fluid circulation was probably driven by thermal convection, related to the cooling of the underlying
intrusion. During the initial stages of intrusive activity, tectonic contacts acted as channelways for As-Sb-Au-S-
CO, rich fluids focusing the mineralization processes. Arsenopyrite, gold, stibnite and other sulphides were
accumulated in the Glendinning deposit by different mechanisms as the hydrothermal system evolved. Petrographically
similar breccia dykes (up to 200m long) were interpreted by Rock et al., (1986) to represent arrested stages in the
formation of subvolcanic vents, related to explosive, deep seated, K-rich magmatism. Relatively slow, controlled
explosive expansion and brecciation of a partly consolidated intrusion may give rise to an environment suitable

for the formation of an extensive disseminated mineral deposit.

Fluid transport was concentrated along major crustal structures (lineaments) which also served to focus both major
and minor igneous activity. The genetic significance of these structures remains speculative at this time. It is
proposed however, that rather than simply reflecting a common tectonic environment in which minor intrusions
and gold mineralization is localised, the regional faults are directly responsible for the focusing of magmatic
activity, and transport of fluids. Water and metal components were most probably derived ultimately from the zone
of magma generation, reaching the upper crust by transport within convecting magma and subsequent exsolution
as a fluid phase. It is therefore concluded that both the hydrothermal fluids and gold were most probably derived
from primary material in the upper mantle.

It is suggested that the association of gold-bearing hydrothermal vent breccias and intrusive rocks, could be
explained in terms of a ascending magma encountering a ponded hydrothermal reservoir, where P fluid is greater
than P load. Under these conditions the fluid would penetrate the magma, and result inexplosive volcanism. Jahoda
etal., (1989) recognised that the intrusion of magmainto dilational jogs was most probable along major shear zones,
several tens or hundreds of kilometres in length, which had the greatest potential for tapping deep seated magma.
Close analogies may be drawn between this model and that of Rock et al., (1986) invoked to explain the association
of deep-seated lamprophyric magmatism and arsenic-gold mineralisation. This model may also be tentatively
applied to the structural setting and tectonic environment of the Lower Devonian gold-bearing hot spring deposit
at Rhynie, in northeast Scotland.
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A general genetic model for stratiform Au mineralisation involves the syngenetic concentration of As, Sb, Au, Ag,
Hg, S (from hydrothermal fluids) near discharge sites in the anoxic portions of small depressions or basins. Inlight
of the re-interpretation of the Glendinning breccias it should be noted that the specific criteria required in a
stratiform-stratabound model were proposed by Phillips et al., (1984).For example, mineralization should not be
restricted to specific fold or fault structures, or zones of intense fracturing and brecciation and gold grades should
not be related to transgressive features such as fractures and faults

Based upon the regional tectonic and lithologic framework for these deposits, it was obvious that a single genetic
model could not be invoked to account for all observed features. As such a simplified model of the metallogenesis
of As-Sb-Au deposits in the British Caledonides was derived, and presented in Fog. 475 (after Duller and Harvey,
1985; Rock et al., 1988; Gallagher et al., 1983; Leake et al., 1981; Morris and Steed, 1985, 1986). Eight major
types of deposit are recognised, including:

1) Metalliferous hot springs (eg. Rhynie)

2) Mineralized breccias and fault systems (eg. Glendinning)

3) Mineralized fault systems (eg. Clontibret)

4) Mineralized fault systems and minor intrusions (eg. Penkiln Burn, Glenhead, Talnotry Copper mine)
5) Vein mineralization:- marginal to or at the contact with major intrusions (eg. Glenhead, Talnotry,

Caimgarroch, The Knipe)

6) Vein and disseminated mineralisation:- hosted by major intrusions (eg. Black Stockarton Moor)

7 Vein and disseminated mineralisation:- hosted by igneous breccias and agglomerates (eg. Fore Bum,
Kilmelford)

Itis not suggested that each different style of mineralisation is present in every deposit, however a tentative model
is proposed relating the nature of the deposit to depth of emplacement, and an increasing igneous component with
depth.It is also proposed that the syngenetic or exhalative mineralization identified by Rice and Trewin (1987,
1988) may correspond to the sub surface geothermal systems which led to the formation of the Glendinning and
other deposits in the Southern Uplands. It is concluded that As-Au mineralization may have been instigated up
to 10 Ma before the emplacement of the granite plutons and as such may represent deposition from precursor fluids,
forming part of a continuum culminating in granite emplacement. As such, it is proposed that the development
of an economic deposit in the Southern Uplands requires that the high temperature phase of mineralization was
sustained by an ample heat supply, in the form of a single large body of magma or multiple intrusions. Centres
of minor intrusive activity, particularly those in close proximity to the margins of plutonic complexes therefore
provide primary geological targets for exploration in this region. Further data conceming the nature of individual
hydrothermal systems and deposits will lead to an expanded and more complex genetic model, however, it is hoped

that this study will provide the basis for further classification.

Silberman and Berger (1985) noted that there may be considerable variation in the pathfinder elements associated
with precious-metal mineralisation. The ubiquitous association of arsenopyrite with gold mineralisation throughout
the Southern Uplands and Longford Down is however, at odds with their findings and suggests that arsenic forms
the single-most effective pathfinder element for gold mineralisation in this terrane. In addition, the presence of As-
Sb-Au mineralization in comparable geological environments within both the British and North American

Caledonides may be used to suggest the existence of a precious-metal province/terrane, genetically related to large-
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scale tectonic controls, and it is proposed that the recognition of potential fault structures may assist further

exploration in this terrane.

Geological and genetic models of gold deposits should be given due consideration at both the planning and
interpretation stages of any major programmes. Although the identification of orebodies is not necessarily model
dependant, using the wrong model, the wrong terrane may be examined with the wrong techniques. A detailed
understanding of ore genesis within individual terranes should lead to the development of better models and the
possible recognition of previously unidentified types of deposit.

4.8 SUMMARY AND CONCLUSIONS

This study has revealed the general characteristics of As-Sb-Au deposits in the Southern Uplands, their genetic
processes and inter-relationships. It is clear that a wide continuum of inter-related processes were involved in the
formation of the diversity of deposits now observed. The development of plate tectonic theory and models has had

a major impact upon our understanding of ore genesis.

This review has identified remarkably similar characteristics of both ore fluids, ore-element associations (As-Sb-
Au-Hg-Ag) and wallrock alteration assemblages in a wide variety of turbidite-hosted gold deposits. As such, the
identification of the geological features developed in association with As-Sb-Au mineralization in the Southern

Uplands is critical to further exploration in this terrane.

On the basis of this study, four possible genetic sources may be invoked:

1) Direct hydrothermal evolution from granitic intrusions

2) Direct hydrothermal evolution from basic intrusions

3) Hydrothermal processes resulting in the selective concentration from associated black shales or pre-
existing sulphides

4) Ore solutions from a deep source near the crust-mantle boundary

It was suggested by Harris and Radtke (1976) that independent variables which display the strongest mathematical
correlation to any dependant variable (ie. arsenic) have the strongest physical relation to the phenomenon being
studied. The distribution of arsenic anomalies in the Southern Uplands are so extensive that they cannot be
attributed to a single ore district, and as such it is suggested that they represent extensive clusters of small sub-
economic deposits. Inaddition, itis advocated that both As and Sb should be analysed routinely in any geochemical
study (regional or otherwise) within this region.

Both dip-slip and strike-slip fault systems may develop extensional/shear fractures in pull-apart zones. During the
opening of such zones, suctional forces are created allowing large volumes of fluid to enter the dilating fracture
system from the wallrocks (Jahoda et al., 1989). Where faulting intersects active magmatic systems, magma would
have entered the fracture system and igneous activity would have been focused at dilational fault offsets, the ‘hot
jogs’ of Jahoda et al., (1989). This study has demonstrated the temporal and spatial association of As-Au
mineralisation in the Southern Uplands and elsewhere with extensive alteration zones and major fault systems. The
fundamental process in the formation of such deposits therefore involved the flow of large volumes of fluid, through

structurally controlled zones of high permeability. Furthermore, hydrothermal activity associated with Caledonian
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granites and minor intrusions is widespread and metal concentrations, along major fault and thrust zones distal to
the known granites occur on a regional scale. The common spatial coincidence of As-Sb-Au mineralization with

minor intrusions may be used to infer a magmatic origin for both fluids and metals in the Southemn Uplands.

This study has recognised the presence of significant As-Sb-Au mineralization in the vicinity of small calc-alkaline
volcanic centres in the British Isles. It is proposed that under favourable tectonic conditions exhalative gold
deposits were formed, overlying areas of calc-alkaline activity, together with a complex suite of Au-bearing
epigenetic deposits. However, the present erosion level in Scotland may be used to infer that a significant
proportion of all mineralization has been lost (Russell, 1986).

In summary, itis suggested that in the Southern Uplands of Scotland and its continuation into the Longford Down,
gold mineralization is spatially and temporally associated with a characteristic group of clastic sediments and
igneous rocks, spatially controlled by major N-S trending structural lineaments. It is suggested that the antimony
component of these deposits was generated as a result of partial melting of the upper mantle, associated with a

linear zone of anomalous heat flow and tectonism.

Onthe basis of this study, it is clear the no individual single-stage model may be invoked to account for all observed
features related to mineralization in the Southem Uplands. Varying levels of erosion have led to the exposure of
successive stages of mineralization across this region. The primary As-Sb-Au mineralization was linked with the
physiochemical processes responsible for the generation of deep-seated, lineament conirolled, igneous activity
during Late Silurian-Early Devonian times. During this period the region became a hot spring province with
intermittent exhalative activity continuing throughout the Early Devonian penecontemporaneous with epithermal
gold mineralization.

In summary these deposits form part of a continuum related to igneous, hydrothermal and fumarolic activity. It
is concluded that this model offers an explanation for the observed geological parameters associated with As-Sb-
Au mineralization in this region, and it may have a wider application to mineral exploration in Lower Palaeozoic
turbidite terranes, in general. Even though the source of gold itself remains enigmatic, a spatial associationbetween
lineaments, lamprophyres and gold mineralization occurs in the Southen Uplands. The intersection of major
structural lineaments and igneous intrusions provide both fluid conduit and source for the development of these

deposits and as such should be regarded as a priority target for future exploration.
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CHAPTER FIVE

REGIONAL LITHOGEOCHEMICAL STUDIES

5.1 INTRODUCTION

The importance of greywackes in the development of continental crust is evident from their abundance in the
geological column. They are generally deposited in tectonically active regions, and in earlier parts of the
Precambrian, form the dominant sandstone (Peterman et al., 1981). This chapter describes the results of a
systematic lithogeochemical sampling programme undertaken in both Southern Scotland and Ireland in order to
define the relationships between turbidite petrography, tectonic setting, provenance and geochemistry. Asdetailed
petrographic studies had previously been undertaken (Kelling, 1961 ; Floyd, 1982) the major objectives in this study
were to establish the nature and magnitude of chemical variation within individual formations and investigate the

application of geochemistry as an aid to stratigraphic correlation in the Southern Uplands and Longford Down.

Using the automated XRF facilities of the Geology Department of Nottingham University, 2295 greywacke
samples were analysed for Si, Al, Ti, Fe, Mg, Ca, Na,K, Mn, P, As, Ba, Cr, Co, Ga, La, Ni, Nb, Pb, Rb,Sr, S, Sb,
Th, V, Y, Zn and Zr. In addition around 10% of the total sample population were submitted for fused bead
preparation (and major element analysis) and re-analysed for CO,, LOI and FeO and the following elements: Ag,
Bi, Br, Cd, Ce, Cs, Hf, Mo, Sc, Se, Sn, Ta, Te, U, W, Cl and Tl (by XRF); and La, Ce, Pr, nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb and Lu (by ICP). It should be noted that if the ICP data is included, the largest number of elements
determined for an individual sample is 55. In detail, the application of geochemical techniques to stratigraphic
problems in the Southern Uplands, had three main objectives:

1) To determine whether individual formations can be distinguished chemically from one another
2) To apply the resulting chemical parameters on a regional scale as an aid to geological mapping
3) To define the position of hydrothermally altered samples related to potentially economic As-Sb-Au

mineralization

Preliminary spatial and statistical analysis of the resulting geochemical database (and accompanying geochemi-
cal maps) facilitated the chemical subdivision of the petrographically distinct turbidite units and the recognition
of fundamental differences between mineralized and unmineralized samples. It was recognised that the results of
these initial investigations offered considerable potential for extending the field area along strike into the Longford
Down.

5.2 REGIONAL GEOLOGY

5.2.1 Stratigraphy

The classical stratigraphy of the Southern Uplands is based upon the study by Lapworth (1889) which was
subsequently revised and extended by Peach and Home (1899) who divided Lower Palacozoic greywackes in the
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Southemn Uplands into three strike-parallel belts. Morris (1983) defined the lateral equivalents of two of these, the
Northern and Central belts in the Longford Down Inlier. Recent interpretations of the geology of the Southern
Uplands are based upon the recognition of at least 10 linear, fault-bounded tracts of Lower Palaeozoic sediments
and volcanics. These tracts contain the results of 55 million years of sedimentation, tectonism and volcanic activity
on the northern margin of the lapetus ocean. Each individual tract displays a distinctive stratigraphy and
petrography with little if any along-strike variation, but at least in the Northern Belt, sharp contrasts with juxtaposed
units (Anderson, et al., 1986).

In 1986, a meeting was held at the Geological Society in order to discuss the application of the accretionary prism
model developed by Mitchell and McKerrow (1975); McKerrow et al., (1977); and Leggett et al., (1979, 1982) to
the Southern Uplands of Scotland. This meeting was entitled ‘The Southern Uplands Controversy’ and served as
a forum for the presentation of critical reviews and reassessments of this model; and resulted in the publication
of a thematic edition of the Journal of the Geological Society, in 1987. In addition, Harris and Fettes (1988) present
a major synthesis of the Caledonian-Appalachian Orogen and detailing orogenic, faunal and sedimentological

processes active from Pre-Arenig to Permian times.

5.2.2 Structure

The Southern Uplands are characterised by a repetitive sequence of greywackes and black shales, considered by
the original surveyors, Peach and Home (1899) to be the result of isoclinal folding and associated local strike-slip
faulting (Webb, 1983). Recent studies have increasingly stressed the importance of the strike faulting (Leggett et
al., 1979) and have drawn analogies between the Southern Uplands structure and that of accretionary wedges
developed at modem active plate margins (Mitchell and McKerrow, 1975; McKerrow et al., 1977; Leggett et al.,
1979). A plate tectonic model for the Caledonides of the British Isles was presented by Phillips et al., (1976)
invoking three non-parallel lower Ordovician-lower Devonian subduction systems. In addition, evidence was also
presented for the oblique closure of the Iapetus ocean from the late Ordovician to early Devonian, and subsequent
dextral strike-slip movement on the resulting suture, based on the migration of anunstable trench - trench transform

triple point junction.

A series of structural blocks, each characterised by distinctive petrography, stratigraphy and bounded by major
strike faults have been established throughout the Southem Uplands of Scotland (McKerrow et al., 1977; Leggett
etal., 1979; Floyd, 1982; Hepworthetal., 1982; and Stone et al., 1986). Bames, Lintern and stone (1989) simplified
the historically complex deformational sequence in the Southern Uplands into three main phases. It was tentatively
suggested by Needham and Knipe (1986) that the observed deformational phases/features could be related to
downslope gravity-driven deformation, accretion-related deformation, collision-related deformation and post

collision adjustments.

Leggett and Casey (1982) demonstrated a number of implications and controls on the structural development of
subduction complexes using the Southern Uplands as a type-example of an accretionary prism. It is clear that strike-
slip displacements were important during the closure of the Iapetus Ocean and affected the Grampian Highlands,
Midland Valley (Bluck, 1983) and the Southern Uplands (Leggett, etal., 1981). In a discussion of movements upon
the Southern Uplands Fault, Elders (1987) demonstrated that sediment provenance studies could be used to provide
direct evidence of the magnitude of strike-slip displacements. Furthermore, McKerrow and Elders (1989) used a
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comparison of clasts in mass flow conglomerates with granites in western Newfoundland to suggest large-scale

Ordovician and Silurian strike-slip movements.

A detailed summary of the imbricate structure of Silurian greywackes across part of the Central Belt of the Southem
Uplands was described by Webb (1983). This study presented evidence for the formation of major structural
features in response to the progressive shearing of early folds which formed penecontemporaneously with the
deposition of the sediments; and predicted that the imbricated greywackes extend to depths of 3km rather than the
15km predicted by the LISPB profile.

Needham and Knipe (1986) presented a model of accretion- and collision- related deformation in the Southern
Uplands which was considered to be a large-scale ‘pop-up’ structure formed between a fore thrust, the Iapetus
suture and a back thrust, which partially obducted it northwestward. Oliver et al., (1986) demonstrated that the
southern boundary of the Midland Valley with the Southern Upland terrane is marked by the Southern Upland Fault
and Lammermuir Fault and used detailed fault fabric studies to provide evidence of early sinistral brittle strike-
slip motion, which also deformed felsite dykes in a ~200m wide zone parallel to the faults.

Stone et al., (1987) detailed the existence of southerly-derived turbidites containing fresh andesitic detritus,
derived from a volcanic island arc situated to the South of the Southem Uplands. Northerly derived turbidites
displayed more mature, quartz-rich characteristics. These observations led to the development of a back-arc model
for the Southern Uplands, comprising of a mature continental landmass to the north and a rifted continental
fragment containing an active volcanic arc to the south. The Hawick Group and the Wenlock sequences of the
Southern Belt were considered by Stone et al., (op.cit) to have been deposited in a southward-migrating foreland
basin ahead of a rising thrust stack. Mid to Late Silurian sinistral strike-slip movements were also proposed by
Stoneetal., (1986, 1987) to have produced the transpressional environment in which mantle derived lamprophyres
were intruded along major, deep-seated structures. The British Caledonides were recognised by Oliver (1988) as
composed of a number of regionally metamorphosed tectonostratigraphic terranes brought into juxtaposition
during closure of the Iapetus Ocean. The suspicion exists that strike-slip motions formed important controls on the
major faults now separating the various terranes. It was concluded that regional metamorphism of these terranes

did not necessarily occur at the same time or in the same relative geographical positions that they now occupy.

A concise summary of the discovery and development of the terrane concept, and its application to the study of
displaced terranes in Britain and Ireland was presented by Soper et al., (1989). The recognition of potential, large
scale, transcurrent fault movements along active plate margins was a critical factor in the development of the
terrane concept. Initial definition of tectonostratigraphic terranes as ‘fault bounded units of regional extent, each
characterised by a geological history which is distinct from that of neighboring terranes’ (Jones et al., 1983) have
been superseeded by more cautious, restrictive description (Keppie, 1989): ‘A terrane is an area characterised by
internal continuity of geology, that is bounded by faults, melanges representing a trench complex, or suture zones
across which neighbouring terranes may have a distinct geological record not explicable by facies changes, ora
similar record that can only be distinguished by the presence of a terrane boundary representing oceanic
lithosphere’. This concept has had considerable impact upon the interpretation of geotectonic processes and
resulted in the evolution of ‘terrane analysis’ methodologies incorporating palacontological, sedimentological,
geophysical, isotopic and palacomagnetic techniques, in order to reconstruct the evolution of an orogen by defining

its constituent terrains and their displacement histories.
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Trench et al., (1989) presented palacomagnetic evidence of a near equatorial palaeo-latitude for the Southern
Uplands terrane; and demonstrated that the Grampian Highlands, Midland Valley and Southern Uplands terranes
had docked by late Silurian-early Devonian times. Thirlwall (1989) presented evidence that the chemical and
isotopic differences present in Ordovician-Devonian igneous rocks of northern Britain were attributable to
subduction-related and collision magmatism processes, incorporating a variety of mantle and crustal sources.
Igneous rocks south of the Southern Uplands Fault were reported to be chemically different from those in the
Midland Valley of Scotland; displaying element concentrations incompatible with the subduction model of
Thirlwall (1981); and interpreted as indicative of significant transcurrent or across-strike displacement.

5.2.3 Sedimentology

The Southern Uplands of Scotland is composed of a series of stratigraphic sequences of Ordovician and Silurian
greywackes, shales and conglomerates, occasionally associated with basalts and cherts and separated by strike-
parallel faults. The term greywacke is used within the context of this study to denote sandstones of a wide
mineralogical range, deposited by turbidity currents or other mass-flow processes, and characterised by typical
Bouma sequences (Bouma 1962). A diversity of sedimentological studies have been undertaken during the last
two decades across the Southern Uplands and Longford Down: In a study of the sedimentology and diagenesis of
Silurian greywackes from Kirkcudbrightshire, Weir (1974) noted that the greywackes dominantly cluster in the
lithic greywacke field of Pettijohn (1957) and contain an average of 35% feldspar and rock fragments (quartzites
and pelitic schists) and in excess of 20% matrix. The turbidite systems identified in the Northern, Central and older
portions ofthe Southern Beltessentially fitthe model of ‘highly efficient’ fans of Mutti (1979) and are characterised
by remarkable lateral continuity. Fan progradation is generally indicated by coarsening upwards sequences (bD
->BD->aBD->Ad). Hepworthetal., (1981) presented a detailed study of the sedimentology, volcanism, structure
and metamorphism of the Bail Hill - Abington area of the Southem Uplands.

Short-lived, but extensive regressions occurred at or near the base and top of the Arenig series (extending into the
lower Llandeilo) with a major regressive event at the top of the Ashgill, associated with contemporary glaciation
(Brenchley and Cocks, 1982; Fortey and Cocks, 1988). Subsequent transgressions occur throughout much of the
Arenig, Llanvim, Caradoc and LLandovery series. Although local tectonic and volcanic processes may override
the effects of transgressive and regressive cycles, shore lines associated with continental masses and volcanic
island arcs will generally be enlarged in times of regression (as more land emerges) whereas transgressive phases
spread epiric habitats far across shallow shelves and also bring more oceanic biofacies shelfwards (Fortey and
Cocks, op. cit.) Following late Ordovician glaciation, a steady transgression occurred throughout Llandovery
times, with flooding of shelves and continental margins. Leggett et al., (1981) noted that a ‘greenhouse effect’
occurred worldwide during the early Silurian (Llandovery-early Wenlock). During this period (~12 Ma) sea levels
were high and the accompanying transgressions resulted in highly productive shelf seas containing a diverse
benthic biota. Highly oxygenated conditions were recorded from the mid to late Silurian (post early Wenlock age),
and may explain the widespread absence of black shales and mudstones from sediments of this age in Southern
Scotland. The major eustatic oscillations in the Ordovician and Silurian affected the dominant styles of
sedimentation (Leggett et al., 1981). The NW margin of the lapetus Ocean was highly active from Llanvirn times
into the mid-Silurian, with typical Llandovery shelf faunas such as the Stricklandia community accompanying
turbidites, olistostromes and paraconglomerates (Fortey and Cocks, op. cit.). Elevated detrital carbonate levels

result from the interplay between biofacies disposition on the former continental shelves and slopes, and the siting
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of the continental landmass relative to the palaeo-equator (Fortey and Cocks, 1988). A detailed study of the Late
Silurian sedimentary and tectonic evolution of the Southern Belt in the Southern Uplands was presented by Kemp
(1985) and is divided into two main phases:

1) Early Wenlock sedimentation dominated by small scale, high-gradient sandy fans and SW-flowing axial
currents

2) Middle Wenlock sedimentation involving the development of extensive meandering channel systems, and
associated channel mouth and depositional lobe facies.

Examples of epicontinental (Wenlock) carbonate sedimentation from southeastern Norway were described by
Olaussen (198 1). Both marls and carbonates were deposited upon the Precambrian shield in supratidal, intertidal
and restricted subtidal environments. Red arenaceous dolomites reflect minor progradations of the adjacent
continental facies. In addition, the identification of celestite within sediments from the high intertidal-supratidal

environment provides evidence for evaporitic conditions within this uppermost marine sequence.

Mutti (1985) demonstrated that long-term global sea level variations and local tectonic controls form the basic
framework within which turbidite sediments develop as a response to breaks in the equilibrium between shelf and
basin sedimentation. It was therefore proposed by Mutti (op.cit) that large-volume turbidite sandstones were
derived from adjacent shelf areas that underwent phases of tectonic uplift or eustatic fall of sea level, shortly after
periods characterised by high rates of terrigenous sedimentation. The frequent lowering of sea level, produced by
tectonic uplift in an active structural setting can lead to suitable conditions for turbidite development, however the

volumes of resedimented deposits will be less, due to insufficient recharge in adjacent shelves.

Pickering and Siveter (1986) using faunal evidence from ostracods, demonstrated that opposing Ordovician plates
may have been incloser proximity than previously supposed. In addition, as there appears tobe little if any evidence
for an ocean floored by oceanic crust in post-Caradoc times it was proposed that subduction-accretion had ceased
in both Newfoundland and Ireland by the Early Silurian (Llandovery). Fortey and Cocks (1988) however, in a
review of the controls upon Arenig to Llandovery faunal distributions in the Caledonides, noted that contemporary

transgressive-regressive cycles were the dominant cause of diachronous shifts of biofacies belts.

5.2.4 Turbidite Petrography and Provenance Studies

The term greywacke, is defined within the context of this study following the terminology of Pettijohn (1963) as
‘a sandstone consisting of quartz, feldspar and rock particles of sand size embedded in a silt-clay-sized matrix’.
Recent studies have demonstrated the numerous inter-relationships between greywacke mineralogy, provenance
and tectonic setting (Crook, 1974; Schwab, 1975; Dickinson and Suczek, 1979; Maynard, et al., 1982; Bhatia, 1983
and Bhatia and Crook, 1983). A comprehensive multi-element geochemical study of crystalline basement and
continental sediments from both Russia and North America was provided by Ronov and Migdisov (1971) who
noted the close similarity between continental basement and the average composition of the overlying sediments.
Four distinct settings of greywacke deposition were recognised by Dickinson (1971) and Karig (1971) including:
Trench fill; Arc-trench gap; Interarc basins; and Marginal basins (ie. behind the arc). Murray and Condie (1973)
in petrographic and geochemical studies of greywackes from the eastern Klamath subprovince of Northern

California, demonstrated that Ordovician greywackes display strong cratonic (plutonic-metamorphic) character-
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istics in comparison with later, calc-alkaline volcanic dominated greywackes of Silurian to Jurassic age. The
relationship between sandstone composition and tectonic environment was recognised by Schwab (1975) who
expanded the work of Crook (1974), to include varieties of sandstone other than greywacke in this classification
scheme. In general, quartz-rich rocks characterise continental margins, quartz-poor rocks are derived from island

arcs and intermediate quartz contents associated with active continental margins and orogenic belts.

In studies of Lower Ordovician greywackes form New Zealand, Nathan (1976) identified the distinctively
quartzose nature of Greenland Group sediments and inferred a polycyclic origin related to a plutonic source. Caby
etal.,(1977) in studies of the geochemistry of Upper Proterozoic greywackes from northwestern Algeria, identified
dominantly andesitic characteristics formed as a result of erosion of a penecontemporaneous calc-alkaline volcanic
suite, emplaced in Upper Proterozoic shelf sediments. Furthermore, Dickinson and Suczek (1979) recognised and
developed a model correlating sandstone petrography and plate tectonic setting. Moore (1979) demonstrated the
existence of two tectonostratigraphic units on Nias Island, Indonesia, representative of trench and trench-slope
deposits. The trench-slope sediments were shownto be enriched in polycrystalline quartz and K-feldsparinrelation
to the trench deposits, a feature interpreted in terms of a non-volcanic (cratonic) source terrane on the west coast
of Sumatra, composed of Palaeozoic/Mesozoic metamorphic and plutonic lithologies. In addition, Bhatia (1983)
suggested that the chemical composition of greywackes could be used to designate environmental features.

Whole rock geochemistry may be used to characterise the provenance of sandstones and greywackes and is of
particular importance in samples where the original detrital mineralogy is only partially preserved during
diagenesis (Bhatia, 1983). The concentration of certain elements, notably Mg, Fe, Cr, Ni and Ti strongly reflect
the primary chemistry of the source material as these elements are located within resistant mineral phases or are
readily adsorbed by clay minerals. In particular, high concentrations of Cr and Ni are good indicators of an
ophiolitic source (Hiscott, 1984).

The foundations for petrographic and geochemical classification of greywacke formations in the Southern Uplands
were laid by Walton (1957,1961) who recognised the importance of lithic fragments in both mapping and
provenance studies and identified three different greywacke groups (the Pyroxenous, Intermediate and Gar-
netifeous). In addition, Walton (1961) presented the chemical analysis of six greywacke samples and distinguished
the Pyroxenous (Formation) group from other greywackes on the basis of silica content alone. Detailed
descriptions of the petrography of individual greywacke formations in the Southern Uplands and Longford Down
is provided by numerous authors including Floyd (1975, 1982), Morris (1983) and Kemp (1985) (Fig. 16).
Greywackes from the Central and Northem belts contain a diverse assemblage of lithic fragments including
pyroxene and homblende andesite, metabasalt, rhyolite, felsite, tuff, granite, biotite granite, horblende gabbro,
homblende granodiorite, quartzite, schist, shale, siltstone and greywacke. Detrital minerals include quartz,
feldspar, homblende, biotite, muscovite, clinopyroxene, glaucophane, epidote, spinel, garnet, prehnite, ilmenite,
magnetite and staurolite (Walton, 1961, 1963, 1965; Kelling, 1964; Oliver and Leggett, 1980; Floyd, 1982). Most
of the greywackes contain between 15 and 30% matrix composed of very fine grained quartz, calcite, chlorite and
sericite (phengite). In the Southern Belt, greywackes contain abundant detrital quartz and albite, which together

with white mica and biotite, are hosted by a matrix of calcite, chlorite and sericite.

Condie and Snansieng (1971) in petrographic and geochemical studies of Ordovician and Silurian greywackes from

Northern California, demonstrated the existence of two different sources/tectonic settings. An inverse picture to
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that observed in the Southern Uplands was defined however, with Ordovician greywackes dominated by sediments
derived from plutonic-metamorphic terranes and Silurian greywackes dominated by increasing contributions of
calc-alkaline volcanics. Similar studies on modermn deep-sea sands revealed similar correlations between

composition and environment (Maynard et al., 1982).

During an extensive mapping study of specific areas in the Southern Uplands by the British Geological Survey,
inexcess of 700 ‘fresh’ greywacke samples were collected from individual localities and subjected to petrographic
examination, with modal compositions determined by standard 1000 point count analysis. This investigation
(Floyd, 1975) revealed that the Northern Belt of the Southern Uplands is composed of at least four petrographically
distinct lithostratigraphic greywacke formations. The observed petrographic contrasts are indicative of contrasting
provenance areas within either cratonic or volcanic terranes. Petrographic examination of the Blackcraig, Scarand
Pyroxenous formation greywackes suggest that the sediments were derived from an active calc-alkaline volcanic
arc, whereas greywackes of the Afton, Shinnel and Intermediate formations were supplied from a more cratonic
provenance, comprising of sedimentary metamorphic and felsic igneous rocks (the general relationships between
chemical elements, mobility, associations and host minerals is presented in table 1.44). The cratonic and volcanic
petrofacies suites described within the context of this study broadly equate with the Metaclast and Basic Clast
petrofacies of Morris (1987) respectively.

The cratonic suite may be characterised by a mixed felsic igneous and metamorphic detrital composition derived
from a continental terrain (Kelling, 1961, 1964 Morris, 1983) whereas the volcanic suite contains abundant calc-
alkaline detritus derived from a volcanic arc source terrain and plutonic/ metamorphic root zone. Metamorphic
rocks are represented by polycrystalline quartz fragments with strain shadows, sutured grains and orientated flakes
ofmuscovite. Fragments of chert and dark mudstone are also present. The detrital plagioclases identified in thin
section have a refractive index less than quartz and were identified as Na-rich albite. Possible sources of the albite
include: Calc-alkaline volcanics; Low grade chlorite-biotite schists; and altered basic and ultrabasic rocks from
the Ballantrae Ophiolite. In the Northern and Central belts, Oliver and Leggett (1980) suggested that much of the
albite was of metamorphic origin, formed by the in situ breakdown of detrital calcic plagioclase, releasing both
Ca and Al to the fluid phase.

Floyd (1982) identified five formations in the Northern Belt of the Southern Uplands, on the basis of lithological
and petrographical evidence derived from their type area in West Nithsdale and correlated his results throughout
large tracts of the Northem Belt, in Southwest Scotland. These petrographically defined samples were subsequently
provided by Dr Floyd to the author for chemical analysis. In addition, samples collected during Dr Floyd’s
continued research in the Southern Uplands (extensions of the original field area) were also supplied for analysis.
This suite of point counted and petrographically classified samples provided an invaluable training set for
geochemical and statistical evaluation and together with the Glendinning Region, form the ‘type’ areas for this
study.

Due to the manner in which the definition and naming of different petrofacies has evolved over the last 30 years
(with some form of standardisation only recently appearing) the naming conventions defined by Floyd (198 &) used
to define the respective members of the training set, are followed throughout this study. Where applicable, local
formation and/or Group names are also used and reported in conjunction with their equivalent petrofacies from the

training set. A table defining the qualitative detrital composition and principal petrofacies in the Northern and
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Central Belts was presented by Morris (1987) and is included for reference purposes (Fig 1.55). It should be noted
that the ‘volcanic’ derived greywackes although containing a high proportion of volcanic detritus, also contain
significant volumes of plutonic, metamorphic and sedimentary rock fragments. The most notable feature of the
volcanic greywackes is the relative abundance and freshness of the pyroxenes in both rock fragments and single
mineral clasts (Styles et al., 1989). In addition, Floyd and Trench (1989) demonstrated the presence of consistent
differences in magnetic susceptibility, which parallel differences in petrography and are directly related to

variations in detrital magnetite content.

Lapworth and Wilson (1871) assigned rocks south of the Ettrick Valley thrust as the Hawick rocks and the Selkirk
beds. The Selkirk division has fallen into disuse and the southem part of the Central belt is regarded as Hawick
rocks (Cook, 1979). The Southern Belt was originally classified on the basis that it contained only Wenlock rocks,
the Riccarton and Raeberry Castle formations. In a discussion of greywackes from St Abbs Head, in the northeast
of the Southern Uplands, Greig (pers. com., 1985) noted that carbonate, rarely present to the north-west of St Abbs
Head, becomes an important part of the greywacke matrix in the Coldingham Bay area and to the south of Eymouth.
Rust (1965) in a study of the sedimentology and diagenesis of Silurian turbidites from Wigtownshire identified the
presence of a characteristic red mica (muscovite with a fine grained hematite coating) in Hawick greywackes, and
its absence from the Riccarton group. Well preserved masses of the colonial coral Heliolites cf. megastoma were
also located. Diagenetic carbonate replacement of feldspar was noted as common, and formed in response to the
distribution of primary carbonate in the sediment. A two stage chemical weathering process involving the
derivation of Silurian greywackes from the erosion and weathering products of Ordovician greywackes results in
the creation of a relatively mature greywacke succession, as demonstrated by Wyborn and Chappell, (1983). This
model has significant implications in the development of the Hawick formation in southern Scotland.

The Highlands of Scotland have been historically regarded as the source area for Southern Uplands greywackes
(Peach and Horne, 1899). However, Elders (1984, 1987) demonstrated that the Scottish Hi ghlands, Midland Valley
and Ireland were unable to provide the range of granitic detritus identified in the Southern Uplands and inferred
a source area in NW Newfoundland, with sediments transposed by subsequent strike-slip displacement. The first
substantiated report of prehnite-pumpellyite facies regional metamorphism in the British Isles was located by
Oliver (1978) in County Cavan, Ireland. Oliver and Leggett (1980) extended this study into southern Scotland,
confirming the presence of albite, prehnite, pumpellyite, phengite, calcite, hematite and quartz bearing metamor-
phic assemblages in basalts and basic-clast greywackes in the Southern Uplands. Regional prehnite-pumpellyite
facies metamorphism was attributed to tectonic burial processes, related to accretion during the closure of the
Iapetus Ocean. Please note that the following six samples have been reassigned from their original classification
groupings on the basis of petrographic evidence provided by Floyd (1987, pers. com.): S-212 (Afton); S-4
(Pyroxenous); S-6 (Shinnel); S-250 (Intermediate); S-251 and S-252 (Scar).

5.3 LITHOGEOCHEMICAL STUDIES

5.3.1 Aims and Objectives

The purpose of regional lithogeochemical studies in the Southern Uplands and Longford Down was to delineate
broad-scale patterns of primary element distribution related to bedrock petrography, hydrothermal alteration and
mineralization. In addition, it was proposed that the resulting database could also be used to assist the delineation
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of suspect agricultural areas of clinical and sub-clinical trace element disorders in crops and livestock; and provide
a reference for a variety of environmental studies. In addition, this data may also serve as a useful source of

fundamental scientific information, when viewed in the context of British Caledonide geology.

5.3.2 Previous Investigations and Study Areas

Alsayegh (1971, 1972, 1973) presented the results of an initial geochemical investigation of Lower Palacozoic
greywacke geochemistry in the Southern Uplands. Geochemical studies centered upon the southwestern margin
of this region and resulted in the analysis of 327 samples for both major and trace elements. Samples were grouped
on the basis of the stratigraphy erected by Kelling (1961) and individual populations were compared using simple
univariate tests of significance. Pronounced variations in Ce, La, Nb, Zr, Sr and CaO were observed between
specific areas which were found to correspond closely with the identified stratigraphy. This pioneering work
provided an important contribution to the geology of the Southern Uplands, however the philosophy adopted by
Alsayegh (1971) during this early attempt at geochemical mapping suffered from a number of fundamental
problems, including:

1) The virtual absence of any form of petrographic control or interpretation relating to the chemistry of
individual samples.

2) The absence of any form of correlation between chemically similar units across the Southem Uplands.

3) The failure to equate distinct mineralogical characteristics of stratigraphic units with the geochemical data.

4) The over-simplistic comparison of Ordovician versus Silurian geochemistry (Alsayegh, 1973) was
undertaken despite the known mineralogical variation displayed by individual formations, which as such,
renders such a comparison virtually meaningless.

5) The absence of both As or Sb values rendered this investigation of little economic use.

The petrographic character of greywacke samples from the Marchburn, Afton, Blackcraig, Scar, Shinnel,
Pyroxenous and Intermediate Formations have been investigated by Floyd (1975, 1983). Floyd (1975) demon-
strated on petrographic grounds, that contrasting source areas characterised by volcanic and cratonic derived
detritus, dominated the sediment supply, at different times throughout the history of the Southern Uplands. Hawick
Group samples were investigated by Duller and Harvey (1984, 1985) within the context of this study. The type
area of the Marchburn Formation defined by Floyd (1982) occurs immediately SE of the Southern Uplands Fault
and SW of the Sanquhar coalfield, with the formation named after its type section in the March Burn [NS 67 12].
On the basis of petrography and relative position, this formation was correlated with the Corsewall (Kelling, 1961)
and Glen App (Walton, 1961) groups along strike in SW Scotland. The type area of the Afton Formation defined
by Floyd (1982) occurs between the Carcrow Fault and the Leadhills Line and is bounded to the SW by the Afton
Water and to the NE by the Sanquhar coalfield. This formation is distinguished from the Marchburn Formation
by its elevated quartz content and the virtual absence of ferromagnesian minerals.

The Blackcraig Formation identified by Floyd (1982) is named after Blackcraig Hill [NS 647 065] in the type area
of Upper Glen Afton. The type section extends from Blackcraig Farm [NS 636 082] across the western edge of
Blackcraig Hill and along Afton Water up to the Afton Reservoir [NS 630 048]. Floyd (1982) recognised that this
formation is dominated by thickly-bedded, coarse grained greywackes rich in ferromagnesian minerals, and
correlated this formation with the Galdenoch Group of Kelling (1961). The type area of the Scar Formation



-165-

identified by Floyd (1982) is bounded by the River Nith, Scaur Water and the Leadhills and Fardingmullach faults.
This formation was originally named after the Scaur Water (originally ‘Scar’) and is characterised by quartz-poor
greywackes rich in feldspar and ferromagnesian minerals. The type area of the Shinnel Formation defined by Floyd
(1982) occurs between the Fardingmullach Fault and the northwestern limit of the Silurian greywackes of the
Central Belt, and is bounded to the NE and SW by the River Nith and Scaur Water, respectively. This formation
derives its name from the nearby Shinnel Water and is typified by quartz-rich greywackes. The southeastem limit
of this formation is marked by the presence of greywackes containing brown hornblende, which form the lateral
equivalent of the Pyroxenous Group (Lower Llandovery) identified by Walton (1955) in the Peebles area. The
Shinnel Formation was correlated by Floyd (1982) with the Portpatrick (acid-clast) division of Kelling (1961).

The study was undertaken with particular reference to the tectonic discrimination of petrographically distinct
turbidite formations from the Southern Uplands. The greywacke data sets used for this purpose were compiled from
the analysis of samples, carefully screened in terms of location, stratigraphic position, lithology and petrography.

Lithogeochemical studies have had widespread application in the USSR and have led to the successful detection
of blind ore bodies, at depths up to a few hundred metres. The recognition and identification of a standard scheme
of vertical geochemical zonation (Grigoryan, 1974) is used in order to assess whether the geochemical anomaly
reflects probable economic mineralization or simply the root zone of a deposit in which the economic portion has
been eroded away. As such, lithogeochemical studies were carried out on alteration zones associated with a number
of mineral occurrences in Southern Scotland, however considerable care was taken in the field preparation of rock
samples in order to avoid contamination from both veined and weathered material. Information regarding the
location of individual samples (the full numerical grid reference) were appended to the geochemical datafiles in
the form of two additional, numerical variables (North and East). Petrographic classifiers together with analytical,
mineralization, alteration and lithology codes were added to their respective samples in the form of a set of ‘keys’
or indexes (see RAW system notes in chapter 2) which were then used to rapidly sort or subdivide individual

samples into a variety of different datafile formats.

Plant and Moore (1979) presented a detailed summary of a series of regional geochemical atlases prepared, or in
preparation, by the British Geological Survey. Ina similar manner, the database resulting from this study was used
to construct a regional geochemical atlas of the Southern Uplands (see enclosures) and is presented at a scale of
1:250,000 together withtopographic, geological and classification summary maps. This atlas presents a broad view
of both the nature and extent of this geochemical programme in Southern Scotland and presents the results of 19
of the 29 elements analysed in the form of single element, point source geochemical maps (proportionally sized
circles, centred upon the sample site location are used to represent element concentration).

D e

ATLAS No. of Datafile  Scale Rock No. of Area
Samples type Elements  (km)
GLENDINNING 306 GWKEI1 1:100K Greywacke 31 22x22
GLENDINNING 197 MUDI1 1:100K Mudstone 31 22x22
S.UPLANDS 1454 ATLAS 1:250K Greywacke 29 210x140
RHINNS 279 GWKE22 1:100K Greywacke 29 30x50

LONGFORD DOWN 297 GWKEA0 1:400K Greywacke 29 110x40
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It should be noted that grid references of samples from the Longford Down study area have been transferred from
the alphanumeric Irish National Grid reference to a fully numeric grid in orderto facilitate computer aided drafting
of the geochemical atlas for the region. As opposed to the UK system of prefixing a eight figure grid reference with
a two letter mnemonic (ie NX), the Irish National Grid relies upon a single character to identify a 100 x 100km
grid across the country. An example of the transformation of Irish grid reference is shown below:

Original Reference: N 9820 8300
Transformed Reference: 29820 28300

This study facilitated the investigation of variations in element groups and ratios, providing a new approach to the
problems of provenance, depositional environment and tectonic setting of greywacke formations in the Southern

Uplands.

5.3.3 Geochemical Classification and Mapping

Itis now standard practice for geochemists to collect a suite of basalts from a deformed terrane and theninfer former
tectonic settings using trace element geochemistry. Sedimentary geochemistry has, until recently, been ignored
together with the implications of fingerprinting an actual provenance rather than a petrological hypothesis (Boyle,
1985). Lithogeochemical studies of turbidite terranes enable not only the discrimination of constituent
stratigraphic units/formations, but also allow a fundamental assessment of both provenance, depositional
environment and hydrothermal history to be undertaken.

Overview

An extensive review of computer based techniques in the compilation, mapping and interpretation of exploration
of exploration geochemical data was presented by Howarth and Martin (1979). This review stressed the need for
correct organization of field sampling programs and laboratory quality control to minimize bias in the data. In
addition, proper attention to cartographic design and the use of multivariate statistical analysis techniques
(principal component, factor and cluster analysis) were proposed as major areas for development and research, in
order to improve the standard of quantitative data analysis. Howarth (197 3) presented a keynote review of pattern
recognition techniques and their application in applied geochemistry. Feature selection, pattern classification
(discriminant analysis) and pattern analysis (cluster-seeking techniques) were discussed with reference to regional
stream sediment survey data from south-west England and it was noted that non-parametric methods provide a
more effective classification tool than their parametric counterparts. The terminology associated with pattern

recognition was detailed by Howarth (197.3) and includes:

Measurement - One of several numerical values (eg. element concentrations) which form a component of the

pattemn.

Pattern - A collection of measurements characterizing the sample.

Cluster - A set of points (corresponding to the patterns) contained in a high-dimensional (measurement)
space.

Training set- A set of data in which the class membership of each sample is known.
Testing set - A set of data in which the classes are known, that has been treated as a set of unknown samples.
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From a classification of the true and assigned classification of the testing set samples, a measure of the overall
classification success rate is achieved (Howarth, 1971). Roth et al., (1972) applied principal component,
discriminant and cluster analysis techniques to semi-quantitative mineralogical data from a series of distinct,
bioclastic carbonate turbidite units from the Blake Basin. Brotzen (1975) noted that large datasets can be
subdivided by the analysis of corresponding point distributions in multidimensional space, where the separate
dimensions are represented by chemical variables. As distinct groups of samples are represented by different
clusters of points in multivariate space, it follows that an analysis and recognition of such clusters could be used
to produce chemical groupings. If transitions occur between two groups, the corresponding clusters will be joined
by transitional points in zones of reduced point density. A number of recent publications have debated the
application of log-, power- and other forms of transforms in the assessment of geochemical data (Mancey and
Howarth, 1980). Transforms are applied to datasets in order to reduce skewness; produce a relatively more normal
(Gaussian) distribution; and to make the use of parametric statistics more reliable. It should be noted that no

transforms were applied to the data.

Winchester, et al., (1981) demonstrated the use of multi-element geochemistry in an assessment of the inter-
relationship between psammites and pelitic lithologies from the westemn part of the Moinian. Hickman and Wright
(1982) demonstrated the applicability of lithogeochemistry as a tool in stratigraphic correlation in the Appin Group
metasediments from Argyll, Scotland and proposed that the correlation of stratigraphic units by similarities in their
chemistry should be referred to as chemostratigraphical correlation. Boyle and Robertson (1983) demonstrated
the use of chemical fingerprinting techniques in provenance studies of fine grained sediments whereas Van de
Kamp and Leake (1986) demonstrated the use of Niggli numbers in an attempt to combine petrographic and
chemical characteristics within a single discrimination diagram. This approach has considerable academic merit
however, the general lack of familiarity with Niggli numbers displayed by most scientists and the additional data
processing overheads incurred by such procedures invalidates this approach to all but the most adventurous

researchers.
Data Analysi.

Data was collected and processed following the methodology described in chapter 2, and submitted for both
univariate and multivariate statistical analysis. Major and trace element geochemistry for the above formations
were determined by XRF spectrometry following the methodology of Norrish and Hutton (1969) and Harvey and
Aitken (1981, 1982). In addition, a subset of ~200 samples were analysed for REE at Kings College, London,
following the methodology of Walsh et al., (1981). In order to investigate the application of chemical
fingerprinting of greywackes, it was necessary to commence this study with samples displaying strong stratigraphic
and petrological controls. This ‘training set’ was obtained from the personal collection of Dr J. Floyd and that of
the British Geological Survey. Following an initial evaluation of this data it was clear that individual formations,
if not chemically unique, displayed considerable variation and differences with their juxtaposed counterparts.
Subsequently, their lateral equivalents in southwest Scotland and the Longford Down were examined with a view
to establishing the continuity of these formations, and geochemical mapping. A variety of data analysis techniques
have been employed to quantify the chemical differences between individual formations and mineralized/
unmineralized samples. Where possible, a visual representation of this datais presented. Trace element parameters
and discrimination diagrams provide a useful tool in the characterisation of greywacke provenance (Bhatia and

Crook, 1986) and may be used to interpret the nature and tectonic setting of the host environment.
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Greywacke Chemistry

In 1983, the IUGS Subcommission on the Systematics of Igneous Rocks produced a classification of igneous rocks
based on mineralogy (Lebas, 1983) and subsequently a chemical classification based on the ‘alkali-silica’ diagram
was proposed. Fifteen categories of igneous rocks were delineated by the combined use of 15,594 analyses from
both the CLAIR and PETROS databases. The resulting discriminant diagram (Fig. 299) although not immediately
applicable to the classification of sedimentary rocks (sensu-stricto) has been used as a basis of the initial evaluation
and classification of the Southem Uplands Turbidite Geochemistry Database (figs. 300-305). In comparison with
the JUGS diagram, the Marchbum Formation samples plot within the basalt-andesite field (fig. 300) as opposed
to the juxtaposed Afton Formation which plot within the andesite-dacite field. Samples from the volcanic derived
Blackcraig and Pyroxenous Formations are tightly constrained within the andesite field whereas the Scar
Formation although centred uponthe andesite field, extends to a dacite composition (fig. 301 and 302). The cratonic
derived Shinnel and Intermediate Formations samples are constrained predominantly by the dacite field whereas
the Hawick Formation samples lie within the andesite-basaltic andesite field (fig. 303). The shift in SiO,
composition in the Hawick Formation away from that expected for cratonic derived sediments, may be explained
by the addition of a major CaO component (predominantly carbonate) to the greywackes. When the effects of CaO
are removed by normalisation of the remaining major element contents the Hawick Formation samples plot in the
expected dacite field. In a comparison of unmineralized and mineralized samples (Figs. 304 and 305) the
unmineralized data set display a relatively narrow, restricted range of alkalii content (with 13 samples below a
3wt% threshold) whereas the mineralized data set displays the direct effects of SiO, enrichment and total alkali
depletion with samples skewed to the bottom right hand comer of the diagram (depletion threshold 3wt%). On the
basis of a statistical evaluation of the mineralized data set it is observed that sodium is almost completely removed
by alteration processes. In comparison with this trend Fig. 305 clearly illustrates a relatively static if not slightly

elevated total alkali level, thereby inferring the considerable effect of potassium metasomatism upon the samples.

On the basis of major, trace and immobile element abundances and ratios, a number of chemically distinct suites
of samples were identified, each characterised by different ratios and trends. The minor chemical differences that
exist between greywackes from cratonically derived formations, are still sufficient to facilitate a significantly high
probability of classification. Major and trace element crossplots provide a visual method for the rapid discrimi-
nation of greywackes derived from cratonic and volcanic terranes. Cratonic derived greywackes are in general
represented by simple quartz rich, feldspar/pyroxene poor petrography as opposed to greywackes derived from
volcanic sources which exhibit relatively quartz poor, feldspar/pyroxene rich facies. The geochemical data exhibit
unusually sharp boundaries between juxtaposed cratonic and volcanic derived greywacke formations. An F-test
was applied to sets of populations to determine if two populations have a common standard deviation. Unless both
populations possess nearly identical standard deviations any further evaluation to test that the means of the two
populations differ (Student t-test) is invalid. Multivariate statistical techniques are of assistance in classifying
multi-element geochemical data, into petrographic and metal associations which characterise specific geological
environments and processes and, thereby contribute to an improved interpretation of the data (Closs and Nichol,

1975).

Discriminant Analysis

Discriminant function analysis forms a powerful tool in the classification of individual cases (samples) into pre-
defined groups on the basis of multivariate data. Discriminant analysis techniques have been widely applied in
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the classification of geochemical data: Clausen and Harpoth (1983) demonstrated the use of this technique in

classifying panned heavy mineral concentrates.

In general, the aims of discriminant analysis are to classify samples of unknown type into one of a number of pre-
defined groups (eg. mineralized or Unmineralized) on the basis of their elemental compositions. In all methods,
irrespective of the decision rule (discriminant function) used, the starting point is to have an established ‘training
set’ of samples representative of each group. Once the decision criteria have been determined, an independent ‘test
set’ of samples should be classified on the basis of the established decision rules to find out how well they perform
before applying them to known data (Howarth, 1973; Howarth and Martin, 1979).

Discriminant function analysis was applied by Middleton (1962) to distinguish the tectonic setting of a number of
sandstone units. Howarth (1971) detailed the application of an empirical discrimination method to the geochemical
classification of a diverse range of sedimentary and igneous rocks grouped into 7 main classes. This technique
achieved anoverall classification success of 80%. Many different forms of discrimination functionexist, including
the linear, piecewise linear and polynomial discriminant function, however the linear discriminant functions are
the widest used in geochemical applications (Howarth, 1972).

Hawkins and Rasmussen (1973) demonstrated the use of discriminant analysis for geochemical classification of
strata in sedimentary successions within the Witwatersrand Basin. A linear discriminant function was used by
Campbell (1978) to locate and place a boundary between two soil mapping units. For each discriminant function,
Wilks' lambda indicates the statistical significance, whereas the canonical correlation coefficient signifies the
strength of the discrimination function, and eigenvalue indicates the percentage of variation expressed by the
function in the original data (Bhatia, 1983). Furthermore, Bhatia (1983) used major element discrimination
function analysis to determine the tectonic setting of derived sandstones. Rock et al., (1984) detailed the
application of discriminant and correlation analysis, in the identification of Lewisian, Moinian and Dalradian
limestones from the Highlands of Scotland.

It is important to consider the number of samples in evaluating the significance of sample variants and historical
studies. Typically, small populations of 10-20 samples in total are common in geochemical studies undertaken
during the 1960’s, 70’s and early eighties. With such small sample populations it is unlikely that the sample
population provides a true estimate of the actual population, and as such lowers the confidence limits which can
be applied to this data (Huff, 1983). In most published studies, authors have been content to confine themselves
to the discrimination of two or at most three quite distinct units/formations (eg. Weber and Middleton (1961);
Rogers (1965); Condie and Snansieng (1971); Nathan (1976); Clayton (1982); Lambert et al., (1982); Winchester
et al., (1981); Wybom and Chappel (1983); Haselock (1984); Rock et al., (1984); Orth et al., (1986); Floyd and
Leveridge (1987)). This study attempts to classify a minimum of eight petrographically distinct formations in the
Southem Uplands of Scotland and relate them to their along-strike equivalents in the Longford Down. A further
complication arises in this study, resulting from hydrothermal overprinting related to As-Sb-Au mineralization.
However, altered samples are considered to form a further distinct group of records and are classified accordingly.
A larger number of samples collected from a number of different localities provides a more statistically acceptable

technique to assess compositional variation and identify the specific characteristics of individual formations.

Discriminant analysis was undertaken on the differing petrographic tracts in the Southern Uplands and provided

a further test procedure to evaluate the relationship between juxtaposed formations. Training sets were established
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using petrographically defined samples identified by Floyd (1981). The results of this classification study are
presented in table 3.21. Simple discriminant analysis was performed using two group classifiers upon these
juxtaposed, petrographically defined greywacke formations from the Southern Uplands (table 3.21). This classifier
included all available variables (n=29) and gave good separations (maximum 5.1% misclassified) for all units with
the exception of the Intermediate:Hawick Formation classification (7.2% misclassified). The most distinct
Formations within the Southern Uplands are represented by the Marchburn and Afton Formations, with only 1.1%
of samples misclassified. Here again, further attempts at discrimination utilizing restricted variable sets, led to

increased levels of misclassification.

Discriminant analysis on the different petrographic formations produced an imperfect classification, however
when the formations were grouped into their respective volcanic, cratonic and carbonate-rich groups, a
significantly higher overall classification rate (~85-90%) was achieved. The Mahalanobis distance, D?, between
two groups is highly significant. The usefulness of the discriminant function was evaluated using both background
and anomalous samples. The covariance matrices for the background and anomalous groups are significantly
different at a level of 0.001. Limitations of this technique inherent in the nature of the data merited a slightly
different approach to the problem of classification. Parametric statistical methods, including discrimination
analysis are most effective when applied to data which has a near-normal or lognormal distribution. This
requirement is in many cases difficult to satisfy due to the polymodal distribution displayed by mineralized data.
This form of data can be classified using an empirical discriminant function which does not require normality

(Howarth, 1971) or alternatively, non-parametric techniques such as K-means cluster analysis need to be invoked.

Cluster Analysis

The initial training set has been both modally and chemically analysed, and provides an invaluable database (~800
samples analysed for 29-54 elements). Cluster analysis may be used to separate the sample population into a
number of distinct groups and identify individual samples that have been subjected to hydrothermal alteration or
are weakly mineralized. In addition, this procedure may be applied to remove the effects of closure within this
dataset.

Using an assumption of no ‘a priori’ knowledge, the number of naturally occurring clusters within the training set
(n=840) were determined as part of the clustering technique, by setting the number of clusters (k) to 2, 3,4, 5, 6,
7, 8,9, and 10; and then interpreting some measure of *‘goodness of fit"’. In this study, a significant break of slope
on the X-Y plot (No of clusters vs. summed deviation about the centroids) was observed at k=3 (interpreted as
representative of cratonic, volcanic and carbonate-rich greywackes) together with a relatively more subtle break
in slope at k=8. Greywackes were divided petrographically into seven groups and verified by linear discriminant
analysis of the chemical data. As some of the geochemical differences between petrographic formations are
relatively subtle, a classification scheme was required to enable the identification of not only cratonic and/or
volcanic characteristics, but also differentiate between individual formations. Following the methods described
by Shepherd et al., (1985) and identification algorithm was developed involving a combination of empirical and
statistical techniques including: simple discriminant analysis (eg. Cr >500 ppm; CaO >10%) giving a true or false
answer; and non-hierachical K-means clustering techniques (MacQueen, 1967; Shephard et al., 1985). This
algorithm facilitated the rapid identification of hydrothermally altered and/or mineralized samples reflecting As,
Sb and base metal mineralization (eg. As >10ppm; Na <0.5%). In addition, samples from the most distinct

greywackes formations (Marchburn and Hawick) were readily identified, increasing their classification success
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by a factor of 5 to 7% over that of ‘clustering only’ methodologies. It should be noted however that the less
chemically distinct formations benefit little from the application of simple discriminant analysis and are separated

by K-means clustering using seed centroids for all the ‘known’ groups (or Formations).

This classification procedure was then applied (using the same ‘a priori’ seed points) to 297 ‘unknown’ samples
from acoastal traverse of the Rhinns of Galloway. Unknown samples were compared against the ‘known’ centroids
and assigned the identity of the one it most closely resembled or defined as ‘unclassified’. At approximately two
thirds of these sites (notably within the Northern and Central parts of this traverse) it was possible to check the
predicted classification with previous geological mapping and petrographic studies (Kelling, 1969). Here again,
a 70-80% success rating was observed in a comparison between the position of individual petrographic units and
their predicted classification. This approach to geochemical mapping and boundary identification has significant
applications in delineating differing petrographic units on both a local and regional scale, within superficially
monotonous sedimentary sequences, and may be used to identify areas favourable for mineralization. This study
demonstrated that non-parametric statistical techniques can provide an important processing aid in the analysis of
multi-element geochemical data, with advantages including, the unnecessary requirement for a normal population
distribution or many of the other assumptions made for parametric statistical methods; ease of use; rapid operation;
and its ability to process very large data arrays (Shepherd et al., op. cit.). The inclusion of spatial/locational
information in the form of (x,y) coordinates in the training sets served only to reduce the relative success of the
classification algorithm, most probably due the the NE-SW strike orientation of the individual greywacke

formations under evaluation.

The nearest-neighbour classification rule states that a sample may be assigned to the same group as its nearest
neighbour in measurement space, or to the class most frequently represented among its ‘r’ nearest neighbours. The
applicability of non-hierarchial cluster analysis to greywacke classification, was tested using a modified
convergent form of the MacQueen's k-means method of clustering devised by Shephard (1985). Non-hierachical
techniques are partitioning methods where samples are classified into a specific number of mutually exclusive
groups orclusters (Anderberg, 1973). Aninitial evaluation wasundertakenusing eight ‘a priori’ seed points defined
by the average chemical compositions of a series of ‘undisputedly’ distinct greywacke formations defined by Floyd
(1981). Intotal, a training set of 819 petrographically defined samples of ‘known’ composition were submitted to
the modified K-means program for classification. Convergence was reached after four iterations and the results

of this classification are presented below:

Seed Formation Petrographically Geochemically Success
Point Name Defined Defined (%)

1 Marchbum 44 28 63.63

2 Afton 140 110 78.57

3 Blackcraig 57 42 73.68

4 Scar 99 76 76.76

L Shinnel 62 51 82.25

6 Pyroxenous 43 31 72.09

7 Intermediate 79 57 72.15

8 Hawick 295 274 92.88

Total 819 666 80.47
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These results clearly demonstrated the success of this technique, which may be adopted for operational use to form
the basis of a lithogeochemical classification scheme, assessing ‘unknown’ samples with respect to petrographic
formations in the Southem Uplands. This optimum classification achieved an overall 80.47% success rate (range
63-92%) comparable in many respects to that defined by Howarth (1971) for a more diverse range of sedimentary
rocks. Higher success rates could only have been achieved if a wider, more clearly distinct range of geochemical
values/rock types was present. This form of classification procedure has not been widely applied to sedimentary
provenance or geochemical exploration projects due to the practical difficulties difficulties associated with
obtaining adequate sample data for constructing training sets. Once a discriminant function has been established,

subsequent classification is extremely rapid, even when several thousand samples are involved.

Factor Analysis

R-mode factor analysis was used by Lambert, et al., (1982) to identify the controlling factors in lateral variations
inchemistry detected within the Leven Schists. Four factors were required to resolve 98% of the variance. R-mode
principle component analysis is used to group related variables into a smaller numberof parameterscalled ‘factors’.
The positive and negative loadings of related variables in each factor may be used to suggest similar or opposite
trends. The results of principle component analysis upon greywacke formations from the Southemn Uplands is
presented in table 1.18 to 1.27. Factor analysis provides a powerful tool in the interpretation of geochemical inter-
relationships within individual data sets, however its detailed application is beyond the scope of this project.

ngma;y

Univariate and multivariate statistical tests (including principal component, discriminant and K-means cluster
analysis) were initially applied to a representative training set of approximately 900 petrographically defined
samples in order to determine the significance of the chemical variation within each petrofacies and define a
suitable classification system. It was initially proposed that these classification algorithms would provide a
satisfactory method for the identification for greywackes of unknown origin. A chemical ‘fingerprint’ would be
used to classify each sample into its respective petrofacies or alternatively define the sample as ‘altered’ and of

exploration interest. The scale of sampling within this program facilitated:

1) the chemical definition of the nature, origin and evolution of differing provenance sources.

2) the assessment of the nature and magnitude of the chemical variation between different turbidite units and
the development of a series of chemical classification systems for each distinct petrographic unit.

3) the evaluation of lithogeochemistry as a tool in regional stratigraphic correlation, terrain boundary
identification and mineral exploration.

4) the identification of areas of chemical alteration related to tectonism, igneous intrusion and/or hydrother-

mal activity.

Discriminant and k-means cluster analysis techniques provided complementary tools for geochemical data
analysis. The discrimination and clustering procedures applied within this study appear to accurately delineate the
boundary between individual formations. The effectiveness of this classification was confirmed by comparison
with a petrographically defined ‘testing set’ of samples from the Rhinns of Galloway. These composite traverses
may be directly compared, and provide an aid to the correlation of sequences and regional geochemical

stratigraphies in these two regions. Furthermore, the accurate placement of boundaries between petrographically
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distinct Formations in the Southern Uplands using both discriminant and cluster analysis techniques applied to

lithogeochemical data, provides an important new tool in the compilation of geological maps of this region.

5.3.4 Turbidite Geochemistry and Tectonic Setting

It is generally recognised that plate tectonics provide the dominant controls upon source rocks, sandstone detritus
and depositional environment (Condie and Snansieng, 1971; Crook, 1974; Schwab, 1975; Dickinson and Suczek,
1979; Bhatia and Taylor, 1980, 1981; Clayton, 1982). This section presents a detailed review of the application
of geochemical studies to greywacke provenance and depositional setting.

Weber and Middleton (1961) demonstrated that gravity settling processes result in the concentration of a suite of
heavy minerals at the base of turbidite beds which displays accompanying trace element (Zr, Ti, Ni) enrichment.
In a similar manner it was proposed that the elements B, Ba and V which are precipitated from sea water or adsorbed
ontoclays, would be concentrated in the upper, clay-rich part of the bed. Pettijohn (1963) proposed that greywackes
display a tightly restricted range of chemical compositions that are not duplicated by other lithologies. Rogers
(1965) investigated the geochemistry of greywackes from western Oregon and Washington and identified close
similarities between the volcanic clast assemblages and the Greater Antilles island-arc. An initial greywacke
classification incorporating both petrographic and major element data was proposed by Crook (1974) which
divided greywackes into quartz-rich, quartz-intermediate and quartz-poor categories on the basis of SiO, content,
K,0/Na,O ratios and the proportion of modal quartz. Quartz-rich greywackes being derived from passive (trailing-
edge/atlantic-type) continental margins; quartz-intermediate varieties derived from continental-arc (Andean-type)

margins; and quartz-poor greywackes are derived from fore-arc basins of island arcs.

Lajoie et al., (1974) in studies of Lower Palacozoic greywackes in the eastern Canadian Appalachians, identified
a Grenvillian metamorphic source for Early Ordovician greywackes. Graham et al., (1976) demonstrated that fore-
arc areas are characterised by predominantly volcanic and subordinate metamorphic/lithic grains derived from an
eroded continental margin arc. Continental back-arc areas may be characterised by a volcanic and variable
sedimentary/lithic component from the rifted continental margin, Floyd and Leveredge (1987). In most
greywackes the majority of the Na,O is held in feldspar and rock fragments, while K, O is held largely in the clay
matrix (Nathan, 1976). The K,O/Rb ratio shows little variation with increasing K,O values, suggesting that both
elements are held in a single clay phase. Caby et al., (1977) in studies of the geochemistry of Upper Proterozoic
greywackes from northwestern Algeria, identified dominantly andesitic characteristics formed as a result of
erosion of a penecontemporaneous calc-alkaline volcanic suite, emplaced in Upper Proterozoic shelf sediments.
Ingersol (1978) documented the petrologic evolution of a Late Cretaceous fore-arc basin in California, whereas
Redfern (1979) detailed the results of a geochemical study of Silurian greywackes south of the Shap granite in the
Lake District. Jakes et al., (1979) demonstrated the chemical similarity between Proterozoic greywackes from the
Tepla-Barrandian area of Czechoslovakia with that of recent island-arc volcanism as well as material derived from
recent continental margins (Andean volcanism) or their metamorphic equivalents, and suggested a similar origin.
Lambert et al., (1981) proposed that the characteristic trace element ratios of the chemically mature Appin Group
semi-pelites could be used to distinguish between Appin Group (Dalradian) and Moine semi-pelites. Peterman et
al., (1981) identified both felsic components and a mafic source in a geochemical study of the provenance of
greywackes from the Flournoy formation, Oregon. However, they failed to recognise the important implications

relating to provenance caused by significant variations in geochemistry between formations.
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Clayton (1982) presented the results of a preliminary investigation of the geochemistry of greywackes from South
GeorgiaIsland and distinguished greywackes displaying typical calc-alkaline characteristics (the Cumberland Bay
Formation) from those of a more acidic provenance (the Sandebugten Formation), using simple tests of
significance and univariate statistical procedures. In addition, it was noted that the nature and magnitude of
chemical variation within turbidites is controlled by a number of factors including provenance, erosion rates,
transport and deposition, and depositional environment. Dickinson (1982) confirmed that sandstones from circum-
Pacific fore-arc basins display similar chemical compositions reflecting varying degrees of dissection of magmatic

arc terranes.

Lambert et al., (1982) applied petrographic and geochemical techniques to the discrimination of Dalradian, Leven
Schists and Grampian division Monadhliath Schists in the central Highlands. In studies of recent deep sea sands,
Maynard et al., (1982) demonstrated a clear distinction between active and passive plate tectonic settings on both
petrographic and chemical grounds. It was noted however, that major element geochemistry was unable to
distinguish different types of arc-related sandstones. Wybom and Chappell, (1983) in studies of the geochemistry
of Ordovician and Silurian greywackes from the Snowy Mountains of southeastern Australia, demonstrated
distinctive geochemical variations between Ordovician and Silurian sediments, interpreted in terms of detrital

feldspar content, and related to the extent of chemical weathering.

As certain elements are characteristically concentrated in basic rather than acid rocks, and vice versa, an estimate
of the provenance of individual formations may be made. Bhatia and Taylor (1981) demonstrated the use of the
elements La, Th, U and Hf in discriminating arc derived greywackes (andesitic source rocks) fromrelatively mature
greywackes derived from rifted continental margins and marginal basins (granitic and sedimentary source rocks).
A simplified plate tectonic classification of continental margins and oceanic basins was proposed by Bhatia and

Crook (198¢) in which four types are recognised:

1) Oceanic island arc - deposition within a sedimentary basin adjacent to an oceanic island arc or an island
arc partially formed on thin continental crust

2) Continental island arc - deposition within a sedimentary basin adjacent to island arcs formed on a well-
developed continental crust or on thin continental margins

3) Active continental margins - deposition within a sedimentary basin developed on/or adjacent to a thick
continental crust composed of granite-gneisses, and uplifted basement

4) Passive margins - composed of rifted continental margins of Atlantic type developed along the edges of

continents, remnant ocean basins adjacent to collision orogens and inactive or extinct convergent margins

Bhatia (1983) demonstrated that tectonism is the primary control upon sandstone composition and provided mean
values attributed to the four major tectonic settings together with an estimate of uncertainty. In addition, Bhatia
(1983) developed a tectonic setting discrimination algorithm used to distinguish the representative members of the
transitional groups defined by oceanic island arc (OIA), continental island arc (CIA), active continental margin
(ACM) and passive margin (PM) on the basis of a progressive decrease in FeO+MgO, TiO, and Al,0,/SiO, and
a progressive increase in K,0/Na,O and Al,0,/(Ca0+Na,0). The ratio AL,0,/SiO, provides an indication of the
relative proportions of quartz to clay, whereas the ratio K,0/Na,O forms a measure of the K-feldspar and clay vs.
plagioclase content. The average Zr/Th ratio for active continental margin greywackes as defined by Bhatia and
Crook (1986) is 9.510.7 in comparison with 21.5+2.5 and 19.1+5.8 for continental island arc and passive margin
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greywackes respectively. Oceanic island arc sediments are dominantly derived from calc-alkaline andesites and
are characterised by a higher abundance of TiO,, Al,0,, Na,O and Fe,0, and a lower abundance of SiO, and K,0
compared with all other sandstones/greywackes. In general oceanic island arc greywackes are characterised by

extremely low abundances of La, Th, U, Zr, Nb, Th/U and La/Y.

The La/Y ratio provides a general indication of the enrichment of LREE (represented by La) over HREE
(represented by Y). Oceanic island arcs are characterised by low La/Y (generally <0.5), continental island arc
greywackes are discriminated by values between 0.5 and 1.0, and active continental margin greywackes have high
La/Y ratios >1 (Bhatia and Crook, 1986). Furthermore, the average composition of active continental margin type
greywackes is characterised by equal amounts of K,0 and Na,0 with a bulk composition similar to that of
crystalline basement in the upper continental crust (Bhatia, 1983).

Active continental margin sediments dominantly derived from uplifted basement, reflect the composition of upper
continental crusts in their higher SiO, and K,O levels with K,0/Na,O ~1. Continental island arc sediments,
dominantly derived from felsic volcanic rocks, are characterised by higher SiO,, K,0 and K,0/Na,O ratio (~0.6)
and lower Fe,O, + MgO than their oceanic island arc counterparts. Continental island arc setting may be
characterised by increasing abundances of La, Th, U, Zr and Nb. In general, active continental margin (ACM) and
passive margin (PM) greywackes may be discriminated by the Th/Zr ratio, however the most important
characteristic of passive margin type greywackes is the increased abundance of Zr, high Zr/Th and lower Ba, Rb,
Sr and Ti/Zr ratio compared to active continental margin sediments. Passive margin sediments display a large
variation in composition which may overlap with that of the active continental margin. In general, they are
significantly enriched in SiO, and depleted in Al,O,, TiO,, Na,O and CaO, and have a K,0/Na,O ratio >1. Passive
margin greywackes can be identified by their higher Zr, Zr/Nb, Zr/Th and lower Ba, Rb, Sr, V and Ti/Zr ratios.
These characteristics form as a result of the polycyclic nature of the passive margin sediments and the resulting
depletion of feldspar and labile fragments and the increased abundance of heavy minerals.

Bhatia and Crook (1986) recognised four distinct provenance and tectonic settings of Australian Palaeozoic
turbidites on the basis of their variation in trace element composition. Oceanic island arc, continental island arc,
active and passive continental margin settings may be distinguished by a systematic increase in light rare earth
elements (La, Ce, Nd), Th, Nb and the Ba/Sr, Rb/Sr, La/Y and Ni/Co ratios; and decrease in V, Sc and the Ba/Rb
and K/Th ratios. In general, the average composition of oceanic island arc sandstones is similar to that of andesites
(Bhatia, 1983) whereas the average composition of continental island arc greywackes is similar to that of
continental calc-alkaline rocks (Bhatia, 1983). A mineralogical maturity index (MI) was proposed by Bhatia and
Crook (1986) in which the ratio of quartz to quartz+feldspar+rock fragments is calculated, thereby providing a
‘sliding-scale’ index of the relative maturity of the sediments.

Geochemical studies of Palacozoic greywackes from eastern Australia have demonstrated a large variation in the
immobile trace elements (La, Ce, Nd, Th, Zr, Nb, Y, Sc and Co) which form useful discriminators of distinct
provenance types and tectonic settings including oceanic island arc, continental island arc, active continental
margin and passive margins (Bhatia and Crook, 1986). Huff (1983) demonstrated the use of major and trace
element analysis in the correlation of Middle Ordovician K-rich bentonites from southwestern Ohio and northern
Kentucky. Six separate bentonite horizons were classified using simple discriminant analysis and traced over a

maximum distance of ~300km.
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Haselock (1984) demonstrated the existence of systematic geochemical variations between two tectonically
separate successions in the Grampian division of the Dalradian Supergroup. With regard to the Southern Uplands,
evidence provided by Simon (1986) regarding the provenance and setting of Lower Palacozoic conglomerates in
Northem Ireland, exhibit close similarities with those of central Scotland (Bluck, 1983) and support the hypothesis
of Phillips, et al., (1976) that island-arcs were developed to the north of the Longford Down Massif during the
Ordovician. Orth, etal., (1986) documented a detailed geochemical study across the Ordovician/Silurian boundary
on Anticosti Island, Quebec. This boundary marks one of the largest extinction events in the fossil record, second
only to the Permian/T'riassic extinction. This extinction has been attributed to changes in the physical environment,
caused by worldwide glacio-eustatic withdrawal of epicontinental seas and climatic deterioration.

Rock et al., (1986) demonstrated the use of comparative geochemical studies of pelitic rocks from the Grampian
Highlands of Scotland. Using discriminant analysis upon a multi-element data set it was possible to distinguish
Lewisian, Moinian and Dalradian pelites from each other (Lewisian samples exhibit the lowest Al, K, Ti, P, Rb,
Y, Nb, Ce, Pb and highest Fe, Mg, Ca and Cr contents). Van de Kamp and Leake (1986) demonstrated that
greywacke sandstones generally reflect provenance source regions better than comparative studies of mudstones
and shales, and noted that it is not possible to distinguish mafic volcanic and mafic plutonic sources with any degree
of confidence. In conclusion, Van de Kamp and Leake (1986) noted that, despite the need for large data sets, the
chemical composition of sandstones provides an important source of information relating provenance sources and

plate tectonic settings of deposition.

Taylor and McClennan (1985) demonstrated that both ancient and modem sedimentary environments may be
classified according to plate tectonic setting. They distinguished fundamental differences between passive (or
trailing-edge) settings and active margin settings, with the former being related to continental rifting and
separation, whereas the latter are more complex and are subdivided into categories including collision and
subduction zones. Furthermore, Taylor and McClennan (op.cit) noted that some care is needed in simple tectonic
interpretations based upon K and Na abundances, as these variations are dominantly controlled by feldspar
distribution (with the abundance of volcanogenic plagioclase providing a key index of tectonic setting).
Albitization processes (the replacement of Ca and K by Na) in feldspars during diagenesis may have considerable

influence upon this ratio.

In general, trace element data particularly for the REE are scarce and as such represent a major gap in our
understanding of sedimentary geochemistry (Taylor and McClennan, 1985). A detailed review of rare earth
element geochemistry, was presented by Henderson (1984). The rare earth elements, lanthanum to lutetium (atomic
numbers 57-71) are members of Group IIIA in the periodic table and all have very similar chemical and physical
properties. Despite the similarity in their chemical behavior, these elements can be partially fractionated by
petrological, mineralogical and alteration processes. The REE may be divided into two subgroups: those from La
to Sm (lower atomic numbers and masses) which are referred to as the light rare earth elements (LREE) and those
from Gd to Lu (higher atomic numbers and masses) referred to as the heavy rare earth elements (HREE). The REE
form a coherent group, because of their systematic decrease in atomic radii, with increasing atomic number and
predominant +3 oxidation state. The fact that two members of the group, cerium and europium, are often found
in anomalous oxidation states, adds to the groups use (Klinkhammer, 1983). In general, the fractionation of REE
in greywackes results from the abundance of primary and secondary mineral phases. In granitic rocks the REE are

mainly concentrated in accessory minerals such as sphene, apatite and monazite. These minerals tend to



-177-

concentrate the LREE and consequently, whole rock samples are frequently enriched in LREE. Plagioclase, K-
feldspar and biotite act as host for the remaining REE, in order of relative abundance.

Floyd and Leveridge (1987) presented a geochemical study of Devonian sandstones in south Comwall.
Petrographic and geochemical data indicated that the sandstones were derived from a dissected continental
magmatic arc displaying a composition similar to average upper continental crust, but with an admixture of minor
intermediate/basic material. Lash (1987) in a petrographic study of Middle Ordovician turbidites from the Central
Appalachian orogen, detailed the presence of both volcanic and cratonic derived formations which exhibit close
similarities to formations of similar age in the Southem Uplands and Longford Down. This comparison however,
is somewhat tentative and requires considerable further investigation.

Merriman and Roberts (1988) in geochemical studies of ~100 bentonites from Dob's Linn, Moffat, identified trace
element characteristics indicative of dacitic to rhyolitic compositions with volcanic arc to predominantly within-
plate characteristics typical of back-arc basin volcanism. Chemical fingerprinting has been used successfully in
tracing and correla