THE LITHOGEOCHEMICAL AND
MINERALOGICAL SETTING
OF TURBIDITE HOSTED
ARSENIC-GOLD
DEPOSITS IN THE
LOWER PALAEOZOIC OF SCOTLAND.

by

Paul R. Duller, B.Sc.

Volume Two

Thesis submitted to the
University of Strathclyde for the Degree
of Doctor of Philosophy

Department of Applied Geology,
University of Strathclyde,

"~ GLASGOW,

Scotland,
Gl 1XJ. December 1989.



FOLDOUTS



na s

Fold-Out 1

Glendinning Regional Geochemical
Traverse

This diagram displays the results of multi-element geochemistry upon a series
of interbedded greywackes and mudstones of Late Llandovery and Wenlock
age, defined as the Hawick Group.

Both greywacke (n=305) and mudstone (n=197) samples were collected from
the same locality (whenever possible) on a series of cross-strike traverses in the
Glendinning Study area (see text). Samples were grouped on the basis of
stratigraphy, lithology and numerical order to aid the assessment and inter-
pretation of the complex inter-relationships that exist within this dataset.

This diagram presents the results of 22,080 analytical and calculated values.
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Fold-Out 2

The Southern Uplands Composite
Geochemical Traverse

This fold-out diagram displays the results of multi-element geochemistry upon
a number of petrographically defined greywacke formations in the Southemn
Uplands. Samples from each formation have been grouped in ascending
numerical order and combined with other formations to create a composite

geochemical profile (n=861).

The Marchbum, Blackcraig, Scar and Pyroxenous Formations are defined by
Floyd (1983) on petrographic evidence to have been derived from one or more
volcanic terrains as opposed to the A fton, Shinnel and Intermediate Formations
which were derived from a cratonic terrain. The Hawick Formation, is defined
in this study as a cratonic derived greywacke containing in addition, a
significant proportion of carbonate.

Please note the inverted stratigraphy displayed on this diagram in order to
mirror the actual north-south juxtaposition of each formation across the
Southen Uplands. It should also be noted that this diagram graphically
displays the results of 24,969 analytical and 12,915 calculated values (total
37,884).
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Fold-Out 3

The Glendinning As-Sb-Au Deposit,
Southern Scotland : Borehole
Lithogeochemistry

This diagram displays the results of multi-element geochemistry upon a series
of interbedded greywackes, siltstones and mudstones of Wenlock age (n=170)
sampled from four boreholes drilled in proximity to the Louisa Antimony Mine,
Glendinning. The location and characteristics of each borehole is defined

below:

Borehole No. 1 2 3 4

Samples n=33 n=44 n=82 n=11

Grid Ref. [3139,9652] [3147,9693] [3143,9669] [3135,9671]
Elevation 290.0m 380.1m 317.1m 316.6m
Inclination 50 50 60 50
Azimuth 098 103 104 287

Depth 85.27m 118.82m 197.82m 84.87m

When viewed in conjunction with fold-out 1 (detailing background variationin
the host rocks to this deposit) the effects of hydrothermal alteration and
mineralization may be easily recognised (see text for detailed explanation).

Please note that the length of each borehole section displayed on the fold-out
is directly related to the number of samples and their relative position in each
hole rather than depth, and as such this diagram can only be used for
comparative purposes. This diagram presents the results of 7,480 determined
and calculated values.
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Fold-Out 4

The Longford Down Geochemical
Traverse

This fold-out diagram displays the results of multi-clement geochemistry upon
a number of petrographically defined greywacke formations in the Longford
Down. Samples were assigned to their respective Formations on the basis of
petrographic examination (Morris, 1983) grouped in ascending numerical
order and combined with other formations to create a composite geochemical
profile (n=225). Here again the strat igraphy defined by Morris (op.cit.) has
been inverted in order to present a true North-South traverse across the
Longford Down. This diagram displays the results of 10,800 analytical and
calculated values.
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Fold-Out 5

The Rhinns of Galloway Geochemical
Traverse

This fold-out diagram displays the results of multi-element geochemistry upon
Greywackes sampled at approx 150-200m intervals, during a Coastal traverse
of Southwest Scotland. This diagram may be divided into three sections: the
first, traverse A-B was undertaken on the eastern margin of Loch Ryan, as
opposed to the second, on the western margin. The remaining samples (forming
the major part of this study) were collected on a 42km traverse of the western
margin of the Rhinns of Galloway; from Corsewall Point in the North, southto
the Mull of Galloway.

Traverse A-B:  Currarie Point [20550,57790])
south to Laight [20598,57030].

Traverse C-D:  Milleur Point [20200,57370}
south to Clachan Heughs [20350,57040).

Please note that the Corsewall, Kirkcolm and Portpatrick Formations (Kelling,
1969) are synonymous with the Marchbum, Afton, Scar (Portpatrick basic) and
Shinnel (Portpatrick acid) Formations of Floyd (1983). In addition the position
of the (Silurian) Pyroxenous, Intermediate and Hawick Formations are identi-
ficd by this study (see text). This fold-out diagram displays the results of 12,386
(n=279) determined and calculated values.
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Fold-Out 6

Interformational Studies

This fold-out diagram displays the results of two multi-element geochemical
studies evaluating the effects of inter-formational variation within a greywacke

sequence.

The first study, The Tweed Bridge Section (30977, 62434) defines the nature
of major, minor and trace element variation present within a single, massive

turbidite bed, 4m in thickness, sampled at 30cm intervals (n=12).

The second study, The Talla Linn Section (31415,62009) defines the nature of
major, minor and trace element variation present within a succession of closely
spaced, interbedded greywacke units (>20cm in width) sampled over a traverse
30m in length (n=20).

This diagram summarises the results of 1408 analytical and calculated values.
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FIGURES

British Islcs Location Map (conical projection). Note
the position of the Southern Uplands in the central
portion of the diagram with respect to the Midland
Valley of Scotland, Longford-Down Inlier and Lake
District.

Thesis methodology and philosophy. This diagram
presents a graphical summary of the methodology and
philosophy undertaken during this PhD project, ex-
tending from the initial concepts and hypothesis,
through a process of sampling, analysis and interpreta-
tion in an iterative fashion in order to gencrate the

models and conclusions presented within this thesis.

Relationship ¢ he Ordi ional
This diagram presents an outline map of Northern Eng-
land and Scotland in relation to the UK national grid
sysicm. Any arca located within this map may be
defined to the nearest 10m in terms of a unique 10
figure grid reference (ie 55555 33333) This map will
assist the reader to locate the approximate position of
any geochemical sample site within the UK ficld arcas.
Unfortunately anextension of this grid system into Eire
during the Longford Down sampling program was not
possible. Please note that the Irish National Grid Sys-
tem was used (o provide unique sample site positions
within the Longford Down.

Maijor structural lincaments in the UK (after Haszle-

dine 1986). This map depicts s number of major N-§
lincaments identified during research upon structural
controls of Carboniferous sedimentation. The first ap-
pearance of a number of of these structures correspond
with the first occurrence of Iunpr;'sphyre dykes during
Late Silurian (Pridoli)times. In addition the hypothesis
postulated within this thesis is that there is a significant
correlation between lincameats, intrusions and gold

mineralisation in Southern Scotland.

Location of the Glendinning As-Sb-Au deposit witk
respect to the Southern Uplands Shatter Belt. A major
lineament identificd not only by Hazledine (1986) but
carlier by Peach and Home (1899) is depicted upon

Ta-

current 1:50,000 BGS maps of this arca as a lincar
‘‘shatter belt’’. This belt comprises of sparsely ex-
posed, highly brecciated greywacke and mudstones
forming & zone up to 1 5km in width. If this belt is
extrapolated at a scale of 1:50,000 south of its last
known outcrop, itis observed to pass within | km of the
Glendinning deposit.

T f gold mineralization inthe UK (from
Collins 1977). Note that the only gold occurrence in the
Southern Uplands is reported as medieval alluvial
workings in the Leadhills arca.

Southern Uplands of Scotland Location Map. (Based
upon the U.K. National Survey 1:250,000 map). This
map details the extent of the Southern Uplands field
area and defines the unique numerical grid system used
for identifying the location of individual samples

within this region.

Lecation of the Glendinning Deposit in Southern Scot-
land. Schematic represcntation of the location of the

Glendinning Deposit in relation to both the Southern
Uplands and Scotland.

L ionof A ite} i gold mineralisation
the Southern Uplands of Scotland. This diagram dis-
plays the relative positions of the five main amsenopy-
rite-gold deposits studied within the Southern Uplands
(Chapter 5).

0 £ Gold mineralisation in Ireland (afier
Jones, 1986). This map clearly illustrates the wide-

spread nature of gold mineralisation in Ircland. Note
the concentration of gold mincralisation associated
with Lower Palacozoic and Caledonian lithologies in
contrast to the Upper Palacozoic.

Lacation of the Clontibret deposit in Southern Ireland.
A schematic representation of the position of the Clon-
tibret As-Sb-Au deposit in relation to Eire and the
Northem Ireland border.

Detailed mine pl ) . { the Clontit
deposit after Wilbur (1978) and Morris (1986). Note
the limited cxtent of underground mining activity,
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FIGURE 4a
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FIGURE 4b
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FIGURE 9
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considerable drift thickness (>8m) and the extremely
high (34ppm) Au assay values located during the
1950°s sampling programs.

Sites of historical alluvial gold mining in the Leadhill
arca (circs 1600).

Distribution of alluvial gold mineralization inthe Strat
Kildonan (Heimsdale) area of northeast Scotiand (after
Michie 1974). Note that the maximum gold concentra-
tions occur peripheral to the migmatite complex and
the widespread distribution of alluvial gold in this

L . { the principal vei ia the Loct
Tay Asca. Note the widespread distribution of alluvial

gold mineralisation in this arca and its apparent spatial
association withknown vein and porphyry-type depos-
its, namely Corric Buie, Tomnadashan, and Comric.
Alluvial gold occurences in Glen Almond are spatially
related to disemminated arsenopyrite mineralisation
hosted by stratabound mafic volcanics (Duller, 1986).

The_Leadhills-Wanlockbead Mining District (f
Gillanders, 1981). Note the predominant North-South

orientation of the extensive suite of veins in this area.

ground sampling site locations. Each sample site
number (1-29) is prefixed by PDL and displayed in
tables 4.122 and 2.119 of this thesis. Samples were
collected at approximate 5m intervals from the adit
entrance to the contact with the Susanna Vein. A
graphical representation of the geochemical results are
presented in Fig. 298.

Geological map of the Southern Uplands showing
ior lith ioraphic_divisi
1987). Notc the apparcat continuity of cross-strike

units and variation in formation names dependent upon

arca of study.

! f the Southern Uplands identifyi
major faults and boundarics between belts (Afier
Leggett 1979). A detailed summary of the lithostrati-
graphic units (I to X) is presented in the previous

18-

19-

21-

22-

diagram (fig.16).

L . { the Southern Uplands defining d

ition of the Glendinning (A) snd Rbi { Gall
way (B) Study arcas- A detailed lithogeochemical atlas
for each study arca is presented in figs. 160-224 and
267-295 respectively and acomplete summary atlas for
the Southern Uplands is also provided (in the form of 22
maps enclosed with this thesis).

Lit i igraghy_of the Ordovici
Rocas of the Southem Uplands (from Floyd 1981).

St wigraphic section through the Ordovician Rocks of
th : West Nithadalc arca of the Southern Uplands (from
Flova 1981). Samples from this area were used 1o

chemically define the nature of cach greywacke forma
tion recognised on the basis of differing petrography.

Geological map of the Northern Belt study arca (Floyd,
1981). This arca represents the training area for

regional geochemical identification studies.

P i jisplaving t T
. ineaal { the Marcht Af
Blackeraig. Scar and Shinncl Formations (afier Floyd
1981). These variations in petrography are mirrored
directly by changes in the major and trace element
chemistry of each sample (Refer to fold-out 2).

Poi | . i ing
hic classificati blished by Kelling (1969)
and Floyd (1981) for greywacke samples from the
Northern and Central belts. Note the clear correlation
between the Portpatrick (Basic) and Scar, and Portpa-
trick (Acid) and Shinnel formations respectively.

Simglificd . . scl of the relation-
hips | fiffering Ordovici hic for-
ions during the Eacly Silurian (aficr Floyd.1983).

Refer to text for explanation of abbreviations.

Geological [ the Fi . | g
arce (from Leake ct al 1 978). Note the complex zoning

patiem within the granite mass and the location of small

peripheral intrusions.
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FIGURE 15
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Rhinns of Galloway
(Kelling 1961)

NW Wigtonshire
{Welsh 1964) and
SW Ayrshire

W Nithsdale ( FLOYD 1981)

‘Portayew Rocks’ (sce 1.5)

Boreland Rocks

Shinnel Formation

Basic-clast Division

Portpatrick Group
Acid-clast Division
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Scar Formation
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Meta-clast Division Kirkcolm Group
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FIGURE 20d

Point counting data plotted on a triangular diagram.
Q = Quartz + acid igneous fragments + metamorphic fragments
M = Matrix + sedimentary fragments

F = Feldspar + basic igneous fragments + ferromsgs.
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FIGURE 21 NW e
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FIGURE 22
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Drsi hemi { the Fl . ;
sumrounding area (from Leake ct al 1978). Note the

of the turbidite unit

apparent strike-paraliel
contacts and the apparent cross strike variation in
geochemistry.

Lesation of old 11if ines in the vicinity of
the Fleet Granite, Southwest Scotland. Nete the con-
centration of Pb/Zn deposits in the south western flanks
of the fleet granitc and the apparent zonation towards
As/Cu/Ni mincralisation in proximity to the granitc.

Geological map of the Loch Doon Granivz and sur-
rounding area (from Leake et al 1981). Nr ‘e the N-§
clongate, complex pattern of chemical/ p:t ographic
zonation within the ‘granite’ with peripheral diorite,
noritc and tonalite surrounding a granite and transi-

tional granite core.

(from Leake et sl 1981). Note the wideapread distribu-
tion of alluvial gold throughout this region and the

concentration in arcas marginal to small igncous intru-

sions.

The Jocation of the Marcht Afton. Blackcraig. §
1 Shinne] F ions in the Loch D 6
Leake ctal 198]). These formations were classified on
the basis of greywacke petrography using the criteria

defined by Floyd (1980).

Schematic flowchart of the RAW Databasc manage-
ment system. This DBMS System allows the user to
create, edit, append, merge and reformat a wide variety
of numerical data stored in sclf-formating relational
data files. Two forms of editing are provided, namely
sample and variable cditing. Sample cditing allows
individual sample records to be modified or removed
whereas variable oriented editing allows variables to be
gencrated or transformed for cach and cvery sample
record in the data file. A variety of tabulation options
enables the user to specify the format of the report
output, immediately prior to report creation.

1964, McBride 1963). See diagram for explanatory

31-

32-

33-

35a-

35b-

35¢-

36a-

M i igraphi . ; he Tweed
Bridge and Tala Linn study arcas. In the Tweed Bridge
Q Y !t
unit labeled ‘A’ by chip sampling scross the outcrop,

h I samples were selected from the

whereas in the Talla Linn Section represcntative
samples from cach interbedded greywacke unit were
sampled.

Scottigh 1 } ic and gold bemistry.
Note the strong correlation between Au (ppb) and As
(ppm) with increasing clement abundance.

Hi howing the distribution of maior and
| . kesfrom the Glendinning regional

Study arca. (sce text for detailed interpretation).

Hi howing the distribution of major and
I i mud from the Glendinning resional

Study arca. (see text for detailed interpretation),

Hi howing the distribtion of major and

I in mineralised dill ; he Glendingi
Az-Sb-Ay dposii. (sce text fordetailed interpretation).

seochemical Alicration:- Glendinai IO, (%

Note the general increase in silica composition for
altered greywacke samples with respect to the unmin-
cralised counterparts and the decrease in composition
reflected between altered mudstone and regional
mudstones.

Geoshemical o Glendinai ALO. (%

Note the general increase in Al composition reflected in
altered samples.

Geochemical Alicration:- Glendingi Tio. (%)

Note the enhanced TiO, levels present in mudstone
samples in comparison with the interbedded grey-

wacke counterparts.

Geochemical Al ion:- Glendinni Fe O (%)
Note the depletion of iron in both aliered greywacke
and mudstone samples reapectively.
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FIGURE 24
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FIGURE 25
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FIGURE 27
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FIGURE 28
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(and other mineral grains)

SANDSTONE CLASSIFICATION

Explanatory Notes.

This classification considers detrital components only. Lithological terms (as defined above) are prefixed
for authigenic phases (including clays and carbonates) where they constitute 10% or more of the

whole rock e.g. Calcareous QUARTZ ARENITE.
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SCOTTISH LAMPROPHYRE GEOCHEMISTRY
Combined XRF and INAA Data
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FIGURE 32

Histograms showing the distribution of major and
trace elements in greywackes from the Glendinning
study area,
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FIGURE 32 cont:

Histograms showing the distribution of major and
trace elements In greywackes from the Glendinning
study area.
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FIGURE %2 cont:

Histograms showing the distribution of major and
trace elements in greywackes from the Glendinning
study area.
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FIGURE %2 cont:

Histograms showing the distribution of major and
trace elements in greywackes from the Glendinning
study area.
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FIGURE 33

Histograms showing the distribution ot major and
trace elements in mudstones from the Giendinning
study area.
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FIGURE 33 cont:

Histograms showing the distribution of major and
trace elements in mudstones from the Glendinning
study area.
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FIGURE 33 cont:

Histograms showing the distribution of major and
trace elemcnts In mudstones from the Glendinning
study area.
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FIGURE 33 cont:

Histograms showing the distribution ot major and
trace elements in mudstones from the Glendinning

study area.
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FIGURE 34

Histograms showing the distribution of major and
trace elements In mineralised drill core from the
Glendinning Au-As-Sb deposit.
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FPIGURE 34 cont:

Histograms showing the distribution of major and
trace elements In mineralised drill core from the
Glendinning Au-As-Sb deposit.
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FIGURE %4 cont:

Histograms showing the distribution of major and
trace elements in mineralised drill core from the
Glendinning Au-As-Sb deposit.
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FIGURE 34 cont:

Histograms showing the distribution of major and
trace elements In mineralised drill core from the
Glendinning Au-As-Sb deposit.
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GEOCHEMICAL ALTERATION STUDIES
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Geochemical Alteration:- Glendinni MgC
Note the decrease in magnesium content associated
with altered samples and the enhanced minimum level
associated with mineralised greywackes.

Geochemical Alteration:- Glendinni Ca0 (%
Note the decrease in range of CaO values from non-
mincralised to mineralised samples, and the associated

incresse in C20 minimum levels in altered samples.

Geochemical Altcration:- Glendion N2 O (%)
Note the major sodium depletion effects associated
with altcration of both greywackes and mudstones.

Geochemical Alieration:- Glendinai KO (%)
Note the increase in potassium content of mineralised

samples (mean 0.75 and 05% in greywackes and
mudstones respectively).

Geochemical Alteration:- Glendinai M
Note the minor increase in background MnO content of
altered samples as opposed to the relatively constant
average composition of altered and unaltered samples.

This diagram illustrates that the P,O, composition of
both lithologics is relatively unaffected by alteration.

Geochemical Alteration:- Glendingi
As expected arsenic levels are enriched in this deposit
by afactor of >1000 with respect to background levels.

Geochemical Alicration:- Glendini Ba
Only minor barium enrichment is obscrved within the

Glendinning deposit.

Geochemical Alteration:- Glendingi Q
Minor increases in chlorine content of alicred samples

are observed, particularly with respect to mudstones.

Minor enrichments of cobalt (2-5ppm mean) are ob-
scrved in alicred samples.

Geochemical Alteration:: Gleadingi

No significant variation arc obscrved in the chromium

40a-

41a-

41b-

41c-

422-

42b-

42c-

content of cither greywacke or mudstone lithologies.

Geochemical Alieration:- Glendinai C )
Minor copper enrichment is observed in the back-
ground levels of altered samples.

Geochemical Alieration:- Gleodingi Ga (oom)

No significant variation in composition was detecicd.

Geochemical Alieration:- Glendinai Laf
Enrichment of La background and average levels were

defined only in altered greywacke samples. No signifi-
cant changes were defined within mudstone samples.

Geoshemical Alieration:- Glendinni Ni (ppm)
The average and maximum nickel content of grey-
wacke samples were enviched in opposition to deple-
tion trends observed in mudsione samples.

Geochemical Alizration:- Glendinni Nb (gom)
No significant changes in Nb content were defined. As
such, it may be inferred that Nb was immobile during
alteration.

Geochemical Alieration:- Glendinni Pb (ppm)
Substantial increases in the lead content of both altered
greywackes and mudstones is clearly defined.

Geochemical Alteration:- Glendinai Rb (ppm)
The rubidium content of both greywackes and
mudstones is subjected to major enrichment during
shieration processes. Background and average kevels
have risen by 40 & 30ppm in greywackes and
mudstones respectively.

Geochemical Alseration:- Glendioni St (pom)
Note that the strontium content mirrors that of rubidium
and is enriched in both mudstone and greywacke
samples in a similar manner and order of magnitude.

Geochemical Alieration:- Glendini Sb (ppm)
The antimony content of both greywacke and
mudstone samples are increascd during altcration by a
factor of 50-1000 compared to background values.
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GEOCHEMICAL ALTERATION STUDIES
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FIGURE 37 a/b/c GEOCHEMICAL ALTERATION STUDIES
Glendinning Study Area : Na20
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PIGURE 38 a/b/c GEOCHEMICAL ALTERATION STUDIES
Glendinning Study Area : P205
3,00 JLEALES
MAXIMUM
MEAN
2,50 @ (/A WINIMUM
2 . 00 .
N
+ 1,50 ]
3
1 . 00 b
0,501
Greywacke Mudstone
Altered Greywacke Altered Mudstone
GEOCHEMICAL ALTERATION STUDIES
Glendinning Study Area : As
s O MAXIMUM
5000 1 et MEAN
3000 v/4 MINIMUM
1000 &29
£ 500
Q
o200 Lad
100 o
50
20 —
10 v .
Greywacke Mudstone
Altered Greywacke Altered Mudstone
GEOCHEMICAL ALTERATION STUDIES
Glendinning Study Area : Ba
1,20 LH0USAN0S
MAXIMUM
MEAN B %
1,001 MINIMUM
0.80
b
Q0 0.60 =
Qo
0.40
0.20 )
0 ,,

Greywacke Mudstone
Altered Greywacke Altered Mudstone



FIGURE 39 a/b/c

160 1

~1254-

Glendinning Study Area : Cl
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GEOCHEMICAL ALTERATION STUDIES
Glendinning Study Area : Cu
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GEOCHEMICAL ALTERATION STUDIES
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450

400 1

XK HAXIMUM
MEAN
7/ MINIMOM

350
300

250

PPM

200

150

100

Greywacke

Mudstone
Altered Greywacke

Altered Mudstone

GEOCHEMICAL ALTERATION STUDIES

Glendinning Study Area : Nb

120

(%] MAXIMUM
MEAN
V) MINIMUM

100

80

i

60

PPM

20

%

Greywacke

} Mudstone

Altered Greywacke

.

Altered Mudstone

GEOCHEMICAL ALTERATION STUDIES

Glendinning Study Area ! Pb

TR MAXIHUN

| MEAN
V) MINIMUM

_

Greywacke

Mudstone

Altered Greywacke

Altered Mudstone




FIGURE 42 a/b/c

-1257-

GEOCHEMICAL ALTERATION STUDIES
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Geochemical Alteration:- Glendingi S (
Sulphidation is observed to have formed a major proc-
ess during alteration and has imposed considerable
enrichments in both greywacke and mudstone
samples. Aliered greywacke samples are enriched in
sulphur by a factor of 100% compared to their altered
mudstonc cquivalents inferring that greywacke litholo-
gics were considerably more succeptable to this proc-

ess of alseration.

Minor increascs in Th content are observed in altered

samples.

Geochemical Altcration:- Glendinni Y _(pom)
Although a slight increasc in minimum V content is
observed between greywacke and altered greywacke
samples no major changes in V content can be directly
attributable to the mincralising processes. A minor
increase in average alterod greywacke composition is
counterbalanced by decreascs in altered mudstone

composition.

Geochemical Altcration:- Glendinni Y
Minor depletions in Y content occur in both average
and maximum values for greywackes and mudstoncs.

Gegchemical Alteration:- Glendini Z
Although characteristic decreases in maximum Zr
contents are observed in both altered greywacke and
mudstone samples the average composition is rela-
tively unaffected by alteration and although possibly
affected by minor dilution effects, Zr has remained
immobile during the mincralisation proccsses.

Geochemical Alicration:- Glendinni Za (gom)
It is important to note that zinc unlike other basc metals
displays a major depletion effect associated with al-
tcred greywacke (mean 30ppm) and mudstone (mean
60ppm) samples. Although the maximum Za content in
greywackes is highly enriched (max 2000ppm) this
valuc may be duc (o the incorporation of sphalerite
(ZnS) in the sample. The depletion of Zn coupled with
that of Na provides a chemical fingerprint for the
location and identification of Glendinning type depos-
its in this temrain.

45b-  Geochemical Alieration:- Glendinni T

46b-

47a-

The distribution of T} within greywacke and mudstone
samples is sporadic. Given the limits of element detec-
tion by XRF techniques (1-2ppm) most analyses fell
‘below detection limits’. However, in a number of
cases Tl levels upto 17ppm were located and clearly
correlated with As-Sb mincralisation.

Glendinning Discrimination Di - §i0 ALO
This diagram provides a chemical classification to
differentiate  between mudstone and greywacke
samples from the Glendinnirig regional study arca. The
discrimination boundary is defined on the basis of a
95% significance level.

Glendinning Discrimination i .- §i0, viFe,0,
This diagram clearly demonstrates the chemical differ-
entiation of mudstone and greywacke samples on the

basis of major element composition.

Glendinning Discrimination Di - SiO va Na.©
Particularly noteworthy in this diagram is the differen-
tistion between greywacke and mudstone, and the
effects of hydrothermal fluids on upon both lithologics,
namely the sodium depletion associated with wallrock
alieration.

Glendinaing Discrimination Diagrami- Si0. 11 K.0

Note the increased potassium content of mudstone
samples interpreted as reflecting an increased clay

mineral content.

Glendinning Discrimination Disgrami- Si0. va §

This diagram clearly illustrates the addition of stron-
tivm to both greywacke and mudstone samples and
provides a discrimination between individual litholo-

gics as well as cryptic mineralisation.

Glendinning Discrimination Di - $i0. va CaQ
This diagram clearly illustrates the relationship be-
tween SiO, and CaO in both greywackes and
mudstones and may be used to chemically differentiate
between the two lithologies.

Gendinning Dizcrimination Disgram:- §i0. va ¥

Note the increased vanadium content in mudstones
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FIGURE 43 a/b/c GEOCHEMICAL ALTERATION STUDIES
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which correlates well with similar increases in both
potassium and alumina contents, thereby inferring a
clay mineral host for this element.

Glendinging Discrimination Di - ALO. vs TiQ
This diagram may be used to differentiate between
greywacke, mudstonc and hydrothermally altered
equivalents, due predominantly to potassium metaso
matism in wallrock samples.

Glendinning Discrimination Di =ALO vsN3 O
This diagram may be used to distinguish between
altered and unaltered lithologies and provides a further
discrimination diagram for use in pinpointing cryptic

Glendinning Discrimination Di - ALO vsK.O
This diagram demonstrates the clear linear relationship

between Al and K content, thus inferring aclay mineral
association. Mudstone and greywacke samples may be
clearly differentiated by the relative sbundance of
these two clements (ic. their relative clay content).

Glendinping Discrimination D - ALO. va MgG
Note the effects of magnesium depletion in wallrock
alteration, superimposed upon the lincar relationship
between alumina and magnesium in all unmineralised

samples.

Glendinning Discrimination Di - ALO v3 G20
Thisdiagram clearly illustrates the combination of clay
mineral alteration and increase in CsO content (pre-
dominantly as carbonate) with wallrock alteration.

Slendinaing Discrimisation Diagrag:- ALQ, vs FeO

Note the effects of iron depletion in hydrothermal
alteration, superimposed upon the linear relationship
between Al and Fe in all unmineralised samples.

Glendipoing Discrimination Di - ALO. va C
Note the uniform levels of cobakt in both greywacke

and mudstone samples and the sporadic nature of
cobalt enrichment associated with mineralised
samples.

48¢c-

48e-

481-

49a-

49b-

49d-

Glendinaing Discrimination Diagragy:

This diagramclearly illustrates the combination of clay
mineral alieration and increase in strontium content
associsted with wallrock altcration processes. The
correlation between strontium and Ca0 infers a close
mineralogical association and as such it is proposed
that the predominant host mineral for St is CaCO,,

Glkndining Discrimingtion Dissram:- ALO. va R

Note the linear relationship between alumina and ru-
bidium with the threshold between greywacke and
mudstone controlled by clay mineralogy as seen in figs.
47d and 48a.

Glendinning Discrimination Di = TiO. va Fe.O
This diagram clearly displays a lincar relationship
between titanium and iron in both greywacke and
mudstonc samples.

Glendinaing Discriminaticn Disgram: TiO. va Na.G

This diagram may be used to differontiale between
greywacke and mudstone samples together with the
cffects of wallrock alteration processcs.

Glendinning Discrimination Di - Ti0. v K.O
This diagram provides a svitable means for discrimi-
nating between greywacke, mudstone and wallrock
alicration samples. Noie the increase in K content
relative to Ti in the altered sample suite.

Glendinning Discriminstion Disgram:- Ti0. va MsQ

This diagram illustrates the approximate linear rela-
tionship between titanium and magnesium in both
greywacke and mudstone lithologies and the effects of
magnesium depletion associated with the alteration
procesacs.

Glendioaing Discrimination Disgrami- TiO. v3.CaO

Note the inverse lincar relationship between titanium
and calcivm contents, with the highest titanium values
occurring in mudstone lithologies.

Glendinning Discrimination Diagrami- TiO. vs KL

This diagram clearly illustratcs the addition of rubid-
ium during hydrothermal alicration of both lithologies.
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FIGURE 48 a-f
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FIGURE 49 a-f
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Glendinning Discrimipation Di - TiO, v V
Note the linear relationship between titanium and

vanadium in both lithologies, thereby inferring a simi-
lar host mineral.

Glendinging Discrimination Di - Fe.O vaNa Q
This diagram illustratcs the spatial relstionship be-
tween iron and sodium content of both greywacke and
mudstone lithologies. The greywacke samples arc rela-
tively cnoriched 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 altera-

tion.

Glendinning Discrimination Di - Fe.O viKQ
Note the lincar relationship between iron and potas-

sium and the combined cffects of potassivm enrich-
ment and iron depletion upon the wallrock alteration
suite of samples.

Glendinning Discrimipation Di - Fe.O vaM
Note the approximate lincar relationship exhibited
between iron and magnesium. This positive correlation
is interpreted to reflect the nature of a joint parent

mineral.

Glendinning Discrimination Di - Fo.O. vs CaQ
This diagram 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.
Note the small population of mineralised samples (tri-
angles) defining the effects of iron depletion associated

with alteration.

fioning Discrimination Diagram:- Fe,0_va C

Note the spparent lincar relationship between iron and
chromium inferring a possible host mincral associa-
tion. Sporadic high concentrations of Cr in greywacke
samples may due to the inclusion of ascparate, possibly
monomineralic source, such as detrital chromite

grains.

50f-

51a-

51b-

Slc-

Sid-

Sle-

Glendinning Discrimination Di - Fe O v Rl
This diagram illustrates the strong paositive correlation
between iron and rubidium and the effects of iron
depletion and rubidium enrichment in the alteration

Glendinning Discrimination Disgram:- Fe.0. va §

Note the apparent inverse relationship between iron
and strontium reflocting a similar trend to that obscrved
with calcium and thereby reaffirming the mineralogi-

cal association of both calcium and strontium.

Glendinning Discrimination Di - Fe O va§t
Note the generally low levels of antis ony (<3ppm) in

all unaltered lithologies and the lacl: of a significant
correlation betweoen antimony and irow. earichment in

wallrock samples.

Glendinning Discricmination Disgtam:: Fe.O. 182

Note the increased variation in Zr content in greywacke
samples as opposed to their mudstone equivalents
(inferred to be due to variances in grain size distribu-
tion) and the sharp cutoff between the two lithologies

on the basis of iron content.

Gleadinaing Discrimination Dingras- Na.0 va K.Q

This diagram illustrates the inverse relationship be-
tween sodium and potassium content. Potassium en-
richment in the finer grained lithologies is attributable
to an increase in the proportion of clay minerals. So-
dium enrichment appears concentrated within the
course grained fraction of a sample population and is
interpreted as representing an increase in detrital feld-
spar content. Note the effects of sodium depletion and
potassium enrichment upon both lithologies.

Glendinging Discrimioation Diagram-Na.0 va C

Note the general increase in abundance of copper
within the mudstone lithologies. This may be attribut-
able to the acavenging effects of clay minerals. Here
again note the effects of sodium deplction and minor

copper enrichment in the altcration suite,

Glendinaing Discrimination Diagram:- Na.O va C

Note the nasrow range of cobalt composition present in
both lithologies and the effects of minor cobalt enrich-
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ment during hydrothermal alteration.

Glendinning Discrimination Di - N2.O va G
Note the approximate bimodal relationship between
sodium and chromium. A simple inverse relationship
between both lithologies is overprinted by a range of
high chromium valucs concentrated in greywacke
samples alone, interpreted as detrital component ef-
fects.

Glendioning Discricination Di - Na O va Ni
Note the inverse lincar relationship betwsen sodium

and nickel and the effects of hydrothermal alteration.

Glendinning Discrimination Di -1 O va RE
This diagram clearly illustrates the inversc re'ationship
between sodium and rubidium and the effects of so-
dium depletion and rubidium enrichment in altcred

samples.

Glendinging Discriminstion Di - Na.O va §
Note the approximate lincar relationship between so-
dium and strontium in both greywacke and mudstone
lithologies and the effects of strontium enrichment and
sodium depletion in wallrock samples.

Glendinaing Discrimination Di - CaQ ve R!
This diagram may be used to clearly differentiate be-
tween greywacke, mudstone and hydrothermally al-
tered material. Wallrock alteration is identified by
enrichment of both calcium and rubidium.

Glendinning Discrimination Di - Ca0 va V
Note 2 general inverse relationship between calcium

and vanadium with high vanadium values concen-
trated predominantly within the finer grain lithologics.

Glendinaing Discrimination Di - MgO va Na.C
This diagram displays the variation in sodivm and
magnesium content of interbedded greywacke and

mudstone lithologics. Magnesiom content is preferen- -

tially concentrated in finer grained lithologics. Note
also the cffects of both sodium and magnesium deple-

tion in alteration samples.

53  Glendinning Discrimination Di - MgO v R

53c-

53d-

53e-

53f-

Sdc-

This diagram illustrates the linear relstionship between
magnesium and rubidium, with increased content of
both elements present in finer grained fractions of the
studied lithologics. Note the profound effects of mag-
nesium depletion and rubidium enrichment in altered

samples.

Glendinaing Dissrimication Di - MgOvsV
Note the linear relstionship between magnesium and
vanadium and the limited effects of magnesium deple-
tion on the sample population.

Glendinging Dissrimination Di - MgOva G
This diagram displays the approximate linear relation-
ship between magnesium and gallium in the studied
lithologies and displays the cffects of magnesium
depletion during alteration.

Glendinaing Dissrimination Di - MgO va Ni
Note the lincar relationship between nickel and magne-

sium content of both lithologies with the highest values
present in the finer grained fractions.

Glendinning Discrimination Di - K20 va.§
This diagram clearly identifies the inverse relationship
between potassium and strontium content in both li-
thologies and the cffects of both potassium and stron-
tivm enrichment during mineralisation.

Glendinning Discriminsion Di - Na20 vg V
This diagram illustrates the inverse relationship be-
tween sodium and vanadium as a function of grain size.
This trend is also observed with nickel, rubidium,
potassium, iron, sluminium and copper when com-
pared with their corresponding sodium valucs.

Glendinning Discrimination Di - Co viRE
Note the clear discrimination between greywacke and
mudstone lithologies and the limited effects of cobalt
enrichment during aiteration.

Glendinging Discrimination Di . CrvaV
Note the bimodal distribution of chromium values with

respect to vanadium. The linear relationship between
thesc two clements is distupted by a sccondary popula-



-1271-

FIGURE 52 a-f
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FIGURE 53 a-f
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FIGURE 54 a-f
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tion of high Cr values which has previously been
interpreted as resulting from the inclusion of detrital
chromite grains in greywacke samples.

Glendinning Discrimination Di - Crve Rl
Note the lincar relationship between chromium and

rubidium in both lithologies and the enrichment of both
elements in the finer grain samples.

Note the confined range of greywacke composition in
comparison with the finer grained, mudstone litholo-
gics. This diagram has limited use of in differentiating
between altered and unaliered material.

Glendinning Discrimination Di - Rbve S
This diagram displays clear differentiation pattern
between greywacke and mudstone geochemistry with
rubidium and strontium inversely related and both
subjected to enrichment during wallrock alteration.

Glendinging Discricuination Disgram;: Kb v ¥

Note the positive correlation between rubidium and
vanadium in both lithologies and the concentration of
thesc clements in the finer grained (mudstonc)

samples.

Glendinning Discrimination Di - NivaRl
This diagram defines the linear relationship between
nickel and rubidium in both lithologics. The effects of
rubidium enrichment during alteration are also clearly

illustrated.

Slendinning Discrimination Disgrami- V v Z

This diagram itlustrates the narrow range of Zr content
defined in both greywacke and mudstone lithologics
and defines the boundaries between the two scdiments

on the basis of vanadium content alone.

tional Envelopes

The following 13 figures display a scries of individual
element compasitional envelopes and present a graphi-
cal summary of the variations displayed by differing
petrographic formations across the Southern Uplands.
The cight greywacke formations described here may be

56a-

56b-

56¢-

57a-

sub-divided into two main categories in order to aid
interpretation, namely: Cratonic derived:- Afton, Shin-
nel, Intcrmediste and Hawick Formations; and Vol-
canic derived:- Marchbum, Blackcraig, Pyroxenous
and Scar Formations. The Hawick Formation is par-
ticularly noteworthy in that both the major and trace
element contents are diluted by a major addition of C2O
(predominantly as Carbonate). This dilution has re-
sulted in the assignment of a ‘volcanic’ chemical signa-
ture to this formation (petrographically defined as cra-

tonic in origin). These envel

A

pea graphically
strate three statistical varisbles and two compositional
ranges in a pscudo-traverse across the Southern Up-
lands; the first, minimur 10 mean is identified by solid
shading whereas the »<ond, mean to maximum is
defined by hatching. All iarams in this section, with
the exception of the REE elements (nw2]3) are based
upon a population of 699 samples. The distribution of
individual values for cach element is presented in
foldout 2 and discussed in detail in chapter S.

Southern Uplaods G ke Formations: i

The volcanic formations display notably lower Si val-
ves (mean and maximum) than their cratonic counter-

parts. Note the low Si content of the Hawick Formation.

Southern Uplands Greywacke Formations: ALO (%)
Little systematic varistion in composition is observed
between vokanic and cratonic formations. As such this
element has no significant role in greywacke discrimi-
nation and/or lerrain boundary identification.

Soutbern Uplands G ke F ions: TiO. (%)
A general decrease in Ti values is obscrved across the
succession with volcanic formations displaying rela-
tively higher mean values than their juxtaposed cra-
tonic counterparts (see chapter 5 for detailed discus-

sion).

Southern Uplands Greywacke Formations: Fe,0, (%)
The minimum and mean Fe compositions of volcanic
derived formations display higher values than their
cratonic countcrparts and mirror the Ti compositions
with a trend towards decreasing values across the
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FIGURE 56 SOUTHERN UPLANDS GREYWACKE GEOCHEMISTRY
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Southem Uplands Greywacke Formations: MgO (%)
MgO values closely follow that of Ti and Pe with the
highest contents occurring in the volcanic derived
Marchburn Formation. The mean volcanic composi-
tion is 1.5-3.0% higher than its juxtaposed cratonic
counterpart and as such provides & uscful discrimina-
tion index.

Southern Uplands Greywacke Formations: Ca0 (%)

The Ca content varics systematically across the suces-
sion. With the exception of the Hawick Formation,
cratonic derived greywackes have 2-3% lower average
content than their volcanic counterparts. The Hawick
Formation is however, ch” sacierised by the highest Ca
content of any formatio) in this study, duc to the
significant input of carbon.t.. from the source terrain.

Southern Uplands Greywacke Formations: Ns,Q (%)
The Na content reflects the variation in petrography
across the succession with mean compositions of vol-
canic derived greywackes up t0 0.8% higher than their
cratonic counterparts. The effects of Nadepletion asso-
ciated with hydrothermal activity are markedly devel-
oped in the Afton, Intermediate and Hawick (cratonic)

formations.

Soythern Uplands Grevwacke Formations: KO (%)

Systematic differences in mean composition between
cratonic and volcanic derived greywacke formations
are illustrated (volkeanic 0.5% lower than cratonic)

particularly during Ordovician times.

Southem Uplands Greywacke Formations: MoO (%)
Although the MnO content is generally low (<0.25%)
systematic vasiations between cratonic and volcanic
derived greywacke formations exist with the former
relatively depleted with respect to its volcanic counter-
part (mean volcanic composition is 0.05% higher than

cratonic).

This diagram illustrates a subtlc trend towards decreas-
ing P content across the succession with notably higher
values occurring in the volcanic Marchburn Forma-

59b-

6la-

61b-

Southern Uplands Greywacke Formations: Az (ppm)
Both the minimum and mean As values in greywackes
from this sucoession lie close 10, or below the analytical
detection limit of the XRF (2-3ppm). From a review of
the univariate statistics pertaining to this diagram it is
observed that the mean composition of volcanic de-
rived greywackes is 1-2 ppm lower than the cratonic
samples. This diagram illustrates the numerous occur-
rence of elevatod arsenic levels (several tena of ppm)

across this succession.

Southern Uplands Grovywacke Formations: Ba (ppm)
Although there is no systematic variation in Ba content
across this succession, individual formations exhibit
sharp contrasts with juxtaposed units.

Southern Uplands Greysacke Formations: Co (ppm)
The Co content is highly variable throughout the suc-
cession. Volcanic derived greywackes are on average
5-8 ppm lower than their juxtaposed cratonic equiva-
lents.

Southem Uplands Grevewacke Formations: Cr (ppm)
A systematic trend of docreasing Cr values across the
succession oocurs with mean volcanic composition 30-
150ppm higher than their juxtaposed cratonic counter-
parts. Extremely high Cr valves up to 1100ppm are
characteristic of the Marchbum and to a lesser extent,
Blackcraig formation and are indicative of an ultraba-

sic contribution from the source terrain.

Southern Uplands Greywacke Formations: Cu (ppm)
Vokanic derived greywacke formations display
slightly elevated Cu values compared (o their cratonic
counterparts. High Cu values maybe related to a variety
of differing styles of mincralination and identify tasgets
of possible exploration interest.

Southem Uplands Greywacke Formations: Ga (ppm)
Highly consistent Ga values are displayed across the

: entive succession, with subtle variation (3-4ppm) in

composition between volcanic (higher) and cratonic
(lower) derived formations.

Southern Uplands Greywacke Formations: La (ppm)

Systematic varistions in La content occur across the
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FIGURE 58 a-c
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FIGURE 59 8-C gouTHERN UPLANDS GREYWACKE GEOCHEMISTRY
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entire succession with cratonic formations exhibiting
levels 10-15 ppm greater than their volcanic counter-
parts.

Southern Uplands G ke F ions: Ni (pom)
A general decreasc in Ni content is observed across the
sucoession, with volcanic units defined by values 40-
60ppm higher than their cratonic counterparts. The
Marchburn Formation is again characterised by ex-
tremely high Ni values (>250ppm).

Southern Uplands Greywacke Formations: Nb (ppm)
Subtle systematic variations in Nb content occur
throughout the succession with volcanic formations S-
15ppm lower than their juxtaposed cratonic counter-

parts.

Soythern Uplands Greywacke Formations: R (ppm)
A systematic increase in Rb values ase observed acroes
the succession with volcanic derived formations 20-
30ppm lower than their juxtaposcd counterparts.

Southern Uplands Greywacke Formations: St (ppm)
Systematic variations in Sr content occur throughout
this succession with the mean composition of voicanic
formations 130-200ppm higher than the cratonic de-
rived greywackes.

Southern Uplands Greywacke Formations: Pb (ppm}
Highly consistent Pb values occur throughout the suc-
cession. No systcmatic variation is obscrved however,
anomalous values are indicative of proximity to miner-

alisation.

Southern Uplande Grevwacke Formations: Sb (ppm)
The background level of Sb are close, if not below the
detection limits of the XRF (1-3ppm). The average Sb
content of the volcanic formations is 0.4-1.6ppm lower
than that defined for the cratonic units.

A systematic decrease in S content across the succes-
sion is clearly identified, with volcanic formations
containing 200 -1000ppm higher values than their
juxtaposed cratonic counterparts. The Hawick Forma-
tion is characterised by extremely low values

64b-

65b-

(<50ppm) which may be inversely correlated with

increases in CoO content.

Southern Uplands Grevwacke Formations: Th (ppm)
A consistent pattern of Th values occur throughout the
succossion with volcanic derived greywackes gener-
ally 4-6 ppm lower than their juxtaposed cratonic
counterparts.

Southern Uplands Greywacke Formations: V_(ppm)
A systematic docrease in V content occurs across the
succession with volcanic derived formations exhibit-
ing concentration 30-100ppm higher than their juxta-
posed cratonic sediments.

Southem Uplands Grevwacke Formations: Y _(ppm)
The mean Y values throughout this succession are
highly consistent and display no systematic variation.
The highest values in this sequence are located in the
Intermodiate Hawick Formation.

Southem Uplands Greywacke Formations: Zs (ppm)
A systcmatic variation in Zr content occurs across the
succession with volcanic derived greywackes display-
ing values 100-150ppm lowerthan juxtaposed cratonic
greywacke. The Hawick Formation however, displays
significantly lower values than expected when com-
pared to the adjacent Intermediate Formation (cra-
tonic). This factor may be attributed to the dilution
cffects caused by the addition of 10-15% carbonate to
the Hawick (Wenlock) greywackes.

Southern Uplands Greywacke Formations: Za (ppm)
A systcmatic varistion in Zn content is observed across

the succession with volcanic derived greywackes 10-
30ppm higher than juxtaposed cratonic sediments.

Southern Uplands Greywacke REE study : La (ppm)

REE clement analysos of 21 3 greywacke samplos were
undertaken by ICP following the techniques outlined in
chapter 2. Although La displays relatively consistent
values, this diagram shows the mean volcanic derived
formations to have a comparatively lower La content
(6-8ppm) than their juxtaposed cratonic counterparts.
In addition, a systematic decresse in range, coupled

with an increase in minimum values is observed across
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FIGURE 61 a-c SOUTHERN UPLANDS GREYWACKE GEOCHEMISTRY
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FIGURE 62 a-c SOUTHERN UPLANDS GREYWACKE GEOCHEMISTRY
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FIGURE 63 a-C gouTHERN UPLANDS GREYWACKE GEOCHEMISTRY
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FIGURE 64 a-c

SOUTHERN UPLANDS GREYWACKE GEOCHEMISTRY
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FIGURE 65 8-C goUTHERN UPLANDS GREYWACKE GEOCHEMISTRY
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Southern Upiands Greywacke REE study : Ce (ppm)
This diagram illustrates the comparative increase in Ce
content of cratonic derived greywackes as opposed to
their volcanic counterparts. A sysiematic increase in
the Ce content of volcanic greywackes across the
succession is counterbalanced by respective decreases
in cratonic greywackes.

Southern Uplands Greywacke REE study ; Pr (ppm)
The Pr content of cratonic derived greywackes is 1-
2ppm higher than their volcanic counterparts. The
general RER trend of Increasing Minimum and De-
creasing Range (IMDR) acroes the succession is also
demonstrated by this clement.

Southern Uplands Grevwacke REE stady : Nd (ppm)
The Nd content of the cratonic derived greywackes is
again higher than their volcanic counterparts. The
IMDR trend is also present.

Southern Uplands Greywacke REE study : Sm (ppm)
Sm displays markedly similarelement variations to that
of the previous REB.

Southern Uplands Greywacke REE study ; Ex (ppm)
Eu displays notably different profile compared to that
of the previous REE, with the mecan values of volcanic
derived greywackes higher than their cratonic counter-
parts and a gencral trend towards a decrease in compo-

sition across this succession.

Southern Uplands Grevwacke REE study : Gd (ppm)
Little if any systematic trend is apparent between cra-
tonic and volcanic derived greywacke formations in
this diagram, with highly consistent values present

across the entire succession.

Southern Uplands Greywacke REE study ; Dy (ppm)

The tightly constrained range of the Blackcraig Forma-.

tion on this diagram provides the only misnomer on an
otherwise highly consistent pattern of values.

Southern Uplands Grevwacke REE stydy : Ho (ppm)

The Blackcraig Formation again shows a tightly con-

71-

d, leptokurtic population with distribution posi-
tively skewed with respect (o the remaining Forma-
tions, which display highly consistent valucs across the

Southern Uplands Greywacke REE study : Er (ppm)
Er values display similar patterns and trends to both Dy
and Ho.

Southern Uplands Creywacke REE study : Yb (ppm)
Yb vaiues display similar patiems and trends to Dy, Ho
and Br. Here again the Blackcraig Formation provides
the only disparity within a relatively consistent series of

values,

Southem Uplanda Grovwacke REE study : Ly (ppm)
The weakest concentrations of REE elements are found
with the element Lu (0.19-0.5ppm) yet a remarkable
similarity in compositional envelope patiern is dis-
played between this element and Dy, Ho, Er and Yb.
With the exoeption of the Blackcraig Formation values
are highly consistent, with a trend lowards decrcasing
range across the succession. In general, the volcanic
formations exhibit the greatest variability in both
magnitude and range.

G ke classification: Marchburn F .
Following the methodology defined by Blatt et al.
(1972) and Crook (1974) samples from the Marchburn
Formation may be classified as a highly Fe-rich, quartz
intermediate greywackes (table 1.49). Total alkali
contents lie within the field defined by Maynard et al.
(1982) however, note the concentration of values be-
low the No/K=1 threshold.

G ke classification: Afion F .
Following the classification scheme defined by Blattet
al. (1972) and Crook (1974) samples from the Afton
Formation may be classificd as Fe-rich, quartz imerme-
diate/rich greywackea/lithic sandstones. Total alkali
contents lie within the ficld defined by Maynard et al.
(1982) however, the concentration of values ccntered
upon the Na/K=1 threshold is indicative of a consider-
able increase in K,O content in cratonic derived sedi-

ments as opposed to their volcanic counterparts.
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FIGURE 66 a-c SOUTHERN UPLANDS GREYWACKE GEOCHEMISTRY
La : REE Study
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FIGURE 67 a-Cc SOUTHERN UPLANDS GREYWACKE GEOCHEMISTRY
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FIGURE 68 2-C gouTHERN UPLANDS GREYWACKE GEOCHEMISTRY
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PIGURE 69 a-c SOUTHERN UPLANDS GREYWACKE GEOCHEMISTRY
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FIGURE 71

o1

($ IM) ozeN

0-1

ozZA

0ZeN

| B

ot

0-s2

oTy

(%3IM)

3j+3y

uoylewIog uoljy

0OZeN




72-

73-

74-

76-

-1295-

G ke classification: Blackeraig F: .
Following the classification scheme defined by Blattet
al. (1972) and Crook (1974) samples from the Black-
craig Formation may be classified ss Fe-rich, quartz
intermediste greywackes. Total alkali contents lie
within the field defined by the volcanic derived
Marchburn Formation, and provided further evidence
of the volcanic affinities of the Blackcraig Formation.

g ke classification: Scar F i
Following the mcthodology dcfined by Blatt et
al.(1972) and Crook (1974) samples from the S:ar
Formation may be classified as Fe-rich, quartz interme-
diate greywackes. Alkali contents lie within the “eld
defined by the volcanic Marchburn Formation (b :low
the Na/Ks=1 threshold) and provide further evidence o
the volcanic affinity of this Formation.

G ke clasification: Shinpel F .
Following the methodology defined by Blatt et
al.(1972) and Crook (1974) samples from the Shinnel
Formation may be classified as Re-rich, quartz interme-
diate greywackes. Alkali contents are centred upon the
Na/Ks1 threshold, though skewed towards the No/
K=0.7 threshold and as such provide conflicting evi-
dence for the affinity of this Formation.

G ke classification: P E .
Following the methodology defined by Blait et
41.(1972) and Crook (1974) samples from the Pyrox-
enous Formation may be classified as Fe-rich, quartz
intermediate greywackes. Alkali contents are tightly
constrained, lie within the field defined by the volcanic
Marchbum Formation (below the Na/K=] threshold)
and provide evidence for the volcanic affinity of this

Formation.

5 ke classification: § jiae F: .
Following the classification scheme defined by Blatt et
al. (1972) and Crook (1974) samples from the Interme-
diate Formation may be classificd as Fe-rich, quartz
insermediate -rich greywackes/lithic sandstones. Total
alkali contents lic within the field defined by Maynard
et al. (1982) however, values are centered upon the Na/
K=1 threshold, indicative of an increase in K (O content
with respect to the juxtaposed Pyroxenous Formation,

78-

79-

and the cratonic nature of these sediments.

Oreywacke Following the classification scheme de-
fined by Blatt et al. (1972) and Crook (1974) samples

from the Glendinning regional study arca within the
Hawick Formation may be classificd as Fe-rich, quartz
rich greywackes/lithic sandstones. Total alkali con-
tents extend outwith the field defined by Maynard et al.
(1982) for Lower Palacoroic greywackes. The major-
ity of values are emplaced above the Na/K=| threshold,
inK,0
from the cratonic nature of these sediments. In addition,
the effects of hydrothermal aleration within the
Hawick Formation samples may be directly correlated
with Na depletion. Using & Na,O=1.0% depletion
threshold, sixtcen samples may be immediately identi-
fied as altered and subjected to detailed study.

indicative of a major in

t, resulting

g ke clamsification: Glendinning Mud
Following the classification scheme defined by Blattet
al. (1972) and Crook (1974) mudstone samples from
the Hawick Formation demonstrate a positive enrich-
ment in KO content with respect to their coarser
grained counterparts. The total alkali diagram demon-
strates a cloar inverse relation- ship between Na,O and
K, O contents which extend outwith the field defined by
Maynard et al.(1982) for Lower Palaco- zoic grey-
wackes. All values are emplaced above the Na/K=I
threshold. The effects of hydrothermal alteration and
Na depletion may be directly assessed using a
Na,Ow0.8% depletion threshold.

G ke classification: Glendinning Mineralisati
Following the classification scheme defined by Blattet

al. (1972) and Crook (1974) mineralised samples from
the BGS Glendinning boreholes demonastrate the major
effects of Na depletion associated with hydrothermal
alteration upon the host rock geochemistry. Sample
populations in both plots illustrate the virtually com-
plete removal of Na from all samples and justifies the
uac of Na depletion in the identification of hydrother-
mally altered sampies in the regional sample set.

Th-Co-Zu/10 G ke Classificati
The discrimination diagram defined by Bhatia (1985)
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may be used to classify the distinct provenance types
and tectonic setting of differing petrofacies in the
Southern Uplands. Four catcgorics are recognised,
namely: Oceanic Island Arc (OIA); Continental Island
Arc (CIA); Active Continental Margin (ACM); and
Passive Margins (PM). OIA greywackes are character-
ised by by their high Th/Co ratio and plotclosc tothe Co
pole. ACM greywackes are characterised by Low Th/
Co ratios and plot close to the Th pole. Passive margin
greywackes characterised by a high Zs/Th ratio and
plot near the Zr pole.

Th-CoZi/10 G ke classification: Macsh}
Formation. Marchbumn Formation sampies plot within
the Oceanic Island Arc ficld defined by Bhatia (opcit).

Th-Co-Zal10 G ke clasification: Af
Formation. Afton Formation samples are skewed

towards the Zr pole, and plot within the Contincatal
Island Arc/Passive Margin field defined by Bhatia

(op-cit).

Th-Co-Ze/10 G ke classification: Blackerai
Formation Blackcraig Formation samples are more
closely constrained than the Marchburn samples and
plot within the Oceanic Island Arc field defined by
Bhatia (op.cit).

Th-Co-Zel10.G ke claasification: §
Formation Scar Formation samples plot within the
Oceanic Island Arc/Continental Island Arc ficlds
defined by Bhatia (op.cit).

Th-Co-Ze/10 G ke classification: Shinnel
Formatiog Shinnel Formation samples are positively
skewed towards the Zr pole, and plot within the
Continental Island Arc/Passive Margin ficld defined by
Bhatia (op<it).

Th-Co-Zi/10G ke classification: P
Formation The Pyroxenous Formation samples plot
within the Oceanic Island Arc field defined by Bhatia

(op<it).

Co-Zil10 G ke classification: i
Pormation The Intermediate Formation samples plotin

81d-

82a-

82b-

824-

83a-

83b-

83c-

asimilar position to the Shinnel Formation, arc skewed
towards the Zr pole and lie within the Continental
Island Arc/Passive Margin ficld defined by Bhatia
(op.cit).

Formation The Hawick Formation samples are tightly
constrained and plot within the Continental Island Arc
field defined by Bhatia (op.cit).

Formation Marchburn Formation samples define a
broad clliptical group which plots close to the Zr pole
and define a field for volcanic derived greywackes in
the Southern Uplands.

Afton Formation samples plot within a narrow ellipti-
cal zone which in comparison to the Marchburn Forma-
tion plot closer to the Zr pole but distant from the Y pole
and defines a field for cratonic derived greywackes in
the Southern Uplands.

21aY G ke classification: Blackerai
Formation Blackcraig Formation samples plot within
asimilar ficld to that of the Marchbum Formation, with
a slight shift of the center of the cluster towards the Y

pole.

Z-La-XG ke claesification: Scar F .
Scar Formation samples plot within the center of the
ficld originally defined by the Marchbum Formation
and testify to their volcanic derivation.

ZlaYG ke classification: ShinpelF .
Shinnel Formation samples plot within the field origi-
nally defined by the cratonic derived Afton Formation.

Formation Vokanic derived Pyroxenous Formation
samples plot slightly closer to the Y axis in comparison
with the Afton Formation within a ficld most closely

related to the Marchbum Formation.

ZlaYG ke classification: L i
Formation Cratonic derived Intermediate Formation
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samples plot with a narrow field initially defined by the
Afion Formation.

ZelaXG ke classification: Hawick F ,
Hawick Formation samiples display the widest distribu-
tion and extending further away from the Zr pole than
any previous group. This trend may be partially attrib-
uted to the dilution effects of added carbonate upon the

system.

Lesati { the Glendinni
This diagram illustrates che position of the Louisa Mine
arca and BGS boreholes in relation to local drainage
and topography. In » Udition, the relative position of
NNE trending struct sl lincaments identified from
acrial photographs arc superimposcd (afier Gallagher
ctal.1983).

Mi ion of the Louisa Vein, Glendinning. South-
em Scotland (aftcr Dirom, 1850). This minc section is
based upon the only available plans of this deposit
(circa 1840) and illustrates the fact that mining took
place upon four main levels and extended 300m NNE
into the hillside (from the High Level Forehead adit).
The relatively shallow level of excavation (~50m) may
be explained by the documented drainage problems.

Detailed { the Louisa Mi
This diagram defines the position of BGS traverse lines

and boreholes in the Louisa Mine arca. (after Gallagher
ct al.,1983). Note the position of the Powder Hut, a
where a socond smaller adit/trial was located by the

author.

Geal i hy of the Glendinning Mi
Arca This diagram shows the distribution of antimony
in shallow overburden samples defined by the BGS
study. Note the two parallel anomaly zones defined by
N-S and NNE-SSW trending 40ppm contour zoncs
(from Gallagher et al 1983).

Hypothetical E-W trendi iont hthe Glend
ioning deposit.  This diagram prescnts a gencralised
cross scction through the Glendinning depositdefining
the approximate dimensions of the alteration zone/pipe
(stippled) and anastamosing network of mincralised

89-

90a-

90b-

91-

92-

93a-

veins and breccias (black).

s ¢ gcochemical sditi j depleti
ithin llrocks adj -gtibni .
mincralisation st Glendinning. This diagram illustratcs
the major, minor and trace clement enrichments and
depletions associated with the alteration at Glendin-
ning. The large arrows indicate the direction of move-
ment of the pervasive hydrothermal fluid and soluble
reactants, whereas the smalier arrows indicate the di-

rection of movement of the reacted products.

Locati { she Rams Cleuch A 3 scil
sampling grid (Grid 1)- This 200x200m soil sampling
grid encloses Thorny Cleuch, & minor tributary of
Rams Cleuch, on the north western flank of
Commonbrac Hill.

L . £ the Swin Gill A 4 aoil "
grid (2).  This 300x500m soil sampling grid occurs
within the headwaters of Swin Gill on the south westem
flank of Craigy Edge. Note that both grids are orien
tated with respect to the national grid and the B-W trend
of the traverse lines.

Sample sitc locati ithin the Rams Cleuch Soil Grid
{200 X 200m) This diagram illustrates the location,
sample density and relative position of soil samples
collected within the Rams Cleuch grid (cell size
10x20m).

Sample site locati ithin the Swin Gill Soil Grid
(300 x 300m) This diagram illustrates the location,
sample density and relative position of soil samples
collected within the Swin Gill grid (cell size 10x50m).

R Cleuch Soil Geochemistry Mags: SiO (%)
Si displays a highly ermatic distribution in comparison
with all other clements with a maxima (71.5%) located
in the north-western comer of the grid arca. The zones

=: of As-Sb mincralisation defined by this study (sce

below) are not identified by Si values and lie within a
broad tract of the grid defined by the <50 percentile
threshold (clear). Details of the contour levels for both
the Swin Gill and Rams Cleuch geochemical grids are
presented in table 1.42.
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FIGURE 89
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R Cleuch Soil Geochemistry Mags: ALO. (%)
Al valoes display a broad correlation with As and
define an envelope to the main NNE trending As-Sb
structure transecting the western half of the survey grid.
The second As-Sb structure is identified by Al values
but, to a more limited extent.

R Cleuch Soil Geochemiatry Maps: Fe.O. (%)
Fe values (max 11.69%) clearly outline the locstion of
the two main As-Sb anomalies. In addition, a third Fe
anomaly is definod lying parallel to but between the
main NNE trending zones. This third zone weakly
correlates with Al, Na, As, Sb, Zn and Sr.

R Cleuch Soil Geochemistry Maps: MgO (%)
Mg values (max 4.00%) demonstrate a clear inverse
relationship with both As and Sb with Mg depletion
‘holes’ enveloping arcas of maximum concentration.
High Mg levels located in the upper central portion of
the grid and spatially correlates with AL, Na, Baand S.

Rams Cleuch Soil Geochemiatry Maps: Na.Q (%)
Na values (max 1.02%, min 0.25%) closely follow the
trends identified by Mg and define a clear inverse
relationship with As, Sb and other mineralisation re-
Jated clkements. A sodium depletion envelope sur-
rounds both the main and secondary As-Sb anomalies.

Rams Cleuch Soil Geochemistry Maps: K.O (%)
K values (max 4.6%) appear closcly related to Al but
provides little corrclation with the sulphide group cle-
ments (Fe-As-Sb-Cu-Pb-Zn-TI).

R Cleuch Soil Geochemistry Maps: A (ppm)
This diagram provides clear evidence of a major NNE
trending, As-bearing linear structure crosscutting the
central portion of the grid area. This zone (max 27ppm)
forms an envelope to a similar Sb enriched zone and is
interpreted in terms of wallrock hosted disscminated
arscnopyrite marginal to a stibnite bearing, quartz vein
aystem. A sccond, relatively minor zone is defined in
the castern margin of the grid corresponding to signifi-
cant Sb values.

Stench Soil Geoshemistry Maps: SI

Sb values (max 20ppm) closely follow the trends de-

94b-

scribed previously for As, although individual zones
sppear relative constrained in comparison to their arse-
nic counterparts. A third paralicl anomaly zone, previ-
ously defined by Fe values is highlighted by elevated
Sb levels.

R Cleuch Seil Geochemiatry Mags: Cu (zpm)
Cu valucs (max 36ppm) define trends which closely
mimic those of As-Sb and related elements. The two
main linear featwre defined by As anomalies
transecting the grid area is clearly identified by Cu, as
is the more weakly developed third zone paraliel to, but
scparating the other two.

Raca Cleuch Soil Geochemistry Maps: Pb (ppm)
Pb values (max 101 ppm) are strongly correlated with
As values with their respective soil maps being virtu-
ally identical. Pb values also correlate well with Sb, Cu,
Zn, Srand T1.

Rasu Clouch Soil Geochemistry Mags: Za (ppm)
Za values (max 134ppm) follow the general trends
identified by both As and Sb, however they are less well
constrained than their respective basc metal counter-
parts (Pb-Cu).

Rama Clouch Soil Geochemistry Maps: Ba (
The distribution of Ba values (max 551 ppm) is consid-
crably simplificd in comparison with most other cle-
ments, and defines a singlc NNE trending linear feature
which broadens in the upper part of the grid area. This
feature follows the greneral trend of the main As-Sb
lincaz, however it occurs on the eastern margin of this
zone (the footwall).

Rama Clench Scil Geochemistry Maps: § (ppm)
S values (max 3382ppm) arc notable for their their lack
of coberence with the main zones of As-Sbenrichment.
Only the southem most section the the main As anom-
aly (>95%) is identified by any form of sulphur enrich-
ment. Blsewhere, within the grid area sulphur anoma-
lics form peripheral to zones of Sb enrichment. In
goneral, sulphur correlates weakly with Fe only and
may be attributed to the presence of syndiagenetic
pyrite.
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R Cleuch Seil Geochemiatry Mags: St (ppm)
The distribution of Sr values (max 144ppm) within this
grid closely follow those of As. The centra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>