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ABSTRACT

The nature and distribution of sulphide and non-sulphide
epigenetic mineralisation in a section of the Jew Limestone,
Rookhope Borehole, are discussed. The pre-mineralisation textural
nature and mineralogical and elemental composition of the host rock
and the modification of such under the influence of the hydrothermal
activity are considered as well as the trace element distribution
pattern in the host rock, geothermometric aspects of the mineral
assemblage, and the attitude of the mineralisation.

Certain aspects of the physical chemistry of the system are
discussed and limits imposed on the composition of the depositing
fluid at various stages during the mineralising process.,

Unusual features of the sphalerite and the epigenetic carbonates
as revealed by electron microprobe analysis are emphasised.

Several of the results of the study are not in agreement with
previously-published data on the Jew Limestone in particular and.the

Northern Pennine mineralisation in general.
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INTRODUCTION

The following dissertation has resulted from an investigation
into a section of mineralisation comprising a portion of the

Rookhope Borehole (see later), in the Northern Pennine Orefield.

1. Aims

The primary aim of the study was to carry out an investigation
into a small portion of mineralisation rather than a general study
of a larger area, with a view to determining detailed small scale
aspects of mineralisation in the Jew Limestone in particular and to
determine how these could be.felated_in a more general sense to

mineralisation in the Northern Pennines.

2, Location and History of Borehole

| The Rookhope Borehole is located in the Northern Pennine
Orefield, Northern England (fig. 1), a field which at various
times during its history has been a recognised producer of lead,
zinc and fluorite. More specifically, the borehole was sited at
Nat. Grid NY.938428 near the crossing of the Boltsburn vein (ENE-
WSW) and the Red vein (ESE-WNW), both of which dip towards it
(fig. 2), near the village of Rookhope, approximately 35 lms., west
of Durham.

The Rbokhope Borehole Project was initiated in 1960 under the

auspices of the Department of Scientific and Industrial Research

for the prime purpose of testing theories relating to the existence
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of a granite body in depth formulated from the study of gravity
anomalies which were plottea from the results of a geophysical
survey over the area, The site selected was chosen as the lowest
topographic elevation consistent with proximity to the minimum of
the Bouguer anomaly. A more detailed account of the history of
the borehole is provided by Dunﬁam.et al (1965). En route to the
basement granite the borehole intersected mineralised sections of
various limestones in the Yoredale sedimentary sequence. It is
one of these sections, the Jew Limestone (678t10" - 703!8") that
has been chosen for the present study. Unfortunately, the
information provided by thg borehole is all that is available con-
cerning the particular mineralised sections, i.e. the relétionship
to the remainder of the orefield is not proven, nor even the
relationship to nearest known mineralisation and the attitude of

. the vein cannot be determined. As a result of these unknown
factors, severe limitations are placed on the amount of information
vhich can be obtained, It is this same situation however, which
is likely to be encountered in practice during exploration or
development of properties, where a maximum amount of information is
to be extracted from the minjmum of available material.

3 Selection of Material

The actual section studied was the 24t'10" from 678'10" to
703’8".of the Rookhope Borehole and consisted of a wedge of
material split from the original core. The latter was approxi-
mately 8 inches in diameter at the depth considered, the triangular
wedge having height and base of 2 inches and 1 inch respectively.

In this section the borehole intersects relatively fresh Jew
limestone, replaced limestone wallrock and cavity filling minerali-

sation, enabling the maximum amount of information to be extracted



by a study of all three typeé of material, Of the total 24!'10"
from the top of the Jew limestone (which grades into a mudstone
band) to the base (showing a relatively sharp contact with a highly
baked pale grey calcareous sandstone), approximately 7'11" is
unaltered wallrock, 7'9" replaced wallrock and cavity-filling
mineralisation and a total of 9'2" cavities (Johnson, personal
comminication);. no core being recovered in the latter case, The
baking of the basal sandstone is caused by the intrusion of the
Great Whin Sill prior to the hydrothermal activity.,
The section selected for study was chosen for several reasons:
a)e both the hypogene mineralisation and the host rock comprise
minerals which are envirommentally sensitive.
b). The results of a considerable amount of experimental work
on many of the phases present are available,
c)e The borehole provides a continuous cross section across a
vein, a feature rarely available from mine cores,
d). The mineralisation is typical of that mined at various
periods in the Northern Pennines and thus the deductions made

are likely to have more far-reaching applications.

4, Previous Work

Although in the past a considerable amount of work has been
carried out on most aspects of mineralisation in the Northern
Pennines, work of a similar nature to that discussed herein has not
been previously attempteds The most comprehensive literature on
the Nprthern Pennines in generél has been provided by Dunham
(1948), in which most matgrial published on the general area up to
that date has been collatedi. Apart from this, since the completion

of the Rookhope Borehole a considerable volume of literature has



been published on certain aspects of the borehole itself, mostly
on features other than the mineralisation. The present investi-
gation is, among other things, an attempt to fill that gap. The

published material is mentioned where relevant and acknowledged in

the text.
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CHAPTER 1

ANALYTICAL TECHNIQUES AND RESULTS

In the course of the following chapter, analytical techniques
used in the present inﬁestigation are described, Where relevant,
a summary of sample preparation procedures and manner of presentation
to the instrument is given, together with comments on sources of
interference and how these were minimised, sources of errors, the
accuracy and precision to be expected from the method and the reasons
why the particular method was chosen. The results of such analyses
are then given at the end of each section.

In most cases physical methods of analysis were preferred to the
classical chemical methods as greater speed and precision are normally

obtainable with comparable accuracy.



1.1 MICROSCOPY

In the following section and in all subsequent discussions,
the unaltered limestone is referred to as "host rock" and the
replaced mﬁterial as "wallrock".

1l.1.1. Polished Sections

Polished épecimens were used for preliminary identification
of the opaque minerals present, and to examine textural relation-
shipg among the minerals with a view to determining the paragenesis
and certain aspects of the geochemistry of the system. Before
examination under the reflecting microscope, larger-scale textural
relationships were studied by means of a binocular microscope.

The procedure was also used as a prelude to electron microprobe
analysis in érder to select portions from which maximum information
could ﬂe obtained.

A fotal of 8 polished sections were made.from one-inch
diameter cores taken from locations considered to represent a
variety of significant features by means of a Meddings diamond
drill., A Vickers ore microscope was then used for a study of
.these sections under reflected light.

‘A brief description of each specimen and an indication of the

depths from which the specimens were taken, follows:

6891 - PS2 Cavity-filling colloform sphalerite and
disseminated sphalerite in replaced wallrock.

691 121-1 - PS3 1" 1" " 1" n

69116" - PS1 Chalcopyrite/pyrite crystal aggregate project-

ing into open space.

69412 -

Ps6 Galenq/éphalerite contact plus replaced wallrock.



694 133" - PS5 Galenq/ﬁuartz/fluorite vein transecting boundary
between barren replaced wallrock, and wallrock with
disseminated sphalerite.

694 14" -~ PSk Disseminated sphalerite and barren wallrock beyond
limit of disseminations.

69615" - PS7 Quartz and fluorite replacing colloform sphalerite
with some wallrock.

. 700! - PS8 Colloform and disseminated sphalerite.

Detailed descriptions:

PS1

The section is cut from one of several similar predominantly

" chalcopyrite aggregates which project into open space from a quartz lining
which supports th? loosely-attached chalcopyrite, and associated
minerals.

Pyrite is irregularly concentrated around fhe borders of, and
- is replaced along grain boundaries by chalcopyrite (fig. 3) which
also surrounds and replaces the -few large crystals of marcasite,

The marcasite grades imperceptibly through-narrow necks inte pyrite.
Mﬁltiplyhtwinned and untwinned crystals are found in the same
crystal aggregate.

Sphalerite/bhalcopyfite boundaries were not intersected in the
section examined, but under the binocular microscope euhedral
sphalerite crystals can be seen protruding from the chalcopyrite.
Crystal forms and twin-plane intersections are well developed on
the free sides of the chalcopyrite. Under slightly uncrossed

nicols .and after etching growth'twiﬁ lamellae are clearly visible.



Small amounts of unidentified gangue (quartz?) concentrate
at pyritg/bhalcopyrite interfaces and within the body oflthe
chalcopyrite, '

The several broad areas into which pyrite is concentrated
extinguish as a whole at different angular positions on rotating
the stage under slightly uncrossed nicols, This suggests that
the aggregate consisted originally of an aggregate of large
cfystals of pyrite, each of which has been replaced aloﬁg gfain
boundaries and cleavages b; thé later chalcopyrite. Anisotropy im
pyrite has been explaiﬁed as being produced during polishing of
the specimén (Gibbons, 1967), the extinction position depending on
the orientation of a particular crystal.

Evidence of a later generation of sphalerite and quartz

replacing the chalcopyrite and pyrite was noted.

PS2

Minerals present in order of abundance: Quartz, sphalerite,
fluorite, carbonate, orthoclase feldspar, pyrite, chalcopyrite,
graphite,

The specimen was selected so as to include portions of both
the colloform and disseminated sphalerite, On detailed examina-
tion, it can be divided into distinct areas. On a traverse at
right-angles to the wallrock - an area containing dissemiﬂated
sphalerite, a strip of barren wallrock (replaced by silica but
still containing carbon), a strip of pure quartz, and an area of

colloform sphalerite,

The colloform sphalerite contains inclusions of both quartz
and fluorite but these were proven to be the two-dimensional

expression of extensions from veinlets of these minerals.
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Fluorite is disseminated in irregular masses in the wallrock,
Galena occurs as euhedral but normally anhedral, crystals in
the silicified wallrock. One euhedral, doubly-terminated rod of
galena is embedded in sphalerite but quartz and fluorite are
‘normally the surrounding and replacing minerals,
One small chalcopyrite gfain borders sphalerite,
Small amounts of carbonate are present with obscure.
péragenetic relationships to other minerals., The carbonate
éould be distinguished by its reflectivity, bireflectance and
anisotropy from quartz and fluorite, but the electron microprobe
was resorted to for actual composition determinations.
Minute fluid inclusions are present in all transparent
minerals except vein quartz.
Feldspar and graphite remain apparently unaffected by
the mineralising processes, as they occur in the proportions
and form noted in the unaltered host rock.
Carbon rims individuallgrains of wallrock - replacing
cryptocrystalline quartz.
PS3
Minerals present in order of abundance: Quartz,
sphalerite, fluorite, carbonate, galena, orthoclase,feldspar, pyrite,
graphite,
The specimen includes both colloform and disseminated sphalerite,
Fluorite fills fractures in sphalerite and quartz without replacement,
Irregular patches of carbonate appear to be partially redaced by fluorite
but relationships between these two minerals are generally uncertain.
Cafbonate residuals are enclosed within quartz which also replaces.

sphalerite. Generally sphalerite surrounds scattered grains of galena.

12



Chalcopyrite is irregularly scattered in small oveid grains through
sphalerite but also occurs surrounded by quartz.

Carbon, graphite and feldspar occur as noted in specimen PS2,
PS4

Minerals present in order of abundance: Quartz, sphalerite, fluorite,
pyrite, orthoclase feldspar.

The section comprises sulphide-free silicified limestone abutting a
portion of identical material containing disseminated sphalerite,

Wallrock quartz replaces the sphalerite,

Carbon.rims the cryptocrystalline wallrock quartz and fluorite and is
particularly concentrated near the borders of the sphalerite disseminations.,

Fluorite is disseminated in the barren wallrock and is equigranular
with the cryptocrystalline quartz.

Rare crystals of euhedral pyrite are present, sometimes enclosing
carbon and usually surrounded by sphalerite.

Fine-grained potassium feldspar is distributed throughout the
' specimen,
PS5

Minerals present in order of abundance: Quartz, sphalerite,
fluorite, galena, feldspar, pyrite, graﬁhite, chalcopyrite.,

The specimen of silicified wallrock is bisected by a vein
containing quartz, fluorite, and galena.

Sphalerite is disseminated through one half of the specimen
while the remainder is sulphide-free apart from an area (approx. 2
mms. X 4 mms.) consisting of quartz, fluorite and sphalerite.

Textural indications are that quartz replaces sphalerite and galena.

| Several crystals of euhedral pyrite aze surroundeg by sphalerite

and quartz. Grains of galena and quartz are seen in one case to be

enclosed within a pyrite crystal,

13



Galena shows a strong affinity for sphalerite, many of the
anhedral grains abutting the latter mineral and sometimes being
‘enclosed by it.

Chalcopyrite grains are rare and are present mainly within the
sphalerite,

Carbon is irregularly distributed throughout the specimen,
Several graphite flakes are also present,

Large crystals of othoclase feldspar occur, but small grains
are diétribufed throughout the speéimen,

PS6

Minerals present in order of abundance: Galena, sphalerite,
quartz, fluorite, carbonate, orthoclase feldspar, chalcopyrite.

The specimen comprises a group of sphalerite and galena
crystals and includes a small portion of replaced wallrock
abutting the sphalerite,

Textural criteria suggest that the sphalerite replaces galena
and is replaced by quartz., The sPhaleritq/gélena contact is in
some sections serrated under high magnification., In one case a
portion of a galena crystal is pseudomorphed by sphalerite.,

A stringer of exsolved chalcopyrite was noted in the sphalerite
close to the galena contact., Chalcopyrite also occurs as small

spheroids in other portions of the sphalerite and surrounded by

other gangue. minerals,
The carbonate shows complex inter-relationships with quartz,
galena and sphalerite with conflicting evidence concerning

replacement relationships. Euhedral rhombs of carbonate are scattered

14



through most other associated minerals.

Fine grained feldspar is distributed throughout,
PS7

Minerals present in order of abundance: Sphalerite, quartz,
fluorite, galena, carbonate, pyrite, feldspar.

The specimen comprises colloform sphalerite, partly replaced
by quartz and fluorite, and a portion of replaced wallrock with
disseminated sphalerite.

Small portions of sphalerite are surrounded by a large galena
crystal suggesting replacement by the latter, Quartz embays
galena, also suggestive of replacement of the latter mineral by
quartz.

Euhedral pyrite crystals cut across grain boundaries of most
other minerals,

The quartz contains fluid inclusions of varying sizes.

Fine-grained feldspar is evenly distributed throughout the

replaced wallrock.

Fluorité replaces sphalerite and galena and is replaced by

quartz,

Patches of residual carbonate are distributed through the

quartz.

PS8

Minerals present in order of abundance: Sphalerite, quartz,
fluorite, carbonate, galena, feldspar, pyrite, chalcopyrite,

graphite.

15



Colloform, open-cavity filling sphalerite abuts replaced
wallrock with disseminated sphalerite.

Sphalerite is replaced by quartz, as is evidenced by the
cross—cutting of composition zones by the quartz, and is rela-
tively strongly fractured. Under croésed nicols the sphalerite
shows a variety of colours from yellow to dark brown but these
are irregular and difficult to trace,

Galena is surrounded by sphalerite and is replaced by quartz.
Segmented veinlets as described by Kutina and Sedlackova
(1961) are filled with fluorite and quartz. As concluded by these
authors the components'of the veinlets appear to be of different
ages. Some textures indicate that quartz replaces fluorite but
theqnart%&arbonate relationship is uncertain, Carbonates are

usually surrounded by quartz.

Fluorite partly replaces carbonate in one case.

Spots of chalcopyrite occur at the border of some sphalerite
grains, but are otherwise surrounded by fluorite,

Fluorite is practically free of fluid inclusions but in quartz
these are abundant.

Several rod-shaped forms replaced by quartz and lined with
carbon are probably fossil reliecs.

Fine-grained feldspar is distributed throughout the replaced

wallrock, Graphite flakes are also present,

Xk

Polished section of host rock, from a depth of 67916",
The section contains several large recrystallised fossil shell

fragments set in a fine-grained groundmass of carbonate clays and

16



carbon. Pyrite is finely disseminated throughout the specimen
and is especially abundant, and disseminated through, the fossil
remains,

Orthoclase feldspar is also abundant and is disseminated in
uneven-sized grains throughout the slide.

Several large flakes of graphite are present.

Etching

Sphalerite was etched with chlorine fumes as other techniques
suggested by Ramdhor (1969) were found to be ineffective. These
included the use of concentrated and dilute HNOB,JKMnOA + H2804,
and concentrated and dilute HCl, After etching, grain boundaries,
twin lamellae and composition zones are clearly defined thus provid-
ing a large amount of information with regard to the pattern of
growth of the sphalerite and its paragenetic relationship to
associated minerals.

Techniques suggested by the above author for the etching of

galena and pyrite were also attempted, but no etch could be produced..

Chalcopyrite was etched with KMnO4 + KOH to outline twin and

grain boundaries.
In summary, the results suggest the following paragenetic
sequence for the assemblage: pyrite/sphalerite, galena, fluorite/
galena

carbonate, quartz, fluorite, quartz”/pyrite/ﬁarcasite, chalcopyrite,

'sphalerite/quartz, carbonate.

1,1.2. Thin Sections

Thin sections were cut of portions of the reject material from
which polished sections were taken, in order that features which

are not visible under reflected light but which are clearly discernable
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in transmitted light might be studied. These included (a) the
distribution and relationship of the organic carbon to other
minerals (b) the composition zoning in the sphbalerite (c) the
qualitative nature of the 'sili.cates (d) the distribution and form
of individual quartz crystals (e) the cause of cloudiness in the
quartz.

In some sections organic carbon showed regular patterns of
djstribution, always rimming cryptocrystalline quartz grains (fig.
10) baving been forced to the borders during replacement of the
remainder of the rock. The relationship of the carbon to other
minerals is difficult to establish, In gemeral there appears to
be a distinct paucity of C in the immediate vicinity of the
sphalerite but in several cases it was seen to be included in the
outer rims of the sPhaleriﬁe grains. The carbon also rims
replaced fossil relics. -

The composition zoning in the sphalerite and arrangement of
the zones was clearly brought out in the thin sections. These
were seen to consist of light and dark zones arranged concentrically
in the disseminated sphalerite in the wallrock. Normally only one
dark zone was noted, but in several grains a dark core was also
present, This may indicate that all grains possess a dark core,
but depending on the level of intersection of the section with the
. grain, this core might not be shown., Quartz was seen to penetrate -
the zones (fig. 11) in many cases.

The silicate noted in the polished sections was identified as
a feldspar.,

Under crossed nicols, the detailed arrangement of individual

quartz crystals in the wallrock, and particularly in the small veins

18



was clearly discernable. An arrangement of well-formed interlock-
ing quartz crystals projects from each wall of the veins to fill the
existing open space. Ingress of later solutions was still possible,
as is evidenced by the stringers of galena deposited between the
apices of the projecting crystals.,

Uﬁder high magnification, the cloudiness of the wallrock
quartz is seen to be due to minute fluid inclusions. The vein
quartz in the sections is free of these, except in a zone close to

the walls of the veins.

X3 Host Rock Sections

Consists predominantly of a mass of cemented calcareous
fossils of various sizes and shapes, the largér grains being
recrystallised to a certain extent., Large euhedral pyrite crystals
are present with no apparent relationship to other constituents.
Pyrite also outlines the form of many of the fossils below an outer
layer of carbonate. fﬁe sfecimen is taken from a depth of 679'3",

The cloudiness of the specimen is probably due to contaminating

clays and to organic carbon.

X19

This specimen is taken from material indicated by XRF and XRD
analyses to be so rich in clays as to warrant classification as a

calcareous shaley, at a depth of 68313",

Several relatively large fossil fragments are present together
with sparsely distributed smaller sized fragments.
Large grains of anhedral, elipscid-shaped grains of pyrite

parallel the bedding. The borders of these bodies are serrated.

18



The clay minerals are cemented by fine-grained calcite.
Carbon which is finely distributed throughout the section, is
occasionally concentrated into bands.

Several narrow calcite veins transect the specimen.

x26
Similar to specimen X3 but with small, irregﬁlarly—
distributed euhedral crystals of pyrite.
The observed composition supports the results determined

from XRF and XRD analyses.

Location oflspecimen - 684191,

20


















1.2, X~-RAY FLUORESCENCE

An X-ray fluorescence technique was-employed for the deter-
mination of all trace elements and most major elements in both the
host rock and wallrock. Elements outside the range of the
instrument were determined by other means.,

The instrument used for the investigation was a Pﬁilips
PW1212 Automatic Spectrograph with attached Pye-Unicam automatic

sample loader and IBM:computer card print-out.

1.2,1. Selection and Preparation of Samples

Samples for analysis consisted of composites taken from
three-inch intervals from the top of the Jew limestone to the top
of the mineralised séction, a length of approximately 8 feet.

The three-inch sections of material were split by a mechanical
splitter from £he core, Representative samples from the

altered wallrock proved more difficult to obtain due to the
variable nature of the material. Samples from ‘these sections
were tagken in the form of one-inch diameter cores by means of a
Meddings diamond drill from the portions which, on visual inspec-
tion, appeared to be as close as possible to an "average" composi-
tion of the material in the vicinity.

"Both sets of material were then crushed to approximately -300
mesh- in a Tema Disc Mill, due precautions being taken against the
oxidation of iron (Fitton & Gill, 1970), and stored in polythene
sample bags.

Samples for presentation to the x-ray spectrometer were

pelletised at a pressure of 5 tons per square inch, and, where
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considered desirable, bound with mowiol or backed with boric

acid, when only small amounts of material were available,

1.2.2, Major Elements

The same pellets were used for the major and trace element
determinations, For all major elements a chromium x-ray tube
was ﬁsed (except Mn for which the tungsten tube was retained),
and the instrument operated in the absolute - ratio. mode under
the conditions set out in the table 1, Background counts were
taken on those.elements which were expected to be present in small
conéentrations, otherwise peak heights alone were measured. In
order to obtain maximum response it was necessary t; vary the con-
ditions as may be seen in the table, for most channels.

A monitor was used for all major element analyses, and thus
the time taken to accumulate the fixed number of counts on the
monitor was used as the counting time on both the peak and back-
ground positions of the samples,

A great difficulty encountered in the major element analyses
was in the selection of standards for the determinations. Only
Argillaceous Limestone la in the series of internationally recog-
nised standards had a composition approximating the material
considered and thus was used as one of the standards in the
analyses, In order to overcome this difficulty all samples were
first run on thé spectrograph from which the individual count-
rates were recorded on printed tape. From these results a
series of six samples were chosen as sufficiently covering the

full range of counts recorded on each element, All samples gave
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different count-rates on different elements so only a minimum of
samples, which, taken as a group, covered the widest range of
count-rates, were selected. A complete elemental (major element)
analysis was then undertaken on these samples by Atomic Absorption
Spectroscopy, Spectrophotometry, and Flame Photometry (each of
which are described in detail in succeeding sections). The
samples thus chosen were X3, X7, X25, X26, X33 and X54. These
were then considered as the standards, against the count-rates

and concentrations of which all other samples were compared.

Due to the difficulty in determining S by other instrumental
methods, and the small amount present compared with other major
elements, a series of additional standards were constructed with
Analar calcium carbonate containipg 10,000 ppm., 5,000 ppm.,

2,500 ppm., 1,000 ppm., 500 ppm., 50 ppm., of Analar S. The
Goncentratioqsin the samples were then determined by the same
method used for trace elements.

Three computer programmes were cal;ed upon to produce the
final print-out of major element oxide concentrations in the
samples. The raw counts on both peak and background positions
printed out on tape from the Mn and other major element analyses
were processed by programmes PKBD and TAPE respectively, the
functions of which were simply to subtract background from peak
readings where taken, and to tabulate the resulting counts in
columns for each particular element. Cards containing the com-
bined information from the.print-out of these two programmes,
together with the results of C, 002 and H20 analysés were then
tepunched to constitute part of the data for inclusion in programme

XRFR for final processing. Other data required by the programme
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included:

1). a block containing published values (Heinrich, 1966) of
atomic absorption coefficients of a particular oxide

) with respect to each element in turn,

2). a block containing the full analyses of each standard,
together with the count-rate corresponding to each

element in the standards.

After correction of all count-rates for mass absorption
effects, and calibration using the standards by the method of
Holland and Brindle (1966), XRFR computes the individual oxide

percentages to give a 100% total.

Print-out from the programme included:

1). a repeat of the information presented as data in the
standard block, but with the addition of the computed
mass absorption coefficient for each oxide and the

corrected counts.

2). a summary of the essential features of the computed
linear regression equations for each element, i.e.

the correlation coefficient, slope, and intercept.

3). the range of the calibration for each element, i.e,
the range between the highest and lowest values of

the standards .

4), the final normalised individual oxide percenfages for

each sample.
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During the computation, the CO2, C and H20 values were
manipulated with the other values, and thus the results printed
out contained values different from those originally presented
to the computer. . As these amounts were determined absolutely by
independent methods, the original values were resubstituted and
the oxides renormalised manually to give a 100% total.

The results of the major element analyses are presented in

the Appendix, table 1.

1.2.3., Trace Elements

For trace element analyses standards were constructéd by
using a composite of portions of each of the unknowns as base
material in. order to obtain a matrix of good average composition:-
and thus eliminate, or at least minimise, the effects of matrix
vatiation on the analyses., Matrix effects and instrumental
drift were practically eliminated by using in addition scattered
x-rays as variable internal standards (Andermann & Kemp, 1958)
during the calculations of absolute concentrations of the elements?
The calculated amount of the compound containing the element to
to be measured was added to the base material in a concentration
greater than that to be expected in the unknowns, and thoroughly
mixed in a Spex Mill/Mixer for ome hour. Calculated portions of
this were then diluted and mixed with the original base material
to produce a set of standards with a range of concentrations
between the limits of which the unkmowns were expected to fall,
In order to keep the matrix as close as possible to the original
compositigh, it was deemed necessary to limit the humber of

elements added to any one series of standards.
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Thus two series were constructed, comprising the following elements
and related concentrations:

Series 1 3

Elements :- Ba, Nb, Zr, Y, Sr, Rb.

Concentrations :- 5 ppm., 10 ppm., 20 ppm., 50 ppm., 100 ppm.,
200 ppm., 300 ppm., 750 ppm., 1,000 ppm., 2,000 ppm.

Series 2;3

Elements :- Cu, Ni, Zn.

Concentrations :-= 10 ppm., 50 ppm., 100 ppm., 200 ppm.,

300 ppm., 500 ppm., 750 ppm., 1,000 ppm., 2,000 ppm.

The operating conditions for trace element analysis are
shown in table 2.

On obtaining the count rates on the respective peak and back-
ground 20 positions, these were converted to peak minus background/
background ratios by a preliminary computer programme. These
ratios were then plotted against concentration of the standard for
each particular element, and on determining the line of best fit,
the slope, x-axis intercept and correlation coefficients by linear
regression analysis on an Olivetti - Underwood electronic desk-top
computer, Programma 101, the calibration factor (slope) was
presented to the IBM computer as additional data. Other data
included a correction to be applied for the amount of tube con-
tamination (determined from the relevant count-rates obtained on a
blank sample of specpure calcium carbonate), interference factors,
where applicable (Nb was assigned a value of 0,0195 due to Y Kg,
Zr  0,0469 due to Sr K?, and Y 0.1450 due to Rb Kk), the 28 gonio-

meter position on which readings were taken (both peak and background)
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and the limits of applicability of the method in ppm.. The lower
limit.was taken as the detection limit calculated from accumulated
background values and the upper limit that value at which the
standard calibration curve was found to deviate from linearity,
above which, therefore, the calibration factor was not applicable.
- On occasions, samples did fall outside this range, notably the
sulphur and zinc concentrations in several sphalerite - containing
wallrock samples, The concentrations given for these particular
samples must be considered as only very approximate.

The print-out from the computer after input of all the above
data consisted of the sample number with the corresponding peak-
background/background ratios and the calculated concentration for
each particular element in ppm., together with detection limits.

As a means of determining the precision of the analyses, one
group of samples (Cu, Ni and Zn) were run with a counting time of
40 secs, and a recycle on each set of samples, The count rates
obtained were then run through a preiiminary computer programme
(COMPARE) the function of which was to compare the corresponding
count-rates from each cycle on a particular specimen and to
indicate when the count-rates differed more widely than that which
could be attributed to normal statistical fluctuations in the
counting process, The maximum amount by which divergence of
count rates could be tolerated was defined by the programme to be
five times the standard deviation. In only three cases was
this tolerance limit exceeded. This was intgrpreted as being due
to spurious pulses through the machine causing the higher count-

rate. Both sets of count-rates within the acceptable limits were
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summed during the computation. For those samples producing
spurious count-rates the lower value was taken to be nearest to
the true count-rate and the final value found by doubling this.

The values thus obtained were then fed into the original programme,
TRATIO, to produce the actual elemental concentrations in ppm..

The results of the trace element analyses are presented in
the Appendix, Table 2, together with the detection limits applicable
to each element. Graphical representations of the variation of
each element with depth are shown in figs. 2%, 25 and 26,  The
possible significance of the elemental distributions will be dis-
cussed in a succeeding chapter.

Due to the fact that an excessively high calibration factor
was obtained from the Ba analyses it was inferred that the con-
structed standards used were of insufficient thickmess for the
determination of this element, allowing the primary x-ray beam to
penetrate to the borax backing while being still capable of
producing useful Ba Ke¢quanta, This was remedied by re-running
both samples and standards with the 28 positions set on the Ba Lg,

line., Satisfactory results were then obtained.
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TABLE 2, Pwl212 OPERATING CONDITIONS FOR TRACE
ELEMENT ANALYSES

Tube H W

Crystal : LiF (110)
Collimator : Coarse
Counter : Scintillation

100 secs. Cu, Ni, Zn two cycles of 40
secs, each,

Fixed Time

MA : 32

KV : 60

Mode : Automatic

Line S K except Ba - Lﬂ’.

Spectrometer Chamber Evacuated,

20 Angles
Bkgd 16.55° 7n Pk 60.55°
Nb  PK 30.39° Bkgd  59.33°
BKgd 30,88° BKgd  61.53°
Zr PK 32,08° Cu FK 65.51°
BKgd 32,93° BKgd  66.43°
Y PK 33.88° Ni ©PK 71.24°
BRgd 34.78° BKgd  69,92°
Sr PK - 35,81° BKgd  73.13°
BKgd .  36.78° Ba PK 79.18°
Rb PK 37.97° BKg. . 80.48°
BKgd 39.63°
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1.3. ATOMIC ABSORPTION SPECTROSCOPY

As mentioned previously, atomic absorption spectroscopy
was the method chosen for the determination of the bulk of the major
element concentrations in the samples selected as covering the range
of count-rates obtained from x-ray fluorescence analysis., The method
was chosen as being the most rapid, potentially accurate, precise,
sensitive and relatively free from interference. When interference is
suspected, this can be relatively easily eliminated or minimised.
Several disadvantages, however, pertain to the method:

(a) Samples must be presented to the instrument in solution,

(b) Due to the sensitivity and low concentrations producing

full scale expansion, for most elements it was found
necessary to dilute the unknowns by several orders of
magnitude in order to bring the concentrations within the
range of standards.,

(c) The viscosity and surface tension of the solutions, directly
affecting the aspiration rate of the solution to the burner

- (Dean 1960), must be identical in each solution and the
standards. Steps taken to minimise inter-solution differences
included the preparation of standards containing each of the
elements to be analysed in the same solution, and the addition
of acids to the standards in amounts similar to those used
during sample preparation.

(d) It was not possible to analyse for phosphorous, potassium,
and sulphur, on the instrument available, and thus recourse
was made to other techniques for the determination of these
elements. In theory, potassium is within the range of the

instrument, but as the resonance...cceeececscessecs
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wavelength is close to the long wavelength limit
of the instrument, very poor response was obtained,
The instrument employed was a Hilger & Watts "Atomspek".

1.3.1, Preparation of Samples.

Standards were prepared by making up a stock solution
in which compounds of the elements to be determined were
dissolved in amounts corresponding to‘the concentration
recommended as producing full scale deflection of the absorbance
meter; on the instrument., Portions of this stock solution were
then diluted down to produce a series of four standards consisting
of the stock solution, and three solutions respectively 3/h,
1/2, and 1/4 of the concentration of this. It was ensured that
the compounds used for the standards were mutually soluble, and
did not precipitate out on the addition of either H2804 or HC1
acids. |

Standards used for the determinations of Si and Ti were
commercially prepared BDH solutions of silicon and titanium
sulphate. Portions of these solutions were added to the stock
and other standard solutions in known amounts to produce an
additional series of standards.

Unknowns were prepared for analysis by fusing a known
amount of the éround powder with sodium hydroxide in a nickel
crucible for ten minutes,dissolving the product in 1 c.c. of
H,S0, and 2 c.c. of HCl (heating when necessary) and diluting
the resultant solution to 200ml. with distilled water. Fusing
was deemed necessary as other methods of dissolution involve

hydrofluoric acid, by which method silicon, one of the elements to

be determined, is removed in a volatile phase as SiF4.
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An attempt was made to determine Na in the samples,
but as this element had been added in large amounts during
the preparation of the samples, so many dilutions were required
to bring the concentration within the range of the standards,
thereby greatly increasing the possibility of error, that another
method had £o be found for the procedure.

For this determination portions of the original samples were

re-fused in KOH and dissolved as previously, The total sodium

was determined and the actual Na concentration in each sample found
as the difference between this figure and that calculated for the
impurity present in the KOH, from the analysis of a KOH blank
sﬁlution.

1.3.2. Operation

Samples and unknowns were aspirated directly into the flame
in alternation with distilled water which was defined during
each determination, as having zero absorbance - that is the absorbance
of distilled water for each element constituted the reference base
line against which all other samples were compared.

A permanent record of each of the determinations was obtained
on a Servoscribe chart recorder attached to the instrument. Samples
were aspirated for at least 30 secs. to ensure stability of the
absorbance peak., Likewise the distilled watef was éépirated
for a time sufficient to ensure removal of all traces of the
pre&ious samble from the instrument tubes. Duplicate analyses
of both standamks and unknowns were run and the average absorbance
reading taken as the final figure. In most cases the two readings

were identical, testifying to the high precision of the method.
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Elements analysed were Si, Al, Mg, Ca, Na, Ti, and Mn.
Occasionally the conditions recommended by the manufacturer were
used, but it was found necessary in several cases to alter these
in order to obtain maximum response from the equipment (table 3).
In most cases the concentration specified for each element as
being equivaient to full scale deflection of the absorbance
meter did not conform with the results obtained, which were
invariably higher than the specified valueé. It is inferred
that the discrepancy is due to the different aspiration rates
of the solutions used, the instrument being calibrated at
2.5 ml/ min. for a simple compound of the element in distilled
water., The properties of the solutions being investigated are
different to those of the calibrating solution, but as pre%iously
mentioned; any errors introduced are minimised by using standards
of similar properties,

Due to the complexing action of Si, Al and the phosphate
and sulphate radicals with Ca, initially no response could be
obtained on the instrument for this element. The calcium was
released from the complex and subsequently successfully determined
by adding known amounts of a concentrated lanthanum choride solution
to both samples and unknowns (Volborth, 1969).

As was the case with Ca, chemical interference from Al, Si,

P and 8042- is present in the determination of Mg (Angino &
Billings, 1967). This was eliminated by the addition of the
lanthanum buffer to both samples and standards in equal amounts.

Billings (1965) has shown that molecular absorption by Ca, and

possibly by Mg and Na occurs on the Fe (12,4838) line using an aiq/
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acetylene flame. The interfering absorption was measured on the
non-absorbing Fe line (2,510.83) and its value subtracted from
the total result obtained on the absorbing line.

Silica interferes with the determination of Mn, presumably
by the formation of complex ions or colloidal silicates (Platte
& Marcy, 1965). It is considered, however, that the Ca
concentration in the samples is éufficient to eliminate this effect.

1.3.3. Treatment of Data

For each elément, a plot of absorbance vs. concentration was
made for each of the standards, enabling the sample concentration
to be read directly from the grapb by comparing the absorbance
of the unknowns., From the values thus obtained the actual
concentrations in the original sample were recalmlated. These
were then incorporated in the dita previously obtained from
x~-ray fluorescence analysis, spectrophotometry, flame photometry,

and the CO, absorption train to allow the computation of total

2

major element concentrations in all samples.
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1.4, - FLAME PHOTOMETRY.

Flame photometry was used for the analysis of Na and K
in the samples chosen as standards for XRF analyses, the former
element being analysed as a check on the results obtained by
atomic absorption spectroscopy. The latter could not be determined
on the AAS equipment available, the absorption spectra being outside
the wavelength limit of the machine, |

The instrument employed was an "Eel" flame photometer operated
with a natural gas/air mixture, with an air pressure of 10 lb./Eq.in.
The gas pressure was held constant by means of an inbuilt stabiliser,
and the flame maintained at a constant height by adjusting the gas
supply such that the blue cone produced in the flame could be split
into separate cones defined by the fuel entrance slits in the burner
head, on a small adjustment to the gas supply. This allowed for
reproducible conditions of operation for successive determinations.

After aspirating all standards for a given element, the
poténtiometer was adjusted to the position of minimum sensitivity
and the réquired unknown aspirated into the flame., By subsequently
adjusting the potentiometer to produce a full scale deflection
(5 ppm for Na and 4 ppm for K, at full sensitivity) the approximate
amount of dilution necessary to bring the sample within the range
of the standards was determined., After dilution, the unknowns were
again aspirated at full sensitivity, and the results obtained compared
with the standard calibration curve, The concentration of each element
in the original sample could then be obtained by calculation,

For the determination of sodium, those samples fused with
KOH were aspirated using a Na filter. For the determination of K,

samples fused with NaOH were run with a K filter.
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The results of the K analyses were incorporated with those
obtained from atomic absorption analyis and the particular samples
used as standards for x-ray fluorescence analysis as previously
described. The results of the Na determinations were compared
with those obtained from the corresponding samples by AAS, both
sets of which cohpared favourably within the limits of experimental
error,

In order to ensure that contamination of K was not'qfkcted
by possible impurities in the Analar NaOH used for the preparation
of the original samples, a blank sample containing NaOH in solution
was analysed., The. K concentration in the NaOH was found to be
negligible (compare Na impurities in KOH).

Spectral interferences occumring with the instrument employed
are minimal, due to the insertion of a heat-absorbing glass and K
and Na filters in the light path, and the relatively low temperature
flame employed, Other types of interference, however, do occur,
and can serve to either enhance or depress true copcentrations.

In the present case, interference could result from the presence

of Ba, Ca, Fe, Mg, Mn, (D_ean 1960) and Na (Poluektov et al, 1958).
The effects ére small, however, at the concentrations cbnsidered,
and in addition, assuming that the effects of the interferences

are algebrdically additive, these would approximately cancel out,
due to the preponderance of Na over the other elements, this element

alone causing enhancement,

Afurther source of possible interference is a negative error
produced by acids (Dean, op.cit.). The severity of the interference

is a function of the elemental concentration, flame temperature, and
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nature and concentration of the acid. In this case the acids
possibly causing interference are HCl and H2S04. However, due to
a favourable combination of circumstances, viz. the low concentration
of K and Na, relatively low flame temperatures, and low acid concentrations,
particularly after dilution of the samples to bring them within the
range of the instrument, the interference due to this source can
be neglected., The extend of interference also depends on the fuel
used (Cooper, 1963).
Due precautions with regard to viscosity and surface tension
differences between samples and standards were taken by adding

proportionate amounts of the acids used in the dissolution of the

sample to the standards,
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1.5. SPECTROPHOTOMETRY

Spectrophotometric methods were employed to determine
phosphorus on the solutions analysed by atomic absorption
spectroscopy, as the resonance wavelength of thig element is
beyond the range of the latter instrument.

The phosphorous was determined as the yellow molybdivanadophesphoric
acid complex formed by the addition of molybdivanadate solution
(ammonium metamanadate, anmonium molybdate, conc. nitiic acid and
distilled water) to each sample and a blank. Standards were
construeted from a solution of potassium dihydrogen phosphate.

The optical density of each solution was measured at a wavelength
of 430mp, after calibration of the instrument with a didymium crystal,
on a Unicam spectrophotdmeter. The values obtained were compared
with those of the standards and calculated back to %P205 in the
samples., These values were then taken to represent the concentrations
corresponding to the respective count rates obtained from x-ray
fluorescence analysis. The concentrations of P205 in all other
samples were determined by computer using the spectrophotometrically
analysed samples as standards.

On the instrument used, it was found that although the readings
obtained from the standards with reference to the blank remained
constant, those obtained from the actual unknowns tended to increase
with time., It was deduced that this was due to a sluggish reaction
of the complexing agent with the phosphorous in the sample. The
series of samples was analysed several times under identical
conditions over a period of days until the readings were found to

remain essentially constant. A further suggestion of the slow
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action of the complexing agent was noted as the colour of
each of the unknown solutions was observed to deepen over
the period of the runs.

The results of the analyses after calibration and computa-
tion are presented in the appendix, table 1.

Replicate analyses were carried out on all samples, and
the instrument found to be sufficiently precise. The method is

said to be accurate to 0,005 % P (Snell and Snell, 1936).
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1.6. THERMOGRAVIMETRY AHD,COé ABSORETION TRAIN

As a Stanton Thermobalance was available an attempt was
'made to détermine C and 002 using the technique suggested by
Waugh and Hill (1960). Although many variations on the basic
procedure were tried (carrying out runs both in air and in
nitrogep), variable results were obtained on replicate runms,
and interpretation of the curves suggested considerable overlap
of the weight-loss from different reactions. The method was
therefore abandoned in favour of the absorbtion train technique
as described by Groves (1951).

This method consists essentially of boiling the sample in
orthophosphoric acid and determining the increase in weight due

to the absorbtion of CO, by two U-tubes filled with soda-lime,

2
after passing the gas through water aﬁd HQS traps. C is subse-
quently determined. by oxidation on boiling with chromium trioxide,
absorbtion as 002, and calculation back to original C. Blank
values were subtracted from the above.

The results of the analyses are presented in the Appendix,

table 1, and again graphically in figs. 31 and 32.
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1.7 WATER DETERMINATIONS

Essential or combined water (H20+) and hygroscopic water
(H20—) were determined, the former by the classical Penfield
Tube method (Penfield, 189%) and the latter by determining the
loss in weight of oven-dried (10°C) material.

The essential features of the Penfield Tube method are as
follows. A small quantity of sample (approx. 1 gm,) was poured
through a long-stemmed filter funnel to the base of a pre-weighed
30 cm. pyrex tube which was then reweighed to determine the
sample weight. Tube and sample were placed overnight in a 110°C
oven and the loss in weight reported as H20-. The tube was then
clamped in a horizontal position and two strips of water - soaked
filter paper wrapped around the tube at least 10 cm., from the
sample in order to condense expelled water. The sample was
heated for a period of 15 mins. by means of an oxygen/hir blowtorch
to ensure that all water had been expelled and removed from the
main body of the tube by fusing to a neck immediately in front of
the sample which was subsequently detached from the main bedy of
the tube, The tube was then weighed, dried and reweighed, to give
the reported value of H20 +.

The samples investigated were portions of the powdered
material used for other assaying techniques. The results of the
analyses are presented in table 4, where it may be seen that the
amounts of both H20 + and H2O - fluctuate markedly up the section.
Replicate determinations were made on 5 samples. The"results

indicated an acceptable level of precision for the method the

maximum difference in readings being 0.06%.

48



1
S

TABLE 4., RESULTS OF WATER DETERMINATIONS
Sample No. 15[2_0_:
X1 0.41%
2 0.75%
3 0.38%
A 1.11%
5 1.17%
6 2,01%
7 0.82%
8 0.79%
9 0.99%
10 0.86%
11 1.29%
12 1.21%
13 0.52%
14 0.59%
15 0.28%
16 1,06%
17 0.82%
18 0.68%
19 0.27%
20 0.61%
21 0.68%
22 0.93%
23 2.29%
24 0.93%
25 0.38%
26 0.70%
27 0.32%
28 0.61%
29 0.59%
30 0.68%
31 0.30%
32 0.54%
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H,0-:

2,244
1.41%
1.46%
2,71%
1.70%
3.35%
2,71%
2.47%
3.15%
1.82%
2.07%
2.77%
1.12%
1.47%
0.63%
0.97%
2.45%
3.09%
3.55%
2.33%
2.37%
2.04%
0.51%
0.93%
2.024%
0.20%
0.56%
1.22%
0.72%
0.68%
0.35%
0.36%



Sample No. H,0~ B0

X33 0.57% 1.94%
46 1.65% 3.63%
47 ' 0.11% 1.32%
48 0.56% 0.56%
49 0.27% 1.00%
50 0.59% 0.68% .
51 0.82% 1.37%
52 0.09% 0.54%
53 0.57% 0.23%
54 0.56% 0.90%
55 0.50% 1.10%
56 0.62% 0.16%
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1.8 1 ELECTRON MICROPROBE ANALYSIS

For electron microprobe analysis a Cambridge Instrument Co.
Geoscan was used for the following purposes:
(a) To confirm the identification of phases made by microscopy.
(b) To determine the major element composition of carbonates.
(¢) To determine the major element composition of sphalerite.

(d) To determine the trace element contents of chalcopyrite,
galena, carbonates and sphalerite,

(e) To obtain an indication of the degree of variation and

pattern of distribution of major elements through sphalerites

and carbonates, S

Each of these points is further discussed hereunder:

Prior to analysis, each of the specimens (the polished sections
used for microscopic studies), was coated with carbon to produce a
conductive layer 1003 in thickness,

The composition of phasés, which, under ordinary microscopic
methods were too small to identify accurately, or about which doubt
existed as to their identification, (such as marcasite which showed
optical properties close to those of arsenopyrite), were analysed by
means of the probe., This applied not only to ore minerals but to
the gangue minerals whose reflectivities differ by small amounts
and thus whose boundaries are difficult to resolve. A problematic
silicate noted in thin sections was confirmed as potassium feldspar
by this method, one analysis being returned as 27.31% , A1203, 58.76%,

SiO2 and 9.18% KéO for a total of 95.25%.

The carbonates show considerable variation in composition both

in an intergranular and intragranular sense. Quantitative determi-
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nations of the compositions of the carbonates were made by taking
spot analyses for Ca, Mg, Fe and Mn, Due to the possibility of
decomposition of the specimen under the beam during analysis it
was found necessary to utilise a defocused spot on both specimen
and standards.

Analyses were made on several grains in each of the polished
sections, usually at several points within each particular grain.
The results of ;ome of these analyses are shown in table G/and
plotted on a triangular diagramme in fig. 13.

The highly irregular variation :in composition of individual
specimens even on a micron scale, and the relationship of individual
element concentrations to each other, can be seen in fig. iy. This
shows how Fe and Mn vary sympathetically and Mg varies antitheti-
cally to both of these on a traverse across a specimen., Fig. 16
is a raster image of Mg K, across a portion of the same specimen,
showing the completely irregular distribution of the phases and
demonstrating the limited value of making point analyses to deter-
mine compositions of individual carbonates.

No correlation could be discerned between the composition of
the carbonates and their location or form with respect to other
minerals in the assemblage.,

Zinc, sulphur, iron and manganese analyses were attempted of
sphalerite, under the conditions shown in table 5.

In the disseminated sphalerite grains point analyses were
made at regular intervals in traverses across individual grains.
These results are presented in table 7. The results clearly are at
variance with those quoted by Sawkins (1966) in which 0.9% Fe is
implied as being representative of the Jew Limestone spﬁalerite, and
also with those of Sawkins et al (1964) for sphalerite taken from
lower stratigraphic levels. Both sets of analyses were by wet

chemical means.
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It has been previously mentioned that colour banding in
the sphalerite is clearly visible with the naked eye. Several
of these bands were marked for analysis on the section where
possible (as they are not distinguishable on the polished
surface) and point analysed. Although the bands may not be
homogeneous on a sub-micron scale (Roedder, 1968) the probe
gives an average concentration in the bands whiéh consist
predominantly of either the dark or light colours observed.

A direct correlation was found between colour of the
sphalerite and ironnconcentration, the darker bands being
richer in iron. Fig. 1.5 shown a raster image of Fe Kec_.
taken over a small colour - zoned sphalerite grain in the
wallrock. Superimposed over this is an x-ray scanning image
of Fe Koc showing the degree of variation represented by the
various concentrations produced by the raster, .

Roedder and Dwornik (1968) have shown that in at leaé-t
one case, the iron content of sphalerite could not be
correlate& with colour banding, although many other investigators
have produced evidence to the contrary.

Selected trace element analyses were attempted on several
of the specimens of galena (Cd, Se, Mn), chalcopyrite (Se)
sphalerite (Cd, Cu, Se, Mn), and carbonates. It had been hoped
to be able to utilise trace element fractionation data between
the sulphides as indicators of the environment of deposition
(Bethke & Barton, 1959). The concentrations were found in most
cases, however, to be below the limits of detection of the methods

used. Only Mn was occasionally detected in low concentrations

*in sphalerite.
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The ability to determine the nature and extent of
variation of elements within individual crystals is a distinect
advantage of this method of analysis over other instrumental
techniques, as discussed by Williams (1965).

Several methods were uéed in such a study of both sphalerites
and carbonates. The first of these involved mechanical scanning
by the beam at a rate of 30 p/hin. across tﬁe specimen with
continuous simultaneous recording of the levels of concentration
of 2 elements on a chart recorder with a calibrated full scale
deflection. Absolute values for various points on the graph could
then be assigned by calculating the true concentration of the
particular element at several points on the trace, and extrapolating
between those points.

The second method produced a scanning image of a chosen
element on a éathdde ray tube, After setting up the instrument
on each element iﬁ turn, the electron beam was made to scan across
a chosen line, The form of the resulting trace omn séve;al
of the specimens was recorded manually (fig.l. 1) and photographic
records obtained where relationships were particularly well
displayed (fig. 15).

Adler (1963) asserts that on occasions analyses may be
performed accurate to 1% of the amount present, but that more
frequently the results are good to within 5 to 10%. With
present day instrumentation, howe%er, it is likely that the
1 to 2% suggested by Barton and Skinner (op.cit.)is more
reasonable,

As is pointed out by Wittry (1963), the accuracy of
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obtaining the true primary intgnsities of the characteristic x -
radiation is only partly limited by the accuracy of the corrections
to the data. Statistical errors or drifts in{the analysis
conditions occur, but more important in this case is coﬁsidered to
be the assumption that the specimen is homogeneous throughout the
region analysed, Both the sphalerite and particularly the carbon-
ates have been shown to be inhomogeneous even oﬁ a very small scale.
This is important in considering fluorescence effects and other
applied corrections, and may account in many instances for deviations
of the totals from 100%.

Wittry lists the corrections which must be taken into account
to obtain the true primary x-ray intensities from the observed
intensities as

(1) a shift in the wavelength of the characteristic x-ray lines due
to valence state,

(2) contamination of the specimen during analysis.
(3) finite resolving time of the detector.

(&) bdékground due to the continuum.

(5) absorption of the x-rays by the specimen,

(6) fluorescence excitation by line radiation.

(7) fluorescence excitation by the continuum,

The first of these is not considered in the present case as
the peak is determined for the particular analysis and the valence
state in both the specimen and the standard of the element analysed
are identical. Little or no contamination was noted., To the list
of remaining corrections is added an adjustment for the atomic number

effect - the difference in average atomic number between the specimen

and standard.
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The raw count-rates printed out by the machine were converted
into apparent percentages after adding dead time and subtracting
background readings, by reference to the count rates obtained on the
standards, Corrections for atomic number effects, absorption and
fluorescence were made by computer, using the method of Swea tman &
Long (1969) in preference to that of Williams (1967), and the true
percentages thus obtained.

For the sulphides and silicates, print-out from the computer
constituted the final results, but for the carbonates, additional
adjustments were necessary. Apart from the apparent percentages
for the analysed elements, a dummy carbon figure (11%) was included
in the data, as it is an integral part of the correction procedures.,
The corrected true percentages for the original analysed elements
were then each converted manually to carbonate percentages.and the

sum of these taken as the analytical total.
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TABLE 6., RESULTS OF ELECTRON MICROPROBE ANALYSIS

'SPHALERITE
WEIGHT %

In S Fe Mn
62.90 32,90 3554 n.d.
62.00 33,63 4,62 . n.d.
63.93 33.00 3.52 n.d.

£ 66.25 32,31 1.46 0.20
66.05 31.93 1.67 “ 0.06
66.0% 32.48  0.9% n.d.
65. 42 32,29 1.57 0,04
- 65.52 32.68 2,40 n.d.
64.07 32.83 2,71 © 0,06
65.10 32,53 2,43  0.06
63.89 32,02 3.20 0.0%
65.60 32,86 2,08 n.d.
-65.45 32453 1.87 ~  n.d.
64.50 32,62 2,81 0.05
60.10 32.29 6.04 0.09
66.77 32,24 1.46 n.d.
63.04 33.19 446 0,07
66.30 32.86 1.48 0.05
63.70 33453 3¢37 n.d.
63.51 32,82 4,25 0.09
5632 32,01 10.66 0.02
56.10 32,30 10.99 0.09
60.19 32,96 7.16 0.06
63.51 32,83 4,25 0.09
57.60 31.14 10.86 0.04

n.d. - not detected

58

Total
99.34%
100.25
100.45
100,22
99.71
99.46
99.32
100,60
99.67
100.12
99.15
100. 54
99.85
99.98
98.52
100.47
100,76
100,69
100,60
100,67
99.01
99.48
100.37

100.68

99.64

Mol.%.FeS
6.17
8.02
6.06
2,51
2.86
1.63
2,75
4,10
4,71
3.97
554
3.58
3.23
4,85

10.51
2,49
7,64
2,50
583
7.25

18.13

18.63

12,20
7.25

18,07



TABLE 7. RESULTS OF ELECTRON MICROPROBE ANALYSIS

CARBONATES

WEIGHT %

21.35
| 20.36
20,46
19.76
20.07
20.30
27.99
20,03
19.79
20.30
20.91
21,67
21,92
21.79
22,06
21.80
21.62
20.83
21,45

23.09

4.93
3.72
4.93
2.54
1.60
k.72
1.38
3.65
3.97
2,88
9.96
11.76
11,61
11.9%

11.77

11.98 -

11.43
10.28
10.50

11,68

9.96
12,52
11.22
13.88
16.51
11.39

9.69
15.14
11,64
14,06

4,10

1.81

1.76

1;02

1.16

1.01

1.92

4,45

3.45

0.39

29

5

3.22
4,67
3;62
4,89
b, hk
4,32
2,93
4,53
4,66
4,41
1.92
0.72
0.46
0.30
0.39
0.36
0.66
1.32
1.40

0.15

Total
100.06
99.48
99.05
100,14
99.19
99.74
100.9%
99.39
97.05
99.06
99.09
100,20
99.59
98. 56
99.15
98.18
99.00
99.67
100.05

99.34

Specimen No.
PS3

PS3
PS8
PS8
PS8
PS8
PS8
PS8
PS8
PS8
PS8
PS3
PS3
PS3
PS6
PS6
PS6
PS6
PS6

PS6



Mol.

%

CaCo

54,67
52.47
52.09
52.72
51.51
71.11
51.64
51.96
52.92
56.30
50.53
51.38
51.38
51.81

51.25

. 51.07

49.69
50.76

54.03
53.11

MgCo,
20,83
15.65
20.70
11.19
19,74
5.80
15.51
17.18
12,39
39.25
45,21
4k, 87
46,40
45,57
46, 4k
44,53
40,41
40,95

45.07
6.97

60

FeCO
18,30
23,12
20,50
26.58
20.75
17.67
24,32
21,93
26.30
7.08
3.03
2.97
1.71
1.96
1.70
3.25
7.61
5.87

0.65
31.35

MnCO
6.20
8.76
6.71
9.51
7.99
5.43
8.53
8.93
‘8,38
3.37
1.23
0.79
0.51
0.66 .
0.60
1.14
2.29
2,42

0.25
8.58
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R.M.-Ratameter. Counts/sec..
T.C.-Time Constant in secs.

-~ RM.z107
Ca 1'c-033

RM.=3.10%
T.C.=O'1 '

Mn RM.=102' _
T.C=033

\pe RM.=3.10%
® 1.c.:033

1 . ' 1 ]
(o) 01 02
- Distance in mms.

FIG.16. X-RAY(Ko<) SCANNING IMAGES OF
CARBONATE GRAIN.
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1.9 ' _ X~RAY DIFFRACTION

X-ray diffraction procedures were used in order to determine
quantitativély the mineralogy of each of the samples used for x-ray
fluorescence analysis.

The machine employed was a Philips 1010 Diffractometer with
attached Philips chart recorder operated under the conditions set out
in fable 8.

A selection of samples covering the full range of mineralogy to
be expected was run initially to determine optimum settings, and these
were maintained throughout the remainder of the analyses, Replicate
runs were made on six samples and results obtained indicated the high
precision of the method. Several samples were scanned from 20 angles
of 3° to 90% but after identification of all peaks by reference to the
Fink Index and ASTM file it was f&und that peaks included betweeﬁ the
limits of the 26 angles. of 20° to 450 were sufficiently diagnestic.
Three samples were treated with ethylene glycol as a means of positively
identifying montmorillonite on causing an increase from 150A to 18°A of
the (001) d-spacing of the mineral.

Samples were prepared by smearing a small amount of the powder,
after regrinding in an agate, on a glass slide with acetone, taking
care to minimise any tendency towards preferential orientation of any
of the constituent minerals,

Under the beét of conditions, even with minerals showing strong
reflections, such as quartz, concentrations below 1% are not detected,
and thus phases other than those displayed on the chart may be present.
For example, although pyrite is known to be present, it was not detected

without prior treatment of the samples.
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In order to improve the limits of detection with resPEpt to
the original sample, to improve the quality of the peaks, and to
remove some interfering peaks, calcium carbonate was removed by
treating the sample with acetic acid (so as not to damage clay
structures) thus concentrating the remaining fraction. It was
found that pyrite could then be detected, and other pbases pre-
viously identified displayed more prominently. However no new
phases were deteé¢ted and thius it was considered sufficient to
process the remainder of the samples without prior.treatment,

. Although XBD was recommended by Kaye et al (1968) as the most
accurate method of quantitative analysis from the results of an
inves%igation of samples of fairly simple mineralogy, the minera-
logy in this case was found to be too complex to attempt a similar
study.

. 'The results of each of the funs, giving the minerals identi-
fied, togéther with comments on important features and uncertain-
ties in the interpretation of the record are presented in table 9,
An example of a trace as returned on the XRD chart recorder is
reproduced in fig. 17.

X-ray diffraction traces were also run as a control on the

results of staining techniques as discussed in section 1.13.
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1.10 DIFFERENTIAL THERMAL ANALYSIS

Differential Thermal Analysis was carried out on selected samples
for several reasons:

(a) to confirm the identification made by x-ray diffraction methods
of the clay minerals present.

(b) to determine, if possible, the phase changes occurring during
the application of fhermogravimetric analysis, thus enabling
identification of interferences.

(¢) to detect and identify any minor phases which may\be present in
concentrations below the limits of detection of x-ray diffraction
methods, where these phases possess properties which render them
detectable by DTA methods, i.e. phases which undergo either endo-
thermic or exothermic changes, or both, on heating.

(@) to determine, of those minerals which had been previously identified,
any peculiar properties which may subsequently allow for more com;
prehensive interpretations concerning the enviromment of minerali-
sation,

The apparatus used for the investigation was a Stanton Instruments
"Standata" 5 - 50 Differential Thermal Analysis apparatus incorporating
interchangeable furnaces aﬂd sampie holders, a West controller with
photoelectric cell arrangement to give the reference sample temperature,
and a mechanically driven cam with attached pointer indicating the
furnace temperature, The furnace is fitted with cooling coils which
serve the dual purpose of promoting rapid cooling and maintaining a
regular temperature increase. A platinum - rhodium thermocouple is
employed to measure the differential temperature between the sample and
the reference material (aluminium oxide), The signal produced is ampli-

fied and fed to a chart recorder where the reference absolute temperature
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and differential temperature are continuously displayed during a
heating run. The amplification of the signal can be varied depending
on the sensitivity desired.

In the present investigation a single wound, platinum-rhodium
furnace was used, being capable of acéomodating ﬁemperatures of up
to 1,50000. The sample and reference material holders consisted of
small 6,5 mm. diameter and 8 mm, length platinium cylinders, open at
the top, and with hollow, platinum-enclosed projections from the
bottom in which were inserted the thermocouple terminals., Care was

‘taken to ensure that the volume of sample and reference material and

- the degree of.packing'of-each were as similar as possible for each run
and for each series of runs; By running several portions of the same
sample, it was found that most satisfactory results were obtained with
a chart speed of 6 in./hr. and a sensitivity of 50, that is full scale
deflection of the chart representing 50 mv.. .The most satisfactory
zero-setting, so as to permit both exothermic énd endothermic changes
"to remain on the chart was determined as 40 scale divisions, the base-
line trimmer being se£ at 1. When AT changes fell outside the

range of the chart, the sensitivity setting was increased to 100 until
the particular change was completed and then returned to a value of
50.

The temperaturé'of the.furnace was raised at a constant rate of
approximately l3°C/hin. and could be read directly from the West Con-
trolier.- The fempefature'of the reference material was obtained from
the recording chart, on which a temperature-injection mechanism, activated

every 10 mins., indicated an MV, reading which was then compared with a
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calibration graph of mV. vs., T. to give the actual temperature of

the reference material. This temperature - injection mechanism
could be activated manually whever so desired, to allow accurate
measurement of endotherm or exotherm peak temperatures, or suppressed
so as not to obscure a particular change,

An example of a chart recorded during a run is shown in fig.

13.

All samples of wallrock were analysed by this technique buﬁ only
selected samples of host rock, as these are fairly similar in minera-
logical composition.

A considerable amount 6f difficulty was encountered in attempting
to identify the causés of the various peaks déspite the fact that
several standards were run, The standards consisted of mixtures of
relatively pure components of the unknown samples, so as to approxi-
mate the compositions of the unknowns, 1In this way some of the
reactions could be identified.

The temperatures of occurrence of the various reactions were
éarefﬁlly noted. It was found that particular reactions took place
within a range of values of T, and the areas of the exo - and
endothermic peaks varied considerably. A peak of particular interest
is that of the quartz inversion temperature (true value - 573°C), for
this varied from approx. 560°C to 58000 with a large variation in the
peak area. Hoﬁever, as has been discussed by MacKenzie and Mitchell
(1962) these are dependent on the degree of packing, amount of
material in the sample and rate of heating. Insufficient time was
available to isolate these causes of variation and discover whether a

variation in inversion temperature really exists.
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During the runs, at temperatures in excess of approx. 9OGPC
base line_drift became uncontrollable towards the endothermic side
of the chart., This was due to sintering of the sample which during
the process fused, and detached from the walls of the sample holder.
Thus it was not possible to obtain information above IOOOOC, a region
of interest in the identification of clay minerals, Base line dis-
placement has also been attributed to poor matching of the packing of
the sample and the reference material (Garn, 1965).

Steps taken to improve the quality of the trace and the sensiti-
vity of the method included the removal of calcium carbonate by treat-
ment with acetic acid, and treatment with hydrogen peroxide to remove
carbon, After drying, these samples were run under the same condi-
tions as previously, It was found that little advantage was gained by
this pretreatment. Carbon oxidation and calcium carbonate dissociation
appeared to interfere little with overlapping peaks and thus remaining
samples were run without prior treatment.

Replicate analyses of several powders were made, the results
corresponding within acceptable limits.

The essential features of the traces produced are summarised in
table 10, Showﬁ are the sample number, the thermal nature of the
peak, the temperature at which each peak occurs,‘the relative peak
width, the relative peak height, and the significance attached to a
particular peak. In the table the series of changes attributed to
pyrite are those proposed by Garn (op.cit.)

Although some characteristic heat effects were detected in the
clay minerals, most were overprinted by larger feaks from other

sources, such as the oxidation of C and the series of changes related

to pyrite.
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Thus the D.T.A. work served only to confirm a part of the

results obtained by X.R.D. and gave no additional information.
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1.11 _ FLUID INCLUSIONS

In an effort to define further parameters controlling the
physico-chemical environment of deposition, detailed studies were
undertaken of the fluid inclusions distributed in a representative
suite of cleavage flakes taken from the main body of the minerali-
sation at irregular intervals throughout the length of the section.
0f necessity this was limited to an examination of the fluorite, as
the other minerals on which it was hoped to conduct asimilar invest-
igation, éphalerite, quarfz and parbonates were not, in general,
amenable to such a study. These were found to be either remarkably
uniform and free from inclusions, or to contain inclusions of sizes
below the limit of resolution of the microscope used.

0f prime importance in the study of fluid inclusions is the
necessity to be able to distinguish between primary, pseudo-secondary

and secondary inclusions, each being defined as follows:-

(a) Primary inclusions - those which have become trapped during
the growth of a crystal and thus bear a relation to the fluid

immediately depositing the surrounding host minerals.

(b) Secondary inclusions -~ those inclusions which have been formed
after the crystallisation of the host mineral is complete and
probably result from fracturing of the host mineral followed
by the ingress of a later solution causing recrystallisation

of the host around the fracture.

(¢) Pseudosecondary - the term applied when fracturing and ingress
of solutions takes place before crystallisation is complete and

thus bridges the gap between primary and secondary inclusions.
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_ These give information on the solutions depositing minerals in
the same environment but not on those which deposited the immediate
enclosing mineral.

Hall and Friedman (1963) suggest that cleavages filled by
‘pseudosecondary inclusions may be evidence of stress operating
within the crystal due to a post-crystallisation rise in tempera-
ture. These authors also found in many analyses that stages of
sulphide deposition, particularly sphalerite and galena, are
characterised by high Ca/Na ratios in the depositing fluid.

The accuracy of the information to be gained from a study of
inclusions depends to a large extent on the ability to distinguish
between the three types. In many cases this is not possible by
direct observation, and the status of an inclusion may have to be
inferred from the results obtained from homogenisation temperature
measurements.

For the measurement of these temperatures, a relatively
simple arrangement involving a heating stage coupled with a Leitz
microscope fitted with a UM 20/0.33 objective and a X10 ocular was
used. A chromel - alumel thermocouple was connected via a cold
junction to a Philips chart recorder and the thermocouple calibra£ed
by observing the chart deflection produced at the known melting
point of several organic compounds sealed into thin capilliary
tubes. A calibration curve could then be prepared by plotting
chart deflection against temperature. A heating rate of approx-
imately loo/hin. was used until the inclusions began to homogenise,

when the rate was decreased.
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A large number of specimens were examined but of these omly
33 were found to be amenable to measurement. Those specimens
rejected were found to be unsuitable for one or more of the
following reasons:

(a) The inclusions were so small that accurate measurements would
be impossible.

(b) The inclusions were obviously all of secondary origin and
therefore of limited significance.

(¢) No inclusions were found.

(d) The inclusions leaked on heating.

The fragment to be studied was placed on the heating stége
and focused through the microscope. A portion was chosen in which
several relatively large inclusions occurred within the field of
view or at least which could be easily and quickly focused by
racking up or down on the microscope when it was desired to study
inclusions on different planes during the same heating run.

In addition to the temperature at which homogenisation took
place, the following features were noted: |
. (a) The relative abundance of inclusions in a given specimen,
(b) The distribution of inclusions through the specimen.

(c) The absolute and relative sizes of the inclusions and the
spatial variation in size distribution.

(d) The bubble: inclusion size ratio and its variation.

(e) Inclusion shapes and variations within specimens and between
specimens.

A total of 200 inclusions (190 fluorite, 10 quartz) were

measured from the 33 specimens (only one of which was quartz) taken
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from various locations throughout the length of the section,

The frequency of occurrence of particular filling temperatures
of inclusions was plotted against temperature (fig. 19 ). The
temperature distributions are seen to be irregular, but distinct
peaks occur at temperaturaSOf approximately 14000, 128°C, 116°c
and 101°C. That at 128°C is predominantly due to the quartz and
thus this is considered to be the depositional temperature (uncorrected
for pressure) of the particular genmeration of quartz. 140°C is taken
to be the maximm depositional temperature (uncorrected for pressure)
of the fluorite. The remaining peak temperatures may be inter-
preted as either being due to later lower-temperature stages of
deposition, or the inclusions measured were actually pseudo-secondary
or secondary inclusions.

Four inclusions having temperatures far in excess df 140°C were
measured - 1570, 1620, 169° and 17601. These are considered to be
spurious temperatures, most likely the result of leakage after
deposition, or during heating. These readings are omitted from
the frequency distribution curve.

No daughter minerals, nor oil bubbles were observed in the two-
phase inclusions studied.

Inclusions were found to vary widely in size both within a
particular specimen, and among other specimens. However, those
inclusions localised along a particular plane were generally of
uniform size.

The bubble: inclusion size ratio appeared to be fairly

uniform, suggesting that the depositing fluid was itself internally
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Homogeneous. In cases in which bubbles seemed to be unusually
large in relation to- the remainder of the inclusion, this could
usually be attributed to the larger size:of the inclusion in the
third'dimension.

The shapes of the inclusions varied widely, particularl; in
the larger sizes. Some of the smaller inclusions distributed
among the larger sizes appear to be the product of necking down
.of the larger inclusion. This may account for some of the
erratic temperatures noted.

Schmidt (1962) found systematic decreases in temperature
measurements from the centre of crystals to the margins in certain
generations but distinct individual crystals could not be so
investigated in the present study.

Many possible sources of error in the filling femperature
measurements are present, such as the difficulty in observing the
exact instant at which the bubble disappears and the obscuring of
the bubble by the cavity walls before disappearance. Leakage
from inclusions along fractures can take place, giving higher
filling temperatures. Each inclusion was checked after a run,
howover, to ensure that the bubble reappeared on cooling.

The use of liquid inclusions as a geothermometer is based on
a series of aésumptions, each of which is a source of error if
it can be shown to be invalid. These assumptions are as follows
'(Bailey and Cameron,1951).

(1) The fluid complotely filled its cavity at the time of

crystallisation of the enclosing mineral.
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(2) Primary fluid inclusions can be distinguished from secondary
inclusions.

(3) The included fluid is a dilute.aqueous solution containing no
carbon dioxide or other gas in great amounts.

(%) The bressure on the liquid at fhe time of inclusion was small,
or its magnitude can be estimated.

(5) There has been no significant change in volume of the cavity
due to the effects of pressure, solution or precipitation.

(6) There has been no addition of liquid to the cavity or loss of
liquid from the cavity.

(7) Representative samples are used for temperature determinations.

The compressibility and solubility of fluorite is so low as to
make volume changes during heating of negligible importance.

Repetition of several measurements showed that they could be
reproduced to within about 2°C of the original determination.

In order to obtain the actual temperature of formation from the
filling temperature, an adjustment for the difference between the
vapour pressure of the solution and the total pressure must be made.
The pressure correction also depends on the salinity of the hydro-
thermal fluid. It is considered that in the present case the
pressure on the fluids was predominantly hydrostatic as is indicated
by the apparent dbility of the fluids to move freely through the
conduits, As the average density decreases with increasing tempera-
ture and increases with content of dissolved salts, a value of 1 gm./
c.c. is taken as a reasonable figure, giving a Eydfostatic pressure

of approx. 120 atm. at the depth envisaged. As the actual deviation
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from t;ue hydrostatic.pressure towards lithostatic pressure (360 atm.) is
‘unknown, the value has been set at 200 atm.

For a 20 equiv. wt. % NaCl solution, a maximum pressure correction
of the filling temperatures is 20°C (Sawkins, 1966)) As it is
doubtful as to the magnitude of the difference between the vapour
pressure of the solutions and the total pressure, half the maximum
value plus 2°¢ for instrumental uncertainty has been used and an
uncertainty of this amount placed on all.derived temperatures  The
true temperature of deposition of the primary inclusions is thus
given as 1510011100. The pressure is greater than the vapour pressure
of saturated NaCl solutions at this temperature (Holland, 1967) and it
is therefore unlikely that the solutions will boil in this environment.

" The distribution of ‘the inclusions and regularity of the bubble volume:
inclusion volume ratios in the fluorite support this conclusion.

Changes in the salinity of the fluid may take place (Roedder et al,

1968) but even fairly large fluctuations would not affect the discussion.
Boiling will take place when the confining pressure on the solutions is
less than the vapour pressure of the solution.

Apparent temperature fluctuations could reflect changes in the
difference between total pressure and the vapour pressure of the
solutions, the effects of erratic dilution with ground water or true
temperature fluctuations with time due to effects at the source, as
suggested by Roedder (1960). " Freas (1961) has suggested that tempera-
ture fluctuations observed may be due to exothermic reactions on deposi-
tion of fluorite during replacement of limestone. The ipclusions
measured, however, are taken from open-space filling fluorite, and

thus the argument is not valid in this case.
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The fluorite from which the inclusions were measured was
deposited late in the paragenetic sequence and thus, if it can be
assumed that the temperature during mineralisation was falling
(Miller, 1969), this places a lower limit on the temperature of

deposition of earlier minerals.,
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TABLE 11. FLUID INCLUSION HOMOGENISATION TEMPERATURES

(uncorrected for pressure)

Inclusion No.  Temperature °C Inclusion No.  Temp. °C
1.1 106" 6.3 103
1.2 120 7.1 106
1.3 142 7.2 101
1.4 137 : 7.3 106
1.5 101 7.4 108
1.6 118 7.5 108
2.1 162 7.6 135
2,2 176 7.7 130
2.3 137 : 7.8 132
2.4 120 7.9 130
3.1 91 8.1 118
k.1 120 8.2 118
B2 145 8.3 | 120
5.1 130 8.4 120
5.2 125 8.5 120
5.3 126 - 9.1 137
5.4 128 9.2 142
5.5 125 9.3 142
5.6 130 9.4 140
5.7 130 9.5 145
5.8 111 9.6 140
5.9 135 10.1 106
5.10 128 10.2 103
6.1 101 10.3 140
6.2 103 10.4 108
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Inclusion No. Temperature oC Inclusion No. Temp.oc

10.5 106 15.4 140
11.1 128 . 15.5 - 140
11.2 128 16.1 140
'11.3 125 16.2 99

1.4 128 16.3 106
11.5 123 16,4 101
11.6 99 16.5 101
11.7 99 16.6 103
11.8 118 16.7 103
11.9 123 17.1 101
12,1 118 17.2 118
12.2 120 17.3 120
12.3 118 17.4 103
13.1 : 157 17.5 99

13.2 e 17.6 - 101
1333 140 17.7 96

13.4 142 18.1 118
14,1 142 18.2 116
14.2 140 18.3 116
14.3 140 18.4 120
14,4 140 18.5 118
14,5 142 19.1 101
14,6 137 19.2 96

15.1 145 19.3 96

15.2 140 19.4 103
15.3 140 19.5 99
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Inclusion No. Temp. oC Inclusion No. Temp, oC

19.6 99 23.1 116
19.7 101 23,2 116
19.8 101 23.3 120
19.9 111 23.4 118
19.10 103 23,4 120
20.1 120 23.5 125
20.2 ' 116 23.6 118
1 20.3 116 24,1 103
20,4 116 24,2 99
20.5 118 4.3 101
20.6 120 : 2.4 99
20.7 169 24,5 101
20.8 118 25.1 125
21.1 135 25,2 125
21.2 135 25.3 128
21,3 130 25,4 125
ol.4 132 25.5 130
21.5 132 25,6 123
21.6 135 25,7 128
21.7 135 25.8 128
21.8 130 25.9 125
21.9 132 25.10 128
22,1 135 26.1 128
22,2 132 26.2 125
22.3 142~ 26.3 125
22,4 137 26.4 130
22,5 137 26.5 128
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(V) )

Inclusion No. Temp, C Inclusion No. Temp., C
26.6 128 31,4 103
27.1 99 31.5 101
27.2 99 31.6 116
27.3 101 31.7 103
27.4 101 31.8 101
27.5 128 32,1 103
28.1 101 32,2 103
28.2 125 32.3 103
28.3 125 32.4 108
28.4 118 32.5 101
29,1 113 32.6 103
29,2 116 33.1 113
29.3 113 33.2 116
29,4 116 33.3 101
29.5 113 33.4 116
29.6 . 116 33.5 120
30.1 101 33.6 116
30.2 103 33.7 113
30.3 116 33.8 108
30. 4% 113
30.5 116
30.6 113
31.1 113
31.2 103

31.3 103
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Fig. 20, Fluid inclusions in fluorite, showing variation in size

and shape. Several inclusions appear to be in the process of

"necking down".

Transmitted light., X 300.

Fig. 2]. Fluid inclusions in fluorite,"showing large possible
- primary inclusions with small, even-sized pseudoseéonda.ry
inclusions on a different cleavage plane.

Transmitted light: X 500.
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1.12 POWDER _ PHOTOGRAPHY

Powder photographic techniques were used in the measurement
of the cell edges of sphalerite, and to confirm the identification
of some minerals,

Portions of banded sphalerite were removed from several
sections of the original specimen and crushed as coarsely as possible
with a mortar and pestle, The crushed material was then examined
under a binolcular microscope and separated into three groups - light,
mediﬂm and dark coloured. Each of these three groups from each =
specimen was then separately crushed to a fine powder, mounted on a
silica spindle with a binder of collodion, and loaded into a 11.46
cm. Debye-Scherrer camera. Several test runs were carried out on
the initial mounts in order to determine the optimum collimation and
exposure times necessary to produce maximum intensity with good line
resolution. The conditions subsequently selected are shown in table
12,

After developing and fixing, line spécings were measured to 0.05
mm, on an illuminated vernier scale and the relative intensities of
the lines estimated, defining the most dense line as having an
intensity of 100.

Cell edgeé of the spbalerite were calculated by computer, utili-
sing two successive programmes. Data presented to the computer for

calculation using the first programme (DPOW) included:
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(a) For each corresponding pair of lines a number 1, 2, or 3
depending on whether the lines were part of a doublet (e.g.
. K“'and K.‘z) in which case the numbers 1 and 2 were assigned to
K,‘.and K‘,“1 respectively. If one single reflection only occurred,
the number 3 was assigned to the line,
(b) The "left" and "right" measurements of the distances of
corresponding pairs of lines from an arbitary zero point,
determined by the vernier rule. Front reflection and back
reflection lines were paired separately.
(c¢) A figure representing the relative intensi ty of each pair of -
lines, determined as described previously.

The print - out from the computer included:
(a) The sum of each pair of "left" and "right" measurements, from
an inspecfion of which any errors in measurement could be
determinedf

(b) The computed 26 angle corresponding to each particular

. reflection,

(¢) The square of the sine of the angle.

(d) The crystal d - spacing in angstroms corresponding to the
20 angle calculated.

(e) A figure representing the sum of the squares of the hkl
intercepts for each reflection, from which pessible hkl
combinations can be deduced.

(£) A preliminary value for the length of the cell edge in

angstroms using each pair of lines in turn in the calculations.
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In order to determine an accurate value for the cell edge,

a second programme (NELRIL) was required. The 20 value and the
corresponding cell edge for each pair of lines reflecting above
80° (28) were presented to the computer as data. The function of
this latter programme was, by using a plot of the apparent values
of A against 1 (cos26 / sin 0 + cos?8 / 8), (the Nelson - Riley
Extrapolation Function), and extrapolating linearly to zero value
of this function, to obtain an accurate value for the true cell
edge A.

The values obtained by means of the above procedure are
shown in table 13,

It has been amply demonstrated that a precise determination
of. the cell edge of sphalerite provides a sensitive measure of
composition (Skinner, 1961). The cell edges of both Mn-
and Cd- bearing sphalerites change iinearly with composition,
Kullerud (1953) first suggested and demonstrated that the
effects of Fe, Mn, and Cd on the cell edge of sphalerite were
additive, |

Barton and Skinner (1967) have shown that the cell edges of most
natural sphalerites may be expressed by the function
a = 5.4093 + 0.000456U + 0.00424V + 0.00202W - 0.000700X +
0.002592Y - 0,003Z, where "a" is the cell edge in % and LIS
V, W, X, Y and Z are respectively the FeS, CdS, MnS, CoS,

ZnSe and Zn0 contents in mole percent. Fach of these
constitﬁents has been shown to have measureable effects on the

séhalerite lattice. It was intended, by means of the above
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procedure, to measure the cell edge of certain zones, determine
lthe Fe and Mn content of the crystal by electron microprobe
analysis, and to determine the possible general level of
concentration of additional impurities immeasurable by means of
£he electron microprobe, by substitution in the above formula.

It is seen that CoS and Zn0 have negative effects on the
cell edge. Neither of these phases is expected to be present,
"however, and thus only those having positive effects are
considered.

Although the cell size was found to increase with intensity
of colour of the sphalerite and thus with Fe content, the samples
selected obviously did not cover the whole range of
concentration as, even if other elements are not preéent, the
largest cell edge determined corresponds to only 6.3 mole % FeS,
below the maximum determined from electron microprobe analysis.
It is difficult then, particularly as small fluctuations in Fe
content have a large effect on the cell edge, and other elements
are expected to ‘be presentﬂin such small amounts, to relate
the results to conpentrations of these other elements. It is
also possible, but unlikely, that those elements producing
negative effects on the cell edge are present, -

It was also hoped by this method to detect and identify
wurtzite if present, as its jdentification by other means is

extremely difficult. Its presence, however, was not demonstrated.
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TABLE 12 .

OPERATING CONDITIONS FOR POWDER PHOTOGRAPHY

Camera? Debye-Scherrer

Diameter: 11.460 cm.

Radiation: CoK o

Filter: Fe

Film: Ilford 35 x 355 mm.

Collimator: Fine (Coarse for mineral identification)
Exposure Time: 6 hrs. (3 hrs." n L )
M.A.: 60

K.V,: 25
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TABLE 13

RESULTS OF CELL EDGE DETERMINATIONS

SAMPLE
Light
Med.
Med. - Dark

Dark

100

CELL EDGE (1)
5.4097 ¥ 0.0003
5.4110 ¥ 0.0005

5.4117 % 0.0007

5.4122 ¥ 0.0010



1.13 - STAINING TECHNIQUES

To elucidate the textural relationships among the various
carbonates in the total section, and to enable more precise
differentiation of the carbﬁnate minerals from quartz and the
remainder of the rock, staining techniques were employed.

The procedure followed was that outlined by Warne (1962).
The method involved!first treating the specimen with dilute HC1
to provide a rough surface which is then lightly washed with
water and allowed to dry. A dilute, slightly acidified
solution of Alizarin Red S is spread on the surface, permitted
to react for a period of 5 mins., and then lightly removed by
washing. As a result of this step calcite is plainly
differentiated from quartz by its red stain. Other effects are
that ankerite and stroﬁtianite are stained purple, and siderite
and dolomite remain unaffected. Further Wifferentiation and
identification was obtained by inverting each slab of sample
in a boiling mixture of 50/50 Alizarin Red S and 30% sodium
hydroxide solution for a period of 5 mins.. The result of this
step is that siderite is stained dark brown, ankerite deep
purple, strontianite and calcite are not affected, and high-Mg
calcite and dolomite are stained purple. Additional tests
were carried out but no other carbonates were identified.

The procedure followed and the results produced are shown
diagramatically in Fig.23.

Such tests were applied to only one side of the V - shaped
slab split from the borehole so as to allow for comparision of the

treated portion with the original material.
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A control on the tests described was afforded by removing
portions of material producing a particular colour, and
confirming the identification by x-ray diffraction techniques.
The tests were also applied to independent specimens of the pure
minerals considered likely to be present. It was found that
several shades of colours produced were different from those
described by Warne, but by applying the above control on the
technique, these were easily applied to the correct mineral
species,

Fresh solutions were made up each day as it was found that
the stain produced did depend to a large extent on the freshness
of the solution and the relative proportions of the various
components of the solutions. Slight variations in the colour
of the stain produced are also no doubt due to subtle
variations in the compositions of the individual carbonate species,
but due to the difficulty in controlling the other sources of
variation to a sufficient degree, these could not be used as
indicators of the detailed compositional variations in
particular carbonates.

It was found that in the host rock, as.expected, the carbonate
present is almost exclusively calcite as had been shown by
x-ray diffraction, The main forte of the method in this case lay

-in the determination of the textural relationships of the
calcite with the associated material, and the ease with vwhich it

could be differentiated from quartz.
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Those carbonates which were identified in the wallrock
are calcite, siderite, dolomite and ankerite. A tentative
identification of strontianite was not confirmed by x-ray
diffraction techniques.

Following the second stage of treatment of the samples
it was found that quartz and fluorite were sharply differentiated,
a white stain being produced on quartz and a bright pink stain
on fluorite. This latter effect was particularly useful in
distinguishing between very small disseminated quartz and
fluorite grains in the wallrock, in the vicinity of
mineralisation.

After staining, all samples were scrutinised under a
binocular microscope, the finer details being resolved more
clearly by covering the surface with a thin film of water.

In order to distinguish between calcite and dolomite in the
polished sections, the staining method recommended by Rodgers
(1940) was used. This involves immersion of the surface of the
specimen in a molar solution of Cu(N03)2 for a period of 6
hours at room temperature, following which it is placedl, without
washing, in ammonia solution for several seconds, washed and
dried. As a result of this treatment, the calcite is stained
a deep blue. Dolomite is attacked slightly, but does not
acquire a stain.

It was found that, as was suggested by the electron microprobe
analyses, the carbonate present is predominantly dolomite (and

ankerite) with rare grains of calcite.
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FIG. 23. STAINING SCHEME FOR CARBONATES.
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1.14 : COMPUTING

All computing was carried out on the NUMAC IBM / 360/77
machine using both Fortran and PL/1 languages.

The programmes employed, their functions, and the langnages
used, are summarised below. Additional details such as data
requirements and the form of the print - out appearing after
computation are supplied in the relevant sections. TRATIO (1):
Calculation of peak minus background / background ratios from raw
count data for XRF trace element determinations.

Language:_PL/l, Programmer: R.C.0. Gill, modified by J.L. Knight.
TRATIO (2): Calculation of absolute concentrations of trace
elements after in;ertion of the calibration factor calculated
from the results of TRATIO (1), substitution of interferénce
factors and contamination corrections. In this programme, the
limits of applicability of the results, defined by the plotted
calibration curve and the calculated detection limits may be
presented to the computer, and where these dlimits are exceeded,
the value is omitted from the print-out.

Language: PL/1. Programmer: RiC.0. Gill.

COMPARE: Comparison of two sets of results obtained from two
‘successive runs during the ahalysis of trace elements in order
to identify and correct for machine instabilities or spurious
pulses, and to determine the possible gravity of thé effect of
these on other determinations. Where one value differed from a
corresponding value by more than the tolerance limit (five times

the standard deviafion) these values were indicated in the print-out.
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If the tolerance limit was not exceeded, both values were
added. A new set of cards containing the corrected counts were
then punched.

Language: PL/1. Programmer: R.C.0. Gill,

TIMDATA: Correction of apparent elemental concentrations
determined on the electron probe for atomic number effects,
fluorescence and absorption factors to give true elemental
concentrations, If so desired, elemental concentrations can be
converted to oxides and their sum determined.

Language: Fortran. Programmer: A, Peckett (adapted from
Sweatman and Long, 1969). -

DPOW: Calculation of 20, N and A (as described in section 1.12)
from vernier measurements and intensity data taken from powder
photographs,

Language: PL/1. Programmer: A, Hall.

NELRIL: Application of the Nelson - Riley Extrapolation Function
in the calculation of an accurate value for the cell edge of
sphalerite from infermation returned from the previous programme.

Language PL/1. Programmer: A. Hall.

PKBG: Simple subtraction of background from peak counts from the
XRF analysis of manganese,

Language: PL/l. Programmers: p. Stevenson.

TAPE: Subtraction of background from peak counts on all major
elements from XRF analysis with the exception of Mn. The
results of PKBG are then combined with these to comprise part of

the data presented to the following programme.
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Language: PL/l. Programmer: G, Fitton.
XRFMOD: Computation of normalised total major element oxide
percentages from peak minus background count data obtained
from PKBG and TAPE, taking into account standard calibration
 data and all mass absorption effects, using the method recommended
by Holland and Bindie (1966).

Language: PL/l. Programmer: M. Reeves,
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1.15 | PHOTOGRAPHY

For photomicrographs of polished and thin sections a Zeiss
Ultraphot was used. When high magnification of small portions
was required, the instrument was set to automatic exposure, setting
6 (transmitted light) or 8 (reflected light), with various object-
ives (3.2, 16 and 25) and values of the optovar (1.25, 1.6 and
2,0) and using FP4, 35 mm. panchromatic film. For low magnifi-
cétions, possible only for thin sections, plate photography was
used. The exposure time required for each section was found by
trial and error.

Photogtaphs of cathode ray tube displays of electron micro-
probe scanning and raster imageé were taken with a polaroid
camera. Exposure times varied from several seconds for the
scanning images up to 8 mins. for the rasters.

Where applicable, individual details are in cluded in the

captiohs to the various photographs as they appear in the text.
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CHAPTER 2

DISCUSSION

2.1 SULPHIDES

2. 1 . 1 [ Spha.lerite.

Sphalerite is the most abundant sulphide mineral and has been
shown to be the earliest mineral in the paragenetic sequence, The
principal modes of occurrence are as disseminations in the wallrock
grading into massive colloform sphalerite, as discussed by Barton
et al (1963) and Roedder (1968).

1Spha1erite distribution throughout the section is irregular
and depends predominantly on the location and size of pre-existing
fractures and cavities which the depositing fluids have invaded.

Iﬁ the host rock, sphalerite is present only in small amounts
within narrow (0.5 mm. ), fracture-filling, calcite veinlets. In
the wallrock it has penetrated the walls of all accessible cavities
and lines of weakness provided by stylolitic seams. Colloform
sphalerite is deposited on the walls of most open-spaces and around
breccia fragments, Where this is not apparently so, banded
remnant fragments suggest that the bulk of the sphalerite has been
replaced by later fluorite or quartz, The cavities are of variable
shape, size and distribution.

Zinc sulphide has been shown to exist in three polymorphic
forms:~ o ZnS,@ ZnS, and ¥ZnS (Buck and Strock, 1955).  Isometric
B Ins (sphalerite) occurs in the present case,

The FeS content of the sphalerite ranges from 1.63% to 18.63%.
A strong correlation could be discerned between the colour banding

and Fe content and between cell size and colour of the sphalerite.
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Although it has been shown that cell size can be affected to a
certain degree by Mn substitution, the level of concentration of
this element is insignificant in comparison with that of Fe, and
thus its_effect is considered to be negligible, Interpretations
which can be made from these facts concern fluctuations in certain
environmental parameters, e.g. sulphur fugacity (Barton and Toulﬁin,
1966), during deposition, and the possible determination of
temperatures of deposition of the sphalerite, The difficulties in
actually quantifying the former are outlined by the above authors.

The latter possibility is considered in more detail in section 2.5.
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2,1,2, Galena.

Galena ranks second in abundance among the sulphides and
occurs in the mineralised section in two distinct generations.
The first is closely associated with the sphalerite and its distri-
bution is controlled, like the sphalerite by the location of
solution channelways. It does not penetrate the wallrock for
distances of more than 1 ecm.. The later generation is visible
in the hand specimen at a depth of 691'6" where the galena lines
fractures in open-space filling fluorite and quaftz. At depths
up to 700! it is deposited in most cavity-filling situations and is
localised around the walls of the cavities. It is present in
relatively large amounts in a narrow (2 cm. width) veinlet pene-
trating argillaceous material above the silicified zone at a depth
of 686!'10", This vein contains no sphalerite and was apparently
opened at an advanced stage in the mineralising ﬁrocess.

Marshall and Joensuu (1961) note the effect of temperature
on the control of crystal habits of galena., At higher tempera-
tures cubes are replaced by higher-order polygons of combinations
of more than one habit, They conclude that the cubic habit of
galena is favoured by low temperatufe, implying reversible crystal
growth and a low rate of nucleation. A low rate of nucleation is
consistent with the fact that cubic crystals tend to be large while
octahedral crystals are generally smaller. In the present situation
all galena crystals are of cubic habit, further supporting the conclusion
that the mineralisation in general was deposited at relatively low

temperatures,
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2.1.3, Chalcopyrite

Chalcopyrite is visible in the hand specimen only at a depth
~ of 691'6" where it projects into a cavity from a quartz base (see
section 1.1.) Other occurences are as microscopic exsolution
bodies within sphalerite and as isolated grains closely associated
with the sphalerite, It is not certain whether the chalcopyrite
disseminated in the wallrock gangue minerals is of primary deposi-
tional origin or whether the disseminations are residﬁals from the
replacement of sphalerite., The former interpretation appears more
likely as ihe "pisolitic" sphalerite does not appear to have been

replaced to any large extent,

112



2.1,4, Pyrite

Pyrite occurs in two modes - as original diagenetic material
and as epigenetic hydrothermal pyrite. The former is present most
obviously in the host rock in which it is irregularly distributed
in large (up to 3 cm, in length) elongate masses and smaller
euhedral grains. The masses are usually closely related to, and
often completely pseudomorph, fossil relics. In cases where this
is not apparently so, the longest dimension of the aggregate always
parallels the bedding. No fracture-filling relationships were
noted. It is likely, therefore, that the host rock pyrite is of
diagenetic origin, the distribution and form of which has been modi-
fied by heat effects from the intruding Whin Sill, This inter-
pretation does not conform with that of Dunham et al (1965) who
imply that the pyrite is hydrothermal in origin. Some of the
wallrock pyrite is probably remnant diagenetic material.

The hydrothermal pyrite is limited in distribution to the wall-
rock and is intimately related to the other sulphides, particularly
sphalerite, with which it appears to be contemporaneous, It is
distinguished from original pyrite by its fine grain size and its
close relationship to the pattern of distribution of the sphalerite.
Both the original and introduced pyrite are only present in signifi-

cant amounts to a depth of approximately 692'6".
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2.2, NON-SULPHIDE MINERALS

2.2,1. Carbonates

From an examination of thin sections, coupled with the results
of XRD investigations and staining tests, the\unaltered limestone
was found to consist almost entirely of calcite with a little
organic matter, quartz and feldspar, There are, however, more
argillaceous bands, the nature and extent of which are discussed in
section 2.4, in which calcite is accompanied by significant amoupts
'of.quartz and clay minerals in varying proportions.

The first occurrence of minerélisation is at a depth of
686'10" where a 2 cm, width vein occurs. The argillaceous lime-
stone above and below this contact is not obviously altered but
analytical results suggest that dolomite is present in small amounts,
The lack of core from 687'3" to 688!'3", at which latter depth all
the limestone is silicified, precludes the possibility of investi-
gating the nature of the transition zone between the altered and
unaltered wallrock.

In the mineralised zone the original limestone host rock is
completely replaced by SiO2 and other epigenetic minerals, as shown
by thin section, XRF, and staining procedures. 602 has been
detected in most analyses, but this is attributed to the occurrence
of epigenetic carbonates.,

The replaced limestone is in general lighter in colour than
the host rock. Fossil relics are clearly visible throughout as
these are pseudomorphed by S102.

Other carbonates identified are found only in the altered wall-
rock within the mineralised zone, with the exception of ankeri£e

which also occurs as vein-filling material.
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The most abundant carbonate in the wallrock is ankerite, the
bulk of which appears to be a.late-stage product of the hydro-
thermal processes, occurring mainly as a cavity lining or as
single crystals projecting into cavities, From 691' to 691'3"
the ankerite occurs as irregular stringers in the wallrock, It
also occurs in an earlier generation as small disseminations
together with dolomite, as noted in section 1,1.

Siderite was detected in the wallrock by staining techniques
at depths of 688!'9" and 690'., In both cases the siderite is
disseminated in localised portions of the wallrock, access for the
depositing solutions being provided by carbon-rich bands.

Dolomite was identified by means of the electron probe in
most of the sections examined and during XRD investigations. It
" could not be discerned in the hand specimen and thus its mode of

distribution throughout the section could not be determined.
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2,2,2, Fluorite

Fluorite is the most abundant mineral in the section and
occurs in two generations, the first being identified as
replacement blebs in the wallrock generally not penetrating for
distances of more than 1 cm. from cavity walls. This form could
be examined in all polished sections and its broader distribution
determined as a result of staining techniques. The second
generation is predominantly of cavity-filling type but alse
replaces earlier sphalerite to a certain extent.

The fluorite in this case is always of cubic habit and green
in colour, a combination in disagreement with the results of
Twenhofel (1947), who, in a study on the crystallisation tempera-
tures of successive zones of a single fluorite crystal, found a
correlation between crystal habit and colour, crystal habit
changing from octahedral (green colour) to cubic (violet) with
decreasing temperature. This author also suggested that the habit
of fluorite crystal growth may be related to temperature of
crystallisation, the cubic habiﬁ developing at approximately 170°C.
Different conditions of deposition have also been postulated for
the different colours and habits of fluorite by Drugman (1932)s who
lalso suggeste. that the different habits may be due to different
temperatures of deposition in the decreasing order: octabedrons,

dohecahedrons and the cube, with various transitions between
these habits. The fact that fluorite is.cubic throughout the section

/thus supports the results of fluid inclusion studies which suggest that

the mineral was deposited at relatively low temperatures.
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2.2.3. .Qu.artz

Quartz was identified in XBRD traces of material from both the
wallrock and the host rock, the former being hydrothermal in
origin and the latter sedimentary. 1In the host rock the propor-
tions of quartz fluctuate down the borehole (section 2.4)., The
wallrock, however, consists predominantly of introduced crypto-
crystalline quartz which has replaced all original constituents of
the limestone but feldspar and carbon. Remnant fossils are
pseudomorphed by the quartz.

Quartz also occurs in an open-space filling mode in the
generation deposited after the second generation of fluorite.

This fluorite/quartz association occurs in all mineralised portions
of the section. Cavities are not completely filled and euhedral

hexagonal quartz crystals project into these.
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2,2,4, Feldspar

Orthoclase feldspar occurs in all thin sections and polished
sections cut from both wallrock and host rock material, identifi-
cation being confirmed by XRD and electron probe techniques.

It was deduced that the feldspar is authigenic in origin
from the facts that it occurs throughout the otherwise-unal tered
-limestone host rock, the distribution in the wallrock samples is
similar to that in the host rock, and textural relationships
indicate that the mineral was present prior to the deposition of
all other minerals in the assemblage., Also feldspar is known to
occur in similar rocks in the general area but remote from the
influence of hydrothermal activity.

As noted by Goldsmith (1967), authigenic feldspars are
relatively common and tend to be rather pure K or Na end-members,
Electron probe results are in agreement with this observation
as all the feldspars in the section were found to-be highly

deficient in Na,

118



2.,2.5, Graphite

Organic material occurs tﬁroughout the host rock and wallrock
in approximately constant proportions, In the host rock the
material is irregularly distributed and normally occurs in bands
roughly paralleling the bedding as revealed in thin sections.

- Stylolitic seams have developed in several locations. In the
silicified wallrock the organic material appears not to have been
removed to any extent during the hydrothermal activity but has
been mechanically forced to the boundaries of the calcite -
replacing quartz grains to form a regular network. This again
does not conform with the interpretation of Dunbam et al (1965) who
suggest that the limestone had previoﬁsly been recrystallised by
the thermal effect of the Whin Sill causing elimination of the
carbon to the calcite grain boundaries with subsequent silicifica-
tion preserving the shape of these grains.

Graphite flakes were identified in polished sections cut from
both the altered wallrock and unaltered host rock. In the former
c#se ihese are often enclosed within sphalerite, the earliest
mineral in the paragenetic sequence.

From the above considerations it is suggested that the graphite
is produced by recrystallisation of organic material by the thermal

effect of the Whin Sill, prior to the onset of hydrothermal activity.
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2.3.

TRACE ELEMENT DISTRIBUTION

Having prepared pellets for major element XRF analyses,

these were used also for the determination of certain trace

elements. The choice of the actual elements determined was in

‘general governed by the current availability of the machine,

Thus it was only possible to determine the following 9 elements,

which can be divided into four groups:

(a)
(v)
(c)

(d)

Cu, Ni, Zn - elements related to the heavy metal content
of the mineralisation.
Y - a common rare earth trace constituent of fluorite in

these veins,

Ba, Sr, Rb - large cations, common trace constituents of
carbonate minerals.,

Zr, Nb - trace elements available in the XRF programme,
but with no obvious expected distribution.

The results of the analyses are plotted in figs. 24 to 26,

, Group (a).ZE - In fig..24 only the analyses from the host rock

are shown as the wallrock contains Zn in the form of
sphalerite in amounts in excess of the range covered by

the standards.

The distribution is seen to be irregular, but broadly there

is a decrease in concentration of a direction away from the vein,

It is difficult to attach any significance to the higher peaks,

as in several hand specimens, narrow, sphalerite - containing

veinlets were noted. Although an attempt was made to exclude

these from the sample it is possible that contamination may have

taken place.
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Turekian and Wedephol (1961) cite the average geochemical
abundance of Zn in shales and carbonates as 95 ppm and 20 ppm
respectively. The concentrations in most cases are in excess of

these,

Cu, Ni - These elements are present in low concentrations and are

relatively uniformly distributed except for a slight increase in

the argillaceous bands for both elements, and an increase in
several wallrock samples for Cu, The low level of concentration
of Ni in the wallrock supports the contention that the wallrock
material was originally carbonate rich.

The average geochemical abundance of Cu in shales and carbon-
ates is given as 45 ppm and 4 ppm, and of Ni in shales and carbon-
ates - 68 ppm and 20 ppm respectively.

() Y - concentrations of Y higher than the general level are
seen to be present in the argillaceous bands, with no other
apparent pattern. It is unlikely, therefore, that the Y
distribution is related to the mineralising processés except
in sample X46 in which Y is coﬁcentrated far above the
general level. Average.geochemical abundance in shales and
¢arbonates 26 ppm and 30 ppm respectively.

(¢) Sr - this element shows high concentrations in carbonate -
rich areas and decreases markedly in the argillaceous bands
in the host rock. It may therefore be deduced that the Sr
distribution is the result of original sedimentary deposi-

tional conditions and is incorporated in the structure of the

carbonate minerals.
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Average geochemical abundance of Sr in shales and carbonates -

300 ppm and 610 ppm respectively.

Ba, Bb - Both elements vary sympathetically with each other and
antipathetically with Sr. Concentrations in the walirock are low,
The possible relationship of this pattern to the mineralisation
cannot be deduced. Average geochemical abundance in shales and
carbonates - Ba, 580 ppm and 10 ppm, and Rb, 140 ppm and 3 ppm
respectively.

(@) Zr_, Nb - Concentrations are highest in the argillaceous bands and
both elements are depleted in the wallrock. The distribution of these
elements is considered to be unrelated to the mineralising processes.

Average geochemical abundance of Zr in shales and carbonates 160 ppm

and 19 ppm respectively.
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2.4 MAJOR ELEMENT DISTRIBUTION

From x-ray diffraction studies it has been shown that the
major mineralogy of the apparently relatively fresh host rock
remains practically constant in kind, but variable in proportions
in each of the 3-inch sections examined. Evidence points to lack
of alteration by hydrothermal activity in this region, and thus,
barring the presence of minor phases undetactable by x-ray diffrac-
tion and later obliteration of altered phases, the mineralogical
distribution determined by x-ray diffraction is assumed to represent
the pre-mineralisation nature of the limestone.

Si0,, . The Si0, is present throughout the section but is particularly

] 2
abundant in three sections in the host rock, from samples X3 to X14,

X16 to X21 and in sample X33. In the wallrock 8102 is extremely
high, having replaced most other components.

The 8102 distribution shows a distinct positive correlation

A . + . . .
with A1203’ Nazil,Ké0¢ T102 and H20 , a slight negative correlation

with Fe203, Mg0, and S, and a strong negative correlation with Cal

and CO No correlation is apparent between 8102 and MnoO, P205, C

o°
or H20-.
X-ray diffraction results suggest that a large amount of the
8102 is present in the form of quartz, but a certain percentage
also is contained in clay minerals and orthoclase feldspar. This

is demonstrated by the high degree of correlation with the silicate

mineral component oxides.

A1203

- It is apparent from XRD results and from the degree of corre-
lation with other relevant oxides that the A1203,is present predomi-

nantly in the clay minerals and orthoclase feldspar.
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In the host rock, A1203 varies in sympathy with SiO2 and
reflects the relative proportions of silicates in a particular
sample.

Concentrations in the wallrock are low and are predominantly

due to the presence of orthoclase feldspar.

K20

K20 also shows the same correlation relatipnships to the
other components as does silica.

This oxide is contained in the silicates - predominantly
orthoclase, but also no doubt is present in montmorillonite and
illite to some degree.

As K20 concentrations are at a consistent low level in the
carbonate - rich portions of the host rock and in the wallrock,
and as orthoclase feldspar has not been affected during the minerali-
sing period, it may be inferred that the wallrock consisted initially
of similar carbonate-rich material.

Na20

In the host rock, Na20 increases in the argillaceous bands
above the low level of the carbonates, reflecting its presence in
the clay minerals, It occurs also in small amounts in the feldspar.

The relatively high concentrations indicated in the wallrock
are largely unexplained but may be due in part to the brine content

of fluid inclusions which have been noted in the wallrock quartz.

Fe203

The Fe is partitioned among the carbonates, sulphides and
silicafes. The actual proportions to be assigned to each of these

phases vary down the section, as a result of fluctuations in the
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proportions of dolomite, siderite, ankerite, pyrite, sphalerite and
certain silicates.

The level of total Fe concentration fluctuates markedly

203
down the section with no apparent pattern in the distribution.
Mg0

The Mg0 reflects only variations in composition and proportions
of the carbonates and clay minerals. In the host rock carbonates,
Mg0 may occur in small amounts of dolomite, but it has been noted by
Runnels (1970) that the calcite secreted by organisms contains an
appreciable percentage of magnesium in isomorphous substitution for
calcium, and an appreciable amount is probably present in this form.

In the wallrock, Mg0O concentration is lower, maintaining the
éame positive correlation with Fe203. In this situation dolomite
and ankerite are the likely host minerals.
MnO

The Mn0 concentration in the host rock is too low to enab}e
any significance to be attached to the results or to detect any
possible fluctuations.

In the wallrock, however, MnO is present in concentrations
up to 1.5%, the fluctuations correlating positively with the Fe2 3.
and MnO variations. As was suggested by the results of the —
elec/tron microprobe this probably reflects variations in the carbon-

ate |[content of the sample. There is a slight degree of correlation

between the Mn0 and the Ca0 and 002 variations in the wallrock,

supporting this interpretation.
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Cal

The direct positive correlation of Ca0 with 002, the results
of the x-ray diffraction analysis, and the staining tests, show
that the Ca0 occurs predominantly as a component of calcite,
although it may be present in small amounts in clays.

In the wallrock, the Ca0 concentration is comparatively low.
Here it is mainly contained in carbonates - ankerite and dolomite.
The positive correlation with 002 variation is not as strong as in
the host rock, reflecting the variation in major element composition
of the carbonates.,
Ti0, .

TiO2 increases markedly in the argillaceous portions of the
wallrock, and remains at a general low level in the carbonate-rich
. areas and in the wallrock.

(e
P205_.
In the host rock P205 shows a slight general increase in the

lower argillaceous horizon.

The wallrock is markedly deficient in this component.

S concentration in the wallrock is due to the inclusioni of
galena and sphalerite in the samples, in addition to pyrite, and

is not shown in the graph.

In two samples in the host rock, the calculated S concentra-
tions are extremely high. As the true concentration is outside

the range of the standards, at best it can only be stated that S is

high in these two samples.
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C distribution is highly irregular, the general level of
concentration remaining fairly consistent in both the wallrock and
the host rock.

Ly

In the host rock, CO2 correlates positively with Ca0.

In the wallrock, however, the 002 correlates with Fe203,

Mg0 and Mn0 demonstrating the abrupt change in composition of the

carbonates in this region, and providing further support for the

suggestion of the hydrothermal origin of these carbonates.
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2.5 . GEQTHERMOMETRY

To date no compietely reliable geothermometers have been
established but several of those with the greatest potential were
considered in the determination of depositional temperatures at
various stages., These are:

(a) Trace element fractionation between coexisting
sulphides.

(b) The cell edge of sphalerite.

(c)_The iron content of sphalerite.

(d) Fluid inclusion homogenisation temperatures. .
(a) The study of trace element fractionation between coexisting
phases in equilibrium as a potential geothermometer has been
suggested by various workers. Attempts made by these workers to
apply the geothermometer have, however, not been successful,
perhaps due to the difficulties inherent in actually proving the
equilibrium relationships existing between the minerals in question.
To date most attention has been directed towards determining the
fractionation of Se between galena, chalcopyrite, and sphalerite,
énd Cd and Mn between galena and sphalerite.

In the present study, although equilibrium between the various
. coexisting phases could not be proven, an attempt was made to
apply the geothermometer as far as présent states of knowledge
would permit. As has been discussed, however, in section 1.8 it
was found.that within the limits of the analytical methods used it
was not possible to detect the small concentrations of elements
other than Mn, this element being detected only in sPyalerite, in

small amounts, and with limited accuracy.
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(b) The results of the determination of the cell edge of sphalerite
by powder photographic techniques are presented in table 13.
Curves connecting the iength of the cell edge of sphalerite with
iron content have been determined, as have the corresponding plots
of cell edge versus temberature of deposition. For the reason
that the cell edge is affected by indeterminate amounts by substitu-
tion of elements other than Fe, and for reasons outlined in (c),
this method could not be applied.
(c) The potential of the iron content of sphalerite as a geothermo-
meter has been discussed by many workers, notably Kullerud (1953),
Barton and Kullerud (1957), Einaudi (1968), Skinner (1959), Toulmin
(1960),. Arnold etnal (1962), Fryklund and Fletcher (1956) and Rose
(1961). .waever, Boorman (1967) found, by extending the sphalerite
‘'solvus to the pyrrhotite hexagonal/monoclinic inversion temperature,
that there is a FeS composition maximum at 55000 with a constant
drop to at least 303°Q;, (fig. 3% ) differing from the postﬁlated
extrapolation of Barton and Toulmin (1967). Boorman deduced that
the sphalerite geothermometer is not ¥alid below 55000. This
opinion is corroborated by the results obtained on the electron
probe. Even the minimum temperatures determined from the postu-
lated curves of Sims and Barton (1961) are in many instances far
in excess of those expected from all other lines of geological
reasoning. = It is concluded that the iron content of sphalerite
is invalid as a geothermometer as applied to the present case. The
resulté suggest also that the experimentally determined curve of

.Boorman may continue vertically to even lower temperatures,
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(d) This method could in theory be employed to determine the
depositional temperatures of sphalerite, cafbonates, quartz and
fluorite. It was,'however, found to be suitable only for
application to the fluorite. The actual procedure and the

results obtained have been &iscussed in section 1,11, The results
indicated that the second generation of fluorite was deposited at a

maximum temperature of approx. 150°C., with evidence of the trapping

of later cooler solutions.
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2.6, ATTITUDE OF MINERALISATION

It is difficult to determine from the available information
the actual attitude and form of the main body of the minéralisation
intersected by the borehole., Several possibilities exist:

1) the borehole intersects a singlé dipping vein within which
are included a variety of sizes of breccia fragments.
2) A horizontal, flat-like body is intersected, including

a number of breccia fragments.

3) The form is of two or more dipping veins with minor offshoots
and some small breccia fragments.
4) FEach of the ufmberalised portions are minor projections from

a main vein system which is not intersected by the borehole.
Evidence presented previously for the lack of an alteration or
trace element aureolé around the mineralisation is possibly
due to the presence of a highly argillaceous band which occurs
at the top of the mineralised zone, since all lower limestone
sections show penetration of mineralisafion.

Mineralisation may be emplaced either by cavity filling in,
or replacement guided by, pre-existing fractures, but a suggestion
by Phillips (1972) of a mechanism of hydraulic fracturing as a means
of extension of vein conduits and as a cause of brecciation may
apply to the present case. By this mechanism faults are extended
by hydraulic fracturing on the accurulation of a body of hydro-
thermal fluid on the fault zone under pressures greater thant
the p&re water pressure. The abrupt drop in pressure of the
solution when fracturing occurs causes the bursting apart of

the rock, thus producing an angular breccia.
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2.7, PHYSICAL CHEMISTRY

Several aspects of the physiochemical nature of the
hydrothermal fluid at various stages may be deduced from a
consideration of the minerals deposited from the fluid.

Studies which are relevant to the present situation with
regard to sphalerite have been carried out by Laudise et al
(1965), Barton and Skinmer (1967), Stevenson and Jeffery (1964),
Roedder (1968), Barton and Toulmin (1966), Mookherjee (1962),
Dicksoﬁ et al (1962), and particularly Barnes and Kullerud
(1961) who, from a series of experiments and thermodynamic
calculations, make several deductions concerning the nature
of the ore depositing fluid, and in particular that of a
solution depositing sphalerite. From constructed phase
diagrams it is deduced that the lack of native sulphur in
hydrothermal deposits suggests a peutral to alkaline ore
solution. Fig. 35 shows the common range of acidity and
oxidation state of ;phalerite-depositing ore solutions at
250°C and (£S) = 0.lm. -In this case, the association of
sphalerite with pyrite fixes Ps2above the pyrite/pyrrhotite
curve. An upper limit has been fixed by the deduction that
in most ore depdsits the Ps2 does not exceed that permitting
the stable coexistence of covellite and digenite., The shaded
area gives a region within which the PS2 commonly lies.,
Additional boundaries are imposed by the fact that no barite
is deposited. Changes in the assumed value of €S affect
the position and shape of the shaded area. It i; concluded
that sphalerite is transported in reduced, neutral to alkaline

ore solutions where HS  is probably the predominant sulphur-

containing ion. It has been shown by Barnes (1965) that limestone
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should be replaced by sphalerite at decreasing temperatures from
a consideration of the equilibrium conditions existing between
calcium carbonate and the zinc complex Zn(HS)g, a probable means
of transport of Zn in hydrothermal solutions.

Pyrité has a wide stability field with respect to most geo-
chemical variables and thus significant limits cannot be placed
on a pyrite-depositing solption. As its deposition appears to
be associated with that of sphalerite, any limits imposed for this
mineral may also be applied to pyrite. The stability relations
of pyrite with respect to other iron compounds are outlined by
Garrels and Christ (1965). Other suggestions with bearing on the
development of pyrite or marcasite have been put forward by Barton
and Toulmin (op. cit), Goldsmith (1967), Krauskopf (1967), Meyer
and Hemley (1967), and Allen et al (19127).

Very little work has been carried out on the nature of a
chalcopyrite-depositing solution but significant limits probably
could not be imposed as the mineral occurs in a wide variety of
situations.

The nature of a galena-depositing solution has been discussed
by many workers but satisfactory agreement has not as yet been
attained.

Broad limits on the activities of various components of the
solution may be placed using the méthod of Barton (1957).

Considering a case in which both fluorite and calcite are
deposited simultaneously and in equilibrium with a hydrothermal
fluid, the ¥atio of the activities of the relevant anions in

solution may be determined from the following relations
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2+ - 2 -9.77

CaF2 = Ca + 2F KtaF2 = aCa2+ « a = 10
2+ - . =8.33
Ca003:= Ca + CO3 KfaCOB' aca2+ . aCOB- = 10

(activity product constants, K , from Latimer, 1952).

‘Therefore, a2F- = 10-9'77
a,,- 10-8'33

CO3 _
10-1.44.

From this relation it may be deduced that when calcite and
fluorite are deposited in equilibrium, the ratio:. of the activity

'1"*4. At

of the fluoride ions to carbonate ion activity is 10
ratios in excess of this, fluorite is deposited, and below this,
calcite.

The calculations are based on thermodynamic vaiues in aqueous
systems at 2500 and 1 atm.. It has been shown that the effect
of pressure on ionic equilibria is negligible, but the values must
. be extrapolated to temperatures in the vicinity of 150°C in the
present case to become tenable. ' The variation of the relevant
anionic ratios with temperature according to the van't Hoff
equation, d In T/d T = AH /RT2 (where K is the activity product
constant, A H is the change in hgat content, R is the gas constant
and T the absolute temperature) is not great but because the
temperature of deposition of each of the minerals is not accurately
known, only the values for 25o and 1 atmosphere are given.

Restrictions may be placed on the fugacity of H2S during

sulphide deposition using the relationship:

143



P.H,S = 10-6+0 (as / a2 0H” ).

The a S / a CO

3
thermodynamic partial pressures (fugacities) of H2S and CO2, and

ratio has been converted to a ratio of the

the relationship determined as

10°°8

aS /a CO3

P%S/Pm2=

These relationships are invoked to produce the values given
in table 14 as a summary of the broad limits to be imposed at
particular stages. |

As quartz is deposited in a wide variety of situations, little
can be deduced concerning the chemistry of the depositing medium.
The behaviour of quartz in the hydrothermal environment has been
discussed by Kennedy (1950) and Holland (1967).

The deposition of fluorite depends on a variety of physical
and chemical aspects of the transportiﬁg medium as has been discussed
by Holland (op. cit.) and thus only the anionic ratios discussed
provide meaningful limits. The significance of the colour of
fluorite has been considered by Dunham (1952) and Goldberg (1963),
among other workers.

Other contributions concerning the deposition of the non-
sulphide minerals have béen made by Barton et al (1963), Barton
and Skinner (1967), Goldsmith et al (1962), Goldsmith (op. cit.),
Rosenberg and Holland (1964), Ellis (1963), Holland et al (1964%),

Ames (1961), and Garrels and Dreyer (1952).

Apparent lack of alteration of the host rock away from the
silicified portions precludes any possibility of delimiting the
geochemical environment by a consideration of alteration patterns

produced at certain stages as attempted by Meyer and Hemley (1967)

and Ellis and Mahon (1967).
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SUMMARY
The salient points brought out during the preceding study are

summarised in the following:

1. The paragenetic sequence of deposition of the Liydrothermal
mineralisation is: éphalerite/byrite, galena, fluorite/barbonate,

' -~ galena,
quartz, fluorite, quartz”/pyrite/harcasite, chalcopyrite, sphalerite/

quartz, carbonate.

2, Hydrothermal influence extends into the wallrock for relatively
minor distances, probably not more than 50 cms., during the silifi-

cation of relatively pure calcite limestone.

3. Argillaceous bands in the limestone provide effective barriers

to the penetration of hydrothermal fluids.

4, BEBpigenetic sulphide mineralisation penetrates the wallrock for

'relatively insignificant distances - in most cases not more than

1 cm.

5. Fluorite mineralisation penetrates the wallrock for distances
up to 1 cm, in disseminated form but in general is deposited in
open cavities without actual replacement of the wallrock, This
observation may have bearing on the interpretation of the many

reported "replacement flats" in the Northern Pennine Orefield.

6. The mineralisation was probably deposited at fairly low temp-

eratures - in the vicinity of 150°C.

7. The study confirms the'non-validity of the iron content of

sphalerite as a geothermometer, at least at low temperatures.
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8. Very little information may be obtained from a study of the

trace element distribution in the host rock.

9., Disseminated sphalerite in the wallrock occurs in the form of
1 mm, diameter, concentrically colour-banded spheroids. The
colour-banding is caused by fluctuations in the iron content of

individual bands.

10, Individual carbonate masses investigated by means of the
electron probe vary widely in composition on a micron scale,

although the grains appear optically homogeneous.
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