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CHAPTER 5

ILLITE CRYSTALLINITY
5.1. Introduction

Illite is a non-specific term referring to the clay-size
micaceous component of argillaceous sediment and differs from
muscovite in containing more Si, Mg and OH and less interlayer K
(Brindley and Brown, 1980). The general formula for illite is K7,

(Sis-y Aly) (OH)~, (where y < 2 and is usually between 1 - 1.5),

compared to the formula for muscovite which is KA12 (Si-jAl) 01Q (OH)2
(Deer et al.,1962). As sedimentary clays are progressively buried
they undergo structural and chemical changes that ultimately lead to
the development of a structurally well ordered, K-rich, white mica.
These changes, along with an accompanying increase in the crystallite
size through recrystallisation, are collectively termed "illite
crystallinity” and can be quantified by measurement of the illite/
muscovite (001) diffraction peak which has been shown to become
progressively narrower and more intense as illite crystallinity
increases (Weaver, 1960; Kubler, 1968; Dunoyer de Segonzac,1970; Kisch,

1980).

The study of the crystallinity of illite has developed in response
to specific geological problems. For example, in the context of meta-
morphic petrology it allows a semi-quantitative examination of the
lowest grades of metamorphism in rock types not usually suitable for
conventional petrographic examination. Rocks most suited to this type
of analysis are those rich in phyllosilicate minerals, for example,
mudstones, shales, slates and schists which have undergone processes
ranging from diagenetic change to low greenschist facies metamorphism.

Often these rocks are very fine grained and the mineralogical reactions



in the transition from a diagenetic shale to a metamorphic schist
involve transformation of the original clay minerals into white mica
and chlorite with accompanying changes in mineral structure and a
progressive increase in crystal size. None of these processes are

particularly amenable to conventional petrographic examination.

The study of illite crystallinity by means of X-ray diffraction
(XRD) particularly examines changes in the morphology of the first
order basal reflection (001) of illite/muscovite. By quantifying the
progressive change in peak morphology an estimate of the degree of
ordering and chemical reconstitution can be obtained which is, in
effect, a measurement of the amount of diagenetic change or grade of
metamorphism. A survey of the literature quickly reveals the enormous
influence of people such as Weaver (1960 ); Kubler ( 1968 .), Weber
(1972) and more recently Kisch ( 1980 ) on the development and sub-

sequent utilisation of techniques for the study of illite crystallinity.

The aims of the illite crystallinity work undertaken in northern
Snowdonia were: i) to examine the regional and local illite crystallinity
to see how it varies both on the large and small scale (between groups of
samples from different geographical areas and between individual samples
from the same small area) and attempt an explanation of any systematic
variation, 1ii) to attempt a correlation between the variation in illite
crystallinity and the secondary mineralogy of basic igneous rocks, fluid
inclusion homogenisation temperatures and bQ values obtained from white
micas, and iii) to use the illite crystallinity results in conjunction
with the other metamorphic indicators to formulate a model that accounts

for the variation in metamorphism observed in northern Snowdonia.

5.2. The reaction of phyllosilicate minerals to progressive burial -

a summary.

The basic premise inherent in illite crystallinity analysis is
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that the morphology of the 10$ peak (the(00l) reflection of illite/
white mica) progressively changes throughout the course of diagenesis
and low-grade metamorphism. Dunoyer de Segonzac (1970) outlined the
chemical, mineralogical and structural responses of an original
sedimentary montmorillonite-rich clay mineralogy to increases in
pressure and temperature in the presence of alkali-rich solutions
during progressive burial. The response of clay minerals to diagenesis
are summarised in Figure 5.1. which is taken from Dunoyer de Segonzac

( 1970 ). During early anchizone metamorphism (Weaver, 960 )

the illites become further ordered with the transformation of all the
early IMd illite into the 2M structural state (Maxwell and Hower, 1967).
The crystallinity of illite increases progressively throughout the
anchizone (Weaver, 1960; Kubler, 1968) initially as a reaction to
the loss of mixed layers within the illite as K+ ions are taken into
the structure and later as a result of interlayer dehydration (Dunoyer
de Segonzac, 1970 ). Above a concentration of 0.75 K+ ions per half
unit cell all mixed layers are lost and further contraction of the
width of the 103 peak is achieved by the loss of interlayer lenses of

water and further K fixation as depth of burial increases.

The trends observed in the anchizone continue into the epizone
with a continued reduction in width and increase in intensity of the
illite/muscovite (001) peak. In the epizone illites are progressively
converted into white mica with a continued increase in K+ concentration
per unit cell. The white mica produced usually contains a significant
amount of Fe-Mg substituting for Al and often contain significant
interlayer Na thus the white micas produced in the low epizone are
phengitic (Fe-Mg) or paragonitic (Na) as distinct from the true

muscovites produced at higher grades (Knipe, 1981).

Examples of reactions transforming illite into muscovite,phengite

and paragonite during cleavage formation in slates from Rhosneigr



WEATHERING

(2:1 clay minerals, deeply degraded and hydrated)

1

Montmorillonites

Irregular mixed layers

M-C /
Regular mixed
layers
Absorption of )
Allsverdite
K+and Na2+ ions
More simple
and
ordered
Chlorite /  Dehydration and rearrangement of clays lattice 1 lIHte minerals

Oiagenesis in K rich Increase in crystallinit
Anchlzone 9 rystaflinity
due to re-structuring

environment environment
and dehydration

Oiagenesis in Mg rich



that the morphology of the 10$ peak (the(0Ol) reflection of illite/
white mica) progressively changes throughout the course of diagenesis
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FIGURE 5.1. The response of clay minerals to diagenesis,
from Dunoyer de Segonzac (1970).
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(Anglesey) include:

i) K+ illite > muscovite + Si

{K0.5> (A11.87Fe0.08Mg0.05> (Si3.25A10.75} °10 (OH)2 + °"5K + °-25AL
- (K) (Al11>87Fe0>08Mg0>05) (SI3AI ) 0J0 (OH)2 + 0.25Si

ii) illite > phengite

(K0.52" (A11.81Fe0.13Mg0.23> ”Si3.19A10.81> °10 (OH)2 + °-36K + °*25Fe
- {K0.88> (A11.57Fe0.38Mg0.09> (Si3.15A10.85” °10 (OH>2 + °*2Al + °-14Mg
+ 0.04Si

iii) illite » paragonite + phengite

2- (KO.5Na0.3" "™M11.73Fe0.27M90.02~ ~S13.14A10.86" °10 (OH2) -1 '*
(K0.12Na0.6) ~A11.88Fe0.16” ~S13.12A10.87~ °10 (OH)2 + ~0.88~ "™M11.58

Fe0.38Mg0.04~ ~S13.15A10.85" °10 (OH)2
(all reactions + any H30+ released from illite).

Reactions from Knipe (1981 ).

In summary, the evolution of clay minerals to white mica during

diagenesis and low-grade metamorphism is characterised by:

i) dehydration of the interlayer spaces.

ii) absorption of K and Mg ions from the circulating fluids
iii) progressive ordering of the lattice, increase of crystal size and
large scale recrystal lisation, originally of illite and chlorite but

later of white mica as well.

These processes are thought to be related to pressure, temperature,
chemistry of the fluid phase and, probably, local stress (Dunoyer de
Segonzac, 1970 .). As a result of these trends illite crystallinity
systematically increases from diagenesis, through anchizone metamorphism
to low epizone metamorphism and can therefore be used to measure the

grade of diagenesis/low-grade metamorphism. This correlation between
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illite crystallinity and facies of low-grade metamorphism has been
well established by many workers, for example, Weaver (1960) in the
Quachita mountains where illite crystallinity was correlated with the
degree of metamorphism through microscopic examination, and in the
Alps by Frey (1970) where illite crystallinity was correlated to

textural changes and low-grade metamorphic facies in pelitic rocks.

5.3. Sample collection and preparation

5.3.1. Sample collection

For the purpose of this survey 120 illite crystallinity determin-
ations were undertaken. The samples were collected from as broad an
area of northern Snowdonia as possible, primarily from argillaceous
lithologies. Generally volcanic and coarse clastic sediment horizons
were avoided, however, several of the Silurian samples from east of the
river Conwy were of a distinctly silty nature. In the field as fresh
a sample as possible of between 0.5 and 1.0 kg was taken. Samples
were preferentially taken from several localities and stratigraphic
horizons, in particular; 1) the Cambrian slate belt around Llanberis
and Bethesda (the Llanberis Slates Formation), ii) the middle and
upper Cambrian slates of the western Llanberis and Nant Ffrancon
passes (the Marchlyn Formation), iii) the Llanvirn slates from north
and west of Snowdon (the Nant Ffrancon Formation), 1iv) the Caradocian
slates from a wide area of northern Snowdonia, v) the upper Ordovician
shales and slates sporadically exposed down the western side of the
Conwy Valley, and vi) the lower Silurian(Llandovery and Wenlock) shales,
siltstones and mudstones exposed around Conwy itself and down the
eastern side of the Conwy Valley. The stratigraphic positions and

distribution of samples can be seen in Figure 5.2.

The nature of the samples was quite variable although most showed

the development of a cleavage ranging from a very good, closely spaced
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slaty cleavage, observed in many of the Cambrian and Ordovician slates,
to a well spaced fracture cleavage observed in many of the upper
Ordovician and lower Silurian siltstones and shales. Cleavage was not
always seen in some of the upper Ordovician and lower Silurian samples.

Sample locations are given in Appendix 2(ii).

5.3.2. Sample preparation

Sample preparation involved the production of a smear mount of the
< 2 p sediment fraction for XRD analysis. The procedure initially
involved mechanically crushing the sample into small chips followed
by ultrasonic treatment that caused surface disaggregation particularly
of the finer clay material. After four hours of ultrasonic treatment
the sample consisted of fine disaggregated material in suspension
(mainly illite, mica and chlorite with traces of quartz and feldspar).
The > 2 u fraction is removed by centrifuge (after Hathaway, 1956)
leaving the < 2y fraction suspended in about 300ml of distilled
water. This is then filtered using a gas vacuum system and 0.45u
membrane filters thereby leaving the 0.45 - 2.0n sediment fraction
deposited on the filter paper. From this material a smear mount is
prepared by pasting the sample onto a 3cm x 3cm glass slide which is
then allowed to slowly air-dry. Occasionally because the amount of
fine material in the sample was only very small an uneven distribution
on the mount was obtained. In these cases another mount was produced
and the amount of fine material enhanced by increasing the amount of

mechanical crushing prior to the ultrasonic treatment.

The smear mounts were then used for the XRD measurement of

illite crystallinity.
iL-4. The measurement of illite crystallinity

Illite crystallinity can be measured in a variety of ways but all

102.



quantify the degree of metamorphism as reflected by changes in the
morphology of the illite (001) peak. In this study three indices were

determined as a measure of crystallinity:

) the Kubler index (Kubler, 1967, 1968) which is a simple measure-
ment of the peak width at half peak height (expressed in mm). Kisch
(1980) recommends that the half peak height width should be expressed
in degrees 20 in order to avoid problems caused by different scan
and chart speeds. In the present study half peak height width is

expressed as fractions of a degree 20

ii) the Weaver index (Weaver, 1960) which calculates a 'sharpness
ratio" by ratioing the counts corresponding to the top of the 10% illite
peak to the counts at a position on the peak 0.5% towards the higher
"d" spacing. This index is slightly modified in that a short scan
(approximately 0.15° 20) is undertaken across the expected position of
the 10$ peak (8.84 20), to locate the maximum counts corresponding to
the true position of the illite (001) peak. This was found to vary
between 8.78 and 8.89° 20. This variation is thought to possibly reflect
small scale interlayering and/or chemical substitutions within the
minerals. After the peak has been located the intensity is measured over
an 80 second count time. The peak + 0.5% position is then calculated
and a similar reading taken, correction for the sloping background is
achieved by similarly counting at fixed background positions (7.6 and
9.7 20). These values are then used to calculate a peak to peak

+0.5% ratio. A typical example of a Weaver index calculation would be:

position counts

intensity of the (001) peak 8.82° 20 9626

intensity of the (001) peak + 0.5% 8.40° 20 2145

intensity of set background (1) 7.6° 2q 1510
o \"

intensity of set background (2) Q = 1120

103.



From these measurements the background intensity for the (001)

peak and the (001) peak +0.5% is calculated;

counts
(001) peak (background intensity) 1283
(001) peak + 0.5% (background intensity) 1361

The intensity of the (001) peak and the (001) peak + 0.5% is then

adjusted for background;

counts
(001) peak (adjusted) 8343
(001) peak + 0.5% (adjusted) 744

The Weaver index is then calculated using the formula;

intensity of the (001) peak (counts) = 8343 = 10.6
intensity of the (001) peak + 0.5% (counts) 744

Hi) the Weber index (Weber, 1972) is a modification of the Kubler
index in that it ratios the half height peak width of the illite (001)
peak to the half height peak width of a standard quartz (100) reflection.
This is to minimise the effects of machine variation over a period of
time or between different machines, in that any change in the half
height peak width of the illite (001) should also be reflected by a
proportional change in the quartz (100) half height peak width. Weber
used polished rock slabs for this purpose, whereas, in this study the
ratio of the illite (001) and quartz (100) half height peak widths are
determined on the < 2 u smear mounts. As such the results obtained are
not directly comparable to those obtained by Weber. On the polished
rock slabs the crystallinity determined is the mean crystal linity of all

the phyllosilicate 10$ peaks. On the smear mounts the contribution of



finer grained phyllosilicates of lower crystallinity is enhanced at the
expense of coarser grained phyllosilicates of higher crystallinity. As
a result the mean crystallinity is correspondingly lower (Weber 1972).
In order to express the results as whole numbers Weber multiplies the

ratio of illite (001) to quartz (100) half height peak widths by 100.

The reasons why three crystallinity indices were measured are: i)
that it allows direct comparison between results obtained using different
techniques, ii) it allows investigation of large apparent differences in
crystallinity when measured in different ways, and, iii) they allow some
assessment of the relative reliability of the half height peak width
and "sharpness ratio" measurements of illite crystallinity. By quanti-
fying the relative reliability of the different indices the most suit-
able index for a given sample may be utilised. The question of the
relative reliability of the different indices is discussed in Section

5.5.3.

A diagrammatic summary of the three measurements of illite
crystallinity is shown in Figure 5.3. The machine conditions employed
during the determination of illite crystallinity are listed in

Appendix I (ii).

5.5. Results of the illite crystallinity determinations in northern

Snowdonia.

5.5.1. Illite crystallinity data.

The results obtained from the measurement of illite crystallinity
on 110 slates, shales and mudstones are contained in Appendix 6 (i),
the results of repeat analyses on 24 samples are contained in Appendix
6 (ii). The illite crystallinity data is plotted on graphs and maps

which are discussed in Sections 5.5.2. and 5.6.1. respectively.
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———Correlation between the Kubler, Weaver and Weber indices

Figures 5.4 to 5.6 are graphical plots of the different crystallinity
indices and demonstrate a good degree of correlation between different
pairs of indices. Correlation coefficients (r) between indices are
calculated on the basis of 146 illite crystallinity measurements. It

was found that:

) Kubler index/Weber index r = +0.93

11) Kubler index/Weaver index r = +0.88

+0.84

iii) Weber index/Weaver index r

The Kubler/Weber correlation coefficient is calculated using a
straight line equation, the Kubler/Weaver and Weber/Weaver correlation
coefficients are calculated using a curved line equation. The fact that
the indices relationships differ is a reflection of the methods of
measurement employed for the calculation of each index. In the case of
the Kubler and Weber indices slightly different measures of half height

peak width are being used so that a good positive linear correlation is

to be expected. In the case of the Kubler/Weaver and Weber/Weaver

graphs measurements of half height peak width are plotted against a

sharpness ratio"” measurement. Small changes in the crystallinity of

lnite at low-grade are reflected by only small relative differences in

the Weaver index but large relative differences in the Kubler and Weber
indices. Conversely, small changes in the crystallinity of illite at
higher grade are reflected by only small relative differences in the
Kubler and Weber indices but large relative differences in the Weaver
index. This relationship reflects, in part, the relative reliability

of the two types of measurement at higher and lower grades of metamorphism

(section 5.5.3). As a result of the above observation it is evident that

a curved line relationship must exist between the half height peak width
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and"sharpness ratio" indices.

For the vast majority of samples (105) correlation between the
different indices is generally good and the observed variation is within
the limits of accuracy of the techniques outlined in Section 5.5.3.
Several samples, however, exhibit poor correlation between the different
indices, that is thought to reflect compositional inhomogeneity within
the sample, in particular the presence of paragonite mica. The
influence of paragonite on illite crystallinity is discussed in Section

5.10.1.
5.5.3. Reliability of the results

In order to test the reliability of the results obtained a large
proportion of the samples (30%) had repeat analyses performed, ranging
from a simple duplicate run with the sample rotated through 90°
(performed on 24 samples), to complete re-preparation, sedimentation and
analysis (performed on 6 samples). In addition to these re-run and
re-made samples all determinations of the Kubler index were measured

without the sample orientation being changed.
The object of replicate analyses was to critically assess:

) effects related to short term machine variation - determined from
the two measurements of the Kubler index per sample run,

i) effects related to sample orientation - determined from the 24
re-oriented sample runs, and
iii) effects related to sample preparation - determined from the 6

re-made samples.

In addition to these potential uncertainties it was necessary to
determine the precision of actual measurement from the diffraction charts.

In general measurements to within 0.5mm are possible.
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The results of the investigation into sources of potential error
on the illite crystallinity results are summarized in Table 5.A. All
the figures quoted are at the one standard deviation significance level
and are mean errors calculated for the total range of results obtained

for a particular index in northern Snowdonia.

The effects of short term machine variability on crystallinity
measurement was assessed on the Kubler index and is based on two
measurements per sample run. The reliability is assessed by calculating
the variance for each pair of analyses and then producing a pooled

variance for all the pairs of Kubler determinations.

Orientation effects are thought to reflect inhomogeneity in the
sample cover on the glass mounts and were assessed by running duplicate
analyses in different orientations on 24 samples for all three
crystallinity indices. The pooled variance is again calculated, this
time for each pair of analyses corresponding to runs in different

orientations on the same sample.

Variation related to sample preparation was tested by complete
re-preparation, sedimentation and analysis performed on 6 samples. The
pooled variance is calculated for each group of analyses obtained from

the different smear mounts of an individual sample.

The results contained in Table 5.A. demonstrate that the precision
of the technique corresponds to a maximum of 6% of the observed range on

any index at the one standard deviation significance level.

Kubler (1968) examined the reliability of crystallinity measurements
on over 700 samples ranging from very low to very high crystallinity, and
calculated errors related to measurement, machine variation and sample
preparation. Kubler calculated relative errors of 3%; 6-8% and 15% for

measurement, machine drift and sample preparation respectively. Figure



FIGURE 5.7. The relative reliability of the Kubler and Weaver
crystallinity indices, from Kubler (1968). E =

epizone, A = anchizone, D = diagenesis.



5.7. is from Kubler ( 1968 ) and shows the relative uncertainty in
determining crystallinity utilising the half height peak width and
"sharpness ratio" techniques at different metamorphic grades. Clearly
the Kubler index is a more reliable measure of crystallinity in samples
displaying relatively high crystallinity whilst the Weber index is a
more reliable measure of crystallinity in samples displaying relatively

low crystallinity.

The results contained in Table 5.A are only mean relative errors
calculated on all re-made and re-run samples irrespective of whether
they exhibit high or low illite crystallinity. In order to investigate
the distribution of error between samples of higher and lower crystall-
inity the 24 re-oriented samples were divided into higher and lower
crystallinity populations with critical crystallinity values of
0.25 20, 12.0 and 185 for the Kubler, Weaver and Weber indices
respectively, corresponding, approximately, to the anchizone/epizone
boundary (see Section 5.6.1.). The results are presented in Table 5.B.
and clearly demonstrate that variability on the Kubler and Weber indices
for low crystallinity samples is significantly higher than for high
crystallinity samples. Conversely, on the Weaver index variability is
greater for high crystallinity samples and less for low crystallinity
samples. These results are consistent with the findings of Kubler

( 1968).

5.6, Regional variation in illite crystallinity
5.6.1. The empirical evidence

From the maps (Figures 5.8. to 5.10) it is evident that there is a
large amount of regional and local variation in illite crystallinity.
In general it would appear that higher crystallinity values are obtained

from samples taken from a belt approximately 8-10 km wide bounded to the

no.



FIGURE 5.8. A map showing the distribution of anchizone and
epizone Kubler crystallinity results in

northern Snowdonia.



FIGURE 5.9. A map showing the distribution of anchizone and
epizone Weaver crystallinity results in northern

Snowdonia.

O - Anchizone Crystallinity
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FIGURE 5.10. A map showing the distribution of anchizone
and epizone Weber crystallinity results in

northern Snowdonia.

- - Epizone Crystallinity
O - Anchizone Crystallinity

\ - Approximate Anchizone/Epizone boundary
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east by the river Conwy, to the south west by the Glyders, to the north
west by the Carneddau and to the north by Tal-y-Fan (for locations see
Figure 1.1). On aggregate consistently lower crystallinity values are
obtained from samples taken outside this belt. It would also appear
that there is a relatively sharp break between the two areas. The
critical values used in discriminating between a higher and a lower
crystallinity area are 0.25°2e, 12.0 and 185 for the Kubler, Weaver and
Weber indices respectively. The significance of these crystallinity
values is discussed below. The presence of two populations of illite
crystallinity can also be seen in the histograms of Figure 5.11. 1-3.
In Table 5.C. the distribution of illite crystallinity results within
the two proposed areas is clearly seen. Four categories of illite
crystallinity are considered,these being "high" and "low", where the
results fall either side of the critical values utilised to define the
two areas by an amount that is greater than the calculated one standard
deviation potential error (see Table 5.A); and "high/intermediate" and
"low/intermediate”, where the results fall either side of the critical
values by an amount which is less than the calculated one standard

deviation mean potential error. The tables are constructed in such a

way that any tendency for results from either area to be over represented

113

in any of the four crystallinity categories would be immediately apparent.

The tables are produced from only 105 of the original 110 samples, 5
samples were not considered as they were taken from the cores of folds
and it was felt that their illite crystallinity values had been signif-

icantly enhanced by folding (see Section 5.9.).

The boundary between the high and low crystallinity areas was
estimated to occur at crystallinity values of 0.25°20, 12.0 and 185 for
the Kubler, Weaver and Weber indices respectively. Examples of the half
height peak width and '"sharpness ratio" values for the upper and lower

boundaries of anchizone metamorphism are presented in Table 5.D. In



FIGURE 5.11.1.

FIGURE 5.11.2.

FIGURE 5.11.3.

A histogram showing the distribution of epizone
and anchizone Kubler crystallinity values between
the western Conwy Valley (left) and the rest of

northern Snowdonia (right).

A histogram showing the distribution of epizone
and anchizone Weaver crystallinity values between
the western Conwy Valley (right) and the rest of

northern Snowdonia (left).

A histogram showing the distribution of epizone
and anchizone Weber crystallinity values between
the western Conwy Valley (left) and the rest of

northern Snowdonia (right).
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the case of the Weber index direct comparison between the data from
northern Snowdonia and Weber®s boundary values is not valid because of
significant differences in sample preparation. By comparison to the
Weaver and Kubler indices the anchizone/epizone boundary is given a
value of approximately 185 on the Weber index which has been calculated

on the < 2y fine clay sediment mounts.

From Table 5.D. it can be seen that the crystallinity values of
0.25° 20, 12.0 and 185 are similar to the crystallinity values used to
define the anchizone/epizone boundary in the literature. Most of the
values of illite crystallinity obtained from samples taken from the
area of high crystallinity (area A)are typical of epizone metamorphism
(equivalent to low greenschist facies) whereas values in the low

crystallinity area (area B) are typical of anchizone metamorphism.

The definition of the anchizone/epizone boundary in northern
Snowdonia can only be tentative due to the lack of inter-laboratory
standards necessary when ascribing absolute rather than relative values
of illite crystal linity. However, bearing this limitation in mind.it
is possible to distinguish groups of samples displaying crystallinities
typical of the anchizone with > 85% of the lower crystallinity values
in Table 5.C (area B) and crystallinities typical of the epizone with

> 75% of the higher crystallinity values in Table 5.C (area A).

Weaver (1960) defined two subzones within the lower anchizone,
"incipient to weak metamorphism”™ and "weak to very weak metamorphism",
corresponding to mean Weaver values of 4.5 and 6.3 respectively. In the
south and west of the area displaying typically anchizone crystallinity
the mean Weaver value is 9.8, in the Silurian samples from east of the
river Conwy the mean Weaver value is 8.2, both indicative of high-grade
anchizone metamorphism. In contrast to this, samples taken from the

northern coastal zone display mean Weaver values of 4.6 which is typical



FIGURE 5.12.

Weaver vs Kubler crystallinity diagram showing the
mean crystallinity values for samples from northern
Snowdonia. Also shown is the range of crystallinity
for: - low grade metamorphism (1), weak to very weak

metamorphism (2), incipient to weak metamorphism
(3), incipient metamorphism (4) and diagenesis (5).
From Kubler (1968).
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of low-grade anchizone metamorphism ("incipient to weak metamorphism",

Weaver, 1960).

The empirical evidence, therefore, indicates that areas of
typically epizone and anchizone illite crystallinity can be recognised.
It would also appear that areas of typically high and low anchizone
illite crystallinity can be distinguished within the anchizone area.
The regional variation in illite crystallinity is summarised in Figure

5.12.

5.6.2. A statistical test for the significance of the variation in

illite crystallinity in northern Snowdonia.

In this section the empirically derived hypothesis that two areas
of contrasting illite crystallinity exist in northern Snowdonia is
tested statistically. The most powerful parametric statistics for
testing whether two groups of samples have been taken from the same
background population is the T-test. The most serious constraints on
its use are the assumptions that have to be made and subsequently
tested before the statistic can be confidently employed. The two main
assumptions are that the populations are normally or approximately
normally distributed, and that there is no significant difference in
the variance of the background populations (Hammond and McCullagh, 1974).
The T-test is fairly tolerant of deviations from a normal sample
distribution, especially if the sample numbers in each population are
large; the critical assumption, therefore, is that the variance of the
background populations are not significantly different. This is tested

by calculating the '"variance ratio"or F statistic where,

2
P greater estimate of population variance " (Hammond and
smaller estimate of population variance c McCullagh, 1978).
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The null hypothesis (Hq) to be tested is___ "that there is no

significant difference in the variance of samples taken from areas A

and B". The calculated values of F are:
) for the Kubler index F = 8.15
ii) for the Weaver index F = 2.62
iii) for the Weber index F = 6.15

These values for F are calculated on the basis of 49 samples from
area A and 56 samples from area B. The 5 samples thought to have had
their crystallinity enhanced by local folding (see Section 5.6.1.) are
not included in the statistical analysis. The degrees of freedom are
calculated as n~ and n*_i where nj and are the numbers of samples
taken from areas A and B, hence the degrees of freedom are 48 and 55.
The critical values of F with 48 and 55 degrees of freedom at the 95%
confidence level is 1.64 (Davies and Goldsmith, 1976, appendix Table
D). The calculated values of F are all higher than the critical value
of F, therefore Hq is rejected, hence significant differences between

the variance of populations taken from areas A and B do exist.

The significance of these results is that they prove that the
populations from the two crystallinity areas are significantly
different in character, thus the assumptions inherent in parametric
statistics are proved invalid thus making statistical examination

dependent on non-parametric or distribution free statistics.

The most powerful non-parametric alternative to the T-test is the
Mann-Whitney U-test (Siegel, 1956). This statistic makes no assumptions
about the background populations. The Hq to be tested by the Mann-Whitney

U-test is...."that there is no significant difference in the illite
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crystallinity of samples taken from areas A and B". The alternative
hypothesis (H1) against which Hq is tested is "that samples taken
from area A display significantly higher illite crystallinity than

samples taken from area B". For large sample numbers the statistic Z

is produced (Siegel, 1956). The determined Z values are:
i) for the Kubler index Z = 7.80

ii) Tfor theWeaver index Z = 7.62

iii) for the Weber index Z = 7.78

The critical value of Z at the 95% confidence level is 1.60
(Siegel, 1956, Appendix Table A). All the calculated Z values are
much higher than the critical value, therefore HQ is rejected in favour
of H| with the conclusion that illite crystallinity is significantly

higher in area A than in area B.

In addition to testing the significance of differences in illite
crystallinity between areas A and B, the population within area B was
tested for homogeneity. Area B was divided into two subareas in Section
5.6.1. based on apparent differences in crystallinity between different
parts of the area. Subarea B] consists of 40 samples taken from around
Snowdon, the Glyders, the Carneddau, the southeastern part of the Conwy
valley and around Llanberis and Bethesda. Subarea B2 consists of 16
samples taken from the north of the area around Penmaenmawr, Conwy and
north of Tal-y-Fan (see Figure 1.1. for locations). The Hgq that..."no
significant difference in illite crystallinity exists between subareas

B-]Jand B2 was tested by the Mann-Whitney U-test. The determined Z values

are:
i) for the Weaver index Z = 4.89
ii) for the Weber index Z = 3.83

The Z values are higher than the critical Z value of 1.60 and HQ



is, therefore, rejected leading to the conclusion that there is
significant variation in illite crystallinity between different parts

of area B.

By use of the Mann-Whitney U-test the empirically proposed
hypothesis that areas of higher and lower illite crystallinity occur
in northern Snowdonia has been substantiated. Further, it has also
shown that significant variation occurs within the area of generally
low (anchizone) crystallinity. Mann-Whitney U-tests between area A and
subarea Bj (the area of relatively higher illite crystallinity within
area B) produced Z values of 6.04 for both the Weaver and Weber indices.
This again supports the conclusion that areas of higher and lower
crystallinity can be distinguished even after taking account of
inhomogeneity within the populations concerned.

5.7. The boundary between the areas of typically anchizone and
epizone crystallinity.

The regional crystallinity data can be divided into two distinct
areas having significantly different illite crystallinity ranges
(Figures 5.8. to 5.10). Area A is characterised by typically epizone
crystallinity with mean Kubler, Weaver and Weber values of 0.229°20
15.6 and 168 respectively. The rest of northern Snowdonia (area B) is
characterised by typically anchizone crystallinity with mean Kubler

Weaver and Weber values of 0.332°20, 8.0 and 234 respectively.

Figures 5.13.1 and 2 are cross-sections constructed from the Weaver
crystallinity data and demonstrate the difference between the two
crystallinity areas, especially the sharp nature of the boundary
separating them. The boundary between the areas of typically
epizone and anchizone crystallinity corresponds to the Ordovician/
Silurian unconformity from southeast of Betws-y-Coed (SH 795565)

northwards towards Llanwrst (SH 800620). Between Llanwrst
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Coastal fringe

FIGURE 5.13.1. Metamorphic cross-section between Dolwyddelan
and Penmaenmawr, constructed from the Weaver

illite crystallinity data.

Weaver index

Horizontal Scale 0

Western boundary Eastern boundary

FIGURE 5.13.2. Metamorphic cross-section between Llanberis
and Llanwrst, constructed from the Weaver

crystallinity data.

Weaver index

Llanberis Llanwrst
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and Llanbedr-y-Cennin (SH 760695) the boundary is very sharp (Figure
5.13.2) and follows very closely the line of the Conwy valley fault
(Howellset al.,1981). Comparison between the crystallinity maps
(Figures 5.8. to 5.10) and the published maps (IGS Dolgarrog Special
Sheet SH 76) indicates that the boundary in this area may be fault
controlled. At Dolgarrog (SH 770675) the Conwy Valley fault splits
into three branches with the main fault trending WNW towards Llanbedr-
y-Cennin. At this point the trend of the crystallinity boundary also
changes direction. In the north, around Tal-y-Fan (SH 735730) the
boundary is most clearly defined and extremely sharp with the change
from moderately high (>15.0 on the Weaver scale) to very low (<6.0 on
the Weaver scale) crystallinity occurring between Tal-y-Fan and the
hills above Penmaenmawr (SH 715765), a distance of less than 1.5 km
(Figure 5.13.1.). The northern and northeastern part of the boundary
corresponds very closely to Roberts®(1981) pumpellyite out/clinozoisite
in isograd even, in detail, down to the kink in the isograd that
Roberts® relates to the northwestern part of the Llanbedr fault in
Bwylch-y-Ddeufaen (SH 715717). The northern part of the boundary is
thus precisely defined over at least a part of its length utilising
independent geological evidence. In at least two places the boundary
closely follows or is affected by major faults. The critical factor is
that the division between the two crystallinity zones is sharp and

clearly defined rather than transitional.

South from Tal-y-Fan the change from typically epizone to
typically anchizone crystallinity occurs along the eastern flank of
the Carneddau mountain range and cannot be readily equated with any
major geological features. From Capel Curig (SH 721581) southwards the
boundary is less clearly defined,a reflection, in part, of a paucity of

samples taken from this area.



Depending on the age relationships between illite crystallinity
and deformation the boundary ought to be unaffected by major folds
(post-deformation illite crystallinity) or folded by them (pre or syn-
deformation illite crystallinity). |In the vicinity of Cape! Curig the
boundary is sinuous and appears to be affected by the major large scale
fold in the area, the Snowdonia syncline (Roberts, 1979). However, in
order to conclusively prove whether or not the boundary is folded many
more samples would be needed. This observation along with the clear
association with the major faults might indicate that the areas of high
and low illite crystallinity were established before the main Caledonian

deformation.

5.8. The composite crystallinity index

The results obtained from the three crystallinity measurements can
be amalgamated into a composite crystallinity index (CCl) for each
sample. The CCI expresses the result of each crystallinity determination
as a proportion of the total range in values observed in either the high
or low crystallinity area and summates the values thus obtained. The
values of 0.25° 20, 12.0 and 185 for the Kubler, Weaver, Weber indices
respectively, are used as a reference corresponding, approximately to
the anchizone/epizone boundary (Section 5.6.1.) and are given values of
zero. The maximum crystallinity value observed for each index is
given a value of +100 whilst the minimum crystallinity value observed
for each index is given a value of -100. The CCl is simply the increment

of these values derived from the three crystallinity measurements.
The CCI can be calculated using the formula:

CCl = (Kref-Kobs) x100+(Wobs-Wref) x100+ (Webref-Webobs) x100
( RGH ) ¢ WR(H) ) ( Web R(H) )

for samples where all three indices indicate epizone metamorphism, or
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cCl = (Kobs-Kref) x100+ (Wref-Wobs) x100+ (Webobs-Webref) x100
C RLH ") ¢ WRQALD™) (¢ UebTO )

for samples where all three indices indicate anchizone metamorphism:

Where;
Kobs/Wobs/Webobs = the observed crystallinity for each index.
Kref/Wref/Webref = the anchizone/epizone boundary values of

0.25° 20, 12.0 and 185 respectively.

KR(H)/WR(H)/WebR(H) = the range of crystallinity values observed
in the epizone, 0.075° 20, 19.8 and 52

respectively

KR(L)/WR(L)/Web(L) = the range of crystallinity values observed
in the anchzone, 0.41° 20, 10.1 and 24.8

respectively.

For example, the CCl of sample Rl with crystallinity values of

0.2125° 20, 19.7 and 158 for the Kubler, Weaver and Weber indices is

calculated;

CCl = (0.25 - 0.2125) xI00 + (19.7 - 12.0) xI00 + (185 - 158) xI00
(— 075 ) ( TO ) ( =

CCl = 50.6 + 38.8 + 51.9 = 140.7

The calculated CClI for all samples are presented inAppendix 6 (iii)

and the results are plotted on a map (Figure 5.14).

The main advantages in expressing the illite crystallinity results
as a composite index are that data from three different determinations
measured in two different ways are summarised as a single value and the
data become amenable to parametric statistical testing,(see Section

5.6.2).

The expression of illite crystallinity as a proportion of the

observed range in epizone or anchizone crystallinity is independent



FIGURE 5.14. A map showing the distribution of anchizone and
epizone composite crystallinity index results in

northern Snowdonia.



of the absolute values within the range and has the effect of
"normalising” the data and reducing the variance between the two
populations (areas A and B). An F-test was performed on 105 CCl results
to test the H "that there is no significant difference in variance
between populations taken from areas A and B". A value of F = 1.47 was
obtained. The critical value of F is 1.61 (Davies and Goldsmith, 1976,
Appendix Table D). As the calculated F statistic is lower than the
critical F value Hg is accepted. The data, therefore, are suitable

for statistical analysis using the powerful parametric T-test in order
to test the H .... "that there is no significant difference in illite
crystallinity between areas A and B, against the Hj __ "that
crystallinity in area A is significantly higher than crystallinity in
area B". The calculated value of Tis 11.01, the critical value of T,
with 60 degrees of freedom at the 95% confidence limit, is * 2.00
(Davies and Goldsmith, 1976, Appendix, Table C). Therefore, as the
calculated value of T is higher than the critical value of T,HQ is
rejected in favour of and the conclusion that there is a significant
difference in illite crystallinity between areas A and B is supported.
Hence, both parametric and non-parametric statistics uphold the
emirical evidence that there are significant differences in illite

crystallinity within northern Snowdonia.

The CCI does not provide any additional information to that
derived from the three individual crystallinity measurements, it
simply summarises these results and presents them as a single

convenient bulk measure of illite crystallinity.

5.9. An example of the effect of folding on illite crystallinity

During the course of the illite crystallinity analysis it was
found that several rather localised results within the area of

generally anchizone illite crystallinity were much higher than the
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majority of the crystallinity results in that area, in particular the
results obtained from samples 40, 210, 212, 219, 279, 314 and 315. In
the field it could be demonstrated that several of these samples were
taken from the vicinity of anticlinal folds (samples 40, 279, 314 and

315).

As a result of an apparent correlation between high crystallinity
and local folding it was decided to examine the relationship more
closely. A particularly well exposed anticlinal fold was chosen for
this purpose, exposed on the south side of the A4086 about 600m west
of Nant Peris (SH 599587) in which slates, siltstones and sandstones
of the Marchlyn Formation and slates of Llanvirn age are folded. The
fold trends approximately north-south and plunges northwards at about
30°, the wavelength is estimated to be about 300 - 400m and the
amplitude about 100 - 150m. Ten samples were taken from the finer-
grained horizons within the fold for illite crystallinity determination
(Figure 5.15). The results obtained from these samples are presented
in Table 5.E. and demonstrate that illite crystallinity rapidly increases
towards the core of the fold. The crystallinity values obtained from
the two samples taken closest to the core of the fold are some of the
highest crystallinity values obtained in northern Snowdonia (samples
341 and 342), with Kubler values of < 0.21° 20, Weaver values of > 25.0;
and Weber values < 150. The regional illite crystal linity determined in
samples on the limbs of the fold is much lower with Kubler values of

> 0.25° 20, Weaver values of < 10.0, and Weber values of > 185.

The three samples taken from the slate quarries (Figure 5.15) all
exhibit low crystallinity. These results are thought to reflect the
regional crystallinity of the area. The relationship between the Llanvirn
slates and the main body of the fold is not clear in the field because
of the presence of quarry spoil tips.Roberts (1979) observes that there

is no obvious faulting and it was confirmed that the dips in the Llanvirn



FIGURE 5.15.

Sketch of the Nant Peris anticline (SH 599587)

showing sample locations and general
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Sample

Number Kubler index Weaver index Weber index
340 0.244°20 13.2 183
341 0.175°20 31.2 147
342 0.206°20 25.4 150
343 0.250°20 10.5 192
344 0.325°20 7.7 225
345 0.400°20 6.9 300
346 0.388°20 5.8 292
347 0.363°20 8 258
348 0.206°20 144 166
349 0.225°20 16.2 183

TABLE 5.E. Illite crystallinity results for ten samples
taken from an anticlinal fold near Nant Peris
(SH. 599587).



slates were similar in direction and amount to those on the eastern
limb of the anticline. The illite crystallinity determined on the two
samples taken from around the axial zone of the fold on the hillside
(samples 348 and 349, Figure 5.15) yield values significantly higher
than those determined in the peripheral parts of the fold. The exact
position of these samples in relation to the core of the fold was not

clear because of large gaps in exposure on the hillside.

The evidence presented aboveclearly supports the conclusion that the
local illite crystallinity can be markedly higher than the regional
illite crystallinity in the axial zone of anticlinal folds, in the most
extreme example in the Nant Peris fold by as much as 300% (samples 341
and 342). This fact could also account for the high crystallinity
determined in sample 40 and the moderately high crystallinity determined
in sample 39, both taken from the northeastern closure of the Arfon
anticline (Roberts, 1979) exposed in mainly Upper Cambrian (Marchlyn
Formation) slates near Aber (SH 656723). Similarly, sample 279 is taken
from a small anticline developed within Caradoc sediments on the
eastern side of Foel Goch (SH 578563). It is also possible that some of
the higher crystallinity values observed in the slate belt samples
around Llanberis could be related to the extensive small scale folding

observed in many of the slate quarries.

The relationship between synclinal folds and illite crystallinity
was not examined in as much detail, due in part to the lack of a suit-
able example of a well exposed synclinal fold. Crystallinity results
from the vicinity of synclinal folds developed at Dolwyddelan
(SH 700515), Grinwllm (SH 775625), Castell-y-Gwynt (SH 770610) and
north of Trefriw (SH 775635), appear to reflect the regional crystall-
inity (samples 207, 201, 158, 151A, B and C, 127A, 128B and 129

respectively). However, all these folds are developed in the area of
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typically epizone crystallinity where the effects of any crystallinity
enhancement through folding might not be obvious. Also these samples
are only taken from the general vicinity of synclinal folds and not

necessarily from the actual cores.

From the investigation of the Nant Peris fold it is evident that
local structure plays a potentially important part in determining local
illite crystallinity. This example demonstrates that the enhancement of
crystallinity in folds is confined to a relatively narrow belt within
the axial zone. The possible causes of the higher crystallinity in
folds are discussed in Section 5.10.2. It is felt, however, that
structural control of illite crystallinity might account for some of
the considerable local variation in crystallinity apparent within
relatively small areas and as such constitutes an important consider-

ation when interpreting regional illite crystallinity results.

5.10. The controls on illite crystallinity in northern Snowdonia

5.10.1. Compositional control

It has been shown that illite crystallinity determinations can be
seriously affected by: 1) major chemical variation between samples or
groups of samples (Kubler, 1968), ii) the presence of significant
amounts of paragonite (Frey, 1970; Dunoyer de Segonzac, 1970), and
iii) the presence of mixed illite/swelling clay layers (Kubler, 1968).
Approximate chemical and mineralogical homogeneity is essential other-
wise apparent variation in crystallinity between samples, or groups of
samples, might simply reflect original compositional differences rather
than differences in metamorphic environment. Hence, if samples yielding
epizone crystallinity (area A) are chemically and mineralogically different
to those yielding anchizone crystallinity (area B) then the difference
might reflect the compositional control rather than any metamorphic

differences.



In order to quantify any variation in illite crystallinity related
to mineralogical and chemical differences a number of bulk rock XRD
scans were performed. Approximate chemical similarity between samples
was assumed on the large scale due to the similar lithological and
mineralogical characteristics of the samples. Broad mineralogical
similarity was confirmed by undertaking 50 XRD bulk rock scans on
pack mounted, crushed powders in the range 3 - 40° 20 (see Appendix
1(ii) for the machine conditions employed). The results are presented
in Appendix 6 (iv) and show that the slates, shales and mudstones of
northern Snowdonia consist largely of quartz + chlorite + mica (illite)
+ albite in varying proportions. In addition several samples contained
significant amounts of ore (pyrite or hematite) and one sample contained

traces of calcite.

Over 70 samples were analysed for paragonite by scanning the
critical range of 45 - 48° 20 (Frey, 1978). The results reveal that
only 5 samples contain detectable quantities of paragonite (samples
209, 211, 237, 254 and 271), all from the Cambrian slate belt. The
occurrence of paragonite indicates slightly higher Na£O in some of the
slate belt samples compared with samples from the rest of northern
Snowdonia (Frey, 1978). The presence of paragonite can cause an
underestimation of illite crystallinity when measured on the basis of
half peak height width. Several samples revealed poor correlation
between different pairs of indices (Figures 5.4. to 5.6) in particular
samples 254, 237 and 211, all of which contain significant amounts of
paragonite. The paragonite causes an effective broadening of the
illite (001) peak due to the superimposition of the illite 10$ peak at
8.84° 20 and the paragonite 9.6% peak at 9.20° 20 (Dunoyer de Segonzac,
1970). Hence poor correlation exists between indices that measure

half peak height width (the Kubler and Weber indices) and are affected
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by the paragonite 9.6/\ peak and an index that ratios the intensity at
a position on the high "d" spacing side of the illite 10$ peak
(approximately 8.42° 20) to the intensity of the 10A peak itself

(Weaver index) and is thus unaffected by the paragonite 9.6/\ peak.

The absence of expanding clay layers within the illite was
established by glycolation and subsequent heating to 550°C. The
presence of mixed swelling clay/illite layers would effectively
broaden the illite 10/( peak. Interlayering of expanding clay and
illite rapidly diminishes as pressures and temperatures increase
(Dunoyer de Segonzac, 1970 ) so that if interlayering occurs it
should be apparent in the lowest crystallinity (lowest grade) samples.
The presence of mixed layers would result in peak shift after
glycolation and partial peak collapse (due to dehydration) after heating
to 550°C. None of the samples treated displayed any peak shift or
collapse leading to the conclusion that no expanding clay/illite mixed

layers occur.

As a result of the above analyses it can be concluded that the
differences in illite crystallinity observed in northern Snowdonia are
not the result of additional mineral phases between samples or groups
of samples but reflect genuine differences in the metamorphic environ-

ment.

5.10.2. Metamorphic control

The progessive sequence of changes leading to an increase in
crystallinity with progressive burial were outlined in Section 5.2.
Kubler (1968) and Padan et al. (1982) argue that increase in illite
crystallinity is largely a function of increasing temperature. Dunoyer
de Segonzac (1970) states that illite crystallinity is a function of
temperature, pressure, fluid conditions and,possibly, local stress

conditions.
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ITf these conclusions are applied to the samples from northern
Snowdonia it would follow that the area immediately west of the river
Conwy (area A) was subjected to significantly higher grade metamorphism,
in particular higher temperatures, than the rest of northern Snowdonia
(area B). In the area of typically anchizone crystallinity (area B) a
trend from low to intermediate crystallinity occurs from north to
south and this is again thought to reflect significant differences in
metamorphic grade. It thus seems likely that the major controlling
factors on regional illite crystallinity are a combination of temper-
ature and pressure which in turn reflect the depth to which the area
has been buried. If temperature and pressure (burial) are the main
controls on illite crystallinity it is evident from the presence of
sometimes extreme local variation in crystal linity, particularly in
the cores of folds, that other factors are of local importance as
changes in temperatures and pressure cannot be invoked to account for
such marked variation in so small an area. As a result it is felt
that local conditions, in particular local stress and the passage of
fluid through the system are major influences in producing the locally
very high illite crystallinity developed in folds. Fracturing and
small scale dislocations within the axial zones of folds would effect-
ively open the system to the passage of fluids which would then in turn
act as catalysts and markedly increase the amount of mineral recrystall-

isation (Dunoyer de Segonzac, 1970 .).

Knipe and White (1979) and Knipe (1981) examined the interaction
of deformation (folding and cleavage development) and metamorphism in
Ordovician slates and sandstones from Rhosneigr (Anglesey) that are of
comparable lithology and have suffered similar metamorphism and
deformation to the rocks of the present study. They conclude that
deformation changes the composition of the illite/mica and argue that

deformation will localise and enhance the transformation of illite into



phengitic mica (Knipe, n98l ). which will lead to an increase in the
illite crystallinity. Thus illite crystallinity is shown to be closely
related to deformation with different intensity or style of folding and
cleavage development leading, potentially, to differences in illite

crystallinity.

The analysis of illite crystallinity is a bulk rock technique whereby
the mean crystallinity of all the minerals present within the sample
with a peak at about 10j{ is determined (illite, muscovite, paragonite,
biotite, and so on). The technique does not differentiate between
different minerals and different phases of mineral growth. Maltman
(1981) described primary bedding fabrics developed parallel to bedding
in the Aberystwyth Grits in western central Wales. He argues that this
is a reflection of compaction during burial prior to the Caledonian
deformation during which a second fabric (cleavage) was produced. In
northern Snowdonia it proved difficult to distinguish between early and
late fabrics because of difficulty in recognising an early fabric due
to the superimposed later cleavage. Maltmans conclusions could be
interpreted to indicate that two generations of phyllosilicates exist.
IT the two generations of phyllosilicate have markedly different
crystallinities, as seems likely from the work of Knipe (1980 ) then
the mean crystallinity measured on the whole sample might simply reflect
different proportions of each generation of phyllosilicate present within
that sample. Hence it might be possible that the difference in regional
crystallinity between areas A and B simply reflect more intense
deformation in area A thus contributing a greater proportion of high
crystallinity white mica to the bulk illite crystallinity figure. How-
ever, in the field this possibility was rigorously examined with respect
to folding and cleavage development. In the field no difference in the
intensity of cleavage or the intensity or style of folding could be

distinguished between the areas of high and low crystallinity. This



observation was further supported by microscopic examination of the
argillaceous rocks from both areas, again no systematic differences

could be discerned.

As a result of these observations, it is felt that in the samples
from northern Snowdonia the regional crystallinity reflects the
temperatures and pressures associated with maximum burial, local
departures from the regional crystallinity, particularly the high
crystallinity observed in folds, reflects the development of high
crystallinity white micas preferentially recrystallised in the axial
zones of folds, largely as a result of local stresses and the passage
of fluid through the system (Hobbs et al.,1976) and is clearly related

to Caledonian deformation.

From the above discussion of the factors that control illite
crystallinity and the application of these to the slates, shales and
mudstones of northern Snowdonia, it would appear that the areas of
high and low crystallinity (areas A and B respectively) reflect genuine
differences in metamorphic temperatures and pressures with area A
having experienced generally higher temperatures and pressure then area
B. Robinson et al. (1980) suggest that in South Wales, low anchizone
crystallinities indicate temperatures of about 200°C. Frey et al.(1980)
compared illite crystallinity with fluid inclusion homogenisation
temperatures to correlate the base of the anchizone with temperatures
of about 220°C and the transition from low to high anchizone crystall-
inity with temperatures of about 270°C. Schiffman and Liou (1980)
suggest that the boundary between the prehnite/pumpellyite and green-
schist facies occurs at between 325°C at 2Kb and 375°C at 5Kb. If
these figures are applied to the illite crystallinity data from northern
Snowdonia it would appear that metamorphic temperatures along the

northern coast (area Bj)were between 220 - 270°C; east of the river
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Conwy and west of the Carneddau Glyders and Snowdon mountain ranges
(area B2) between 270°C and approximately 325°C; and immediately west
of the river Conwy (area A) > 325°C. The implications of these findings
along with information derived from other metamorphic indicators are

discussed in Chapter 8.

5.11. The relationship between stratigraphy and illite crystallinity

in northern Snowdonia

It is well established that illite crystallinity increases
progressively with burial from low-grade diagenesis at shallow depths
to epizone metamorphism at greater depths as pressure and temperature
increases (Weaver, 1960; Dunoyer de Segonzac, 1970; Frey, 1970 and

Kisch, 1980).

In northern Snowdonia illite crystallinity was determined on
samples ranging in age from lower Cambrian to Silurian. No correlation
was found to exist between illite crystallinity and the age of the
sample as might be expected if a simple model is envisaged involving
the burial of older (Cambrian) strata under progressively younger
(Ordovician and Silurian) strata of uniform thickness. However, the
Lower Palaeozoic geology of North Wales was influenced by numerous
phases of uplift and erosion (Roberts, 1979) for example, at the base
of the Arenig, at the base of the Caradoc and (locally) at the base of

the Snowdon Volcanic Formation (Beavon, 1963).

An example of the importance of these unconformities in the
geology of North Wales is provided by the Tremadoc-Arenig unconformity
which increases in magnitude to the north and west. In Llyn over
5000m of Cambrian strata is thought to have been removed during uplift
and erosion whilst to the south, around the Harlech Dome, very little
material was removed (George, 1961). This marked variation in the

effects of the lower Palaeozoic unconformities in North Wales is
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thought to reflect relative movement on several large NE-SW and N-S
trending, basement controlled faults that were operative during the
Lower Palaeozoic (Kokelaar et al. in press). Deposition and preserva-
tion of both sedimentary and volcanic material has been strongly
influenced by these vertical faults, examples of which include the
Dinorwic fault, the Aber Dinlle fault, the Bangor fault, the Llanbedr
fault and the Conwy valley fault, all of which can be shown to have
influenced local palaeogeography during the Lower Palaeozoic. As a
result of movement on these large faults large scale variation in
stratigraphic thickness occur over very short distances with the
ponding of sediments and volcanics in subsiding grabens and against
scarps formed by vertical movement on the faults (Kokelaar et al., in
press)and the removal of locally very great thicknesses of strata on

the upthrown horst blocks (for example, the Padarn and Bangor ridges).

From the above discussion it is clear that by the end of the
Silurian marked variation would have existed in the nature and thick-
ness of Lower Palaeozoic material in North Wales. The complexity in
Lower Palaeozoic deposition and preservation could account for some of
the regional variation in illite crystallinity. It is, perhaps, not
surprising that a simple stratigraphic age-illite crystallinity
correlation is not found because samples were taken across the major
structures. These structures would have played a significant role in
the burial of material with greater thicknesses of material deposited
on downthrown blocks, leading to higher temperatures and pressure, with
thinner deposits on upthrown blocks leading to relatively lower

temperatures and pressures.

In Section 5.7. it was seen that the boundary between areas
displaying typically anchizone and areas displaying typically epizone
crystallinity is very sharp and in several places is related to, or

coincident with, major faults such as the Conwy Valley fault, the
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Llanbedr fault and the fault in Bwlch-y-Ddeufon. As a result of this
relationship and the influence of the faults on local stratigraphy and
palaeogeography it would appear that metamorphism was also influenced
by major faults operative during the Lower Palaeozoic. The effect of
penecontemporaneous faulting would be to control the thickness of

cover (burial) which in turn governs pressure and temperature. As the
major faults operative during the Lower Palaeozoic are crossed there

is likely to be a change in illite crystallinity as the stratigraphic
control of temperature and pressure changes. This relationship can be
seen in northern Snowdonia. To the west of the Conwy Valley fault
higher crystallinity is developed (reflecting deeper burial) and to the
east of the fault lower crystallinity is developed (reflecting shallower
burial). Also, around Tal-y-Fan (SH 729727) the same pattern is
observed with low crystallinities developed west of the fault in

Bwylch-y-Ddeufan and high crystallinities to the east of the fault.

5.12. Concluding remarks

The analysis of illite crystallinity in northern Snowdonia has
provided much valuable information concerning the metamorphism of the
area. Utilising these results it is possible to define an area of
typically epizone metamorphism (low greenschist facies) surrounded by
an area of typically anchizone metamorphism (sub-greenschist facies)
separated by a sharply defined break in illite crystallinity. |In
addition, a clear relationship between deformation and illite crystall-

inity has been demonstrated.

Analysis of the crystallinity of illite has led to the conclusion
that regional variation is largely controlled by pressure and temperature
and is thought to reflect burial under a stratigraphic pile of varying

thickness. Local variation from the regional pattern is thought to
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reflect the impact of local stress and fluid action during the
Caledonian deformation which led to the localised re-crystallisation of
generally high crystallinity white micas, particularly in the cores of

folds.

Any model invoked to explain the pattern of metamorphism observed

in northern Snowdonia must take account of:

) the presence of a zone of typically epizone crystallinity
surrounded on three sides by a zone of typically anchizone crystallinity,
ii) the very sharp nature of the boundary between these two zones,

particularly in the north around Tal-y-Fan, and,

iii) the similar crystallinity of samples taken from different
stratigraphic horizons in different areas, for example, the similar
illite crystallinity values in the Cambrian slates around Llanberis

and the Silurian shales and mudstones east of the river Conwy.

These observations, and the intimate relationship between illite
crystallinity,major block faulting in the Lower Palaeozoic and local
stratigraphy lead to the conclusion that the pattern of illite
crystallinity (metamorphism) observed in northern Snowdonia has been
markedly influenced by the operation of major Lower Palaeozoic block
faults that are known to have influenced local deposition and preserv-

ation in North Wales (Kokelaar et al.,in press).
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CHAPTER 6

WHITE MICA GEOBAROMETRY

6.1. Introduction

The composition of rock forming minerals has long been used to
obtain information concerning the physical conditions prevalent during
metamorphic events. Particularly useful in this context are minerals
such as feldspars, micas, garnets and epidotes, all of which are
characterised by being members of solid solution series. By consider-
ing the chemical composition of these minerals, either individually or
as coexisting pairs, much valuable information concerning pressure,
temperature, composition of the fluid phase and the attainment of

equilibrium can be deduced.

In the context of this study structural data on the dioctahedral
white micas is used to determine precise chemical compositions of the
micas (Radoslovich and Norrish, 1962). For white mica geobarometry
the critical compositional trend is that of increasing '"celadonite”
content within the white micas with increasing pressure (Sassi and
Scolari, 1974, Guidotti and Sassi, 1976). Guidotti and Sassi (1976 )
define T"teladonitic muscovites" as those containing "significant
octahedral Fe2+ and Mg and represent partial solid solution towards
celadonite, the dioctahedral, tetrasilicic mica". The approximate
"celadonite" content of the white micas contained within an individual
sample can be determined by means of X-ray diffractometry (XRD),
specifically through the measurement of the bQ lattice parameter which
has been shown to reflect the ionic substitution of Fe and Mg for Al
and to progressively increase as pressure increases (Sassi and Scolari,
1974, Guidotti and Sassi, 1976 ). Hence bQ can be used to establish
the approximate baric environment for the slates, shales and mudstones

of northern Snowdonia. Subsequent utilisation of this technique



includes work by Fettes et al. (1976), Robinson (1981) and Padan et al.
(1982). XRD was preferred to microprobe analysis of the white micas
contained within the slates, shales and mudstones of northern Snowdonia
due to the difficulty in obtaining reliable microprobe results for

hydrous minerals in fine-grained rocks.

The aims of the white mica XRD analyses undertaken in northern

Snowdonia include:

i) Establishing the approximate baric environment prevalent during
low-grade metamorphism by determining the mean regional bQ of the

white micas.

ii) The examination of any systematic variation in bQ on the regional

and local scale.

iii) A critical assessment of the intensity ratio, 100Z”~00l1 (Esckvin>

1969) as a geobarometer.
iv) The correlation and comparison of the white mica XRD results
with other indicators of metamorphic conditions.
62. The principle of white mica geobarometry
6.2.1. The use of XRD to determine the composition of white mica.
The(060)peak can be conveniently used to distinguish between

dioctahedral and trioctahedral micas (Brindley and Brown, 1980).

Radoslovich and Norrish (1962) show that the lattice parameters

(particularly the b direction ) of micas are controlled by compositional

variation in the octahedral layer. They found that as Fe and Mg replace
Al in the octahedral sites the b dimension systematically increases,
hence bO can be used as a measure of the substitution of Fe and Mg for
Al. Ernst (1963) found that low temperatures and high pressures favour
higher octahedral Fe + Mg contents,a conclusion supported by the

experimental work of Velde (1965). It thus follows that bQ is affected
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by pressure as bQ changes with Fe and Mg substitution for Al which is

directly related to pressure.

XRD has been used for the purpose of determining the '"celadonite"
content of white micas for the purpose of geobarometry by Esquevin
(1969), Cipriani et al. (1971), Sassi and Scolari (1974), Guidotti
and Sassi (1976) and Padan et al. (1982). White mica composition can
be estimated from XRD data by determination of the lattice parameters
b and ¢ which are influenced by phengitic substitution in muscovite
(Fe + Mg replace Al in the octahedral sites) and paragonitic substit-
ution in muscovite (Na replaces K in the interlayer sites), respectively
b and c (or more precisely c sin $) can be calculated from the dggp
and dgQi (where 1 is dependent on the structural type) reflections

respectively.

Guidotti and Sassi ( 1976 ) suggest that:

i) With increase in Na/Na + K (reflecting the substitution of

paragonite for muscovite) the "d" spacing of (001) will increase

ii) With increase in octahedral substitution of Fe and Mg for Al
(reflecting the substitution of phengite for muscovite) the
"d" spacing of (001) will decrease and the "d" spacing of

(060) will increase.

In addition Esquevin ( 1969 ) suggests that as Fe and Mg replace Al

in the octahedral sites the intensity ratio 1qo27001 W1~ increase.

As it is the substitution of Fe and Mg for Al in the octahedral
sites that is of interest in geobarometry,dpg” and the intensity ratio
are the most potentially useful diffractometric measurements. Since
Esquevin (,1969 \ first proposed the intensity ratio as a measure of
octahedral Al/(Fe+Mg) several authors (for example, Kisch, 1980 and

Padan et al.,1982) have cast doubt cnthe rel iability of this factor as



a geobarometer. The reliability of the intensity ratio will be
examined relative to the samples from northern Snowdonia in section

6.7.

Recently doubt has been expressed concerning the use of XRD to
determine the precise phengite and paragonite contents of white micas
(Naef and Stern,1982). It would appear that single sample diffracto-
metric measurements may be potentially unreliable as large discrepancies
can occur between the chemistry predicted from XRD and that determined
by electron microprobe. However, the problem of large errors on XRD
measurements on single samples is largely overcome by employing the
method of Sassi and Scolari ( 1974 ) and Padan et al. ( 1982 )
whereby compositional data from a large number of samples is plotted on
a bQ cumulative frequency diagram and the statistical characteristics

of the population as a whole is then considered.

Alternative methods of determining white mica compositions include
conventional wet chemical analysis and electron microprobe analysis,
however, both alternative techniques are problematic. Because of the
difficulty in separating white mica from other minerals (particularly
chlorite) in low-grade metamorphic rocks wet chemical analysis tends
not to be used as an alternative to XRD. Electron microprobe analysis
is not always suitable because of the problem of fine grain size and
dehydration due to the use of a finely focused beam on hydrous minerals.
It would appear, therefore, that XRD is the most suitable method of
determining the degree of substitution of Fe and Mg for Al in white
micas. Compositions determined from XRD data for individual samples
may be unreliable and thus of limited value, cumulative compositional
data based on a large number of samples may, however, provide useful

geobarometric information.



6.2.2. The effect of composition, temperature and pressure on bQ

It is evident that the three major controls on white mica
octahedral chemistry and hence bQ are bulk rock composition,
temperature and pressure (Guidotti and Sassi, 1976). Obviously any
reliable use of bQ as a geobarometer must take into account any
possible effect of factors such as temperature and host rock compositional

control.

i) Composition. The whitemicas recommended for bQ analysis are
those taken from assemblages where any change in mineral
chemistry is independent of bulk rock chemistry (Guidotti, 1973).
In practice compositional control is usually less rigorous.
Sassi and Scolari (1974) and Guidotti and Sassi (1976)
recommend that samples containing paragonite, K-feldspar,
abundant quartz, abundant chlorite, carbonate minerals and
significant hematite or magnetite should be avoided. They
found that bQ is significantly increased in samples bearing
K-feldspar and large amounts of chlorite or quartz, but
significantly decreased in samples containing paragonite or
carbonate minerals. The presence of significant amounts of
hematite or magnetite would imply a high host rock FeS/Fe2+

ratio which would lead to a high white mica bQ.

-
-
o

Temperature. In rocks that have suffered diagenetic change or
anchizone metamorphism it would appear that increasing
temperature results in a slight increase in bQ (Padan et al.,
1982). In epizone rocks increase in temperature results in a
progressive decrease in bQ reflecting a progressive increase in
the muscovite content of the white micas (Velde, 1965; Guidotti
and Sassi, 1976 ). The implication of these findings is

that maximum bQ is developed in samples from the upper



anchizone or lower epizone of the facies series being examined.

iii) Pressure. As pressure increases there is also a progressive
increase in Fe and Mg substitution for Al in the octahedral
sites reflected by an increase in bQ. The increase in mean
bQ from a low pressure facies series metamorphism to a high
pressure facies series metamorphism is approximately from
8.990 (Bosost type) to 9.055 (Sanbagawa type), (Sassi and

Scolari, (1974).

The relationship of bQ to temperature and pressure is shown in

Figure 6.1.

For the white mica geobarometry undertaken on the samples from
northern Snowdonia the effects of host composition and temperature
on the bQ results are discussed in more detail in sections 6.3 and

6.6.2 respectively.

6.3. Problems of bQ analysis in the low-grade rocks of northern

Snowdonia.

Although bQ analysis is a relatively rapid technique it can
yield useful data concerning the baric environment prevalent during
the formation of the white micas. However, several problems arise
when attempting to use the technique on low or very low-grade rocks.
Three major problems can be recognised i) the measurement of the
exact position of(060)from a broad peak of low intensity, ii) mineral-
o6gica! and chemical inhomogeneity potentially significantly influencing
the octahedral chemistry of the white micas (Guidotti and Sassi, 1976),
and iii) difficulty in assessing the potential role of temperature as a

control on white mica octahedral chemistry.

The problems of measurement reflect the nature of the technique and
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FIGURE 6.1.

The

influence of pressure and temperature on white

mica bQ, from Guidotti and Sassi (1976).

Celadonite content (or b
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can be alleviated by careful sample preparation and statistical
consideration of the results. The influence of host rock chemical
control and the effects of temperature need careful consideration as

they may influence the geological interpretation of the results.

Chemical and mineralogical inhomogeneity between samples could
potentially diminish the value of the bQ analyses. The effect of
gross chemical and mineralogical differences between samples was
outlined in section 6.2.2. In order to minimize large scale inter-
sample compositional differences only slates, shales and mudstones of
approximately similar mineralogical composition were utilized. This
assertion was confirmed by a series of bulk rock XRD scans over the
range 3 - 40° 20 the results of which are presented in Appendix 6 (1V).
Guidotti and Sassi ( 1976 ) recommend that quartz and chlorite rich
samples be avoided for bQ analysis as they found that white micas from
these samples tend to yield anomalously high bQ values. Clearly all
the samples from northern Snowdonia contain significant amounts of
both quartz and chlorite, however,none of the samples utilized contain a
disproportionately large amount of either quartz or chlorite. The
presence or absence of mixed layer clays was investigated by glycolation
and heat treatment of the clay fraction and is discussed in Chapter 5
where it was concluded that mixed layer clays are generally absent in
the samples from northern Snowdonia. The presence of significant
amounts of paragonitic mica (mica in which Na has replaced K in the
interlayer sites) was clearly demonstrated by scanning the critical
20 range of 45 - 48°. Guidotti and Sassi ( 1976 ) and Robinson (1981)
found that mean bQ in paragonite-rich samples is significantly lowered.
However, Padan et al. (1982) found that white micas from paragonite-
rich assemblages need not necessarily contain significantly less
octahedral Fe + Mg than those from paragonite-free samples from the

same area. Although samples 209, 211 and 254 were found to contain
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significant paragonite,the bQ of white micas from these samples does
not appear to be any lower than the regional bQ. In the case of sample
211 the bQ is in fact rather higher than that determined on the

surrounding paragonite-free samples.

The general affect of temperature on bQ was briefly outlined in
section 6.2.2. This particular aspect of white mica geobarometry is
criticaly important when interpreting bQ data obtained from rocks of
very low metamorphic grade (Padan et al., 1982). The influence of
metamorphic temperatures on bQ in the white micas from northern
Snowdonia 1is discussed in some detail in section 6.6.2 where the
correlation between illite crystallinity (reflecting metamorphic grade)
and bQ (reflecting the relative pressure and temperature conditions) is

critically examined.

6.4. Sample preparation and analysis.

White mica geobarometry was undertaken on 50 slates, shales and
mudstones from northern Snowdonia. Samples were chosen to provide an
even distribution of analyses over the area and to represent as wide a
stratigraphic range as possible. The samples used for the bQ analyses
were selected from those used for the illite crystallinity survey.

Sample locations are listed in Appendix 2 (ii).

The '"celadonite" content of white mica is estimated by precise
measurement of the position of the (060) peak which is then used to
calculate bQ. The quartz (211) peak at 1.541% is used as an internal
standard throughout. 1t was found that the smear mounts used for the
illite crystallinity analyses were not suitable for bQ determination
because during the preparation of the smear mounts most of the quartz
had been removed, resulting in low intensity of the quartz (211) peak,

and phyllosilicate orientation parallel to (001) occurred resulting in



very low (060) peak intensities. Therefore, cavity mounts of powdered
bulk rock samples were prepared for the bQ determinations. Bulk rock
powders were produced by ball milling a small amount of sample for
about 15 minutes. The powder was then packed tightly into a modified
cavity mount so that orientation of the phyllosilicate sheets was

parallel to.rather than normal to»the X-ray beam (Robinson, 1981).

Despite using these cavity mounts the intensity of the white mica
(060) peak was often very low and definition poor. As a result the
potential error in measurement for a single bQ determination may be
relatively large. In order to overcome this problem several determin-
ations of the exact peak position of (060) were undertaken on each
sample and the mean bQ value for these measurements utilized. The
machine conditions employed for the bQ determinations are listed in

Appendix 1 (ii).

6.5.1. The results.

The results of the bQ determinations performed on the samples from
northern Snowdonia are tabulated in Appendix 6(v) and presented on a
map of the area (Figure 6.2), they are also plotted as a histogram to

which reference will be made later (Figure 6.3).

6.5.2. Reliability of the results.

White mica geobaraometry relies on the measurement of the exact
position of the (060) diffraction peak and from this»calculation of
the lattice parameter bQ. Three potential sources of error were
considered, i) machine errors, ii) sample preparation errors, and, iii)

measurement errors.

The reliability of the equipment was rigorously tested using pack
and smear mounts containing mixtures of known standards CaF" (fluorite)

KBr03 (potassium bromate) and Si02 (quartz). Numerous scans were
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undertaken between different peaks, utilizing a range of machine
conditions, and the precise inter-peak distances were measured. This
observed distance was then compared to the actual distance calculated
from the known positions of the diffraction peaks of the three standards.
In all cases the difference between the expected and observed figures
was less then 0.5mm on the chart. This would indicate that errors
related to machine factors are very low for the machine conditions
employed in the calculation of bQ (less than 0.7% of the actual distance

measured on the chart).

Errors related to sample preparation were not rigorously investi-
gated, although about 20% of the samples had more than one mount
prepared. It was found that no significant difference in the position
of (060) occurred between different preparations of the same sample.
The major difference between different mounts of the same sample
occurred in peak intensity and definition and is thought to reflect the

quality of the mount produced.

The third potential source of error results from the precise
measurement of the position of poorly defined, low intensity peaks.
The intensity and definition of (060) depends on the quality of the
mount and the quantity of phyllosilicate minerals present within the
sample and, therefore, varies considerably between samples. In order
to quantify the variation in bQ determined on a single sample each
sample was scanned at least five times. In several cases individual
scans produced peaks that were too poorly defined to measure, in other
cases scans produced several small peaks corresponding to (060), thereby
rendering precise measurement impossible. In such cases each small
peak was measured and a mean bQ calculated for that sample. The
apparent multiple (060) reflections are not thought to reflect the
presence of white micas with different octahedral Fe and Mg contents as

usually only one,or occasionally two scans,out of five showed this



effect and the exact position of the peaks varied between runs. The
standard deviation was calculated for all the measured (060) peaks for
each sample and ranged from 0.0008 to 0.0116. This figure reflects the
amount of variation between different scans on the same sample so that

a higher standard deviation reflects greater variation between individual
scans. In addition the pooled variance was calculated on all the
measured scans and a mean one standard deviation pooled variance of

0.0058 produced.

Because of the potential errors outlined above, and the doubts
expressed by Naef and Stern (1982) concerning the reliability of XRD
as a method of determining the precise "celadonite" substitution in
white mica, only the statistical characteristics of a group of samples
can be considered with any confidence. By adopting this approach it
was hoped to minimize the problems caused by the relatively low
intensity and poor definition of the white mica (060) peak, chemical
and mineralogical inhomogeneity between individual samples and the
uncertainty of using XRD to measure the octahedral substitution of

Fe and Mg for Al.

6.6. Discussion of the results.

6.6.1. Regional variation in bQ

From the results of the bQ determinations (Appendix 6(v) and
Figures 6.2. and 6.3) it is evident that marked variation exists in
white mica bQ values both on the large, regional, scale (between
different parts of northern Snowdonia), and on the small, local, scale

(between samples taken from a small area within northern Snowdonia).

In general higher bQ appears to be consistently displayed by
samples from the western part of the Conwy Valley and lower bQ by
samples from the rest of northern Snowdonia (Figure 6.2). The boundary

of this zone of characteristically higher bQ appears to correspond to



the boundary between anchizone and epizone illite crystallinities
described in Chapter 5. The correlation between illite crystallinity
and white mica bQ is examined in detail in section 6.6.2. From the
histogram (Figure 6.3) it would appear that the boundary between the
zones of higher and lower bQ occurs at a bQ value of approximately
9.000. Although the absolute change in bQ between the two zones is
very small, the break does appear to be sharp as only one sample with

a mean bQ less than 9.000 occurs in the higher bQ zone (values > 9.000),
and only one sample with a mean bQ greater than 9.000 occurs in the

lower bQ zone (values < 9.000).

As well as the broad regional variation in bQ significant local
variation in bQ occurs. Sassi and Scolari (1974) also describe similar
variation in white mica bQ between samples of similar lithology and
metamorphic grade and taken from a small area. Some small scale
variation in bQ might reflect slight compositional differences between
samples, however, this possibility was not rigorously examined as only
gross compositional differences were investigated through the bulk rock
XRD scans. The presence of significant inter-sample variation in bQ,
even where samples are closely spaced, again indicates the need for
caution when interpreting bQ results and is further justification for
utilisation of the bQ - cumulative frequency approach of Sassi and

Scolari (1974).

In addition to the regional and local variation in white mica bQ
outlined above, the possible influence of stratigraphical control was
also considered. However, it appears that variation in bQ is not
related to stratigraphic control with low bQ values occurring throughout

the stratigraphic column.

The empirical evidence would, therefore, indicate that two bQ

groups can be distinguished in northern Snowdonia. It must be



emphasised that the difference between the two populations in absolute
terms is not very great although the distinction is significant and

the boundary does appear to be sharp.

Statistical examination of the white mica bQ results supports the
empirical evidence above. Treatment of the results as a single
population produces a mean bQ of 8.995 with a standard deviation of
0.012 (calculated on all 50 samples). This is higher than most of
the standard deviations obtained by Sassi and Scolari (1974 ),
Robinson (1981) and Padan et al. (1982) on bQ results obtained from
similar populations of low-grade samples comparable with the samples
from northern Snowdonia. Treatment of the bQ results as two sub-
populations, as indicated by the empirical evidence, produces a mean
b0 of 8.988 with a standard deviation of 0.006 for the area of lower
bQ values (calculated on 32 samples) and a mean value of 9.008 with a
standard deviation of 0.009 for the area of higher bQ values
(calculated on 18 samples). These standard deviations are closely

comparable to the figures obtained by Sassi and Scolari (1974).

The significance of the difference in bQ between the two apparent

groups was tested using the T-test the suitability of which was examined

by means of a standard F-test where,

- R _ 2
F = greater estimate of population variance
lesser estimate of population variance Z

(Hammond and McCullugh, 1974). Using this equation a value of F = 1.29
was derived compared to a critical value of F = 2.01 (Davies and
Goldsmith, 1976, Appendix D), hence the data are suitable for testing
by the T-test statistic. The HQ tested by the T-test is that....

"no significant difference in bQ exists between samples taken from the
western Conwy Valley and from the rest of northern Snowdonia™. The

H1 against which HQ is tested is that.... "the bQ obtained from samples

taken from the western Conwy Valley is significantly higher than the
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bQ obtained from samples taken elsewhere in northern Snowdonia"™. A
value of T = 8.26 was obtained compared to a critical value of T = 2.02
(Davies and Goldsmith, 1976, Appendix C), therefore Hq is rejected

in favour of H-j.

It would, therefore, appear that both the empirical and statistical
evidence supports the conclusion that two distinct zones representing
white micas with relatively higher and lower "celadonite" contents occur
within northern Snowdonia. The difference in bQ between the two groups
of samples is not great but would appear to be consistent and

significant.

6.6.2. Correlation between bQ and illite crystallinity.

In section 6.6.1 is was shown that the zone of higher bQ values
corresponds closely to the higher illite crystallinity area. It
might appear that the two measurements are causally inter-related with
changes in bQ simply reflecting changes in metamorphic grade as
mirrored in the illite crystallinity, thus having no independent
geological significance. This factor is of critical importance if
the crystallinity and bQ results are to be used as independent
indicators of metamorphic conditions and must, therefore, be investigated

rigorously.

It has been consistently shown that the grade of metamorphism
influences octahedral substitution of Fe and Mg for Al in white micas
(Cipriani et al., 1971; Sassi and Scolari, 1974 and Guidotti and Sassi,
1976). However, these studies investigated greenschist facies rocks
and led to the conclusion that with increasing metamorphic temperatures
bQ progressively falls. Padan et al. (1982) investigated the use of
white mica geobarometry in sub-greenschist facies rocks and discovered

that in diagenetic samples a significantly lower bQ is recorded than in

d[JaAIun~JI.JJ!>{
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highanchizone and low epizone rocks from the same area. Hence the
maximum bQ of white micas from a particular facies series will be
developed in high anchizone or low epizone samples. [Illite crystall-
inity has been used as a measure of grade by Padan et al. ( 1982 )

on samples from the Swedish Caledonides and the Andes and in the
present study on samples from northern Snowdonia. Padan et al. (1982)
show that as illite crystallinity increases, bQ progressively increases.
In the transition from diagenesis to low epizone, for example in the
Swedish Caledonides, the increase in mean bQ is 0.015. The increase in
bQ is not marked where change in metamorphic grade is only from upper
anchizone to low epizone, for example in the Andes, where the increase
in mean bQ is only 0.008. Thus it would appear that there is a
relationship between bQ and metamorphic temperatures. The change in bQ
as metamorphic grade increases is clearly shown in figure 6.4. which is
taken from Padan et al. (1982). In the samples from northern
Snowdonia the same relationship is observed with middle anchizone samples
yielding consistently lower bQ than epizone samples (figure 6.5). This
relationship raises the critical question of whether the two b Zzones
distinguished in section 6.6.1. merely reflect a difference in meta-
morphic temperatures. The difference in metamorphic grade observed in
northern Snowdonia is from middle achizone to low epizone with a narrow
band of low anchizone crystallinity occurring along the north coast

(for a full description see Chapter 5).

The difference in mean bQ between the two zones is 0.020,rather
greater than the difference in mean bQ observed between diagenetic and
epizone samples in the Swedish Caledonides and much greater than the
difference in mean bO observed between the upper anchizone and low
epizone samples in the Andes. The change in crystallinity in northern
Snowdonia is significantly less than in the Swedish Caledonides being

more typical of that observed in the Andes so that a small change in

|1~
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FIGURE 6.4.

The influence of metamorphic grade on white mica
b0 in the Andes and the Swedish Caledonides,
from Padan et al. (1982). Cumulative bQ curves

1 - 3 in the Andes reflect an increase in illite
crystallinity from middle anchizone to epizone.
Cumulative bQ curves 1 - 4 in the Swedish
Caledonides reflect an increase in illite

crystallinity from diagenesis to epizone.

Cumulative frequency

100

90

80

70

increase in crystallinity

60 *“

50

40

30

20

10

8.98 9.00

value

9.02

.04



Sample Position of "d"spacing Calculated

Number the mica mica b0

(060)

peak (°2e)
340 61.820 1.4996 8.9976
341 61.870 1.4986 8.9916
342 61.935 1.4973 8.9838
343 61.860 1.4988 8.9928
344 61.960 1.4968 8.9808
345 61.950 1.4970 8.9820
346 61.970 1.4966 8.9796
347 61.980 1.4964 8.9784
348 - - -
349 61.840 1.4992 8.9952

TABLE 6.A. b results for samples from the Nant Peris
anticline.
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bQ of up to a maximum of 0.010 might be accounted for by the increase in
metamorphic grade between the two areas. The observed difference in
mean bQ between the zones of higher and lower bQ is double this figure
thus implying that a small but significant difference exists between

the two groups of bQ analyses that cannot be accounted for simply by

the change in metamorphic grade.

Despite the overall good correlation between illite crystallinity
and bQ, one group of samples exhibit poor correlation. Illite
crystallinity (Chapter 5) was shown to be markedly enhanced in the cores
of folds. However, when the white mica bQ for samples taken from the
Nant Peris anticline was calculated no similar enhancement was observed
(Table 6.A). Samples from the Nant Peris anticline plot in the high
crystallinity-low bQ field of Figure 6.5. This observation would
indicate that although crystallinity may be enhanced during deformation
the "celadonite" content of the white micas remains unaffected. The
implication, therefore, is that overall baric conditions remained
relatively constant during the enhancement of illite crystallinity,
presumably during the Caledonian deformation. Also the area of high
illite crystallinity developed in the western Conwy Valley does not
simply reflect a greater intensity of deformation as the bQ of the
white mica is also markedly higher. The implication of this observation
coupled with the definition of two groups of white mica with different
"celadonite" contents, even after the possible affects of metamorphic
grade are accounted for, is that a genuine but slight difference in

baric conditions existed within northern Snowdonia.
6.6,3. The determination of facies series.

The determination of white mica bQ as a measure of the octahedral
substitution of Fe and Mg for Al and its subsequent use as a geobarometer

is a relatively new geological technique. Several regional studies,



FIGURE 6.5.

White mica bQ vs composite crystallinity index
showing the fields of samples from the western
Conwy Valley and the rest of northern Snowdonia

Also shown are samples taken from fold cores.

Composite Crystallinity Index



Facies Series 1 2 3 4 5 6

Mean bQ

values 8.990 8.995 9.010 9.020 - 9.035 9.055
9.025

1 - Low-pressure metamorphism without chlorite zone (for example,

Bosost).

2 - Low-pressure metamorphism with chlorite zone (for example,

Hercynian metamorphism in the eastern Alps).

3 - Low-intermediate pressure metamorphism with the chlorite -a
biotite -+ almandine sequence in the greenschist facies

(for example, New Hampshire).

4 - Typical Barrovian metamorphism (for example, Dal radian

metamorphism in Scotland).

5 - Barrovian-type metamorphism with simultaneous first

appearance of biotite and almandine (for example, Otago).

6 - Glaucophanitic greenschist facies (for example, Sanbagawa).

TABLE 6.B. Empirical scale of the bp values in low-grade

metamorphism of pelitic schists (from Sassi and
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FIGURE 6.6.

White mica bo’ cumulative frequency diagrams showing
the cumulative curves for: (i) all samples from

northern Snowdonia, (ii) samples from the western
Conwy Valley, and (iii) samples from the rest of
northern Snowdonia. Also shown are cumulative curves
for Bosost and Northern New Hampshire (from Sassi and
Scolari, 1974).
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however, have utilised the method and Sassi and Scolari (1974) have
proposed an empirical scale of cumulative frequency curves as a
function of pressure. Figure 6.6. plots the bQ data from northern
Snowdonia and is compared with data from Bosost and northern New
Hampshire (from Sassi and Scolari, 1974). Table 6.B. presents the

empirical scale of mean bQ values (Sassi and Scolari, 1974).

From Figure 6.6. and Table 6.B. it can be seen that the mean bO
of 8.988 obtained for the lower bQ zone is very similar to the mean bQ
of 8.990 typical of the "low-pressure™ metamorphic facies series whilst
the mean bQ of 9.008 obtained from the higher bQ zone is very similar
to the mean bQ of 9.010 typical of the "low-intermediate pressure” facies
series. From the bQ determinations it can be shown that northern
Snowdonia has been metamorphosed in the low or low-intermediate
pressure facies series of metamorphism as defined by Sassi and Scolari

(1974).

6.7. Use of the intensity ratio (I1QQ2//Y00L~" as a 9eobarometer

Esquevin (1969) proposed the use of the intensity ratio of the
first and second order diffraction peaks of whitemicas as a measure of
theAl/(Fe+Mg) ratio and as such might have potential geobarometric
significance. However, several workers (referenced in Kisch, 1980),
discovered very poor correlation between the actual Al/(Fe+Mg) ratio
and the 19027001 ran10, Padan et al. (1982) observed poor correlation
between bQ and the intensity ratio for rocks from different areas (the
Andes and the Swedish Celdonides) where a significant difference in
white mica "celadonite" content might be expected from the analyses of
bQ which indicated significantly higher Fe and Mg contents in the white
micas from Sweden relative to those from the Andes. Intensity ratio
cumulative frequency curves, however, were found to be very similar for

both areas.



Key

e — Sample from area of high illite crystallinity

0 — Sample from area of low illite crystallinity

FIGURE 6.7 White mica bQ vs the intensity ratio for samples

from northern Snowdonia.

Intensity Ratio
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The intensity ratio was calculated for the 50 samples on which
bQ was determined. The results are presented in Appendix 6 (vi).
The range in intensity ratio is large, from 0.25 to 0.57. In Figure
6.7. the intensity ratio is plotted against bQ and there is clearly
very little correlation between the two variables. In Figure 6.8. the
intensity ratios are plotted as a cumulative frequency graph which
demonstrates that there is no significant difference between the
cumulative intensity ratios of samples taken from the higher and lower

bd zones,

A comparison of the Welsh data with those of Padan et al.
(1982) for samples from the Swedish Caledonides and the Andes shows a
significant difference in cumulative distribution. The mean intensity
ratio of the Andean rocks is much lower than that of the rocks from
northern Snowdonia (about 0.30 and 0.45 respectively), however, the
mean bo of the Andean rocks is very similar to that obtained in northern
Snowdonia (between 8.996 - 9.004) implying that the "celadonite"

content of the white micas from both areas is similar.

As a result of measuring the intensity ratio two points can be
made: i) correlation between bQ and the intensity ratio is poor in
northern Snowdonia, and ii) the cumulative intensity ratios for groups
with very similar bQ values are markedly different. The conclusion
that the intensity ratio is unreliable as a geobarometer due to the
influence of factors other than octahedral chemistry (Padan et al. ,
(1982 ) is supported by the data from northern Snowdonia. It would
appear that factors other than the Al/(Fe+Mg) ratio play a potentially
major role in determining the intensity ratio of the first and second
order diffraction peaks in white mica. Differences in the intensity
ratio are more likely to reflect chemical differences in the interlayer

sites or in the interlayer structure than differences in octahedral site



FIGURE 6.8,

Intensity ratio, cumulative frequency diagram for
samples from the areas of high and low bo. Also
shown is the cumulative frequency, intensity ratio
curve for samples from the Andes, (from Padan et al .
1982).
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6.8. Concluding remarks.

White micas geobarometry utilising bQ has been undertaken on 50
slates, shales and mudstones from northern Snowdonia using the method
recommended by Sassi and Scolari (1974). Several problems arise when
attempting bQ determinations on very low-grade rocks although most can
be alleviated by careful choice and preparation of samples, the
statistical analysis of the results obtained from a group of samples

and careful interpretation of the results.

The results of the bQ analyses would appear to indicate that:

) two empirically and statistically distinct bQ groups (with means
of 8.988 and 9.008) exist that closely correspond to the anchizone and
epizone areas defined from the illite crystallinity, ii) the mean bQ
of the anchizone samples is possibly lowered by as much as 0.010 as a
result of the progressive increase in bQ as temperature increases in
the lowest grades of metamorphism. This factor cannot, however, be
invoked as a full explanation for the difference between the two groups
of bQ values, iii) although good correlation exists between bQ and
illite crystallinity poor correlation occurs in the cores of folds
where, although crystallinity is often very high, the associated bQ is
indistinguishable from the regional bQ, and, iv) the intensity ratio
(lgo2/ioco 1™ ES{uevin (1969) would appear to be unreliable as a

geobarameter.

Comparison of cumulate frequency curves constructed for the samples
from northern Snowdonia with similar graphs for samples from other
metamorphic terrains indicates that northern Snowdonia has been subjected
to a "low pressure/low-intermediate pressure" facies series metamorphism

as defined by Sassi and Scolari (1974).

Finally, it can be shown that in the western Conwy Valley there
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is an area of higher mean crystallinity and slightly higher bQ compared
with the rest of northern Snowdonia. This indicates that a definite
metamorphic break in grade exists within northern Snowdonia. The
implications of these conclusions along with the evidence derived from
examination of the basic rocks and the fluid inclusions contained in

vein quartz are discussed in Chapter 8.

[ N



CHAPTER 7

FLUID INCLUSION STUDY

7.1. Introduction

The systematic study of fluid inclusions on a large scale has only
been undertaken in the last 20years. However, the existence of fluid
inclusions had been known for many centuries (Roedder, 1972) and their
significance and potential value as samples of fluid, trapped by
crystal growth or recrystallisation, was largely realised by the mid-

nineteenth century (Sorby, 1858).

Inclusions occur in many rock-forming minerals and the fluids they
contain display a wide range of compositions (Roedder, 1972). By
detailed observation and analysis of the inclusions contained within a
sample, valuable information can be obtained concerning fluid composition,
fluid evolution and the temperatures and pressures of host mineral
crystallisation. If the precise timing of mineral growth can be
established and the nature and age of the contained inclusions
determined then fluid inclusions can provide a valuable insight into
conditions prevalent during specific geological events. Fluid inclusions
have recently been utilised in the study of hydrothermal ore deposits
(Roedder, 1962; 1979), high-grade metamorphic belts (Hollister and
Burrussj 1976, Touret, 1981), low-grade metamorphic belts (Tringham,
1979; Frey et al., 1980; Crawford, 1981) and igneous rocks (Roedder

and Coombs, 1967).

In the present study about 650 inclusions were examined from 19
samples of vein quartz taken from representative locations throughout
northern Snowdonia. The quartz veins are often found in close assoc-
iation with Si rich host rocks (sandstones, rhyolites, acid tuffs, etc.).

This association probably indicates that Si has been only locally



mobilised as a result of Si release during low-grade metamorphic
reactions and by Si solution in hot aqueous fluids (Fyfe et al., 1978).
Determination of the age of quartz veining relative to mineral re-
crystallisation and end-Silurian Caledonian deformation is essential

if the fluid inclusion data are to be interpreted, in conjunection with
other geological data, to determine the conditions of metamorphism.
Clearly, if data from a variety of contrasting sources are to be used
it is essential that the data either reflect metamorphic conditions
prevalent at the same time or that temporal relations between the
different data sources are clearly defined. Veining appears to have
occurred prior to deformation although in many specific cases the
precise structural relationship of veins on field evidence alone is
unclear. Evidence indicating that quartz veins were emplaced before
deformation includes the folding of veins, the diffraction of cleavage
against veins and the occasional presence of a weak, marginal fracture

cleavage in some veins. Sample locations are listed in Appendix 2 (iii).

The aims of the fluid inclusion study were:-

) detailed observation and description of inclusions to determine
the relative proportions and distributions of primary (inclusions
trapped at the time of host mineral crystallisation) and secondary
(inclusions trapped at some time after host mineral crystallisation)
fluid inclusions and to visually assess the degree of recrystallisation

and internal deformation within the quartz veins.

ii) qualitative and semi-quantitative determination of fluid
composition through careful petrographic observation, accurate measure-
ment of the temperatures of critical phase changes and bulk chemical

analysis .

iii) determination of fluid density as reflected by the filling

temperatures, density being related to fluid composition and the

160



161

temperatures and pressures of trapping.

iv) determination of any variation in composition or characteristic
filling temperatures between different “suites”™ or types of inclusion

present within a sample.

The ultimate aim of the fluid inclusion study was to combine the
composition and filling temperature data with the geological information
obtained in the previous chapters to derive the approximate temperatures
and pressure of pre-deformation vein emplacement. In addition, any
variation in filling temperature or composition between different types
of inclusion (primary and secondary) might reflect fluid evolution

over time.

7.2. The principle of fluid inclusion analysis.

7.2.1. Introduction

Two assumptions are critical in fluid inclusion analysis, these

being:-

i) that there has been no leakage into or out of inclusions since the
time of their formation, or if leakage has occurred that it can be
recognised (Roedder, 1968, 1979), and ii) that the volume of the
inclusion has remained constant, or that if any significant change in
volume has occurred, it too can be recognised (Roedder, 1981). The
validity of these assumptions has been seriously questioned in the past
(Kennedy, 1950; Roedder, 1963) and it is important that they be
considered when interpreting fluid inclusion results. In addition it is
important that data from primary inclusions (formed during mineral
growth) and secondary inclusions (formed at some time after mineral
growth) should be distinguished. Independent geological data concerning
either the temperature or pressure of trapping is necessary if a

realistic interpretation of the results from simple fluid inclusions is



to be made (Roedder, 1979).

As the fluid inclusions from northern Snowdonia consist largely of
water or dilute brine (see Sections 7.3. and 7.4.), only fluid inclusion

analysis relating to simple aqueous inclusions will be examined.
7.2.2. Determination of fluid composition

Fluid composition can be qualitatively, semi-quantitatively and
quantitatively determined in a variety of ways. The simplest method
of determining approximate fluid composition is by careful petrographic
observation. Information can be obtained concerning: i) the nature of
the fluid based on the number and types of phases present within the
inclusions. For example, in a mixed C02 - H20 inclusion an immiscible
relationship will exist between the two phases at a concentration greater
than 2.1 Wt. % C02 when the C02 will appear as a distinctive rim around
the H20 vapour bubble (Alderton, 1976; Roedder, 1981) and, ii) the
approximate salinity of the fluid based on the presence or absence of
salt crystals within the inclusions (Roedder, 1972). For example, in
mixed NaCl - H20 inclusions cubes of halite will form at concentrations
greater than about 25 Wt. % NaCl. These observations are obviously
only qualitative but can yield valuable preliminary fluid composition

data.

A more sophisticated method of determining fluid composition
involves the careful observation of phase behaviour as inclusions are
gradually heated from very low temperatures (< - 100°C). At these
temperatures most fluids should be frozen as ices, but as temperatures
slowly increase melting will occur. The exact temperature of both the
initial and final melting points are governed by fluid composition.

For example, the initial melting temperature of NaCl + H20 is - 20.8°C,

for CaCl2 + H20 - 49.8°C and for KC1 + H20 - 10.6°C (Crawford, 1981).
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The depression of the final melting point below 0°C (the final melting
point of pure H*0) reflects the total concentration of salts present so
that measurement of the final melting point allows quantification of the

salt concentration within the fluid.

Finally, fluid composition can be determined directly utilising a
number of physical and chemical techniques such as the microchemical
analysis of fluid contained within single inclusions, bulk chemical
analysis of the fluids released upon crushing or digestion of a host
mineral and microprobe analysis of daughter minerals (Roedder, 1972;

Hollister and Crawford, 1981).

7.2.3. Determination of fluid density

The density of a fluid trapped in an inclusion can be established by
the measurement of the homogenisation or filling temperatures. A simple
aqueous fluid trapped at elevated temperatures will divide into a liquid
phase, of relatively high density, and a vapour phase, of relatively low
density, upon cooling. This behaviour is the result of differential
contraction between the host mineral and the fluid as temperatures fall
(Roedder, 1981). This process can be reversed by heating the sample
thus causing fluid expansion. In complex fluid inclusions homogenisation
temperatures are recorded whereby the inclusions are heated until all
crystalline material has dissolved, solid solution between immiscible
phases is achieved and the fluid expands to completely fill the inclusion.
In simple inclusions (such as those of nothern Snowdonia) filling temper-
atures are recorded whereby the inclusion is heated until the vapour
bubble is completely filled by the expanding liquid within the inclusion.
Homogenisation and filling temperatures can be used directly to calculate

fluid density from tables of published data (Fisher, 1976).

By heating an inclusion to its filling or homogenisation temperature

=
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a minimum temperature of trapping can be determined. If the inclusion
was trapped at elevated pressures, or the fluid is markedly saline, then
the filling temperature will be significantly lower than the true
trapping temperature. If composition can be measured and pressure
determined from independent geological data, corrections may be made

and the true temperature of trapping derived (Fisher, 1976; Potter, 1977).

7.3. Description of the fluid inclusions

All the vein quartz samples from northern Snowdonia contain some
fluid inclusions, although the range in inclusion size, type and
abudance is often very marked both between samples and between the
different grains within a sample. Most of the samples contain some
evidence of deformation with, for example, the development of wide-
spread undulose extinction, the frequent occurrence of discrete fracture
planes and recrystallisation. The effects of deformation are not
uniform within a sample and it was often found that the least deformed
grains contained many relatively large inclusions whilst the highly
deformed, recrystallised grains contained relatively few, small
inclusions. These observations are consistent with those of Kerrich

(1976).

Two main morphological types of inclusion were recognised.

)] The majority of the fluid inclusions are relatively small(< 15u
in length) and rounded. They often occur on planes or form linear
arrays (Figure 7.1.1.) and only rarely occur as isolated inclusions.
The inclusion margins are often sharply defined and clear and the
vapour bubble small. When these inclusions are heated the most obvious
effects are slow shrinkage of the vapour bubble and, either, rapid
movement of the vapour bubble, due to surface tension effects
(Roedder, 1981) or, a smearing of the bubble against the inclusion

walls. Occasionally these inclusions display the partial development



FIGURE 7.1 1. Linear array of small, rounded, secondary

inclusions, sample 318. X 640.

FIGURE 7.1 2- (i) Linear array of small, rounded, secondary
inclusions and, ii) deformed inclusions,

sample 225. X 250.



EIGURE 7.1 -1. Linear array of small, rounded, secondary

inclusions, sample 318. X 640.

FIGURE 7.1.2. (i) Linear array of small, rounded, secondary
inclusions and, ii) deformed inclusions,
sample 225. X 250.



FIGURE 7.2.1. Irregular shaped, variably deformed primary

inclusions, sample 225. X250.

FIGURE 7.2.2. Large ( > 30 microns), isolated, primary inclusions
showing the partial development of negative crystal
faces, sample 225. X640.



FIGURE 7.2.1.

FIGURE 7.2.2.

Irregular shaped, variably deformed primary

inclusions, sample 225.

Large ( > 30 microns),

X250.

isolated, primary inclusions

showing the partial development of negative crystal

faces, sample 225. X640.



FIGURE 7.3. "Necking down" phenomena in fluid inclusions,
sample 318. X800.



FIGURE 7.3.



of negative crystal faces. In several samples they show some evidence
of deformation such as stretching and flattening (Figure 7.1.2.). Many
of these features are typical of "secondaryl inclusions formed after the

host mineral crystallised (Roedder, 1979).

ii) The second, and less common, type of fluid inclusion is significantly
larger (20 - 30y in length), occurs in sub-rounded to sub-angular form
and may often be very irregular in shape (Figure 7.2.1.). The walls of
the inclusions are frequently diffuse and the vapour bubble large.
Occasionally one or more negative crystal faces are developed (Figure
7.2.2.). These inclusions often occur in isolation or associated with
several other large inclusions. The usual response to heating is rapid
shrinkage of the vapour bubble which almost invariably remains stationary
or slowly migrates to smear against the inclusion wall. Many of these
features are typical of “primaryl or "pseudo-secondary®” inclusions

formed during the crystallisation of the host mineral (Roedder, 1979).

In addition to these two main types of inclusion a number of
inclusions were recognised displaying characteristics typical of
"necking-down® (Figure 7.3.) where deformation and recrystallisation
has changed the inclusion volume and hence the fluid density (Roedder,
1981). "Necked-down® inclusions are often difficult to petrographically
detect and may only be obvious from their anomalously high or low

filling temperatures.

In all the samples from northern Snowdonia inclusions consist of
a relatively small vapour bubble contained within a liquid. No inclusions
revealed the development of: 1) daughter minerals (indicative of high
salinities), ii) double vapour/liquid bubbles (indicative of complex
inclusions containing immiscible CC* and fluids) or, iii) dominantly
gas filled inclusions (indicative of low density fluids). The ratio of

vapour to liquid is quite variable implying a range in fluid density,
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however, this qualitative indication of fluid density is notoriously
unreliable as inclusions are three dimensional but are only being

examined in two dimensions on the microscope (Roedder, 1972).

Most observations and measurements were made on the larger inclusions
as they are thought to most closely represent primary inclusions and
thus the true composition and density of the vein forming fluid. Also,
from the practical standpoint, observations and measurements were easier
to make as a result of the greater inclusion size. In several cases
numerous filling temperatures were obtained for both types of inclusion
inorder to examine any significant difference in properties between the

primary and secondary inclusions within a sample (see Section 7.5.).
7.4, Fluid composition

Composition of the fluids within the inclusions was investigated

both qualitatively and semi-quantitatively in three ways:

i) careful petrographic observations of numerous inclusions of
different types. In Section 7.3. the inclusions were shown to be of
relatively high density (mainly liquid) and free of daughter minerals

and immiscible fluid phases. A number ofconclusions can thus be drawn:

(@ the fluid is essentially aqueous in nature (b) the
salinity is less than about 24 wt.% NaCl equivalent and

(c) the fluid contains little or no COg.

ii) determination of the temperatures of critical phase changes can
yield valuable information concerning the nature and concentration of

salts contained within fluid inclusions (Crawford, 1981).

The heating and cooling work was undertaken on a Linkam Scientific
Instruments TH600 Programmable Stage (Shepherd, 1981). Using pre-cooled
nitrogen gas, temperatures as low as -90°C can be readily achieved and

sustained. However, several problems arose during the cooling procedure,



including: a) metastable supercooling of liquid inclusions below their
expected freezing temperatures. The problem of metastability in fluid
inclusions is frequently observed and can preclude the determination of
fluid compositions (Alderton, 1976; Roedder, 1979, 1981), b) extensive
condensation within the equipment and on the sample; this was partly
overcome by passing dry air through the stage but remained a serious
problem, and, c) difficulty in controlling the temperature at these

very low temperatures.

As a result of these difficulties no reliable data on low temper-
ature phase changes was obtained, hence the exact nature of the fluid

and the precise salt concentration could not be determined.

iii) bulk Fluid chemical analysis can provide useful information con-
cerning the relative proportions of ions within groups of inclusions.
The bulk potassium/sodium (K/Na) ratio was determined for 5 samples.
Two preparation techniques were employed: a) crushing and leaching of
small amounts of fine, granular, vein quartz under distilled water
(Alderton, 1976), and b) digestion of small amounts of vein quartz in
hydrofluoric acid and solution of the residue in warm nitric acid.

The leached solutions and salt residues from both techniques were then
analysed for f20 and ~0 on an Atomic Absorption Spetrophotometer
(Pye Unicam SP2900) in the flame emission mode. For the calculation of
the K/Na ratio, 720 and Na20 were converted into elemental K and Na.
As a check on sample reproducibility some analyses were undertaken on
solutions derived from different quantities of a vein quartz sample.
IT the techniques are reliable different absolute amounts of Na20 and
~0 should be obtained using different amounts of sample, however, the
K/Na ratio should remain approximately constant for each sample. The
results of the Na and K analyses and the calculated K/Na ratios are
shown in Table 7.A. As the amount of fluid in the opened inclusions is

unknown the absolute values of Na and K are of limited value and it is






the K/Na ratio that is of most value.

The results show that more salts are liberated by acid digestion
than by crushing and essentially reflects the relative efficiency of
the two methods. The effects of alkali contamination by the hydro-
fluoric and nitric acids were quantified by running blank solutions,
the data was corrected by subtracting the blank K20 and Na20 values
from the sample runs. The absolute values of Na and K released
during crushing varies widely and does not necessarily reflect the
amount of sample crushed. In the digested samples the absolute amount
of salts released correlates quite closely with the amount of sample
treated. The acid treatment produces similar K/Na ratios for different
analyses on a single sample although there is a broad range in the K/Na
ration between different samples (1.12 in sample 225 to 0.11 in sample

169X) .

The differences in K/Na ratio between crushed and digested samples
may reflect enhancement of K20 during acid digestion due to the possible
breakdown of a small amount of a K-bearing mineral (clay, mica,
feldspar, etc.). Petrographically there is evidence that this may have
occurred with the occasional presence of small amounts of a fine-grained
mineral along some quartz grain boundaries, only a small amount of a
contaminant (< 0.5% of the total sample) need be digested to distort

the results and produce misleading alkali results.

It is felt that although the crushed samples display variable K/Na
ratios between different analyses on the same sample this is more likely
to reflect the true K/Na ratio of the fluid because of the potential
digestion of impurities when quartz is treated in acid. The results
obtained from crushed samples, although individually variable, reveal
no major differences in K/Na ratio between samples. The range in

crushed sample mean K/Na ratio from 0.10 - 0.36 closely corresponds to



the typical K/Na ratio of about 0.2 determined on the fluid inclusions
contained within quartzes from a broad range of low-grade metamorphic

rocks (Crawford, 1981).

7.5. Fluid inclusion filling temperatures

Between 20 and 150 filling temperatures were determined for each
of the 19 separate quartz samples. The measurement of filling temper-
atures aimed to: i) produce mean fluid inclusion filling temperatures

for each sample in order to examine regional variation in filling

temperatures within northern Snowdonia, ii) determine the characteristic

filling temperatures for different types of inclusion within a sample,
and, 1iii) determine the characteristic filling temperatures for the
individual quartz grains within a sample. The filling temperatures can
then be used, along with compositional data, to calculate fluid density
which can then be used, in conjunction with independent geological

data, to estimate either the temperature or pressure of trapping.

The heating stage was calibrated using standard substances with
known melting points. A series of calibrations were undertaken at
different heating rates ranging from 5°C - 90°C per minute. No sign-
ificant difference in the recorded melting temperatures of the
standards was observed at different heating rates suggesting that
thermal equilibrium was attained between the stage and the standards,
even at relatively rapid heating rates (90°C per minute). The results
of the 90°C per minute heating calibration (the heating rate employed
throughout the measurements of filling temperatures) on 9 standards

are shown in Figure 7.4.

170

The results of the bulk Ffilling temperature measurements are presented

as a series of histograms in Figure 7.5. and plotted on a map in Figure

7.6. A summary of the data are shown in Table 7.B. These diagrams and



FIGURE 7.4.

Calibration of the Linkara TH 600 programmable

stage.
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FIGURE 7.5. Fluid inclusion filling temperatures from the vein

quartz samples from northern Snowdonia.

Filling Temperature (°CJ Filling Temperature (°C)



SN /

Frequency

170°C

\\s

Frequency

FIGURE 7.5. Fluid inclusion filling temperatures from the vein

Frequency

(continued) quartz samples from northern Snowdonia.

Frequency



FIGURE 7.6. A map showing the mean fluid inclusion filling
temperatures of the vein quartz samples from

northern Snowdonia.
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Number of . B
Area Sample Number of good*® Mode Mean Standard
number  measurements measurements (°C) (°C) deviation

205 " 150 148 155 163  15.7
318 30 29 175 174 24.0
280* 50 49 155 180 20.1
Central 234* 50 49 175 175 14.7
northern 242* 50 49 165 170 16.9
Snowdonia 238 20 20 165 174 16.9
1098 20 20 190 174 19.8
322 30 27 195 188 20.2
256 20 20 185 188 18.6
83B 30 28 185 177 21.2
66J 20 20 155 162 14.4
Northern 6A 20 19 175 162 22.2
Conwy 1B 20 20 175 174 19.2
Valley HI 20 20 155 157 15.6
103B 20 20 165 163 15.2
45 20 20 195 194 20.3
Southern 169X 30 28 175 178 19.5
Conwy 167J 30 28 175 184 17.4
Val ley 184 30 28 165 182 20.7
TABLE 7.B. Summary of the bulk filling temperature results
1 = anomalous filling temperatures from necked-down and fractured
inclusions excluded.
+ = sample in which the variation in filling temperatures between

primary and secondary inclusions was examined (Figure 7.8).

* = sample in which the inter-grain variation in filling temperature
was examined (Table 7.C).
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tables show that no major differences in mean filling temperature occur
throughout northern Snowdonia, although within the Conwy Valley there
appears to be a slight overall increase in characteristic mean filling
temperature from around 165°C in the north to around 185°C in the south.
This increase in mean filling temperature southwards within the Conwy
Valley is shown in Figure 7.7. These figures are of necessity based on
relatively few samples. The regional difference in characteristic mean
filling temperature between north and south is only slightly greater
than the standard deviations calculated for some of the more variable
samples (for example, samples 6A, 83B and 318), indicating that the
regional variation is only just statistically significant in view of
the degree of intra-sample variation in fluid inclusion filling
temperatures. The mean filling temperature of samples from central
northern Snowdonia is around 180°C. Assuming a low salinity (1-10 vit.%
NaCl equivalent) these results imply a fluid density of approximately

0.89g Cm"3 (Fisher, 1976).

The mean filling temperature determinations only reveal inter-sample
variation, any systematic intra-sample difference in filling temperature
would not be apparent. Sample 225 contains many fluid inclusions and
as both major types of inclusion are well represented (Section 7.3.) a
large number of filling temperatures were measured. From Figure 7.8.
it is evident that no significant difference in characteristic filling
temperature exists between the primary and secondary inclusions in this
sample. The implication of this observation is that inter-sample variation
in mean Ffilling temperature does not reflect the relative abundance of
primary and secondary inclusions yielding different characteristic

filling temperatures.

Intra-sample variation in filling temperatures between different

grains was examined in samples 225, 234, 242 and 280. The results of
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FIGURE 7.7. A diagram showing the general increase in mean fluid

inclusion filling temperatures southwards within the
Conwy Valley.



FIGURE 7.8

Fluid inclusion filling temperatures for the primary

and secondary inclusions of sample 225.
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Mean bulk Number of Mean grain
Sample filling Grain  measurements filling
number temperature (°C) temperature (°C)

1 27 168

2 27 159

3 5 155

4 21 159

225 163 5 16 164
6 16 153

7 23 174

8 5 160

1 5 165

2 5 192

3 7 180

280 180 4 7 182
5 6 176

6 7 187

7 5 153

1 5 159

2 7 185

234 175 3 5 171
4 5 164

5 7 179

6 8 172

242 1 7 162
170 7 176

3 8 170

TABLE 7.C. Filling temperatures obtained from different grains within
individual samples.



these determinations are shown in Table 7.C. and reveal that a
significant range in filling temperatures exists between individual
grains contained within the same sample, even though some grains
contain relatively few inclusions. The intra-grain range in filling
temperature 1is relatively high, from 15°C in sample 242 to 40°C in
sample 280, this latter figure being significantly greater than the
inter-sample variation in filling temperature observed within northern
Snowdonia. However, in order to examine the effects of deformation

on fluid inclusion filling temperatures, grains were chosen displaying
a wide range and intensity of deformation characteristics (undulose
extinction, recrystallisation, linear concentration of inclusions,
fracturing, etc), whereas in the regional measurement of fluid inclusion
temperature only primary inclusions from relatively undeformed quartz
grains were used. Kerrich (1976) observed that filling temperatures
obtained from inclusions in deformed quartz grains that had undergone
grain size reduction and displayed undulose extinction were more
variable,and often significantly higher, than those obtained from the
adjacent, larger, undeformed quartz grains displaying normal extinction.
It is possible, therefore, that some of the intra-sample variation in
filling temperature is caused by differential deformation between
quartz grains although in the absence of a precise method for measuring
the degree of deformation within individual grains this could not be

rigorously tested.
7.6. Corrections for pressure and fluid composition.
7.6.1. Introduction
From the filling temperature and compositional data some estimate
of the geological conditions of vein emplacement can be made. The

filling temperatures provide a minimum temperature for vein formation

of between 157°C and 194°C. If veining occurred under elevated



pressures a correction to the filling temperatures must be made to
account for the increase in density caused by the effects of pressure.
In addition, consideration of fluid composition is necessary as this
will also influence density. Fisher (1976) and Potter (1977) examined
the effects of pressureon pure 170 and mixed NaCl-~0 systems
respectively. In the current study the precise salinity of the fluid

was not determined so corrections for composition can only be tentative.

In order to determine the physical conditions of vein formation from
simple aqueous fluid inclusions, independent geological data concerning
either pressure or temperature must be available. Two possible fluid
compositions are considered: i) very low salinity - + 1% NaCl
solution, chosen as representing the lowest probable salinity. The fluid
cannot be pure water as significant amounts of ~ 0 and 170 were
detected in the bulk inclusion chemical analyses (Section 7.4.) and,

ii) intermediate salinity-H"0 + 10% NaCl solution, chosen because, in
the absence of precise compositional data, this is least likely to
cause significant errors when correcting the filling temperature data
for the effects of pressure (Roedder, 1979). Both assumed fluid

compositions allow use of the published corrections of Potter (1977).

With the data available in the present study two approaches to the
determination of the true trapping temperatures or pressures from the

fluid inclusion filling temperature data are considered.

7.6.2. Estimation of pressure and calculation of temperature

IT the pressures of trapping can be independently determined a
suitable pressure correction can be applied to the filling temperature

data in order to obtain the true trapping temperature.

Relative pressures can be established from the bQ results (Chapter

6) which indicate that northern Snowdonia has undergone a low to low-
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intermediate pressure facies series of metamorphism, with pressures being
slightly higher in the western Conwy Valley. A maximum Lower Palaeozoic
sedimentary and volcanic stratigraphic thickness of about 13km has been
estimated for the central Welsh basin (Kelling, 1978) which corresponds
to a pressure of just over 3kb (Bevins and Rowbotham, 1983). Northern
Snowdonia is marginal to the main Welsh basin so that a maximum pressure
of rather less than 3kb might be expected. However, detailed data on
pressure is not available for northern Snowdonia and any estimate of
stratigraphic thickness is complicated by the fact that the thickness of
the Silurian overlying northern Snowdonia is unknown. All that can be
said, therefore, is that pressures were probably less than 3kb generally,
with slightly higher relative pressures in the western Conwy Valley. For
the purpose of the fluid inclusion corrections pressures of 2.0 and 1.5
kb in the western Conwy Valley and central northern Snowdonia respectively,

have been assumed.

Figures 7.9 and 7.10 are taken from Potter (1977) and illustrate the
relevant pressure corrections at salinities of 1% and 10% respectively.
From Figure 7.9 a pressure correction of 120°C at 1.5kb for inclusions
filling at 180°C is calculated, such that trapping temperatures of about
300°C in central northern Snowdonia are obtained. At 2.0kb a pressure
correction of 160°C is obtained for inclusions filling between 165°C
and 185°C leading to trapping temperatures of about 325°C in the northern
Conway Valley and 345°C in the southern Conwy Valley. From Figure 7.10
the corrections for estimated pressures of 1.5 and 2.0kb are 128 C and
168°C, yielding trapping temperatures of about 308°C, 328°C and 353°C
for central northern Snowdonia, the northern Conwy Valley and the
southern Conwy Valley respectively. These results and calculations are
summarised in Table 7.D. However, it must be stressed that the pressures
used in these calculations are only assumed and are not based on reliable

independent geological data, therefore, the trapping temperatures obtained
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FIGURE 7.9. 0.25 - 2.0Kb pressure correction data for a 1%
NaCl, aqueous fluid, from Potter, 1977.

FIGURE 7.10. 0.25 - 2.0Kb pressure correction data for a 10%
NaCl, agueous fluid, from Potter, 1977.
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must be viewed with extreme caution.

7.6.3. Estimation of temperature and calculation of pressure

Alderton (1976) and Fyfe et al. (1978) outline a geobarometer using
fluid inclusion filling temperatures and oxygen isotope geothermometry.
The oxygen isotope data provides the true trapping temperature. Fluid
inclusions yield a filling temperature which is depressed by an amount
that is directly proportional to the pressure of trapping, hence, from
a combination of geological data, precise trapping pressures can be
calculated. In the present study no oxygen isotope work was undertaken,
however, approximate temperatures can be obtained from a combination of

the illite crystallinity and meta-dolerite secondary assemblage data.

Robinson et al. (1980)and Frey et al. (1980) indicate that the base
of the anchizone occurs at a temperature of about 220°C. Frey et al.
(1980) also indicate that the base of the "higher grade" part of the
anchizone occurs at a temperature of about 270°C based on the correlation
between illite crystallinity, coal rank and fluid inclusion data.
Schiffman and Liou (1980) demonstrate that at relatively low pressures
(about 2.0kb) the transition from prehnite-pumpellyite to lower green-

schist facies occurs at about 320°C.

Illite crystallinity analyses indicates that the western Conwy Valley
exhibits typical epizone crystallinity associated with prehnite-pumpellyite
facies meta-dolerite assemblages in the north,and lower greenschist meta-
dolerite assemblages in the south. The rest of northern Snowdonia exhibits
typical middle-high anchizone crystallinity associated with a non-diagnostic
pistacitic epidote and actinolite meta-dolerite assemblage. Temperatures
of about 290°C, 325°C and 340°C would, therefore, appear to be realistic
estimates for central northern Snowdonia, the northern Conwy Valley and

the southern Conwy Valley respectively, assuming that regional illite
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crystallinity and meta-dolerite assemblages also reflect the temperatures
prevalent during quartz vein formation. This assumption appears justified
as there is good evidence indicating that regional illite and meta-dolerite
recrystallisation and quartz vein emplacement are all pre-cleavage in

northern Snowdonia.

From Figure 7.9. estimated trapping temperatures of 290°C, 325°C and
340°C indicate corrections of 110°C for central northern Snowdonia, 160°C
for the northern Conwy Valley and 155°C for the southern Conwy Valley.
These corrections correspond to pressures of approximately 1.4, 2,0 and
1.9kb respectively. From Figure 7.10 the corresponding derived pressures
are 1,25, 1.90 and 1.85kb respectively. These results are summarised in

Table 7.E.

Pressures of 1.4, 1.95 and 2.0kb indicate stratigraphic thicknesses
of approximately 5.6, 7.8 and 8.0km respectively, assuming an average

increase in pressure of 250 bars per km

Of the two approaches outlined above estimate of the trapping temp-
erature and use of the fluid inclusion filling temperature data as a
geobarometric tool seems most reliable as independent geological

esimates of temperature are more precise than for pressure.
7.7. Calculation of the pre-deformation geothermal gradient

From a combination of derived and estimated data concerning the
pressures and temperatures of vein formation (Table 7.E),it is possible
to calculate approximate pre-deformation geothermal gradients for
northern Snowdonia. From the data contained in Table 7.E. for low
salinity fluids (U NaCl equivalent), estimated temperatures of approx-
imately 290°C in central northern Snowdonia are associated with a

calculated pressure of 1.4kb, representing a geothermal gradient of
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about 53°C per km. In the northern Conwy Valley an estimated temperature
of 325°C is associated with a calculated pressure of 2.0kb, reflecting a
geothermal gradient of approximately 40°C per km. In the southern Conwy
Valley an estimated temperature of 340°C is associated with a calculated

pressure of 1.95kb, producing a geothermal gradient around 43°C per km.

IT the fluid is markedly more saline (10% NaCl equivalent), the
calculated pressures fall slightly (Table 7.E) resulting in a geothermal
gradient approximately 3°C per km higher than that calculated using the

1% salinity fluid.

These pre-deformation geothermal gradients are clearly very high.
The white mica bQ data (Chapter 6) might support this conclusion,
indicating a low-intermediate pressure facies series of metamorphism in
the western Conwy Valley, corresponding to a calculated geothermal
gradient of 40-43°C per km, and a low-pressure facies series of meta-
morphism in central northern Snowdonia, corresponding to a calculated
geothermal gradient of 52°C per km. This inter-technique approach to
calculating temperatures and pressures and the subsequent use of this
data in turn to calculate past geothermal gradients depends on the
compatibility of geological data obtained from a variety of techniques.
This is discussed in some detail in the next chapter (Sections 8.2. and

8.3.). The significance of these results is also discussed in Chapter 8.
7.8. Discussion of the results
7.8.1. Problems of fluid inclusion analysis in northern Snowdonia

During the course of the fluid inclusion measurements several
difficulties arose due to making precise observations on very small
inclusions over a period of time, metastability in small inclusions and

inclusion autodecrepitation.
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i) Observational problems generally arose because of the small size
of the inclusions and the necessity of monitoring precise changes. These
observational problems were largely overcome by repeat measurements,
relatively rapid heating (thus reducing the period of observation),
careful choice of inclusions and observation of the temperature of
reappearance of vapour bubble upon cooling. IT the vapour bubble
reappears after only slight cooling (< 10°C) total filling had probably
not been achieved,if total filling had occurred undercooling of at least
15°C was necessary before reappearance of the vapour bubble. This
behaviour reflects surface tension on the inside walls of the inclusion

(Roedder, 1972).

ii) Metastability was found to be a particularly serious problem in
the current study and precluded detailed compositional analysis as most
of the inclusions did not freeze upon cooling to very low temperatures
(Section 7.4.) Roedder (1981) recognises this problem and observed that
"inability to freeze small inclusions can actually preclude some

investigations".

iii) Autodecrepitation can occur both naturally and experimentally when
inclusions are heated beyond their filling temperature thus causing an
increase in internal pressure. If internal pressure exceeds confining
pressure fracturing will automatically occur resulting in an irreversible
increase in inclusion volume. Autodecrepitation occurs frequently in
soft, cleaved, host minerals (for example, fluorite and halite) containing
large inclusions and less frequently in hard, cleavage free, host minerals
(for example, quartz) containing small inclusions (Roedder, 1972, 1981;

Crawford, 1981).

Several of the early measurements produced a number of very high
filling temperatures. These were initially thought to be genuine high

temperature inclusions as the measurements were repeatable and the
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samples involved contained many large inclusions. Often a background
filling temperature of around 180°C was obtained from several inclusions
before a high temperature inclusion (> 300°C) was discovered, after this
initial discovery, many other high filling temperatures were subsequently
obtained. Originally it was thought that this pattern of filling
temperature results reflected small pockets of high temperature inclusions.
However, after a large number of repeat measurements on the samples
concerned it was realised that autodecrepitation was occurring with
fracturing of the inclusions during the heating of an original,

presumably genuine, high temperature inclusion. These rare high
temperature inclusions occasionally displayed some evidence of 'necking-
down", a feature frequently associated with anomalous filling temperatures
(Roedder, 1979). The effects of autodecrepitation on samples 184, 234

and 280 are shown in Figure 7.11. Once autodecrepitation had been
recognised it was resolved by discarding quartz grains after a temper-
ature in excess of about 230°C had been recorded for any inclusion

within that grain. The problem of autodecrepitation is potentially very
serious and difficult to visually detect and can result in misleading
fluid inclusion filling temperatures. The problem of autodecreptiation
can be simply overcome by fitting a microphone to the stage and

monitoring the "explosions" as inclusions rupture (Roedder, 1979).

7.8.2. Reliability of the results

Three factors must be born in mind when assessing the reliability
of the fluid inclusion results, these being: i) the reliability of
the calibration and subsequent measurements of filling temperature,

ii) inter- and intra-sample variation in characteristic filling temper-
ature, and, iii) the accuracy of the assumptions made when calculating,
either, the trapping temperatures, or pressures, from filling temper-

ature data.



FIGURE 7.11

The effects of autodecrepitation on fluid inclusion

filling temperatures

in samples 280, 234 and 184.
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i) The calibration of the heating stage is discussed in Section 7.5.
and shown in Figure 7.4. In order to quantify the errors associated
with the measurement of Ffilling temperatures in small inclusions, repeat
measurements were undertaken on the inclusions in Samples 66J and 6A and
the pooled variance calculated. The standard deviation in Sample 66J,
based on the triplicate measurement of filling temperatures on 20
inclusions, was found to be 3.2°C. In sample 6A the standard deviation,
based on the duplicate measurement of filling temperatures on 20

inclusions, was found to be 3.4°C.

ii) In Section 7.5. approximate mean bulk filling temperatures of
about 180°C, 165°C and 185°C were determined for central northern
Snowdonia, the northern Conwy Valley and the southern Conwy Valley
respectively. However, it was also shown that significant variation in
filling temperatures existed between samples within these areas and
between the individual grains within a sample. This intra-sample variation
was tentatively attributed to inhomogeneous deformation within the quartz
grains. This is a potentially serious source of uncertainty in that inter-
sample variation may simply reflect different intensities of quartz
deformation, rather than true differences in the conditions of vein
emplacement (pressure and temperature). This source of uncertainty was
largely overcome by only measuring filling temperatures for the primary
inclusions contained within the less deformed quartz grains displaying
normal extinction, little recrystallisation, no fracturing and a general

paucity of obviously secondary inclusions.

iii) From the preceding discussion it would appear that the individual
filling temperature determinations and the mean regional bulk filling
temperature determinations are relatively reliable in that there is a
small total error between replicate measurements and there is broad

similarity in filling temperatures for samples from a given area. In
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extrapolating these results to derive either the true temperature or
pressure of vein emplacement the major limitation lies in the reliability

of the assumptions made.

In the present study, the precise composition of the fluid could not
be determined. Differences in fluid composition have a small but
significant effect on the calculations of trapping temperatures and
pressures. For example, in northern Snowdonia differences of 8°C and
0.1Ikb can occur between a 1% and a 10% salinity fluid (Tables 7.D. and
7.E). 1t was shown in Section 7.6. that the estimate of pressure, in
particular, 1is poorly constrained and is subject to uncertainty of at
least 0.5kb leading to errors of + 40°C in the calculation of trapping
temperatures. The temperature estimates, from illite crystallinity and
meta-dolerite assemblages, are rather more precise but uncertainties of
as much as + 20°C are possible leading to errors of + 0.25kb in the

calculation of the trapping pressures.

In addition to the limitations imposed by the reliability of the
assumptions used in the calculation of absolute trapping temperatures
and pressures there is an additional uncertainty of + 10°C on the
published pressure correction data for the FA0 - NaCl system (Potter,

1977).

It would appear, therefore, that whilst the relative temperatures
and pressures in different areas of northern Snowdonia can be reasonably
precisely determined, the calculations of absolute temperatures and

pressures are, of necessity, less precise.

7.9. Concluding remarks

Examination of the aqueous inclusions contained within 19 quartz

veins from northern Snowdonia has provided valuable information concerning



the approximate fluid composition and the pressures and temperatures of
vein emplacement. Several problems were encountered that precluded full
compositional analysis particularly the small inclusion size and the

metastable persistence of super-cooled fluid.

The data obtained indicates that: 1) there is no significant
difference in fluid composition or filling temperatures between the
primary and secondary fluid inclusions contained within a sample, ii)
differential deformation within quartz veins has caused a significant
amount of intra-sample variation in filling temperatures, and, iii)
there is no major significant difference in characteristic filling
temperature or fluid composition within northern Snowdonia although
slight differences exist, with lower aggregate filling temperatures in
the northern Conwy Valley and higher aggregate filling temperatures in
the southern Conwy Valley. This trend isthoughtto reflect differences
in the physical conditions prevalent during vein emplacement rather than
differences in deformation as all the regional filling temperature
measurements were made on the least deformed grains within a sample. In
addition, no significant difference in the intensity or style of deform-
ation is apparent within northern Snowdonia either in the field or in

the vein quartz thin sections.

From a combination of the geological data obtained from the meta-
dolerites and phyllosilicates and the fluid inclusion filling temperature
data, estimates of the temperature and pressure of metamorphism have
been obtained. Independent geological data is considered to be more
reliable for the estimate of trapping temperatures thus allowing
calculation of the associated pressures. Estimated temperatures are
approximately 290°C in central northern Snowdonia, 325°C in the northern

Conwy Valley and 340°C in the southern Conwy Valley. Characteristic

filling temperatures in these areas are 180°C, 165°C and 185°C respectively.
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These figures produce pressures of 1.4, 2.0 and 1.95kb assuming a low
salinity fluid (1% NaCl equivalent). Calculation of the associated
geothermal gradients indicate gradients of 40-43°C per km in the western

Conwy Valley and 52°C per km in central northern Snowdonia.

The implications of the evidence derived from the fluid inclusions
in the context of the metamorphic history of northern Snowdonia is
discussed in detail in the next chapter. It would, however, appear that
veining forms an integral part of the pre-deformation metamorphic history
of the area. In this respect fluid inclusion compositions and the
derived temperatures and pressures of vein emplacement probably closely
reflect the actual fluid compositions, temperatures and pressures of

pre-deformation metamorphism in northern Snowdonia.
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CHAPTER 8
SUMMARY AND DISCUSSION

8.1. Summary of results

8.1.1. Meta-dolerites

The geochemistry, petrography and phase compositions of meta-
dolerites from the western Conwy Valley were studied in detail. Meta-
dolerites from central northern Snowdonia were also petrographically

examined.

From the geochemical data it would appear that the meta-dolerites
were originally tholeiitic intrusions displaying a range from primitive
(for example, Cerrig Cochion, SH 727677) to relatively more different-
iated compositions (for example, Moel Ddefaid, SH 730606). During low-
grade metamorphism significant major element mobilisation appears to
have occurred with only TiC”*» FeO* (total iron), A”O” and MnO showing
consistent magmatic inter-element correlation as well as good correlation
with "immobile" trace elements (particularly Zr and Y). Ca0 and NafO
were mobile within intrusions with local relative enhancement and
depletion of these oxides reflecting the importance of epidotisation
and albitisation respectively. The geochemical analyses provide a data
base from which the petrographic and mineral compositional data can be
interpreted. Without the geochemical analyses it would be impossible to
distinguish between effects related to metamorphism and host rock

composition.

Petrographic observations have revealed significant regional and
local variation in secondary mineral assemblages. In general, the
regional variations are: i) lower grade prehnite- and pumpellyite-bear-

ing assemblages, typical of the prehnite-pumpellite facies, in the



northern Conwy Valley, ii) higher grade actinolite- and clinozoisitic
epidote-bearing assemblages, typical of the lower greenschist facies,
in the central Conwy Valley, iii) intermediate grade pumpellyite-
bearing, prehnite-free assemblages in the southern Conwy Valley, and
iv) less diagnostic actinolite- and pistacitic epidote-bearing
assemblages in central northern Snowdonia. This latter assemblage may
reflect relatively low-grade with the critical index minerals prehnite
and pumpellyite suppressed by slightly higher X in the fluid. The
effects of original differences in dolerite composition on secondary
assemblages can be seen through the development of chlorite-rich

and albite-rich meta-dolerites reflecting relatively less and more

differentiated hosts respectively.

Petrographically there is evidence for disequilibrium on the thin
section scale with most samples containing relict igneous phases,
particularly pyroxene and plagioclase. Several mineral phases display
clear reaction textures, particularly prehnite, pumpellyite and epidote.

The phase rule was disobeyed by about 8% of the meta-dolerites sampled,

particularly those from the lower grade area in the northern Conwy Valley

where most of the mineral reaction was observed. In many cases the
actinolite in these assemblages clearly overgrows relatively early

formed phases such as epidote and chlorite.

Detailed microprobe analyses have enabled quantification of the
compositional variation in secondary phases within the Conwy Valley.
Comparison of the prehnite and pumpellyite compositions in the northern
Conwy Valley with other areas of low-grade metamorphism indicates upper-
most prehnite-pumpellyite facies metamorphism. The general compositional
trends for epidote and pumpellyite in the central and southern Conwy
Valley indicate a slight increase in grade southwards. Continuously

zoned epidotes from relatively Fe-rich cores to Fe-poor rims indicate
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progressive decrease in fO« together with increase in temperature
throughout metamorphism. Crossing compositional tie lines indicate some
chemical disequilibrium between co-existing metamorphic phases,

particularly actinolite and chlorite.

The petrographic and microprobe data indicates that the grade of
metamorphism in the northern Conwy Valley is uppermost prehnite-
pumpellyite facies. Further south there is the development of diagnostic
actinolite- and epidote-bearing, lowest greenschist facies assemblages,

but still retaining small amounts of pumpellyite.
8.1.2. Phyllosilicates

Illite crystallinity and white mica bQ values have been determined

on phyllosilicates from the fine grained meta-sediments.

Significant variation in regional illite crystallinity occurs
within northern Snowdonia with an epizonal area in the western Conwy
Valley surrounded by an anchizone illite crystallinity region. The
boundary between the two areas is sharp, and, over part of its length
at least, related to major, deep rooted faults that are known to have
influenced the deposition and preservation of Lower Palaeozoic sequences.
Superimposed onto this pattern is a general trend towards slightly higher
crystallinity southwards in both the areas of anchizone and epizone
crystallinity. Local variation in illite crystallinity may be related
to deformation with, for example, enhanced illite crystallinities in the

core of the Nant Peris anticline (SH 599587).

White mica bO results reveal a bimodal distribution similar to that
displayed by the illite crystallinity data. Two distinct geographical
areas can be recognised with mean bQ values of 8.988 and 9.008 indicating
low and low-intermediate pressure facies series of metamorphism respect-

ively. The boundary between the two areas appears to be coincident with
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the boundary between the areas of typically epizone and anchizone illite

crystal lini ties.

The significance of the results from the phyllosilicates is that
they quantify aspects of metamorphism in areas where meta-dolerites do
not occur. Both illite crystallinity and white mica bQ data indicate
that an area of slightly higher grade (epizone), low-intermediate
pressure Tfacies series metamorphism surrounded by an area of slightly
lower grade (anchizone), low-pressure facies series metamorphism can be

distinguished within northern Snowdonia.

8.1.3. Fluid inclusions

Qualitative fluid compositions and quantitative filling temperatures

have been obtained from vein quartz fluid inclusions.

Detailed observations show that inclusions contain two phase,
vapour-liquid, aqueous inclusions. No immiscible relationships were
observed indicating low CC™ and CH” contents. No daughter salt
crystals occur indicating a relatively low salinity fluid (< 22 wt%
NaCl equivalent). Mean filling temperatures range from 157°C - 194°C
with a trend towards slightly higher temperatures in the south. From
a combination of fluid inclusion and independent geological data, pre-
deformation temperatures and pressures ranging from approximately 290 C
and 1.4 kb in central northern Snowdonia to 340°C and 2.0 kb in the
western Conwy Valley have been calculated. These figures indicate very
high pre-deformation geothermal gradients in northern Snowdonia (over

40°C per km).

Table 8.A. is a summary of the results obtained from the meta-
dolerites, phyllosilicates and fluid inclusions in the eastern, northern,

central and southern Conwy Valley and central northern Snowdonia.
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8.2. Inter-technique correlation
8.2.1. Good correlation between results

One of the clearest correlations is between the white mica bQ
and illite crystallinity results. Both sets of results display
significant differences between the western Conwy Valley and the rest
of northern Snowdonia. Both techniques are temperature sensitive
indicators with higher crystallinity and bQ values occurring at higher
temperatures, in low-grade metamorphism, for a given pressure (Padan
et al., 1982), hence correlation between illite crystallinity and bQ
might simply reflect this relationship. In Section 6.6.2. it was
shown that the increase in temperature between middle-anchizone and
low-epizone illite crystallinities is insufficient to account for the
observed increase in bQ. In the Nant Peris anticline typically
epizone crystallinities are developed, however, the associated bQ
values are indistinguishable from the regional, typically low, bQ
values. Individual anomalous illite crystallinity values do not
correlate with individual anomalous bQ values. This indicates that
although good overall correlation exists between the statistical
populations as a whole, individual results may show significant
deviation from the general pattern. This supports the view that the
relationship between crystallinity and bQ reflects differences in the
parameters of metamorphism and does not simply reflect autocorrelation,

with variation in one causing the variation in the other.

Good correlation also exists between petrography and phase
chemistry within the Conwy Valley. The petrographic study revealed
that the lowest grade (prehnite-bearing) assemblages are developed in
the northern Conwy Valley with higher grade (prehnite-free) assemblages
developed in the central and southern Conwy Valley. Phase chemistry

also indicated an increase in grade southwards within the Conwy Valley
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Phases whose compositions are sensitive to the grade of metamorphism
include prehnite, pumpellyite and epidote. Host rock chemistry also
effects the composition of these phases, however, by reference to the
geochemical analyses it is possible to quantify this influence and
assess any underlying compositional trends. Schiffman and Liou (1980)
and Liou et al., (1983) show that as grade increases the Fe/Fe+Al
content of prehnite, pumpellyite and epidote progressively falls. In
the Conwy Valley there is a tendency for Fe/Fe+Al in pumpellyites to
decrease southwards. Prehnite is typically Fe-poor. Epidote
compositions are markedly influenced by host rock composition but there
appears to be an underlying trend towards lower Fe/Fe+Al in the southern
and, particularly, central Conwy Valley. Thus both the petrographic
and phase chemistry results indicate upper prehnite-pumpellyite facies
metamorphism in the northern Conwy Valley and lower greenschist facies

metamorphism in the central and southern Conwy Valley.

Comparison of fluid inclusion filling temperatures with the meta-
dolerite results in the Conwy Valley again reveals broad inter-
technique agreement. The general increase in grade southwards,
indicated by the meta-dolerite assemblages, is mirrored by a general
trend towards higher homogonisation temperatures, from approximately
160°C in the north (prehnite-pumpellyite facies assemblages) to 185°C
in the South (low greenschist facies assemblages). The major problem
when comparing fluid inclusion data with other geological data is
that only filling temperatures are measured which reflect both the
temperature and pressure of trapping so that the filling temperatures
are lower than the true trapping temperatures by an amount that is

proportional to the pressure prevalent at the time of trapping.

8.2.2. Poor correlation between results

One of the clearest examples of disparity between techniques occurs



in the northern Conwy Valley, around Tal-y-Fan (SH 725725), where the
illite crystallinity is typically low epizone but the meta-dolerite
assemblages are typical of the prehnite-pumpellyite facies. It is
possible that this discrepancy reflects imperfect correlation between
low-grade metamorphic boundaries, defined in different lithologies,
utilising different techniques. The exact position of the anchizone/
epizone boundary has not been universally defined (Kisch, 1980). In
the current study boundary values of 12.0, 0.25°20 and 185 were chosen
for the Weaver, Kubler and Weber indices, respectively. However, there
is no reason why this boundary should correlate exactly with the prehnite-
pumpellyite/greenschist facies boundary defined on meta-dolerite
secondary assemblages (Kubler, 1968; Kisch, 1983a). In northern
Snowdonia it would appear that low epizone illite crystallinities
correlate with upper prehnite-pumpellyite facies meta-dolerite
assemblages. Thus in the northern Conwy Valley the transition from
uppermost prehnite-pumpellyite facies to lowest greenschist facies meta-
dolerite assemblages is associated with a slight increase in mean,
epizone, illite crystallinity. Bevins and Rowbotham (1983) observed
some local discrepancy between phyllosilicate and meta-dolerite results
concerning the exact position of the greenschist/sub-greenschist facies
boundary within the Welsh basin. This they also thought reflected lack

of direct correlation between the two techniques.

The evidence indicates that the prehnite-bearing meta-dolerites
around Tal-y-Fan underwent progressive reaction with the breakdown of
prehnite in particular. The compositional data supports the view that
the Fe-poor prehnites around Tal-y-Fan are high-grade (Liou et al.,1983).
The presence of typically low epizone illite crystallinities in this area
is consistent with the observation that prehnite is at the upper limit
of its stability. Further north, in the Penmaenmawr meta-diorite

(SH 715755) .clear fresh prehnite is associated with low-middle anchizone
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crystallinities indicating that under these conditions of relatively
lower grade metamorphism, prehnite is stable within the prehnite-

pumpellyite facies.

In central northern Snowdonia there appears to be marked
discrepancy between results obtained from different techniques. Illite
crystallinity indicates relatively lower grade (anchizone). Whilst the
meta-dolerites superficially indicate higher grade (low greenschist
facies). However, in Chapter 4 it was argued that the prehnite- free
assemblages of central northern Snowdonia may reflect slightly higher

Xrn within the fluid causing the suppression of prehnite and pumpellyite

relative to epidote and actinolite (Coombs et al., 1970; Brown, 1977).
This conclusion is supported by the abundance of Fe-rich epidote and

the rare occurrence of Fe-rich pumpellyite, both indicative of
relatively low-grade (Schiffman and Liou, 1980; Liou et al., 1983). It
thus appears that the poor inter-result correlation in central northern
Snowdonia is only superficial with the apparently high-grade actinolite-
epidote, meta-dolerite assemblages reflecting slight differences in

fluid composition rather than higher pressures and temperatures of

metamorphism.

The fluid inclusion filling temperatures from central northern
Snowdonia are indistinguishable from those of the western Conwy Valley
despite the fact that other techniques indicate that this is an area of
relatively lower grade metamorphism. This might reflect the nature of
the fluid inclusion technique with similar filling temperatures not
necessarily reflecting similar trapping temperatures because of the
influence of pressure. In Chapter 7 it was argued that the combined
illite crystallinity and fluid inclusion data indicated significantly
lower pressures in central northern Snowdonia (1.4 kb) than in the

western Conwy Valley (2.0kb). The evidence indicates, therefore, that



the similar fluid inclusion filling temperatures disguise significant

differences in metamorphic conditions within northern Snowdonia.

8.3. The timing of metamorphism

Data concerning the relative timing of burial, deformation, re-
crystallisation, etc., is essential if the results are to be meaning-
fully interpreted. Roberts (1981) argues that metamorphism is syn- to
post-deformation and describes a relationship between metamorphic grade
and the intensity of deformation. Coward and Siddons (1979) state that
greenschist facies mineral assemblages in the pelitic rocks of the
Welsh basin are syntectonic with the main cleavage and pre-date later
crenulation cleavages. Lynas (1973), Maltman (1981) and Craig et al.
(1982) all distinguish a phase of pre-deformation mineral growth within
the meta-sediments producing chlorites and micas which are related

within the first cleavage.

In North Wales the ages of deposition, dolerite intrusion and
Caledonian deformation are known. Deposition ranged from late Pre-
Cambrian to Llandovery times resulting in progressive burial throughout
the Lower Palaeozoic. Many dolerites display characteristics consistent
with their intrusion into wet sediments (Kokelaar et al., in press)
indicating that they are probably of Caradoc age. The main deformation
is end-Silurian with Llandovery sediments folded in the Llangollen
syncline during Caledonian deformation and gently dipping lowermost
Old Red Sandstone unconformably overlying Caledonian material on

Anglesey (Roberts, 1979).

The relative age of meta-dolerite recrystallisation is difficult
to determine. Much of the actinolite is demonstrably later than epidote,
chlorite, albite, white mica and stilpnomelane all of which it is seen

to overgrow. Occasionally, where recrystallisation is most pronounced,
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actinolite needles display an oriented fabric along cleavage. Some
actinolite growth, therefore, must have occurred during deformation.
Epidote crystals are frequently continuously zoned with relatively Fe-
rich cores and Fe-poor rims indicating a progressive fall in fO" as
temperatures increased throughout their crystallisation (Liou et al.,
1983). These epidotes are frequently found in textural equilibrium
with chlorite and are occasionally found intergrown with pumpellyite
or prehnite, indicating that these minerals crystallised at about the
same time under similar P-T-X"iu4" conditions. If the actinolite was
produced under significantly different P-T-X"~.”" conditions it is
likely that some reaction would occur in the earlier formed minerals

(prehnite, pumpellyite, epidote etc. ). Evidence for this petrographic

and chemical disequilibrium is found mainly in the northern Conwy Valley.

Elsewhere reaction is limited to early formed Fe-rich epidotes. These
features could be interpreted to indicate that there was a period of

recrystallisation during which prehnite, pumpellyite, chlorite, epidote

etc. were formed as temperatures progressively increased (zoned epidotes)
which culminated in the crystallisation of actinolite during end-Silurian

deformation. If this is so, recrystallisation in the meta-dolerites must

have occurred before and during deformation although it is not possible
to determine the exact period of time over which recrystallisation took

place.

The presence of a widespread slaty cleavage and the high illite
crystallinity values in fold cores clearly indicates a phase of syn-
deformation phyllosilicate recrystallisation. However, the possible
folding of the boundary between the areas of epizone and anchizone
crystallinities by the Snowdonian Syncline, in the vicinity of Capel
Curig, indicates that significant phyllosilicate crystallisation had

occurred prior to deformation. Phyllosilicate crystallisation must
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have occurred throughout the Lower Palaeozoic as older strata was
progressively buried under a thickening cover, Lynas (1973), Maltman,
(1981) and Craig et al. (1982) all describe fabrics parallel to the
bedding in Wales thought to be caused by mineral growth under uniaxial,
lithostatic stress during burial. No systematic relationship between
regional illite crystallinity and deformation was observed in northern
Snowdonia with the two crystallinity areas both displaying a similar
style and intensity of deformation. As a result it is possible that
regional illite crystallinity and bQ could reflect pre-deformation
phyllosilicate growth with the deformation controlled recrystallisation
producing the regional slaty cleavage which in areas of high strain
(fold cores),locally resulted in high illite crystallinity through

enhanced phyllosilicate recrystallisation.

Much of the quartz veining in northern Snowdonia occurred before
deformation. This is seen by folding of veins, diffraction of
cleavage against veins and the occasional development of a weak fracture
cleavage in the margins of veins. During deformation quartz veins were
folded, fractured and partly recrystallised. It would appear that
recrystallisation was not total so that fluid inclusions within the less
deformed quartzes are generally larger, often isolated or in small
groups and are probably primary. However, inclusions within the
deformed quartzes are small, often occur in lines and planes and are
probably secondary. Quartz veins are concentrated in the more siliceous
lithologies and occur relatively frequently in strata up to the upper
Caradoc, above this they are less frequently developed. It is possible
that several generations of quartz vein exist with several of the rare
veins in the Silurian sediments of the eastern Conwy Valley infilling
tension gashes formed duhing deformation. Inclusions within these veins
are very small and were not examined in detail. The evidence indicates

that most veining in northern Snowdonia is pre-deformation. Primary
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inclusions contained within these veins, therefore, were trapped at the
temperatures and pressures prevalent at some time prior to end-Silurian

deformation.

Table 8.B. is a summary of the relative ages of deposition, intrusion,
periods of mineral crystallisation, vein emplacement and deformation.
The evidence indicates that aspects of pre- and syn-deformation meta-
morphism can be recognised in northern Snowdonia possibly relating to

Lower Palaeozoic burial and Caledonian deformation respectively.

8.4. The parameters of metamorphism

The use of a variety of techniques to study low-grade metamorphism
in northern Snowdonia has enabled some quantification of the pressures,

temperatures, fluid compositions and facies series of metamorphism.

Fluid inclusions and meta-dolerite assemblages indicate that the
fluid associated with metamorphism was an essentially CCM-free, low
salinity, aqueous solution. With increasing Xgg prehnite, pumpellyite,
epidote and actinolite become progressively suppressed (Coombs et al.,
1970; Brown, 1977). All of these minerals are variably found within
northern Snowdonia, although there is significant spatial variation in

their development. This may partly reflect slight regional changes in

in Xco , with slightly higher Xgg in central northern Snowdonia

possibly leading to the partial suppression of the expected (middle-
anchizone illite crystallinity) prehnite-pumpellyite facies meta-dolerite
assemblage. In addition, all the fluid inclusions are simple, single
component, two phase (liquid-vapour), low salinity, aqueous inclusions

displaying noimmiscible relationships.

In Chapter 7 geological data from all the techniques utilised was

used to establish the approximate pressures and temperatures of vein
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emplacement. Independent geological data is considered most reliable
for temperatures which enables the calculation of the pressure prevalent
during veining. Estimates of temperatures are approximately 290°C in
central northern Snowdonia (middle-upper anchizone illite crystallinity),
320°C in the northern Conwy Valley (low epizone illite crystallinity,
prehnite-pumpellyite to lowest greenschist facies assemblages) and 340°C
in the southern Conwy Valley (epizone illite crystallinity, low green-
schist facies assemblages). From these figures pressures of approx-
imately 1.4kb and 2.0kb are calculated for central northern Snowdonia
and the Conwy Valley respectively. These figures are thought to
represent the temperatures and pressures of pre-deformation burial in

northern Snowdonia.

Extrapolation of the derived data on pressures and temperatures
to calculate a pre-deformation geothermal gradient produce figures of
approximately 42°C per km in the Conwy Valley and 52°C per km in central
northern Snowdonia. These geothermal gradients are clearly very high
with the average regional metamorphism geothermal gradient being 25°C
per km (Miyashiro, 1979) and are similar to geothermal gradients
calculated for the Buchan type of metamorphism in Scotland shown in
Figure 8.1. (Turner, 1981). White mica bQ supports the calculated high

geothermal gradient indicating a low-to low-intermediate pressure facies

series of metamorphism in northern Snowdonia.

Experimental studies on the stability of actinolite, prehnite and
pumpellyite tend to confirm the relatively high temperature/low pressure
nature of metamorphism in northern Snowdonia. Nitsch (1971) and
Hinrichsen and Schurmann (1972) show that the breakdown of prehnite and
pumpellyite is temperature dependent whilst the appearance of actinolite
is pressure dependent. Work by Nitsch (1971), Zen (1974) and

Schermerhorn (1975) reveals that the coexistence of pumpellyite and
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FIGURE 8.1.

The calculated pre-deformation pressure/temperature
conditions of the western Conwy Valley and central
northern Snowdonia. Also shown, for comparison, are
the pressure/temperature conditions envisaged for

blueschist, Barrovian and Buchan metamorphism, from
Turner (1981).




actinolite occurs only at relatively high pressures (geothermal gradients
less than 30°C - 35°C per km) and that the stability field of coexisting
actinolite and pumpellyite increased rapidly with increase in relative
pressure. From this it has been argued that the presence of pumpellyite
and actinolite in a rock infers pressures of at least 2.5kb at temper-
atures of around 300°C. Although coexisting pumpellyite and actinolite
were found in many of the meta-dolerites, it was shown in Chapters 3 and
4 that in many cases the chemical and petrographic evidence indicated
that this is a disequilibrium assemblage with actinolite formed later.
Where pumpellyite and actinolite coexist in the same thin section they
usually occupy different alteration sites and never occur in intimate
association, the essential criteria for the definition of the relatively

high pressure pumpellyite-actinolite facies (Hashimoto, 1966).

Later deformation in northern Snowdonia resulted in vertical
extension by as much as 150%(Coward and Siddans, 1979) which must have
caused a significant increase in total pressure. This resulted in the
production of an axial planar slaty cleavage and the growth of
occasionally oriented actinolite needles. It is possible that the
actinolite growth reflects the significant increase in total pressure

during deformation.

From the above discussion it would appear that burial resulted in
a low- to low-intermediate pressure facies series of metamorphism in
northern Snowdonia with associated high geothermal gradients. End-
Silurian deformation resulted in vertical extension with an associated

significant increase in total pressure.

8.5. Geological interpretation

From the preceding discussion distinction between the metamorphic

effects of deep burial and end-Silurian deformation is possible in
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northern Snowdonia. These regionally developed effects reflect the
influence of,i1) progressive deposition throughout the Lower Palaeozoic
with thicker deposits in the centre and thinner deposits towards the
margins of the Welsh basin, and ii) the Caledonian orogeny. Much of
the data obtained from the different techniques reflects conditions
prevalent at some time before deformation, possibly the conditions of
burial immediately prior to deformation. The current project has
revealed significant variation in the effects of metamorphism within
northern Snowdonia with a distinct, well defined area of relatively
higher grade developed within the western Conwy Valley surrounded by

an area of relatively lower grade.

Most of the meta-dolerites occur in the western Conwy Valley, the
area of relatively higher grade. It could be, therefore, that the area
of higher grade simply reflects the heating effects of the intrusive
bodies. However, white mica bQ indicates that the western Conwy Valley
was metamorphosed under slightly higher relative pressures. If meta-
morphic grade was influenced by the high-level dolerite intrusions a
lower relative pressure (higher temperature) would be expected compared
to areas which had not suffered the heating effects to the same extent.
Also, there is no difference in the fluid inclusion filling temperatures
between the western Conwy Valley and central northern Snowdonia whereas
if differences in metamorphism reflected the thermal effects of dolerite
intrusions, significantly higher homogenisation temperatures might be

expected in the western Conwy Valley.

If the observed pattern of metamorphism reflects the effects of
both burial and deformation controlled metamorphism, it is possible that
differences in the pattern simply reflect variation in the nature of
burial and deformation metamorphic effects between different areas. It

follows, therefore, that the western Conwy Valley might display more of
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the effects of deformation controlled metamorphism whilst central

northern Snowdonia retains many of the burial metamorphic characteristics.
IT this is so the differences between the western Conwy Valley and the
rest of northern Snowdonia would reflect inhomogeneous deformation. The
white mica bQ data could be interpreted to support this argument with

the white micas formed during burial being of a lower pressure facies
series that those formed during deformation. However, in the field no
systematic difference in the intensity and style of deformation could

be discerned between the western Conwy Valley and the rest of northern
Snowdonia. In Section 8.3. it was argued that the differences in

metamorphic characteristics were largely established prior to deformation.

The boundary between the areas of typically anchizone and epizone
illite crystallinity appears to correlate, at least along part of its
length, with major basement controlled faults active throughout the
Lower Palaeozoic. In the east the boundary closely follows the line of
the Conwy Valley fault as far north as Dolgarrog (SH 770675) here it
swings from N-S to NW-SE trending along the line of the Llanbedr fault.
In the north of the area, around Tal-y-Fan (SH 730727), the precise
nature of the boundary, although sharp, is unclear. The western part
of the boundary is less clearly defined and does not immediately appear
to relate to any obvious major faults in the field. However, recently
Howells et al. (1983) and Kokelaar et al. (in press) have recognised a
NE-SW trending “hinge line" in the vicinity of Capel Curig which appears
to have influenced deposition during the Ordovician. The nature of this
active NE-SW trending flexure is unclear but is thought to possibly mark
a concealed basement fracture with subsidence to the SE. Floyd et al.
(1976) describe a "fracture zone" in the vicinity of Cerrig Cochion
(SH 723763) which they took to indicate a zone of incipient rifting
during the Lower Palaeozoic. It is possible, therefore, that major

Lower Palaeozoic structures may have influenced metamorphism within



northern Snowdonia. Bevins et al. (1981) observed marked changes in
illite crystallinity across the Bala fault (to the south) with relatively
lower grade, anchizone crystallinity, SE of the fault and higher grade,
epizone crystallinity NW of the fault. Vertical tectonics are known to
have played an important role in controlling the deposition and preser-
vation of Lower Palazoic material throughout Wales (Coward and Siddans,
1979) with marked differences in local stratigraphy occurring across

many of these major structures (Rast, 1969; Baker, 1971; Kokelaar, 1979).

Rast (1969) argued that the Lower Palaeozoic Welsh basin was
divided into several large fault bounded blocks with the North Wales
block being bounded by the Menai Straits and Church Stretton faults.
Dunkley (1979) argued that the Welsh basin constituted a back arc basin
with significant tensional stress reflected by the presence of large
numbers of intra-basin normal faults (the Bala fault, Harlech Dome
faults, Conwy Valley faults etc. ). Many of the larger basement controlled
structures take the form of high angled normal faults so that movement
might result in a horst and graben system containing relatively upthrown
and downthrown blocks. It is possible, therefore, that the differences
in metamorphic characteristics observed within northern Snowdonia reflect
metamorphism within a downthrown block (the western Conwy Valley) and on
an upthrown block (the rest of northern Snowdonia), the blocks being

separated by major tensional faults.

If the above model 1is accepted it is clear that differences in
metamorphism reflect Lower Palaeozoic structure. In Section 8.3. it was
argued that many of the metamorphic effects in northern Snowdonia reflect
conditions prevalent at some time prior to end-Silurian deformation,
possibly deep burial. If rifting occurred in northern Snowdonia it is
probable that significant differences would exist between upthrown and

downthrown blocks in terms of stratigraphic thickness, lithological
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variation, heat flow, compaction, etc. In northern Snowdonia it
appears that the downthrown block (western Conwy Valley) is character-
ised by relatively higher temperatures and pressures (> 320°C and

2. Okb) but lower overall heat flow (40°C - 43°C per km), reflecting

a greater depth of burial as sediments and volcanics collected in the
downthrown graben. The upthrown block (the rest of northern Snowdonia)
is characterised by lower temperatures and pressures (< 300°C and 1.4kb)
but higher overall heat flow (52°C per km), reflecting shallow burial

on the upthrown horst. The general slight increase in metamorphic

grade southwards within northern Snowdonia may reflect a deepening of
the Lower Palaeozoic basin southwards caused by south-easterly tilting
of the fault bounded blocks (Ridgeway, 1976), resulting in greater
aggregate depths of burial and hence slightly higher grades of pre-
deformation metamorphism towards the south. The high geothermal
gradients associated with the early metamorphism may reflect the effects
of heating related to major plutonic activity with the relatively slow
dispersal of heat from the major basic magmatic bodies known to underlie

the area at depth (Rast, 1969).

Superimposed onto this pre-deformation metamorphic pattern are the
effects of recrystallisation during Caledonian deformation. This is
known to have caused significant crustal shortening/vertical extension
in North Wales (Lynas, 1970; Coward and Siddans, 1979) resulting in an
increase in total pressure, the production of a slaty cleavage and the

growth of actinolite within the meta-dolerites.

The schematic representation of the metamorphic environment
envisaged for northern Snowdonia during the Lower Palaeozoic is shown
in Figure 8.2. where differences in the pre-deformation metamorphic
characteristics are related to tensional, rift tectonics. The validity

of this model depends on the recognition and distinction of pre- and



FIGURE 8.2.

The Lower Palaeozoic metamorphic environment envisaged
in northern Snowdonia. A Cambrian fault control on
sedimentation resulting in lateral stratigraphic
variation and unconformities. B Pre-Caledonian

Major fault control on the deposition and preservation
of Lower Palaeozoic volcanics and sediments in an
ensialic back arc basin. Marked lateral variation in
the relative depth of burial. Recrystallisation in
the sediments and dolerites, emplacement of most of
the quartz veins. £ Caledonian Horizontal
compression/vertical extension producing a cleavage

in the sediments and volcanics and further re-
crystallisation in the dolerites. Possibly minor

quartz veining.



syn-deformation metamorphic effects. However, the model appears to fit
the data available from a variety of contrasting techniques. The model
also appears to be consistent with the known tectonic environment of
North Wales during the Lower Palaeozoic with a period of extension
during deposition within a back arc ensialic basin (Dunkley, 1979)

and compression during end-Silurian deformation (Coward and Siddans,

1979).

8.6. Further research

The present study has highlighted several areas where further

research could provide valuable information.

Probably the most serious problem in both the white mica bQ
determinations and illite crystallinity measurements is that they are
bulk techniques producing a mean bQ or illite crystallinity based on
all the phyllosilicates present within a sample. No distinction is
made between different generations or orientations of phyllosilicate
so that the result obtained may simply be an average of the individual
characteristics of several generations of phyllosilicate growth.
Refinement of the technique is essential through the use of analytical
scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). These techniques enable the compositions of individual crystals
of different generations or orientations of phyllosilicate to be
quantified. In addition potentially important changes in microfabric
can be recognised utilising these techniques (White and Knipe, 1978;
Knipe, 1981). Use of SEM and TEM on the fine-grained sediments of
northern Snowdonia would allow detailed examination of the microfabric
in the areas of typically anchizone and epizone illite crystallinity
and across structures such as the Nant Peris anticline. These techniques

would also allow quantification of the compositional differences
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between phyllosilicates produced before and during deformation (Kisch,

1984, pers. comm.).

The use of other techniques to quantify low-grade metamorphism
within the Welsh basin might also yield valuable information.
Techniques such as conodont colour alteration, vitrinite reflectance
and isotope geochemistry could all be usefully employed. Isotope
geochemistry in particular appears promising with possibilities for
oxygen isotope geothermometry using coexisting quartz-illite and
quartz-chlorite mineral pairs in the meta-sediments and epidote-quartz
mineral pairs in veins. Detailed microchemical isotope work on the
fluid inclusions could provide information on the origin, nature and
evolution of the fluid. |Isotopic dating would allow the age of

veining to be precisely determined.

Use of the techniques utilised in the project, along with those
mentioned above, throughout the Welsh basin would provide detailed
information over a much broader area which would increase understanding
of the nature of low-grade metamorphism within the Lower Palaeozoic

Welsh basin.
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CHAPTER 9

CONCLUDING REMARKS

The current project has shown that northern Snowdonia has undergone
low-grade metamorphism, probably within the prehnite-pumpellyite to
lower greenschist facies. Diagnostic metamorphic assemblages and specific
phase compositions, indicate that central northern Snowdonia and the
northern and eastern Conwy Valley have undergone prehnite-pumpellyite
facies metamorphism whilst much of the western Conwy Valley appears to
have been metamorphosed in the lower greenschist facies. 1llite
crystallinity determinations tend to correlate well with the meta-
dolerite observations with typically epizone illite crystallinity
values being obtained from samples taken from the western Conwy Valley
contrasting with typically anchizone illite crystallinity values
obtained from samples taken elsewhere in northern Snowdonia. The
boundary between the two areas is typically very sharp and corresponds
to major faults over at least a part of its length. This distribution
of results is mirrored by the bQ white mica data with the occurrence
of an area of higher bQ in the western Conwy Valley (indicating slightly
higher relative pressures) surrounded by an area of lower bQ (indicating
slightly lower relative pressures). Filling temperatures, determined
on aqueous inclusions contained within extensively developed quartz
veins throughout northern Snowdonia, are broadly similar throughout the
area although there is a trend towards slightly higher filling temper-

atures southwards.

The available evidence indicates that many of the metamorphic
characteristics observed within northern Snowdonia reflect conditions
prevalent at some time prior to Caledonian deformation. The effects

of deformation can be seen through the presence of relatively later
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formed needles of actinolitic amphibole overgrowing the earlier epidote
and chlorite within the meta-dolerites, and the local, occasionally
extreme, increase in illite crystallinity in the cores of some of the
well exposed Caledonian folds within the area. Much of the meta-
dolerite and phyllosilicate reaction and recrystallisation and most of
the quartz veining appears to be pre-tectonic. As a result, a combin-
ation of data obtained independently from a variety of techniques can

be used to determine the approximate parameters of pre-deformation
metamorphism. The evidence indicates that the metamorphic fluid was a
relatively low salinity (< 20% NaCl equivalent), CCN poor (< 2%),
aqueous solution. Estimates of the pre-deformation pressures and
temperatures prevalent within northern Snowdonia vary from approximately
1.4 kb and 290°C in central northern Snowdonia to 2.0 kb and 340°C in
the southern Conwy Valley reflecting the transition from prehnite-
pumpellyite to lower greenschist facies conditions. From these estimates
it would follow that the associated metamorphic geothermal gradient was

relatively high (& 40°C per km).

The geological interpretation of the above observations, in the
context of the known Lower Palaeozoic geology, is that pre-deformation
metamorphism was largely influenced by the activity of major basement
controlled normal faults acting in a tensional environment within a
back arc basin. Movement on these structures could have led to the
development of a horst and graben topography which in turn would exert
significant control on local stratigraphy. Hence significant differences
in pre-deformation metamorphism could reflect movement along these
major Lower Palaeozoic structures. Crustal thickening during subsequent
deformation increased total pressure and produced a variable s.laty or
fracture cleavage and led to the growth of new amphibole needles within

the basic intrusions of the area.



Extension of the area of study into other parts of the Welsh basin
and the use of additional, relevant techniques would provide much
valuable information on the development of low-grade metamorphic
phenomena in this part of the Caledonides. Additional information
would also enable further quantification of the parameters, effects
and controls of low-grade metamorphism within the Lower Palaeozoic

Welsh basin.






APPENDIX 1 : MACHINE CONDITIONS EMPLOYED IN THE XRF ANALYSES

AND XRD MEASUREMENTS.

1 () Bulk rock geochemical analyses (XRF).

1Cii) Illite crystallinity and white mica bQ measurements (XRD).
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APPENDIX 1 (i) Bulk rock geochemical analyses (XRF)

103 meta-dolerites were analysed for 10 major elements and 34
were analysed for both 10 major and 11 trace elements using Xx-ray
fluorescence (XRF). The preparation techniques employed in this

study were outlined in Section 2.2.

XRF analyses were performed on a Philips PW 1212 fully automatic
sequential X-ray spectrometer in the department of Geology at the

University of Keele, between January and June, 1982.

A full account of the XRF technique employed at Keele can be
found in Bevins (1979) or Haselock (1982). A summary of the operating
conditions employed in the course of the XRF analyses is presented in
Table A. An indication of the precision of the technique, element
detection limits and the coefficient of variation is presented for each

element in Table B.
The precision is estimated using the formula:

Precision = Standarddeviation background(s) + Standard deviation peak

Slope factor
The detection limits are calculated using the formula:

Detection limit = 2 X Standard deviation background
Slope factor
The coefficient of variation is calculated using the formula:

Coefficient of variation = precision -nn
element mean
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TABLE B. Precision detection limits and coefficients of variation.

o Detection Coefficient
Precision limit of variation

wth
Si02 0.57 0.084 1.2%
Ti02 0.04 0.003 2.0%
Al 2°3 0.25 0.040 1.7%
0
Fa2°3 0.28 0.024 10.2%
FeO 0.17 - 1.1%
MnO 0.001 0.0005 4.7%
MgO 0.32 0.280 4.1%
Ca0 0.11 0.009 1.3%
Na20 0.08 0.050 3.1%
go 0.01 0.002 2.0%
p2°5 0.012 0.009 4 5%

PPm
Ba 61 39 49.0%
Ce 16 14 45 .0%
Cr 3 1 1.3%
La 7 70.0%
Nb 3 2 38.0%
Nd 12 11 65.0%
Ni 3 4 5%
Rb 9 2 141.0%
Sr 10 2 3.6%
Y 8 2 28.0%
r 20 8 15.1%

from duplicate analyses.
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APPENDIX 1 (ii) mite crystallinity and white mica bQ measurements (XRD)

X-ray diffraction (XRD) determinations of illite crystallinity and
white mica bQ were undertaken on 120 and 50 samples of fine grained
meta-sediment respectively. In addition to these measurements, bulk
rock compositional scans over the range 3 - 40° 20 were performed on

the 50 samples for which bQ was calculated.

The illite crystallinity determinations were made on < 2 y clay
fraction, sedimented smear mounts, whilst the bQ measurements and bulk
rock compositional scans were made on packed, crushed sample, cavity
mounts. Detailed accounts of the sample preparation procedures for the
production of both the smear mounts and packed cavity mounts are out-

lined in Sections 5.3.2. and 6.4. respectively.

The XRD work was performed on a Siemens diffractometer employing
a Crystalloflex 4 generator, type F goniometer and Scintillation
counter. The recording equipment consisted of a Kompensograph X - T

chart recorder and NIM counting electronics.

The machine conditions employed during the measurement of illite
crystallinity, determination of white mica bQ and bulk rock compositional
scans are outlined in Table C. From Table C it can be seen that machine
conditions remained unchanged throughout both the bulk rock compositional
scans and the determination of white mica bQ. Machine conditions (slits
and rate meter setting) were, however, varied slightly during some of
the illite crystallinity determinations. It was found that no single
rate meter setting was suitable for all illite crystallinity measure-
ments and was varied between 2 X 103 and 4X10 2 depending on the
relative intensity of the illite (001) peak. |In addition, the diver-
gence slit was changed from J° to 1° for the measurement of the Weber

crystallinity index.
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2 (i)

2 (iii)

APPENDIX 2 - SAMPLE LOCATIONS

Location of meta-dolerites used in the petrographic
descriptions, geochemical analyses and electron

microprobe determinations. Pages 221 - 224.
Location of sediments used in the illite crystallinity
and white mica bQ determinations. Pages 225-226.

Location of vein quartzes used in the fluid inclusion

analyses. Page 227.

220.
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APPENDIX 2 (i) Location of meta-dolerites used in the petrographic
descriptions, geochemical analyses and electron

microprobe determinations.

Sample Grid Sample Grid
number Reference number Reference
Al SH 72127162 T5* SH 72927266
A2 SH 72157163 T6** SH 72927265
A3 SH 72167163 T7* SH 72967262
A4 SH 72187164 T8* SH 72987260
A5 SH 72217165 T9* SH 73007257
A6 SH 72287165 Tl O* SH 73187235
A7 SH 72287169 Til* SH 73287239
A8 SH 72307173 T12* SH 73487229
A9 SH 72317175 TI 3** SH 73627227
A10 SH 72327178 T14* SH 73677217
D1 SH 72507204 TY* SH 73147252
D12 SH 72507200 TZ* SH 73157238
D13 SH 72517196 1A SH 74937355
NI** SH 72577388 2B SH 74987362
N1A* SH 72627389 2C SH 74997362
NIC* SH 72567385 4A SH 74697325
N1D* SH 72557390 4B SH 74697325
NI E* SH 72427380 5 SH 74747326
N1F* SH 72577387 7 SH 74917336
NIG* SH 72507380 8 SH 74857338
NIH** SH 72637382 1 SH 74787340
NI J* SH 72477384 15 SH 75377452
NIK** SH 72457374 18A SH 74437347
PI SH 73837250 18B SH 74457345
TI* SH 72927268 18C SH 74467341
T2* SH 72927268 20 SH 74077347
T3* SH 72927267 23 SH 74707295

T4* SH 72927267 38A SH 75397403
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Sample Grid Sample Grid
number Reference number Reference
38B SH 75407402 73D* SH 71466562
38C SH 75437402 73E* SH 71416566
38D SH 74467400 85A** SH 71066287
38E SH 74497399 85B* SH 71086291
38F SH 74557398 85C* SH 71086298
386G SH 74587397 85D* SH 71066300
38H SH 74627395 85E* SH 71066302
47A* SH 70656768 96A* SH 70886274
47B* SH 70686766 96B* SH 70886268
47C* SH 70706768 96C* SH 70936268
47D* SH 70716768 96D* SH 70966270
47E* SH 70736769 96E** SH 70986275
47F* SH 70756770 102A SH 72206446
51E SH 72356818 102B SH 72286440
51F SH 72396816 102C SH 72426432
51G SH 72456818 102D SH 72486425
51H SH 72476819 104A SH 72596412
66A** SH 72366745 104B SH 72586406
66B* SH 72376735 104C SH 72606400
66C* SH 72426723 104D SH 72656398
66D* SH 72356711 104E SH 72686400
66E* SH 72346704 104F SH 72856403
66F** SH 72346698 116 SH 66666095
66G* SH 72286694 126A SH 73266402
66H* SH 72176676 126B SH 73376399
661** SH 72136671 126C SH 73416388
66 K* SH 73036700 126D SH 73486381
66L* SH 73106713 141 A* SH 73075915
73A* SH 71616546 141B* SH 73105915
73B* SH 71566552 141Cc* SH 73165914

73C* SH 71516559 141D* SH 73325913



Sample
number

141E*
148A*
148B*
148C*
148D*
148E**
148F*
167A*
167B*
167C*
167D*
167E*
167F*
167G*
167H*
167K*
168A*
168B*
168C*
168D*
168E**
168F**
168G*
168H*
1681*
168J**
168K*
168L**
168M*
169P*
169Q*

Grid Sample Grid
Reference number Reference
SH 73405912 169R1* SH 71195522
SH 72946060 169R2* SH 71195522
SH 72976059 169R2** SH 71195522
SH 73006058 169S* SH 71155525
SH 73026058 169T* SH 71135526
SH 73036058 169U* SH 71125528
SH 73056058 169v* SH 71105528
SH 71555477 169w* SH 71095531
SH 71565477 177 SH 72105587
SH 71585475 179A* SH 71905548
SH 71605474 179B* SH 71965548
SH 71635472 179C* SH 72005542
SH 71665468 185A SH 72835842
SH 71705462 185B SH 72925847
SH 71715459 197 SH 70915291
SH 71665468 198A SH 70745247
SH 70575434 198B SH 70705242
SH 70575437 198C SH 70845237
SH 70585439 221 SH 64635800
SH 70595441 229 SH 69355865
SH 70595447 249A SH 63085980
SH 70595451 249B SH 63085980
SH 70585457 265A SH 64085448
SH 70555460 265B SH 64135448
SH 70555463 265C SH 64185448
SH 70535464 265D SH 64205450
SH 70495467 265E SH 64235455
SH 70465466 265F SH 64235458
SH 70445466 2656 SH 64205460
SH 71245520 265H SH 64135458
SH 71215521 283A SH 60255575

223.



Sample
number

283C
283D
283E
283F
283G
304

305

100
100*
100**

Note:

224.

Grid Sample Grid
Reference number Reference
SH 60205580 307 SH 56256180
SH 60255585 308 SH 56256178
SH 60205593 310 SH 56606118
SH 60205606 320 SH 60225835
SH 60235616 324A SH 62905635
SH 55756245 324B SH 62915636

SH 55906200

Petrographic description only.
= Petrographic description and geochemical analysis.
= Petrographic description , geochemical analysis and

microprobe determinations.

Sample 35A is a meta-diorite from a vein in the
Penmaenmawr intrusion (Grid Reference SH 71627509)

for which microprobe data was obtained.
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APPENDIX 2(ii) - Location of sediments used in the illite crystallinity

and white mica b determinations.

Sample Grid Sample Grid
number Reference number Reference
cl SH 72597185 83C SH 72006350
El* SH 71607204 88A* SH 78776010
FI SH 71557188 90 SH 70146353
R1 SH 73827326 97* SH 71736236
Vi SH 72157508 107* SH 68056362
V9 SH 72337469 127A* SH 77106403
W1A* SH 71817518 127B SH 77286396
Y1 SH 69827495 128A SH 77316372
13* SH 74407323 128B* SH 77516358
28 SH 76477568 129 SH 77406424
30B* SH 78097819 137B* SH 74285930
31* SH 79007700 139A SH 75855981
32 SH 78407748 150 SH 73685942
33* SH 78747722 151 A* SH 77076098
36* SH 77407182 151B SH 76846100
37* SH 76717174 151C SH 76756103
39 SH 65807250 153* SH 76006182
40* SH 65907230 155 SH 77656126
52 SH 72126818 158 SH 77516263
55* SH 70836960 159 SH 74286035
60 SH 76796769 160 SH 80175995
62 SH 76676762 162B* SH 70455782
67* SH 72586682 165 SH 70665820
69C SH 70526541 167J* SH 71725452
70 SH 70246615 170 SH 71255584
72* SH 71766530 173 SH 71585696
75* SH 74856780 176 SH 72905627
76* SH 73866919 178 SH 71755553

82* SH 75816953 186 SH 72235400
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Sample Grid . Sample Grid
number Reference number Reference
201 SH 69665113 272A SH 55596003
207* SH 72185212 273* SH 55715978
209* SH 55566040 275 SH 55705881
210 SH 55606021 276 SH 55635827
211+ SH 55706002 278* SH 57515639
212 SH 55816021 279* SH 58035701
213 SH 55936041 285* SH 80097251
215 SH 65076012 287 SH 82017549
219 SH 64315800 288* SH 82007551
223 SH 65055820 290 SH 78326869
227 SH 68015853 292* SH 79516301
230 SH 69015903 293 SH 81756323
231 SH 70325929 294 SH 82786181
236* SH 62036431 295* SH 82656168
237 SH 62136438 297* SH 81835813
241* SH 61786351 298 SH 82495740
244* SH 62416178 301* SH 80135461
245* SH 62436170 311* SH 57456045
248 SH 62776021 314* SH 59915851
254* SH 61826615 315* SH 59935853
255 SH 61906628 316* SH 60005854
266* SH 67015623 319* SH 60515750
267 SH 68035641 326 SH 72137459
270* SH 54886021 339 SH 63815550
271 SH 55516029

100 Illite crystallinity analysis only.

100+« Illite crystallinity and white mica bQ determination.



APPENDIX 2 (iii)

Sample
number

HI
18
BA
45
66J
838
103B
1098
167J
169X

- Location of vein quartzes used

analyses
Grid
Reference
SH 71957229
SH 74937355
SH 74747325
SH 71556908
SH 72256709
SH 72006350
SH 72636426
SH 66606300
SH 71675463
SH 71245518

Sample
number

184
225
234
238
242
256
280
318
322

in the fluid inclusion
Grid

Reference

SH 72885864
SH 66105838
SH 66505930
SH 62486433
SH 62706279
SH 64185543
SH 59005580
SH 60155810
SH 61255740

227
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APPENDIX 3 : RESULTS OF THE GEOCHEMICAL ANALYSES.

4 () Major element geochemical analyses of meta-dolerites from the

Conwy Valley.

Intrusion Samples Page
“RoT

Small intrusion at NI, MIA, NIC, N1D, N1E, N1F 129
SH. 725728 NIG, N1H, NIJ, NIK
Tal Y Fan T, T2, T3, T4, 15, T6, T7,

T8, T9, Ti0, Til, T12, Ti3,

T4, TY, T1Z 129-130
Small intrusion at 47A, 47B, 47C, 47D, 47E, 47F 130
SH. 707677
Cerrig Cochion 66A, 66B, 66C, 66D, 66E, 66F,

66G, 66H, 661, 66K, 66L 131
cwm Eigiau (west) 73A, 73B, 73C, 73D, T3E 131
Cwn Eigiau (south) 85A, 85B, 85C, 85D, 85E, 96A

96B, 96C, 96D, 96E 132
Creigiau Geuallt 141A, 141B, 141C, 141D, 141E 132
Meol Ddefaid 148A, 148B, 148C, 148D, 148E

148F 132-133
Moel Siabod (east) 167A, 167B, 167C, 168D, 167E,

167F, 167G, 167H, 167K 133
Moel Siabod (south) 168A, 168B, 168C, 168D, 168E,

168F, 168G, 168H, 1681, 168J,

168K, 168L, 168M 133-134
Moel Siabod (west) 169P, 169Q, 169R(1), 169R(2),

169S, 169T, 169U, 169V, 169W 134-135
Small intrusion at 179A, 179B, 179C 135
SH. 719555

4 (ii1) Trace element geochemical analyses of meta-dolerites
from the Moel Siabod intrusion 136-137
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APPENDIX 3 (i) Major element geochemical analyses of meta-dolerites
from the Conwy Valley.

Sample

Number N1 N1A NIC N1D N1E N1F NIG N1H
Si02 47.71 45.63  47.77 46.31 51.69 48.32 46.71 48.73
Ti02 1.12 1.47 3.59 1.90 2.46 2.90 4.20 2.08
Al © 15.28 16.30 13.34 16.47 14.03 12.72 11.91 14.84
re203 0.56 1.20 4.40 2.85 4.06 4.26 6.86 2.39
FeO 9.51 8.59 10.42 7.82 3.81 11.03 9.93 7.78
MnO 0.20 0.18 0.29 0.20 19 0.28 0.31 0.21
MgO 6.66 10.59 4.44 7.54 4.81 4.34 4.47 6.88
Ca0 10.00 9.20 6.25 9.43 13.55 6.52 7.62 9.38
Na20 2.66 1.27 3.57 2.25 4.54 3.57 3.27 3.14
k20 0.43 0.61 1.14 0.82 0.33 0.34 0.73 0.50
poos 0.33 0.21 0.67 0.31 0.38 1.04 0.70 0.35
Loss on

Ignition 3.87 4.82 3.11 3.81 1.44 3.58 3.14 3.70
Total 98.33 100.07 98.99 99.71 101.29 98.90 99.85 99.98
Sample

Number N1J NIK T1 T2 T3 T4 T5 T6

Si02 45.81 44.55 45.78  45.31 45.46 45.90 48.18 43.81
Tio2 1.94 5.61 2.57 2.64 2.48 2.37 1.91 1.62
2i203 13.21 9.43 14.97 1541 15.21  15.04 15.99 15.73
Fe203 3.00 8.62 2.57 2.08 2.48 2.19 2.04 3.20
FeO 7.83 11.36 8.73 10.79 9.81 9.62 7.46 7.98
MnO 0.19 0.36 0.23 0.23 0.25 0.26 0.17 0.20
MgO 11.64 5.64 8.29 8.04 8.37 8.73 7.30 11.32
Ca0 11.78 9.39 8.75 6.82 8.45 10.28 10.53 9.49
Na20 1.11 2.68 2.26 2.27 2.19 1.97 2.23 1.27
k20 0.25 0.56 0.76 0.97 0.75 0.53 1.34 0.42
poes 0.21 0.59 0.40 0.40 0.42 0.36 0.28 0.24
Loss on

Ignition 4.50 2.82 4.63 4.57 4.69 4.06 3.21 5.05
Total 101.47 101.61 99.94 99.53 100.56 101.31 100.64 100.33
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APPENDIX 3 (i) continued. ..

Sample
Number T7 T8 T9 T10 Til T12 T13 T14
Sio2 45.35 45.85 45.05 49.91 44 .68 46.06 47 .46 46.34
Ti02 1.58 1.69 1.69 2.60 2.70 2.47 2.96 2.21
A1203 16.52 16.63 17.39 15.42 15.84 16.06 14.52 15.30
1.80 2.10 1.16 3.07 1.76 2.11 2.19 1.91
FeO 7.89 7.53 8.20 7.41 10.42 9.97 9.68 9.22
MnO 0.20 0.17 0.17 0.18 0.21 0.20 0.24 0.20
MgO 10.01 8.79 8.33 4.31 7.45 7.49 6.95 7.60
Ca0 9.74 9.88 10.54 6.90 8.71 8.84 7.46 8.08
Na20 1.34 1.62 1.52 4.03 2.45 2.12 2.47 1.76
k20 0.71 0.68 82 1.29 0.26 0.96 0.92 1.68
poo5 0.30 0.23 0.27 0.52 0.43 0.35 0.48 0.30
Loss on
Ignition 4.80 4.36 4.38 2.80 4.89 4.30 4.07 4.41
Total 100.24 99.53 99.52 98.44 99.80 100.93 99.40 99.01
Number TY TZ 47A 47B 47C 47D 47E 47F
Si02 47 .44  A47.32  47.40 47.75 46.70 46.01 46.03 49.02
Ti02 2.21 3.30 2.03 1.89 1.25 2.00 2.12 1.46
2i203 15.05 13.83 14.65 16.91 16.50 17.59 15.63 15.96
453 2.24 2.64 2.58 3.07 2.52 2.87 3.44 2.82
FeO 7.98 11.61 8.08 7.23 7.43 7.35 8.34 5.51
MnO 0.20 0.21 0.22 0.19 0.16 0.22 0.20 0.17
MgO 6.86 4.40 7.74 7.35 9.10 6.68 7.89 7.94
Ca0 12.76 7.52 10.37 8.70 10.39 9.86 10.46 11.39
Na20 2.26 3.52 2.43. 3.04 2.04 2.77 2.36 2.52
k20 0.13 0.15 0.73 0.49 0.98 1.20 0.26 1.17
P25 .28 1.46 0.23 0.26 0.09 0.25 0.27 0.13
Loss on
Ignition 3.90 4.29 3.32 3.52 3.71 3.92 3.74 2.85

Total 101.31 100.25 99.78 100.40 100.87 100.72 100.74 100.94
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Sample

Number . 66A
Si02 44 .54
Ti0o2 0.69
Alpo, 12.65
Fe2»3 258
FeO 6.14
MnO 0.16
MgO 18.07
Ca0 9.22
Na20 0.27
k20 0.38
p2°5 0.02
Loss on
Ignition 5.69
Total 100.41
Sample

Number 661
Si02 44 .62
Tio, 0.71
Al 900 16.49
Fe?O; 2.81
FeO 5.41
MnO 0.15
MgO 13.86
Ca0 11.12
Na20 0.32
k20 0.30
pP2°5 0.08
Loss on
Ignition 5.12
Total 100.99

continued. ..
66B 66C
43.18 45.86
0.53 0.78
17.25 20.90
2.77 2.05
4.72 3.39
0.14 0.12
15.31 9.03
9.37 9.82
0.87 2.39
0.32 0.58
0.06 0.10
5.85 5.12
100.37 100.14
66K 66L
45.85  45.87
0.86 1.07
17.58 16.44
1.91 .63
.72 .16
0.15 0.15
11.44 11.33
9.74 9.66
0.99 1.50
0.98 0.38
0.10 0.11
4.95 4.57
101.27 99.87
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O O w ©O© N O N B
(o] P
» (&)

[N
w

99.71

73B

44.90
3.86
12.20

11.97
.28
.52
.14
.42
.18
.25

o o N © N O

99.56

66F

51.51
1.06
14.42

0.15
8.59
10.97
3.55
0.24

100.44

73C

I
©

.96
.03
.00

IRy
N

o

o

.90
.17
.81
.73
.37
.54
.17

100.77

666

SN
(o]

.55
.83
.78
.91
.41
12
.43
.23
.42
.62
.08

=
o O

o o N © © O K B

100.63

73D

46.51
2.06

11.64

10.23
12.26
1.87
0.16
0.17

100.72

66H

44.29

16.15

5.40
.14
14.71
.87
.69
.23
.08

o

o O O ©

100.94

73E

44 .15
1.09
14.90
2.89
6.96

14.46
10.25

0.11

5.25
101.19
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APPENDIX 3 (i) continued__

Sample

Number . 85A 85B 85C 85D 85E 96A 968B 96C
Si02 45.76 41.11 46.01 49.14 47.04 48.44 47.33 48.14
Ti02 3.46 3.08 1.97 1.79 1.62 1.78 1.90 2.06
Al2°3 12.65 13.36 15.52 14.25 17.58 17.23 15.77 14.92
Fa2°3 6.63 11.29 56 2.12 3.11 3.16 3.76 3.71
Fe0 10.81 5.11 4.80 8.29 6.46 6.39 7.11 7.26
MnO 0.22 0.23 0.20 0.19 0.17 0.18 0.23 0.22
MgO 5.53 4.78 4.49 7.55 6.55 6.54 6.84 6.86
Ca0 9.54 18.98 15.79 8.89 10.42 10.15 11.36 10.70
Na20 3.34 0.00 2.00 4.00 3.33 3.50 2.94 3.59
k20 0.19 0.28 0.12 0.14 0.18 0.60 0.57 0.24
p2os 0.23 0.18 0.25 0.22 0.18 0.22 0.18 0.21
Loss on

Ignition 3.40 3.04 3.38 3.32 3.81 2.97 3.03 2.93
Total 101.76 101.44 101.09 99.90 100.45 101.16 101.02 100.84
Sample

Number . 96D 96E 141A 141B 141C 141D 141E 148A
Si02 48.26 48.21 45.09 44.69 51.42 50.65 45.09 46.43
Tio2 2.07 1.99 2.84 3.13 2.47 3.00 5.96 1.79
A1?0, 14.11 14.41 15.18 14.18 13.90 13.11 11.69 15.67
* % 2.40 2.64 1.83 1.76 4.53 3.95 2.56 1.50
FeO 8.83 8.06 10.99 11.71 8.96 9.55 13.35 8.69
MnO 0.20 0.20 0.22 0.25 0.22 0.22 0.25 0.21
MgO 7.36 6.90 6.62 6.02 3.84 4.10 5.94 8.84
Ca0 9.22 10.01 8.11 8.13 4.97 6.47 9.61 8.42
Na20 3.49 3.53 2.05 2.53 3.29 3.22 2.58 1.58
k20 0.42 0.57 1.00 0.69 0.97 0.90 0.41 0.70
poes 0.21 0.20 0.46 0.54 1.03 1.21 0.56 0.30
Loss on

Ignition 3.32 2.94 4.49 5.83 3.35 3.31 3.78 4.63
Total 99.89 99.66 98.88 99.46 98.95 99.69 101.78 98.76



APPENDIX 3 (i)

Sample
Number 148B
Si02 45.11
Tio02 1.82
A12°3 15.74
Fe2°3 3.33
FeO 7.78
MnO 0.22
MgO 10.24
Ca0 10.02
Na20 2.33
k20 0.58
p2°5 0.28
Loss on
Ignition 4.46
Total 101.91
Sample
Number 167D
i02 44 .81
Tio2 1.49
A12°3 17.82
Fe2°3 3-19
FeO 8.36
MnO 0.22
MgO 8.47
Ca0 9.63
Na20 2.18
k20 0.22
pP2°5 0-15
Loss on
Ignition 4.80
Total 101.34

continued...

148C 148D
46.58 45.84
1.31 1.42
14.42 16.70
3.50 2.09
4.49 7.91
0.16 0.18
7.18 8.83
19.31 9.67
0.00 1.94
0.22 0.51
0.19 0.22
4.03 4.14

101.39 99.45

167E 167F
48.56 49.13
1.57 1.92
16.06 16.17
2.51 1.78
7.17 8.22
0.19 0.22
6.85 6.43
10.48 6.23
3.73 4.25
0.19 0.66
0.12 0.22
3.33 4.10
100.76 99.33

148E

[y N
~N - N

99.

O O N 0 N O N

.46
.60
.03
.99
.58
.19
.83
.58

167G

49

[N
N

©O O kb M O O © B+

.88
1.
.09
.26
.53
.23
.94
.70
.93
.16
.16

88

.82
98.

58

148F

46.91

1.84
16.92
2.14
7.73
0.17
7.27
9.48
2.61
0.40
0.25

3.81
99.53

167H

48.70
1.85
19.01
1.19
10.85
0.19
4.96
1.81
4.14
0.17
0.22

5.23
98.32

167A

43.
.64
15.

60

.53
98.

93

167K

[y AN
o NN

99.

.70
.24

167B

47

1.

=
a1

4.

O O w 0 0O O O N

.42

78

17

100.68

168A

[ N
N

10.
99.

O O r © N O 0

.62
.76
.83

87
15

167C

46.51
1.37
17.21

11.32
2.37

0.12

4.03
101.25

168B

48.41
1.80
15.66
1.79
7.91
0.21
7.89
9.29
3.65
0.22
0.17

3.84
100.84
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APPENDIX 3 (i) continued...

Sample

Number 168C 168D 168E 168F 168G 168H 1681 168J

Si02 49.54 48.88 48.31 45.67 46.37  47.79 46.21 44 .14
Ti02 2.27 1.56 1.44 1.47 1.30 1.19 1.15 1.10
Al1,0, 14.26 15.29 16.35 17.02 18.27 17.64 16.89 15.86
Fe[OO 1.58 1.74 2.77 2.51 2.61 2.21 2.60 2.76
FeO 8.21 7.00 5.90 8.18 5.58 5.98 6.78 6.71
MnO 0.22 0.18 0.17 0.19 0.16 0.16 0.18 0.18
MgO 8.55 8.48 8.95 9.31 8.54 9.00 11.27 11.95
Ca0 9.76 9.60 10.57 9.72 11.48 10.09 9.76 12.06
Na20 3.69 3.58 3.15 2.79 2.85 2.73 1.85 0.34
k20 0.32 0.35 0.49 0.17 0.25 0.48 0.35 0.15
p2os 0.23 0.10 0.14 0.12 0.15 0.13 0.12 0.12
Loss on

Ignition 3.26 3.58 3.49 4.29 4.06 3.99 4.53 4.90
Total 101.89 100.34 101.73 101.44 101.62 101.39 101.69 100.27
Sample

Number 168K 168L 168M 169P 169Q 169R(1) 169R(2) 169S

Sio2 44 .81 46.97  46.32 49.01 48.04 51.98 49.39  48.90
Tio2 1.15 1.34 1.61 2.36 1.51 1.61 2.96 1.32
Al,0, 14.39 14.81 15.61 15.19 15.51 15.78 14.83 15.73
Fe(L)Oj 2.06 1.63 1.63 1.53 1.77 8.05 3.57 2.21
FeO 8.08 8.15 8.35 10.69 8.50 3.24 10.04 6.96
MnO 0.18 0.20 0.20 0.26 0.21 0.18 0.29 0.18
MgO 14.35 11.34 9.49 7.93 8.97 1.45 4.19 8.24
Ca0 9.36 7.76 8.29 5.21 8.53 13.43 7.12 10.39
Na20 0.83 2.58 2.74 3.23 3.13 1.48 3.36 3.53
k20 0.20 0.23 0.59 0.15 0.54 0.70 0.76 0.35
poes 0.12 0.12 0.16 0.24 0.14 0.56 0.54 0.10
Loss on

Ignition 5.50 5.28 5.06 4.91 4.06 2.68 3.53 3.66

Total 101.30 100.41 100.05 100.71 100.91 101.14 100.58 101.57



APPENDIX 3 (i) continued

Sample

Number 169T
Si02 48.23
Ti02 1.62
A170, 16.03
4 s 3.62
FeO 6.69
MnO 0.18
MgO 7.59
Ca0 10.96
Na20 3.14
k20 0.25
p2°5 0.14
Loss on

Ignition 3.44

Total 101.

89

169U

48.24
1.56
15.96

6.91
0.18
8.04
10.89
2.94
0.32
0.14

101.80

169v

48.01

16.30

10.22
2.76
0.45
0.13

3.72
101.21

169w 179A
45.34 48.85
2.22 2.66
14.49 12.54
2.29 1.79
10.15 10.51
0.39 0.28
9.99 6.74
7.14 8.38
2.40 3.76
0.12 0.12
0.21 0.35
5.43 4.33
100.17 100.31

1798

47.
.22
13.
.87
11.
.27
.75
.09
.81
.27
.33

O O w N o O

73

40

06

.32

100.12

179C

53.

2.
.80
.58
.20
.25
.41
.02

-
w

98.

O O M W W O O N

43
04
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APPENDIX 3 (ii) Trace element geochemical analyses of meta-dolerites
from the Moel Siabod intrusion.

Sample
Number 167A 167B 167C 167D 167E 167F 167G 167H 167K

Ba 83 110 135 47 74 280 49 59 268
Ce 36 30 22 32 29 33 22 28 35
Cr 346 219 254 58 199 186 258 370 370
La 8 6 4 9 8 8 7 7 1n
Nb 7 7 5 6 5 9 9 9 8
Nd 18 17 9 15 1n 28 22 18 16
Ni 169 132 159 95 64 26 80 136 55
Rb 5 3 6 5 4 14 3 2 14
Sr 275 228 277 366 237 227 176 104 226
Y 21 23 17 22 2 33 24 16 37
Zr 105 94 65 89 90 150 97 127 149

Number 168A 168B 168C 168D 168E 168F 168G 168H 1681

Ba 43 158 171 164 344 76 92 148 166
Ce 28 28 29 9 17 24 20 19 14
Cr 233 234 250 250 330 242 212 248 382
La 8 9 1 4 5 5 4 5 3
Nb 7 6 7 7 8 8 7 6 6
Nd 20 18 18 14 n 16 16 13 20
Ni 76 64 34 121 139 134 144 255 307
Rb 3 5 7 8 9 2 2 7 6
Sr 320 523 270 292 363 307 255 312 401
Y 25 26 36 17 22 2 19 17 17

Zr 120 109 186 53 89 71 82 68 62
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APPENDIX 3 (ii) continued...

Sample
Number 168J 168K 168L 168M 169P 169Q 169R(1)169R(2) 169S

Ba 41 49 96 224 67 274 105 120 175
Ce 23 19 17 21 55 25 96 88 21
Cr 495 596 304 242 184 289 16 23 262
La 8 7 8 4 15 8 38 32 3
Nb 6 7 7 7 10 7 15 14 7
Nd 12 15 14 17 17 9 37 35 7
Ni 377 394 221 136 34 65 0 0 74
Rb 2 4 3 17 2 12 9 10 6
Sr 119 152 176 A1 108 440 768 224 441
Y 18 16 20 21 37 22 88 82 16
Zr 60 66 79 95 172 79 538 482 59
Sample

Number 169T 169U 169V 169W 179A 1798 179C

Ba 43 73 205 19 29 41 231
Ce 20 28 22 47 47 61 108
Cr 283 314 268 157 75 62 18
La 7 7 7 7 14 17 37
Nb 7 8 7 7 10 1 14
Nd 16 15 14 24 22 28 49
Ni 73 74 75 49 10 0
Rb 3 5 7 1 2 4 26
Sr 419 235 289 112 127 92 280
Y 21 21 20 29 39 48 80

r 92 97 91 132 180 246 435
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APPENDIX 4 SECONDARY MINERAL ASSEMBLAGES FROM THE
META-DOLERITES OF NORTHERN SNOWDONIA.
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250.

APPENDIX 5 : ELECTRON MICROPROBE ANALYSES OF MINERAL CHEMISTRY

Index to phase chemistry analyses

CLINOPYROXENE

Samples analysed - N1H, T6, 66A, 661, 96E, 148E, 168E, 168J.

Page Number - 252-253.

PYMPELLYITE

Samples analysed - 35A, NI, NIH, T13, 66A, 66F, 661, 148E, 168E, 168F

Page Number - 254-256.

PREHNITE

Samples analysed - 35A, NI, NiH, T6, T13, 66F, 661, 168F.

Page Number - 257-258.

EPIDOTE

Samples analysed - 35A, NI, NiH, NIK, T6, T13, 66A, 66F, 661, 85A,
96E, 148E, 168E, 168L, 168F, 168J, 169R3.

Page Number - 259-263.

CHLORITE

Samples analysed - NI, N1H, NIK, T6, T13, 66A, 66F, 661, 85A, 96E,
148E, 168E, 168F, 168J, 168L, 169R3.

Page Number - 264-265.

STILPNOMELANE

Samples analysed - 85A, 169R3.

Page Number - 266.

SPHENE

Samples analysed - NI, 85A, 96E, 169R3.

Page Number - 266.

AMPHIBOLE

Samples analysed - T6, 66A, 661, 85A, 96E, 148E, 168E, 168F, 168J,
168L, 169R3.

Page number 267-268.



WHITE MICA
Samples analysed

Page number

PLAGIOCLASE FELDSPAR

Samples analysed

Page number

ALKALI FELDSPAR
Samples analysed

Page number

66A, 66F, 661, 96E, 148E, 168F.

269-270.

NI, NIK, T13, 66F, 661, 85A, 96E, 148E,
168F, 169R3.

271-272.

168E.

272.

168E,



252.

CLINOPYROXENE ANALYSES (1)

Sample N1H N1H T6 T6 66A 66A 661 661

Si02 50.57 49.93 50.05 49.87 49.30 49.88 50.71 48.75
Ti02 1.31 1.64 1.48 2.00 2.88 2.27 1.20 2.62
A12°3 2.75 3.55 2.64 3.41 4.34  3.54 391  3.90
FeO* 7.85 8.23 8.76 8.13 6.62 6.32 5.91 7.31
MnO 0.13 0.12 0.19 0.17 n.d. 0.29 0.29 n.d.
MgO 14.12 13.72 14.02 14.28 15.01 15.06 15.83 14.68
Ca0 21.81 21.74 21.42 21.78 21.85 21.79 22.01 21.43
Na20 n.d. n.d. n.d. n.d. 0.71 0.51 n.d. n.d.
I‘QQO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Total 98.54 98.93 98.56 99.64 100.71 99.66 99.86 98.69

Recalculation on the basis of 6 oxygens

Si ( 1.9 1.88 1.90 1.86 1.82 1.86 1.87 1.83
Allv Z(( 0.10 0.12 0.10 0.14 0.18 0.14 0.13 0.17
z 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Alvi C 0.02 0.04 0.02 0.01 0.01 0.02 0.04 0.00
Fe C 0.25 0.26 0.28 0.25 0.20 0.20 0.18 0.23
Mg y.C 0.79 0.77 0.79 0.80 0.83 0.84 0.87 0.82
Mn E 0.00 0.00 0.01 0.01 - 0.01 0.01
Ti C 0.04 0.05 0.04 0.06 0.08 0.06 0.03 0.07
YA 1.10 1.12 1.14 1.13 1.12 1.11 1.13 1.12
Ca ¢ 0.88 0.88 0.87 0.87 0.86 0.87 0.87 0.86
Na x( - - - 0.05 0.04 - -

¢
K C _ - - - - - - -
z 0.88 0.88 0.87 0.87 0.91 0.91 0.87 0.86
Total 3.98 4.00 4.01 4.00 4.03 4.02 4.00 3.98
* = Total iron as Fe0
n.d. = Not detected



CLINOPYROXENE ANALYSES (2)

Sample 96E 96E 148E 148E 168E
Si02 51.89 49.90 50.94 50.54 52.05
Ti02 1.10 1.71 1.16 1.32 0.77
A12°3 2.69 3.74 2.45 3.17 1.81
FeO* 8.06 9.75 9.64 9.65 6.51
MnO 0.40 0.30 0.31 0.45 0.40
Mgo 15.01 14.19 14.26 14.78 15.60
Ca0 21.20 20.18 21.31 20.79 21.24
Na20 0.60 n.d. n.d. 0.61 n.d.
k20 n.d. n.d. n.d. n.d. n.d.

Total 100.95 99.77 100.07 101.31 98.38

Recalculation on the basis of 6 oxygens

Si (1.9 1.87 1.90 1.87 1.95
Aliv Z% 0.09 0.13 0.10 0.13 0.05
z 2.00 2.00 2.00 2.00 2.00
AlvVi Jj 0.03 0.04 0.01 0.01 0.03
Fe j 0.25 0.31 0.30 0.30 0.21
Mg yj 0.82 0.79 0.79 0.8 0.87
Mn j 0.01 0.01 0.01 0.01 0.01
Ti (0.03 0.05 0.03 0.04 0.02
I 1.14 1.20 1.14 1.18 1.14
Ca (0.84 0.81 0.85 0.83 0.85
Na x2 0.04 - - 0.04 -
« <.

I 0.88 0.81 0.85 0.87 0.85
Total 4.02 4.01 3.99 4.05 3.99
* = Total 1iron as Fe0

n.d. = Not detected.

168E

50.66

1.24

3.33

6.82

0.44

14.99

21.67

1.89

0.11

2.00

0.04

0.21

0.83

0.01

0.04

1.13

0.87

0.87

4.00

168J

49.10

2.07

3.36

7.92

0.26

14.48

21.22

1.86

0.14

2.00

0.01

0.25

0.82

0.01

0.06

1.15

0.86

0.86

4.01

168J

51.33

0.92

2.02

6.18

0.48

16.02

21.75

1.92

0.08

2.00

0.01

0.19

0.89

0.01

0.03

1.13

0.87

0.87

4.00

253
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PUMPELLYITE ANALYSES (1)

Sample 35A 35A N1 N1 N1H N1H T13 T13
Si02 36.83 37.61 36.58 36.89 36.38 36.79 36.96 36.53
Ti02 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
A12°3 20.09 21.07 24.25 23.83 22.34 23.88 23.38 23.64
FeO* 11.88 9.54 6.87 7.78 9.22 7.95 7.23 6.49
MnO n.d. n.d. n.d. 0.12 0.16 n.d. 0.17 n.d.
MgO 1.49 2.13 1.17 1.16 1.31 1.08 1.68 1.88
Ca0 22.78 22.63 22.76 22.76 22.70 22.94 22.62 22.44
Na20 n.d. n,,d. n.d. n.d. n.d. n.d. n.d. n.d.

20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Total 93.07 92.98 91.63 92.54 91.95 92.64 91.87 90.98

Recalculation on the basis of 16 Cations

Si (6.07 6.15 6.03 6.04 6.02 6.02 6.09 6.05
z(

AlZ ( - - - - - - - -
z 6.07 6.15 6.03 6.04 6.02 6.02 6.09 6.05
Aly ( 3.90 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Fe3+ y(( 0.10 - - - - - - -
z 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Alx « - 0.06 0.71 0.60 0.36 0.61 0.53 0.61
Fe xg 1.54 1.30 0.95 1.07 1.28 1.09 0.99 0.90
Mg g 0.37 0.52 0.29 0.28 0.32 0.26 0.41 0.46
Mn E - - - 0.02 0.02 - 0.02 -
VA 1.91 1.88 1.95 1.97 1.98 1.96 1.95 1.97
Ca w( 4.02 3.96 4.02 3.99 4.03 4.02 3.98 3.98
* = Total iron as Fe0

n.d. = Not detected.



PUMPELLYITE ANALYSES (2)

Sample

Si02
Ti02
A12°3
FeO*
MnO
MgO
Ca0
Na20
k20

Total

Recalculation on the basis of

Si

Alz

Aly

Fe3+

Alx
Fe
Mg

Mn

Ca

* —

n.d.

Total

T13

36.62
n.d.
24.10

6.68

1.47

22.68

91.55

( 6.03
z(
( -

6.03

y{ 4.00

4.00
0.68
0.92

0.36

X
~AAT AA A

1.96

w( 4.00

66A

35.86

n.d.

24.68

4.93

3.35

21.82

90.64

5.89

0.11

6.00

0.67

0.68

0.82

2.07

3.84

iron as Fe0
= Not detected.

66A 66F
36.47 37.57
n.d. n.d.
24.88 23.75
6.24 7.33
n.d. n.d.
3.07 2.74
21.48 23.06
n.d. n.d.
n.d. n.d.
92.14 94 .45
16 Cations
5.92 5.98
0.08 0.02
6.00 6.00
4.00 4.00
4.00 4.00
0.68 0.44
0.85 0.98
0.74 0.65
2.27 2.07
3.73 3.94

66F

38.28

24.84

2.58

23.40

94.56

6.06

4.00

4.00

0.64

0.72

0.61

66F

38.29

23.19

6.50

2.68

23.01

4.00

0.39

0.87

0.64

1.90

3.95

661

36.84

26.05

6.60

0.38

1.09

23.50

6.01

6.01

4.00

4.00

0.84

0.65

0.43

661

37.13

6.00

4.00

0.72

0.86

0.39

1.97

4.04

255



PUMPELLYITE ANALYSES (3)

Sample 148E

Si02
Ti02
Al2°3
FeO*
MnO
MgO
Ca0

Na20

o
2

Total

37.05

n.d.

23.56

7.28

1.95

23.14

148E

36.36

n.d.

21.91

9.44

2.14

22.93

148E

36.13

22.85

1.91

23.01

92.23

Recalculation on the basis of 16

Alx
Fe
Mg
Mn
VA

Ca

* —

n.d.

( 6.01

z(
( -

6.01
( 4.00
4.00

( 0.51
x$ 0.99

( 0.47

(
( -

1.97

w( 4.02

5.95

0.05

6.00

4.00

1.98

4.02

Total 1iron as FeO

= Not detected

6.00

4.00

0.35

1.14

0.47

1.96

4.04

168E

38.62

25.27

5.75

0.15

1.64

23.20

Cations

6.15

6.15

4.00

4.00

0.39

0.02

168E

37.53

24.65

6.01

1.79

23.39

93.37

6.04

4.00

4.00

0.68

0.81

1.92

4.04

168F

37.38

24.77

6.23

1.57

23.00

6.05

6.05

4.00

4.00

0.73

0.84

0.38

1.95

3.99

168F

37.62

25.14

4.57

3.06

23.05

6.00

6.00

4.00

4.00

0.72

0.61

0.73

2.06

3.94

168F

36.38

23.85

4.41

2.90

23.09

5.99

0.01

6.00

0.62

0.61

0.71

1.94

4.07



PREHNITE ANALYSES (1)

Sample

Si02
Tio2
A12°3
Fe2°3*
MnO
MgO
Ca0
Na20

0

no

Total

35A

43.56

n.d.

23.20

1.63

35A

45.05

n.d.

24.61

0.20

N1

43.01

22.35

95.11

Recalculation on the basis of 22

Fe3+

Mg
Ca

n.d.

Total

6.01

6.01

3.77

0.17

4.06

8.00

6.07

6.07

3.91

0.02

3.97

7.90

iron as Fe20g

Not detected

6.01

4.07

8.02

N1

42.80

23.69

0.60

oxygens

6.01

6.01

3.92

0.06

4.01

7.99

N1H

43.44

23.11

1.82

6.02

6.02

3.77

0.19

4.02

7.98

N1H

44.

24.

95.

20

04

.36

36

.07

.07

.89

.04

.08

.88

.89

T6

43.59

24.12

0.27

n,,d.

27.09

6.02

6.02
3.93

0.03

4.01

7.97

T6

43.87

23.96

0.54

6.05

6.05

3.90

0.06

3.96

7.92

257



258.

PREHNITE ANALYSES (2)

Sample T13 T13 66F 66F 661 661 168F 168F
Si02 42.45 42 .88 42.76 42.91 43.49 43.91 44 .04 43.70
Tio2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Al2°3 19.22 19.44 23.50 24.31 24.42 24.46 23.12 22.97
Fe2°3* 7.01 6.33 2.12 2.17 n.d. n.d. 1.80 1.82
MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MgO n.d. n.d. 0.34 0.36 n.d. n.d. n.d. n.d.
Ca0 25.35 25.82 26.57 26.70 27.41 27.87 26.84 27.00
Na20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
k20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Total 94.03 94.47 95.29 96.45 95.32 96.24 95.80 95.49

Recalculation on the basis of 22 oxygens

Si 6.07 6.09 5.94 5.88 6.00 6.00 6.06 6.05
Al - - 0.06 0.12 - - - -
z 6.07 6.09 6.00 6.00 6.00 6.00 6.06 6.05
Al 3.24 3.25 3.79 3.81 3.97 3.94 3.75 3.75
Fe3+ 0.75 0.68 0.22 0.22 - - 0.19 0.19
Mg - - 0.07 0.07 - - - -
Ca 3.88 3.93 3.95 3.92 4.05 4.08 3.96 4.00
z 7.87 7.86 8.03 8.02 8.02 8.02 7.90 7.94
* = Total iron as Fe202

n.d. = Not detected



EPIDOTE

Sample

A12°3
Fe2°3*
MnO
MgO
Ca0
Na20
k20

Total

Recalculation on the basis of 12.5 oxygens

Si

£

Ti

Al

Fe3+

Mn

Ca

Total

ANALYSES (1)

35A

38.03

22.28
15.47

0.15

z( 3.02

3.02

y( 2.08

¢ 0.92

3.00

( 0.01
w(

(1.94

1.95

7.97

Total iron as Fe20g

35A

39.35

26.45

10.09

24.38

100.48

3.01

3.01

2.39

0.58

2.97

0.01

2.00

2.01

7.99

Not detected

N1

37.74

22.65

13.63

3.02

3.02

2.14

0.82

2.96

2.02

2.02

8.00

N1H

38.29

24.45

12.03

3.01

3.01

2.27

0.71

2.98

2.02

2.02

8.01

c = Rim to core of zoned epidote

N1H

38.35

23.64

13.43

3.02

3.02

2.19

0.79

2.98

1.99

1.99

7.99

N1H

38.

23

13.

98.

05

.14

.54

51

.14

.56

44

.00

.00

.00

.19

.80

.99

.00

.99

.99

.98

NIK

37.50

21.64

15.20

0.13

3.02

3.02

2.06

0.92

2.98

0.00

1.98

1.98

7.98

T6

38.84

26.74

9.17

3.02

3.02

2.45

0.54

2.99

1.97

1.97

7.98

259.



260

EPIDOTE ANALYSES (2)

Sample T13 T13 66A 66F 66F 661 85A 96E

Si02 36.30 37.15 38.70 39.28 39.50 39.12 37.54 38.60
Ti02 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Al2°3 19.07 20.11 30.15 29.28 28.05 30.28 21.66 23.72
Feo3x 17.72 16.29 4.02 5.73 7.44 4.89 15.02 13.64
MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.39
MgO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ca0 22.76 22.34 25.00 24.78 24.15 24.64 23.98 23.22
Na20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
k20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Total 95.85 95.89 97.87 99.07 99.14 98.93 98.20 99.57

Recalculation on the basis of 12.5 oxygens

Si z( 3.01 3.05 2.99 3.01 3.03 2.99 3.01 3.02
| 3.01 3.05 2.99 3.01 3.03 2.99 3.01 3.02
Ti ( - - - - - - -
(
Al yj 1-86 1.95 2.74 2.64 2.54 2.73 2.05 2.19
Fe3+ (1.11 1.01 0.23 0.33 0.43 0.28 0.91 0.80
| 2.97 2.96 2.97 2.97 2.97 3.01 2.96 2.99
Mn C - - - - - - - 0.03
w[
Ca ( 2.02 1.97 2.07 2.03 1.99 2.02 2.06 1.95
| 2.02 1.97 2.07 2.03 1.99 2.02 2.06 1.98
Total 8.00 7.89 8.03 8.01 7.99 8.02 8.03 7.99
* = Total 1iron as Fe203

n.d. = Not detected



EPIDOTE

Sample

Al2°3
Fe2°3*
MnO
MgO
Ca0
Na20
K20

Total

ANALYSES (3)

148E

35.82

21.13

14.63

148E

37.48

22.22

14.75

Recalculation on the basis

Al

Fe3+

Mn

Ca

Total

n.d. =

Total

zj 3.00

3.00

y( 2.08

( 0.92

u
( 2.00

Not detected

iron as

3.02

3.02

2.11

0.90

3.01

1.94

1.94

7.97

Fe2°3

148E

39.02

28.57

6.94

of 12.5

3.00

3.00

2.59

0.40

2.99

2.01

2.01

8.00

148E

38.87

28.98

6.04

oxygens

3.00

3.00

2.63

0.35

2.98

2.03

2.03

8.01

r c = Rim to core of zoned epidote

3.00

3.00

2.59

0.39

2.98

2.02

2.02

8.00

168E

39.07

27.54

3.02

3.02

2.99

1.99

1.99

168E

3.01

3.01

2.41

0.56

2.97

2.03

2.03

8.01

261.

168L

38.19

28.32

6.68

3.01

3.01

2.63

0.34

2.97

1.99

1.99

7.97



262.

EPIDOTE ANALYSES (4)

Sample 168F 168F 168F 168F 168F 168J 168J 168J
r c r
8 °s 39.37 38.59 38.56 38.59 37.98 38.95 39.12 38.75
Ti02 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
A12°3 28.41 26.78 23.73 22.86 22.20 29.45 29.05 28.13
Feoo3* 7.26 8.80 12.37 14.46 14.24 5.52 5.67 7.24
MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MgO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ca0 24.29 23.83 23.84 23.87 23.42 24 .33 24 .47 2445
Na20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
k20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Total 99.33 98.00 98.50 99.78 97.84 98.25 98.31 98.57

Recalculation on the basis of 12.5 oxygens

Si z(3.02 3.01 3.04 3.02 3.02 3.00 3.01 3.00
z 3.02 3.01 3.04 3.02 3.02 3.00 3.01 3.00
Ti ( - - - - - - - -
Al y((2.57 2.47 2.21 2.11 2.08 2.67 2.64 2.56
Fe3+ 20_42 0.52 0.73 0.85 0.85 0.32 0.33 0.42
z 2.99 2.99 2.94 2.96 2.93 2.99 2.97 2.98
Mn ( - - - - - - - -
w(

Ca (1.99 1.99 2.01 2.00 2.07 2.01 2.02 2.03
z 1.99 1.99 2.01 2.00 2.07 2.01 2.02 2.03
Total 8.00 7.99 7.99 7.98 8.02 8.00 8.00 8.01
* = Total 1iron as Fe20j

n.d. = Not detected

r c = Rim to core of zoned epidote.



EPIDOTE

Sample

00
ol

Tio2

Al2°3

Fe2°3*
MnO

MgO
Ca0
Na20
k20

Total

ANALYSES

168J

39.05

27.78

Recalculation on

Fe3+

2(3.02

8.00

®)

168J

38.97
n.d.

27.46

98.90

the basis of 12.5 oxygens

3.01

3.01

2.50

0.46

2.96

2.03

2.03

8.00

Cc

Total iron as Fe20g

Not detected

168J

r

36.00

28.04

5.08

2.95

2.95

2.71

0.31

3.02

2.07

2.07

8.04

168J

37.43

0.12

28.24

5.65

2.98

2.98

0.01

2.65

0.34

3.00

2.03

2.03

8.01

Rim to core of zoned epidote

168J

38.46

0.13

28.89

5.57

2.99

2.99

0.01

2.65

0.33

2.99

2.03

2.03

8.01

168J

38.62

27.48

7.89

3.01

3.01

2.52

0.46

2.98

2.00

2.00

7.99

168J

38.87

27.62

8.06

3.00

3.00

2.52

0.47

2.99

2.01

2.01

8.00

169R3

38.10

0.18

22.25

15.27

3.01

3.01

0.01

2.07

0.91

2.99

1.99

1.99

7.99

263.



N1H

28.

n.

17.

26.

0.

16.

0.

CHLORITE ANALYSES (1)
Sample N1
Si02 28.23
™o, n.d.
g

A12°3 18.13
FeO* 27.89
MnO 0.26
MgO 14.13
Ca0 0.24
Na20 n.d.
k20 n.d.
Total 88.88

23

d.

34

42

38

19

16

NIK

25.47

n.d.

18.02

37.17

0.31

8.36

0.18

T6

28.62

18.41

20.40

0.23

19.73

0.21

Recalculation on the basis of 14 oxygens

A1Vl
Fe2+
Mn
Mg
Ca

Total

* —

n.d.

(2.9
( 1.04
4.00
1.20

2.45

2.21

(
(
(
(
y( 0.02
(
(
50.03

5.91

2.

1.

95

05

.00

.09

.31

.03

.52

.02

.97

.97

Total iron as Fe0

= Not detected

2.81

1.19

4.00

1.16

3.43

0.03

1.38

0.02

6.02

10.02

2.93

1.07

4.00

1.15

1.75

0.02

3.01

0.02

5.95

9.95

T13

26.

19.

28.

12.

87.

a7

34

42

.41

61

.10

35

.85

.15

.00

.30

.56

.04

.02

.01

.93

.93

66A

31.36

18.20

12.90

25.31

0.54

3.03

0.97

4.00

1.11

1.04

3.65

0.11

5.91

9.91

66F

29.38

20.73

20.79

19.54

90.44

4.00

1.30

1.71

661

29.20

2.92

1.08

1.21

1.13

3.57

5.01

9.91

264.



CHLORITE

Sample

Si02
Tio2
Al2°3
FeO*
MnO
MgO
Ca0
Na20
k20

Total

ANALYSES

85A

25.

n.

18.

32.

0.

10.

87

Recalculation

A1Vl
Fe2+
Mn
Mg
Ca

Total

1.

5.

9.

= Total

19

d.

88

78

40

65

.90

on

.75

.25

.00

.18

.00

.04

73

95

95

&)

96E

26.01
n.d.

18.66

29.99
0.43

12.72

148E

26.90

n.d.

19.54

23.70

0.39

16.15

0.28

168E

28.

n.

19.

19.

0.

19.

0.

08

d.

82

87

29

32

23

the basis of 14 oxygens

2.81

1.19

4.00

1.18

2.71

0.04

2.05

5.98

9.98

iron as Fe0

n.d. = Not detected

2.83
1.17
4.00
1.25
2,08
0.03
2.53
0.03
5.92

9.92

2.

1.

87

13

.00

.26

.70

.03

.94

.03

.96

.96

168F

27.81

n.d.

20.31

22.12

0.54

17.82

2.83

1.17

4.00

1.27

1.88

0.05

2.70

5.90

9.90

168J

28.

n

19

16.

0.

22.

87.

90

.d.

.08

19

32

73

.15

37

.90

.10

.00

.16

.36

.03

.40

.02

.97

.97

168L

27.

18.

18.

20.

85.

27

90

57

.27

01

.08

10

.85

.15

.00

.18

.63

.01

.12

.01

.95

.95

169R

25.

18

31.

10.

86.

49

.26

66

.37

63

.27

68

.83

.17

.00

.22

.94

.03

.76

.03

.98

.98

265



STILPNOMELANE ANALYSES

Sample 85A 169R3
8 °0 45.12 45.42
Ti02 n.d. n.d.
A12°3 5.97 5.83
Fapo3* 33.14 32.00
MnO 1.09 1.18
MgO 4.86 5.58
Ca0 0.19 0.14
Na20 n.d. 0.31
k20 5.08 1.77
Total 95.45 92.23

Recalculation on the basis
of 8 Si cations

Si z(8.00 8.00
z 8.00 8.00
M (1.25 1.21
. (
Ti « -
(
Fe3+ x,y( 4.42 4.24
Mn E 0.16 0.18
Mg E 1.28 1.47
z 7.11 7.10
Ca ( 0.04 0.03
(
Na W( - 0.10
K § 1.15 0.40
£ 1.19 0.53
* = Total 1iron as Fe203

n.d. = Not detected

SPHENE ANALYSES

N1 85A 96E 169R3

31.16 30.87 30.68  30.55
33.49 34.70 37.06 37.25

3.24 2.98 1.73 1.74

98.02 99.69 99.96 99.29

Recalculation on the basis
of 4 Si cations

z( 4-00 4.00 4.00 4.00
4.00 4.00 4.00 4.00

( 0-49 0.40 0.27 0.27
yé 3.23 3.38 3.63 3.67
E 0.26 0.18 0.19 0.09
3.98 3.96 4.09 4.07

x( 3.77 4.07 4.00 4.04

3.77 4.07 4.00 4.04



AMPHIBOLE ANALYSES (1)

Sample T6 66A 66A 661 661 85A 96E 148E
F F N F N N N F

Si02 55.16 54.74 51.74 56.30 55.15 52.52 52.85 52.85
Tio2 n.d n.d n.d. n.d n.d n.d n.d n.d

A12°3 0.60 2.50 4.90 1.69 1.22 1.46 3.15 3.80
FeO* 12.85 8.95 8.89 10.31 9.16 19.22 19.07 13.25
MnO 0.12 n.d. 0.32 n.d. n.d. n.d. n.d. n.d.
MgO 15.56 17.69 19.57 18.15 18.23 11.64 11.31 14.63
Ca0 13.01 12.91 10.86 12.73 13.23 12.27 12.43 12.90
Na20 n.d. n.d. 0.53 n.d. n.d. n.d. n.d. 0.74
k20 n.d. n.d. 0.13 n.d. n.d. n.d. n.d. 0.19
Total 97.30 96.79 96.94 99.18 96.98 97.11 98.81 98.36

Recalculation on the: basis of 23 oxygens

Si (7.96 7.76 7.38 7.83 7.83 7.80 7.69 7.59
Al1lvV Z(( 0.04 0.24 0.62 0.17 0.17 0.20 0.31 0.41
z 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
A1Vl (0.06 0.18 0.20 0.11 0.03 0.06 0.23 0.23
Fe2+ x,y( 1.55 1.06 1.06 1.20 1.09 2.39 2.32 1.59
Mn (0.02 - 0.04 - - - - -
Mg (3.35 3.74 4.16 3.76 3.86 2.58 2.46 3.13
z 4.98 4.98 5.46 5.07 4.95 5.03 5.01 4.95
Ca (2.01 1.96 1.66 1.90 2.01 1.95 1.94 1.99
Na W ( - - 0.15 - - - - 0.21
K E _ - 0.02 - - - - 0.03
z 2.01 1.96 1.83 1.90 2.01 1.95 1.94 2.23
Total 14.99 14.94 15.29 14.97 14.96 14.98 14.95 15.18
* = Total iron as; Fe0 F = Amphibole fringing pyroxene
n.d. = Not detected N = Needle of amphibole



AMPHIBOLE

Sample

Si02
Tio2
Al 2°3
FeO*
MnO
Mgo
Ca0
Na20
k20

Total

148E

N

54.12

12.88

15.25

13.04

98.21

Recalculation on

Ca

Na

Total

(7.71

z(
(0.29
8.00
|o.20

(

("

x.yjl.53

(
(

13.24

4.97

1.99

14.96

Total

ANALYSES (2)

168E

F

54.50

0.71

11.37

0.19

16.13

13.11

96.01

168F

51.87

4.69

12.72

0.39

14.72

11.61

96.00

168F

53.64

2.36

11.83

0.26

15.26

12.73

96.08

the> basis of 23 oxygens

7.92

0.08

8.00

0.04

2.04

14.97

iron as Fe0

n.d. = Not detected

7.57

0.43

8.00

0.38

1.55

0.05

3.20

5.18

1.82

1.82

15.00

7.79

0.21

8.00

0.20

0.03

3.31

4.98

1.98

1.98

14.96

168J

54.

10.

17.

12.

96

0.

33

.93

46

.17

14

62

.65

.81

.19

.00

14

1.26

0.

3.

5.

1.

02

67

09

94

1.94

15.

03

168J

54.

18.

12.

96

0.

1.

0.

3.

5.

1.

1.

15.

68

.72

.60

.13

16

41

.70

.82

.18

.00

11

15

02

87

15

90

90

05

168L

54.

11.

15.

12.

94.

0.

1.

0.

3.

5.

1.

1.

15.

14

.56

37

.22

98

64

91

.97

.03

.00

07

40

03

51

01

99

99

00

169R3

F

52.77

1.48

19.94

11.00

12.23

98.27

0.09

2.47

0.05

2.43

5.04

1.94

0.14

2.08

15.12

Amphibole fringing pyroxene

Needle of amphibole



WHITE MICA ANALYSES (1)

Sample

o

2
Ti02

-
o

Al2°3
FeO*

MnO
MgO
Ca0
Na20
k2o

Total

66A 66A

49.39 49.41

n.d. n.d.

30.16 29.71

1.35 1.35
n.d. n.d.
3.42 3.80
n.d n.d
n.d n.d

10.85 10.45

95.17 94.72

66A

49.

31.

10.

96

08

62

.20

.01

.18

.51

75

.35

66F

49.13

30.73

1.23

2.92

0.30

10.17

94.48

Recalculation on the basis of 22 oxygens

Alvli

Fe2+

Mg

Na

( 6.56 6.58
z(
(1.44 1.42
8.00 8.00
| 3-28 3.24
x,yj 0.15 0.15
(0.68 0.75
4.11 4.14
« - -
(
w( 1.84 1.77
(
¢ - _
1.84 1.77

13.95 13.91

Total iron as Fe0

Not detected

6.

1.

14.

46

54

.00

.37

.13

.59

.09

.13

.80

.03

.96

05

6.54

1.46

8.00

3.36

0.13

0.58

4.07

1.73

0.04

1.77

13.84

66F

48.33

28.39

2.03

4.47

0.20

10.47

93.89

6.54

1.46

8.00

3.07

0.23

0.90

4.10

1.81

0.03

1.84

13.94

661

46.

34.

10.

93.

13.

11

75

.41

.48

56

31

.22

.78

.00

.75

.16

.10

.82

.82

83

661

47.26

30.42

2.41

10.11

91.61

8.00

3.43

4.08

1.77

1.77

13.85

661

47.

34.

10.

95.

4.

1.

1.

13.

61

21

.72

.59

52

65

.28

.72

.00

.59

.19

.31

09

77

77

86

269.
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WHITE MICA ANALYSES (2)

Sample 96E 96E 148E 148E 148E 168F 168F 168F
Si02 50.08 49.65 50.00 47.76 46.92 50.27 48.96 49.67
Tio2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Al2°3 31.38 33.19 29.77 32.45 32.26 27.42 29.03 28.90
FeO* 2.06 2.11 2.12 2.49 1.90 2.94 4.10 2.56
MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MgO 1.14 0.52 1.62 1.68 1.54 3.30 3.49 2.35
Ca0 n.d. n.d. 0.24 0.19 n.d. 0.26 n.d. 0.22
Na20 n.d. n.d. 0.67 n.d. n.d. 1.22 n.d. 0.66
go 9.08 8.83 10.02 10.68 10.67 9.06 9.90 9.74
Total 93.74 94.30 94.44 95.25 93.29 94 .47 95.48 94.10

Recalculation on the basis of 22 oxygens

Si ( 6.68 6.56  6.69 6.37 6.38 6.75  6.54  6.69
A11V “C1m 1.44  1.31  1.63 1.62 1.25  1.46 1.3l
z 8.00 8.00  8.00 8.00 8.00 8.00 8.00  8.00
A1V ( 3.61 3.73  3.39  3.47 3.55 3.09  3.11  3.28
Fe2+ X,y ((0.23 0.23  0.24 0.28 0.22 0.33  0.46  0.29
Mg ( 0.23 0.10  0.32 0.33 0.3l  0.66  0.69  0.47
z 4.07 4.06  3.95  4.08 4.08 4.08 4.26  4.04
Na - - 0.17 - - 0.32 - 0.17
K w (( 1.55 1.49 171  1.82 1.85 1.55  1.69  1.67
Ca C - - 0.03  0.03 - 0.04 - 0.03
z 1.55 1.49  1.91 1.85 1.85 1.91  1.69  1.87
Total 13.62  13.55  13.86 13.93 13.93 13.99  13.95  13.91

= Total 1iron as FeO

n.d Not detected



NIK

67.92

n.d.

19.22

0.33

n.d.

n.d.

0.31

11.24

FELDSPAR ANALYSES (1)
Sample N1
Si02 66.11
Ti02 n.d.
A12°3 20.25
FeO* 0.16
MnO n.d.
MgO n.d.
Ca0 1.31
Na20 10.93
;° 0.07
Total 98.83

Recalculation on

Si

Al

Fe

Ca

Na

Ab

An

Or

* —

n.d.

0.01

0.06

0.94

94

99.02

T13

66.10

19.78

1.61

0.93

10.09

0.13

98.64

66F

65.18

21.96

99.76

the basis of 8 oxygens

3.00

1.00

0.01

0.01

0.96

4.98

99

Total 1iron as Fe0

= Not detected

2.94

1.04

0.06

0.04

0.87

0.01

4.96

95

2.86

1.14

0.13

0.84

4.97

87

13

6

53

28.

99.

61

.35

39

.77

.46

.02

.18

17

.44

.53

.03

.56

.44

.01

.01

44

55

661

53

29.

101.

.20

76

.81

.69

.64

.20

30

.39

.57

.03

.61

.40

.01

.01

39

59

271

85A 96E

67.47 68.77

19.85 21.10

n.d n.d
n.d n.d
n.d n.d
n.d 1.16

11.79 9.86

99.11 100.89

2.97 2.96
1.03 1.07
- 0.05
1.01 0.82
5.01 4.90
100 94
0 6
0 0
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FELDSPAR ANALYSIS ill Alkali Feldspar

Sample 148E 168E 168F 169R3 168E 168E 168E
3 02 66.18 66.53 68.03 69.33 63.48 63.60 63.84
Tio2 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Al2°3 22.37 20.44 20.45 19.25 18.60 18.60 18.44
FeO* n.d. 0.35 n.d. 0.48 0.27 0.42 0.15
MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MgO n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ca0 2.05 1.34 1.02 0.32 0.34 0.97 0.22
Na20 10.78 10.56 10.85 11.53 0.33 n.d. n.d.
20 0.12 0.09 n.d. n.d. 15.65 15.41 15.79
Total 101.5 99.31 100.35 100.91 98.34 99.00 98.44

Recalculation on the basis of 8 oxygens

Si 2.86 2.94 2.96 3.00 2.96 2.96 2.98
Al 1.14 1.06 1.05 0.98 1.02 1.02 1.01
Fe - 0.01 - 0.02 0.01 0.02 0.01
Ca 0.09 0.06 0.05 0.01 0.02 0.05 0.01
Na 0.90 0.90 0.91 0.97 0.03 - -

K 0.01 0.00 - - 0.94 0.91 0.94
z 5.01 4.97 4.97 4.98 4.98 4.96 4.95
Ab 90 92 95 99 3 0 0
An 9 7 5 1 2 5 1
or 1 1 0 0 95 95 99

= Total iron as FeO

n.d. = Not detected
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APPENDIX 6 : X-RAY DIFFRACTION RESULTS

6 ( 1) Results of the illite crystallinity analyses. Pages 274-277.
6 (i) Repeat analyses of illite crystallinity. Pages 278-279.

6 (iii) Calculation of the composite crystallinity
index. Pages 280-283.

6 (iv) Mineral assemblages of slates and shales

from bulk rock scans. Pages 284-285.
6 (v Calculation of bQ values. Pages 286-287.

6 (vi) Results of the intensity ratio

(1002/1001" measurements- Page 288.



APPENDIX 6 (i) Results of the illite crystallinity analyses.

Sample Mean Kubler Weaver Weber
Number Index Index Index
Cl 0.238 14.3 166
EIA 0.267 11.2 188
E1B (D) 0.231 15.5 183
EIB @ 0.243 14.3 183
EIB @ 0.245 14.3 174
FI 0.225 17.9 166
R1 0.213 19.7 158
VI 0.450 1 308
V9 0.365 4.7 266
MIA 0.350 .5 258
Y1 0.350 5.2 233
13 0.256 11.7 179
28 0.355 4.8 233
30B 0.660 1.9 433
31A 0.408 4.3 275
3lc 0.340 5.3 255
32 0.493 2.6 350
33A (O 0.405 3.9 286
33A (©® 0.425 4.5 283
33A (3 0.357 4.9 258
33B 0.500 3.1 250
36 0.305 8.6 233
37 0.330 6.2 233
39 0.270 10.3 200
40 0.216 17.3 150
52 0.195 21.8 150
55 0.250 10.7 183
60 0.250 12.5 183
62 0.250 11.6 200
67 0.175 24.0 142
69C 0.213 13.2 167
70 0.195 20.3 150
72 0.200 16.3 166
75 0.225 11.3 183
76 0.188 23.5 183
82 0.320 8.6 233
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Appendix 6 (i) ... continued...
Sample Mean Kubier Weaver Weber
Number Index Index Index
83C 0.230 12.4 150
88A 0.230 17.7 167
90 0.250 13.9 183
97 0.263 11.7 183
107 0.230 16.4 167
127A Q) 0.250 10.0 200
1278 (2) 0.313 7.1 233
1278 0.257 .6 183
128A 0.238 14.7 167
1288 0.225 18.7 167
129 0.230 13.3 175
1378 (1) 0.250 10.1 175
1378 (@) 0.250 7.1 167
139A 0.188 15.5 138
150 0.203 13.1 162
151A 0.250 14 .4 175
151B 0.250 12.9 200
151C 0.238 19.8 150
153 0.207 14.6 150
155A 0.245 12.5 154
1558 0.218 25.3 133
158 0.230 20.9 166
159 0.200 15.3 154
160 0.275 8.8 175
1628B 0.250 10.4 183
165 0.250 15.0 154
167J 0.200 22.4 150
170 0.280 8.9 200
173 0.194 31.8 137
176 0.275 19.6 177
178 0.190 13.0 133
186 0.210 23.5 137
201 0.200 21.5 154
207 0.210 17.6 146
209 (O 0.289 7 217
209 (2 0.294 .3 250
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Appendix 6 (i)... continued...

Sample Mean Kubler Weaver Weber
Number Index Index Index
209 (® 0.300 8.2 217
210 0.240 11.3 166
211 0.310 7.6 283
212 0.225 14.2 166
213 0.240 14.7 166
215 0.319 7.2 217
219 0.238 11.3 166
223 0.275 9.3 183
111 0.280 11.35 187
230 0.288 9.2 217
231 0.268 11.6 208
236 0.330 -8 230
237 0.425 9.5 208
241 0.238 10.9 183
244 0.344 6.8 250
245 0.313 8.8 229
248 0.350 .3 250
254 0.419 8.5 300
255 (D 0.256 12.2 200
255 (2 0.300 8.4 208
266 0.288 7.7 208
267 0.231 14.2 175
270 0.300 10.2 217
271 0.319 8.1 233
272 (A 0.275 11.5 200
273 0.268 10.5 200
275 0.322 9.0 225
276 0.331 7 267
278 0.344 7.2 250
279 0.231 15.1 192
285 0.325 9.0 233
287 0.338 5.4 250
288 0.365 3.7 258
290 0.315 8.6 221
292 0.313 8.7 208
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Appendix 6 (i)... continued...

Sample Mean Kubier Weaver Weber
Number Index Index Index
293 0.313 7.5 250
294 0.300 7.9 225
295 0.331 5.8 250
297 0.365 6.1 258
298 0.250 11.3 192
301 0.238 13.5 183
311 0.338 8.3 246
314 0.188 27.7 150
315 0.194 29.0 133
316 0.337 8.6 241
319 0.275 15.0 200
326 0.463 4.4 283
339 0.238 10.9 183



APPENDIX 6 (ii)

Sample
Number

E1A

E1A (rerun)
EIB (3)

E1B (@) (rerun)
13

13 (rerun)
31A

31A (rerun)
32

32 (rerun)
33A (O

33A (1) (rerun)
40

40 (rerun)
1378 (D)
137B (1) (rerun)
155A

155A (rerun)
155A (rerun)
155A (rerun)
173

173 (rerun)
186

186 (rerun)
207

207 (rerun)
209

209 (rerun)
227

227 (rerun)
236

236 (rerun)
245

245 (rerun)
248

Repeat analyses of illite crystallinity.

Mean Kubler

Index

O O O O O O O O O O O O O O O O O O O 0O 0O O 0O OO oo o o o o o o o o

.256
.288
.250
.243
.250
.263
.400
.413
.500
.488
.413
.393
.218
.213
.250
.263
.250
.250
.200
.275
.188
.200
.218
.200
.200
.213
.300
.300
.281
.250
.319
.350
.313
.313
.350

Weaver

Index

11.
10.
13.
15.
10.
13.

18.
15.

10.
11.
14.
12.
13.
32.
31.
23.
23.
16.
18.

11.
11.

10.

w A N DN B~ B

O 00 ©W O Ul W » W O M ©® O P O OO P N N ON © O 0O M N W W O DNPFP OO 0 O

Weber
Index

183
192
166
183
183
175
266
283
350
350
282
291
150
150
183
167
150
150
166
150
133
142
145
133
150
142
217
217
192
183
217
242
233
225
250

278.
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APPENDIX 6 (ii) ... continued...

Sample Mean Kubier Weaver Weber
Number Index Index Index
248 (rerun) 0.350 8.5 250
255 (O 0.256 11.9 200
255 (1) (rerun) 0.256 12.4 200
266 0.288 8.0 217
266 (rerun) 0.288 7.4 200
275 0.331 9.6 233
275 (rerun) 0.313 8.4 216
290 0.325 8.0 225
290 (rerun) 0.306 9.3 217
297 0.350 6.0 266
297 (rerun) 0.375 6.1 250
311 0.300 8.2 225
311 (rerun) 0.375 8.3 267
316 0.387 6.8 283
316 (rerun) 0.288 10.4 200
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APPENDIX 6 Calculation of the composite crystallinity index
Sample Kubler Weaver Weber Composite
Number Component Component Component Index
cl +17 +12 +37 + 66
EIA -4 -8 -1 - 13
EIB +14 +14 +10 + 38
Fl +33 +30 +37 +100
R1 +50 +39 +52 +141
Vi -49 -88 -50 -187
V9 -28 -72 -33 -133
W1A -24 -64 -29 -117
Y1 -24 -67 -19 -no
13 0 -3 +12 + 9
28 -26 -71 -19 -116
308 -100 -100 -100 -300
31A -38 -76 -36 -150
31C -22 -66 -28 -116
32 -59 -93 -67 -219
33A -35 =75 =37 -147
338 -61 -88 -26 -175
36 -13 -34 -19 - 66
37 -20 -57 -19 - 96
39 -5 -17 -6 - 28
40 +45 +27 +67 +139
52 +73 +49 +67 +189
55 0 -12 + 4 -9
60 0 + 3 + 4 + 7
62 0 -4 -6 - 10
67 +100 +61 +83 +244
69C +50 + 6 +35 + 91
70 +73 +42 +67 +182
72 +67 +22 +37 +126
75 +33 -7 + 4 + 30
76 +83 +58 + 4 +145
82 -17 -34 -19 - 70
83C +27 + 2 +67 + 94
88A +27 +29 +35 + 01
90 0 +10 + 4 + 14

97 -3 -3 + 4 - 2
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APPENDIX 6 (iii)___  continued....

Sample Kubler Weaver Weber Composite
Number Component Component Component Index
107 + 33 + 22 + 35 + 90
127A - 8 - 35 - 13 - 56
1278 - 2 - 24 + 4 - 22
128A + 17 + 14 + 35 + 66
128B + 33 + 34 + 35 +102
129 + 27 + 7 + 19 + 53
137B 0 - 34 + 19 - 15
139A + 83 + 18 + 35 +136
150 + 63 + 6 + 44 +113
151A 0 + 12 + 19 + 31
151B 0 + 5 - 6 -1
151C + 17 + 39 + 67 +123
153 + 57 + 13 + 67 +137
155A + 7 + 3 + 60 + 70
1558 + 43 + 67 +100 +210
158 + 27 + 45 + 37 +109
159 + 67 + 17 + 60 +144
160 - 6 - 32 + 19 - 19
1628 0 - 16 + 4 - 12
165 0 + 15 + 60 + 75
167J + 67 + 53 + 67 +187
170 - 7 - 31 - 6 - 44
173 + 75 +100 + 92 +267
176 - 6 + 38 + 15 + 47
178 + 80 + 5 +100 +185
186 + 53 + 58 + 92 +203
201 + 67 + 48 + 60 +175
207 + 53 + 28 + 75 +156
209 -1u - 33 - 17 - 61
210 + 13 - 7 + 37 + 43
211 - 15 - 44 - 40 - 99
212 + 33 + 11 + 37 + 81
213 + 13 + 14 + 37 + 64
215 - 17 - 48 - 13 - 78
219 + 16 - 7 + 37 + 46

223 - 6 - 27 + 4 - 29
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APPENDIX 6 (ili) ... continued...

Sample Kubler Weaver Weber Composi
Number  Component Component Component Index
227 - 7 - 6 -1 - 14
230 - 9 - 28 - 13 - 50
231 - 4 - 4 - 9 - 17
236 - 20 - 51 - 18 - 89
237 - 43 - 25 -9 - 77
241 + 16 -1 + 4 + 9
244 - 23 - 51 —~ & -100
245 - 15 -3 - 18 - 65
248 - 24 - 27 - 26 - 77
254 -4 - 35 - 46 -113
255 - 7 - 17 - 8 - 32
266 - 9 - 43 -9 - 61
267 + 25 + 1 + 19 + 55
270 - 12 - 18 - 13 - 43
271 - 17 - 39 - 19 - 75
272(R) - 6 - 5 - 6 - 17
273 - 4 - 15 - 6 - 25
275 - 18 - 30 - 16 - 64
276 - 20 - 43 - 33 - 9
278 - 23 - 48 - 26 - 97
279 + 25 + 16 - 3 + 38
285 - 18 - 30 - 19 - 67
287 -2 - 65 - 26 -112
288 - 61 - 82 - 29 -172
290 - 16 - 34 - 15 - 65
292 - 15 - 33 -9 - 57
293 - 15 - 45 - 26 ~ 86
294 - 12 -4 - 16 - 69
295 - 20 - 61 - 26 -107
297 - 61 - 59 - 29 -149
298 0 - 7 - 3 - 10
301 + 16 + 8 + 4 + 28
311 - 21 - 37 - 25 - 83
314 + 83 + 79 + 67 +229

315 + 75 + 86 +100 +261
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APPENDIX 6 (iii) -—— continued...

Sample Kubler Weaver Weber Composi
Number  Component Component Component Index
316 -2 - 34 - 23 - 78
319 - 6 + 15 - 6 + 3
326 - 52 - 75 - 40 -167

339 + 16 -1 + 4 + 9



APPENDIX 6 (1IV) Mineral assemblages of slates and shales from northern

Sample
Number .

E1A
V9
W1A
13
30B
31A
33B
36
37
40
55
67
72
75
76
82
88A
97
107
127A
128A
1378
151A
153
162B
167J
207
209
211
236
241
244
245
254
266

Snowdonia from bulk rock scans.

Mineral assemblage determined by X-ray diffraction

Chlorite + muscovite + quartz + (tr) al bite + (tr) hematite
Chlorite + muscovite + quartz + calci te

Chlorite + muscovite + quartz + (tr) pyrite

Chlorite + muscovite + quartz + (tr) albite

Muscovite + quartz

Chlorite + muscovite + quartz

Chlorite + muscovite + quartz

Chlorite + muscovite + quartz + (tr) albite

Chlorite + muscovite + quartz

Chlorite + muscovite + quartz

Chlorite + muscovite + quartz + (tr) albite

Chlorite + muscovite + quartz + (tr) hematite

Chlorite + muscovite + quartz

Muscovite + quartz + (tr) albite

Chlorite + muscovite + quartz

Chlorite + muscovite + quartz

Muscovite + quartz + albite

Chlorite + muscovite + quartz + (tr) albite

Chlorite + muscovite + (tr) quartz

(tr) chlorite + muscovite + quartz + albite

Chlorite + muscovite + quartz + albite

Muscovite + quartz

Chlorite + muscovite + quartz + albite

(tr) chlorite + muscovite + quartz + albite

Chlorite + muscovite + quartz

Chlorite + muscovite + quartz + albite

Muscovite + quartz + hematite + (tr) chlorite

Chlorite + muscovite + quartz + paragonite

(tr) chlorite + muscovite + quartz + hematite + paragonite
Chlorite + muscovite + quartz + (tr) albite + (tr) hematite
Chlorite + muscovite + quartz

Chlorite + muscovite + quartz

Chlorite + muscovite + quartz + (tr) pyrite

Chlorite + muscovite + quartz + (tr) hematite + paragonite

Chlorite+muscovite + quartz + (tr) hematite th (tr) albite

284.
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APPENDIX 6 (IV) ... continued...

Sample

Number . Mineral assemblage determined by X-ray diffraction

270 Chlorite + muscovite + quartz + (tr) albite + (tr) hemati te
273 Chlorite + muscovite + quartz

278 Chlorite + muscovite + quartz

279 Chlorite + muscovite + quartz + (tr) albite

285 Chlorite + muscovite + quartz

288 Chlorite + muscovite + quartz

292 Chlori te + muscovite + quartz

295 Chlorite + muscovite + quartz + (tr) albite + (tr) pyrite
297 Chlorite + muscovite + quartz + (tr) hematite

301 Chlorite + muscovite + quartz

311 (tr) chlorite + muscovite + quartz + hematite

314 Chlorite + muscovite + quartz + (tr) albite + (tr) pyrite
315 Chlorite + muscovite + quartz + (tr) albite + (tr) hematite
316 Chlorite + muscovite + quartz + (tr) albite

319 Chlorite + muscovite + quartz
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APPENDIX g_at_l_c:_u_l_:jl_t_i_()_rl_(_)f_g values.
Sample Number Position illite "d Calculated One Standard
Number. of Peaks. (060)Peak (02e). spacing. bQ value. Deviation

error.
EIA 6 61.6688 1.5026 9.0155 0.0022
V9 6 61.9417 1.4967 8.9801 0.0070
W1A 6 61.9375 1.4969 8.9813 0.0086
13 6 61.7063 1.5018 9.0107 0.0039
30B 6 61.8750 1.4985 8.9908 0.0038
31A 6 61.9169 1.4973 8.9836 0.0108
33B 4 61.9500 1.4966 8.9793 0.0069
36 5 61.8775 1.4984 8.9901 0.0080
37 4 61.8813 1.4983 8.9899 0.0051
40 5 61.9275 1.4972 8.9829 0.0056
55 5 61.7050 1.4985 8.9907 0.0043
67 6 61.6875 1.5023 9.0135 0.0027
72 8 61.7469 1.5011 9.0064 0.0066
75 7 61.6140 1.5038 9.0225 0.0062
76 7 61.6147 1.5034 9.0204 0.0059
82 5 61.9028 1.4978 8.9869 0.0059
88A 5 61.7050 1.5019 9.0114 0.0061
97 6 61.8000 1.5000 9.0000 0.0070
107 4 61.6878 1.5003 9.0015 0.0030
127A 6 61.7938 1.5001 9.0008 0.0035
128B 5 61.7800 1.5004 9.0024 0.0040
137B 3 61.6583 1.5028 9.0170 0.0017
151A 6 61.9100 1.4977 8.9862 0.0073
153 6 61.6396 1.5032 9.0193 0.0049
162B 6 61.7063 1.5019 9.0113 0.0036
167J 6 61.7583 1.5008 9.0048 0.0116
207 5 61.7300 1.5014 9.0084 0.0008
209 6 61.9300 1.4978 8.9870 0.0062
211 5 61.7575 1.5009 9.0051 0.0029
236 5 61.8813 1.4983 8.9899 0.0088
241 5 61.8500 1.4990 8.9940 0.0057
244 3 61.8750 1.4985 8.9910 0.0075
245 5 61.9700 1.4959 8.9754 0.0052
254 4 61.8969 1.4981 8.9886 0.0072
266 5 61.8300 1.4994 8.9964 0.0047
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APPENDIX g (yy ... continued...
Sample Number Position illite el Calculated One Standard
Number. of peaks. (060)Peak (°20). spacing. bQ value. Deviation
error.
270 4 61.8775 1.4985 8.9906 0.0092
273 5 61.9100 1.4977 8.9862 0.0060
278 5 61.9849 1.4955 8.9727 0.0094
279 5 61.8175 1.4997 8.9979 0.0039
285 6 61.9479 1.4966 8.9794 0.0076
288 4 61.8512 1.4990 8.9942 0.0097
292 5 61.8775 1.4984 8.9902 0.0057
295 4 61.8063 1.4999 8.9993 0.0063
297 6 61.8353 1.4993 8.9960 0.0084
301 5 61.7725 1.5006 9.0033 0.0027
311 4 61.8775 1.4984 8.9903 0.0029
314 4 61.8900 1.4979 8.9876 0.0063
315 5 61.8900 1.4979 8.9876 0.0059
316 4 61.9275 1.4972 8.9831 0.0077
319 6 61.8889 1.4981 8.9886 0.0099



288

APPENDIX 6 (VI) Results of the intensity ratio

measurements.

Sample Intensity Ratio Sample Intensity Ratio
Number . ADOAQOT A Number £1002/1001
EIA 0.35 167J 0.44
V9 0.33 207 0.57
W1A 0.39 209 0.31
13 0.35 211 0.40
308 0.44 236 0.37
31A 0.41 241 0.38
33B 0.33 244 0.33
36 0.37 245 0.50
37 0.52 254 0.38
40 0.36 266 0.42
55 0.39 270 0.44
67 0.38 273 0.30
72 0.53 278 0.42
75 0.41 279 0.47
76 0.48 285 0.30
82 0.45 288 0.33
88A 0.30 292 0.45
97 0.46 295 0.33
107 0.46 297 0.44
127A 0.38 301 0.33
128B 0.36 311 0.44
137B 0.32 314 0.36
151A 0.35 315 0.43
153 0.51 316 0.25
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FIGURE 3.3 A map showing the distribution of epidotes in northern Snowdonia.
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