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ABSTRACT

The Whin Sill éomplex is briefly reviewed. Theoretical
temperaﬁﬁres have been calculated for the meﬁamorphic aureoles
in the Teesdale, Rookhope and'Ningbanks areas, for comparative
purposes with the observed metamorphism,

The'majbr and trace element geochemistry of a suite of
argiilaceous and arenaceous sediments has been examined using
R-mode factor analysis. Only one factor is interpreted as a
metamorphic feature. This factor is indicative of an increase.
in Na in beds towards the contact but is of minor volumetric
importance accounting fér less than 10% of the data variance.
The remaining factors can all be interpreted as sedimentary
features.,

| X-ray diffraction studies of argillaceous sediments have
shown an increase in the crystallinity and a change in the
polymorph, from a 1Md to a 2M variety, of illite, towards the
contact.

Pure limestones have been recrystallized to saccharoidal
marbles, which are restricted to the Upper Teesdale region,
Dark-coloured limestones are not recrystallized because the
carbon present in these sediments prevents grain-boundary move-
ment (Robinson, 1971).

Calcareous sediments have been the most susceptible to the
metamorphism and a varied calc-silicate mineralogy is developed
up to 25 n from the Whin Sill contact. Potassic feldspar,
andradite, hedenbergite, prehnite and datolite are recorded for
the first time from the contact-rocks of the Whin Sill aureole.

The mineralogy developed in the éélcareous sediments is




indicative of two or possibly three facies and is interpreted as
non-equilibrium conditions. The difference in metamorphism
between calcareous and non-calcareous sediments is attributed to
higher reaction kinetics in the calcareous sediments.

Metamorphism by fhe Whin Sill is virtually non-existent out-
side the Upper Teesdale region. This is‘suggested to be due to a
magma source in this area, giving rise to anomalous conditions as
compared to a simple intrusion into cold country-rocks,

The increase of Na in certain beds within 10 m of the contact
.1s not attributed to metasomatic introduction from the Whin Sill.
Instead the Na is suggested to have been present as NaCl in
‘hypersaline pore-waters of the sediments, at the time of the
Whin Sill intrusions It is shown‘that the mineralogy developed
in the contact-rocks has largely been the consequence of reaction
between illite and the NaCl pore-waters. Haematite has been
formed by the release of FeJ* from the illite structure.

Finally it is shown that the unique geology of the Upper
Teesdale area, especially the development of saccharoidal marbles,
has been of major importance in the sustenance of the rare arctic-
alpine flora for which the area is.biologically renovmed (Johnson,

Robinson and Hornung, 1971).




XI

ACKNOWLEDGEMENTS

Professors G.M. Brown and M.H.P. Bott are gratefﬁlly
acknowledged for the use of facilities provided by the Ceology
Department of the University of Durham.

Professor Brown is further thanked for his supervision and
for reading the manuscript of this thesis. Dr. G.A.L. Johnson
is sincerely thanked also for his supervision, constant encoufage-
menf, advice and for reading the manuscript.

Fellow research students, especially Mr. E.B. Curran,

Mr. J.G. Fitton, Dr. G.H; Gale, Mr., A.J. Hall and Dr. M.J. Reeves,
are thanked for help and discussion, especially in computer
programming, |

The academic staff are thanked for help with X-ray fluor-
escence (Dr. J.G. Holland) and electron microprobe techniques
(Dr. C.H. Emeleus and Dr. A. Peckett).

The technical staff are thanked for their support and work
during the three years of this study, éspecially Mr, G. Dresser
for photographic work.

The Tees Valley and Cleveland Water Board is gratefully
acknowiedged for permission to study and sample from the Cow
Green borehbles.

Mrs. G.C. Robinson is thanked for her help and encourage-
ment over the last three years and for typing the thesis with
WG{J.WMW. _

Mré. C. Reynolds is thanked for translating the article
by Bartholomé (1970). |

Finally the Nature Conservancy is thanked for the Award

(N.E.R.C. Research Assistantship), which made this work possible.




CHAPTER I

INTRODUGT ION

OBJECT OF RESEARCH

The present inm;sfigation of the metamorphosed bedrock of
Upper Teesdale has been a natural continuation of the pedo-
logical survey; undeitaken by Dr. M. ﬁornung. The survey of
Upper Teesdale was initiated in 1966 when N.E.R.C. made available
a research grant, for the study of the bedrock, drift and soils
in the vicinity of the celebrated biological sites of the area.
This work has been centered in Durham under the directién of
Dr. G. A, L. Johnso'n.

It has been known‘for some time that a relationship exists
between the Teesdale flora, the rendzinas and bedrbck marble,
:and~it was particularly requested, thefefore, thaf a special
study be made of the saccharoidal marble, which is restricted to
the area. A great volume of research has béen undertaken on
the Whin Sill itsélf, but little attention has been paid to the
asspciated metamorphism. The aim of the present study was,
therefore, to give a detailed, modern‘accougt of the metamorphism;
the only previous detailed work waé tﬁat of Hutchings (1898).
The project was made possible when permission was kindly given
by the Tees Valley and Cleveland Water Board, for access to
andvsampling_from-tﬁé cores of borehoies, drilled during the
site investigafion for the Cow Green reservoir, Thirty bore-
holes were avéilable, which give unique sections through the
contact rocks of the area,
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Figure 1.1 Geological map of north-east England. After

Johnson (1970a).

Figure 1.2 Geological map of the Upper Teesdale area.

After Johnson et al. (1971).

s - well developed rotten marble and calcite sand rendzinas.




Figure 1.1
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PREVIOUS RESEARCH

The literature on the Whin 8ill is Véluminous, but little
detailed work has been undertaken on the contact metamorphism.
The only extensive work was that of Hutchings (1898), who gave
detailed descriptions of the alteration produced in the contact
sureole. He was also the first to note the increase in Na in
somelof the beds close to the contact but could not explain
its patchy distribution. Since Hutchings's work various
authors have mentioned the metamorphism, Smythe (1930, 1950),
Dunham (1948) and Randall (1959), but no modern, detailed work

has been undertaken.

GEOLOGICAL SETTING OF UPPER TEESDALE

The geological setting of the Upper Teesdale region is
shown in Fig. 1.1. No discussion 1s given on the general
geology, as‘excellent sccounts are readily available, Dunham
(1948), Bott and Johnson (1970) and Johnson (1970a). Part of the
great aerial extent of the Whin Sill may be seen from Fig. 1l.1.
The southernmost outcrop is along the Hett dyke system, bﬁt
just to the north, large outcrops of the sill are present in
Upper Teesdale. The «ill is also found along the full iength of
the western escarpment of the northern Penninmes, but near
Brampton it turns north-eastwards along the Roman Wall and
continues across Northumberland up to the Farne Islands, where
the northernmost limit of the complex is formed by the Holy
Island dyke.

Tt is in Upper Teesdale, however, that the present study
has concentrated and the geology of this region is shown in

greater-detail in Fig. l.2.




Figure 1.2
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Local stratigraphy

The area of main interest extends from High Force, in the

- south-east, north-westwards across Widdybank Fell to Moor House,
and south-west of ﬂarwood Beck (Fig. 1.2). .Lower Carboniferous
sediments arelfound in this region, a detailed account of which
is given, for the Moor House area, by Johnson and Dunham (1963).
A simplified stratigraphical column, showing the succession at
Cow Green mine, is given in Fig. 1.3 (after Dunbam, 1948), and
is used as a reference for the area., For the purpose of this
sﬁudy the Lower Carboniferous succession has been divided into
three groups namely:- 1) Basement Group, 2) Lower Limestone
Group and 3) Middle Limestone Group. A detailed discussion of
the relation of these locai terms to the international sub-
divisions of the Carboniferous, is given in Johnson and Dunham
(1963) and Johnson (1970b).

The floor of the Tees valley, near Langdon Beck, is com-
posed of folded Skiddaw Slates and tuffs (Fig. 1.2), ‘which are
unconformably overlain by thé almost horizontal Carboniferous
strata. The Cafboniferous commences with the Basement Group,
composed of basal conglomerates overlain by sandstones and
shales with thin, interbedded limestones. The Basement Group is
overlain by the Lower Limestone Group, dominated by the thick
(38 m), massive, light-coloured Melmerby Scar Limestone, which

"has occasional shale horizons. The upper part éf this group
and the overlying Middle Limestone Group consist of a series of
rhythmic units composed of dominantly dark-coloured limestones
with interbedded sandstones and shales. The Whin SillAis

intruded at its lowest stratigraphical horizon at Cronkley Scar,




Pigure 1.3 = Simplified stratigraphical succession at Cow

Green mine. After Dunham (1948).




Figure 1.3
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where it is found some 27 m beneath the Melmerby Scar Limestone,
Dunham (1948).- In the Cow Green area the sill is intruded some
27 m below the upper surface éf the Melmerby Scar Limestone
(Fig.'l.B). North-west from this area the sill gradﬁalLy rises
in the succession and at Greenhurth mine is found at the base of
the Lower Little Limestone.(Johnson and Dunham, 1963).

The samples studied, in this investigation, (4Appendix 1.1)
ha&e mainly been collected from a series of boreholes drilled
during the site investigation for the Cow Green reservoir.

These boreholes were sunk in a zone extending from near Birkdale
(Fig. 1.2), northreastwafds across Widdybank Fell to Harwood Beck.
The location of, and the detailed stratigraphical successions, of
these bareholes, are given in a éupplement to Knill (1966).

The Upper Teesdale area is bisected by the NNW to SSE
trending Burtreeford disturbance. This structure is an.eastward
facing faulted monocline with a downthrow of some 200 m to the
east. This has brought the Middle Limestone Group, on the
east of the structure, into juxtaposition with the Lower Limestone
Group, in the west. The disturbance was active before the
intrusion of the Whin Sill as it cuts across the structure from
a position near the Tyne Bottom Limestone in the east, to a

horizon near the base of the Melmerby Scar Limestone, in the west.

METHODS OF ANALYSIS

Electron microprobe analysis

The electron microprobe analyses have been made using a
Cambridge Scientific Instruments Co., Geoscan Mark 2, with two

spectrometers and a take-off angle of 759. An accelerating




voltage of 15 K.V, was used throughout the analyses, except

~ where volatilization of the sample might have occurred, such as
in the cases, of prehnite, chlorite and datolite, when 12 K.V. and
a defocussed beam were used. Flow-préportional counters were
used throughout and the E.H.T. of the counters was set prior to

~each element analysis, as was the threshold valué (E)« A window
setting (8E) was not used, in order to minimize the effect of
pulse~height drift.

The polished slices, of the samples, were carbon-coafed
along with the standards, which were from the departmental
collection, at Durham, and consisted of minerals, elements and
oxides of known, homogenous composition and purity. The parti-
cular standard used for each element and the analysing crystal

are shown in Table 1l,1l.

Table 1.1 Standards and analysing crystals used in electron

microprobe analysis

Element Standard Crystal

Si Wollastonite K.AWP.
Corundum

Al Plagioclase (Ml1) K.4.P.

' {Iron ,

Fe Olivine (OLGB) Li.F.
Olivine (OLGB)

Mg {Periclase K.A.P.

Ca Wollastonite - Quartz

Na Jadeite K.AP.

K : Orthoclase (AF15) Quartz

Ti Rutile Li.F.

n Manganese Li.F.

The 20 values are. those given in standard tables, and these
were 'peaked' prior to each element analysis. Background readings

were taken for all elements, low and high 26 values were taken
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for Si and Al. A fixed couhting time of ten seconds was used
exclusively, although at least two readings were taken on each
point.

The raw data, on the tape print-out f?om the electron micro-
probe, were reduced using the computer programme EMPADR VII,
written by Rucklidge and Gadparrini (1969). A copy of this
programme was kindly sent. to Durham by Professor Rucklidge and
it has been adapted for use on the IBM 360/67 N.U.M.A.C. computer,
at Durham, by the writer. The correction procedures used, invthe
programme, are those suggested by Sweatmen and Long (1969), a
description is not given here as the workings of the programme

are described in detail by Rucklidge and Gasparrini (1969).

X-ray fluorescence analysis

“Major and trace element analyses have been made, on whole rocks,
using a Phillips PW 1212 automatic X-ray fluorescence (X.R.F.)
spectrometer with a printed tape‘output. The rocks were
initially'crushed in a tungsten-carbide Tema disc-mill and
then the resultant powders were briquetted, as described by
Holland and Brindle (1966). The standards used in the X.R.F.
analysis of whole rocks were a selected portion of the
argillaceous standards used in the Dept. of Geology, Durham,
The error due to instrumental drift was minimized, during the
analysés, by taking an intensity meésurement of the charac-
teristic radiation for each element by ratio against a monitor.
The sources of error inherent in X.R.F. analysis, are not
discussed here,as a comprehensive review of such features, and

the operating conditions used, are given by Reeves (1971). The
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conditions laid out by Reeves, are identical to those used in
this work, the same equipment being used over'a short period of
time by both Reeves and the present author.

The analyses presented in Appendix 4.l are direct comparisons
with the standards except for the elements Si, Al and Fe, for
which matrix corrections were épplied; These corrections were
applied as it was found that the standard error of estimate of
the calibration curves, for these elements, was thus significantly
reduced (Reeves, 1971). Water determinations have not been made
for the samples (Appendix 4.1) and for this reason all the
analyses, except for those with a high carbonate content, have
been normalized, after the correction outlined above. The
analyses have been derived using alcomputer programme written
by Reeves (1971).

The Whin Sill major element analyses (Appendix 2.1) were
direct comparisons with the standards. In this case the’
close range calibration method was used and samples of the
Little Whin Sill, analysed wet-chemically, (Dunham and Kaye,
1965) were used as standards.

Trace-elemenﬁ_analysis has also been undertaken by X.R.F.,
using a series.ofkstandard powders, made from Pilkington glass
casts, as described by Brﬁwn et al. (1970). Background scatter
was used és an internal standard, peak and background readings
were taken at the appropriate 28 values. The raw data were then
processed, peak to background ratios were calculated for each
element and referred to the calibration curves of the standards,
using a computer programme written by R.C,0. Gill of the Dept.

of Geology, University of Durham.




A series of separate standards, for the limestone deter-
miﬁations, (Appendix 4.3) were prepared by the author, using the
internal standard method by the spiking of a sample, with the
element to be determined, The detection limits for the trace-
elements in the limestone determinations are shown in Table 1.2,
with the standard deviations for the three elements, found

consistently above the detection limit.

Table 1.2 Detection limits and standard deviations of trace

element determinations in limestones.

Sample 18/L marble
Element  *Mean std. dev. *Detection limit

ppm ppm ppm
Zr - - 3
Cu 11 3ot 3
Zn - - L
Ni - - 2
Ba 30 9.1 5
Sr 264 2.7 3
Rb - - L4

1 ,
(+), Detection limit = 3bZ b = background counts

(x), 15 readings

.11,




Appendix 1,1 Location of samples

Borehole 17 Borehole 18
Sample Depth m Sample
17/1 marble 29.6 18/16  Whin
17/2 " 32.6 18/17 "
17/3 " 35.7 18/19 u
17/4  shale 38.0 18/20 "
17/5  marble 38.7 18/21 "
17/6 " 42,0 18/22 n
17/7 shale 42,2 :
17/8 sandstone 49.0 Borehole 19
17/9  marble 50.3 19/1  shale
17/10 sandstone 50.4 19/L calc-silicate
17/10A calc-silicate 50,4 19/5  limestone
17/11  sandstone 50.5 19/8 calc-silicate
17/13 .. 51.5 19/9 "
17/14  shale 51.7 19/10  sandstone
17/15 marble 51.7 19/19 calc-silicate
17/17 " 52.4 19/20 "
17/18 " 53.9
17/20  Whin 55.1 Borehole 21
17/24  sandstone 21.0 21/1  Whin
17/25 " 21.2 21/2  marble
17/26  limestone 21. 21/ "
17/28 ‘ " 22,9 21/5 sandstone
17/29  shale 25.3 21/6 L
17/30 " 25.5 21/7 "
17/31  limestone 26.8 21/8 shale
17/34 " 42,0 21/9  marble
17/35 sandstone 45,0 21/11 "
17/36 oo 45.7 21/12 limestone
17/37 " 46,2 21/13  shale
17/38 L 46,3 21/1 "
17/39 marble 49.2 21/15 sandstone
17/40 " 50.1 21/16 "
17/41  calc-silicate 50.5° 21/17  Whin
17/43  sandstone 42.3 21/18 "

21/19  shale

Borehole 18 21/20 "
18/2 limestone :.8.8 21/21  siltstone
18/3 marble 10,9 21/22 "
18/L " 13.9 21/22A "
18/6 " 16.8 21/23 limestone
18/7 " 17.0
18/8 " 20.0 Borehole 22
18/9 " 23,1 22/1  marble
18/10 " 26.1 22/2 "
18/11  Whin 31.4 22/3 "
18/12 " 38.1 22/5  Whin
18/13 " 40.9 22/7  marble
18/1) " 42.5 22/11 "
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Appendix 1,1

Sample
35/1
35/2
35/3
35/
35/5
35/6
35/11
35/13

39/3
39/4
39/7
39/8
39/19
39/20
39/25

40/2

Borehole 35

Whin
n
tt

calc-silicate

marble
1t

limestone

Borehole 39
marble
n

limestone
n
marble

limestone
[}

Borehole 40
marble
1t

sandstone
[i]

wollastonife
1
marble

sandstone
1]

- limestone

shale
siltstone
sandstone
1
marble
limestone
marble
limestone
it
siltstone
sandstone
1t

limestone

Borehole 41

sandstone
1"

marble
limestone
oon

marble

Location of samplés

Sample
41/10
41/11
41/12
41/13
41/1h
41/15
41/16
41/17
41/18
41/19
41/20
L1/21
41/22
41/23
41/2h
41/25
41/27
41/28
41/31
41/32
41/35
41/36

L43/2
L3/l
43/5
L3/6
43/7
L3/7A
L3/8
43/9
%43/10
43/11
L3/12
43/13
43/16
L3/21

L3/22

L43/23
L43/25
43/27
L3/28
43/29
43/30
43/33
14.3/35
143/36

Borehole L1

sandstone

limestone
n

"
mudstone
1
1t

shale
sandstone
1]
marble
1t
1]
1]

limestone
LU

mudstone

u
shale
sandstone
mudstone
contact-rock

Borehole 43
contact-rock

calc=-silicate
1t

limestone
calc-silicate
sandstone

1t
calc-silicate
impure 1st.
sandstone

i
shale
limestone
calc-silicate
mudstone

1"t

sandstone
11

siltstone
sandstone

48.9
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Appendix 1,1 Location of samples

Borehole Lk
Sample Depth m
L /7 calc~gilicate 31,7
4,/8 impure 1st. 30.9
L/9 calc-silicate 29,9
L4/9A  impure 1st, 29.1
44/10  sandstone 28.3
L4/11  calc-silicate 27.6
44/12 marble 27.2
L/14  mudstone 22.3
Ly/20 " 8.7
/25  Whin 104.0
4/28 mudstone 107.9
4/28A calc-silicate 108,2
4./%2  mudstone 111.3
Borehole 45
45/1 contact-rock 62.3
45/5 sandstone 57.2
L5/7  wollastonite  55.6
45/12  siltstone 49.7
45/13 47.2
45/,  sandstone Lh.2
45/16  siltstone 36.0
45/17  sandstone 30.3
o Borehole L6
L6/2 calc-silicate 62,4
46/3 impure lst. 61.2
46/5 contact-rock  59.7
46/13  impure lst. 41.3
' Borehole 47
47/1  shale 39.9
47/7 sandstone 48,6
47/8 shale 50.2
%7/9 impure lst. 51.4
47/10 " 51.8
47/18 'mudstone 72.2
47/19 impure 1lst,. 72.9
47/20 " 73.4
47/22  sandstone 7.8
L7/2k - 76.7

Rookhope borehole

Sample Depth m
RB20 siltstone 206.3
RB21 mudstone 206.0
RB22 siltstone 205,7
RB23 " 204.5
RB2L " 204.8
RB25 sandstone 204, 2
RB27 siltstone 203.6
RB31 " 187.1
RB32 sandstone 190,2
RB33 mudstone 191.6
RB34 siltstone 196.3
RB35 sandstone 199.3
RB37 siltstone 205.4
RB38 mudstone 1944
RB39 " 206,7
RB4L shale 281.6
RBY2 " 282,6
RBL3 siltstone 287.9
RBYY - mudstone 290.7
RBIS " 291.7
RBL6 " 296.0
RBLTY " 175.0
RB50 " 185.3
RB51 " 191.7
RB52 sandstone 194.7
RB53 n 186.2
RBS), " 197.8
RB56 limestone 3674
RB57 " 36,2
RB59 " 360.8
RB69 " 345.6
RB72 " 315.5
RB75 " 175.9
RB78 " 142.3
RB8L " 13.3

Ninebanks borehole

1L/860 Vhin pegmatite 260.8
L/876 _ " 265.7
Falcon Clints

UT/19 Whin contact

UT/37 " .




.12,

CHAPTER IT

WHIN SILL AND HEAT-FLOW CALCULAT IONS

Introduction

The Whin Sill, of northern England, has long been cited as
one of the classic examples of a quartz-dolerite intrusive sheet.
It has been the subject of intensive study for over a century and
the most important works include thosé of Teall (188ha—b), Holmes
and Harwood (1928), Tomkeieff (1929) and Smythe (1930). This
work has concentrated on field characters, petrography and
chemistry but little attention has been paid to the metamorphism,
The present stuay, in contrast, concentrates on the metamorphic
effect but some attention has also been given to Whin samples
close to the contact, as dgscribed later.

Once thé igneous character of the Whin had been established
early in the last century, there was controversy as to whether
the sheet was a coﬁtemporaneous flow, or an intrusive body.
Hutton (1832), Sopwith (1833) and Phillips (1836) all suggested
it was a lava flow. However, Sedgwick (1827), Wood (1831) and
Topley and Lebour (1877) finally proved its intrusive character,
owing mainly to the associated metamorphism, both above and

below the sill and its variation in stratigfaphical horizon.

THE WHIN SILL COMPLEX

The Whin Sill complex consists of a series of interconnected
or related sills and four sets of dyke en echelons. The dyke en
echelons have a ENE trend and sets are found at both the southern

and northern limits of the sill-like intrusions., Holmes and
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Harwood (1928) have suggested that the dykes represent feeders
. for the sill, with possible further congealed feeders beneath
the Pennines, Fitch and Miller (1967) also support this view.

The sill does not remain at a constant stratigraphical
horizon, but varies from the lowest known position in Upper
Teesdale, where it intrudes the Lower Limestone Group, to the
highest known position in a faulted outlier of Coal Measures
at Midgeholme (Trotter and Hollingworth, 1932). The Whin Sill
has been dated by the potassium-argon method (Fitch and Miller,
1967) giving a Stephanian age of 295 ¥ 6 My. Dunham (1948)
showed that the sill gradually rises in the succession away
from Upper Teesdale, but over large areas it remains at a
constant horizon, migration upwards occurring at definite
zones, Along with the upward rise in the succession, there is
a general thinning of the sill away from Upper Teesdale where
it reaches one of its greatest thicknesses of over 73 m. This
Upper Teesdale section has long been the thickest known but
recently a'borehole at Ninebanks, West Allendale has proved é
maximum of over 80 m of Whin. The sill thins to less than 8 m
on the Northumberland coast at Bamburgh.

The whole complex forms a single petrographical province
with quartz-dolerite dominant. The intrusion has long been
regardea as a classic tholeiite on the basis of the glassy
mesostasis, which consists of quartz and alkali feldspar when
crystalline. 5unham and Kaye (1965) have shown, however, that
when plotted on atotal alkalies, silica diagram, the Whin
falls in between the classic alkaline and tholeiitic basalt

series. Tomkeieff (1929) and Smythe (1930) have recorded
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silicic.differentiates, of the Whin in Northumberland, showing
* some’ enrichment in alkalies.

The Whin petrography is very uniform, with a mineral com-
position, as estimatéd by Dunham (1948) as follows:-
pyroxene 3%, plagioclase feldspar 46%,.hornblende, biotite
and chlorite 4%, iron-titanium oxides 8%, quartsz, orthoclase»
~and micropegmatite 5%%. Four textural varieties have also
been recognised by Dunham (1948) as follows:-

1) Tachylitic facies - a marginal rock type.

2) Fine-grained, grey dolerite,

3) Medium-grained dolerite.

4) Pegmatite-dolerite with grey and pink granophyric

varieties.

Although the Whin is known through many detailed works,the
author has examined contact samples and analysed three suites
of samples up to the contact. This work was undertaken to
record variation, if any, of the Whin up to its contact.

Clough (1880) envisaged large scale assimilation of sedimentary
strata by the Whin., His conclusions were based on field obser-
vation, mainly the lack of mechanicai disturbance in sedi-
mentary beds at the contact and the absence of strata in places
such as Rowantree Syke, Upper Teesdale, where it was claimed
approximately 6 m of sediments are missing because of assimi-
lation by the sill. Clough's assertions are not viable
accbrding to later work and the present analyses,there is no

supporting evidence for such large scale assimilation.
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White Whin

White Whin, an alteration product of the original dolerite,
is commonly associated with alteration produced by the northern
Pennine mineralizing solutions. This alteration; of the
dolerite to a carbonate-clay mineral rock, has been well
described by Wager (1929a). The effect has been compared with
the white traps of Scotland, which are found at the contacts of
basic igneous rocks and carbonaceous shales, eil shales or coals.,
Such contact alteration is not seen with the Whin Sill. Although
the sill cuts and comes into contact with numerous limestone
horizons there is nowhere, evidence for assimilation of the
country rock with subsequent production of hybrid rocks such
as feldspathoidal and melilite bearing rocks. In some cases,
the immediate contact rocks show inclusions of quartzose frag-
ments but again little sign of reaction is present between

these and the Whin.

Contact modifications

The tachylitic margin has been recognised in all contact
specimens examined. Generally the Whin shows a sharp, clear
contact with the country-rocks, but in detail it may be un-
dulatihg and irregular. The actual contact is often marked by
a concentration of very fine-grained magnetite-ilmenite material
giving the rock a very dark colour. Set inAthis opaque material
are phenocrysts of dominant feldspér, often in the first centi-
metre at the contact, showing flow orientation parallel to the
contact., In the specimens examined from Teesdale,‘feldspar and

pyroxene phenocrysts are present in the contact zone suggesting
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that these were present in the magma on intrusion, indicating
that the magma was probably intruded ;losé to its liquidus
temperature.> Thin-sections of the contact show pyroxene
dominant (U/19), in some cases, while in others feldspar is
dominant with minor pyroxene (44/28 and UT/37). The varying
amounts of these two minerals present in the samples suggests
that they-crystallized at a similar temperature, which from
Yoder and Tilley's (1962) work is suggestive of a rather low
water content in the magma. The maximum water vapour pressure
acting in Teesdale and West Allendale, can be estimated from
probable overburden (Trotter and Hollingworth, 1932; Johnson
and Dunham, 1963; Dunham and Kaye, 1965), as between 300 to
400 bars., |

The feldspar laths close to the cénfact are usually highly |
sericitized, but unaltered varieties are occasionally seen with
a maximum extinction angle of 29°, indicative of labradorite,
An50. Pyroxenes are usually fresh with only marginal alteration.
Augite is subhedral and granular showing low, second-order
interference colours with a low to moderate 2V. Some crystals

of orthopyroxene are also present.

CHEMICAL VARIATION

The variation in chemical composition of the Whin Sill,
with distance from contact is shown in Pig. 2.1. The actual
analyses used in the plots are tabulated in Appendix 2.1, along
with other analyses from samples within 1.5 m of the contact.

The plot of borehole 18 (Fig., 2.1) shows results, ranging

from 1.5 m up to 29.9 m from the contact, which have a




Figure 2.1 Major element variation in the Whin Sill,

with distance from contact.

Country rock at contact, shown alongside each diagram,

Figure 2.2 Trace element variation in the Whin Sill,

with distance from contact.
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Figure 2.1
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remarkable consistency and no systematic variation ié seen in any
element. Sampleé from boreholes 21vand 35 again show no systematic
variation., No similar analyses across the Whin Sill have been made
for comparison, except for those across the Little Whin Sill made
by Dunham and Kaye (1965). They also noted no variation in their
analyses, save for an increase in the FeO:Fe203 ratio towards the
centre of the sill. As the Fe is given as total Fe,0z, this
variation cannot be verified in the present case.

The present analyses show a very close relationship to Holmes
énd Harwood's (1928) analyses, especially in the slightly higher
810, and lower Alp03 as compared to Smythe's (1930) results. The

2
lower Al1,0 values are also supported by Harrison (1968) but his

273
$i0, values are in clbse agreement with Smythe's. Overall,
| however, the analyses merely confirm the uniformity of the bulk
composition of the Whin Sill.

The specimens from the chilled contact, numbers 35/3 and
21/1, which would be expected to preserve the features of the
original magma, on intrusion, show only minor differences to that
of 18/22 over 29 m from the contact.l The two contact specimens
show slightly lower Si0,, higher Fe203 and Mg0 than 18/22, However,
if this varistion is significant it cannot represent a gradﬁal
change over the 30 m as the changes are not reflected in Fig; 2.1,
The difference must, therefore, be reflected only in the immediate
contact selvages represented by samples 35/3% and 21/1.

The Whin samples have also been analysed for five trace

elements, Zr, Sr, Rb, Zn and Cu and the results tabulated in

Appendix 2.2. As with the major element analyses, no systematic
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variation can be seen away from the contact, and again the uni-
formit& of the measurements is the noticeable point to emerge.
The between section variation of the abové elements is also low,
as there is reasonable correspondence between the concentration
of elements in all three sections

The values of Zr and Sr agree well with ﬁarrison{s (1968)
_bulk analysis of the Whin Sill while Cu is a factor of two higher
(Appendix 2.2). The Zr and Rb values agree reasonably well with
the values given by Dunham and Kaye (1965) for the Little VWhin
8ill. Strontium in the Litfle Whin S$ill is significantly higher
than both the average values for the Great Whin Sill, which is
unusual, as Sr is usually concentrated during crystallization,

The general marked lack of chemical variation, away from the
contact, bofh in major and trace elements suggests that the sill
cannot have assimilated any sediment during intrusion, as was
envisaged by Clough (1880), or suffered any marked differentiation.

One of‘thb most not :able features in thicker sections of the |
Whin, are the pegmatite bands. The borehole at Ninebanks recorded
sgveral of these bands, Major element analyses of two samples
from these pegmafites (L/860 eand L/876) are given in Appendix 2.l.
Comparing these analyses with the normal Whin, there is ar ‘increase
in ‘total Fe, Ti0, and Py05 with a decrease in the MgQO, Aly0; and
Ca0 contents. These pegmatites are coarse-grained with large
" pyroxenes and long, skeletal grains of opaques. The feldspars, of
these pegmatites, are dominantly quite turbid and sericitized.
Electron microprobe analyses of the feldspars are given in
Appendix 5.2. Two of the crystals, L/BCO—l and L/860-3 are

andesine in composition, L/860~3 showing an increase of the albite
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molecule from 52,4%, at the centre, to 54.5% at the crystal rim.
Crystal L/860-2 is an albite, with over 96% of the albite mole-
cule. Tomkeieff (1929) has shown that andesine is the average
composition of plagioclase in the pegmatites.

Rfroxene, often altered, occurs abundantly in the pegmatites,
but some fresh sections show a herring-bone structure and hour-
glass zoning. A graphic intergrowfh of feldspar and pyroxene is
widespread.  Abundant quartz is presenf occurring. mainly in. a
myrmekitic intergrowth with feldspar,

Hornblende has long been recorded as an alteration rim to
pyroxenes in the pegmatites. The sample L/860, however, showed
.euhedral, basal sections of green-brown hornblende. The euhedral
outline and freshness of the crystals suggest that it i§ a primary
phase and as such is the first recorded instance in the Whin Sill.
Rarely a graphic intergrowth of green, fresh hornblende is seen
with feldspar.

Apatite is verysbundant throughout the samples occurihg as
long, slender needles. Opaque minerals‘occur abundantly in long,

skeletal grains, the high TiO, content suggestive of a high per-

2
centage of the ilmenite molecule in the opagues.

For primary hornblende to crystallize from an olivine-
tholeiite magma, a minimum water vapour pressure in the region of
1000 bars is suggested by Yoder and Tilley (1962). During the
crystallization of the Whin magma, water must be concentrated into
the pegmatite bands giving rise to an increased water pressure.

An eariier esfimate of maximum water pressure, based on the

probable ovérburden, gave a value in the region of 300 to 400

bars which is significantly below the minimum value suggested by




experimental work,
Further research into these pegmatites would, therefore, be

most useful in the elucidation of their petrogenesis.

Conclusions

The tachylitic margins of the Whin Sill show flow-orientated
phenocrysts of feldspar in association with pyroxene which is
suggestive of intrusion close to the liquidus température of the
magma. Chemical analyses of ;ineteen Whiq samples, for eleven
major elements and five trace elements, have confirmed the overall
bulk uniformity of the sili. No evidence for assimilation or
differentiation could be seen from the analyses. Two samples of
pegmatites from Ninebanks, West Allendale have also been analysed.
Enrichment in total Fe203, Ti0, and P205 ig seen. Petrographic
examination has shown the presence of primary hornblende, in
these pegmatitgs, this being the first recorded instance{from the
Whin Sill. |

THEORET ICAL HEAT -FLOW CALCULAT TONS

Calculations of theoretical metamorphic temperatures attained
in the contact metamorphic aureole of th¢ ﬁhin Sill were under-
taken at an early stage in the present investigation. These have
provided some notation of the variation.in temperature around the
intrusion in rglation to the observed metamorphism., The values
obtained from the calculations are not regarded as absolute,
since there is some uncertainty inherent in the mathematical model
as outlined below.

A number of workers have made attempts to systematize the
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cooling history of igneous intrusions. Earlier workers (Lovering,
1955; Larsen, 1945) have neglected the effect of latent heat of
crystallization of the magma. This has a profound effect on

the temperatures in the metamorphic aureole and for this reason
Jaeger's equations (1957, 1959, and 1964), which include the
effect of latent heat, have been used exclusively in the present

study.

Assumptions involved and their relationship to the Whin 8Sill

Nature of intrusion

For simplification, in the calculations, the intrusion is
assumed to be a sheet-like body of constant thickness and ex-
tending indefinitely in the horizontal plane.

The Whin Sill conforms to this pattern almost ideally.
Although the sill transgresses the Carboniferou; strata, it does
so along definite belts (Dunham, 1948; Dunham, 1970). Between
these belts the sill aften remains at a constant horizon over

large areas. In the main area of investigation (Upper Teesdale)

the sill remains fairly constant in thickness at 73 m,

Temperature of the magma

The intrusion is assumed to have taken place rapidly,
compared to the time of solidification, into rocks of zero (0°c)
temperature, The magma is also assumed to have been intruded
at a constant temperature equal to its liquidus temperature.

Dunham (1948) recognised a fine-grained, tachylitic marginal
facies of the Whin S$ill, which is suggestive of sudden intrusion
into relatively cold country rocks. The -presence of phenocrysts

of plagioclaée and pyroxene in contact specimens suggests that
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the Whin Sill was ihtruded close to its liquidus temperature. -An
estimate of the liguidus temperature may be obtained from the work
of Yoder and Tilley (1962), who have shown that for a quartz-
dolerite the liquidus temperature lies at approximately 1180°C,

at atmospheric pressure. The solidué and liquidus temperatures
used in the éalculations have been adjusted t6 allow for the effect
of water vapour pressure, A maximum water pressure in the region
of 300 to 400 Bars is envisaged during crystallization of the Whin
Sill magma.in Teesdale., This is estimated by analogy with the
Coal leasures in eastern Durham, where a thickness of 1067 m of
_sediment is present above the Three Yard Limestone (Dunham and
Kaye, 1965). In Upper Teesdale, a further 150 m of sediment is
present below this limestone, giving a total cover in the region

- of 1200 m of strata, The actual values used in the calculations
were 1150 and 1000 C for the liquidus and solidus temperatures

respectively.,

Heat loss from the cooling magma

For the purpose of the calculation, the magma heat loss is
assumed to be by conduction only. Convective effects after emplace-
ment, whiqh would increase contact temperatures significantly, are
not considered.

Evidence for convection in the Whin Sill, in the form of
differentiation or layering is not present. Heat loss by the
escape of volatiles is not considered because the heat carried
by‘the volatiles would be dissipated over a large area and would
probably nat contribute significantly to the elevated temp-

eratures in the country. rocks.




Effect of latent heat

Jaeger's formulae are an advantage over earlier work, on
contact metamorphic te_mperatures, as corrections can be made to
cover the effect of the latent heat of solidification of the
magma. The correction was made by an addition to the specific
heat using the following equation:

¢y = ¢ + L/(T)-T,)
(symbols defined overleaf)

Thermal properties of rocks

For simplicity, the thermal properties of the country-rock
and the solidified magma are assumed to be equai and independent
‘of pressure or temperature,
The density used in the calculgﬁions was 2.9 g/cm-j, a value
given for the Whin Sill by Clark (1966), a density for marble
was also given as 2.8 g/cm_B. Little information is available
on theAspecific heats of rocks, therefore, a value of 0.25 cal/
gm/OC was used, as suggested by Jaeger (1957). The thermal conduct ivity
values, used in the calculations, are from the work of Dr. J.
Weilden, Imperial College; London, who made several determinations
on samples from the Rookhope borehole. A thermal conductivity J
value of 0.007 cal/cm sec’C was used for calculations representative
of the intrusion in Teesdale. A value of 0.005 cal/cm sec®C was
used for the models of Rookhope and Ninebanks, where there is a
greater amount of shale and siltstone, close to the intrusion,
as compared to‘Teesdale. Little is known on the latent heat
of solidification of magmas and a value of 80 cal/gm was used

as suggested by Jaeger (1957).
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Formulae used for computation

The basic formula used in the calculations is from Jaeger

(1964) and is given below:-

1
T = %|erf gi;1- erf éL:}
a2 ad
€ =x/d 2
™ = kt/a?
= kt/d 3

T = temperature of country rock.
X = distance from the central plane of the igneous body.
d = } thickness of intrusive sheet.
t = time after intrusion (seconds).
P = demsity of rocks.
¢ = specific heat of rocks
¢, = specific heat corrected for latent heat of solidificétion.
K = thermal conductivity of rocks.
k = diffusivity of rocks.
L = latent heat of solidification of magma.
T.= liquidus temperature of magna.
To= solidus temperature of magnma.
T. = fourier number..
Equations 2 and 3 give the dimeﬁsionless quantities of & and
T which are substituted in the main equatioﬁ, 1. A corrected
value for specific heat, taking into account the latent heat, is
used as shown previously (p.25).
As calculations proved lengthy, the computation has been

achieved by means of a small programme written in PLl, by M.J. Reeves.




Figure 2.3 Theoretically calculated temperatures for Whin

S5ill aureole.
Solid line shows values for the intrusion in Upper Teasdale.

Dash-dot line represents temperatures for the Rookhope

~intrusion.

Dash-double dot line represents temperatures for the Ninebanks

intrusion.
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Results of calculations

Temperature curves have been plotted in the form of a three-
dimensional diagram (Fig. 2.3). The solid lines of the graph
indicate calculated temperatures for the aureole in Upper Teesdale,
the dash-dot line and the dash-double dot line show the calculated -
temperatures at Rookhope and Ninebanks, respectively. The hori-
zontal curves show the change in temperature, at a constant
distance from the contact, with time. Close to the contact the
temperature rises rapidly to a maximum, then drops rapidly to a
state, after some 600 years, where there appears to be a gradual,
linear decrease in the temperature. Away from the contact the
sharp apex of the maximum te_mperature is no longer evident. A
vertical curve shows the variation in temperature with distance
from fhe contact, at a particular time after intrusion, the
gradient of which is most steep, immediafely after the intrusion.
With an increase in time after the intrusion, the slope of the
curve decreases such that the temperatures become more even and
there is only a difference of some 50°C between the contact and
a point 35 m from the contact, after 1000 years.

The results for Rockhope are lower than for Upper Teesdale
as would be expected since the sill is only 58 m thick compared
with 73 m in Upper Teesdale. The Ninebanks section, with 80 m
of Whin recorded, shows the makimum theoretical temperatures.
Thus from theoretical considerations the maximum metamorphism,
assoclated with the Whin Sill, might be expécted at Ninebanks.
This, however, is contrary to the known geological observations

and this anomaly is considered in Chapter VI.




Appendix 2.1

Sio
Al 8
F 23
e203
MgO
Ca0
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Kzo
Ti0,
MnO
S
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Total
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273
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Na20
K20
TiO2
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510,
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Fe203
MgO
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K20
Ti0,
MnO
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Total

Whin Sill major element analyses.

18/11 18/12 18/13 18/14 18/16 18/17 18/19
51.54 51.16 50.92 50.54 51.15 51.10 51.56
14,19 13.78 13.83 13.67 13.81 13.68 14.35
12.16 12.81 12.97 12.92 12.31 12.53 12.38
5.21 5.40 5.59 6.40 5.97 6.00 5.18
8.68 9.23 8.87 8.28 8.54 8.83 8.41
2.86 2.62 2.67 2.53 2.52 2.54 2.85
1.26 0.76 1.02 1.20 1.20 1.12 1.32
2.21 2.34 2.35 2.33 2.27 2.33 2.21
0.18 0.14 0.17 0.14 0.14 0.16 0.14
0.14 0.15 0.14 0.17 0.14 0.14 0.13
0.33 0.32 0.32 0.32 0.34 0.32 0.34
98.76 98.71 98.98 98.50 98.39 98.75 98.87
18/20 18/21 18/22 21/1 21/24 21/17 21/18
51.20 51.60 51.15 51.03  50.13 50.33 50.87
12.51 14.14 14.17 14.74 14,00 13.80 14.13
14.97 12.44 12.58 13.05 13.07 13.12 12.53
4,56 4,91 4,99 5.20 5.27 5.69 4,98
7.10 8.89 8.83 8.16 8.98 8.08 8.56
2.81 2.87 2.86 1.51 2.73 2.78 2.73
1.71 1.31 1.28 1.76 1.19 1.76 1.64
2.72 2.31 2.31 3.00 2.33 2.46 2.34
0.18 0.17 0.17 0.22 0.17 0.17 0.17
0.16 0.10 0.14 0.16 0.18 0.28 0.17
0.42 0.33 0.31 0.27 0.34 0.37 0.33
98.34 99.07 98.79 99.10 98.39 98.84 98.45
35/3 35/2
49,93  50.20
13.84 14.25
14.07 13.50
6.03 5.64
8.42 9.12
3.02 2.68
1.12 0.99
2.45 2.46
0.19 0.16
0.15 0.18
0.30 0.34
99.52 99,52

(+), Total iron




Appendix 2.2 Whin Sill trace element determinations ppm.

Zr Sr ~ Rb in Cu
18/11 209 389 36 6 75
18/12 204 376 20 6 70
18/13 211 377 31 6 ‘84
18/14 218 412 37 7 77
18/16 213 403 38 6 76
18/17 221 389 32 7 82
18/19 207 406 37 6 77
18/20 280 389 42 7 109
18/21 236 372 36 6 84
18722 233 369 32 6 84
21/1 236 322 31 6 85
21/24 203 383 34 6 83
21/17 214 377 58 6 75
21718 212 394 57 6 76
35/3 211 467 41 5 67
35/2 218 . 386 27 6 81
35/1 224 - 395 31 6 78
17/20 225 326 11 4 84
. 22/5 191 505 44 6 78
Average . 219 391 36
*Little Whin 203 449 20
Sill Average

+Great Whin 200 370
Sill Woodland -

* Dunham and Kaye (1965)
+ Harrison (1968)




CHAPTER IIT

PETROLOGY OF METAMORPHOSED SEDIMENTS

MET AMORPHISM OF SHALES

The shales in the Whin Sill aureole have not been greatly
affected by the metamorphism. There has usually been just a
simple recrystallization of the original clay minerals, to a
fine-grained, sericitic material and for.this reason X-ray
diffraction hés been used extensively in studies of the shales.

The normal, unmetamorphosed Carboniferous shales of the
region are fine-grained and dark in colour, with well developed
bedding. The main minerals present are quartz and illite, with
some chlorite and kandite-type minerals.

Spotting in the shales is well developed on metamorphism,
Dunham et al. (1965) recorded spotting to over %36 m from the
contact in the Rookhope borehole and similar distances have been
recorded in Upper Teesdale. These spots vary in size from 0.05
to 0.45 mm and show a concentration of semi-opaque, brownish-
grey material, possibly of bituminous' matter. Some of the spot
“areas were removed and X-rayed by powder photography. Only
quartz, illite and chlorite were recorded. Dunham's (1948)
record of andalusite in clear spots in the shales has not been
confirmed in the present survey.

Close to the contact, the shales are converted to porcel-
lanites, due to the recrystallization of the clay minerals, in
which the bedding is destroyed. These porcellanites are cream
in colour, in contrast to the dark colour of the normal shales,

the difference probably being due to the loss or recrystallization




«30.

of organic material on heating.

Petrographic examination has been of little value in the
examination of the shales, as the metamorphism has not been
extensive enough to cause large scale generation of muscovite
and biotite from the clay minerals. Extensive recrystallization
can often be seen in samples within 10 m of the’contécf, but the

material is a very fine-grained sericite.

Y-ray diffraction studies

Illité has been the only clay mineral examined, because of
its dominance in the Carboniferous shales. Chlorite is not
present in all the shales and occurs in much smaller amounts, as
compared to illite, Prior to diffraction, the samples were
separated as described in Appendix 3.1. The conditions used
during the diffraction runs are shown in Appendix 3.2.

Two main aims were in mind during this study, (1) to show
if there is any variation in the illite clay-mineral polymorph
towards the contact, and (2) to trace any change in crystal-

o
linity as shown by the 10 A peak of the illite.

Variation in polymorphism

The minerals of the mica group (including illite) occur
in several polymorphs resulting from differences in érrangement
of the atomié planesf Three main polymorphs are kﬁown (Yoder
and Eugster, 1955):

1. The two-layer, monoclinic polymorph 2M

2. The one-layer, monoclinic polymorph 1M

3, The one-layer, disordered monoclinic polymorph 1liid

Yoder and Eugster observed a transformation from the 1Md form




to 1M and 2M with increasing temperature and suggested that this
was the sequence involved during metamorphism. They found that
the 2M structure was the étable form in the range 200 to 350°C,
at 15000 psi water pressure. The actual identification of the
polymorph, in the pfesent study, is somewhat subjective,
especially when there is, in some cases, a mixture of two
varieties together with chlorite, )
The polymorphs have been differentiated using the presence
and strengths of reflections as shown in Table 3.1, which is
based on the work of Yoder and Eugster (1955) and the A.S.T.M.
index. The strength of the 004 reflection at 5.0 ﬁ is a useful

guide, as it is weak and ragged in the 1lhd variety but increases

in height and sharpness in the 1M and 2M varieties.

Identification of illite polymorph

Table 3.1
T ™ oM
0 ] o
A Strength 2 Strength A Strength
10.1 100 10.1 100 10.0 100
5.0 20 5.0 37 5.0 55
L5 50 L.5 90 L4e5 55
bobo 27 vl 26
C ' L.3 21
k1 16 bl 7
4.0 12
3.9 37
3.7 60 3.7 32
3.0 100 3. 100 3.4 100
3.2 50 3.2 L7
3.0 47
2.9 6 2.9 35
- 2.8 16 2.8 22
2.6 40 2.6 50 2.6 50

Harbord (1962) has shown fhat the dominant illite polymorph

in the shales of the Yoredale Series, of Upper Teesdale, is the

1Md variety with some occasional admixed 2Ll varieties.

.31,
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The dominant polymorphs recorded from samples ranging from
30 m up to the contact, are shown in Fig. 3.1A. The samples are
from a number of boreholes and the calibration data are shown in
Appendix 3.3. The unmetamorphosed shales, greater than 25 m
from the contact, consist dominantly of the 1Md variety except
for one sample with the 2M polymorph. There is a change in the
type of illite polymorph towards the contact, the 1Md form be-
coming superceded by the 1M and 2M varieties. This change has
occuﬁéd solely in response to an increase in temperature, pressure
having been low and most probably of constant value over the
whole gureole. Experimental work and previous geological research
(Yoder and Eugster, 1955; Maxwell and Hawer, 1967) has tended to
suggest that préssure plays an important role in these transform-
ations but the current work suggests that temperature alone is

sufficient to produce polymorphic transformation.

Variation in crystallinity

It is known that the crystallinity of illite increases with
temperature, pressure being of no significance (Kubler, 1966;
Winkler, 1970). Kubler measured the width of the 10 R peak at
half peak-height and found that this value (i.e. crystallinity)
decreases with an increase in metamorphic temperature., This
measurement has been made on the present samples and is shown in
Fig. 31B. There is a trend from larger peak-widths, at 30 m from
the contact, to smaller values ¢lose to the contact, as shown in
Fig. 3.1B by the dashed line. 4 reduction in the peak-width of
approximately 40% is seen but ﬁhere is.quite a marked scatter of

points about the dashed line. Associated with this decrease in




Figure 3.1 Variation in illite crystallinity and polymorphism,

with distance from contact.

3.1A4 Variation in the ratio peak-height :width, with
distance from contact. The dominant polymorph

recorded is shown against each sample.

1tid one-layer, disordered monoclinic polymorph.
1ls  one-layer, monoclinic polymorph,

2  two-layer, monoclinic polymorph.

The two dashed lines define upper and lower limits, in the present
case, to the change in the peak-height :width ratio of illite

towards the contact.

3.1B Variation in the illite 10 & peak-width with

distance from contact.

Dashed line shows trend towards a norrower peak-width close to

the contact.
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Figure 3.1
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peak-width, there is a marked increase in the peak-height of the
10 X, - 001 reflection. The peak-height by itself is indicative of
a change in thé crystallinity but it is also affected by features
such as the proportion of illite present and preferred orien-
tation. The ratio of peak-height against peak-width has, there-
fore, been plotted against distance from contact as shown in

Fig, 3.14.

As shown by the dashed lines, there is a well defined
increase in this ratio towards the contact. At distances greater
than 20 ﬁ from the contact the index appears to remain constant
between the Qalues 2 and 4,for the six samples plotted, This is
suggestive of a ‘backgrouﬂd index' for the illite, prior to
metamorphism, where the 10 bt peak is relatively‘broad and weak.
One value is significantly higher than this constant index, the
sample being a siltstone with abundant, large mica flakes on the
bedding planes. Thus it seems this higher index must represent a
'remanent' value because the mica has not been completely
weathered. At distances less than 18 m from the contact there is
an increase in the peak-height :width ratio as the clay minerals
recrystallize to a more complex structure. There is no simple
liﬂear increase in the ratio, it is a rather broad, but signi-
Aficant trend with a maximum index of almost 39 reached less than
6 m from the contact. The two pointé marked by crosses are
results from very pure sandstones in which the clay mineral

content was minimal and difficult to concentrate.

Conclusions
Petrographic examination has been of little use in exami-

nation of the shales but X-ray diffraction studies have proved




most useful. These have shown that metamorphism can be recog-
nised in the shales, at a distance of approximately 18 m from
the contact., There is a systematic increase in the peak-height :
width ratio of the 10 X illite peak, towards the contact, with a
sympathetic change in the iilite polymorph also. These changes
have resulted from temperature alone, as pressure has been low

and of constant value.

METAMORPHISM OF PURE LIMESTONES

Metamorphism of the pure limestones of Upper Teesdale
causes marmorization to a saccharoidal marble, the alteration
resulting in the obliteration of all the sedimentary features
including the bedding. The marbles consist of rounded to |
dodecahedral grains of calcite, -decreasing in grain-size away
from the contact, which have a granular texture and grain-
boundaries meeting in triple-points. The abundance of straight
grain~boundaries and triple-points, in the marbles, is
suggestive of a low-energy, equilibrium configuration being
reached (Spry, 1969).

Saccharoidal marbles are very ;estricted in their occurrence
in Britain; they are known mainly from Teesdale but there are
some minor occurrences in Derbyshire. Fine-grained, sacchoroidal
marble for instance, is developed at the immediate contact of
an olivine-dolerite, intrusive into 82 limestones, near the

- village of Peak Forest, Derbyshire.

Grain-size measurements

The grain-size of calcite crystals has been measured on
ten thin-sections of saccharoidal marble, from three boreholes

(17, 18 and 33). &n average of just under 500 grains per
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section were measured.

The original measurements were made using a graduated eye-
piece and then corrections were applied, to these data using
metrix algebra after Rose (1968). For the purpoese of the measure-
ments and corrections, it was assumed that the calcite grains
were spherical. The mathematical treatment, of Rose, corrects
for the fact that the plane of the thin-section does not inter-
sect the true diameter of all the grains in the section. Un-
corrected, therefore, this effect would give rise to an apparently
smaller grain-size than 1s actually present. The corrected grain-
size measurements are shown in various plots in Fig. 3.2.

The variation in average grain-size with distance from the
Whin Sill contact is shown in Fig. 3.2A. The straight line
represents a linear regression drawn through the plotted points
(correlation coefficient 0.94). This line gives a good fit to
all the points, except for the value closest to the contact.

This linear plot would probably represent the variation expected
if a simple relationship existéd between the grain-size and maxi-
mum temperature reached in the‘aureole. Temperature will play a
major role in determining grain-size but other factors such as
time, crystal-strain and the presence of impurities, will contri-
bute towards thé final.grain-size reached and also to the spread
of results obtained in any one section. For these reasons, the
dashed curve is believed to represent a better estimate, of the

variation in average grain-size, in the present case.

Previous work has shown that the grain-size of calcite in marble

and quartz in hornfels, increases exponentially towards igneous
contacts, (Grigorev, 1965, p.179; Edwards and Baker, 194L).

The present measurements, in contrast, show a sharp rise




Figure 3.2 Calcite grain-size distributions in saccharoidal

marble.

3,24 Variation in average grain-size with distance

from Whin Sill contact.

Symbols refer to boreholes 17, 18 and 33 as shown. Straight

line represents a linear regression fitted to the points.

3.,2B  Grain-size variation with distance from contact.

The lower line and triangles represent modal values, the upper
line and circles represent the higher grain-size value, at

one quarter of the modal peak-height. The two diagrams show
hand-drawn curves, and linear regression lines fitted to the

points.

3.2C  Grain-size frequency digtribution of samples

from borehole 18.

The distance from the contact (m) of each specimen is shown

near the peak of each curve.
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Figure 3.2
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in grain—sizekbetweeh 25 and 5 ﬁ from the contact (Fig. 3.24),
above ﬁhich a marked flattening in the slope is seen. This
variance between the'present curve, of grain-size against
aistance from contact, and the results of previous workers, is
probably a reflection of the small time interval available for
recrystallization., Figure 2.3 (p.27) shows the calculated

temperatures, for the Whin Sill aureole., At distances between

" 0 and 10 m, from the contact, there is a relatively short period

of time during which the temperatures, at these distances, are

significantly higher than the rest of the aureole. As a result,

. there is probably insufficient time available, close to the

contact, to allow the grain-size to equilibriate with these

: higher temperatures, resulting in the decrease in the slope of the

curve observed in Fig. 3.2A.

Figure 3.2C shows the grain-size distribution in four

" samples from borehole 18, The distribution curves are not

Gaussian but asymmetrical to the lower grain-sizes. Corres-
pondingly the modal wvalues of the grain—éize distribution curves,
are lower than the average grain-sizes, as shown by comparison

of Fig. 3.2 dnd 3.2B. The curves in Fig. 3.2B, reflect the
asymmetrical nature of the grain-size distribution cufves. The

divergence of the lines, towards the contact, indicates a higher

' percentage of larger grain-sizes close to the contact.

 Process of recrystallization

For recrystallization to procede in a monomineralic rock,
without phase change, either or both of the forces, lattice-
strain and grain-boundary energies are involved (Spry, 1969).

The heat of metamorphism is not a force in itself, it is rather
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an initiating process for the actual energies involved in the
process. In Upper Teesdale deformation of the strata, prior to
metamorphism, would have been negligible, strain-energy, there-
foré, will have been of minor importance in the present study.

In order t; provide sufficient ionic mobility for grain-
boundary movement to occur, the limestones must have been heated
to at least the Tamman temperéture (Spry, 1969). This tempera-
ture is approximately half the melting temperature of calcite,
in degrees Kelvin., Wyllie and Tuttle-(l960) suggest a melting
temperature for calcite, in the presence of water vapour at low
préssures,,in thg region of 800°C, The Tamman temperature would,
therefore, be of the order of 500 tb 550°C. Griggs et al. (1958)
showed, however, that a temperature of 800°C was required for
recrystallization to occur in an unstrained sample of the
Solenhofen limestone, at five kilobars. Temperatures of 800°c,
in the presence of water vapour are, however, most likely to
generate melts (Wyllie and Tuttle, 1960). Skeletal grains sugges-
tive of a melt are not present in any of the limestones examined
and temperatures of this order seem uﬁlikely for the present
study.

If the value of 500°C is accepted as the minimum tempera-
ture for recrystallization, then this vaiue mist have been
attained at.the limit of marmorization, which is approximately
2? u from the contact but the theoretical values (Fig. 2.3) show
only a maximum temperature in ﬂhe order of 350 to 375°C at 25 m
from the contact. A second discrepancy is, therefore, noted in
which geological observations do not agree with the calculated
metamorphic temperatures, and this is considered in the final

Chapter of this thesis.
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The saccharoidal marbles, as mentioned earlier, are virtuélly
restricted to Upper Teesdale, where the Whin Sill intrudes the
Lower Limestone Group. Elsewhere the sill is found intruded
mainly in the Middle Limestone Group in which dark-coloured lime-
stones are dominant. The organic carbon in these limestones

(Chapter IV) inhibits recrystallization as shown by Robinson (1971).

A copy of the paper by the writer (Robinson, 1971) is enclosed with

this thesis.

Speéific points in the above paper are shown in the following
Plates.

The fine-grained calcite mud, with abundant carbonaceous
matter, as characteristic of dark-coloured limestones, is shown
in Plate 3.1, A dark limestone is also shown in Plate 3.2 but
in which individual grains of calcite can be seen, with rims of
carbonaceous material around the grain-boundaries. 4 dark,
unrecrystallized limestone, is illustrated in Plate 3.3, in which

the relatively carbon-free areas are recrystallized.,

Conclusions

Purelimestones in Upper Teesdale are marmorized to saccha-
roidal marbles, which are virtually restricted, in Britain, to
Upglpr Teesdalé. Grain-size measurements on ten thin-sections
show a variation in average grain-size of calcite, from 0.5 mm,
at the contact, to 0.05 mm at distances greater than 20 m from
the contact. Work already published (Robinson, 1971), has shown
that carbon in dark limestones inhibits recrystallization by the

prevention of grain-boundary movement. Temperatures in excess




Plate 3.1

Plate 3,2

Plate 3. 3.

Sample 40/13. Fine-grained calcite mud with abundant

carbonaceous material. (x200)

Sample 4O/13. Calcite grains with rims of carbona-

ceous material around grain-boundaries.  (x150)

Sample 40/13. Groundmass of dark, fine-grained
calcite mud, with lighter areas of relatively
carbon-free material, which has suffered

recrystallization.  (x90)
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of 500 C are thought necessary in order to promote recrystalli-

zation of the limestones.

METAMORPHISM OF IMPURE LIMESTONES AND CALCAREQUS- SHALES

Impure limestones and calcareous sediments have been the most
" susceptible to the metamorphism. A wide range of metamorphic
minerals is developed, up to 25 m from the Whin Sill contact, in
the calc=-silicate rocks examined. The most abundant minerals

found are grossular garnet, plagioclase feldspar and epidate.

Macroscopic features

Géneral mineral iaentification is difficult, or not possible
in the majority of samples of the metamorphosed sediments because
of their fine-grained nature. Sedgwick (1827), however, noted
the presence of éarnets in impure limestones close to the contact
in Upper Teesdale, Similarly garnets have been recognised in
hand-specimens from borehole samples. Idioblastic, pinkish-red
garnets are present in sample 43/22, a calcareous shale, and
white, massive garnet is present in sample 35/L4, a banded, calc-
silicate contact-rock. Wollastonite has been recognised for
the first time in hand-specimen, from three boreholes. A
wollastonite-rich rock, up to 50 cms thick, is present at the
junction between the Lower Robinson Limestone and underlying
sandstone, The wollastonite occurs as white, radiétihg crystals
‘up to 4 mm in length and is present in samples 40/7, 41/3 and
45/7. VRyrite is present in many samples and is probably a
recrystallization of original sedimentary material. Smal}
pockets of haematite héve been recognised in one sample, 19/9,

where it occurs in association with fine-grained feldspar.
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In Upper Teesdale, these minerals are the only readily
identifiable minerals to be seen in hand-specimen but at Barras-
ford quarry, Northumberland, elongate grains of pinkish-brown
idocrase up to 4 mm in length, can be recognised from material
in a sedimentary raft included in the Whin Sill (Randa;l, 1959).

Although no new minerals can be seen in the majofity of the
samples, the rocks have obviously undergone recrystallization. A
banded, calc-silicate contact rock which is shown in Plate 3.l
has been extensively recrystallized, although no definite new
minerals can be identified, in the hand-specimen. When meta-
morphosed, calcareous shales take on a creamy colour, become
poréellanepus in appearance and are quite hard and flinty. Many
of these rocks contain, or consist of red-orange coloured,
adinole-like masses, which are illustrated in Plates 3.4 and 3.5.

Argillaceous bands and lenses in limestone are also meta-
morphosed to calc-silicate rocks as shown in Plate 3.5 The
calc-silicate band is seen in a medium-grained, saccharoidal
marble, thé Junction between the two materials is quite sharp
but irregular, The band consists dominantly of green, recrystal-
lized chlorite and calcite, in which are set the red-coloured
adinole masses mentioned above. Because of their hardness and
porcellaneous nature, these calc-silicate lenses have been mis-
identified by earlier workers. XKnill (1966) and Kennard and
Khill.(l969) have erroneously identified metamorphosed argilla-
ceous horizons interbedded with limestone,-in boreholes 18 and
19 at depths of 31 and 21 m respectively, as thin leaves pf the
Whin Sill, with limestone inclusions. The calc-silicate lenses

(Plate 3.5) were identified by XKnill (1966) as mixed Whin Sill




Plate 3.4

Plate 3.5

Plate 3.6

Sample 35/4. Calc-silicate specimen, the lower
boundary of which is the actual contéct with the
Whin, Red-coloured areas are cryptocrystalline
aggregates of feldspar and quartz. White and-
cream areas consist mainly of massive garnet,
while reméining areas consist dominantly of
Calqite and epidete with some clinopyroxene and

prehnite,  (Width of specimen, 6 cms)

Sample 19/4. Irregular, calc-silicate lens in
medium-grained, saccharoidal marble illustrated
ét eastern side of plate. The majority of lens
consists of recrystallized chlorite, with epidote,
throughout the lens but especially in north-west

corner of the plate. (Length of specimen, 11.5 cms)

Sample 40/7. Showing large elongate grains of

wollastonite. (x50)
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end limestone and he described them as the products of 'intimate
mixing of the sugary limestone and Whin to form a skarn rock
banded in dark green, red and grey'. Petrographic examination,
as_described later, has shown that these calc-silicate rocks are
in fact, metamorphosed, argillaceous. bands in the 1limestone.

An interesting feature of specimens from the upper contact
of the Whin in & .number of the Cow Green boreholes, is the
occurrence of a hard, flinty, siliceous rock. Basically this
rock consists of quartz and feldspar with.abundant»sulphides and
some calcite and it has been recognised in boreholes L1, L3, 4L
and 46 (samples L1/36, L43/2, LL/5 and 46/5). A similar feature
was also recorded by Harrison (1968), with the development of a
siderite-pyrite-silica unit at the upper contact of the Great
Whin Sill, in the Woodland borehole. Harrison attributes the
development of this unit to a final residuum of the Whin, which
has metasomatized the immediate country rock. Petrographic
examination of the Cow Green samples shows that these contact
rocks were originally cglcareous seédiments, which have been
metamorphosed., In boreholes 43, 44 and 46 the Whin is intruded
at or within 0.5 m of a limestone horizon., It is possible that
the Whin has intruded at the junction between a limestone and
sandstone, a plane of greater weakness, and these siliceous
contact specimens represent small wafers of sediment caught at

the top of the sill on intrusion,

Petrographic description .

Limestones, where pure, are recrystallized to a saccha-
roidal marble, as described earlier. The alteration patterns

developed in impure limestones depend upon the amount and nature
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of impurities., One of the simplest impﬁrities in limestone is
quartz and where this is present, wollastonite is to be expected
if temperatures reached a sufficiently high level. A wollas-
tonite-rich rock has been found at a limestone-sandstone junction
and in borehole 40 this rock reaches 50 cms in thickness and
consists mainly of wollastonite, calcite and some minor clino-
pyroxene. The wollastonite occurs as long, radiating crystals
up to 5 mm in length (Plate 3.6). An association of quartsz,
calcite and wollastonite needles is illustrated in Plate 3.7,
the Wollastonite actually growing into the quartz at position A.
This wollastonite-rich rock is found in borehgles 40, 41 and 45,
occuring at 5.8, 7.2 and 7.1 m from the contact respectively.
Wollastonite has been recorded previously from the contact rocks
of the Whin Sill but Hutchings (1898) noted that it was only of
rare oceurrence.,

Where limestones contain small ﬁisps and pockets of clay
minerals rather than quartz, the development of garnet is found.
This is seen in sample 43/21, a fine-grained, saccharoidal
marble, 21 m ifrom the contact, which contains thin, grey-green,
irregular wisps of argillaceous material. In thin-section the
wisps, which are full of carbonaceous material, are a dull,
earthy-brown colour and consist of fine-grained, recrystallized
sericitic material. Garnets are abundant in these wisps and
range up to 1 mm in size, they are usually concentrated around
the edéés of the thin wisps of material (Plate 3.8). Where the
garnets abut against the argillaceous wisps, they are usually
xenoblastic, full of inclusions and have abundant fractures.

A medium-grained, saccharoidal limestone 6 m from the




Plate 3.7 Sample 40/7. Showing quartz, (clearer grains)
and calcite with thin, radiating grains of
wollastonite. Wollastonite replacing quartz at

Ao (x100)

Plate 3.8 Sample 43/21. Showing junction between fine-
grained, argillaceous horizon and saccharoidal

marble with xenoblastic garnets at the Jjunction.

(x50)

Plate 3.9 Sample 44/12. Small xenoblastic datolite crystals
set in a medium-grained, saccharoidal marble,

(x100)
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contact, with only small amounts of impurities, has'clusters of
small, gfanular, xenoblastic crystals ranging in size from {0.05
to 0.25 mm in size, These crystals are readily distinguishable
from the surrounding calcite because of their low-order iﬁter—
ference colours (Plate 3.9) and were initially thought to be
monticellite, TFurther optical and electron mincroproﬁe work
suggests that they are datolite, this being the first recorded
instance of this mineral from the contact rocks of the Whin

Sill aureole,

Calc-silicate lenses in marbles

Calc-silicate lenses, as seen in Plate 3.5, ére well developed
in the Melmerby Scar Limestone, in boreholes 18, 19, 43 and Lk.
These lenses vary from a few millimetres up to several centi-
metres in thickness, when the rocks grade into calcareous shales.
In the majority of cases the lenses have a sharp but irregular
junction with the enclosing saccharoidal marble. Xnill (1966)
deséribed these calc-silicate rocks as the products of the mixing
of limestone and the Whin magma but petrographic examination
shows them to be simply argillaceocus horizons which have been
metamorphosed. The equivalent unmetamorphosed material is
present towards the edge of the metémorphic aureole,as seen in
borehole 47, where unaltered wisps and lenses of shale are
present in grey limestone over 25 m from the sill contact. In
some specimens closer to the contact, the original character of
this material may also be seen. Sample 43/6, 1.5 m from the
contact, is a calc-silicate band included in a saccharoi&al
marble, consising dominantly of greenish-coloured, recrystal-

lized chlorite in which is set a hard, red-coloured adinole band.
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In thin-sectioq the red adinole band consists of corroded quartz,
set in a fine-grained, cloudy groundmass, which electron micro-
probe analysis (Chapter V) has shown to be sodic feldspar. AA
portion of the red band is shown in Plate 3.10, where quartz
grains are set in a fine-grained matrix of feldspar. The
original charaoter of the feldspar matrix is rarely éeen but in
places fine-grained sericite is visible and represents the
original illite matrix, An area of sericite surrounded by fine-
grained feldspar is shown in Plate 3.11, The hard, flinty
character of the réd bands is the result of cementing of the
quartz grains by the formation of the fine-grained feldspar.
Normally, the original illitic material, in these lenses,
is completely altered as in sample 43/6. In this specimen, the
red-coloured material consists dominantly of very fine-grained
feldspar and quartz, barely resolved using x100 magnification,
This cryptocrfstalline mixture of feldspar and quartz is a
typical adinole. Coarser-grained feldspar is present in some
areas as shown in Plate 3.12, here the north-east corner consists
of fine-grained feldspar, while the rest of the field of view
shows coarser feldspar with minor quartz. All the feldspar has
a reddish-colour which is especially seen in plane-polarised
light, although areas of a deepish red colour may be seen in
Plate 3.12, Rarely, feldspar laths up to 1.5 mm in length
showing albite twinning may be seen, as in Plate 3.13. These
feldspars are also red in colour but in this Plate, individual,

irregular grains of hsematite are present, with translucent

red edges.

Associated with the red adinole bands in hand-specimen are




Plate 3.10

Plate 3.1l

Plate 3.12

Sample 43/6. Showing corroded quartz grains set

in a matrix of fine-grained feldspar.  (x100)

Sample 43/3. Central area of light-coloured,
fine-grained sericite, surrounded by darker,

fine-grained feldspar and quartz. (x80)

Sample 43/3. Consisting dominantly of red-
coloured feldspar, with fine~grained material in

the north-east cornmer.  (x100)
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large areas of material which is fine-grained and green in colour.
These areas have a varied mineralogy, the dominant minerals
present are fine-grained chlorite, garnet and calcite. The
chlorite constitutes the general groundmass, ranging from Qeny
fine-grained material to radiating clumps of crystals up to 4 mm
in length (Plate 3.14). This chlorite mst represent original
sedimentary chlorite which has recrystallized in response to the
metamorphism. Intergrown with this chlorite, as in sample 43/3,
are crystals of possible amphibole, althpugh exact identification
is difficult because of the fine-grained nature of the material.
Garnet appears abundantly in this chlorite matrix, showing a
great variety in form and grain-size. It often forms large,
granular masses due to the coalescence of numerous single grains.
The garnets are usually crowded with inclusions of quartz,
calcite and carbonaceous material. Where individual garnet
grains have not coalesced completely, a variety of interstitial
minerals may be present. An area of fine-grained chlorite with
idioblastic epidote crystals, surrounded by massive garnét
crowded with inclusions, is shown in Plate 3.15. Garnet always

| forms as a rim to the adinole areas described above, as shown in
‘Plate 3.16, here the garnet is seen to border very fine-grained
feldspar iﬁ the north of the Plate. The same feature is shown

in Plate 3.17, where a small lens of coarser-grained feldspar 1 mm
long, is surrounded by.a narrow rim (0.04 mm) of xenoblastic
gérnet. The whole lens is set in a matrix of radiating chlorite

with crystals of calcite and sub-idioblastic garnets. A mineral

always occurring as an interstitial phase to garnet is prehnite,
which is shown in the southern part of Plate 3,16. Garnets inc-

luded in the prehnite or growing into it (Plate 5.2), have




Plate 3,13  Sample 4i/9. Feldspar laths, showing albite
twinning, associated with irregular grains of

haematite. Opaque grains are haematite.  (x100)

Plate 3.14 Sample L43/22. Showing radiating grains of
chlorite associated with epidote and set in a

fine-grained chloritic matrix. (x100)

Plate 3.15 Sample 43/3. Idioblastic epidote crystals in
a fine-grained chloritic matrix, surrounded by

massive garﬁet crowded with inclusions, (x100)
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idioblastic outlines whereas the edges abutting against the fine-
grained feldspar area, show non-rational boundaries., This record
of prehnite, is the first occurence in the Whin Sill aureole.
Occasionally minor amounts of other minerals such as ido-
crase and wollastonite are seen in calc-silicate lenses in the

marble,

Calcareous shales

Calcareous shales are particularly developed at limestone-
shéle Jjunctions and show similar alteration patterns to the calc-
silicate lenses described above. Differences are present, mainly
in the proportion of sulphide material present, due to its
concentration at limestone-shale junctions. A mudstone band 1 m
from the contacf, in the Melmerby Scar Limestone (44/11), shows
the development of a calc-silicate band with abundant sulphides.
The sulphide is mainly pyrite,'although‘some pyrrhotite is present
in sample AA/?S; The junction between the shale and limestone
is marked by sub-idioblastic garnets which are relatively free
of inclusions. Red-coloured adinole bands are also present in
these calcareous shales and are usually set in a chloritic
groundmass heavily charged with carbonaceous matter., Elongate
needles of‘apatite are usually ab@ﬁanﬁ and are often seen growing
into garnet (Plate 5.3). Small calcite nodules, in these shales,
usually show the main mineral development. A calcite nodule,
from sample 43/22, in which new mineral growth is seen, is
illustrated in Plate 3.18. Idioblastic grains of epidote
up to 1.2 mm in length are set in calcite and are associated
with radiating crystals of chlorite and sub-idioblastic

garnets which show anisotropism. Where the shale and carbonate




Plate 3.16 Sample 43/3. Fine-grained feldspar occupying
central and northern areas of the plate, with
a narrow rim of garnet, associated with prehnite,

in the very south of the plate. (x150)

Analyses 43/-4 to 9  Fine-grained feldspar, 6 points

(Appendix 5.2).

Plate 3.17 Sample 43/3. Small lens of feldspar rimmed by
garnet and set in radiating chlorite with

crystals of calcite and sub-idioblastic garnet,

(x100)

Plate 3.18 Sample 43/22. Elongate grains of idioblastic
epidote in a calcite matrix, with associated

radiating chlorite and anisotropic garnet. (x50)
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fraction have been more admixed there is the development of a
cryptocrystalline mixture of feldspar and quartz, associated
with fine-grained, granular epidote as illustrated in Plate 3.19.
An unusuel development of a banded, calc-silicate rock 6 cms
thick, is seen at the Whin contact in borehole 35.. A polished
surface of this specimen (35/4) is illustrated in Plate 3.k,
which shows the banded nature of the sample. The lower darkened
surface is the actual contact with the Whin; this and the red-
coloured material consist of a cryptocrystalline mixture of
quartz and feldspar. The white-greyish bands consist of massive
garnet, which is full of inclusions of quartz and caléite.
Various minerals are found interstitial to the garnet, small
grains of xenoblastic pyroxene with some prehnite and included
needles of apatite are present in sample 35/4. The greenish and
faint purple coloured bands (Plate 3.4) consist of various
mixtures of fine-grained epidote, calcite with some pyroxene.
Epidote is very abundant, Plate 3.20 shows fine-grained; Xxeno-
blastic epidote which is in optical continuity. No original
sedimentary material wés seen in this particular sample, which

is unusual as chlorite is usually present in most samples.

SPATIAL DISTRIBUTION OF MINERALS FROM WHIN SILL CONTACT

The spatial distribution of minerals in the Whin Sill
aureole, Upper Teesdale, is shown in Fig. 3.3.

Epidote is the most widely distributed mineral‘in the
agureole and extends to ower 25 m from the contact. The actual
distance to which it extends is not known because in boreholes
46 and 47 the upper contact of the ﬁhin was not entered. The

extent of metamorphism and the presence of a hard, quartzo-




Plate 3.19

Plate 3.20

Sample 44/5. TFine-grained mixture of feldspar
and quartz with granular, fine-grained epidote.

(x100)

Sample 35/4. Fine-grained, xenoblastic epidote

in optical continuity. (x50)
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feldspathic rock, at the base of borehole 46 is, however, -
suggestive that the sill is quite close in this borehole.

Garnet extends almost as far as epidote and is found to
almost 23 m from the contact. This appears to mark a fairty
well defined limit to the formation of garnet, as the appro-
priate rock type is seen in samples‘47/10 and 47/9 but no garnet
is developed. There appears to be a break in occurence of these
two minerals between 10 and 20 m, but it is more apparent fhan
real because of the lack of sémples of appropriate composition
over this range.

Feldspar is recorded from the contact to aimost 11m
distant, but its actual limit is not known, although it is not
recorded from the.samples greater than 20 m from the contact.

The remaining minerals, as shown in Fig. 3.3, are re-
stricted to within 8 m of the contact. This restriction is real,
as samples of appropriate bulk composition are found between 8
and 10 m and greater than 20 m from the contact, but these
minerals are not recordéd at these distances. The restriction
of prehnite to within 8 m from the contact is unusual because it
is a low-temperature mineral and might have been expected at

greater distances from the contact.

WHIN SILL METAMORPHISM IN AREAS OUTSIDE UPPER TEESDALE

The metamorphic effects described in the preceding pages
are those found particularly in sediments from ébove the upper
contact of the Whin Sill, in the Cow Green area of Upper Teesdale.
In this area/metamorphism is at -a maximum, elsewhere the meta-
morphism associated with the sill is very restricted.

The Barrasford area, Northumberland, shows the second




Figure 3.3 Spatial distribution of minerals from Whin

5ill contact,.

Sample numbers for typical examples are shown against each line,
dotted line indicates absence of a mineral due to lack of

specimens of appropriate composition,
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greatest.metamorphic effect, with.the development of idocrase,
garnet and pyroxene in ;mpure limestones and iron-rich bands, as
described by Smythe (1950) and Randall (1959). " ifuch of this
mineral development, however, is seen in a limestone raff included
in the sill, but mineral development is élso recorded from
impure limestones adjacent to the sill, with garnet and idocrase
developed within 1 m of the contact (Smythe, 1950). A
Tn the Rookhope and Woodland boreholes (Dunhem et al., 1965;
Harrison, 1968) metamofphism is virtually non-existent, in
comparison. Induration of the sediments has occurred, and spotting
is developed up to 4O m from the contact. Similarly in the
Ninebarks borehole, spotting and induration has occurred but a
small, calcareous nodule L4 m from the lower contact, shows the
presence of recrystallized chlorite and idioblastic quartaz.
 Samples from close to the contact in the Throckley borehole,
.Northumberland, have been examined by kind permission of
Dr. A. C. Dunham. In these samples, development of minor garnet

is seen in an impure limestone less than 1 m from the contact.

COMPARISONS WITH OTHER DOLERITE INTRUSIONS

The mineralogy developed in the conﬁact aureole of the
Whin Sill is quite similar to that described recently by Van
Houten (1971), associated with diabase sills in the New Jersey
area, Calc-silicate hornfels is developed within 50 m of a
sill and contains diopside-hedenbergite, andradite, grossular,
prehnite, datolite, idocrase and wollastonite, Major meta-
morphic effects are detectable to about i}h and 200 to 240 m
above 90 and 250 to 300 m sills respectively. The metamorphism

is more extensive than that associated with the Vhin S5ill, as




metamorphic mineral assembiages are ‘only detectable to apprbximateLy

25 m from the 73 m intrusion in Upper Teesdale. The diabase

sills of fhe New Jersey area are, however, part of the Palisade

intrusion, in which differentiation, possibly due to convective

circulation of the magma (Van Houten, 1969) is well developed.

The association of a number of thick sills showing convective

circulation, probably accounts for the greater metamorphism seen |

in -the New Jersey.area, as compared to the Whin 3ill aureole.
Phemister and MapGregor (l9ﬁ2) recorded grossular/andradite

garnet and datolite in an impure limestone, within 10 m of a

thick sill of quartz-dolerite near Kirkcaldy, Fife.

Conclusions

In the Whin Sill aureole, calcareous sediments show the
greafest metamorphic effect and new mineral assemblages are
developed over 25 m from the contact. Calc-silicate lenses,
found in warbles, have been derived from the metamorphism of
argiilaceous lenses in the limestones and are not formed as a
result of the mixing of Whin magma and limestone.

The maiﬁ minerals developed are as follows:~ garnet,
sodic feldspar, epidote, wollastonite, idocrase, clinopyroxene,
amphibole, prehnite and datolite. Of these minerals prehnite
and datolite and recorded for the first time in the Whin aureole.

Wollastonite, which has been found previously in only small
amounts, occurs in places at the junction of the Lower Robinson
and underlying sandstone, in a band up to 50 cms thick. The
sodic feldspar occurs in cryptocrystalline, red-coloured adinole

masses, which are found in the calc-silicate lenses.
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Carnet and epidote are both found over 20 m from the contact,
epidote extending to over 25 m. The remaining minerals mentioned

above, are restricted mainly to within 10 m from the contact.




Appéndix 3,1 Separation of clay-fraction

In order to obtain reasonable peaks and easier identification,
all the samples X-rayed for clay mineral polymorph and crystal-
'1inity were separated as follows. |

Samples were initially crushed using a roll-jaw crusher and
then the sample was coned and quartered. The sample was then
further crushed using a tungsten-carbide ball-mill. This method
was preferred to the Tema disc-mill which would possibly have
resulted in the deformation and alteration of the crystal lattice.
The resultant powder from the ball-mill was centrifuged in water
for 2 to 4 minutes, and then the upper layer, consisting mainly of
clay minerals, was removed with a spatula and dried gently in an
oven at 80°C. Thi; powder, on X-raying, proved sufficiently pure
for the purpose of polymorph identification.

An estimate of the purity achieved using this method was
obtained by the quanfitative measurement of quartz present in the
sample. This was done by a differential thermal analysis method
(D.T.A.) involving the measurement of the quartz inversion peak
(Bto <) on the cooling curve of the D.T.A. analysis. Known
amdunts of quartz were diluted with alumina, which was also used
as-the reference material. The displacement of the quartz
inversion peak from the base-line was measurel for each concen-
tration and averaged over two runs before a calibration curve

was plotted.

Id

Using this calibration curve, a normal sample of shale 21/8
was separated in the above manner and then run on the D.,T.A. to

obtain a cooling curve. The original unseparated sample avereged

over two runs gave a value of L% quartz while the samples run




after centrifuging gave a value of less than 5%. A feduction in
quartz, amounting to over 80% of the originai amount, has been
achieved in a very small time (2 to L minutes). For normal vork
this method proves itself superior to the time-consuming sus-

pension method of clay separation.




Appendix 3.2 K-ray diffraction of separated clay-fractions‘

The samples were run on a Phillips PW 1130 generator of 2KW
rating, with a Co X-ray tube. The conditions for analysis are

given below:

[o]

Rating 2KW Scatter slit 1

Target Co v Attenuation 1 volt

Filter Fe Window 12 volts

KV 60 Rate meter L

MA » 30 Time constant L

Divergence siit 1° Scanning speed %929/minute
Receiving slit 0.1° Chart speed 80 cm per hour

Proportional counter with discriminator, was used throughout.
The chart speed used, was that giving the largest peaks consistent
with reproduci_bility.

Cavity mounts were used rather than smear mounts which tend
to produce some orientation of layered silicates. Each sample
was oscillatory scanned over the range 8 to 12 X, for three
readings and then a second cavity mount, of the same sample, was
scanned three times and the calibration data (Appendix 3.3) are

based on the average of the six readings.




Appendix 3.3 Calibration data for crystallinity and polymorphism

of illite

0 0
Sample Distance from 10 A peak- 10 A peak- Peak-height: Polymorph

contact width height ~ width
(m) (zm) (mm)

43/30 ~ 3L.0 - 7.6 27 3.6 1Md
40/26 30.2 13.7 37 2.7 1Md
43/28 30.2 8.0 3l 4.2 1Md
43/27 29.1 7.6 28 3.7 1Md
40/25 28.6 7.4 26 3.5 1Md
40/23 25.9 8.7 114 13.1 oM
L/20 by 9.3 21 2.3 1M, 1M
43/23 22,1 5.8 2l 4.1 1M, 1Md
40/16 18.4 12, 38 3.1 1M
41/15 16.8 8.2 8l 10.2 1M
40/15 .9 - 6.3 86 13.7 2u
43/16 13,2 4.3 2k 5.6 1Md
L /1) . 10,8 5.1 8l 16.5 oM
40/11 9.1 4.7 95 20,2 2M
44/10 4.8 b6 53 11.5 1M, 2M
10/6 b7 6.8 60 8.8 1M
43/9 . L7 5.1 199 - 39.0 2M
L/32 3.9 6.3 85 13.5 1M, 2M
140/5 3.5 5.9 L6 7.8 1M

2M

43/8 3.2 5.8 225 38.8




CHAPTER IV

WHOLE ROCK GEOCHEMISTRY

ARGILIACEQUS SEDIMENTS - MAJOR ELEMiNTS

A suite of argillaceous sediments, from boreholes at Rookhope
and Upper Teesdale, have been analysed for eleven major elements
by X-ray fluorescence. The results of the analyses are tabulated
in Appendix 4.1. One of the main aims of the study was to examine
equivalent metamorphosed and unmetamorphosed beds to establish
whether any redistribution of ﬁajor elements had occurred during
the metamorphism. The samples of unaltered sediments were obtained
from the Lower Limestone Group of the Rookhope borehole, which are
stratigraphically equivalent to the metamorphosed beds of Upper
Teesdale,

Particular emphasis was placed on the alkali (NagO,KZO)
content of the éediments, in order to re-examine Hutchings's
proposal (1895, 1898) that there has been a metasomatic transfer

- of alkalies from the Whin Sill to the metamorphosed sediments.

Results of alkali determinations

Plots of Na,0 and K,0 weight percent in samples are shown .

2
-against borehole depth in Figs. 4.1 and 4.2. The first Rookhope
borehole section shows the concentratioﬁ of the two oxides in
sediments from the unmetamorphosed Lower Limestone Group. In
these, Nay0 is consistently below 1%, K,0 is more variable
ranging from 4 to 7%. These values are typical for 'normal'

shales with K,0 in excess of Nay0, which is usually less than 1%.

The remaining five sections show plots of samples from various




Figu're‘h..l Variation in Nap0 and K50 concentrations in the

argillaceous sediments.

Borehole .depth shown adjacent to each section. The table
beneath the first borehole section shows Nao0 and Kp0 values

for individual samples' from boreholes not illustrated.

Legend

Limestone

Argillaceous and arenaceous sediments

&1 - Whin Sill
i 4
RdOKHOPE Rookhope borehole
“B.4O
B.41 ‘
Cow Green boreholes -
B.43
Bl |
- M.S.L. "~ Melmerby Scar Limestone
L.RO. . Lower Robinson Limestone
U.RO. Upper Robinson Limes‘tone
PE. Peghorn Limestone
SM. Smiddy Limestone
T.BO. Tyne Bottom Limestone
S.PO. | Single Post Limestone
[0) Nap0 values.
Q K20~ values
A separated Na20 values
+ separated Ko0 values
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boreholes up to 45 m from the Whin S8ill contact.
In the second Rookhope borehole section (Fig. 4.1), above
' the Gfeat Whin Sill, Na20 remains below L% for all samples.
K0 is more variable, ranging mainly from 2 to 6% but no parti-
cularvvariation,is seen. Borehole 40, from Cow Green, also shows
Nay0 below 1% except for one sample (40/16) w‘ith‘l. 3% Nay0.
Similarly in borehole 4i only one sample (41/36) has a Nap0 value
higher than x%, and in this case is at the virtual contact.
Boreholes 43 and Lk, howevef, show samples with widely VarYing
Nay0 cohtgnt. In these sections (Fig. L.2), sediments up to 10 m
from the contact have Naj0 less than L%; while samples closer to
the contact show a large vériétion
In borehole 43, a maximum Nay0 content of almosf-&% is seen
in a calcareous shale (43/10), at a depth of 48.9 m. The two
shale samples 43/9 and 143/8, below L43/10, show low Nay0 of 0.5%
and 0.4%, respectivély. A horizon of the Melmefby Scar Limestone
- is present in borehole 43, for a distance of 2.5 m from the
contact, in which are several thin, calc-silicate bands (Qescribed
in Chapter III). Specimens of this material have been separated
from the carbonate matrix and analysed. The material separated
from these lenses shows a high Nao0 content, in samples 43/l and
43/5, of 3.1% and 2.2% respectively. A similar relationship of
high Naj0 content from calc-silicate lenses in limestone is seen
'in borehole 4. Samples 44/7S and Lk/9S,at. depths of 31.7 and
.29.9 m respectively, are separated samples containing 3.6% and
5.1% Nap0. In the centre of a shale horizon, less than 2 m above
semple 14/9S, the sample 44/10 (at a depth of 28.3 m) shows less

than 1% Na_0, while at the upper. junction of this shale horizon

2




Figure 4.2 Variation in Nas0 and Ko0 concentrations of

sediments in boreholes 43 and LkL.

Borehole depth shown adjacent to each section, Symbols,

ornamentation and abbreviations as given in legend to Figure L4.l.
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with a limestone, sample L4/11l contains over 2 Na,0. In this
specimen a thin, red flinty band was carefully separated and on
Qnalysis gave almost 5.3% of Na20. An increase of Nas0 is also
seen in beds below the sill, as seen in borehole Lk.

There appears to be no consistent change in K,0 content in
relation to the variation in Nay0 contént. In a few instances
K50 appears depleted when Na20 is increased. This is seen in
samples L3/k and 43/5, at depths of 53.5 and 53.1 m, where K,,0
is 1.0% and 1.7% which is unusually low for thése sediments., In
.ofher samples there appears to be little change, as in sample
LL/98, which has a K,0 content of 2.6%. The depletion of Kp0 in
some cases may be ¢xp1ained by the reaction of illite with Na to
form sodic feldspar, in which most of the Na is found, with the
résultant release of inter-layer K, which is then subsequently
concentrated to form potassic feldspar. .Electron microprobe
analysis (Chapter V) has shown the presence of fine-grained,
potassic feldspar in narrow veinlets within some of these calc-
silicate lenses.

Also shown in Fig. 4.1 is a table with several alkali deter-

minations of NapO-rich beds from other boreholes,

Significance of alkali determinations

The analyses show that there has been patchy addition of
Na to argillaceous sediments in the aureole of the sill. There
is no steady increase of Nay0 towards the sill but the affected
sediments lie mainly Within'lo'm of the contact. This increase
was observed by Hutchings (1898) who noted the irregular pattern
but was unable to explain its nature. In the present investi-

gation, a definite correlation exists between the NaZO content
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and environment of the sample. The samples showing high Nay0 in
boreholes 43 and 44 occur as calc-silicate lenses within limestones
or as calcareous shales at shale-limestone junctions., Shales free
from calcareous material do not show any change in alkali content

from unaltered sediments.

Conclusions

Sodium is found to be increased in the metamofphosed sedi-
ments of the Whin Sill aureole. The increase appears to be
confined to calcareous shales or calc-silicate lenses in limestone,
mainly within 10 m of the contact. Potassium does not increase
but in a few cases it is depleted probably due to breakdown of
illite to form sodic feldspar, with the release of the inter-

layer K.

FACTOR ANALYSIS OF MAJOR ELEMENTS

The relationship between the alkali content of sediments
and the metamorphism has been discussed above., To examine what,
if any, effect the metamorphism has had on the distribution of
the remaining major elements, the data have been processed using
R-mode factor analysis. By this method, a complex pattern of
variables is reduced to a series of united factors which are more
readily interpreted than the raw data.

Twelve variables have been used in the analysié, eleven of
which are the normal major elements. -The other variable is the
distance of each sample from the Whin contact, which provides
some hypothetical nétation of metamorphic effect. The factor
analysis has been achieved using a computer programme written by

il.J. Reeves and described by Reeves and Saadi (1971). 411 data




were transformed to logarithms before analysis, because distribu-
tion of elements in nature approaches lognormal rather than
normal.

The eigenvalues, cumulative percentages and factor matrices
determined are given in Table 4.1, which shows that there are
four main factors accounting for over 90% of the observed chemical
variance. On passing from the varimax (Table 4.1B) to the promax
(Table L.1C) solution, it is seen that the minor loadings in
factors 2 and 4 are removed while many of the strong loadings

are increased.

Interpretation of factors

Four main factors are extracted, representing some 90% of the

total variance of the data. Over 40% of the variance is explained

by factor L.

Factor 1

This factor accounts for the variance in Nao0 content and
distance from contact. The distance has a negative loading
against the positive Nay0 variable. Thus as distance from the
contact decreases, there is an increase in Nap0 content. This
factor is interpreted as a metamorphic feature which has been
described previously. There is also a small positive loading for

Ti0.. but as this only lies slightly above the significance level

27
of 0.25, it is of doubtful significance.

Factor 2.
Positive loadings are present for Fep03, g0, nO and S.

Although MnO and 8 show high loadings their significance is




Table 4.1 PFactor analysis - major elements
A
Eigenvalue Cumulative percentage
0.210
0.359 9.03
0.743 19.68
1.031 33,26
1.709 55.76
3,360 100.00
B
Varimax factor matrix
Factor 1 2 3 4
5102 -0 334 -0.714
Fep03 0.720 0.384
Mg0 0.602 0.336
Ca0 0.833
Naps0 0.663 ’
Ti0p 0.287 0.734
Mn0 0.666
S 0.400
P50 0,824
Disgance from .
contact -0.524
C
Promax obligue factor matrix; Kmin = 5
Factor 1 2 3 L
$i0p -0.676
A1203 1.012
F6203 0. 695
Mg0 0.587
Cal 0.825
Na20 0. 696
Ti05 : 0.268 0.731
MnO 0.772 -0.375
S 0.425 : )
P>0 0.856
Disganceﬂfrom
contact -0.551

Loadings less than 0.250 omitted

.69.
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doubtful because of the low concentrations of these elements.

The loadings for FeZO3 and hig0 suggest this factor is due to |

variation in chlorite content of the samples, while the small

negative loading for 8105 (Varimax) is suggestive of a fall in quartz

content with increase in chlorite.

Pactor 3

This factor is bipolar with positive loadings for Cal and
PZOS- The high loading for Py05 is again suspect due to low
concentration. The large single loading remaining is probably

indicative of variation due to carbonate content.

Factor 4

Positive loadings are present for AlZOj’ Ko0 and T10s-
(promax). with a negative loading against 5i02. The high loadings
for A1203, K50 and Ti0, point to illite content accounting for
the observed variation. 4s the illite clay fraction increases

the quartz content decreases, explaining the negative loading

on Si02.

Conclusions

R-mode factor analysis has shown that four factors account
for over 90% of the observed chemical variation. 0f these
factors, 2, 3 and l are sedimentary features. Factor L4 is
dominant, with the change in illite percentage accounting for
more than 407 of the variation.

Factor 1, correlating Na,0 wiﬁh distance from content, is
interpreted as a metamorphic feature and as such is the only

variation in maJjor element geochemistry of the sediments which




can be explained by the contact metamorphism, This factor only
accounts for just over 10% of the chemical variation and, there-
fore, is of minor volumetric importance compared to the other

factors.,

ARGILLACEQUS SEDIMENTS - TRACE ELEMENTS

Thirty-one argillaceous sediments, from two boreholes, have
been analysed for eight trace elements as foilows:— Zn, Cu, Ni,
Ba, Zr, Y, 8r and Rb. The results of the analyses are tabulated
in Appendix 4.2. No previous determinations of trace element
contents, in the sediments adjacent to the Whin S1ill, have been
made. Trace element variation in other contact aureoles has,
however, been examined by various workers including Ghose (1965),
Joyce (1970) and Wodzicki (1971).

One of the problems in the investigation of trace element
variation, around igneous bodiés, is thé assumption that the
original sediments were homogenous. This assumption_is most
valid where one particular unit can be traced from outside the
aureole up to the igneous contact. This method was followed‘hy
Joyce (1970) who noted an enrichment in Y and ﬁa, with a decrease
iﬁ B, towards an intrusive, granitic body. Ghose (1965) and
Wodzicki (1971) both‘studied areas in which regional metamorphic
rocks had been intruded by granitic bodies., Of the seven trace
elements determined in the present survey, Ghose examined five
(Cu, Ni, Ba, Y and Sr) and Wodzicki three (Zn, Cu and Ni),

Ghose found a decrease, in pelitic hornfelses towards the
contact, of all the five elements except Y which increased.

Wodzicki showed a depletion in Cu and Zn at the outer edge of the
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Summary statistics and correlation.coefficients -

Table 4.2

trace elements
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aureole, followed by a rise in concentration which decreased
adjacent to the intrusion.

In the present study, a singie argillaceous horizon cannot
be traced from outside the aureole up to the contact because of
the generally conformable sill-like nature of the intrusion.

The assumption of initial homogenity is, therefore, less accurate
in the present case, where different stratigraphical horizons
have been saﬁbled.

The trace element values are presented in Appendix 4.2, and
the summary statistics and correlation coefficients in Table 4.2.
The summary statistiés show that Cu occurs in the lowést concen-
trations with a standard deviation of 13.7 ppm, while Ba occurs
in the highest concentrations. The correlation coéfficients show
that no single element has a strong correlation with distance
from the contact; the only strong correlation seen is that between

Y and Rb.

FACTOR ANALYSIS OF TRACE ELEMENTS

Nine variables in thirty-one samples have been processed using

R-mode factor analysis. The nine variables include the eight

trace elements, listed above, and the distance of each sample

from the contact. The eigenvalues, cumulative percentages and
factor matrices are given in Table 4.5 and these show that four
main factors account for nearly 98% of the observed variance of
data. On passing from the varimax (Table 4.3B) to the promax
oblique solution (Table 4.3C), most of the higher loadings are

increased while some minor loadings are removed,



Table 4.3 Factor analysis - trace elements

o e

A
Eigenvalue Cumulative percentage
0.102 2,05
0.398 8.50
0.761 20.87
1.584 46.20
3,318 100.00
B
Varimax factor matrix
Factor 1 2 3 L
Zn 0.56L.
Cu -0.511
Zr 0.783 )
Y 0.432 0.400 -0,618 0.389
Sr : 0.983
Rb 10,964
Distance from
contact 0.652
c
Promax oblique factor matrix, K min = 7
Factor 1 2 3 L
Zn 0,717
Cu -0.276 -0,706
Ni ~-1.082
Ba 0.458 0.259
Zr 1,021 0.284
Y o 0.315 ~0.556
Sr 1.138
Rb 1.034
Distance from
contact . 0.922
Loadings less than 0.250 omitted
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Interpretation of factors

Factor 1

This factor shows strong positive (promax) loadings for Zn
and distance from the contact with a moderate positive loading
for Ba. This is the only factor to show a significant loading
for distance from the contact. It is suggestive of a metamorphic
origin with a decrease of Zn and Ba towards the contact. It is
probable that Zn, in the argillaceous sediments, is associated
with chlorite, replac_ ing Mg and Fe2+ ions., Recrystallization of
the chlorite would possibly lead to the loss of Zn from the
lattice, due to its volatility. This factor, however, is rather
insignificant, accounting for less than 7% of the total varigtion

of the data.

Factor 2.

Positive loadings for Zr and Y are shown with a low negative
loading; for Cu. The strong loading, for Zr suggests that the
_resistate fraction of the sediments controls this factor. Most
of the Zr is probably found in detrital zircon. The small
loading for Y, which has decreased from varimaxz to promax solution,
is probably explained by its incorporation into zircon or apatite
crystals. The negative loading for Cu isfdoubtful significance

due to it being just above the significance level of 0.250.

Factor 3

Strong negative loadings are seen for Cu, Ni and Y, with a
small positive loading for Zr. The interpretation of this factor
has proved difficult, although Ni may well be associated with Mg

in the chlorite structure.



Factor L

This factor accounts for over 5Q% of the observed variance.
Strong positive loadings are seen for Sr and Rb, while a minor
positive loading is present for Ba. The strong loadingfor Rb
suggests that this factor is associated with the hydrolysate
fraction of the sediments, the Rb exchanging for K in the inter-
layer position in illite. 1In sediments, Sr is often introduced
by secondary infiltration (Goldschmidt, 1954) and is fixed in
the clay-fraction by base exchange. Both elements, therefore,
support the interpretation that factor 4 is explained by the

variation in the clay-fraction content.

Conclusions

R-mode factor aznalysis has extracted four main factors,
accounting for almost 9&% of the trace element data variance.

A decrease in Zn and Ba towards the contact may-be inter-
preted from factor 1 but is only of minor significance., Factor 4
is most important, accounting for over 50% of the variance. This
is interpreted aslvariation due to changes in the hydrolysate
fraction of the sediment., A decrease in Zn towards the contact
agrees with the results of Ghose (1965) and Wodzicki (1971),
although they found decreases in other elements, as mentioned
earlier, An increase in Y, as recorded by Ghose and Wodzicki
was not seen in the present survey. It was not possible to
examine the trace element variation within a single horizon,
versus distance from the contact, in the present study. Thus
the commentslmade on factor 1 may not be dependable as-it is
probable that much of the variation is due to changes in the

lithology of the sediments.
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LIMESTONE GEOCHEMISTRY

The limestones of the northern Pennimesare relatively pure
and contain only minor quantities of argillaceous and carbon-
aceous impurities. Frost (1969) has shovn that the Cal content
of limestones from the Lower Limestone Group of Otterburn, North-
umberland, is in the narrow range of 53 to 55%. For this reason,
in the examination of limestones, emphasis was directed towards
the trace element content. Strontium is o% particular interest,
as it is known that even diagenetic recrystallization of lime-
stones results in the loss of Sr from the crystal lattice of
calcite (Kulp et al., 1952). Little work, however, appears to
have been undertaken on the variation in trace element content of
limestones subjected to fhermal metamorphism., Ghose (1965) noted
an ipcrease in Ba and Cu and a decrease in Sr in regional meta-

morphosed limestones, from the contact aureole of a granitic body.

Trace element analysis

Thirty-six limestone samples, from five boreholes, were
analysed by X-ray fluorescence for seven trace elements as
follows: Zr, Cu, Zn, Ni, Ba, Sr and Rb. A further thirty-one
samples have also been analysed for Sr and Ba only. In the first
series, Zr, Zn, Ni and Rb were found to be present in low concen-
trations (close to or below the detection limits of the method of
analysis, Table 1.1). Of the remaining elements, Sr has proved
of greatest velue and interest. The data for the trace elements,

determined in the limestones, are given in Appendix L.3.

Results of strontium determinations

For comparative purposes, Sr has been determined in limestones

S



from the Rookhope borehole and these results are given in Table L.L.

Table Lok Strontium and C determinations in limestones . frem

the Rookhope borehole

Sample Limestone Type of Depth ~ Sr C wt. o
horizon limestone m ppm

RB56 lielmerby Light-grey, 3674 465 0.21
Scar Limestone pseudobrecciated

RB57 Melmerby Light-grey, 36k.,2 432 0.39
Scar Limestone pseudobrecciated

RB59 Melmerby Light-grey, 360.8 878 0.16
Scar Limestone pseudobrecciated

RB69 Robinson Light-grey _ 345.6 1114 0.49
Limestone

RB72 Upper Smiddy Dark-blue, 315.5 2181 0.63
Limestone grey

RB75 Tyne Bottom Dark-grey 175.9 2881 0.69
Limestone

RB78 Scar Light-grey 142.3 1120 0.14
Limestone '

RB81 Great Light-grey 13.3 1633 0.31
Limestone

The Melmerby Scar Limestone shows low concentrations of Sr (RB56,
‘57 and 59). These limestones, however, have suffered extensive
diagenetic recrystallization and appear to be brecciated
(Dunham et al., 1965). Light-grey limestones, similar to the
Melmerby Scar Limestone but in vhich diagenetic recrystaliization
is not so evident, have higher Sr values, in the region of 1100
to 1600 ppm (RB69, 78 and 81). The low values of Sr in the
pseudobrecciated limestones may, therefore, be attributed to
theirextensive recrystallization.

Dark-grey limestones usually have Sr values greater than
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2000 ppm. Samples RB72 and RB75 have 2181 and 2881 ppm, respec-
tively. From these results, it is feasible to suggest 'background
values' for Sr in the light and dark-grey limestones, in the
region of 1100 to 1600 and 2000 to 3000 ppm, respectively. Ineson
(1969) obtained an average value of 1750 ppm Sr in the grey, Great
Limestone of the northern Pennines. It is probable that both
types of limestones had, originally, comparable Sr concentrations.
Kulp et al. (1952) have shown that the Sr content in a limestone
is dependent on the Sr/Ca ratic of the sea-water during deposition.
The fossils in the limestone contain 8r a factor of two higher
than the carbonate matrix., As Eoth types of limestone are bio-
clastic, it seeﬁs likely that the difference in 'background
values' of Sr is a result of a diagenetic recrystallization (Johnson
and Dunham, 1963) in the light-coloured limestones.

Figures 4.3 and L.L4 show Sr values, in Teesdale boreholes,
ub to 35 m from the Whin Sill contact. Boreholes 17, 18, 21, 22
and 35 are dominated by the light-grey Melmerby Scar and Robinson
Limestones. The saccharoidal marble from boreholes 17, 18, 22
“and 35 shows consiséently low Sr contents, with concentrations
below 500 ppm. Boreholes 17 and 18 show values constant around
300 ppm, up to 27 m from the contact., At distances greater than
27 m from the contact, in these b&reholes, theASr concentration.
rises to between 1000 and 1200 ppm in non~saccharoidal limestone.
These concentrationé are considtent with the values obtained for
unmetamorphosed limestones. It appears, therefore, thgt there is
a limit to metamorphic Sr loss, from the limestones, in the region
of 27 m from the contact. Figures 3.2A and 3.2B (p.37), showing

the grain-size distributions of calcite in saccharoidal marbles,




Figure 4.3 Strontium variation in limestones from the

Cow Green boreholes.

Abbreviations as given in legend to Figure 4.1

Figure L4.k4. Strontium variation in limestones from the

Cow Green boreholes.

Ornamentation as given in Figure 4.3 and abbreviations as

given in legend to Figure 4.1.
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Figure 4.3
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show a decrease in the slope of the curves in the region of 25 m
from the contact. This marks the effective limit of marmori-
zation, which correlates well with the rise in Sr concentration,
to a 'background value' in thé region of 27 m from the contact.

Borehole 22 shows low values of Sr extending up to 30 m from
the contact. In this case the mineral vein, shown in Fig. 4.3,
is believed to have caused fhe extra depletion. Ineson (1969)
has shown that Sr is depleted in limestones up to 9 m around
mineral veins.

&n interesting feature of the marbles is that there is a
relatively constant value for Sr; over a distance of 25 m from
the contact. Boreholes 17 and 18 show consistent Sr concen-
trations in the region of 300 ppm. A decrease in Sr towards the
contact might have been expected as a result of increasing grain-
size in the mérblem This Sr decrease is not seen, and suggests

that an appfoach to total recrystallization of the original lime-
stone occurs even in the production of fine-grained, saccharoidal
marble.

Boreholes 39, LO and 41 (Fig. L.L) show stratigraphical
sections in which limestones above the Melmerby Scar are dominant.
In these sections, dark iimestoneé occur in eqﬁal abundance with
light—coloured limestoneé. The dark limestones show Sr in concen-
trations usually greater than 2000 ppm. However, the majority of .
the samples analysed lie within the limit of marmorization,
recogniséd previcusly as 25 m from the contact. Dark limestones,
with high Sr, are also intercalated with marbles containing low
Sr. The Peghorn Limestone (borehole 40) shows this feature with

two dark lenses of limestone interbedded with marbles. The two
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dark limestoneshave-lSOl and 2257 ppm ST respeétively (L0/22 and
40/19), vhile the marbles have values of 7hl, 17l and 581 ppm Sr
'(40/21, 40/20 and 40/18). Petrographic examination has shown that
the dark limestones, even close to the contact, are virtually
unrecrystallized. The absence of recrystallization is a result
‘of the inhibiting effect of the organic carbon in these dark

limestones, as explained previously by the writer (Robinson, 1971).

Barium and Cu determinations

The Ba and Cu fesults are given in Apﬁendix 4.3, Ba has an
averagé value of 53 ppm but values range from non-detectable to
208 ppm. Copper values are lower, with an average concentration
of 7 ppm and ranging from non-detectable to 23 ppm. No particular

pattern of variation could be detected for these two elements.

Conclusions

The reéults of seven trace elements determinations have shown
that Sr is of most value; of the remaining six, only Ba and Cu
were consistently above the detection limit of analysis. The
marmorization of light-coloured 1imestones has resulted in a loss
of Sr, from a "background' concentration of 1200 to 1600 ppm, to
values mainly in the range of 200 to 400 ppm. Strontium, in bore-
holes 17 and 18, is depleted to an average value of 301 ppm
(std. dev. 58 ppm), up to 25 m from the contact. At distances
greater than 25 m, from the contact, the Sr values rise to their
tbackground values'. Strontium is not depleted in dark-coloured

limestones because these sediments have not suffered recrystalli-

zation.




FACTOR ANALYSIS OF TRACE ELEMeNTS

Five variables in th_irty-six limestone samples have been
exémined using factor analysis. The five variables used were
concentrations of Sr, Ba and Cu; distance from contact and an
integer representing marble (1),light, unaltered limestone (2)
or unrecrystalliéed,dark limestone (3).

Only two main factors were obtained, as shown in Table 4.5.

Table 4.5, Factor Analysis - limestones.
Eigenvalue Cumulative percentage
0.117 A v
0.212 19.68
1,345 ' 100
Varimax factor matrix Promsx oblique factor matrix,
K min = 2
Factor 1 2 Pactor - 1 2
Sr 0,800 Sr , ¢.800
Ba Ba
Cu -312 ‘ Cu -0.318
Distance 0.340 Distance 0.336
from contact from contact
Type of 0.790 Type of v 0.792
limestone limestone

Loadings less than 0.250 omitted.

Interpretation of factors

Factor 1

This. factor is bipolar with a positive loading for distance
from contact and a negative loading for Cu. The loadings are

both, however, relatively low and as the Cu concentration is low




.85.

and near the detection limit, this factor is of doubtful signi-

ficance.

Factor 2

This factor shows strong posifi&e leadings for both Sr and
type of limestone. This factor is interpreted as explaining the
variance in the data, as a result of metamorphic recryétallization
of the limestones. The positive loadings for both variables show
that Sr increases in the unrecrystallized limestones, distance
from the contact showing no significant loading.

A second analysis was made using sixty-seven limestone
samples, omitting the Cu values. In this analysis only one main
factor was extracted, corresponding to factor 2 above. In this
case, the loadings on Sr and type of limestone weré significantly

increased to 0.887 and 0.862 respectively, at K min = 2.

Conclusions

Factor analysis has confirmed the earlier conclusioh that
metamorphic recrystallization explains the variation in Sr. This
factor explaining the majority (80%) of the variation seen. No
particular significance can be attributed to the concentrations
of Ba or Cu, nor is there any significant variation in these .

elemeﬁts with distance from the contact.

ORGANIC CARBON DETERMINAT IONS

Two types of limestone were recognised by Johnson and
Dunham (1963) in the northern Pennines. Light and dark-coloured
1imestones constitute the two types, the difference in colour

being attributed to the presence of bituminous, organic material




and terrigeneous impurities. In order to confirm the above con-
clusion, and to give quantitative values to the organic material
présent, a series of organic carbon determinations have been
conducted. (Carbon was determined by an absorption train method
after correction for 002). Samples from borehole 40 were used,
as they showed interbedding of dark limestones and saccharoidal
marbles. The results of these carbon analyses have been published
(Robinson, 1971). A series of samples from the Rookhope borehole
were also analysed for comparative purposes; these results are
shown in Table 4}4. These values show that in the unmefamor-
phosed limestones, the light-coloured limestones have low carbon
content, less than O.l4% by wéight. The dark limestones (RB72
and 75) have C greater than 0.6p. This relationship is also

seen in borehole 4O, the carbon acting as an inhibitor to re-

crystallization as described by Robinson (1971).
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Appendix 4.2 Trace element determinations - argillaceous

sediments (ppm).

Sample Zn Cu Ni Ba Zr Y Sr Rb
17/4 182 60 125 989 376 194 333 619
17/17 . 66 34 86 . 402 384 64 372 144
17/8 n.d. 36 41 91 . 128 53 76 167
17/10 108 88 84 1000 265 132 419 450
17/11 n.d. 36 33 93 276 22 181 9
17/13 5 31 26 97 150 15 82 13
17/14 7 - 23 26 67 199 16 67 26
17/17 5 28 107 171 440 74 96 109
17/24 37 36 47 886 368 136 289 434
17/25 60 37 41 992 446 7 169 146
17/29 166 69 89 - 892 251 113 210 247
17/30 82 38 180 1638 366 155 406 405
17/34 9 48 62 156 347 92 361 127
17/36 41 56 68 51 13¢ 22 n.d. n.d.
17/37 17 32 44 236 174 41 20 94
17/38 6 58 87 817 312 77 132 182
17/43 . 64 32 69 482 415 71 408 114
21/5 75 34 69 238 674 80 225 138
21/6 35 36 112 652 368 104 462 228
. 21/7 296 24 78 668 330 168 196 100
21/8 14 34 67 3341 544 55 474 126
21/13 41 44 . 86 543 372 106 197 272
21/14 130 42 51 357 339 88 147 202
21/15 296 32 27 284 339 39 95 08
21/16 83 35 31 241 748 - 39 99 48
21719 111 44 97 516 403 97 160 242
21720 317 54 146 658 461 101 163 243
21/21 167 26 71 369 533 81 116 173
21/22 38 45 . 126 424 251 94 139 244
21/22A 415 46 100 520 333 91 152 232
21723 5 47 77 130  n.d. 22 - 1800 23

n.d. = not detected.




Appendix 4.3 Trace element determinations ~ limestones (ppm).

Sample Sr Ba Cu Sample Sr Ba Cu
17/18 219 23 4 35/11 440 22 12
17/15 400 60 11 35/13 438 - 63 7
17/14 366 112 n.d. 39/3 605 89 -
17/9 242 31 5 39/4 941 38 -
17/40 216 11 5 39/17 2632 66 -
17/39 247 31 7 39/8 2022 191 -
17/6 293 12 23 39/17 409 123 -
17/5 291 19 7 39/19 786 95 -
17/3 307 26 5 39/20 2275 228 -
17/2 304 n.d. 10 39/25 2701 24 -
17/1 374 19 20 40/2 728 36 -
17/31 327 37 6 40/3 729 98 -
17/28 875 22 9 40/10 800 40 -
17/26 1090 100 11 40/13 2302 79 -
18/10 285 36 n.d. 40/18 581 52 -
18/9 322 12 8 40/19 2257 131 -
18/8 341 24 7 40/20 474 59 -
18/7 382 5 10 40/21 741 66 -
18/6 242 25 8 40/22 1801 42 -
18/4 264 30 11 40/27 2193 51 -
18/3 1298 35 9 41/5 1133 33 -
18/2 870 56 13 41/7 937 54 -
21/2 797 16 5 41/8 1110 32 -
21/4 1124 40 10 41/9 1143 29 -
21/9 549 59 9 41/11 2780 68 -
21/11 702 26 n.d. 41/12 2545 176 -
. 21/12 716 29 15 41/13 1536 85 -
22/11 558 31 10 41/20 - 861 42 -
22/17 : 470 34 9 41/21 382 76 -
22/1 286 22 ° n.d. 41/22 578 46 -
22/2 348 45 10 41/23 871 50 -
22/3 266 22 n.d. 41/24 2619 76 -
35/5 506 25 5 41/25 2496 74 -
35/6 367 65 7
n.d. = not detected.

1}

not determined.
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CHAPTER V

- MINERALOGY OF CONTACT ROCKS

Introduction

A wide range of metemorphic minerals has been developed in
calcareous rocks within 25 m from the Whin Sill contact
(Fig. 3.3). Because of the fiﬁe-grained nature of the metamor-
phic products, specific mineral identification is difficult,
even with detailed petrographic'examination of the samples,
Early work on the contact rocks of the Whin Sill, involving
_mineral identification, should be treated with caution.
Electron ﬁicroprobe analysis has proved of great value in
the exsmination of the mineralogy of fine-grained contact rocks
and the majority of this Chapter is based upon such work although
X-ray diffraction has also proved useful for mineral identifi~
cation. The chemical analyses presented are the first to be

recorded of any minerals in the Whin Sill aureole.

GARNETS -
Garnet is the most abundant and ubiquitous mineral appearing

in the metamorphic aureole. Although no previous analyses of
.the garnets have been made, Dunham (1948) and Smythe (1950)
.suggested that they were grossular on the basis of refractive
index measurements. Electron microprobe analyses of 129 points
have been made on nineteen garnet crystals from seven samples

and these are presented in Appendix 5.1. The grossular mole-
cule is dominant in the analyses (total Fe assumed as Fe203)

" with 90% of the points analysed having a grossular molecule

component of between 70 and 98. 6.




Eighteen of the point analyses have a grossular molecular
content of between 95 and 98.6% and are some of the purest
recorded grossulars (Deer, Howie and Zussman, 1962). The unit
formulae and end-member compositions presented in Appendix 5.1
are those derived using the method proposed by Rickwood (1968)
and a computer programme written by Dr., A. Peckett of the Dept.
of Geology, University of Durham, Andfaditic garnet is
recorded for the first time, in sample 46/13, with an andradite
component of over 60% (Appendix 5.1).

| Garnets are only rarely seen in hand-specimen (Chapter 111)
but petrographic examination reveals their relative abundance.
Where seen in hand—specimen'they are typically red-brown in
colour (43/22). The presence of white to buff-coloured, massive
garnet in sample 35/4 (Plate 3.4) could have been indicative of
hydrogrossular and for this reason cell-size determinations were
undertaken (p.90). The garnet crystals vary greatly in form
and size, ranging from £0.0l to over 1 mm in diemeter, A variety
of forms are seen in the crystals, depending on the matrix
material. Where the garnet is set in a matrix of calcite,
chlorite or prehnite, idioblastic and sub-idioblastic outlines
are present (Plates 5.1, 3.17 and 5.2). Where the grains abut
against feldspar areas (Plate 5.2), non-rational, serrated out-
lines are developed. An idioblastic outline is, however, present
on the side adjacent to the prehnite. Many of the garnets, as
is common in the ugrandite series, show slight anisotropism,
the maximum is seen in sample 43/22 (Plate 5.1) with areas of
first-order yellow interference colours., Sector twinning is

occasionally seen in the garnets, with up to 12 pyramids present,




Plate 5.1

Plate 5.2

Semple 43/22.  Idioblastic to sub-idioblastic
garnets set in-a calcite matrix. Sector twinning
is well developed in these garnets, which also

show marked anisotropism.  (x50)

Sample 43/3. Very fine-grained feldspar,'which '
has a rim of garnet, is present in the northern
third of the Plate. The lower half is dominantly
prehnite with garnetsf The garnets in the prehnite,
or abutting against it, have idioblastic outlines
whereas those edges abutting against feldspar have

non-rational boundaries.  (x250)

Analysis 43/3-2 Garnet rim to feldspar. 3 points, 2A-2C

Analysis 43/3-3 Garnet rim to feldspar. 7 points, 3A-3G

Analysis 43/3-8 Garnet set in prehnite., 6 points, 8A-8F

Plate 5.3

Sample 44/11l. Idioblastic garnet surrounded by
pyrite and penetrated by needles of apatite. Well
developed, concentric optical zoning is visible.

(x200)

Analysis 44/11-1 Garnet in pyrite. 12 points, 1A-1L
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the vertices meeting in the centre of the crystals (Plate 5.1).
Optical zoning is seen in some garnets (Plates 5.3 and 5ekt)
.suggestive of‘chemical zoning which is examined in a later
section. Inclusions of quartz, calcite and carbonaceous material,
are abundant in many of the garnets. Normally the inclusions

are arranged haphazardly (Plate 3.15) but, rarely, inclusions

arranged in a regular pattern are present (Plate 5.5).

Cell~size determinations

Cell-size measurements have been made on garnets from five
samples, using an 11.460 cm diameter, Debye Scherrer camera
with Cu radiation and a Ni filter, at 40 KV and 20 Ma. The
samples were crﬁéhed using a tungsten-carbide ball-mill and then
the carbonate fraction was removed by digestion of the sample
in oxalic acid. The residues were separated using Clerici's
solution and were finally hand-picked under the microscope.

The cell-size computations were made by using a computer
programme held by A. Hall of the Dept. of Geology, University
of Durham, The results of the determinations are given in

Table 5.1 below:-

Table 5.1 Grossular cell-size determinations

o
Average Mol.% Sample Cell-size (&) Std. Dev.
grossular
- 19/5 11.821 0.012
96.18 . 35/h 11.811 0.012
- 43/7 11.871 ‘ 0.008
93,31 L3/21 11.842 0.032
69.97 43/22 11.858 0.017

(=), not determined



Pla'te 5.LI-

Plate 5.5

Plate 5.6

Sample 43/22, Sub-idioblastic garnets, in calcite
matrix, showing twinning and optical zoning.
Tabular epidote and radiating chlorite are visible

at western edge of Plate.  (x100)

Sample 43/3. Garnet showing inclusions of

dominant quartz and calcite arranged in a regular

manner parallel to the crystal edges. (x250)

Sample 43/3. Garnet associated with -coarse

feldspar in north-east part of Plate. Fine-

grained chlorite matrix with garnets in south-

west part.  (x200)

Analysis 43/3-1  Garnet crystal. 7 points, 14-1G

Analysis 43/3-4  Garnet rim to feldspar. L4 points, 4A-LD

Analysis 43/3-1 Carlsbad twinned faldspar. 3 points, 1A-1C

Analysis 43/3-2 °~ Untwinned feldspar crystal.

Analysis 43/3-3  Untwinned feldspar crystal.






The cell-gizes recorded in Table 5.1 are somewhat lower than
the values gi&eh by Deer; Howie and Zussman (1962). They give a
value of 11.851 K'fdr grossular, while garnet from sample 35/L-, -
with 96% of the groésular molecule, has a cell-size of 11,811 2.
of the above five samples, chemical analyses of the garnets are
available for 35/, 43/21 and 43/22 (Appendix 5.1). In these
the smallest cell-edge, 35/ is associated with the highest mole~-
cular % of grossular and vice versa (Table 5.1). No evidence
appears to be forthcoming, from these results, to suggest the

presence of hydrogrossular.

Electron microprobe studies

Analyses of 129 points within garnets have been made, to
determine the general composition of the crystals and to exsmine
possible compositional zoning which is suggested by petrographic
examination (Plate 5.3). Zoned garnets are.well known from
contact and regional ﬁetamorphic areas through:the work of
Hollister (1969), Leake (1967) and Atherton and Edmunds (1966).
In the garnets studied there is a general enrichment of Mn and
Ca in the cores and Mg, Fe and Ti in the rims of crystals, the
zoning not being related to the metamorphic conditions. No
microprobe studies, however, appear to have been undertaken on
garnets dominant in the grossulaf molecule, besides those pre-
sented here. .

The garnet point analyses are shown in diagrammatic form
in Figs. 5.1 to 5.k Photomicrographs of twelve of the crystals
are shown in Plates 5.2, 5.3, 5.6, 5.7, 5.8 and 5.9 as described
in the explanation to each Figure. Each garnet was anélysed for

seven elements, except for L4 /9A and 44/11-2 in which Ti and Mn,




Plate 5.7 Sample 43/3. Sub-idioblastic garnets in prehnite
matrix, with clouded feldspar visible at edges of

Plate. . (x100)

Analysis 43/3-5 Garnet set in prehnite. 6 points, 5A-5F
Analysis 43/3-6  Garnet set in prehnite, 5 points, 6A-6E

Analysis 43/3-7  Garnet rim to feldspar. 3 points, 7A-7C

Plate 5.8 Sample 43/22. Calcite nodule in argillaceous

horizon, with sub-idioblastic garnets.  (x100)

Analysis 45/22-2 Garnet at edge of calcite nodule and

abutting against argillaceous material. 6 points, 2A-ZF

Plate 5.9  Sample 4L4/9A. Idioblastic garnet set in fine-
grained chlorite associated with idocrase.

(x120)

Analysis 44/9A-2 Garnet set in chlorite. 7 points, 24-2G
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respectively, were not determined (Appendix-5.1). Of the seven
oxides, TiOp, Mg0 and MnO are consistently below 1%, while MnO
is in several cases below 0.1%., The standard deviation of each
element, for eight readingé on point I of crystal 44/11-1, is

given in Appendix 5.9.

Compogitional zoning

Compositional zoning in.the '‘normal’ sense(Leake, 1967;
Hollister, 1969) is not well developed in garnets exemined during
the present study, except for the two crystals from sample 4 /11
(Fig. 5.3). In both crystals, a marked decrease in Fe (total as
Fe03) ié seen in the core, 44/11-2 showing a small central peak
of Fe. Sample 44/11-1 shows a decrease of Fep0Oz, from 11.0%, at
the rim (L) to 2.1% at the centre (F). A reciprocal change is
seen in the Alp03 contents of these garnets with an increase
towards the centre, Variation in Al content does not appear to
have been reported befqre but is to be expected in the grossular/
andradite series. A slight increase, in the core, is also seen
in both Ca0 and Si0p, but TiOp shows a marked decrease in sympathy
with Fep03, In sample Lh/11-1, TiOp appears to have been depleted
in the actual crystal rim (Fig. 5.3). Variation in Mg0 does not
show a-simple pattern but both crystals show a slight core enrich-
ment.,

Of the remaining crystals, only 43/21-2 (H-J) shows depletion
éf Fe203 in the core, while Ti0 is depleted in the core of
43/3-8. Crystals 43/21;1 and 43/21-2 (4-G), (Fig. 5.2) show an
increase of Fe in the core, which is a reversal of the normal
zoning sequence. Thus zoning of the normal sense is only seen

in sample 44/11, where the garnets are surrounded by pyrite. In




Figure 5.1 Electron microprobe garnet analyses.

k3/3-1

Analyses analysed crystals shown in Plate 5.6.
L3/3-1
L3/3-2

Analyses analysed crystals shown in Plate 5.2.
3/3-3 |
43/3-5 A

Analyses analysed crystals shown in Plate 5.7.
43/3~6

Figure 5.2 Electron microprobe garnet analyses.

Analysis 45/3-7, analysed crystal shown in Plate 5.7.

Analysis 43/3-8, analysed crystal shown in Plate 5.2.

Analysis 43/21~1, xenoblastic garnet crystal set in calcite,
16 pointsfanalysed alang edge of crystal.

Analysis 43/21-2, sub;idioblastic garnet set at edge of argil-
laceous band in saccharcidal marble. Analyses 2A-2G, north-
squth traverse and Z2H, E,-I and J, east-west from contact

with shale to calcite edge.
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Figure 5.2
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this case it apﬁears.that Fe will have been relatively abundant
during the growth of the garnet, while Al was relatively rare.
Aluminium would then be preferentially iﬁcorporated in the lattice
and, as it became depleted in the volume surrounding tﬁe garnet,
so Fe was incorporated to fulfil the lattice requirements.
Although the majority of the crystals do not appear to show
any regular compositional variation at first examination, some
coﬁclusions:may be drawn by detailed knowledge of the particular
environment in which each crysfal is found. In sample 43/5,
garnets nos. 2, 3, 4, 7, occur as rims around the feldspar areas
(Plates 5.2, 5.6 and 5.7). In all of these'crystals an increase
in Al is seen towardslthe feldspar; 45/3-7 shows an increase from
18.1% (A) to 20.5% (C) of Alp03. There is a reciprocal decrease
in Fe, from L.5% (A) to 4.0% (C) of Fep03 in the seme sample..
Similarly TiOp and MgO show a decrease towards the feldspar,
except for 45/3-4_which shows an increase in these elements .before
decreasing at the edge of the crystal (Fig. 5.1). A decrease in
Ti0, from 1.9% (4) to 0.1% (C) is evident in crystal 43/3-7.
The f eldspar areaé are produced by the reaction of illite with
Na to form albite, excess Al, Ca and Si is available, which forms
grossular as described in Chapter VI. Illite has Fe and small
amounts of Ti and Mg in its structure and as these'génnot be
readily incorporated in the feldspar lattice, tﬁey are incorpor-
abed into the grossular. Titanium and Mg are only-presént in
small amourits and Fe, although present in greater amounts, is
sfill relatively low in concentration. It seems, therefore, that
these 'scarcer' elements are concentrated during the initial

period of growth of the crystal and as the garnets grow out from




Figure 5.3 Electron microprobe garnet analyses.

Analysis 43/22-1, sub-idioblastic crystal set in calcite.
Analysis 43/22-2, analysed crystal shown in Plate 5.8.
Analysis 1.;4“/91&—1, sub-idioblastic garnet set in calcite.
Analy;is M/9A-2, analysed crystal shown in Plate 5.9.
Analysis 44 /11-1, analysed crystal shown in Plate 5.3.

Analysis L4)/11-2, crystal surrounded by opaques as in 44/11-1,

Figure 5.4 Electron microprobe garnet and idocrase analyses.

Analysis 35/L, garnet crystai set in prehnite.

Analysis 46/13-1, xenoblastic garnet crystal formed at edge of
argillaceous horizon in a limestone.

Analysis 14.6/13-2, xenoblastic ‘Vgarnet in centre of érgillaceous
band mentioned above... |

Analysis 4)/9A-1, idioblastic idocrase set in fine-grained
chlorite, éhown in Plate 5.15.

Analysis 4)/9A-2, idioblastic idocrase set in fine-grained
chlorite.

Analysis 14.5/1, sub-idioblastic idocrase .in a/calcite matrix.
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the feldspar areas, these elements decrease in concentration.
As the.immédiate area around the crystals becomes depleted, Al
then increases in concentration to fulfil the lattice require- .
ments,

Garnets also form as a rim to argillaceous bands in marble;A
as in 43/21-2 (HQJ), 43/22-2 and 46/13-1 (Plate 5.8). No
regular variation in composition is seen in any of these crystals,
'although a decrease in Fe and an increase in Ti and Mg is seen in
the core of 43/21-2, - A sqdden decrease in Fe and M; and increase
in Al and Mg is seen, at the edge of the crystal nearest the
argillaceous band, in 43/22-2 (Fig. 5. 3). There is no similarity
with the garnets seeﬁ around the feldspar areas, and this is
ﬁrobably because there has been no breakdown of illite to form
albite, with subsequent release of minor amounfs of mafic elements
to be concentrated at the initial period of growth.

Garnets set in a matrix of calcite, as in 43/21-1, 43/21-2
(A-G), 44/9A-1, and 46/13-1 (Figs. 5.2, 5.3 and 5.4) again show
no uniform variation. Iron in crystals 43/21-1 and 43/21-2 shows
enrichment  in the cores, rising from 0.3%% in 1 (4), at the rim,
to 1.6% (G) of FepO3 in the core, Al showing a slighf reciprocal
- decrease in the core (Fig. 5.2). Crystal 43/21-2 shows a higher
Fe content than 43/21-1 és it is adjacent tblan argillaceous
band. The TiOo and Mg0O values in these crystals appear irregular
and may be due to experimental error. Standard deviatibn for
elements are given in Appendix 5.9. No variation is seen in
crystals 4l /9A-1 and L46/13-1, TiOp and MgO on three of the point
analyses were below 0,1% in crystal 46/13-1 (Figs. 5.3 and 5.4).

Similarly little variation is seen in those garnets in a.
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prehnite matrix, such as 43/3~5, 6 and 8 and 35/L (Plates 5.2
anci 5.7). Depletion of T:"Lo2 and Mg0 in the core of 43/3-8, and
possibly in 45/3-6, is the only variation discernible (Figs. 5.1
and 5.2).

Finally the two garnets surrounded by fine-grained recrystal-
lized chlorite, 43/3-1 (Fig. 5.1) and 44/9A-2 (Fig. 5.3), show
possible slight depletion of MgO in the cores of crystals which is
also mirrored by TiO, in 43/3-1.

The lack of compositional variation in the examples described
aboﬁe suggests that the elements inéorporated in the structure
were available in roughly equal concentrations throughout the
growth of the garnet crystals. Lack of variation, in these
éarnets, due to homogenization by the diffusion of material through
the solid crystal is unlikely, as it is widely accepted that such
diffusion occurs extremely slowly, espeﬁially in low-grade meta-
morphism,

There is no relation between distance f?om contact and
compositional zoning 1n the garnets, suggesting that temperature
is of negligible importance. Garnets from sample L4 /11, 5 m
from the contact, show the most well developed zoning, whereas
crystéis in sample 43/3, 0.1 m from the contact, are relatively

unzoned.

Conclusions »
Garnet, rich in the grossular molecule (70-99%), is the most
abundant mineral found in the metamorphic aureole. Andradite,
with over 60% of the end-member molecule, has been recorded for
the first time., Cell-size determinations show a range from
0 N
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11,811 K to 11.871 K, which are somewhat lower than thosé given
by Deer, Howie and Zussman (1962) for the grossular/andradite
series. Petrographic examination reveals that the garnets vary
greatly in form and size, anisotropism is usually presenfg»'
(Plates 5.1 and 5.4), while sector twinning is seen in some
samples (Plate 5.1). Well developed optical zoning is only
rarely seen (Plate 5.3). Compositional zoning, of the 'normal'
type (Leake, 1967), is only well developed in two crystals, from
sample AA/ll, surrounded by pyrite. The majority of the garnets

showing no regular zoning.

FELDSPAR

| Albite feldspar is a common constituent of low-grade meta-
morphic rocks and is an indicator mineral of the albite-epidote
hornfels facies of contact metamorphism, Albite adinoles are
often developed at basic igneous contacts and are due to Na
metasomatism, according to Deer, Howie and Zussman (1962).
Albite is an abundant mineral in the Whin aureole, extending to
over 10 m from the contact. The actual limit is unknown because
of an absence of suitable samples between 10 and 20 m from the
contact. Sodic feldspar has also been recorded as an abundant
mineral in the aureole of the Palisade sill (Van Houten, 1971).
In the present Study,lthe adinole areas may be recognised in
hand-specimen by their red colouration (Plate 3.5). In thin-
section, the feldspar is usually very fine-grained (Plates 3.16
and 5.10). In plane-polarised light, the feldspar areas usually
have a distinctive reddish colour (Plate 3.12). In some samples,
the feldspar becomes coarser and individual, lath-shaped crystals

are visible (Plates 3.13 and 5.11). Well developed laths up




Plate 5.10 Sample 35/k. Cryptocrystalline mixture of. feldspar
and quartz, clouded with carbonaceous material.

(x250)

Analyses 35/4-1 to 6, approximate positions of feldspar analyses.

Plate. 5,11 Sample 44/7. Lath-shaped, albite twinned plagio-

clase crystals set in calcite matrix.  (x120)

Analysis 4h/7-1  Albite-twinned feldspar. 3 points, 1A-1C

Plate 5.12  Semple 44/7. Albite-twinned plagioclase feld-

spars, set in calcite matrix, (x120)

Analysis L4/7-2  Untwinned feldspar crystal. 1 point.
Analysis L4/7-4  Albite-twinned plagioclase. 1 point.
Analysis L /7-5 Twinned plagioclase. 2 points, bA-5B
Analysis 44/7-6  Plagioclase feldspar. 1 point,

Analysis 4h/7-7 Plagioclase feldspar. 1 point.
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to 0.5 mm in length, showing albite twinning, are present in
Asample L./7 (Plate 5.11). Albite twinning is dominant in thé
coarser-grained feldspar but occasionally carlsbad twins are
developed (Plate 5.6). The fine-érained feldspars are highly

clouded due to minute inclusions.

Electron microprobe analysis

Electron microprobe analysis has been used extensively in
'the examination of the feldspars, because of their fine-grained
nature, The'feldspar analyses, atomic proportions and end-
member compositions are presented in Appendix 5.2. The end-
member compositions and afomic proportions have been calculated
using a computer programme written by E. B. Curran of the Dept.
of Geology, University of Durham., Electron microprobe analysis
6f the coarser-grained feldspar proved relatively simple but the
fine-grained matérial presented difficulties because of the
difficulty in resolving individual crystals, especially in the
reflected light optics of the probe. lThe analysis point, in
this casé, was chosen close to a readily identifiable inclusion,
but some errors in the analysis may have arisen by the placing
of the electron beam on an unseen fracture or grain-boundary.

Forty-three analyses of the contact feldspars have been
undertaken and of these, three are rich in the orthoclase
component and thirty-nine are plagioclases (Appendix45.é). of
the plagioclases, over 50% are very rich in the Ab molecule with
greater than 98% of the end-member, while almost 8l% of the

contact metamorphic plagioclases analysed have greater than Ab95.

The approximate positions of the six points analysed from
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sample 35/l are shown in Plate 5.10. Three of the four analyses;
close to the fracture (Plafe 5.10), have greater than Org7. These
potassic feldspars are believed to have formed by the concentrafion
of K, froﬁ the inter-layer position in illite into late-stage pore
solutions before, crystallization along the fractures such as that
seen in Plate 5.10.. Analyses 43/3-1 to 43/3-3 are of points across
a carlsbad twin and adjacent crystals as shown in Plate 5.6. |
Analyses 43/3-L to 43/3-9 are single points of fine-grained feldspar,
shown in Plate 3.16. The analyses of the carlsbad twin (Plate 5.6)
show -two points rich in albite (1A and 1C) and one ﬁith Orqg (1B)
suggesting that there méy'be some antiperthitic intergrowth in the
crystal. Of the remaining analyses from sample 43/3, six have
greater than Ab96,lwhile the remaining two have compositions of
Ab90 and Abgg.

Eleven cryétals of coarser-grained feldspar were analysed
from sampleibh/7, six of which are shown in Plates 5.11 and 5.12.
Even though all the crystals are in a calcite matrix,sixteen of
the seventeen points analysed showed greater than 97h of the Ab
component, while analysis 44/7-8 had greater than 13 of the An
component. - Analyses of feldspars from sample 44/11 were of fine
to medium-grained material, all of which have greater than Ab95.
Analysis was also made for:Fe in a number of cases, especially
where the feldspar was reddish in colour. A maximum of 0.9
Fep03 (total iron) was recorded in sample 43/3-6 but it is not

possible to distinguish whether the Fe is present in the structure

or as an oxide coating around the grains.

Feldspar composition from previous work

The present work has shown that feldspars rich in the albite
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component (D95% Ab) are dominant in the dureole with only minor
amounts of orthoclase and oiig_pclase present. Previous work,
howeﬁer, has suggested that a more calcic plagioélaselis present,
Hutchings (1898) suggested the presence of anorthite, using optical
methods, while Harbord (1962) also suggested the presence of feld-
spar in the range labradorité to anorthite oﬁ the basis Qf an X-ray. -
powder photograph. bbunham (1948) was of the belief that fhe feld-

spar was probably oligoclase.

Comparlson of feldspar compos1t10ns using optlcal and

electron microprobe methods

The optical properties of the coarser-grained plagioclases were
examined, because.of the variation in composiﬁion suggestéd by the
present and previous work., The optical properties of feldspar from
four samples are shown in Table 5.2. The 2V measurements were kindly
made by Dr. G. Borrodaile, using a four-axis universal stage. The
meximum extinction angles (Michel-Lévy) and optic signé were

measured by the author.

Table 5.2 Plagioclase feldspars, optical determinations

Sample ‘Max., ext. Optic v
angle sign

19/20 10 - n.d.
43/11 12 - - n.d.
Wi/ T-1 10 - 792,
W/ 7-3 10 + 93%
L/ 7=l 12 - n.d.
L/ 7-5 8 + n.d.
4/9 20 - n.d.

n.d., not determined

The measurements, in samples 19/20, 43/11 and 4./9, were made

on at least four crystals. The number was smaller than would have
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been preferred beéause selection was limited due to the fine-
grained nature of the material, The readings given fof sample
LL/7 are of individual crystais which have been analysed (Appendix
5.2);. The maxiﬁum extinction angles of feldspars from samples
19/20, hj/llﬂand‘hh/7 are indicative of an oligaclase composition,
the'negative sign suggesting an An content of 28 to BQ%. The 2V
measurement of sample 44/7-3 is also compatible with oligoclase.
The optical properties of feldspars from sample 4./9 are indica-
tive of an andesine composition with as much as 38% of the An
component. The optical properties of the present feldspars
appear, then, largely to substantiate the oligoclase composition
suggested by Dunham (1948). The electron microprobe analyses,
described earlier, have shown that albite is the dominant feld-
spar: only two oligoclase compositions were recorded, with a
méximum An content of 13.%%. The microprobe results are, there-
fore, at variance with the results obtained by optiéal methods.,
Although the structural state of the present feldspars has
not been determined, it seems without doubt thaf they must belong
to the low-albite series. It has been recently shown that in the
low-albite series, there is a compositional break between Anj and
Anp), (Barth,.l969). Over this compositional range there is no
solid solution; instead, the crystals are unmixed inté separate
sodic and calcic phases.(peristerites). Of the thirty-nine
plagioclase analyses, twenty-five lie in the compositional field
of the peristerites, the remaining fifteen having gfeater than
Abgg. In analysing peristerites, the cgmposition determined
will be dependant upon the size of the intergrowth and the

proportions of the sodic and calcic phases excited by the electron
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beam, Thus the analyses very rich in the Ab component may
represeht areas where no calcium phase is present and the oligo-
clase compositions, 43/3-L4 and 4k/7-8, areas where a calcium
phase.is present in greater proportion,

Barth (1969) shows that the low-temperature plagioclases have
extremely complicated optical and crystallographic properties,
which change in a'very irregular manner with composition. The
anomalies noted above between the optical and micfoproﬁe results
seem, therefore, attributable to the irregular variation of
optical and crystallogfaphic properties in the peristerites,
Plagioclases lying above the peristerite range have also been
examined, to deterﬁine the relationship between the optical
Aproperties and electron microprobe results of these feldspars.,

Plagioclase from the normal Whin Sill dolerite (44/25) and
pegmatite (L/86d) has been analysed and the results are given in
Appendix 5.2. The dolerite feldspars are sodic-labradorite and
calcic-andésine, with a difference of An content of over 2%
between the centre (14) and the rim (1B) of crystal Lk/25-1.
Three plagioclases were analysed from the pegmatite, two of
which are also andesine in composition (L860-1 and L/860-3),
while analysis L/860-2 is of an albite composition. The optical
measurements taken on these two samples are given in Table 5.3.
The compdsitién of crystal L4/25~1, using the carlgbad-albite
method, is An55, agreeing extremely well with the microprobe
averaée analysis of Ang) 5. 'The maximum extinction angle re-
corded, from a number of readings, from sample Lk4/25 is 22° and
indicative -of Anm;. -While not in agreement with analysis

I)/25-1, it shows close agreement with analysis A44/25-2, which
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Table 5.3 Optical measurements on Whin Sill plagioclase

Sample Ext. _ Optic
angles . sign
Lb/25-1 15 and 30° +
L/25 2ot -
L/860 g* _

(x), Carlsbad-albite twin

(+), Michel-Lévy method

has an An content of 42.2%. Only a few crystals could be examined
in the pegmatite becauée of sericitization. The extinction angle
obtained is indicative of an An content of 27%, but this may not
be representative of the sample. The microprobe results for the
pegmatite show two crystals with An greater than 40% and one
analysis with An less than 4%. Finally, four point-analyses have
been made oh piagioclase from an allivalitelsample of Dr. C.H.
Emeleus, Dept. of Geology, University of Durham. The analysis of
CHE 1 shows a variation from Angg j, at the core; to Angz g at the
rim of the crystal. The second crystal (CHE 2) shows a similar
but not'so marked difference. The averagelof the analyses,

86.8% An, agrees quite well with the optical determination of

Ang) given by Dr. Emeleus.

Conclusions

Feldspar is a common constituent of the altered calcareous
sediments of the Whin aureole. It is usually very fine-grained
and reddish coloured, probably due to the presence of fine-grained

haematite. Electron microprobe analysis has shown that plagioclase
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feldspar, rich in the Ab molecule (39%%), but ranging from Abyq,
to Ab87, is dominant. Small quantities of potassic feldspar have
been recorded, for the first time, close to fractures. Coarser
grained, lath=shaped crystals are occasionally developed whose
composition, determined optically, is in the oliéoclase range.
The disparity between the optical and microprobe determinations
is suggested to be the result of complications produced by the
unmixing of two phases in the peristerite range. Barth (1969)
having shown that the optical properties of the peristerites

véry irregularly with composition.

EPIDOTE

Epidote is a common mineral seen in thermal aureoles and its
presence is typical of the albite-epidote hornfels facies. It is
a common minerai in the Whin aureole and was originally recognised
by Hutchings (1898). It is the mineral which occurs the greatest
distance from the contact and is found at 25.7 m from the base of

borehole 47, which did not penetrate the Whin Sill.

Petrographic description

. The epidote crystais occur in a great variety of form and
size. Fine-grained, (€0.01 mm) granular epidote often occurs,
asgsociated with fine-grained feldspar, close to the contact
(Plate 3.19). Coarser-grained, granular epidote occurs in optical
continuity in sample 35/l (Plate 3.,20). Idioblastic and sub-
idioblastic epidote is often seen in a calcite or chlorite matrix
(Plates 3.18 and 3.15). Plate 3.15 shows a cross-section of an
epidote iﬁ which only simple (001), (100) and (101) forms appear

to be developed. In plane-polarised light, the epidotes are often
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slightly coloured and pleochroic with X = colourless, Y = pale
green-yellow, and Z = pale green. Interference colours range
from first to upper-second order and anomalous blues and greenish-
yellows are often seen. A_biaxial, negative interference‘figure,
with a large 2V, was obtained from the crystals. The optical

properties agree with those of the type epidote.

Electron microprobe analysis

Nineteen partial point analyses on sixteen epidote crystals
from six samples are presented in Appendix 5.3, .These results
confirm the optical identification as epidote, by the presence
of Fe in all the crystals analysed. The Fep03 (total Fe) content
ranges from 6.6 to 12.7%, which is not especially high as epidote
with up to 23% Fep03 has been recorded, (Deer, Howie and Zussman,
1962)., The crystals analysed in samples 41/36 and 44/5 are shown
in Plates 5.13 and 5.1%. The Mn content is quite low in the
twelve‘crystals analysed for this element, Calcium and Si appear
rather high in some of the analyses from samples 35/k, 41/36 and
43/3% as compared with those quoted by Deer, Howie and Zussman
(1962). Two of the analyses, with the lowest (35/4) and highest
(44/11-1B) Fe contents, have been recalculated to end-member com-
positions, assuming Hp0" as 2%, on the basis of 13 (0, OH). The
Fe shows a range from 16 to 26 mol. % Fé203; placing the analyses
in the pistacite compositional range. Iron-rich epidotes
(pistacite) can form at quite low temperatures in burial meta-
morﬁhism (Winkler, 1968) but in the greenschist facies it is
usually ‘a variety with low Fe content, a zoisite or clino-
zoisite (Winkler, 1968). Little, however, appears to be recorded

on the composition of epidotes in contact sureoles and it is,




Plate 5.13  Sample 41/36. Sub-idioblastic epidote crystals
with recrystallized quartz in a fine-grained

adinole matrix.  (x50)

Analyses 41/36-1 and 2 Epidote crystal. 2 points.

Plate 5.1  Sample L4./5. Granular epidote in adinole matrix.

(x100) .

~

Analyses AA/L-I and 2 Epidote crystal. 2 points.,

Plate 5.15 Sample 44/9A. Idocrase crystal, showing longi-

tudinal section, set in a fine-grained matrix of

chlorite. (x120)

Analysis 4/94-1 Idocrase crystal. 4 points,
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therefore, difficult to establish if the moderate Fe content of
the epidote, recorded in the present study, is typical for

contact environments.

Conclusions

Epidote is a common mineral in the Whin aureole, occurring at
the greatest distances ()25 m), from the contact, of any mineral.
Idioblastic crystals are often present, the optical properties of

which suggest epidote, sensu stricto. Electron microprobe

analysis has confirmed the optical identification, showing Fe203

(total Fe) contents ranging from 6.6 to 12.7%.

IDdCRASE

Idocrase was first recorded in the Whin aureole by Hutchings
(1898) and was found in great abundance by Randall (1959). It
also occurs in greater abundance, in Upper Teesdale, than was
originally thought (Robinson, 1970) and extends to just over 5.m:.

from the Whin contact.

Petrographic description

The idocrase usually forms idioblastic to sub-idioblastic
crystals. Those found in a raft at Barrasford quarry, Northum- '
berland (Randall, 1959) often show anomalous blue interference’
colours. The idocrase recorded from the boreholes at Cow Green
is often set in a matrix of fine-grainedbchlorite. Léngitudinal
sectiohs are often present (Plate 5.15), showing well developed
faces, probably (110), (111) and (001}. Longitudinal sections up
to 0.3l m long and basal sections up to 0.1 mm wide have been

recorded. Basal sections showing probable (110) and small, (100)

faces are shown in Plate 5.16. In plane-polarised light in

~.

3
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sample h5/l, the idocrase crystals are a yellowish-brown colour

and slightly pleochroic, but in other samples are colourless.

Anomalous colours have not been recorded in the Teesdale samples.

Small crystals from sample 44/11 gave biaxial positive inter—

ference figures with a low 2V,

Electron microprobe analysis

Twenty-one partial analyses of five crystals, in four samples
have been made and are‘presented in Appendix 5.4. The aﬁalyses
of crystalé 43/7 and 45/1 appear to have low totals, which may be
due to AlgO} being slightly too low. There is a reasonable simi-
larity between the garnet and idocfase analyses, although Mg0
oécurs in significantly higher concentrations in the idocrase.

This is probably because it is usually found in a matrix of
chlorite.. 'Analyses have been made across thrée crystals to
establish if any zoning is present. Diagrams showing the &ariation
are given in Pig. 5.4.

A small increase of TiOp is seen in the cores éf crystals from
sample.hh/9A, while 45/1 also shows an increase away from the rim
which is followed by a depletion effect. The latter specimen
also shows a depletion of MgO in the core, from 4 to 1.8%, while
a reciprocal increase in FeO (total Fe) is seen from 3.8 to 6.4,

Besides a slight core depletion of Fe0 in the core of 4 /9A-1, mno

. other variation is seen.

Conclusions

Tdocrase has been recorded to just over 5 m from the Whin
Sill contact. It occurs dominantly in idioblastic to sub-

idioblastic crystals, often in a matrix of fine-grained chlorite.
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Electron microprobe analyses agree satisfactorily with those
quoted by Deer, Howie and Zussman (1962). Slight zoning is seen

in some crystals, in the elements Fe, Mg and Ti.

CLINOPYROXENE

Diopsidic pyroxene is a particularly common mineral in contact
metamorphic, calcareous sediments. Clinopyroxene has been recorded
in four samples, extending up to 7 m from the contact. It ié most
sbundant in sample 35/L4 at the immediate contact, where it is
found in association with grossular, eﬁidote, prehnite and calcite.
The idioblastic to sub-idioblastic form has only been recorded
from specimen 35/L4, where a small group of crystals occur surrounded
by grossular. Elongate grains, up to 0.5 m in length, are
domigant, although a sub-idioblastic basal section is present
éhowing the two pyroxene cleavages. Normally the pyroxene occurs
in fine-grained granular crystals, often associated with epidote.
The crystals are colourless and have first té second-order inter-
ference colours. The crystals from 35/4 give a biaxial positive
interference figure with a moderate 2V and an extinction angle
(Z:c) of 490. Specific identification of the clinopyroxene was
not possible from simple optical work but was achieved with micro-~

probe analysis.

Electron microprobe analysis

Nine point analyses of eight pyroxene crystals, from two
samples, have been undertaken and the results given in Appendix
5.5. The atomic proportions and end-member compositions are also
given in the Appendix and were determined using a computer pro-
gramme wfitteﬁ by E.B. Curran, Dept. of Geology, University of

Dufham.
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The compositibns of the pyroxenes from the two samples are
quitg different, as shown in Fig. 5.5. All analyses lie close to
the diopside-hedenbergite join, sample 45/1 having an average of
over 52 atomic percent Ca, while 35/L has an average of just
under 50%. The analyses of 35/l areé Fe rich, each point having
over 48 atomic percent Fe2+ + Mn and these fall virtually at the
end-member composition for hedenbergite, with less than 2 atomic
percent Mg recorded in all cases. This record of hedenbergite
is the firét from the Whin Sill aureole. The compositions of
crystals from 45/1' lie strictly above the diopside-hedenbergite
series (Deer, Howie and Zussman, 1962) but should still be re-
garded as belonging to the series. The pompositions fall
approximately on the diopside-salite boundary, the crystals
having an average CaﬁMg:Fe ratio of 53:37:10 (Appendix 5.5).
Normally, however, minerals ffom the diopside-hedenbergite
series have low Alp03 and Ti02 contents of between 1 to 3 and
belbﬁ 1% respectively. In the present analyses 41203 and TiOp
are low in 35/4 bu£ in h5/1, A1203 ig considerably higher,
ranging from 5.8 to 9.66 while TiOp values vary from 0.4 to
3.40h. These values are more compatible with the augite analyses
quoted by Deer, Howie and Zussman (1962), while TiOp in 45/1-2
approaches values seen in titanaugite. Deer, Howie and Zussman,
however, do quote diopside—hédenbergite analyses with A1203 and
Ti0, values approaching those in the present study. An Alj03
content of 8.% and Ti0s of 3.0% have been quoted and thus it
seems reasonable to classify the 45/1 analyses as diopside-
salite,

These clinopyroxenes are distinctive in that they are the




Figure 5.5 Distribution of pyfoxene analyses, with respect

" to Ca, Mg and Fe®* + ln atoms.
N

Electron microprobe analyses (Appendix 5.5), with total Fe as Fe*,
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Pigure 5.5
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only phases developed, in the Whin aureole, which are rich in

' Fe2+ and Mg. Ferrous iron, although not determined separately
vfrom Fe5+, is'probably relatively low in the other minerals.
Previously, idocrase has shown the highest MgQ content with a
maximm ef L. O in’saméle 45/1, whereas in the pyroxene analysis
45/1-3, 13.7% MgO has been recorded. The two samples with the
most pyroxene are found at the immediste contact and in sample
35/&, chlorite is notably.absent. It is possible that close to
the contact, temperatufes were elevated for long enough to allow .
some breakdown of chlorite, which.would then release Fe?* and Mg
to be incorporated in the pyroxenes. The absence of Mg in 35/% |
is puézling, unless, however, it was derived from the breakdown
of an especially Fe-rich chlorite. Hedenbergite is often found
in limestone skarns,'the Fe?* being derived from an adjacent
intrusion (Harker, 1932). This introduction of Fe2* is not
believed to have taken place in the present case, as it usually
occurs in the vicinity of granitic bodies. The hedenbergite is
not abundant and its association with grossular rather than

andradite is also evidence against the introduction of Fe from

the intrusion.

Conclusions

Clin0pyroxeﬁe has been recorded from four samples up to 7 m
from the contact. Normally the pyroxene occurs as fine-grained;
granﬁlar crystals, but idioblastic sections are present in
sample 35/4. Electron microprobe analysis has shown the presence
of two dietinct:pyroxenes in the twe samples analysed., Diopside-
salite and‘hedenbergite compositions have been recorded. These

minerals show the highest Fe<* and Mg content of the metamorphic




.119.

minerals in the aureole and may be due to the breakdown of chlorite

releasing these elements.

PREHNITE -

Prehnite often occurs as a hydrothermal mineral in igneous
rocks and as a common constituent of rocks subjected to burial
metamorphism (Winkler, 1968)., It is also found in metamorphosed
limestones (Deer, Howie and Zussman, 1962), although records of
such occurrences seem rather rare., Van Houten (1971) has recorded
it in the aureole of the Palisade sill and it has also been re-
corded, for the first time, in the present study of the Whin
aureole, The prehnite has been recorded in nine samples, extending

.up to 5.5 m from the sill contact.

Petrographic examination

The prehnite usually occurs in small pockets and lenses
surrounded by grossular and having small, sub-idioblastic gérnets
set in it, as ‘shown in Plates 5.2 and 5.7. In plane-polarised
;light the prehnite is colourless and only rarely shows cleavage.
In crossed polars, firsf-order, grey interferencé'cblours are
dominant but low, second-order are also seen,and anomalous first- ‘
order blues. A characteristic feature of the prehnite is its
undulatory and indistinct extinction, seen in Plate 5.17. A
biaxial poéitive interference figure was qbtained from the crystals,
with a vériabie 2V from low to moderate. A small sample of the
prehnite was removed from a polished thiniseétion of 45/3 and an

X-ray powder photograph taken, the results of which are given in

Table b.L.
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Table 5.4 X-ray diffraction of prehnite

43/3 ' A.S.T.M.
o}
A Strength A Strength
5,28 10
458 W ). 60 20
415 10
3.52 VW 5.53 10
3.0,3 S 3.8 90
3,26 i 3.28 60
3,06 S 3,08 100
2,80 W 2.81 30
| 2,62 5
2.56 S 2.55 100
2.33 i 2.37 40
2.31 40
2,18 5
2.13 10
2,07 20
1.90 w 1.93 30
1.80 W 1.8 20
1.72 Vi 1.77 70
1.65 W 1.69 5
- 1.66 20

S, strong. NS, medium strong. M, medium. W, weak. VW, very

weak, VVW, very, very weak.

The lines recorded in the sample from 43/3 show good agreement
with those given in the A.S.T.M. index, although some of the

weaker lines have not been recorded from the sample.

Electron microprobe analysis

Partial analyses of the‘pfehnite (Plates 5.17 and 5.18) have
been undertaken by electron microprobe; using a defocussed electron
beam to»minimize volatilization. These analjses are presented in
Appendix 5.6, H20+ was not éeterinined but analyses quoted by Deer,
Howie and Zussman (1962) suggest that between L and 4.5% HpOt is
present. Accepting this value, some. of the anélyses appear slightly

low and are most likely due to some volatilization, although the




Plate 5.16  Sample 44/9A. Sub-idioblastic, basal section of

idocrase set in chlorite groundmass. (x150)

Plate 5.17  Sample 43/3. Prehnite crystal, surrounded by
garnet, showing characteristic irregular

extinction.  (x100)

Analysis 43/3-1 Prehnite crystal. 4 points, 14-1D

Plate 5.18 Sample 43/3. Prehnite crystal surrounded by

garnet.  (x100)

Analysis 43/3-2 Prehnite crystal. 2 points, 24-2B
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standard déviation of the elementé, on four repeat readings, is

low KAppendix 5.9). The Ca0, Alp03 and Fep03 (total Fe) weight
percent oxides have been recalculated and plotted on a triangular
diagram (Fig. 5.6).‘ As shown, there is quite a wide variation
from an almost ideal composition (shown ’py the arrow) in sample
4i/11-B,to over 15% weight percent FepOz in sample L43/3-2B. The
two analyses with the almost ideal compositions (kl/11) are

found some 5 m from the contact while of the remaining ten analyses
eight are Fe-rich and are found within O.1 m of thé contact,

It was thoﬁght that prehnite did not show appreciable sub-
stitution of Fe3* for Al, the analyses quoted by Deer, Howie and
Zussman (1962) showing a maximum Fey03 content of 1.0, A
maximm of 8,3% Fep03 (total Fe) has been recorded in the present
analyses, The analyses for 43/3-2B and 44/11-B have been re-
calcglated to atomic prdportions (Table 5.5), on the basis of

2,(0, OH) and assuming the remainder of the analyses are HpO*.

Table 5.5 Atomic proportions, on the basis of 24(0, OH),for
2 prehnite crystals

43/3-2B 4/11-B
Si 5.85) ¢ o si 6.12
Al 0.17) °* Al 3.89
Al 3.11 Ca 1,02
T Fed* 0.89} L. Ok Na o.oz} b 05
Mg 0.0k OH 3,76
Ca 1., 03 ~
A 0.06} 4. 03
OH 3.98

The recalculation shows that on the assumptions made, over 22%

substitution of Al by Fe>* has occurfed, between the two theore-

tical end-members, CaphloSiz010(OH)p and CapFed*Si3010(0H)z.




Figure 5.6 Distribution of prehnite analyses with respect

~ to Aly03, CaO and Fey03, weight percent.

Electron microprobe analyses (Appendix 5.6), with total Fe as
Fep03. The arrow on side of triangle represents the ideal
composition, Ca2A128i3010(0H)2. The square represents the
average composition of the most Fe-rich crystal recorded by

Surdam (1969).
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Pigure 5.6
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The present micropfobe analyses agree extremely wel; with those
of Surdam (1969), who undertook 612 point analyses, on 18 |
prehnite samples, from metavolcanics on Vancouver Island, British
Columbia. His analyses showed an average range of Fep03 ffom 0.1
to 8.2%, althoﬁgh a maximum of 10.8% was recorded in one analysis.
The square in Fig. 5.6 shows the composition of the most Fe-rich
crystal, averaged from several point analyses, recorded by Surdam.
(1969). ﬁy comparisoﬁ, the present analyses show a range from
{0.05 to 8.3, Hasimoto (1968) suggested that less than 20%
substitution of Al By Fel* occurred in prehnife. The present
analyses show that this figure can be exceeded while Surdam

(1969) suggests that the limit of substitution may be at least 30%.

Parégenesis
Early work on the stability of prehnite suggested that it

only formed rapidly, at low temperatures, when pressures were
above 3Kb (Fyfe et al., 1958). The environment under study is,
‘however, one of low pressure, well below 1Kb. Recent work has,
however, resulted in the synthesis of prehnite at 1Kb (Liou,
1971), where it was suggested.thét its stability field may
extend to lower pressures, but only in an environment approaching
its own bulk composition. In the present study, prehpite always
appears to be_filling small pockets surrounded by garnet (Plates
5.7, 5.17 énd 5.18). These pockets may, therefore, represent
small areas reﬁaining aftter thé-development of feldspar and
grossular, whose bulk composition closely approached that of
prehnite, resﬁlting in its formation. Liou (1971) also showed
that prehnite reacts to form zoisite, grossular, quartz and

fluid at approximately 400°C at 3Kb. If this is applicable at
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lower pressures, it also suggests that the prehnite may have
formed after the formation of grossular and feldspar during
cooling of the aureole. If prehnite forms in this manner, it
ﬁould have been expected to occur in association up to the limit
of feldspar occurrence but it has only'been recorded up to 5.5 m
from the contact. This limitation may not be real, as its for-
matioﬂ at low pressures appears dependant on a pocket of material
of appropriate bulk composition which may not have been available

in all the specimens examined.

Conclusions

Prehnite has been recorded in several samples up to 5.5 m
from the Whin contact. It occurs in small pockets, surrounded
by garnet and shows characteristic irregular extinction. Electron
microprobe analysis has shown compositions ranging from almost
ideal,to a composition showing over 22% substitution of Al by
Fe* (Fig. 5.6). The results agree extremely well with those of
Surdam (1969) and both sets of analyses show Fe3* substitution

occurring to an extent not recorded previously.

CHLORITE

Chlorite is a common mineral in the sedimentary rocks of
Teesdale (Harbord, 1962) but is not present in all the samples
examined. It appears to be particularly common in the calc-
silicate lenses in the marbles, where it is often fine-grained
but recrystallized; Fine-grained chlorite, as a matrix to
epidote, is illustrated in Plate 3.15, while mediumhgrainéd
crystals are shown in Plate 3,17. Coarse-grained crystals up
to 3 mm in length are often seen in calc-silicate nodules (Plate

3.18) showing green and anomalous blue interference colours.




126,

Electron microprobe analysis

Four point analyses have been made on green, radiating
chlorite, similar to that shown in Plate 3,18, and these are
presented in Appendix 5.7. The totals are low but are to be
expected because of the high Ho0" content in chlorites and
possible volatilization during the analysis. In order to classify
the chlorites, using the system adopted by Deer, Howie and
Zussman (1962) and to allow'comparisons to be made, the analyses
have been recalculated to atomic proportions. For the purpose
of recalculation, total Fe is given as Fe0, (OH) has been
assumed as 16,00, and the formula has been derived on the basis
of 28 oxygen equivalents, ignoring Ho0. These atomic proportions
are also shown in Appendix 5.7, the number of 'Y' ions per
formula unit is quite low in the first two analyses and slightly
high in the second two analyses. On the basis_of'the assﬁmptions
made, the analyses of 43/3 fall in the diabanite field and those
from 43/22 in the ripidolite field, in comparison to the aphro-
siderite, near daphnite, recorded by Dunham (1948), which is less
Mg-rich than those recorded here,

A notable feature of the analyses is the high content of
Ca0, ranging from 2% to over 11%. In contrast, the analyses
quoted by Deer, Howie and Zussman (1962) only show a meximum Ca0
content of 1.2%, much of which they regard as impurities present
in the chlorite., It is possible that during the analysis the
calcite, which was present as a matrix to the chlorite, was
excited by the electron beam, to give rise to a spurious Cal
vaiue. It is also possible, however, that in a Ca-rich environ—

ment, some additional Ca may be incorporated into the chlorite
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structure..

Chlorite is present in most of the calc-silicate samples
examined and is only notably absent in saﬁple }5/%. It is a
mineral typical of the albite-epidote hornfels and is stable,
in the presence of quartz, to temperatures only siightly in
excess of 500°C (Winkler, 1968). Temperatures of this magni-
tude are believed to have been attained in the aureole (Chapter
AIII) but little evidence is seen for the breakdown of chlorite.
In the majority of cases it only appears to’have suffered re-
crystallization; suggesting that temperatures were not held .at
elevated levels long enough to allow the breakdown of the
mineral, This, in turn, éxplains the virtual absence of Mg
and Fez*.phases in the contact mineralogy, as most of the Mg

and Fez"' remains bound in the chlorite structure.

Conclusions

Chlorite is a éommbn constituent of the calc-silicate
rocks, varying from fine-grained material to radiating clusters
of crystals up to 3 mm in,lengﬁh. Four partial analyses have
been made and after recalculation into atomic proportions,
using assumptiéns described above, the analyses plot into the
diabanite and ripidolite fields. The chlorite has suffered re-
crystallization as a result of the metamorphism but has not
brokén down, thus accounting for the general absence of Mg and

Fed*-rich mineral phases in the aureole,

DATQLITE

Datolite is common as a secondary mineral in cavities and
veins in basic igneous rocks. It has been recorded from the

Dartmoor aureole, in an impure limestone, and in a similar
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setting, to the present occurrence by Phemistér and MacGregor
‘(1942). They recorded it in an impure limestone overlying a
thick sill of dolerite in Fife, Scotland. In the present study
the mineral was only recorded in one sample (44/12), an impure
saccharoidal marble, 5.8 m from the contact. The-crystals are
readily distinguishable from calcite because of their relatively
low-order interference colours (Plate 3.9). The datolite

- occurs in small, granular crystals (0.05 to 0.25 mm), xeno-
blastic to sub-idioblastic in form., A biaxial interference
figure was obtained from several df the crystals, with a 2V
recorded from two crystals of 79 to 81° and 80 to 83°.  (Optic
axial angles were determined by Dr. G. Borrodaile, Dept. of
Geology, University of Durham). An extinction angle of 5° (Z:c)

was recorded on two crystals.

Electron microprobe analysis

Six point analyses have been undertéken on two crystals
and the results given in Appendix 5.8. The analyses show
8i0o and Ca0 dominent with totals consistently in the range
72 to 7%6. The optical properties and partial analyses suggested
datolite and for confirmatory purposes, access was given to a
Geoscan instrument at the Dept. of Physics, University of
Newcastle-upon-Tyne. This microprobe is equipped with a lead
stearate crystal, allowing boron to be detected. No standard
was available, so a qualitative 20 scan was made to establish
the presence of B, a peak was recorded at 84° 55!, some 15' of
arc away from the value given in the 29 tables., Comparison of
the analyses presented here with those quoted by Deer, Howie .

and Zussman (1962) shows good agreement with the 8i0p and Cal
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values for datolite. Only minor amounts of other elements were
detected, namely Alp03 (0.3%), Fep03 (0.2%) total Fe as Fey0s,
and Ti0p (0.1%), as is the case in the analyses quoted by

Deer et al. (1962).

The genesis of the dafolite poses a problem, as it is.quite
rich in B and where it has been found previously in metamorphosed
limestones, B—riéh volatile action has been invoked (Phemister
and MacGregor, 1942). The mineral has, however, only been re-
corded from one sample, and it is difficult to equate B-rich
volatiles invading the sediments, with the rarity of its

development.

HAEMAT ITE

The feldspar areaé described in Chapter IIT are red-coloured
in hand-specimen (Plate 3.5). In thin-section, these areas are
' highly red-stained, especially in plane-polarised light (Plate
3,12). Occasionally the material becomes coarser-grained, as
shown in Plate 5.19. Here the material can be recognised as
haematite, showing red, translucent crystal edges in transmitted
light. The haematite in sample 19/9 is concentrated into small
pockets, where sufficient was present to separate and prepare a
powder X-éay'diffractioﬁ photograph. The pattern obtained from
the diffraction is shown in Table 5.6.

The pattern obtained from the haematite sample 19/9 is
virtually identical with that given in the A.S.T.M. index. This
haematite is alweys associated with the feldspars; and up to 0.9%%
Fep0z has been recorded in the feldspar analyses. Whether this

Fel* occurs as a substitution for Al in the feldspar structure




Plate 5.19  Sample 4./9. Elongate, lath-shaped feldspar
crystals with irregular grains of haematite

showing red, translucent edges. (x100)

Plate 5,20  Sample 4)/5. Sub-idioblastic crystal of sphene
set in an argillaceous matrix, with radiating

chlorite.  (x100)
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Table 5.6 X-ray diffraction of haematite

19/9 ‘ A.S.T .M. Haematit
: 2 |
3.70 M 3,66 25
2.69 VS 2.69 100
2.51 S 2.51 50
2.27 VVW 2.29 2
2.20 M 2.20 30
2,09 VW 2,07 2
1.83 M 1.8 40
1.69 8 1.69 6
1.63 i
1.60 MW 1.60 16
1.8 M 1.48 35
1.5 M .45 35

or as a haematite pigment around crystal grains, in the present
examples, is problematical. The haematite is formed dur;ng the
breakdown of illite to form feldspar and calé-silicgte minerals.
The FeX* ions cannbt readily be incorporated into the plagioclase
lattice and only some is incorporated into grossular, leaving the
remainder to form haematite. The FepOz content of an illite is
given as 5.0%, in one variety quoted by Deer, Howie and Zussman

(1962). Thus substantial amounts of Fed* may be released by the

breakdown of the illite material.

WOLLASTONITE

Wollastonite is a common constituent of contact metamorphdsed
impure limestones, where temperatures of 600°C have been achieved
(Winkler, 1968). In the present study, wollastonite has been re-
corded in several boreholes to more than 8 m distant from the
contact. The most spectacular development is seen in borehole
40, where a wollastonite-rich rock, up to 50 cm thick, is recorded.

No electron microbrobe analyses have been made of the wollastonite,




132,

' although itgs identification was confirmed by X-ray diffraction.
The wollastonite has, without doubt, formed by the'reaction:
calcite + quartz ==wollastonite + CO2. An association of
wollastonite, calcite and quartz is seen in Plate 3.7, where the
above reaction has not proceeded to completion. The halting of
. this reaction suggests thatjeither the elevated temperatureé fell
below those required for the reacfion, before completion_of'the
reﬁction, or that the mole fraction of COp rose to such a value
as to prevent the reaction occurring at the temperatures pre-
valent. The work of Harker and Tuttle (1956) suggests that a
minimum temperature of some 450°C is required to initiate the
reaction, at a low mole fraction of COp, in the environment under
study. .Winkler (1968) is .of the opinion that temperatures in
excess of 600°C are required for the formation of wollastonite,
Thus it seems probable that temperatures in the order of 550°C
were required for the formation of the wollastonite rock in the
present case. Examinétion of the theoretical temperature curves
(Fig. 2.3) indicates that temperatures in the order of only 450°C
are reached at 8 m distance from the contact. This temperature
is, however, a maximm and will only be held for a very limited
length of time. Thus, as described earlier, the theoretically
derived temperatures are at variance with those suggested by

geological observation.,

AMPHIBOLE
Amphiboles are common constituents of contact metamorphosed
impure limestones and appear in the lowest grades of meta-

morphism. . Hutchings (1898) recorded hornblende,tremolite and
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orthoamphibole from the contact-rocks of the Whin Sill aureole,
In the present survey, amphibole has only been recorded in three
samples up to 8 m from the contact, and ﬂo orthoamphibole has
been recordea. Hutchings (1898) recofd of orthoamphibole must be
viewed with caution, a$ in a highly calcareous environmenf it
seems unlikely thaf an amphibole relatively devoid in Ca would
form, ' The record of tremolite is also doubtful, as it is usually
formed by the reaction of dolomite + quartz + Hp0, and doloﬁite
is not known from the Carboniferous limestones of Upper Teesdale.
In the petrographic examination, the amphibole is seen to
be very fine-grained and is distinguished from chlofite by its
higher relief and cleavage. The optical properties are too
imprecise to allow specific identification, and as no electron
microprobe analyses have been made it seems reasonable_to assume
that the mineral is probably a Ca hornblende. The relative lack

of amphibole is most likely due to the non-breakdown of chlorite

mentioned previously.

ACCESSORY MINERALS

A number of minerals are described here, which occur only
in relatively small amounts and which have not been studied in

detail.

- Pyrite
Pyrite occurs abundantly in places, usually at limestone-
argillaceous horizons. It is recrystallized and in certain

cases forms late rims around garnet (Plate 5.3). The materiél

is prdbébly recrystallized from original sedimentary pyrite,
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which is common in the Carboniferous argillaceous sediments of

Teesdale (Harbord, 1962).

Pyrrhotite
Pyrrhotite has been recognised in one sample (45/1) by an

X-ray diffraction analysis. This mineral was recorded in a
contact sample and is probably derived from metamorphism of the

pyrite,

Sphene

Small crystals of sphene have been recorded in several samples
but in sample L44/5 a small (0.2 mm), sub-idioblastic, rhombic
section was present (Plate 5.20), showing moderate pleochroism

from colourless to red-brown. -

Apatite

Elongate needles of apatite are commonly seen in the calc-
areous shales. Needle-shaped crystals are shown with garnet in

Plate 5.3, and small needles are often seen included in prehnite.

Rutile
Minute needles of possible.rutile occur in some shales, showing -

high relief and a faint yellowish colour.
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Appendix 5.3 Electron microprobe epidote analyses

35/4 41/36 41/36 '43/3 43/3 43/3 43/22

1 2 . 1 1B 2 1
Si0g 41.37 38.03 37.93 . 41.83 41.43 42.78 37.62
Al1203 22.28 26.57 25.95 18,10 20.48 20,09 25.30
*Feg03 6.61 9.37 10.90 10.31  9.19 7.52 10.84
-MgO - n.d.  0.04 0.77 0.98  n.d. 1.05 n.d.
Ca0 26.42 23.75 21,70 . 25.78 25.83 25,97 23.41
MnO . n.d. 0.0 0.08 0.13 0.09 0.12 0.1l
Total 96.68 97.80  97.33 97.13 97.02 97.53 97.28

43/22  43/22 43/22 44/5 44/5 44/11

2 3 4 1 2 1A
S104 38.29 40.81 38,49 37.57 38,27 37.42
A1203 22,31 23.59 25,90 27.04 25,40 23.34
*Fe203 12.52 10.78 10.98 10.24 9.89  12.62
-MgO n.d.. 0.05 n.d. n.d. 0.18 -
ca0 24,01 22.18 22,18 23.37 23.86 23.34
MnO 0.08  0.22 0.40 0,02 0.20 -

Total 97.51 97.63 97.95 98.42 97.80 96.72

44/11  44/11 44/11 44/11 44/11 44/11

1B 2 : 3 4A 4B 5
Si0O2 37.84 37.97 37.78 37.65 37.11 37.24
Al203 23.10 24.94 25.36 24,37 25,58 25.35
‘*F6203 12,65 11.52 11.11 11.25 11.72 10.77
Cca0 23.82 23.49 23,61 23.64 23.28 23.94
Total 97.41 97.92 97.86 96.91 97.69 | 97.30

(%), Total iron as Fe203.
(n.d.), not detected.

(-), .- not determined.




Appendix 5.4

Si0»
A1203
*reQ
Mg0
Cal
Ti0o

Total.

5i0p
Alp03
*Fe0
Mg0Q
Cal -
Ti0o
MnO

Total

S5i0o
A1203
+Fe0
Mg0
Cal
Ti0»
MnO

Total

Electron microprobe idocrase analyses

W3/7  u3/T  b4/9A  LL/9A  LL/9A  Wh/OA  LL/9A
1 2 1A 1B 1C 1D 2A
35.36  3L.85 36,63 36.75 37.41 36,60 35,28
14,49 14,19 16,96 17.27 17.03 17.18 16,91
3.69 4,02 3,32 2.72 2.87 L. Ol 3.09
1.32 2,70 3.29 3.59 3.46 3.88 3.50
35.09  35.67 35.9L  35.65 34.57 35.21  35.70
3.23 1.87 0.45 0.77 1.07 0.97
0.10 0.03 0.04 0.06 0.08 0.05

93.28 93.33 96.59 96.81 96.48 97.94
Le/9A  L4/9A  WW/11 L4/11 45/1 45/1
2B 2C 1 2 A B
36,70 36,68 38.73 37.79 36,25  35.47
16,81 17.01 21,06 19.29 17.49 1.3k
3.06 2,62 0.16 0.15 3.78 k.19
3,28 3.49 0.34 2,16 4. 00 '2.78
35.06  35.59 37.10 36,12 3476 3472
1.30 0.97 0.05 0.05 0.43 2,75
0.05 0.08 0.42 1.57 0.18 0.01
96.26  96.44  97.86 97.13 96.89  94.26
45/1  45/1 45/1  45/1  45/1 L5/1

D E F G H I

35.71  35.65 35.55 35.55 35.52 35.35
.20 147 1425 L4 49 1433 1k
5.65 . 5.96  5.94 499  L.07  L.75
1.75 2.02 2,08 2.35 2.67 2.87
34.73  34.58  34.89  35.01 3494 35.11
1.75 1.27 1.65 1.88 3.21 2.37
0.04 -0.05 0.03 0.01 0.03 0.02
93.82  93.99 939  9h.27  9kTT  9h.87

(+), Total Fe as Fel
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Appendix 5.6 Electron micfoprobe prehnite analyses.

35{ 4 35/4 35é 4 35/4

" B D

" 8102 40.6 42,3 3.7 43,3
A0 17.3 19.2 23,4 20.7

¥ Fep03 5.8 7.0 0.3 . 09
Mg0 ~ 1.3 {0.05 <0.05 0.3

Ca0 : 29,5 : 26,2 26.8 26.9
Nas0 0.1 -~ {0.05° {0.05 {0.05

Total 94,6 9.7 94.2 92,1
4%(3 uigﬁ M?éﬁ . 43/3

. D

A1203 19.3 20,0 19.7 20.0
+F6203 407 ' 4.8 709 6.5
Mg0 < 2.05 <o.25 < 0.05 {0.05

Ca0 26.5 26. 26.4 25.0
Na20 003 <0005 003 (0.05
K20 {0.05 ' (0.05 {0.05 : 0.9
Total 93.7 94,7 97.1 96.0
42(3 42;3 44{11 411

B

Al1;03 20.8 19.6 2l.1. 24.0
* Feg03 5¢9 8.3 0.2 <0.05
Mg0 < 0.05 0.2 {0.05 <0.05
Ca0 26.8 2645 27.5 2743

NagO 0.l 0.2 <0005 0.1
KQO ‘Nede n.de. 0.1 (0.05
Total : 96.1 95.8 92.7 95.9

(ned.), not determined.

(+),'Total iron given as Fep0s3




Appendix 5.7 Electron microprobe chlorite analyses.

43/> 43/3 43/22 43/22
1 2 1 2
S105 35.5 35.9 24,2 22,3
A150+ 13.9 _ 140 18.0 ©17.6
* Fe0 22.7 18.8 30.6 28.7
Mg0 15.2 10.7 11.4 8.6
Ca0 2.0 5ok 41 11.6
Ti05 0.5 0.5 0.1 0.1
MnoO 0.4 0.4 0.2 0.2
Total 9.1 85.7 88.6 88.9

Number of ionsx

Si 6.93 7.45 5.31 4,99
: 8.00 8.00 8.00 8.00

Al 1.07 0455 . 2,69 3,01

Al 2,12 2'.88) 1.97 1.63

Fe O B72 3.27 5.63 5438
10.81 10.73 12,36 12,70

Ca 0.42 1,20 0.97 2.78

T 0.07 0.04 0,02 0.01

Mn 0.07 ) 0.01 0.04 0.04

OH 16.00 16.00 16.00 16.00

(+), Total iron given as Fe0

'(x)s OH is taken as 16.00, and the formulae have been calculated on
the basis of 28 oxygen equivalents, ignoring HoO.




Appendix 5.8

Sioo
A1203 '

+ F6203

Ca0
Ti02

MnoO

Total

S10p
A1p05
*Fep03
Mg0
ca0

T10,
MnoO

Total

Electron microprobe

412
1A

37.7
0.2
0.2
n.d.

33.6
0.1

n.d.

71.8

hi/12

38.1
0.1
0.1
n.d.

345

0.05

ne.d.

72.8

datolite analyses.

12
1B

38.3
0.05
0.1
n.d.

4.5
0.05

0.05

72.9

4y/12

38.0
0.1
n.d.
n.d.

3349
0.05

n.d.

72.0

(n.d.), not detected.

B/12
1C

37.5
0.1
0.1
n.d.

34.6
0.05

n.d.

723

4iy/12

37.9
0.3
0.1
n.d.

34.6
0.l

n.d.

T2 4

(+), Total iron given as Fep03



Appendix 5.9 Variance and standard deviation of electron

microprobe analyses

Element Std. Var. No. ?f Element Std. Var, No. 9f
dev, . readings dev. readings
Garnet 44/11-1(1) Idocrase U44/9A-1(A)
Si02 0.49 0.24 8 Si0» 0.45 0.20
Ti0o 0.10 0.01 L Ti0o 0.22 0,05
Al203 0.40 0.16 " Al503 0.39 0.15
*+Fep03 0.26 0.07 " XFe0 0.25 0.06
MnO 0.10 0.01 " MnO 0.10 0.01
Mg0 0.4 0.02 " Mg0 0.27 0.07
Cal 0.53 0.28 " Cal 0.54  0.29
Pyroxene 45/1 Epidote  41/36-2
Si02 0.56 0.31 8 Si02 0.45 0.20
Ti0o 0.22 0.05 " - Al503 0.41 0.17
Aly03 0.33 0.1l " *Fey03 0.50 0.25
XpeQ . 0.35 0.12 " MnO 0.10 0.01
MnO 0.10 . 0.01 " Mg0 0.33 0.11
Mg0 0.45  0.20 " Cal 0.40 0.16
Cal 0.4k 0.19 "
Feldspar 43/3 Prehnite  35/4
Si0p 0.7  0.42 L ' Si0p 0.5  0.26
Al03 0.5 0.27 t A1203 0.k  0.19
+Fep03 0.3 0.13 u *Fe203 0.3 0.13
Ca0 . 0.3 0.13 " . Mg0 0.5 0.32
Nao0 0.6 0.35 " ' Ca0 0.5 0.27
Ko0 0.1 0.01 " Nao0 0.2 0.05

(+), total Fe as Fey0z

(x), total Fe as FeO
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CHAPTER VI

CONCLUSIONS AND DISCUSS ION

MET AMORPHIC FACIES

" One of the most significant assemblages Séen in the aureole
is that of wollastonite + calcite, recorded in boreholes 40, 41
and 43. Winkler (1968) suggests that temperatures in the order
of 600°C are required for the formation of Wollaétonite at 500
bars. If minimm temperatures of 500°C are accepted, as suggested,
for limestone recfystallizatioﬂ to occur at 27 m from the céntact
(Chapter III), then temperatures of 600°C appear reasonablevwithin
10 m of the contact, to which region wollas#onite is restricted.
Wollastonite is a mineral typical of the K feldSPar-éordierite-
hornfels facies, although it can occur in the highest temperature
parf of the hornblende-hornfels facies (Winkler, 1968). The
presence of wollastonite~rich rocks, up to 25 cm thick and over
8 m from the contact, suggests that the conditions of the K
feldspar—éordiefité—hornfels facies may have been established,
for a time, close to the contact.

" Mineral assemblages tyéical of the hprnblende-hornfels facies
(Winklér, 1968) are well developed in the aureole and include
grossular, digpside—hedenbergite, amphibole and idocrase., Temper-
atures of the order of 520 to 580°C have been suggested for this
facies (Winkler, l968),lwhich are in agreement with those already
suggested.

The minerals epidote, chlorite and albite are widespread and
are typical minerals of the albite-epidote-hornfels facies, formed

" at temperatures of 400 to 500°C. Jdeally the mineral assemblages
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should form distinct zones away from the contact, representing a
fall in temperature. Unfortunately such a simple zoning is not
apparent and, as can be seen from Fig, 3.3, all the minerals are
found over a range O to 10 m while only garnet and epidote extend
to greatef distances. All the minerals indicative of the higher
temperature facies, namely idocrase, wollastonite, diopside-
hedenbergite and hornblende and with the exception of grossular,
are restricted to within 10 m of the contact. However, minerals
indicative of the low-temperature facies, i.e, albite, chlorite
and epidote, are also found in this region. The co-existence of
minerals of two and possibly three facies of'éontact metamorphism
suggests that equilibrium conditions have not been attained.
Evidence of equilibrium is, howeﬁer,_forthcoming on a microscopic
scale, namely the association of woilaétonite + calcite (L40/9),
grossular + diopside (35/4) and chlorite + epidote (43/3). Ideally,
therefore, the facies concept is difficult to relate to the present
study where evidence for disequilibrium is evident, although
localized equilibrium may have been attained on a microséopic
scale, A'point of gfeat significance should be made at this stage.
The electron microprobe results have shown the dominance of albite
(>954b), which is compatiblé with the albite-epidote-hornfels
facies. Howevef, the optical determinations, in the present survey
and those of Dunham (19A8), are suggestive of an oligoclase com-
position which is compatible with the hornblende~hornfels facies
(Winkler, - 1968). Thus in the comparison with other work using
optical determination of feldspar composition, caution must be
used in the event that the feldspar composition has been erron-
eously identified.

The mineral assemblages examined here are those formed only
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in calgéreous sediments. Pure argillaceous sediments have
suffered only recrystallization of the original sedimentary
material,-which is dominantly -quartz, illite and chlorite.
Chemical composition appears, therefore, to have played fhe major
role in determining the metamorphic products seen, temperature
playing a secondary role. This conclusion is similar to that
reached by Van Houten (1971). His examination of the Palisade
aureole showed that minor differences in composition of rocks
andvfluids_were the controlling factors in metamorphism, temper-
ature being of minor importance. The variation in the Whin Sill
and Palisade aureoles substantiates the contention by Turner
(1968) that compared with other sediments, calcareous rocks show
wide variation, less regularity and obscure zoning in contact
environments., |

Argillaceous sediments do not show metamorphic mineral
development, yet they have been subjected to the identical pressure-
temperature conditions as the calcareous sediments in which a

varied, new mineralogy is found. The pelitic hornfels of the

Palisade aureole, Van Houten (1971) show a quite varied mineralogy

including andalusite, epidote, cordierite, biotite and hornblende,
with some feldspar. The only difference between the rock-types
‘would be in the mole fraction of ¢02 in the vapour phase which
would, presumably, be low in the argillaceous sediments. Quartsz,
illite and chlorite are present in the argillaceous lenses in
limestones and in these illite has reacted to forﬁ calc—siiicates,
while chlorite appears to have suffered  only extensive recrystal-
lization with the formation of large radiating crystals of chlorite.
It appears, therefore, that a COp fraction acts as a catalyst in

the breskdown of illite but not of chlorite. Turner (1968) shows
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that any metamorphic reaction involves three main processes:
(1) liberation of material from original crystals (i.e. break-
down of minerals), (2) diffusion of material, (3) crystal nuclea-
tion. The rate of the reactién depénds upon the slowest of the
above three processes. In the ﬁresent s%udy, ali rock-types have
undergone metaﬁorphism under virtually identical conditions and
it ‘appears that the differences seen may be attributed to the
firsf process,  i.e. the breakdown of minerals. The lack of
reaction in the argillaceous sediments is suggested to be the
result of insufficient time available, at elevated temperatures,
to allow the breakdown of the minerals concerned: The basic
conclusion arrived -at, thefefore, is that the reaction rates of
calc-silicate aﬁd non-calc-gilicate reactions vary greatly.
Yoder (1952) also invoked reaction kinetics, to explain the first
appearance of garnet in régional metamorphism and not pressure-
temperature éonditions. Thi; fiew was strongly attacke@ by Fyfe,
Turner and Verhoogen (1958), and is probably not particularly
relevant in regional metamorphism where the time-span at elevated
temperatures Will have been much greater than that in contact
metamorphism, Turner (1968), however, states that ;reaction
kinetics péssibly play a significant role' where metamorphism
occurs on the fringe of contact aureoles. The present work
suggests that .reaction rates must piay a significant role,
esPecially'iﬁ the case of relatively small intrusions into areas
of varying rock-type.

The limitation of the majority of the new minerals to within
10 m of the conéact may, pérhaps, be explained by reference to
the theoretical temperature curves (Fig. 2.3). The actual values

recorded are not particularly rele#ant in the present discussion
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but rather the actual form of the curves. On intrusion of the
sill, a sudden increase in temperature of the country-rocks
occurs, which decreases rapidly with distance from the contact.
There is in effecf a ‘pulse' of higher temperatures, close to
the contact, before a relatively steady-state is achieved., This
pulse has a sharp apex which is most pronounced betweeﬂ 0 and |
10 m from the céntact. Reaction rates increase exponentially
with rising temperafure (Turner, 1968) and it appears that this
‘pulse was sufficient to promote the reactions with highest
velocities, thus giving the mineral assemblages seen within 10 m
of the contact. Harker (1932), in a discussion of lime-silicate
rocks, hints at the effect of reaction rates in contact meta-
morphism by the statement 'reactions ... premised a peculiar
promptitude and rapidity are only those which take place between
carbonate and non-carbonate'.

The status of grossular as a mineral diagnostic of the
hornblende-hornfels facies (Winkler, 1968; Turner and Verhoogen,
1960) should be viewed in a critical light in retrospect of the
present study. Grossular/andradite is found up to 23 m from
the contact and between 20 and 23 m it is only found in assoc~-
iation with a relatively Fe-rich epidote. Iron-rich epidote
can form at quite low temperatures and is known from burial
metamorphism (Winkler, 1968). Furthermore, grossular is commonly
associated with albite énd in a later section of this Chapter;an
idealized formula is given in which the simultaneous formation
of albite and grossglar is suggested. This relation is not
straightforward, however, because on the basis of simple optics,
the feldspars are calcic-oligoclase which would be‘stable with

grossular in the normal sense. The role of reaction kinetics
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should glso be borne in mind, as explained earlier, in the
elucidation of calc-silicate reactions and thé status of
grossular. Liou (1971) has shown the breakdown of prehnite fa -
givé zois.ite + grossular + quartz, in regional metamorphism at
‘the greenschist facies level. The presence of grossular in the
greenschist’facies, of which the albite-epidote-hornfels is the
contaqt equivalent; is contributory evidence that the status of

grossular/andradite should be further critically reviewed.

EXTENT OF METAMORPHISM

The work presented in this thesis is mainly devoted to the
-contact metamorphic effects of the Whin Sill, in Upper Teesdale.
It is in this ares, where the sill is at. one of its thickest
known horizons (73 m), that the maxinum ﬁetamorphic effects are
seen. In other areas %he sill reaches similar thicknesses, such
as at Ettersgill (73 m), Burtree Pasture mine (73 m) and the
Rookhope borehole (59 m), while a'recent‘borehole at Ninebanks,
West Allendale, has proved a maximum known thickness of 80 m.
However, as described in Chapter III, metamorphism is highLy
regtricted in areas outsidé Upper Teesdale, and development of
metamorphic minerals is seen only within 4 m of the contact,
while at Cow Green, metamorphic mineral assemblages have been
recorded to more than 25 m from the contact. Theoretical con-
siderations show that assuming.all heat transfer is by conduction,
the maximum metamorphic effect would be expected where the sill
is thickest. As shown in Fig. 2.3, the‘theoretical temperatures
reached in the country-rocks at Ninebanks should have been some
50°C higher than in Upper Teesdale. This variation in meta-

morphism is, therefore, difficult.to interpret on the basis of




theoretical temperatufe curves alone, where less than 100°C
separates the country-rock temperatures at Rookhope, Cow Green
and Ninebanks.

A possible contributory factor has recently been suggested
by studies of coal rank on the Alston Block and adjacent areas.
Ridd, Walker and Jones (1970) have suggested that the coals from
the Harton borehole were raised to a high-rank prior to the
intrusion of the Whin Sill, because of a high geothermal heat-
flow through‘the Weardale granite. Further work has confirmed
the results seen at Harton and a temperature of the country-
rocks in the region of 100 to 15000, is postulated for the
Alston Block (Dr. B.S. Cooper, personal communicgtion) immédiately
before the intrusion of the Whin Sill, The calculations made to
derive the temperature curves in Fig., 2.3 were computed on the
baéis of country-rocks at 0°C. Any excess temperature of the
country-rocks is merely added to the values determined (Jaeger,
1964). This pre-heating does not accqunt for the disparity
between Rookhope and Teesdale as both are underlain by granite
at depth, and presumably were subjected to identical geothermal
gradients. The pre-heating may be of importance when comparisons
are made with areas lying off the Alston Block, where the geo-
thermalAgradient was lower, The Ninebanks borehole is situated
off the main granite cupola (Institute of Geological Sciences,
1971) and may have been subjected to a lower geothermal gradient
with resultant lower country-rock temperatures prior to the
Whin S5ill intrusion.

A further and possibly decisive factor in explaining the

variation in metamorphism is to suggest that a source for the




Whin magma lies in Upper Teesdale. A magma source, coupled with
magma flowing through the area, would significantly increase
both the maximum temperatures and the period of time at which a
particular temperature was prevalent, as compared to a simple
case involving sudden intrusion into cold country-rocks.
Previous authors (Dunhem and Kaye, 1965; Hodge, 1965) have also
suggested that the source for the sill may be in Upper Teesdale.
This assumption was made on the basis of the sill being at its
lowest stratigraphical level, attaining one of its maximum
thicknesses and whose outcrops are_markedly irregular on
Cfonkley Fell., Recently Solomon, Rafter and Dunham (1971)

have also suggested a magma source, for the sill, in Upper
Teesdale, with access to the surface gained via the Burtreeford
disturbance. The relativély extensive metamorphism seen in
Upper Teesdale is, perhaps, the most decisive evidence in
suggeéting a magma source in that area, This interpretation
should be treated with some caution, however, because if the
whole of the volume of Whin is assumed to have originated from .
Upper Teesdalg, than a more extensive metamorphism might have
been expected, assobiated with higher grades of metamorphism
close to the contact. Mineral assemblages of the sanidinite-
facies might then have been developed because the reaction
rates of the relevant minerals, in carbonate rocks at the
required temperatures, are very rapid (Reverdatto, 1964), It

is also possible that Whin dykes have acted as feeders to parts
of the complex, as suggested by Holmes and Harwood (1928).

This is in part substantiated by Jones and Cooper (1970) who

have shown changes in coal rank adjacent to Tertiéry dykes,
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which extend up to three times the width of the dykes. Whin
dykes usually have much greater effects; zones of affected
coal were found 2.5 km wide on either side of the Ludworth dyke
(27 m), while the 34 m sill intrusion in the Throckley borehole
only,altered coal within 200 m of the contact.

Recently Reverdatto et al. (1970) have shown that for non-
abyssal intrusions, the Ingersoll criterion (ratio of the
thickness of the aﬁreole to that of the intrusive body) cannot
exceed 0,2 to 0.3. Sill;like dolerite and basic intrusions
usually have Ingersoll values of 0.,1. In the present case the
ratio of the aureole (25 m) to the intrusion (73 m) gives a
value of 0.3, which is significantly higher than that assigned
to non-abyssal intrusions. This disparity may be explained by
the presencé of highly reactive, impure carbonate rocks and by
invoking flowage of magma, thereby giving rise td anomalous
conditions as compared to a simple intrusion into cold country-
rocks, Similarly in the case of the Palisade intrusion (Van
Houten, 1971), Ingersoll values of between 0.3 and 0.7 are found,
which may be due to increased aureole temperatures because of
convective circulation of the magma (Van Houten, 1969); |

Reverdatto et al. (1970) classify contact metamorphism
into six types, depending upon the metamorphic facies developed
in the contact aureoles. Although facies cannot be strictly
defined in the Wﬂin éureole, it appears.feasible to sqggest
that the hornblende~hornfels and albite-epidote hornfels facies ‘ ,

conditions were most prevalent. This would place the metamor-

phism into Type 3 of Reverdatto et al., which is usually

associated with granitic intrusions and only rarely with basic




rocks, Reverdatto et al. normally associate basic rock intrusions
with metamor?hism of the sanidinite and K feldépar-coraierite
facies, explaining the absence of lower-temperature facies as
the result of lower reaction rates in these facies. Similarly
the Paiisade contact metamorphism may be classified as Type 3.
Thus as outlined above, the metamorphic effects seen in the
contact aureoles of the Whin and Palisade intrusions, are at
variance with the conclusions of Reverdatto et al. (1970). It
appears that these authors are attempting to classify'rigidly
a system in which there are a great number of variables, such
as type of igneous intrusion, depth of intrusion, thickness of
’intrusive bédy, whether convectionAor flowage of magma has
occurred. Also in contact metamorphism, where the effects are
limited to a relatively small area, the composition of the
country-rock will play an important role. It seems more
expedient, therefore, not to classifyy contact metamorphism as
rigidly as Reverdatto et al. (1970) but simply as the 'facies

series of contact metamorphism', as suggested by Den Tex (1971).

SODIUM METASOMATISM AND THE ORIGIN OF THE Na

Certain beds within 10 m of the Whin Sill contact show a
definite increase in the amount of Na, as compared to the
unmet amorphosed sediments. These changes are desc;ibed in
detail in Chapter IV. ZElectron microprobe analysis (Chapter V)
has shown that most of the Na is found in albite, the majority

of which occurs in red-coloured, adinole bands.

Hutchings (1898) first noted the increased Nag0 contents
of certain beds close to the Whin contact. His numerous alkali

determinations showed that there liad been an undoubted increase,
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but the effect was patchy and could not be explained. The patchy
nature of the addition was confirmed in the present survey but
;it is shown that the increase onlf.occurs in calcareous sedi-
‘ments. Sodium metasomatism and. adinolization at‘the contacts
of basic igneous rocks is a widely accepted phenomenon, the
classic areas being in the Harz and north Cornwall (Harker,
1932). The igneous intrusions associated with these adinoles
are usually basic rocks which have been albitized. The fluids
producing the alterations have long been suggested as being
derived from somewhat obscufe sources in the parent magma,
which then inyade the country-rock causing adinolization,
Turner and Verhoogen (1960) consider that the Na is more
probably derived from entrapped sea-water and wet sediments,
into which the intrusion was emplaced. Hutchings also attri-
buted the increase of Na to introduction of material from the
magma, a view supported by Smythe (1930).

In the case of the present study, no albitization is seen
in tﬁe Whin Sill although it has suffered late-stage hydro-
thermal alteration along early-joints (Wéger, 1929b). This
balteration has resulted in a loss of 5i0p, Nag0 and Cal from
the original Whin, Wager (1928) suggested that the increased
Na found in the sediments, was derived from the residual
portions of these hydrothermal solutions. However, pectolite
is found in numerous places along joints in the Whin Sill,
especially in Upper Teesdale, and it appears probable that much
of the Na releasea during chloritization was incorporated into
the pectolite, Smythe's (1930) analyses sﬁow over 7% Na0 in a

sample of pectolite from Ceuldron Snout, and he suggested that
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the two processes were intef-related in the statément '... pecto-
lization and chloritization appear to be complementary'. Further-
more, extensive chemical investigations by Smythe (1930) have
shown that NapO is not concentrated in'late—stage derivatives of‘
the Whin, suggesting that any late-stage solutions expelled from
the Whin would not be Na-rich.

If the Whin Sill is not accepted, therefore, as the major
source for the increased Na, séen in the metémorphosed sediments,
then the only feasible assumption is to suggest that the Na was
present probably as NaCl in the pore-waters of the sediments,
prior to the intrusion. It is known that pore-fluids are not
composed of.pure water but are solutions of salt in which NaCl
is dominant (M.G. Waljaschko, éuoted by Althdus and Johannes,
i969). Further contributory evidence for the presence of NaCl
pore solutions comes from the record of salt-pseudomorphs from
basal Carboniferous beds west of the Pennines (personal communi-
cation, Dr. G.A.L. Johnsoﬂ). Support for this contention is
also found in relation to recent hypotheses as to the origin of
the mineralizing solutions of the northerh Pennines. The Whin
' S5ill has been dated as late Coal Measures (295%6 ly) by Fitch
and Miller (1967), and was probably intruded only shortly before
mineralization commenced. Dunham et al. (1968) have shown from
their own work and that of Dr. S, Moorbath, that the earliest
mineralization occurred auring the period 284,%40 My. As mentioned
earlier, studies of coal metamorphism are indicative of a 'back-
'ground"temperature of 150°C for the country rocks of the Alston

Block, prior to intrusion of the Whin Sill. This is further

evidence that mineralization was soon to commence. Recently,




lDunham (1970) has reviewed the increasingly accepted hypothesis
that mineralizing fluids may be derived from formation waters
(i.e. water that is present in the rocks prior to any drilling),
which have béen raised to a high temperature. He has shown
that these waters are hypersaline brines which in several
recorded cases have salinities well in excess of 100000 ppm,
Solomon, Rafter and Dunham (1971) have invokea such a mechanism
for the development of the northern Pennine mineralization.

They also suggest that the intrusion of the Whin Sill, coupled
with a magma source in Upper Teesdale, gave rise to a convective
circulation cell for these formation waters, Thus ffom the
gbove discussion on the relationship between the intrusion of
the sill, the commencement of the mineralization and the origin
of the mineralizing solutions, it appears most feasible that the
pore-waters of the éediments, at the time of the TWhin Sill
intrusion, were hypersaline in character. Sawkins (1966) has
shown, from fluid inclusion studies in the northern Penninés,
that thé trapped solutions had between 20 to 23% equivalent
weight NaCl, while up to 33% has been recorded fromAfluorite

in Derbyshire (Dunham, 1970).

Recently Althaus and Johannes (1969) have cénducted perti-
nent experiments in relation to reactions between NaCl aqueous
solutions and clay minerals. One of their most significant
reactions recorded, with regard to the present study, is as
follows:

Illite + NaCl + quartz —> albite + 2M-muscovite + biotite +

haematite + salts + HCl + HxO.

This actual reaction has not been observed in the present study,




although the production qf albite and haematite, from illite,

has éccurred as described in Chapters III and V. Newly formed
muscovite and biotite is not observed. Grossular is, however,
always intimately associated with the feldspar areas (Plates
3.17 and,5.2). In a carbonate-rich environment, such as that .
under study, with a high concentration of Ca ions, it appears
that reaction will occur between these and the eicess S1 and Al,
from thé illite, to form grossular, possibly on the lines of the
idealizgd equation given below:

2 illite + 1 quartz + 2 NaOH —> 2 albite + 3 grossular

2K A14F63+Si7020(OH4) + 5105 + 2 NaOH —= 2 NaAlSiz0g

+ 3 Ca3A125i3012 + fluid

In'the.above reaction, NaOH is suggested instead of NéCl as
Turner and Verhoogen (1960) shéw that NaCl in aqueous solutions
at high temperatures dissociates to form NaOH + HCl., The illite
composition.is shown with FeJ* substituting for Al as is normal,
up to a certain extent (Deer, Howie and Zussman, 1962), The Fe
is partly incorporated into the grossular to form a certain
percentage of the andradite molecule while the remainder probably
enters the fluid phase and forms haematité, giving rise to the
red~colouration of the feldspar areas. The K ions are also
envisaged as entering the fluid phase, as was recorded by Althaus
and Johannes (1969), being concentrated and then forming potassic
feldspar along fractures in the feldspar areasAas described in
Chaptef V. In order to estimate whether sufficient Na is avail-
able for the production of albite on the above basis, a simple

calculation can be made as follows:




Weight percent of illite used in the generation of albite.

Tllite Albite
KALFe*8i7000(0H), NeAlSiz0g
Mol.wt .% | Mol.wt .%
- 3Ko0 47.1 FA1503 51.0
2A1903 203.9 35105 180.3
Fe203 79.9 30 - 8
7810, 420,6 —
2Ho0 36,0 ' 239.3
787.5

% illite consumed in formation of albite = 30.4.

Examining 16.4 cm? of argillaceous material at a density of
38,1 gn/cm’ (Kennard et al. 1967) and assuming a 50}'5.illite
content in the sample,
Weight of albite produced = 5.8 gm
Weight percent Na in albite (Abgg) = 8.2
Weight of Na in 5.8 gm of albite = 0.45 gm
Assuming the material has 12,5% voids (Kennard et al. 1967), then
in 16.4 cmd, volume of void = 2.05 cc.
Using salinity values given by Sawkins (1966) and Dunham (1971),
of 20 to 23 weight percent and 33 weight percent NaCl, respectively.
A ZQ% solution has 7.9 gm Na, 2.05‘00 will have 0.2 gm
A 2% solution has 9.0 gm Na, 2.05 cc will have o.é4 gm
A 33% solution has 13.0 gm Na, 2.05 cc will have 0.4 gm -
Allowance should also be made for Na already present as a con-

stituent of the argillaceous material, which is usually in the

‘region of 0.6% Nap0. In the present case, if all this is used in

formation of albite then approximately a further 0.1% Na is also
available. Thus based on the above examples, between 0.3 and 0.5%

Na is available, in a closed system, for the production of albite.
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Earlier it was estimated that some 0.45 gm of Na would be required
for the formation of albite, from illite, basea on the proposed:
idealized reaction. Using the values given by Sawkins (1966) for
the northern Pennines, insufficient Na is available, and this may
explain situations such as illustrated in Plate 3.11, Here

sample 43/6, 1.5 m from the contact, shows a central area of re-
crystallized illite surrounded by fine-grained feldspar. This
illite, even though close to‘the contact, has not reacted com-

pletely to form feldspar, possibly due to a lack of Na. This

feature is possibly repeated in the very fine-grained adinole

aréas, where it is not readily possible to resolve betﬁeen quartz,,
feldspar and illite. The above system is envisaged as isochemical
but, no doubt, once some Na is consumed in the reaction and the
pore-water becomes relatively depleted, a concentration gradient
will be established. This will allow replenishment-from areas
where Na is not being consumed, such as areas of chloritic or

quartzose material.

SKARN FORMAT ION

Skarn deposits are usually deyeloped at igneous contacts
with marbles and consist dominantly of andradite, hornblende,
diopside,'quartz, wollastonite and haematiﬁe. The classic
explanation for'the;e deposits has been to invoke reactions
between the carbonate and solutions, derived from the intrusionm,
containing Fe, Mg and Si, which invade the country-rock. This
hypothesis has been suggested even when the'intruded magma has
been relatively depleted in one or more of the elements concen—
trated in tﬂe proposed invading solutions; this particular .

anomaly has been stressed by Harker (1932). Such skarn deposits
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are of great interest because of the common occurrence of iron
ores in association with them, a situation récently reviewed by
Bartholomé (1970). |

The mineral assemblages found in the Whin Sill aureole are
very similar to those found in skarn deposits. ~Knill (1966)
attributed the calc-silicate lenses, found in the Melmerby Scar
 Limestone, to a skarn development. This hypothesis is shown to
be wrong, by the present work, the calc-silicate lenses being
merely the product of metamorphism of originally argillaceous
bands in the limestone, as described in Chapter III. The com-
positions of the phases developed have been shown to be largely
controlled by the breakdown of illite. The present work. is,
therefore, of importance in relation to skarns, especially those
found adjacent to intrusions'which are not enriched in the
elements dominant in fhe skarn.

Impure limestones, when metamorphosed, can give rise to a
gkarn-like mineralogy, which is developed as a consequence of
the mineralogy of the original impurities and of the grade of
metamorphism, In the presentbstudy, the impﬁrities in the
limestones have been dominantly illite, quartz and chlorite, of
which only the illite and quartz have reacted, at the conditions
prevalent in the aureole, This in turn has given rise to the
dominance of aluminosilicate phases in thelaufeole. If chlorite
nad also broken down, then a more varied mineral assemblage
would have developed, dﬁe to the release of the Mg and Fe2*
components. Where the original nature of the rocks has been
completely destroyed by the metamorphism, it is often'quite

difficult to resolve whether metasomatic introduction of material,
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from an igneous bedy, into a pure limestone, or isochemical meta-
morphism has occurred. This uncertainty waé apparent to Bartholomé
(1970) who stated that '... few decisive conclusions can be drawn
as far as ferric metasomatism ... is concerned'. He is, however,
of the opinion that glthough the metasomatic elements may have
been derived from the country-rock, they have suffered remobil-
ization by ascent tﬁrough the intrusive body. This is not
necessarily the case in all examples, as‘the skarn-like calc-
silicate lenses, of the Whin Sill aﬁreole, have formed in situ
without necessity for recourse to metasomatic introduction from
the Whin Sill.

The presence of haematite in the calc-silicate lenses is
also of interest in relation to the genesis of iron ores, which
are often found in skarn deposits. The haematite found in the
present study, associated with the feldspar areas, has‘been
suggested as derived from the F¢3f released by the breakdown of
illite. Thus if illite forms a substantial percentage of the
impurities in contact-metamorphosed, impure limestones, there is
potentially a high proportion of FeJ* available to be concentrated
so as to give rise to haematite., The experimental work of Althaus
and Johannes (1969), on the reaction of clay minerals with NaCl
aqueous solutions, showed that haematite is formed from illite,
while relatively large concentrafions of K and Fe were present
in the fluid phase. The authors suggested that if this fluid
phase left the rock system in which it was formed, then it could
give rise to metasomatic deposits. Siderite or ankerite deposits
would be formed, it was suggested, if these fluids came into

contact with carbonate rocks. The present enviromnment is
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carbonate-rich but haematite has fofmed and not an Fe-carbonate,
suggesting that conditions were in the haematite stability field.
Garfels and Christ (1965) have éhown that at one'atmosphére and
2 temperature of 25°C, the stability field of haematite, with
respect to Eh, pH and partial pressure of COp, is quite large.
They ;howed that a partiai pressure of log pccg? is required
before the stability field of siderite is wéll established, The
stability field of.magnetite is quite small in the above system,
the formstion of haematite or magnetite being dependant upon the
- Eh of fhe system although this is highly dependant upon the pH
of the solutions. The pH of the solutions involved in the
pertinent reactions is difficult to estimate, as the dissociation
constants of acids and water vary greatly with temperature such
that the pH of solutions at high temperatures will be quite
different from those of the same solutions at rooﬁ temperature,
It is apparent, though, that the conditions’existing still

allowed the. formation of haematite,

BEDROCK GEOLOCY AND THE SOIL-FLORA ASSOCIATION

The Upper Teesdale region, especially the Cow Green area;
has long been renowned in biological circles for its unique
arctic-alpine flora. The flora association consists of a number
of species of flowering plants which are rare in the British

Isles and some which are unknown elsewhere in the country. The

area has been the subject of a classic article by Pigott (1956),
who noted the close association betweeh the rare flora, outcrops
'of and soils developed on the metamorphosed Melmerby Scar Lime-
stone. The metamorphism of this limestoﬂe has resulted in the

formation of a saccharoidal marble (Chapter III), which is known
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to biologists as 'sugar limestone'. The association noted by
Pigott (1956) has recently been stressed by Turner (1970) and
Bradshaw (1970), who showed that the bulk of the great floral
rarities.are found in commnities confined to, or associated
with the marble.

One of the aims of the present study, as outlined in
Chapter I, was to examine the unique development of saccharoidal
marble and its géochemistry,in this area of Upper Teesdalé.

This was to establish what influence, if any, geological factors
have had on the sustenance of the arctic-alpine flora up to the
present day.

It is highly doubtful if the limestone geochemistry will
have any influence on the flora association, as little variation
has been found. The limestones of the region are quite pure
and contain only minor amounts of terrigenous and carbonaceous
impurities. The trace element geochemistry, as described in
Chapter IV is relatively uniform. Only Cu, Ba and Sr were
found to be consistently above the detection limit of ahalysis
and of these, Cu and Ba occurred only in relatively low con-
centrations. The only areas where possible influence by the
bedrock geochemistry on the flora might'occur, is in the
vicinity of mineral veins, where a more varied geochemistry is

present; these areas have not been studied in the present

survey.

The physical aspects of the bedrock geology have, however,
played a major role in sustaining the rare flora association.
The intrusion of the Whin Sill into clear-water limestones pro-

duced saccharoidal marble in the Upper Teesdale area. This
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marble and the associated rendzinas have produced a series of
precarious habitat which have proved syitable for the survival
of the arctic-alpine flora. This role has been described in
'greater detail in a recent Joint article by the writer (Johnson,

Robinson and Hornung,_l97l).

A copy of the paper (Johnson et al., 1971) is enclosed with

this thesis,
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Transitive Inferences and Memory

in Young Children

P.E. BRYANT

Department of Experimental Psychology, University of Oxford

T. TRABASSO

= Department of Psychology, Princeton University

Contrary to the conclusions of Piaget,
young children can make transitive
inferences if precautions are taken to
prevent deficits of memory from being
confused with inferential deficits.

For some time, it has becen belicved that young children are
unable to form transitive inferences about quantity until
they pass the stage of logical preoperations at about 7 yr old*-2.
This argument has been very widely accepted®*.  Piaget
and his colleagues propose that the young child cannot infer,
for example, that A > C from the information that A>B and
B>C. They assert that the child is unable to coordinate
the first two, separate items of information in order to reach
the correct inferential conclusion about A and C. If true,
this claim has important-educational implications, for a child
who cannot combine this information must also be unable to
understand the most elementary principles of measurcment.
We report two experiments which show that the claim is
unjustified. The experiments demonstrate that 4 yr old chil-
dren can make transitive inferences about quantity, provided
that they can remember the items of information which they

are asked to combine,
v One must ensure that the child has retained the comparisons
which he has to combine, if one is to infer whether or not he
can make transitive inferences. Otherwise, an error might
S‘mply be due to a failure in memory and have nothing to
do with inferential ability. Yet experiments in which it is
feported that children cannot make inferential judgments lack
lhl§ elementary precaution. One can control for forgetting by
wkl_ﬂg two precautions. First, teach the child the initial com-
panisons (A>B and B> C) very thoroughly. Second, test for
memory of these comparisons at the same time as one asks

<

the inferential question about A and C. The first precaution
ensures retention of the initial comparisons and the second
checks for this retention during the inferential problem.

We found it necessary to introduce another control in our
experiments.  This was against the transfer of “absolute”
responses. The general procedure in prior experiments has been
to use three quantities (A, B and C).  If only threc are used,
the correct responsc to the two extreme quantities must be
the same in both the inferential problem and in the initial
direct comparisons. The quantity A is the “larger” when
compared with B, and C is the “smaller” when compared with
B, in the initial direct comparisons. Yet “larger” is the correct
response to A and “smaller” is the correct response to C in
the inferential AC comparisons. Thus a child who produces
the correct response when asked the AC question may do so
by parroting a verbal label picked up during the initial com-
parisons, and not, as has always bcen assumed, by making a
genuine infercnce through the combination of two separate
comparisons.

The correct control is to introduce more stimuli and thus more
direct comparisons. 1f there are as many as five stimuli (in de-
scending order of size they are A, B, C, D and E) four initial
direct comparisons are possible, A>B,B>C,C>D,and D>E.
Note that B, C, and D all feature in two of these comparisons
and that each of them is the larger in onc comparison and
the smaller in the cther. This means that no one absolute
response can be transferred to any one of these three quantities,
and it thereforc follows that the crucial transitive comparison

will be between B and D. This indirect comparison cannot be

solved by transfer of absolute responses, since B and D were
both larger and smaller in the initial direct comparisons.

Our experiments thus involved first a thorough training
period with four direct comparisons, followed by a test period
in which the children were tested for their ability to make
transitive judgments and to remember the initial comparisons.
In the first experiment, sixty children in three age groups of
twenty each participated. The mean ages of the groups were
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the surface at the bedrock drift or mineral soil interface. At
the surface a hardened crust tends to form on the marble and
erosion may be relatively slow except near to the Whin contact
where the coarsely crystalline rock is often readily attacked
by subaerial weathering processes. At the subsurface junction
of bedrock marble and overlying 'drift or soil, percolating
ground water causes solution weathering leading to loss of
cohesion between calcite grains in the marble. Sections through
the drift-marble interface show rotten saccharoidal marble or
calcite sand deposits 0.25 to 3.0 m thick. The thickness of
the layer and the rate of weathering of the marble arc dependent
on the amount of ground-water movement. Subsurface
erosion sufficient to produce hollows in the land surface has
taken place as the rotted marble is removed in solution.

From these observations it follows that the unconsolidated
calcite sand, known to a succession of biologists as “sugar
limestone”, is chiefly a subsurface weathering product of
saccharoidal marble formed beneath a cover of drift and soil.
Its presence at the surface today is caused by contemporary
erosion of the soil and drift cover. Calcite sand is a most
unstable surface deposit which tends to erode by rain and
wind action at any place where the protective drift, soil or
vegetation cover is removed. A cycle consisting of subsurface
weathering below thin soil followed by croston of unstable
calcite sand may have taken place on crystalline marble
outcrops on Widdybank and Cronkley fells during much of
the post-glacial time. This would provide a succession of
open habitats suitable for the survival of the arctic—-alpine
flora. Because of its instability and secondary origin it is
unlikely that calcite sand deposits werc present on these
outcrops during the period of initial plant colonization in
late-glacial times.

Soil Development

The presence or absence and thickness of drift cover have
been important factors in determining the soils developed
over crystalline marble on Widdybank and Cronkley fells.
Under continuous drift, more than 60 cm thick, the limestone
acts chicfly as a platform on which soil formation takes place
in the upper layers of the drift cover. The limestone exerts
some influence on soil formation by maintaining free drainage
in the subsoil and lower drift, even though the latter is often
of heavy texture. Peaty gleyed podzols or deep peat are the
resultant soils. Where the superficial drift cover is thinner
(30 to 60 cm) the limestone maintains free drainage, but also
exerts an influence on the chemistry of the soil so that brown
earths or brown calcareous soils result.
a thin layer of superficial material, less than 30 cm thick, the
bedrock marble dominates soil formation and rendzinas are
the resulting soils.

The rendzinas form part of a complex in which three sub-

. types, for the purpose of this paper called a, B and v, occur

in association with small areas of brown earth soils, The brown

- earths are found over patches of deeper superficial material.

The rendzinas are characterized by alkaline reaction and
excessive drainage such that even short dry periods causc a
water deficit'!. Rendzina o is the simplest and forms in situ
from rotten crystalline marble. The profile is divisible into
a dark grey, humic but sandy surface horizon (A or A) which
has a dense mat of fibrous roots, and an underlying C horizon
of white or cream coloured calcite sand. Formation of a
rendzinas requires the prior removal of any superficial drift

with exposure of the underlying marble to subaerial erosion

and soil forming processes. .

Rendzina B is the most widespread in the rendzina com-
plexes. 1t develops over crystalline marble bedrock in regions
where drift parent materials play an important part in profile
formation. A typical profile is composed of a thin horizon
(up to 10 cm) of dark brown or reddish brown clay or silt
loam over calcite sand resting on relatively unaltered marble.
The colour and texture of the surface layer vary considerably.

L_I__.'___;f -

Where there is only-
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Colour variation reflects a number of factors but brieht .
coloured reddish variants have a high content of total iron
present as hydroxides. The bright red soils overlic marble
cut by fine siderite veins which oxidize to hydroxides of iron
including goethite. The soils inherit their coluration and hieh
iron content from the vein material, fragments of which are
normally present in the soils. Textural variation depends on
changes in the proportions of sand and clay with the silt
fraction remaining fairly constant. The soils also contain
small stones which have been derived from the surrounding
drift. The loam is clearly of mixed origin containing contri-

butions from the drift and the underlying marble; mixing

_brobably took place during pedogenesis.

Rendzina subtype ¥ is a closely related group of soils which
have aeolian erosion and depositional characteristics as a
uniting feature. They form a small part of the total rendzina
complexes and show much variation in detajicd profile mor-
phology. These rendzinas are particularly well developed in
the Thistle Green area, Cronkley fell, where they arc associated
with and abut against bare areas of calcite sand. Prosiles of
rendzina y almost always contain a number of buried surfice
horizons and clear evidence of surface accretion.  Observation
on a windy day.immediately demonstrates that acolian move-
ment and deposition are active and sufficient to produce profile
accretion.  These soils were formed under conditions of
periodic erosion, aeolian transport and deposition of cxicite
sand. Readily identifiable old surface horizons within the
rendzina ¥ profiles support an origin by periodic degosition
rather than continuous accretion. Periodic erosion of lime-
stong sand would produce areas available for plant colonizztion
and would aid the survival of the Tecsdale flora.

The typical rendzina profiles difier markedly from soils
developed over unaltered Carboniferous limestone though the
rendzina B subtype grades imperceptively into normal lime-
stone soils away from the Whin Sill contact as the bedrock
changes from coarse to fine grained marble. The marble
rendzinas, though distinctive, form only a relatively smalf part
of the soils of the botanically significant region of Upper
Teesdale. The brown carths, brown calcareous soils and the
various gleys developed on drift and other parent muterials
are also important.

Bedrock-Soil-Flora Association

The combination of lower Carboniferous clear waicr lime-
stone, late Carboniferous Earth movements and the injection
of the Whin Sill produced coarse grained crystalline marble
in Upper Teesdale. Tertiary and recent erosion with the
Quaternary glaciation exposed this unusual bedrock at the
surface. Rendzinas developed on outcropping marble by soil
forming processes. A geological setting of this type is unknown
outside Upper Teesdale in Britain and comparable rendzinas
are similarly restricted. In the vicinity of this narrow geological
and pedological setting the Teesdale flora has survived since
shortly after the end of the Quaternary glaciation. It is our
contention that the 'survival of the relict flora in association
with unique geology and soils is not coincidental.  The
inherent instability and excessive drainage of the calcite sand
soils have provided a continuous series of prccarious' habitats
suitable for the survival of the alpine plants. In thé vicinity
of these soils elements of the flora have colonized restricted
adjacent regions of differing soil type giving the plant distri-
bution found today. Other factors have clearly played their
part in sustaining the flora over the period of about 10,000
years. Two factors ‘are particularly noteworthy; first, the
severe climate of the Teesdale fells provides a suitable environ-
ment, and second, continuous grazing of the small areas of
limestone grassland from prehistoric times!? to the present
day has tended to maintain the required more open habitats.

We thank Drs W. A. Clark, A. W. Davison, J. Turner
and D. F. Ball who have read the manuscript and offered
helpful advice. This research forms part of a survey of Upper
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and the overlying crystalline marbles outcrop extensively
(bough often masked by superficial glacial drift. The morainic
drift and peat deposits, formed during Quaternary glacial and

pos(.glacial times, have also played a significant part in the /

formation of the biologically important soils.

Whm Sill and Metamorphism

“ On Widdybank and Cronkley fells metamorphism of the
Melmerby Scar Limestone and associated sediments occurs
above and below the Great Whin Sill. The limestone is
recrystallized for more than 25 m from the contact and the
metamorphic effect can be detected to almost 40 m above and
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below the sill on the basis of spotting in shales. Elsewhere
in northern England, where the sill is thinner, the effect of
metamorphism is restricted to beds close to the contact.
at'a distance of 18 m above. The dark pigmented ﬁTnestoneP;
found principally in the Middle Limestone Group, are not
recrystallized because the carbonaceous organic matter causes
the suppression of marmarization!®. Thus where dark lime-
stones are found near the Whin contacts very little or no
crystalline marble is found.

The formation of marble in Upper Teesdale is clearly the
result of three factors combining to form a bedrock formation
unique in northern England. First, the Whin Sill is near

maximum thickness and lowest stratigraphical horizon.
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Fig. 1 Geological sketch map of part of Upper Teesdale showing the outcrop of the Great Whin Sill and the principal
groups of sedimentary rocks. S, Well developed rotten marble and calcite sand rendzinas.

The alteration of pure limestones is limitcd to simple

recrystallization. Impure limestones close to the contact
form calc-silicate rocks in which a wide varicty of minerals
are present. Shales adjacent to the Whin Sill are converted
into hard porcellaneous rocks (whetstones) in which the
bedding is lost. Further from the contact spotted shales are
commonly developed. Pure sandstones are converted into
white quartzite at the contact and impure sandstones develop
alteration patterns depending on the amounts of argillaceous
or calcareous material present. The mineralogy of contact
Tocks associated with the Whin Sill in Teesdale has been
described recently by Robinson®.

4be pure Melmerby Scar Limestone of Widdybank and
Cronkicy fells js recrystallized by the Whin Sill to a saccharoidal
marble for about 25 m from the upper contact; a small thick-
ness of marble is also present below the sill. The marble
consists of dodecahedral to rounded grains of calcite varying
'8 average grain size from 0.5 mm at the contact to 0.05 mm

Second, the sill is injected into the thickest limestone in the
Carboniferous succession of the region, the Melmerby Scar
Limestone. Finally, the low carbon content of this pure, light
coloured limestone allowed metamorphic recrystailization to

take place readily. with the development of thick marbie
formations. ) :

Weathering of Crystalline Marble

The marble outcrop is partly masked by patches and tongues
of glacial drift on Widdybank and Cronkley fells. This.is &
pattern of exposure that has not changed greatly from the
early post-glacial period when continuous vegetation cover
stabilized the unconsolidated "drift slopes. Since then peat
has developed over impervious deposits, particularly the clav
drifts, and thin soils have formed over exposed bedrock.

Weathering of bedrock crystalline marble takes place both
at the surface, by processes of subaerial erosion, and below -
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.« example. This gradient would theoretically give a high enough tem-
perature to allow for the formation of the wollastonite rock of the Cow
Green area, upper Teesdale.

The development of abundant soda feldspar in shales near the
whin contact implies addition of alkalies to the country rocks. The
phenomena of soda metasomatism is well known at basic igneous rock
contacts. - Hutchings’s work (1895; 1898) contains numerous alkalj
determinations and shows that many of the altercd sediments display
an undoubted increase in soda, at the whin contact, which in a number of
cases exceeds the potassium content. The soda (Na;0) content of some
rocks reaches 6-7%. Hutchings’s work showed that the metasomatism
was an erratic feature, however, with some altered beds near the whin
showing no increase in soda. Wager (1928) suggested that the-soda was
derived from late stage alkaline carbonate solutions, produced by altera-
tion of early joints in the whin by late stage magmatic waters. This
alteration probably occurred soon after solidification of the magma, the
temperatures at this time, over most of the aureole, although falling,
would most likely be high enough to allow growth of albite in which the
majority of the soda is found. :
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developed and occurs at great distances from the contact as in the Rook.
hope borehole. Normally these spots consist of chlorite with minor
quartz and illite. Dunham (1948) recorded andalusite from clear spots
-in some shales. The metamorphism has not resulted in any large scale
generation of muscovite, but has been limited to a simple recrystal-
lization of the clay minerals to give a sericitic material, with a loss of
organic material. Some of the shales near the contact have been con-
verted into adinole-like rocks consisting of crypocrystalline mixtures of
quartz and soda feldspar. This development of feldspar, seen in many
instances, is suggestive of the addition of alkalies to the rock. Calcareous
shales develop similar minerals as in the impure limestones, the most
~ common being garnet, epidote, idocrase and feldspar. A borehole core
often shows well-developed euhedral garnets in lens-like bodies within
the calcareous shale. In thin section the garnets show weak birefringence
and are twinned with the development of sector twins composed of six or
twelve pyramids with vertices meeting in the centre of the crystal. The
calcareous shales may show a banded hornsfelsic structure with lenses
of red feldspathic material, white fine-grained garnet (hydrogrossular?)
with darker lenses of epidote. Thin sections show smaller concentrations -
of wollastonite, diopside and abundant calcite.

Pure sandstones at the contact, are converted into white quartzite.
Impure shaly sandstones show similar alteration patterns to shales and
limy sandstones to impure limestones; these rocks have been discussed ~
previously. '

Metamotphic facies. The whin sill intrusion was not of sufficient size
to allow a well-defined series of metamorphic mineral assemblages to be
developed and definite zones of different hornsfels facies cannot be
delimited in the area, but from the mineral assemblages present, it is
possible to draw some conclusions about the metamorphic facies. Wol-
lastonite is one of the highest temperature minerals seen in the whin
aureole. At low pressures it forms only in the highest part of the horn-
blende-hornsfels facies, but is more usually characteristic of the potassium
feldspar-cordierite-hornsfels facies (Winkler, 1967). The presence of a
wollastonite rock over 25 ft. (7-6 m.) from the contact suggests that the
potassium feldspar-cordierite facies was established for a time close to the
contact. The presence of idocrase also points to this facies, but is mainly
recorded from a limestone raft within the whin. Abundant evidence
showing that the hornblende-hornsfels facies was well developed is
indicated by the presence of garnet, diopside, plagioclase and andalusite.
The low temperature albite-epidote-hornsfels facies is also well exhibited,
generally at greater distances from the contact, with epidote, albite,
chlorite and sericite as the main minerals. Using Jaeger’s (1964) formula,
theoretical values for the heat-flow through the country rocks have been
calculated to give estimates of the temperatures reached in the metamorphic
aureole. The temperature at any point will, of course, vary with time
after the intrusion, but a maximum temperature curve after 25 years would
give a contact temperature in the region of 720°C with a decrease, away
from the contact, at approximately 5°C/ft. (17°C/m.). An increase or
decreasc of the time interval after the intrusion will cause the temperature
- gradient to become respectively shallower or steeper, relative to the above
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cuts through and alters many beds of limestone no evidence of assimi-

. lation or reaction, between the magma and carbonate rocks, to form
hybrid feldspathoidal and melilitic rocks has been recorded. However,
it is interesting to note that where a thin leaf of whin sill is in contact
with calcareous beds, as in the. Rookhope and Woodland boreholes,
there has been a local development of White Whin at both contacts
(Dunham and Kaye, 1965; Harrison, 1968).

Impure limestones show the highest degree of alteration when found
adjacent to the whin sill. They are converted into calc-silicate rocks
yielding a wide variety of minerals. One of the simplest impurities is
quartz, as developed at limestone sandstone junctions. In the Cow Green
reservoir boreholes a wollastonite rock has been found, over a restricted
area, at the junction between the Lower Robinson Limestone and the
underlying sandstone. The rock is between 3 to 18 ins. (80 to 460 mm.)
in thickness and shows white radiating crystals of wollastonite with only
minor amounts of calcite and diopside. Hutchings (1898) recorded
wollastonite from a limestone at Dunstanburgh, but it is of infrequent
occurrence. The development of a wollastonite rock up to 27 ft. (8-2 m.)
from the whin sill contact is unusual as the assemblage quartz-calcite is
stable up to quite high temperatures. Although the relevant reaction is
bivariant and should not be used as a temperature indicator, Winkler
(1967) states that wollastonite is not found where maximum temperatures
have been below 500°C, ‘Considering the shallow nature of the intrusion,
giving a pressure in the region of 350 to 400 bars and a high value for the
mole fraction of CO,, the presence of wollastonite suggests that temperat-

© ures in the region of 550°C were attained in this position. Impure
limestones containing clay minerals as well as quartz allow sufficient
alumina, magnesia, iron and alkalies for the development of an extensive
range of minerals. These include garnet, feldspar, chlorite, epidote,
idocrase and diopside. Garnet is the most abundant along with chlorite.
Hutchings records that the garnets are small and vary in colour from
neutral to yellow and green. The present survey by the author confirms
the widespread occurrence of garnets which are often euhedral and zoned
with isotropic cores and slightly anisotropic rims. Feldspar has also
been previously noted and similar identifications have been made on
borehole material where it occurs in much greater abundance as quartzo-
feldspathic lenses within the limestone. Hutchings recorded augite
as occurring with garnet, but present work only shows diopside with
wollastonite in small amounts. Idocrase has not been found in Teesdale,
but Randall (1959) records idocrase in abundance with garnet from a
raft within the whin sill, ‘at Barrasford. The idocrase occurs in both
euhedral and anhedral grains showing some low interference colours and
in other grains anomalous blues. Other minerals noted by Hutchings
are only of rare occurrence and include amphibole and sphene.

The alteration products of shales adjacent to the whin sill vary
greatly, mainly dependent on the distance from the whin sill contact.

. The normal Carboniferous shales are usually dark coloured and well
bedded, and under maximum alteration are converted into smooth, much
lighter coloured, hard porcellaneous rocks in which the bedding is lost;

+ they are often known as whetstones. Spotting of the shales is well
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effect is even wider in the shales. In the Rookhope borehole (Dunham
et al., 1965) the metamorphic effect could be traced to almost 130 ft.
(39-6 m.) above and below the contacts on the basis of spotting in the
shales. Where the whin is thinner, as along the Pennine escarpment, the
metamorphism is very restricted and generally only affects the beds close
to the contact.

In the Cow Green, Cronkley and Widdybank Fell areas of upper
Teesdale the whin sill is found in the Lower Limestone Group, the position
being 90 ft. (27-4 m.) below the top of the Melmerby Scar Limestone.
To the north, the whin trangresses into the Middle Limestone Group in
the Moor House National Nature Reserve (Johnson and Dunham, 1963);
The whin sill proved in boreholes in Durham county shows it to be
intruded into the Middle Limestone Group (text-fig. 18). At Rookhope
it is found between the Lower Little and Jew limestones while in the
-‘Roddymoor boring at Crook it is intruded into the Scar Limestone.
The Woodland borehole (Mills et al., 1968) proved the Great Whin Sill

. just below the upper part of the Three Yard Limestone. In the Harton
borehole, near South Shields, the whin sill is found to consist of three
leaves, the upper and lower leaves are the thickest and are found at the
base of the Great Limestone and above the Robinson Limestone res-
pectively.

Mineralogy of contact rocks. The effect of the whin sill on pure lime-

" stone is limited to a simple recrystallization. The degree of recrystalliza-
tion is dependent on organic content of the limestone and this depends
largely on the stratigraphical horizon at which the whin sill is intruded.
- Where the whin sill is intruded into the pure limestones of the Lower
Limestone Group there has been extensive recrystallization producing
‘marmorization of the Melmerby Scar Limestone for about 70-90 ft.
(21-3-27-4 m.) from the contact. The production of this extensive sac-
charoidal marble, or sugar limestone, as it is known to biologists, is
“almost unique and wide areas of sugar limestone soils have been pro- =
duced on Cronkley and Widdybank fells in upper Teesdale. A small -
thickness of Melmerby Scar Limestone, underlying the whin sill, has also
been marmorized, as seen at Caldron Snout and Falcon Clints. The
marmorized limestone consists of dodecahedral to rounded grains of
calcite varying in average grain size from 0-05 mm. at 60ft. (18-3 m.) from
the contact to 0-5 mm. at the contact. Over most of Durham the whin
sill is intruded into the Middle Limestone Group and, although at least one
less-pure blue-grey limestone is found within 50 ft. (15-2 m.) of the contacts,
saccharoidal limestone is rarely developed. Normally there has been
limited recrystallization with the elimination of carbon to grain boundaries.
There is a basic difference between the limestones of the Middle and Lower
Groups as recognized by Johnson and Dunham (1963). The Lower
Limestone Group consists of light grey limestones while the Middle
Group -consists of blue-grey limestones which contain quantities of
ofganic matter, occurring as a dark pigment. It seems, therefore, that
the organic matter plays the dominant role in the suppression of mar-
morization. Randall (1959) has recorded a related feature in saccharoidal
limestone, from Barrasford, Northumberland, where the grain size is

» related to the carbon content of the limestone. Although the whin sill
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The western half of Durham county is underlain by the major in-

.- trusive. Weardale granite (text-fig. 2)) which has been described in chapter
9. This granite was intruded at a temperature sufficient to alter the
country rocks by contact metamorphism. A wide envelope of these
metamorphic rocks must surround the granite, but they are only known
from two places. Woolacott (1923) "described metamorphosed Lower
Palaeozoic slates beneath the Carboniferous sediments at the bottom of
the Roddymoor boring at Crook. These slates were reported to be schis-

tose, contorted, cleaved and folded with quartz veins and garnetiferous:

bands. The site of the boring is approximately one mile (1-6 km.) from
the estimated margin of the granite. The slates outcrop in the Teesdale
inlier where they have been shown, by the presence of rare graptolites, to
belong to the upper part of the Skiddaw Slate Series (page 21). The
inlier is four miles (6-4 km.) from the estimated margin-of the Rookhope

cupola and is underlain at depth by granite. Here, thin sections show the. .
slate to be distinctly spotted with incipient hornsfelsing. Exposures of

Skiddaw slate, beneath the Carboniferous, in the Cross Fell inlier,
although phyllitic and recrystallized, show no signs of alteration
attributable to the Weardale granite and these exposures must lie outside
. the metamorphic aureole of the granite. The smaller Skiddaw granite
at the north-eastern corner of the Lake District (Eastwood et al., 1968)

is also intruded into Skiddaw slates; spotting and the development of

garnet is found only. in the outer zone of the metamorphic aureole.
Comparison with this granite suggests that the metamorphic rocks
seen around the Weardale granite constitute the outermost part of the

aureole,

METAMORPHIC EFFECTS OF THE WHIN SILL

N -

* In the early part of the last century, when there was doubt over the
origin of the whin sill, Sedgwick (1827) used the evidence of the meta- -
morphic alteration of the county rock, both above and below the sill, as -

. proving that the whin was in fact of igneous origin and intrusive in
nature. Although the metamorphism had been mentioned by several
authors, their descriptions only mention the induration of shales and
sandstones with the development of porcellanite, and limestones rendered
crystalline or granular in form. Sedgwick noted the presence of garnets
in an impure limestone, but Hutchings (1895, 1898) made the first and
only detailed examination of whin metamorphism; previous work was
reviewed by Dunham (1948). The metamorphism is relatively restricted
and the maximum effect is seen where the whin sill reaches its greatest
thickness of 240 ft. (73-2 m.) in upper Teesdale. Here, limestones are
altered for over 100 ft. (30-4 m.) from the contact and the metamorphic
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.Absh act In Uppcr Teesdale, Northern England some llmestoncs have been metnmorphosed

to a saccharoidal marble near to the contacts with the Whin Sill. This ‘marble is virtually
restricted to Upper Teesdale although the Whin Sill is found, 1ntruded into the Carboniferous

" sequence, over most of Northern England

Petrographical and geochemical studies have shown that the marmorisation of the limestones
is mainly dependent upon their non- carbonate carbon content and also the distance from the
Whin Sill contact. Analyses show that only small amounts of carbon (0 5-1. 0%) are requu-ed

to inhibit recrysta,lhza,tlon in the llmestones .
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Introductxon :

* The Whin Sill of Northern Dnoland is a quartz -dolerite mtruswe complex, inter-

mediate in composition between the tholeiitic and alkaline basalt series (Dunham,

'°1970). It intrudes Carboniferous strata ranging from the Lower Liméstone Group

(Viséan) to the Coal Measures (Westphalian) but is found mainly in the Middle

* Limestone Group (Upper Viséan) throughout Durham and Northumberland

(Fig. 1). The stratigraphical terms used in this communication are based upon

” ']ocal usage, wluch are related to the general nomencla,ture below

' - Middle leestone Group

-Lower lecstone Group

'17 (,ontr l\[mcml and l’ctrol Vol. 3” -

—ContrMinoral: 32 /4 8

Uppcr Luncstonc Group o 'Namurian o P

} -7 Viséan

K Ar arrc dotermmatlons on the Whin Slll suggest a late Coal Measures age

of 295+ 6 m.y. (Fitch and Miller, 1967). The strata adjacent to the upper and

lower contacts of the sill have been metamorphosed and this note is concerned

with ‘thosc cont%t _metamorphic effects scen in the hmestoneb thhm 31 m of

the contact. : :
»The Whin Sill is at its lowast stml,lrrraphlcal poswlon and attains its maximum

‘ thlcl\n(:%, of more than 73.1 m in the Cow Green area of Uppel Teesdale (Jig. 1).
Here it intrudes the Melmerby Scar Limestone (Lower Limestone Group) a.ncl

away from this region the $ill gradually rises in the succession be¢oming gencrally
thinner in all divections (K. C. Dunham, 1948; ‘A. C. Dunham, 1970). The maxi-

- mum metamorphic effect is also seen in Upper Teesdale, with the development

of wollastomto in appreciable qnantltwo Tvidence of metamorphism based on
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‘Fig. 1. Map showing location and geological setting of the Teesdale area, Northern England
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spotting in the shales can be seen at over 36 m from the contact. A recent general
account of the metamorphism has been published by the writer (Robinson, 1970).
. One of the main features of Upper Teesdale geology is the extensive occurrence
" of saccharoidal marble produced by the metamorphism of the Melmerby Scar
Limestone. These marbles consist of rounded grains of pure white calcite, which
decrease in size away from the contact. Grain-size measurements undertaken on
* gamples from a borehole show a range of grain-size from 0.5 mm at the contact

to 0.05 mm at a distance of 18.3 m. The marmorisation of the original limestone
to a saccharoidal marble has resulted in the obliteration of all the sedimentary
features, including the bedding. In order to explain the development of this
- rather unique marble it is necessary to consider first the sedimentary characteristics
“of the limestones. ' :

-

Limestoncs Prior to Metamorphism

Two distinct types of limestone have been recognised in the Northern Pennine

. region by Johnson and Dunham (1963). Light-coloured limestones are dominant
_in the Lower Limestone Group, while those of the Middle and Upper Limestone

" Groups are chicfly dark in colour. Johnson and Dunham attributed the difference

" in colour to the presence of organic and terrigenous impuritics in the dark limes-

" tones. Jones and Cooper (1970) have shown that the carbonaceous material of
Carboniferous argillaceous sediments in Northern England has components
similar to thosc of coal. This material consists of fusinite and spores, with a dis-

- seminated, amorphous, organic phase (kcrogen) also present. This is the car-
bonaccous material belicved to be present in varying quontities in most of the -
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" limestones. Ji ohnson (1962) has shown the type of limestone present in the North-

ern Pennines depends basically upon the depositional environment. The limestones
of the Lower Limestone Group of Teesdale were laid down as an open-sea marine
facies with dominant, massive, light-coloured limestones. When traced north
into the Northumberland trough (a deltaic environment) the limestones bifurcate

" and become dark grey in colour. The overlying Middle and Upper Limestone

Groups, with dominantly dark limestones, were also deposited in a deltaic
environment. This scheme is generalized since lenses of dark limestone do occur
in light limestones and vice versa.

-Petrographic examination of the light-coloured limestones shows them to be
bioclastic and of fine to medium grain-size. Evidence of recrystallization is often
present in the groundmass, which is for the main part fine grained and buff
coloured. The dark limestones are also bioclastic with a fine-grained groundmass -

.of calcite. Where the groundmass in these dark limestones is very fine grained,

the rock has a dark, earthy.brown colour. However, where the calcite becomes
coarser a definite rim of dark brown, carbonaceous material can be seen around

‘the calcite grain boundaries.

Saccharoidal Deveiopment in Contact Zones

"'The development, near to the Whin Sill contacts, of saccharoidal marble, is

mainly dependent upon the stratigraphical horizon at which the sill is intruded
(Robinson, 1970). In Upper Teesdale the Whin Sill intrudes the Lower Limestone

_- Group, but over most of its outcrop and known subsurface position it is found
_in the Middle Limestone Group. The combination in Upper Teesdale of the thick

(33 m), light-coloured, Melmerby Scar Limestone and one of the thickest sections

‘of the Whin Sill accounts for the maximum development of over 25 m of sac-

charoidal marble.in this area. Over most of the areal extent of the sill, only dark
limestones are present in the succession and even through a dark limestone
horizon is never more than 15.2 m from a contact, saccharoidal development is
virtually absent.

'The difference in metamorphism between the two types of limestone can be
demonstrated where both varieties occur in the same contact zone. Dunham
(1948, p. 56) gave details of the Ettersgill borehole (ET/16) in which the sill was

found to be over 67.1 m in thickness. In this section the Single Post Limestone,

a light limestone within the Middle Limestone Group, is completely marmorised
at a distance of 5.5 m from the contact, whereas the dark Cockle Shell Limestone

- is unaltered only 11 m from the contact. A similar feature is shown in Fig. 2 which

displays the succession recorded in borehole 40 in the Cow Green area. In this

-section the Upper Robinson and a lens of the Peghorn Limestone are dark limes-
- tones within the Lower Limestone Group. These two dark limestones are non-

saccharoidal and virtually unrecrystallized whereas medium grained saccharoidal
marble, developed from light coloured limestones, is present both above and below.
The variation in crystallinity in the limestones is especially cvident in the case

"of the dark lens in the Peghorn Limestone, where the junction between dark and

saccharoidal limestone is sharp at both upper and lower contacts.
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Gcocheinistry of Limestones

_The; results of non:carbonate carbon and strontium determinations of limestone

samples. from the borehole: are given in Fig. 2. The carbon data show a definite
correlation between the amount of carbon present and the type of limestone

,qpa),lysed., The dark limestones have a relatively high content of carbon, almost

.1.0%. in. two of the samples and always greater than 0.5%. The light limestones
~ always have low carbon below 0.4% with an average in the range 0.2-25%. The
- difforence. in amount of carbon between the.two types of limestone is not great
" but petzographic examination of dark limestones reveals that the carbonaceous
_material is. very finely disserainated. The strontium values arc of great interest

.88, it, is: well known that strontium. is readily released from the crystal lattice of
_,c',wlciltc,i upon recrystallization, oven daring diagenesis (Kulp et al., 1952). Stron-
tium: values from Fig. 2 show that in saccharoidal marble, values of less than

800 ppm are normal. The dark limestones, however, have significantly higher
values of strontium. with over 2000 ppm of strontium normal with a maximum

~ .
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of 2291 ppm. Samples 18, 19 and 20 (Iig. 2) show the difference in strontium
values, between the two types of limestone. Sample 19, a dark limestonc, has over
2200 ppm of strontium while saccharoidal limestones above and below, samples
© 18 and 20, have strontium values below 600 ppm. The values of strontium in
limestones not under the influcnce of the Whin Sill have also been determined by
the author. Valucs for dark limestoues similar to the Peghorn Limestone are in
‘the range 2000-2500 ppm; while samples of light limestoncs give values in the
region of 1200 ppm. The difference in strontium values between the two types of
limestone is most likely due to some loss of strontium from the light limestones
during diagenesis. Depletion of strontium in limestone may also occur in wall-
rocks adjacent to mineralization in the Northern Pennines as shown by Ineson
(1969). The samples from borehole 40 are not affected by this depletion as no
sign of vein mineralization was present and the sitc was over 61 m from the
" nearest vein. This places the borehole well outside the vein dispersion aureoles,
" which as Ineson showed vary from cms to a maximum of 9 m. Examination of
" many limestone samples has shown that there is a complete gradation between
“the high carbon, unrecrystallized limestones and the totally recrystallized,
saccharoidal marbles.

' " X.ray diffraction analysis of the dark limestones from the borehole shows that
they are ‘quite pure with no detectable quartz or clay minerals. The samples were
. “also digested in dilute acetic acid but only small quantities of clay minerals could

" be detected in the residues along with carbon and some sulphides.

< .. Discussion

. ““Recently Suess (1970) has shown that organic carbon, dissolved in sea-water is
" “readily adsorbed by calcite. He also showed that even a monomolecular layer of
. carbon can produce physical isolation of a calcite surface area and can completely
- inhibit carbonate equilibria with the surrounding sea-water. It is most probable
that the carbon is chemi-adsorbed onto the calcium cation sites on the surface of
‘the calcite grains. The amount of carbon required to form a monomolecular
© layer is small. Suess showed that for powdered calcite < 43 p in size and with a
surface arca of 0.714 m per g, 0.1-1.5 mg carbon per m is sufficient for a mono-
* molecular layer. Grain size in a limestone is, of course, very variable but the
calcite matrix is < 0.01 cm so that sufficient carbon is present, according to the
analyses, to provide more than a molecular layer on grains. :

~'Spry (1969) has shown that there are three main “driving” forces for the
_+ growth of crystals, chemical, lattice strain and grain boundary energy. Heat is
- the activating mechanism for either one or a combination of the above forces.
‘Chemical energy is not relevant in this case as no new phase is developed, just a
“simple recrystallization of the original calcite. In a contact environment such as
that under consideration, where there has been the very minimum of deformation,
““the main reerystallization force must therefore be dominantly grain boundary
encrgy. Ascording to Spry (1969) this is the smallest encrgy available for recrystal-
lization, and a mautle of carbon around the calcite grains, as demonstrated here,
" is quite sufficicnt to inhibit grain boundary movement of material thus preventing
any recrystallization.

:
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Conclusions .

The development of saccharoidal marble in Northern England is shown to be
virtually restricted to Upper Teesdale, where it is formed by contact metamor-
phism of the hrrht co]oured limestones of the Carboniferous Lower Limestone

. Group.

. by a mantle of carbon around the calcite grains. No strontium is lost from the

The light-coloured limestones, with low carbon content (< 0.4%), are readily
recrystallized to coarse (0.5 mm) saccharoidal marble at the contact with the Whin
Sill, with a decrease in grain-size away from the contact. During the metamorphic

' recrystallization, strontium has been depleted in the light limestones. The dark

limestones, with relatively high carbon content (0.5-1.0%) are not recrystallized
during the metamorphism. This is because grain boundary movement is prevented

dark limestones values for unmetamorphosed examples being compatible with
those for dark limestones near to the Whin Sill.
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