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If you approach from the east, as you drive up the long climBawthwaiteyou will see the notch in the skyline that is
GawthwaiteHigh Quarry. The quarry was worked along a fold closure which plunges towards the viewer.




INTRODUCTION

Gawthwaiteand Kirkby moors provide an excellent opportunity to examine-fioidst relationships in a webedded

sequence with the added bonus of considering the geological controls on commercial exploitation of slate in this part of
Windermere Supergroup stratigraphy. Acadian deformation was sufficiently intense to produce slates in mugiraksand
siltstones. Originally sandy rocks responded to the regional shortening by folding and by creating-attocajlgpaced
cleavage.

Bracken, at its peak, may have to be flattened at a couple of localities and gorse also gets in the way locally buhenost o
itinerary-stops avoid these problems.

For advanced students the analysis can be taken much further to consider stages in the evolution of the thrusts inaelati
the folding and the implications of the cleavage/fold relationships for regional tecto@asvthwaiteMoor was the subject of
a Cumberland Geological Society project written up in the volume one of the Cumberland Geologist [2020].

The attitude of planes is recorded here using the British Right Hand Rule where the strike quoted is clockwise from the
direction e.g. a bed dipping 3@ the SE is 30/215. Dips are always two digits and strikes three, so it does not matter the
order they are written in.

Parking is available at a Hay on the north side of the A5092 [SD 26717 84794] or just oppdada fhe next slide] off a track
that originally was for access @awthwaiteHigh Quarry.



Gawthwaite Kirby Overview ¥

Overall
location map
based on
Google Earth.

GawthwaiteMoor

To get to
g GawthwaiteHigh
cruees Quarry follow the
| '& track up past the
parking area P, past
some houses, and
§ through the old
waste tips of the
guarry near the
road. Once past
the lower quarry,
the track leads
directly to

GawthwaiteHigh.




. GawthwaiteHigh Quarry

A closer view of Localities 1
& 2 on a Google Earth base.

The ellipse is an area of tipped
boulders by the track side. One
boulder has a good example of a
kink-band and another shows the
sedimentary style of the slates as
described for Locality 1.

A block of Wray Castle Formatio
slate split along the cleavage
plane. Prominent in this view are
0KS GaiONALIAET K
spaced at 10s of cm. Sheep
droppings for scale.
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Regional geological map from the British Geological Survey providing the setting for the field itinerary. Localitieglih& 2
box forGawthwaiteMoor are as shown on the Google Earth location map.



Ferer R Thomas

Documenting folds often
requires piecing together
information from many small
exposures. An important
technique in this process is to
measure the trace of cleavage
on bedding planes [or vice
versal. This is the intersection
lineationc¢ see red box. There
Is normally a close relationship
between this line and the fold
plunge, both in direction and
amount.

In the Gawthwaiteand Kirkby
moors area, the trace of
cleavage on exposed bedding
planes is a common sight. The
trace of bedding on cleavage
planes is only seen in a few
places.

P Thomas 2002 TWinsterValley: aspects of the WGS mapping project. Proceedings of the

Westmorland Geological Society, pp-3@®.



A detailed locality map for Locality 1 on a Google Earth base. The boulder to be examined is circled in yellow.

Kirkby Quarries
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Locality 1Gawthwaite High Quarry

| At SD 26340 8436%4ne block of slate is

an excellent representative of the
requirements for economic working of
slate in the area. Bedding and cleavage
have to be close to perpendicular; if not,

| blocks will split both along the cleavage,

and the bedding, rendering the material
useless.GawthwaiteHigh Quarry is

o elongate along the plunge direction of a

fold where the high bedding/cleavage
angle is found in a wide enough zone to

« | make quarrying economic. Angular folds
& with no closure zones do not produce
¢ workable slate in this stratigraphic
| sequence. The block is a very graphic

demonstration of intersectiotineations
of both bedding on cleavage and cleavag
on bedding.

Advanced Projectif you wish to test your skill at

= compassclinowork and know how to drive a
B stereographic projection try the following. Measure on
& the block the dip & strikes of the bedding and cleavage
. Also measure the plunge and bearing of the
| intersection lineation. Plot all three elements and see

the lineation you measured is where the great circles

S=& for the planes intersect.
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A saw cut block from Kirkby Quarry through a carbonate concretion which is elongated in t
slaty cleavage directionConcretions are common on the Kirkby aadwthwaitemoors

though it typically needs a saw cut to reveal their key features. They are mainly found in
greywackes but can be locally abundant in slaty horizons as seen at Locality 1. Because I
within the concretions are thicker than their equivalents outside it shows that they formed
early in the process of diagenesis which transforms sediment into rock. The deformation
overprint causes a little uncertainty, but there is no sign of layer thickness changing toward
margin of the concretions which means they formed before compaction was noticeable.

To form a slaty cleavage the rock has to be shortened perpendicular to the cleavage by arc
50 to 70% [see next slide]. This distortion explains the final elliptical shape of the concretic
but we do not know if the concretions, prior to the Acadian Orogeny, were spherical or alig
along the bedding.

Jim Marshall and Dunca?irrie published an excellent article on concretions in Geology Tods

2013,v0l.29,pp.58 HE Sy GA Gt SR G/ Nb2yl S O2y ONB

Many of the slaty units in this area are very finely laminated alternations of light and dark g
punctuated by dark crscale muddy bands. The latter are mud turbidites and thedoade

laminations were generated by seasonal variations in organic produatieiynt the years!
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Slates split readily along cleavage planes which have been created in resp:
to considerable shorteningd SS / I RSt f Q4 SELISNA YS)
the planar fabric produced is complex and is typically a mixture of aligned f
minerals and seams of differing compositions. Even though almost all slaty
cleavages are spaced, this term is reserved here for cleavage In sandstone
where the spacing is easily seen in the field. peaiitsy

The diagram to the left gives an impression of 4 -
the distortions associated with typical slates in B
the Lake District. Given favourable original graift .\ AN
sizes a mineral lineation can be identified on thé’l ;A AT
cleavage plane this is the maximum stretch in e
the rock. A slice [XZ] through the slate along ®

this lineation and perpendicular to the slaty
cleavage shows the maximum distortion

[strain]. The image of the dog is used to give an
idea of the distortions involved. In many Lake
District slates near perfect preservation of

original sedimentary features can be seen on

X | the cleavage plane the lowest distortions of  “ i s~
the dog help to explain why it is best to examing ' \ A
AR B TN
this plane if you wish to understand = e
objects x3 e Y d | d f f h \
original height o epositional conditions. If exposures are of th@,om Geological Somety of London
The red ellipses show what an NS _ XZ plane, then or|g|nal features are hlghly Special Publications 490, RWH
original sphere would look like " objects one third

after this strain was applied. original width a modified and hard to interpret. Butler, CE Bond, & MA Cooper.



To get to Locality 2 it is best to take the path on the NW side of UgparthwaiteQuarry which affords views of the far side
the quarry wall which is split roughly along the slaty cleavage. On the more planar sections of this wall you willraee the
the bedding on the cleavage which in several places is emphasised by white weathering layers a few tens of centimetre
these are bentonite layers formed when rhyolitic ash, from distant memeanic eruptions, landed on the sea surface and
settled through the water column. During diagenesis the original mineralogy of these layers was transformed into clays
Reference to the diagram from Peter
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et i o, g ;‘ﬂq Thomas will show that the

cleavage/bedding intersection lineation

o is typically very close to the fold

. axis/hinge line. This means that the

| lineation on the quarry wall is giving the
fold plunge which here is approximately
25 degrees. At the top of the quarry if
you approach the barbed wire fence you
will be able to look down the beds at the
fold closure which dip down the plunge
of the fold and also see the cleavage at
high angles to bedding.
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Locality 2 Kirkby Quarry Margin SD 25367 83686

In 2021 Locality 2 was as shown in the next slide. Since then this exposure has been caught up in the minor, butic@ly Si
extension to the main Kirkby Quarry. This work covered the exposure at Locality 2 but at the time of writig@221iglans
are being developed to create a viewing platform for the main quarry together with information boards covering the quart
operation and the geology of slate extraction. Additionally, large blocks of slate, from various Burlington Slate Liidnspera
are to be placed at this site to show some of the materials and the geological relationships associated with slate & the w
variety of settings worked by the company.

Despite the loss of the exposure at Locality 2, and even before the viewing platform is constructed, it is still worgithasiti
site because you can see the scale of the operation at Kirkby and @avidhwaiteHigh Quarry the plunge of the main fold is
defined by the intersection of bedding on the walls of the quarry which approximate the slaty cleavage. The high angle
bedding and cleavage seen on the next slide typify the extension area of the quarry which is why the quarry can enlarge

A distant view of the NE end of the main quarry at Kirkby
where the slaty cleavage is at high angles to the bedding




Locality 2 Kirkby Quarry Margin SD 25367
83686

Walking along the track parallel to the edge o
the quarry gives a good impression of the size
of the void created by slate extraction. The
small exposure near the base of the wind
turbine is a scaled down version of the high
angle relationship between bedding and
cleavage that gives rise to the economic
i N e working of slate in this area. At some points
¥ 4 c“IeaVage b along the dirt road on the edge of the quarry,
LB sace . M you should be able to see the same
LS relationships on the NE end wall of the main
3% ' void. On the Locality 2 side of the quarry, the
! cleavage dips towards you which means as t
guarry gets deeper an overhang develops,
| termed backwayby the quarry workers. On th
opposite quarry faces, where split along the
! cleavage, they are inclined less than vertical
and this known as thaghtway. Looking at the
NW sides of the quarry you will also see the
trace of bedding on the cleavage, again
plunging to the NE as &@awthwaiteHigh

Quarry.




A closeup view of the NW watightway] of the
main quarry at Kirkby. Arrowed in yellow is the
trace of bedding on the cleavage which gives the
direction, and amount of plunge, of the main fold.
This lineation is particularly well defined by the
white bentonite layers.

In good weather there are good views of Conisto
Old Man and more distant fells. You may be able
to make out quarries on the Old Man; those on the
SW side of the South Ridge follow a horizon in
what was an exceptionally deep caldera lake in th
Borrowdale volcanics.
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Cross sections through the slate quarries
on Kirkby Moor looking in the plunge
direction towards the NE. This is the
same viewing direction as the Locality 2
slide so the cleavage attitude in the main
Kirkby Quarry matches that of the small
exposure at Locality 2.

From: Soper, N.J., Kelly, I. & Boulter, C.A
2020 Kirkby Moor slate: geology and the
j dzf NNB YSy Qa f I y3dz :
Geologist, vol. 1, pp. 491.



Structural Data fromGawthwaite Moor

LoCaIity B
Gawthwaite
Moor

Locality 3is aff
series of S
closely spaced
exposures.

g g 7
i : £X ' ' /( 3g bedding right-way-up >‘\ syncline axial surface trace
S N : S B for i x Ly Logds —£~  bedding inverted -
Google Earth e 2R N BT R e ; / Xy R 82 0 ‘ anticline axial surface trace
1 ey 3 y dar W : P 3 : AT 1 - '/
|magery date s : . ; : v —7 31 fold axis plunge & bearing

01.01.2003 ) @ » 'f » o F‘romi Boulter ET AL. 2020 Cumberl‘and Geologis




Locality 3 SD 26682 85152 very common exposure style @GawthwaiteMoor where erosion has attacked a slate layer and

Ieft the top of a sandstone bed exposed The promlnent lineation on this bedding plane is created by the intersection of
T : s main Acadian cleavage and

the bedding. If the fold
geometry was perfect, and
a couple of other
conditions hold, this
lineation would give the
attitude of the fold axis. At
GawthwaiteMoor it is very
close to the fold axis but
not perfectly so. The
intersection lineation
plunge and bearing [30H
070 shows little variation
throughout Gawthwaite
Moor.




Locality 3 SD 26725 851@8e grid ref is for the lower end of this exposufarbonate concretions are another common sight on
GawthwaiteMoor. The top 20 cm of the sandstone unit is cross lamingqted; part of a turbidite¢ which is most easily seen
at the lower end of the exposure. Crdssdding truncations in the C division of the turbidite show the beds are-viglytup.




A close up view of the layer of carbonate concretions
[nodules] showing distortion associated with Acadian
Orogeny. Originally they may have been roughly circular
elliptical along the bedding.

The double headed yellow arrow is along the length of the
concretions and is parallel to a spaced cleavage in the wa
sandstones. This cleavage [see title slide] is recessive a
typically spaced at around a couple of centimetres. In thi
section it is nearly pure mica and was formed by other
minerals like quartz going into solution and being removec
The spaced cleavage is not the only result of strain in the:
sandstone layers otherwise the concretions would not be
deformed in the way they are. Between the spaced
cleavages the rock has also been strained. The spaced
cleavage is termed disjunctive because it is independent «
any preexisting structure in the rock such as bedding or
compaction fabrics.
A 3.5 mm wide
view, in a thin
section, of a
spaced cleavage
similar to those
seen on
Gawthwaite
Moor.




Locality 3 SD 26713 85183

At this grid reference four greywacke beds are separated by thin slate be
of varying thickness. Where the slate is several centimetres thick the sla
cleavage is easily seen as well as the different attitude of the spaced
cleavage in the sandy beds; this is cleavage refraction. Both of these
cleavages were created during folding and the angular relationships of b
can be used to determine where this locality is on the fold structures. Th
locality is equivalent to positioA on the diagram which shows idealised
graded beds where the cleavage continuously curves as the-gjzan
decreases. Most of the
turbidites onGawthwaite
Moor have delayed
grading where the finer
grained material only
occupies a few percent of
the bed. This delayed
aspect also means that
the structureless A
division of the medium
grained turbidite family
[Bouma] dominates.

B
The slaty cleavage is close to the attitude of the fold axial surface.



