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Synopsis

Two formations, the St Bees Sandstone and KirktirBandstone, have been mapped in the past
within the Triassic Sherwood Sandstone Group of ¢lastern part of the Carlisle Basin,
Cumbria, and adjacent parts of Dumfries and GallowK. However, previous workers have
found considerable difficulty in consistently idéyihg, defining and mapping the Kirklinton
Sandstone Formation. The principal lithological i@ within the Sherwood Sandstone Group is
between mainly fine-grained sandstones, that anenwanly micaceous and contain numerous
mudstone interbeds in the lower and middle partsthef group. Fine- to coarse-grained
sandstones with rare or no mica and few mudstortenga occur at the top of the group. This
change occurs within the Kirklinton Sandstone Fdiomaas previously mapped. Several options
are considered as to how the group should be tidmgraphically subdivided and the
nomenclature to be adopted. All options preserdlyehsome associated problems, but, in view
of the recently determined similarities with thentguous sandstones offshore, the adoption of

the same terminology as in the adjacent East 8t and Solway Firth basins is suggested, i.e.
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St Bees Sandstone Formation below (subdivided wpessible into Rottington Sandstone and

Calder Sandstone members) and Ormskirk Sandstaneakion above.

Introduction

Current lithostratigraphical subdivision of Triassiocks in Britain follows the framework
established by Warringtoet al. (1980). The terms in common usage prior to thmegosals,
such as ‘Bunter’, ‘Keuper and ‘Rheatic’ had acedirmixed litho- and chronostratigraphical
connotations. The Warringtoet al. (1980) scheme avoids the use of such names aad\cl
separates lithostratigraphical and chronostratiycab divisions. Theydp. cit., p. 13) proposed
the term Sherwood Sandstone Group (SSG) broadlgntmmpass arenaceous “formations
previously assigned to the ‘Bunter’ and the areoas€lower) part of the ‘Keuper’ in Britain”.
The 'Bunter' and 'Keuper' rocks are thought to bpasated by a widespread hiatus, the
Hardegsen Disconformity. The SSG is overlain by tleeninantly argillaceous beds of the
Mercia Mudstone Group (MMG). Where argillaceous $edst on the disconformity, the
junction between the two groups is likely to berphdut, where arenaceous rocks of the SSG
(such examples were formerly called Keuper Sané$toocur above the Hardegsen surface, the
boundary between the groups is likely to be gradali and diachronous (Warringteh al.

1980).

Prior to the Warringtoet al. (1980) nomenclature, the arenaceous part of tiasdic succession

in Cumbria, including the Carlisle and Vale of Ed=masins and the eastern margin of the East
Irish Sea Basin, was largely assigned to a singisidn, the St Bees Sandstone (Figs 1, 2;
Tables 1, 2) (Harkness 1862; Dixetral. 1926; Eastwood 1930; Eastwoeichl. 1931; Trotter &
Hollingworth 1932; Trotteet al. 1937; Arthurton & Wadge 1981). A higher unit, tkigklinton

Sandstone (Holmes 1881, 1899; Dixaral. 1926; Trotter & Hollingworth 1932; Day 1970) was
2
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also recognised in the Carlisle Basin (Table 1)ré&sewed below, the status of the Kirklinton
Sandstone, whether it can be recognised in otleasaand its relationship to both the St Bees
Sandstone and the overlying strata, have beendcatl® question. Notwithstanding these
difficulties, Arthurtonet al. (1978) and Warringtoet al. (1980, table 4 column 7) included the

St Bees and Kirklinton sandstones as componentdioms of the SSG in the Carlisle Basin.

Since 1980, much new information has become availeddating to the lithostratigraphy and
sedimentology of the SSG of Cumbria and adjacezdsa(Tables 1-3). This is particularly the
case in the East Irish Sea Basin (EISB), the Solwieth Basin (SFB) and other offshore areas,
following extensive hydrocarbon exploration (Colte997; Jacksoret al. 1995; Quirket al.
1999; Chadwicket al. 2001) and the onshore investigation of the areara Sellafield, west
Cumbria, as a potential repository or store siterémlioactive waste (Michie & Bowden 1994;
Bowdenet al. 1998). As a result, a more detailed subdivisibthe SSG is how employed in
these areas (Tables 1-3). However, the relationgi@veen this more recently proposed
lithostratigraphy in the EISB and the older subsimis elsewhere in Cumbria remains uncertain.
In particular, the age, stratigraphical relationsl @orrelation of the Kirklinton Sandstone have
not been resolved. In this account, we review thistieg nomenclature for the SSG in Cumbria,
the offshore East Irish Sea and SW Scotland. Rexgsseance field investigations of the key
exposures of the SSG in NE Cumbria and adjaceasaeDumfries and Galloway were carried
out, including the eponymous area of the Kirklintendstone (Hollidagt al., 2005). The local
and regional lithostratigraphical implications ohet field observations and present

recommendations for the subdivision of the SSGefCarlisle Basin are also discussed.

Previous investigations

The Carlisle Basin
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Though extensively concealed by Quaternary depdbisPermo-Triassic (New Red Sandstone)
rocks of the Carlisle Basin attracted consideraftierest during the 19th century. The principal
contributions during this period are listed by Dixat al. (1926, pp. 103-105). The
stratigraphical order, classification and strudturglationships of the various argillaceous,
evaporitic and arenaceous units observed at outemwh in boreholes were matters of
considerable debate. These were not satisfactogsplved until the publication of the 2nd
edition of the Carlisle Memoir (Dixogt al. 1926) (Table 1), and confirmed by the Silloth 1-A
Borehole (Fig. 3), drilled in 1973 by Ultramar Egmtion. In this borehole, the SSG was proved

to be 502 m thick (381-883 m).

The 'red sandstone of St Bees Head' was well kriowearly workers, e.g. Sedgwick (1836). The
first use of the term St Bees Sandstone seems/tobieen by Harkness (1862) and Murchison &
Harkness (1864) in the area around St Bees Heast @Gembria, and was quickly applied
elsewhere in NW England to lithologically similapreelatives. The distinctive sandstone
lithofacies seen on the coast and in quarries ar@trBees can also be recognised in west and
south Cumbria, and the Carlisle and Vale of Edesinsa The name Annan Sandstone was
introduced by Horne & Gregory (1916) for the sandstin the Scottish part of the Carlisle
Basin. However, the continuity of outcrop with t8e Bees Sandstone immediately across the
border in England and offshore in the Solway FB#sin led Barrett (1942) and later workers,
other than Brookfield (2004), to discontinue ite.uBrookfield considered that stratigraphical
terminology for separate basins and areas shoufthire distinct (Table 1). The St Bees
Sandstone is typically fine- to medium-grained hwitre, locally-derived angular mudstone rip-
up clasts. Siltstone and claystone partings arenwmmin its lower part, which is gradational
with underlying argillaceous rocks of the St Bee€den Shales (Dixogt al. 1926; Trotter &

Hollingworth 1932; Hollidayet al. 2001; Brookfield 2004).
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Holmes (1881, 1899) proposed that another sandstoibethe Kirklinton Sandstone, softer and
less well-cemented, and commonly with medium tas®arounded sand grains, was present in
the Carlisle Basin, unconformably overlying theBees Sandstone (Table 1). Goodchild (1893)
observed some lithological similarities betweentgasf the Kirklinton Sandstone and the
Waterstones (Keuper) of the English Midlands. Hosvethe St Bees Sandstone and Kirklinton
Sandstone were later shown to be essentially cowdiole and the latter was seen by many as
only a local lithofacies variation of the uppertpairthe St Bees Sandstone. This was because the
two lithofacies types apparently alternated at miacglities (e.g. Gregory 1915b; Dixa al.
1926; Trotter & Hollingworth 1932; Barrett 1942).i$ difficult to understand from the written
accounts and surviving fieldmaps the reasons whymes (1881, 1899) included some
exposures within the Kirklinton Sandstone, rathbant St Bees Sandstone. Trotter &
Hollingworth (1932, p. 141) suggested that there \Wle justification for retaining the term
Kirklinton Sandstone except as a means of broadpamating the generally stratigraphically
higher, softer and less well-cemented sandstortass, Rlthough the Geological Survey maps of
the eastern Carlisle Basin show the Kirklinton Shode and St Bees Sandstone as separate
lithostratigraphical units (Dixoret al. 1926; Trotter & Hollingworth 1932; Day 1970), the
bipartite subdivision was not continued into thestgen part of the basin due to poor exposure

(British Geological Survey 1995, 1997, 1998).

In west Cumbria (Eastwoost al. 1931; Trotteret al. 1937) and the Vale of Eden (Arthurton &
Wadge 1981), the SSG was shown on the publishelbgjeal maps as comprising only an
undivided St Bees Sandstone (Table 2). Even thawghks of Kirklinton Sandstone-type
lithofacies are exposed in these areas, it wasedrthat the inferred diachronous and gradational
boundary between the divisions could not be adetyand consistently mapped in the field
because of local structural complexity and thetineddy thick and persistent drift cover. Some

attempts were made to extend the use of the terkiitdon Sandstone for the higher, less well-
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cemented sandstones in these areas, e.g. Gre@d%ya)lin west Cumbria and Goodchild (1893)

in the Vale of Eden, but were supported by few el Tables 2, 3).

Recently, Brookfield (2004) has revived the termnAn Sandstone in the Carlisle Basin and
applied it, for the first time, to the English owdps (Table 1). Though not explicitly stated, his
Annan Sandstone apparently is not strictly useisimoriginal (Horne & Gregory 1916) sense,
and not only comprises strata previously regarde8taBees Sandstone, but also includes beds
previously mapped by Holmes (1899), Dixeral. (1926) and Trotter & Hollingworth (1932) as
forming the lower part of the Kirklinton Sandstoaed ‘transitional strata’. The Kirklinton
Sandstone is retained by Brookfield (2004) but useda more restricted sense, for only the
higher parts of the formation as previously recegdi No type sections were designated by

Brookfield (2004) for either the Annan Sandston¢herrevised Kirklinton Sandstone.

The Kirklinton Sandstone (sensu Holmes 1899) iglairein the Carlisle Basin by the Stanwix
Shales, previously regarded as part of the 'KeSeeies' and now taken as a component part of
the MMG. The top of the Kirklinton Sandstone wasubht by Holmes (1891, 1899) to be at an
unconformity. However, Dixomt al. (1926) and Trotter & Hollingworth (1932) interped the

field evidence as indicating a gradational junction

East Irish Sea and Solway Firth basins and westhZiam

There is a much greater understanding of the litabgraphy of the SSG in the areas offshore to
Cumbria (Table 2), derived from the analysis of dhme cores and cuttings, down-hole
geophysical logs and seismic reflection profilese3e data were obtained during the exploration
for oil and gas in the EISB beginning in the 19@08 continuing to the present day (Colter &

Barr 1975; Colter 1978, 1997; Ebbern 1981; Burl®g4; Bushell 1986; Jacksah al. 1987;
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Jackson & Johnson 1996). This has led to the fidiynalised lithostratigraphical scheme of
Jackson & Johnson (1996) that has been extendedi¢ch of the northern part of the Irish Sea,
including the Solway Firth Basin (Chadwickt al. 2001) (Tables 2, 3). Detailed
sedimentological studies have helped to differémtihe subdivisions of the SSG offshore
(Meadows & Beach 1993a, 1993b; Cowan 1993; Cowaal. 1993). Much of the St Bees
Sandstone Formation offshore comprises the depos$its major northwards flowing river
system in a semi-arid continental setting, but iaealleposition became increasingly important
in the higher part of the formation, particularigwiards the basin margins. The Rottington
Sandstone Member is almost everywhere of fluviagioy whereas the Calder Sandstone
Member commonly exhibits alternating fluvial ancbkian facies. Offshore in the East Irish Sea
the Ormskirk Sandstone Formation also containslémpmsits of a major river system, subjected

to periodic aeolian deposition, particularly towsatte basin margin and across interfluves.

Essentially the same lithostratigraphical units eveecognised onshore in west Cumbria by
Barneset al. (1994) (see also Jones & Ambrose 1994; Akhersl. 1997; British Geological
Survey 1999) from the study of outcrops and byeka&mination of the more complete sections
provided by the several kilometres of core fromebales drilled around Sellafield (Michie &
Bowden 1994). However, some different names andffareht hierarchy were proposed,
principally because the Calder Sandstone Formatidhis area was noticeably coarser grained
than either the St Bees or the Ormskirk Sandstonadtions, or its offshore equivalent, the
Calder Sandstone Member (Tables 2, 3). As offshitwe,onshore subdivisions of the SSG in
west Cumbria can be characterised by their difeesadimentological origins (Jones & Ambrose
1994). The onshore deposits form part of the sawrhwards flowing fluvial system as
offshore, but aeolian deposition is of much greatgnificance, particularly in the upper half.
The St Bees Sandstone is almost totally of flugradin with only rare (<1%) aeolian interbeds.

In contrast, the Calder Sandstone and Ormskirk Sand formations largely comprise aeolian
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deposits with, in the Calder Sandstone, some rothivial interbeds. Onshore, the boundary
between the Calder and Ormskirk Sandstones is tatkdgre top of a prominent, persistent fluvial

unit (Barnest al. 1994).

The borehole cores, geophysical logs and seisnfliection data indicate that the boundaries
between the three divisions of the SSG, are shadplaerally persistent, both onshore and
offshore in the EISB. Barnes al. (1994) (also Jacksaat al. 1995; Jackson & Johnson 1996)
suggested that these boundaries are disconformities uppermost corresponding to the
Hardegsen Disconformity. These observations coittied the previous investigations of
Eastwoodet al. (1931) and Trotteet al. (1937) who concluded that there were no majoakse

in the sequence and that the aeolian beds arablikthofacies of the fluvial rocks and cannot be
separately mapped at surface. The alternationsotdd cited by these authors in support of their
case can now be identified within the Calder Samustparticularly in its lower part, where such
alternations are common (Barmgtsal. 1994, fig. 1; Jones & Ambrose 1994; Jackson &doh

1996; Chadwick et al. 2001).

Correlation between the East Irish Sea and Cabissins

Barneset al. (1994, pp. 58-59, fig. 2) discussed the correfaif their west Cumbrian SSG
succession with those of other parts of Cumbrigarticular with the Carlisle and Vale of Eden
basins. They (see also Jacksbmal. 1995 and Jackson & Johnson 1996) noted that titeloy
and geophysical logs of the Silloth No. 1-A Borehgplovided the basis for the recognition of
the equivalents of the offshore and west Cumbraisisions (Fig. 3). The four subdivisions of
the offshore Calder Sandstone Member, CR1 to CRged principally on the study of wireline
logs and depositional environment analyses, cant@secognised onshore in the Sellafield and

Silloth No. 1-A boreholes. Seismic reflection datdicate that the correlatives of the west
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Cumbrian and offshore SSG divisions can be mappeithe subsurface of the Carlisle Basin
away from the Silloth No. 1A Borehole (Chadwiekal. 1995, fig. 38; Akhursét al. 1997, fig.

28; Hollidayet al. 2004) (Table 1). Barnest al. (1994) drew attention to the records of similar
‘St Bees Sandstone’ and ‘Kirklinton Sandstone tigmées alternations in the SSG of the Vale of
Eden (Arthurton & Wadge 1981), suggesting the fmsgpresence here also of equivalents of

the Calder Sandstone and, perhaps, the Ormskiisgare Formation.

However, it is presently uncertain how the Caldandstone and the Ormskirk Sandstone
formations correspond, with the formations mappeduscrop in the Carlisle and Vale of Eden
basins (Table 3), and several alternative propdsale been made. Barneisal. (1994) broadly
correlated the Ormskirk Sandstone and Kirklintomd&&one, and compared the ‘transitional’
interbedding of St Bees Sandstone and KirklintondStone-type strata, described by Dixan
al. (1926), with the alternating fluvial and aeolitaties of the Calder Sandstone Formation
around Sellafield. Jacksat al. (1995) and Jackson & Johnson (1996, p. 70) pexpdisat the
Ormskirk Sandstone Formation “corresponds approtdalylawith the Kirklinton Sandstone of
the Carlisle area, whereas Chadwick et al. (20Qbjgested that the Kirklinton Sandstone
includes equivalents of both the Calder Sandstoremmbér and the Ormskirk Sandstone

Formation.

The current problems of lithostratigraphical digisiin Cumbria result principally from the
uncertain nature and status of the Kirklinton S#mus and reflect the lack of modern
information on the sequence, lithology and sediwmlegly of the formation at outcrop in the

Carlisle and Vale of Eden basins. Key questionkide

. Is the Kirklinton Sandstone Formation a valid |gh@tigraphical division and can it be

adequately defined and distinguished from the &sE&andstone?
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. Can the Calder Sandstone Member (or Calder Sareldtonmation) and Ormskirk
Sandstone lithofacies be recognised in the outgpoggously referred to the Kirklinton
Sandstone?

. Can the basal Calder Sandstone Formation and Oikmskandstone Formation
disconformities be recognised within the inferrgdigalent strata at outcrop?

. Which if any of these divisions constitute mappafdemations at the surface in the

Carlisle Basin as well as in the subsurface?

Field investigations

In an attempt to answer the above questions, sditine anore accessible outcrops of the SSG to
the north and east of Carlisle, around Annan, Lowgt Brampton and Canonbie, have been
examined (Fig. 2), including the eponymous locdliythe Kirklinton Sandstone (Holmes 1881,
1889; Dixonet al. 1926; Trotter & Hollingworth 1932; Barrett 194Ray 1970). Comparison
was made between the lithology and sedimentologhe@tandstones in this area and that of the
SSG in west Cumbria (Jones & Ambrose 1994; Akharsl. 1997) and in adjacent offshore

areas (Jackson & Johnson 1996; Chadwick. 2001).

St Bees Sandstone Formation

The St Bees Sandstone Formation is exposed inadayearries and natural exposures in north
Cumbria, and eastern Dumfries and Galloway (Dievral. 1926). The lower part of the
formation and the transition to the underlying Edédmles are seen in sections in the Kirtle
Water and quarries at Cove [NY 265 704] and ColisgtyY 206 702] near Kirkpatrick Fleming
in southern Scotland (Horne & Gregory 1916; Bari®42; Brookfield 2004). The higher parts
of the formation are present in the complete andicoous exposures in the cliffs and quarries
on the sides of the River Gelt gorge,2-3 km south of Brampton (Trotter & Hollingworth

1932). Other important sections occur in CarwinByrn (Dixon et al. 1926; Trotter &
9
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Hollingworth 1932), at or near the top of the SeB&andstone, where the stream is crossed by

the Longtown-Penton road [NY 407 732] (Dixetral. 1926; Day 1970).

Cove Quarry [NY 254 710] exposes35 m of the lower part of the St Bees Sandstéigs(4,

5). A detailed sedimentary log was given by Broekfi(2004). The sandstones are typically
reddish-brown, fine-grained or fine- to medium-gead, micaceous, subfeldspathic-arenites (Fig.
6). In the lower part of the quarry, sheet sandstcare interbedded with laterally continuous
mudstones with desiccation cracks. Trough and plaataular cross-bedding and ripple cross-
lamination are the main sedimentary structures plémar lamination, rip-up clasts, ripple form
sets, load casts and possible annelid tracks alsomon features. The facies present include
sheetflood sandstones, playa mudstones and mimomeh sandstones. Palaeocurrent readings
from these structures indicate a unidirectionalvflowards the north-west and west-north-west.
In the upper part of the quarry, the sandstonedhacker bedded, and more channelised, with
overbank playa mudstone becoming less common anch rfess persistent. Similar facies
(sheetflood sandstones, playa mudstones and miv@amel sandstones) also occur in Corsehill

Quarry nearby [NY 206 702].

Extensive quarry sections, each typically up tov2 thickness, in the gorge of the River Gelt,
e.g. [NY 5287 5864], reveal sandstones of simildwology and sedimentological character to
those towards the top of Cove Quarry (Fig. 7). Klbedded (commonly >1 m), reddish brown,
cross-bedded, fine- to medium-grained, micacedusjal channel sandstones, are dominant
with only rare mudstones. Laterally persistentgtenhundreds of metres) erosion surfaces form
prominent features of these quarries and are tha@upts of scour along channel bases (Fig. 7).

Palaeocurrents again suggest flow towards the +wveet and west-north-west.

The overall lithological and sedimentological cltdeas of the beds seen at these and other

localities are closely comparable with those ofdhéhe St Bees Sandstone in the outcrops at the

10
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type locality of the formation near St Bees, weatBria, and in the nearby Nirex boreholes at
Sellafield (Barnest al. 1994; Jones & Ambrose 1994). The same charaatersound in the
offshore Rottington Sandstone Member (Jackson &sgah 1996). The dominance of sheetflood
sandstones over minor channel sandstones in ther Ipart of the formation at Cove and
Corsehill quarries suggests that the beds themnbdb a sheetflood facies association, similar
to, or part of that recognised in the lower parthedf St Bees Sandstone Formation (North Head
Member) in west Cumbria by Jones & Ambrose (199%) Akhurstet al. (1997). This facies
association has been interpreted as part of a riafnfén deposit, which was overlain by a
northward advancing sandy braidplain comprisinglibkk of the St Bees Sandstone, as seen at
the top of Cove Quarry and in the River Gelt. Taigel are comparable with the fluvial channel
facies association of the St Bees Sandstone in @estbria and the EISB (Jones & Ambrose
1994; Jackson & Johnson 1996; Akhuwastl. 1997), and most likely formed part of the same
northerly or north-westerly flowing braided fluvigystem. The St Bees Sandstone is dominated
by fluvial channel facies. Muddy floodplain sedinemre indicated by the presence locally of
thin mudstone partings. These were extensively regeband mudflake breccias are common

suggesting that this lithology was widespread.

Lower part of the Kirklinton Sandstone Formation

Strata, previously mapped (Holmes 1899; Dixedral. 1926; Trotter & Hollingworth 1932) as
occurring in the lower part of the Kirklinton Samoise Formation, crop out in several stream and
river sections. Although of similar grain size gmetrological character to the St Bees Sandstone
Formation, these rocks generally contain less n\tamy beds are soft and not as well cemented
and this restricted their use as building stoneiamdflected in the lack of quarries in this pafrt

the outcrop.

Around 15 m of very fine to medium-grained sandstamexposed in the River Lyne [NY 431

677 to 432 675] to the WNW of the ruined Kirklintdfall. A conspicuous feature here is the

11



Carlisle SSG Paper —Final Revision 26 February 2008

presence of numerous laterally continuous, subboté bedding surfaces (Fig. 8). Facies
variations are subtle and are particularly diffictd recognise in the cliff sections in poor
exposure or difficult light conditions. The rockagforms at or near river level are commonly
more informative. Both fluvial (sandflat) and prdb@aeolian (sandsheet) facies are present, but
large aeolian dune sets are apparently absentfll\ial facies comprises fine-grained, reddish
brown, micaceous subfeldspathic-arenite sandstaitbswell-defined flaggy lamination, ripple
cross-lamination and ripple form sets suggestiogv ftowards the WNW (Fig. 9). These are
interpreted as sandflat deposits. Interbedded a@itersand less well cemented, moderately to
well sorted, moderately to well-rounded, fine todmen-grained, orange-brown to reddish-
brown subfeldspathic-arenite sandstones in bedgimgarnfrom 2-5 cm thick. Mica is rare or
absent. Low angle cross-bedding and adhesion s@vke common (Figs 10, 11). These beds are
interpreted as sandsheet deposits. Associatedgtliacies are some interbedded siltstones and

mudstone laminae showing desiccation cracks.

Sandsheets and sandflats are characteristic feapirmodern semi-arid deserts. Sandflats are
deposited during periodic floods or high lake levielit are commonly dry for much of the time,
permitting aeolian reworking of the sediment. Séwedts can develop in such situations,
typically where there is limited sand supply and Water table relatively high, but the formation

of large dunes is restricted by periods of floodiKgcurek & Neilsen 1986; Kocurek 1996).

Brookfield (2004, p. 289) recorded palaeocurreméations ranging from south-east through
south to west, whereas the limited work carriedhmre suggests cross-bedding azimuths dip to
the north-west for the aeolian facies and to thetvier the fluvial facies. Aeolian cross-beds
dipping to the NW would fit the global pattern oENr E tradewinds that are well known from
the Permian (Glennie 1972) and probably continud the Triassic. An alternative could be
that these cross-beds developed from winds, uttegswere being convected up a wadi towards

12
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a palaeo-high (K W Glennie, pers comm.). Sandstenbgiting similar alternating fluvial and
aeolian lithofacies can be seen in Carwinley Bux [403 729] and are thought to be at a
stratigraphical position comparable to those inRiner Lyne described above. The alternation
of fluvial and softer, aeolian deposits at thegmlities is thought to be an example of the strata
described by Trotter & Hollingworth (1932) as ‘tedtional’ between the St Bees Sandstone and
Kirklinton Sandstone. As noted previously, Brooldi€¢2004) excluded these strata from the

Kirklinton Sandstone and placed them in the uppet @f his Annan Sandstone.

Upper part of the Kirklinton Sandstone Formation

The sandstones in the River Lyne at Cliff Bridger[M136 6619], and nearby in Hether Burn,
were thought by Holmes (1881) to be among the begbsures of the Kirklinton Sandstone
Formation (Fig. 12). Close by, they are conformaigrlain by argillaceous rocks of the MMG,
demonstrating that the outcrops are towards theofofne Kirklinton Sandstone. Significant
exposures of similar sandstones occur at severalifies, e.g. Redkirk Point [NY 3023 6507],
Rockcliffe [NY 3555 6183] and Longtown [NY 379 688Holmes 1899; Dixoret al. 1926;

Trotter & Hollingworth 1932; Brookfield 2004). Isionly these higher strata that Brookfield

(2004) included in his restricted Kirklinton Saruist.

Although there is some lithological variation frolocality to locality, these sandstones are
characteristically fine to medium-grained, orangewm, feldspathic, moderately to well sorted,
with common, well-rounded, coarse to very coarsestéd grains (Fig. 13). The rocks are
generally soft and friable, and seem to have bi#a& duarried. In thin section they are highly
porous (Fig. 13). At several localities, notablyfiCBridge, the sandstones typically comprise
large (up to 2 m) trough cross-bedded sets withpswet toesets (Fig. 12). There are also
numerous smaller scale sets, 0.1-0.5 m in thicknexslly, asymmetrical ripple-form sets, with

no internal foreset lamination, occur on toeset$ some have thin clay drapes. Typically, mica

13
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and clay are absent from the sandstones, and dbether with the common coarse, frosted
grains, serve to distinguish these rocks from th8ees Sandstone and the lower parts of the
Kirklinton Sandstone. A section at Rockcliffe expss. 4 m of pinkish brown to orange-brown
very fine- to fine-grained sandstones that areclpi dominated by small-scale trough cross-
bedding, in sets that range from 10 to 20 cm, yaogl to 40 cm, in thickness (Figs 14, 15).
Interestingly, subangular grains (Fig. 16) are camrand these sandstones are generally not as

well sorted as those at Cliff Bridge.

The strata at Cliff Bridge are interpreted as agolilune facies, with the asymmetrical ripple
form sets in the toesets inferred to be wind ripplehese structures suggest that the palaeowind
was from the NE. At Rockcliffe, foreset dips in dl@adune sets imply a wind blowing from
east to west. An aeolian origin is also inferrethatother localities named above, although, as at

Rockcliffe, large dune sets may not be present.

Discussion

The field observations described above suggesttiigaSSG north and east of Carlisle can be
divided into three distinct lithological and sedmb@ogical units. The principal, most readily
recognised, contrast is between the generally eo@andstones of the upper aeolian division,
with more rounded grains, and largely devoid of@dad mica, and the underlying finer grained
micaceous sandstones of the lower and middle diwsithat include sporadic to common
mudstone interbeds (Brookfield 2004). The distmetbetween the lower and middle divisions is
less well-defined and is based on subtle sedimegitl and lithological features not always
well displayed at every locality or in all weatlasrd light conditions. The lower unit corresponds
to the St Bees Sandstone Formation as previoustgresed in the Carlisle area, whereas the
middle and upper units generally have been mapggthier as Kirklinton Sandstone Formation.
More recently, Brookfield (2004) has grouped thevdo and middle units as the Annan

Sandstone Formation, and retained the term Kidir@andstone Formation in a more restricted
14
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sense for the upper unit. No contacts betweenuhéigsions were seen during field studies and
previous investigations suggest that they are matisfactorily exposed (Dixoret al. 1926;
Trotter & Hollingworth 1932). Although previous iaestigators inferred gradational contacts, the
evidence of the Silloth No. 1A Borehole (Fig. 3)dathe seismic reflection data, as noted
previously, suggests that the junctions are mowbalsly sharp disconformities, as in west

Cumbria and the East Irish Sea Basin (Bast@s. 1994; Hollidayet al. 2004).

The three divisions recognised in the SSG of thetegia part of the Carlisle Basin appear to
correspond closely with the similar units recogdiséshore in the EIS and Solway Firth basins
(Jackson & Johnson 1996) (Tables 3, 4), and alsce rbooadly, with the three formations
identified in west Cumbria by Barnes al. (1994). The lower and upper units in particular
closely match their inferred equivalents offshonel anshore. The relatively fine-grained nature,
and inferred alternating sandflat/sandsheet enmmotts, of the Carlisle Basin middle unit is also
similar to contemporary strata (Calder Sandstonenb&) offshore in the East Irish Sea and
Solway Firth basins described by Jacksanal. (1995), Jackson & Johnson (1996) and
Chadwicket al. (2001), although it is significantly differenofn the equivalent, coarser grained

Calder Sandstone Formation of west Cumbria (Baghals 1994).

In view of these observations, there are severéibip available for the lithostratigraphical
subdivision of the SSG of the Carlisle Basin, tgkinto account that the area has not been
remapped in recent years and that the only survggetbgical boundaries are 80 years old
and based on a now discredited premise. None gkthptions is totally satisfactory but those

considered are:

1. Show an undivided SSG (cf. Barretsl. 1994).

15
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2. Ignore the new information and follow the stafu®, showing the St Bees Sandstone and
Kirklinton Sandstone as mapped by previous workididmes 1899; Dixoret al. 1926;

Trotter & Hollingworth 1932).

3. Redefine the St Bees Sandstone (or Annan Saregjstad Kirklinton Sandstone to match

the main lithological and sedimentological chantgfe Brookfield 2004).

4. As 3) above, but either (a) employing new namegbdradopting the current offshore

classification.

Given the lack of modern mapping and the unsatisfgdasis for the recognition of the only
mapped boundary within the SSG, at the base oKitidinton Sandstone Formation, Option 1
should be seriously considered. However, its adaptbuld be seen as a major step backwards,
with new geological maps showing less detail tHaa d¢ld, and it would leave large areas of
maps with little form or indication of structure.pton 2, keeping existing linework, would
provide some form to the maps, even if the basiwlich the formations are divided is invalid.
Options 3 and 4 have the advantage that they wattadhpt to show real lithological differences.
Option 3 recognises the main lithological changetsrbtains the old, St Bees (or Annan) and
Kirklinton sandstones terminology as proposed byoRfield (2004). However, the various uses
of these terms, particularly “Kirklinton Sandstoneai the past by previous workers has led to
confusion likely to be compounded by their use wibw definitions. If that argument were
accepted, then option 4(a), introducing totally mewnes with no previous connotations, would
be a better choice, though nominating type sectomsd be problematical. Option 4(b) has the
merit of not requiring new names, and would applythe Carlisle Basin essentially the same
classification (St Bees Sandstone Formation ovebg Ormskirk Sandstone Formation) as that
of the adjacent East Irish Sea and Solway Firtehaffe basins. Although the SSG onshore in the
Carlisle Basin, at 250-525 m thick, is significgrthinner than in much of the offshore area (e.g.

c. 1250 m in Borehole 112/15-1, Fig. 3), the clod®logical similarities with the East Irish Sea
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and Solway Firth basins (Fig. 3), support the vibat the St Bees Sandstone and Ormskirk
Sandstone formations are formational terms in tlali€le Basin, particularly as there is
continuity of outcrop between the basins, albepant €. 20 km) subsea. Another advantage is
that both formations already have formally defitgae sections (Barnes al. 1994; Jackson &
Johnson 1996) with numerous reference sectionss Dption 4(b) is thought to provide the
most practical way forward and is the recommendethod of subdivision of the SSG in the

Carlisle area (Table 4).

Barrett (1942) and later workers found little jéisation for the local lithostratigraphical units
within the Annan Sandstone (St Bees Sandstone)opeap by Horne & Gregory (1916).
However, as noted, equivalents of the offshore nembf the St Bees Sandstone Formation, the
Rottington Sandstone and Calder Sandstone mentigrs, been recognised subsurface in the
Carlisle Basin (Fig. 3). At surface, the Rottingtandstone Member appears to be the St Bees
Sandstone Formation of previous mapping with thiel€@aSandstone Member equivalent to the
lower part of the Kirklinton Sandstone, the boundarobably being close to the current base
Kirklinton Sandstone line (Table 4). Type sectidos the Rottington Sandstone Member and
Calder Sandstone Member have already been desigfistekson & Johnson 1996). Jackson &
Johnson (1996) and Chadwiekal. (2001) recognised four subdivisions of the Calsi@ndstone
Member (CR1-4) in the East Irish and Solway Fir#isibs, principally defined by wireline log
patterns. These units may also be present in tl@hSNo. 1A Borehole (Fig. 3) but cannot yet

be recognised at outcrop.

The three main subdivisions of the SSG, recognisétke Carlisle Basin and adjacent offshore, are
probably also present in the Vale of Eden. Howeths,remains to be confirmed on the ground and
may be difficult to demonstrate because of extensiyerficial cover and structural displacement.

Previous studies in this area have shown thabterlbeds of the group are of identical lithofacies
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and continuous with the outcrop of the lower (Rgfiton Sandstone Member) part of the St Bees
Sandstone Formation of the Carlisle Basin (TrofteHollingworth 1932; Burgess & Holliday
1979; Arthurton & Wadge 1981). The highest outcropthe group comprise lithologies typical of
the Ormskirk Sandstone Formation elsewhere in NWjldfnl (Goodchild 1893; Arthurton &

Wadge 1981).

As noted above, the relatively coarse grain sizb@fCalder Sandstone Formation of west Cumbria
is the main exception to the general similaritg@guence and lithofacies in the SSG in the basins
surrounding the Lake District. A possible explapmtior the coarser grain size may be the input of
locally sourced material from the Lake Districtidtvould be consistent with the observed easterly
and north-easterly palaeowind directions (Jonesmbrose 1994). It is interesting to note in this

context that preliminary studies of chrondite-ndisesl rare earth element (RRE) distribution

patterns in the lower part of the SSG of west Cusrdurggest periods of sediment provenance from
the Lake District during the deposition of the $€B Sandstone Formation and the lower part of the
Calder Sandstone Formation (Akhurst et al. 1997 8ap2). Further work is required to confirm

such conclusions and to identify the source ofntigglium to coarse-grained quartz in the Calder

Sandstone Formation.

Conclusions

1. The most practical solution to current problexhBthostratigraphical subdivision of the SSG
in the Carlisle Basin is to adopt the nomenclapresently employed in the contiguous offshore
Solway Firth and East Irish Sea basins, where tarméations are recognised, the St Bees
Sandstone Formation below and the Ormskirk Sandstdformation above. This
recommendation highlights the essential similaotythe Carlisle SSG sequence with adjacent
areas and brings its lithostratigraphical subdarisinto conformity with a wide area of nearby

NW England and adjacent offshore areas.

18



Carlisle SSG Paper —Final Revision 26 February 2008
2. The St Bees Sandstone is typically very fine-fite-grained, locally medium-grained,
commonly micaceous, subfeldspathic-arenite, withdstene and siltstone interbeds and

partings. It is dominantly of fluvial origin but merous aeolian beds occur in its upper part.

3. The Ormskirk Sandstone Formation is a subfeltigparenite, typically fine- to medium-
grained, commonly with coarse to very coarse rodrgtains. Mica and mudstone are very rare

to absent. In exposures seen in the Carlisle Basirdominantly of aeolian origin.

4. The Kirklinton Sandstone of Holmes (1881, 18®&8}s not adequately defined and has been a
source of confusion. The formation, as mappedudes sandstones of contrasting lithologies
and depositional environments, as recognised bpiékal. (1926) and Trotter & Hollingworth

(1932). The main lithological change within the S&&urs within the Kirklinton Sandstone.

5. The mapped base of the Kirklinton Sandstoneabably close to the boundary between the

Rottington Sandstone and Calder Sandstone memb#trs 8t Bees Sandstone Formation.

5. These conclusions have implications for the MaleEden Basin where only the St Bees
Sandstone Formation is presently recognised. Fioampublished descriptions of Goodchild
(1893) and Arthurton & Wadge (1981), it seems tin@t Ormskirk Sandstone lithologies are

present here also.

6. The relatively coarse-grained nature of the @afhndstone Formation of west Cumbria may

indicate a significant input of locally-derived dais in this unit.
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Captions to Figures

FiG. 1. Regional setting of the Carlisle Basin andeotRermo-Triassic basins around the Irish

Sea
FiG. 2. Carlisle Basin: location and simplified geatal map.

Fic. 3. Subdivision of the Sherwood Sandstone Grog&)Sn offshore well 112/15-1 and the
Silloth No. 1A Borehole. RSM Rottington Sandstoneervber (St Bees Sandstone
Formation); CSM Calder Sandstone Member (St Beagsfane Formation); OSF Ormskirk
Sandstone Formation; CR1-4 divisions of the CSMgecsed by Jackson & Johnson (1996).

All depth is metres below Kelly Bushing.

FiG. 4. Cove Quarry [NY 254 710L. 4 m high face in sheet and semi-confined sandston
towards the base of the St Bees Sandstone Form@Rotiington Sandstone Member),

looking NE.

FiG. 5. General view of Cove Quarry [NY 254 710] shogvisheet sandstones near base of
quarry overlain by channelised sandstones towandsbtse of the St Bees Sandstone

Formation (Rottington Sandstone Member). View logkNW (BGS Reg. No. P621360).

FiG. 6. Photomicrograph of St Bees Sandstone, Cover@[MY 254 710]. The thin section is
dominated by quartz grains, although feldspar riethi yellow) forms an appreciable

component (Thin section NJN107). Scale bar 200anicr

FiG. 7. St Bees Sandstone Formation, Brampton Quabied the River Gelt [NY 5287 5864],
looking NNE. Note the laterally extensive erosismrfaces (often forming overhangs)

spaced every few metres or so vertically.

Fic. 8. Kirklinton Sandstone exposed e 3 m section on the W bank of the River Lyne,
Kirklinton. [NY 431 677], looking S. Note the shdike, thinly bedded nature of the
sandstone. (BGS Reg. No. P621359).
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Fic. 9. Rippled flaggy sandstones, Kirklinton Sandstda bank of the River Lyne, Kirklinton

[NY 431 677], looking SE (BGS Reg. No. P621361).

Fic. 10. Adhesion ripples on a bedding plane, KirkimSandstone, E bank of the River Lyne,

Kirklinton [NY 431 677] (BGS Reg. No. P621363).

Fic. 11. Small-scale trough cross-beds of interpretedlian origin, Kirklinton Sandstone, E

bank of the River Lyne, Kirklinton [NY 431 677],d&ing NW (BGS reg. No. P621362).

FiG. 12. Large aeolian cross-beds from the uppergfatie Kirklinton Sandstone, Cliff Bridge

[NY 4136 6619], looking ESE.

Fic. 13. Thin section photomicrograph of the Kirklint&andstone at Cliff Bridge [NY 4136
6619] (Thin section NJN104). The sandstone is §r@ened, moderately to well sorted with
distinct well rounded coarse grains giving a biniibgao the grain size. The blue dye

indicates void space and shows that the sandsédmighly porous. Scale bar 200 micron.
FiG. 14. General view of the Kirklinton Sandstone atkliffe [NY 3555 6183], looking N.

Fic. 15. Close-up of the Kirklinton Sandstone at Rdiffliec[NY 3555 6183], looking N. Note

the sandstone predominantly comprises trough drvedding, in sets 10-30 cm in size.

Fic. 16. Thin section photomicrograph of the Kirklint@andstone at Rockcliffe [NY 3555
6183] (Thin secton NJN106). This is a fine- to numaligrained sandstone. Note the poor
sorting and subangular nature of many of the fraonkvgrains (largely quartz). Feldspars

are stained yellow. Scale bar 200 micron.

Captions to Tables
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TABLE 1 Evolution of lithostratigraphical classifiton of Triassic sandstones in the Carlisle
and Vale of Eden basins

TABLE 2 Evolution of lithostratigraphical classiition of Triassic sandstones in the East Irish
Sea Basin

TABLE 3 Summary of the current lithostratigraphicaibdivision of the Sherwood Sandstone
Group and associated strata in Cumbria

TABLE 4. Suggested new subdivision of the SherwSaddstone Group in the Carlisle Basin
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Table 1 Evolution of lithostratigraphical class#ton of Triassic sandstones in the Carlisle and

Vale of Eden basins

Holmes (1881, | Goodchild (1893); Dixon et al. Arthurtonet al. (1978); | Brookfield | Barnesetal. (1994);
1899) Gregory (1915b) (1926) Warringtonet al. (2004) Akhurstet al. (1997)
(1980)
Stanwix Shales Stanwix Shales Stanwix Shales Médcidstone Group Stanwix Mercia Mudstone
(Stanwix Shales) Shales Group (Stanwix Shales
Kirklinton Kirklinton Sandstone Kirklinton Kirklinton Kirklinton Ormskirk Sandstone
Sandstone Sandstone Sandstone Sandstone | Formation equivalent*
Formation
Sherwood
Upper Gypsiferous ??22?2°272°?7° ?P?2°2722°7 ?2?2?27 Sandstone Calder Sandstone
Shales Group Annan Formation
Sandstone equivalent*
St Bees
St Bees Sandstond St Bees Sandstone| St Bees Sandstong Sandstone St Bees Sandstone
Formation Formation
Lower Gypsiferous | Gypsiferous Shales St Bees Shales St Bees Shalefibdéss| Eden Shales St Bees Shale/Ede
Shales formations Shales formations T

* |dentified so far in subsurface only

Table 2 Evolution of lithostratigraphical class#tmon of Triassic sandstones in the East Irish Sea

Basin
Gregory Eastwood Colter (1978); Jacksoret al. (1987) Barnest al. Jackson & Johnson
(1915a) etal. Ebbern (1981) [offshore] (1994); Akhurst (1996); Chadwiclet al.
[onshore] (1931); [offshore] etal. (1997) (2001)
Trotteret [onshore] [offshore]
al. (1937)
[onshore]
Mercia Mudstone Mercia Mudstone Mercia Mudstone Group
Group Group
Kirklinton Keuper Waterstones Ormskirk Sandstone Ormskirk Ormskirk Sandstone
Sandstone St Formation Formation Sandstone Formation
Keuper Sandstone Formation
2?27?27 Bees Formation
'upper' | Calder Sandstone Calder Sst.
Sandstone| St Bees Sandstong St Bees Formation St Bees Mb.
St Bees Formation Sandstone| 'lower' St Bees Sandstone Rottington
Sandstone Formation Sandstone Formation| Sst. Mb.
Formation
Gypsiferous| St Bees St Bees Shale St Bees Shale St Bees Shale | Barrowmouth Mudstong
Shales Shales Formation Formation Formation Formation
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Table 3 Summary of the current lithostratigraphisabdivision of the Sherwood Sandstone

Group and associated strata in Cumbria

GROUP EAST IRISH SEA & SOLWAY FIRTH BASINS CARLISLE BASIN VALE OF
Dixon et al. 1926; Barrett 1942; EDEN BASIN
OFFSHORE ONSHORE (Dixon &
. Holliday et al. 2001) (Arthurton &
(Jackson & Johnson 1996 (west Cumbria) Wadge 1981)
(Barneset al. 1994)
Mercia Mercia Mudstone Group
Mudstone| (MMG) Stanwix Shales
Group
Ormskirk Sandstone Ormskirk Sandstone
Formation (OSF) Formation (OSF) Kirklinton Sandstone (KSF) ?Kirklinton
Sherwoo Sandstone
Sandstong Calder Calder Sandstone
Group St Bees Sandstone Formation 222272227292 22222
(SSG) Sandstone Member (CSF)
Formation (CSM)
(SBSF) Rottington | St Bees Sandstone St Bees Sandstone Formation St Bees
Sandstone Formation (SBSF) Sandstone
Member (SBSF) Formation
(RSM)
Barrowmouth Mudstone St Bees Shale | B
Cumbrian Formation Formation r
Coast o] Eden Shales Eden Shales
Group St Bees Evaporite Formation St Bees E Formation Formation
Evaporite
Formation r
a
m
Collyhurst Penrith Sandstong Penrith
Appleby Sandstone Brockram Formation and Sandstone and
Group Formation Brockram Brockram

Table 4. Suggested new subdivision of the Sherv@aaistone Group in the Carlisle Basin

Previous Nomenclature Proposed Nomenclature
Ormskirk Sandstone Formation
Sherwood | Kirklinton Sandstone (OSF)
Szglrc(l)ztgne Formation (KSF) Calder Sandstone
(SSG) St Bees Sandstone Member (CSM)
St Bees Sandstone Formation (SBSF) Rottington Sandstone
Formation Member (RSM)
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Fig. 3. Subdivision of the Sherwood Sandstone
Group (SSG) in offshore well 112/15-1 and the
Silloth No. 1A Borehole. RSM Rottington
Sandstone Member (St Bees Sandstone
Formation); CSM Calder Sandstone Member (St
Bees Sandstone Formation); OSF Ormskirk
Sandstone Formation; CR1-4 divisions of the
CSM recognised by Jackson & Johnson (1996).



Fig. 4. Cove Quarry [NY 254 710]; c. 4 m high
face in sheet and semi-confined sandstones,
towards the base of the St Bees Sandstone
Formation (Rottington Sandstone Member),
looking NE.

200'micro

Fig. 6. Photomicrograph of St Bees Sandstone,
Cove Quarry [NY 254 710]. The thin section is
dominated by quartz grains, although feldspar
(stained yellow) forms an appreciable
component (Thin section NJN107). Scale bar
200 micron.

Fig. 5. General view of Cove Quarry [NY 254
710] showing sheet sandstones near base of
quarry overlain by channelised sandstones
towards the base of the St Bees Sandstone
Formation (Rottington Sandstone Member).
View looking NW (BGS Reg. No. P621360).

Fig. 7. St Bees Sandstone Formation,
Brampton Quarries, N of the River Gelt [NY
5287 5864], looking NNE. Note the laterally
extensive erosion surfaces (often forming
overhangs) spaced every few metres or so
vertically.



Fig. 8. Kirklinton Sandstone exposed in ¢. 3 m Fig. 9. Rippled flaggy sandstones, Kirklinton

section on the W bank of the River Lyne, Sandstone, E bank of the River Lyne, Kirklinton
Kirklinton. [NY 431 677], looking S. Note the [NY 431 677], looking SE (BGS Reg. No.
sheet-like, thinly bedded nature of the P621361).

sandstone. (BGS Reg. No. P621359).

Fig. 11. Small-scale trough cross-beds of
interpreted aeolian origin, Kirklinton
Sandstone, E bank of the River Lyne,
Kirklinton [NY 431 677], looking NW (BGS
Reg. No. P621362).

Fig. 10. Adhesion ripples on a bedding plane,
Kirklinton Sandstone, E bank of the River Lyne,
Kirklinton [NY 431 677] (BGS Reg. No.
P621363).

Fig. 12. Large aeolian cross-beds from the
upper part of the Kirklinton Sandstone, Cliff
Bridge [NY 4136 6619], looking ESE.



LA B2 +4
Fig. 13. Thin section photomicrograph of the
Kirklinton Sandstone at Cliff Bridge [NY 4136
6619] (Thin section NJN104). The sandstone is
fine-grained, moderately to well sorted with
distinct well rounded coarse grains giving a
bimodality to the grain size. The blue dye
indicates void space and shows that the
sandstone is highly porous. Scale bar 200
micron.

Fig. 15. Close-up of the Kirklinton
Sandstone at Rockcliffe [NY 3555 6183],
looking N. Note the sandstone
predominantly comprises trough cross-
bedding, in sets 10-30 c¢m in size.

Fig. 14. General view of the Kirklinton
Sandstone at Rockcliffe [NY 3555 6183],
looking N.

Fig. 16. Thin section photomicrograph of the
Kirklinton Sandstone at Rockcliffe [NY 3555
6183] (Thin secton NJN106). This is a fine- to
medium-grained sandstone. Note the poor
sorting and subangular nature of many of the
framework grains (largely quartz). Feldspars are
stained yellow. Scale bar 200 micron
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