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ABSTRACT

Predicting contaminant movement in aquifers is essential for the protection of groundwater
resources. Contaminant movement is strongly influenced by hydraulic property heterogeneity.
The aim of this project has been to determine if hydraulic property values are correlated with
geological structures, even if the aquifer is a cemented sandstone: if they are, the correlations

could be used in gaining insight into, and quantitatively estimating, solute transport.

Example Permo-Triassic sandstone lithofacies associations across England were examined in
order to determine common lithofacies geometries. Several thousand measurements of
permeability and several hundred measurements of porosity were determined on a core from
northern England and two outcrops from the Midlands in order to examine correlations with
lithofacies. Two types of synthetic fluvial multiple channel systems with flow along and across
channels were then numerically simulated to determine the significance of the correlations

found.

Results indicate that the Permo-Triassic sandstones have a wide range of lithologies and
permeabilities, varying between and within sequences and regions. Permeability is generally
greater for aeolian sandstone than for fluvial sandstone. The borehole core study shows that
lithofacies correlate with porosity, permeability, and permeability to porosity ratio, though some
significant overlaps occur for permeabilities of the three coarser lithofacies. Mudclasts can reduce
sandstone permeability of the two coarser lithofacies by up to 6 % and 8% respectively. Markov
chain analysis indicates that the sequences of lithofacies are structured, and hence the
permeability is also similarly structured. The two outcrop studies confirm that permeability
structures vary more between than within beds. Solute transport modelling indicates that
differing solute breakthrough patterns will occur with different types of hydraulic property
distributions based on lithofacies geometry. Thus lithofacies correlations can be used to help
predict solute movement, but transverse dispersion, not explicitly studied here, also appears
particularly important. Generally, the heterogeneous porous medium can be reasonably
represented by an equivalent homogeneous medium for prediction purposes, however

determining appropriate properties for the equivalent homogeneous medium is challenging.
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CHAPTER 1

INTRODUCTION

1.1 Thegeneral concept

Heterogeneity has been recognized for a long time as a problem in the development of accurate
predictions of groundwater flow and solute transport in aquifers. More information on
heterogeneity is required for solute transport predictions in particular, as flow can often be
represented successfully by an equivalent porous medium approach (Tellam and Barker, 2006).
In solute movement, the presence of fast pathways can lead breakthrough fronts to occur much
earlier than would be estimated from average groundwater velocity over the whole length and
or depth of the sequence. Information on heterogeneity on a useful scale is not easy to obtain,
especially when there are often only measurements of hydraulic properties taken at scales
greater than the scale of heterogeneity of the deposit (e.g. from a borehole of 100 m deep drilled

through a sequence with bed thicknesses of 0.5 m).

Heterogeneity of hydraulic properties is expected to result from variation in depositional
environments, compaction, and diagenesis (Strong and Milodowski, 1987, Strong, 1993,
Bloomfield et al., 2001, Bloomfield et al., 2006, Newell, 2006, Bouch et al., 2006, McKinley
et al., 2011). Thus, hydraulic properties are likely to be correlated with depositional
environments, compaction, and diagenetic processes. For a given degree of compaction,
provided diagenesis is not dominating, a correlation might be expected between hydraulic
properties and depositional environments. Depositional environments can be represented by
lithofacies, a lithofacies being a distinct rock unit identifiable using key features such as colour,

grain size, grain shape and packing, and sedimentary structures, and usually formed in a



particular, recognizable, regime reflecting specific sedimentary processes and environmental

conditions (Selley, 1988, Reading, 1996).

Lithofacies may be identified by using borehole geophysics by using a range of standard tools
including natural gamma radiation, resistivity, and optical televiewer. Moreover, if the
geometry of each identified lithofacies can be interpreted from its deposition and

palacoenvironment, then the lateral distribution of hydraulic properties might be estimated.

The hypotheses investigated in this thesis are therefore:

1. that hydraulic property distributions can be quantitatively predicted from knowledge
of lithofacies distributions, i.e. that hydraulic property values and lithofacies are
correlated;

2. that such distributions have a significant effect on solute transport.

The sequence that will be used to investigate these hypotheses is the Triassic sandstone of

England, as explained in Section 1.3.

In the next section, previous work on a range of aquifer types is described, including the small
amount of previous work completed on the English Permo-Triassic sandstones. Finally, the

aims and the approaches used are outlined.



1.2 A summary of previouswork on correlations between lithofacies and per meability

1.2.1 Introduction

Much work has been done to search for correlations between sedimentary facies and
permeability in hydrocarbon reservoir systems. However, usually hydrocarbon reservoirs are
much deeper and have suffered less flushing and therefore less dissolution of authigenic
minerals than shallow fresh-water aquifer systems. It might be expected therefore that
correlations would be stronger in shallower systems than in deeper sequences that may be
affected more by diagenesis. In addition, petroleum studies are done in the context of oil

recovery rather than solute transport.

For hydrogeology, various attempts to study the relationship between sedimentary
characteristics and hydraulic properties have been undertaken for unconsolidated deposits, and
two studies prior to and overlapping with the current study have found encouraging results for
the Permo-Triassic sandstone sequences. The following sub-sections briefly describe these

studies and their findings.

1.2.2 Corrélationsin hydrocarbon reservoir sandstones

In hydrocarbon reservoir sandstones, correlations between lithofacies and petrophysical
properties, such as porosity and permeability, have been found in a range of
palaeoenvironments (e.g. Jacobsen and Rendall, 1990, Dreyer et al., 1990, Gibbons et al., 1993,
Doyle and Sweet, 1995, Bymes, 1997, Ehrenberg, 1997, Bahar and Kelkar, 2000, Tye and
Hickey, 2001, Biiyiikutku and Bagci, 2005). These studies are summarised in Table 1-1. In

general, they all find that there is a relationship between sedimentological structure and



hydraulic property structure, despite the effects of cementation, but that there is also overlap

between properties.

Table 1-2 summarises some successful applications of the work on correlations in context of
simulation for flow and transport and enhanced recovery in hydrocarbon reservoir sandstones
(e.g. Aigner et al., 1996, Anderson et al., 1999, Hornung and Aigner, 1999, Willis and White,
2000). In general the applications use the following approaches: 1) determine lithofacies
sequence in the reservoir rocks; 2) assign a permeability distribution for each lithofacies or each
part of the sequence from measurements or from general knowledge; 3) establish model volume

with permeability distribution to undertake the prediction of flow and transport.

Although successful application of correlation between facies and permeability has been
confirmed for hydrocarbon systems, and the results are of potentially great use in groundwater
application, it would be inappropriate to transfer directly and uncritically the hydrocarbon
research to hydrogeology. This is due to some important differences between the geological
systems relevant to the hydrocarbon and groundwater industries. Firstly, hydrogeological
systems and hydrocarbon systems are often associated with sequences with different diagenetic
and stress histories (Strong and Milodowski, 1987) with the former often much shallower,
hence having undergone greater cement and framework grain dissolution, and decompression
than the deeper hydrocarbon systems (e.g. Lambert et al., 1997). Hence it may be that
palacoenvironmental / hydraulic property correlations are stronger than are seen in work
undertaken on core plugs from deep oil wells. Secondly, scales of interest to groundwater
problems at site scale (e.g. bed by bed) are smaller than those often associated with hydrocarbon
problems where formation scale may be more important, thus meaning that ‘sub’-facies (e.g.

types of fluvial channel deposit) rather than facies (e.g. fluvial v. lagoonal) may have greater



importance in hydrogeology. In addition, the main interest of groundwater systems is in terms
of solute transport (i.e. dispersion), but that of oil industry is enhanced oil recovery, and the

work in the oil industry has not therefore considered solute transport implications.

1.2.3 Corréationsin unconsolidated clastic aquifers

For unconsolidated sediments and other rock types, the correlation between sedimentological
characteristics and hydraulic properties have also been investigated in some studies worldwide
(e.g. Davis et al., 1993, Davis et al., 1997, Jussel, 1989, Davis et al., 2006, Huysmans et al.,

2008, Possemiers et al., 2012) (Table 1-3).

The approaches used for these studies on unconsolidated deposits are similar to the ones applied
in the studies of hydrocarbon reservoirs. They were first identifying lithofacies,
sedimentological units, then obtaining their hydraulic properties such as permeability and
porosity by measurements using various techniques including conventional methods (pumping,
laboratory tests), air mini-permeametry. Correlations were found in these uncemented deposits
as they were for deeper, oil reservoir systems. This suggests that it is likely that correlations
will be found in the English Permo-Triassic sandstone sequence, and that they are worth

searching for.



Table 1-1. A summary of literature on lithofacies / hydraulic property correlations in the context of hydrocarbon development

Paper Rock Approach Location Findings

Jacobsen and Mldd,le Jurassic fluviak Outcrops North Sea Found good correlation between sandstones lithofacies and permeability

Rendall (1990) |deltaic sandstones

Dr t Middk i ial- . . . o

a 96318; ctal dell(ti:icesjaur:;:ts;if;m Outcrops North Sea Found good correlation between sandstones lithofacies and permeability from outcrops
Strong relationships between sandstone lithofacies and permeability and porosity though

Ehernberg Middle Jurassic fluvial- |6 boreholes (2.3-2.6 kmand  |Northern North|{some significant overlap values of permeability and porosity for different lithofacies. Also

(1997) deltaic sandstones 3.6-3.9 km below see floor) Sea recognized significant decline trend of average values of porosity and permeability with
depth.

Reported nine lithofacies, ranging from massive homogeneous sandstone to fine-grained,

Gibbon et al. Sandstones of shallow micacem?s' sandstones of Variab'le bioturbation, that 'zfre strongly correlthed wij[h

. i Boreholes 120 and 140 m deep |North Sea permeabilities although overlap in average permeability seen for some lithofacies;

(1993) marine environment e . . o .
permeability is controlled by grain size with greater permeability for coarser-grained
sandstones.

Doyle and Sweet |fluvial sandstone, Gypsy |Outcrop and shallow borehole [Northern . . . ..

Good relat betw d b

(1995) Sandstone cores Oklahoma,USA ood relationships between porosity and permeabilty
Nine lithofacies were identified and have a major control on permeability. Permeabilities and
porosities measured at the outcrops and shallow borehole cores are significantly greater than

hall . those measured at the deep borehole cores this is due to the dissolution of calcite cement
shallow marine
d fr k grain and effects of weatheri d d ion at shallow depth. Highest
Lambertetal.  [sandstones ofthe Tocito |Outcrops, 2 shallow & 4 deep |Northwest New an am?:.wor graff and crecs ot wea erlng‘an ceotrpression & shafow €ep . ighes
(1997) Sandstone. Unper boreholes Mexico. USA permeability was related to the large- and medium-scale cross-bedded sandstone facies;
» PP ? intermediate permeability were measured for the interbedded sandstone and shale facies;
Cretaceous i . . .
lowest permeabilities were corresponding to the ripple cross-laminated sandstone and the
muddy bioturbated sandstone facies. The mudstones can spatially act barrier and baffles to
flows and compartmentalise the reservoir.
Geostatistical simulation to
Bahar and translate geological information . . . .
Good lation betw dstone lithofa d b
Kelkar (2000) from borehole cores and logs ood correlation between sandstone fithofacies and permeabilty
into porosity and permeability
Shallow marine Recorgnised three lithofacies which each has distinct permeability and porosity distribution.
Biiyiikutku and sandstone. Kuzeun F Outero Adana  Basin,|Grain size exert a strong controlls on permeability with coarser-grained sandstone are more
Bage1 (2005) ’ sun . P Southern Turkey |[permeable. Coarser-grained, cross-bedding sandstone which is free of clay or cement on

Middle-Upper Miocene

pore throat has highest permeability and porosity.




Table 1-2. A summary of literature on applications of lithofacies/hydraulic property correlations in the context of hydrocarbon development

Formation

Paper Rock Approach Location Findings
Outcrop: related hierarchy of
Aigner et al. Upper Triassic aged sedimentary cycles into South Germany The importance of sedimentary facies and different types of fluvial multiple cycles within large
(1996) sandstones hierarchy of reservoir scale depositional cylces in cotrolling the fluid-flow behavior of the sandstones reservoir.
heterogeneity
Recognized 9 architectural elements with 14 facies. Elements and facies have distinctive
Sandstone of the porosity and permeability. Based on relationship between architectural elements and facies
Hornung and Stubensandstein aged South Germany with porosity and permeability, suggestions for reservoir compartments were made, good
Aigner (1999) Upper Triassic reservoir compartments relating to bedload channel sandstones in the medial position of a
cycle, highly cemented sandstones forming aquitards, and extensive floodplain mudstones,
lacustrine deposits, palacosols, and suspended-load sediments acting as aquicludes.
Seven ‘hydrofacies’, groups of sedimentary units having similar hydrogeological
Anderson et al . . . Sand and gravel pit outcrop: Stoughton, charact.eristic.s, WCI.‘C formed from 1 1 litho@cies. Results from Fhe Stoughto.n. Pit a.nd the A
(1999) Braided river deposits simulation of solute transpor’t Wisconsin, USA synthetic braided river system highlight the importance of the high permeability units forming
connected hydrofacies for hydrogeological study concerning solute transport and
remediation.
Five lithofacies, higher number indicating larger grain size, thicker bedding, and more
permeable deposits. Simulations of water flow using different scales, various grid resolutions,
Tide-influenced deltaic and assignment of permeability to lithofacies were undertaken for the sandstones at outcrop.
Willis and White |sandstones. Frewens central Flow models suggest that coarser-grained units tend to push water upwards; thin shales
(2000) Sandstone ’0 fthe Frontier Outcrops. Simulations. Wyoming, USA draping sandstone beds exert a control on flow pattern, depending direction of flow; cement,

where present, can cause considerable reduction in relative permeability and this is important
because of their presence in the coarsest-grained sediments towards the top of the sandstone
unit; effects of shales drapes and methods for prediction of intrafacies/permeability
correlation depend on the model grid scale.




Table 1-3. A summary of literature on lithofacies / hydraulic property correlations in unconsolidated deposits

Paper

Rock

Approach

Location

Findings

Davis et al.
(1993)

1.6 km” of Pliocene-
Pleistocene aged fluvial
deposits, Sierra
Ladrones Formation

Outcrop study;
minipermeametry

Central New
Mexico, USA

Four architecture elements were mapped, including a high-energy channel element, a low-
energy channel element, an overbank-fine element, and palacosol elements. In situ
permeabilities were measured using a gas mini-permeameter. It indicated a good correlation
between architecture element types and mean log permeability values. Geostatistical analysis
from six directions (N30"E, N60’E, N90"E, N30"W, and N60"W) showed that the
horizontal variograms of mean log-permeability showed a non-perpendicular anisotropy,
with greatest correlation at N30°W and smallest correlation at N90’E. The N30"W
direction reflects the orientation of average directions of scours of lower-energy channel
elements (directions of the tributary system), whereas the N90E direction corresponds to
directions of progressing dominance with the overbank-fine element (directions of the
ancestral Rio Grande flood plain). For vertical variograms, the correlation structure was
controlled by average-element thicknesses.

Davis et al.
(1997)

Ditto

3, metre-scale studies

Ditto

Three deposits (high-energy channel, a low-energy channel, & palacosol) were mapped for
their bounding surfaces. In situ mini-permeameter measurements were undertaken. Each of
the 3 outcrop studies had distinct permeability correlation structures. Concluded that
between facies variation dominated over within facies variation.

Jussel (1989)

Fluvial gravel deposits

Properties measured on
samples from outcrops.

Zurich,
Switzerland

Six depositional elements (grey gravel, brown gravel, sand lenses, open framework gravel,
open framework/bimodal-couples, and silt lenses). Found that K values were relatively
similar over short horizontal extents (decimetres to few metres) and these regions of similar
values dipped. These trends were also seen with porosity.




Table 1-3. A summary of literature on lithofacies / hydraulic property correlations in unconsolidated deposits (continues)

Paper Rock Approach Location Findings
L. Found that cementation varied spatially and was weakly correlated with lithofacies.
Channel sand deposits in . . . . o
. . . Albuquerque Cementation was negatively correlated to permeability, causing permeability to be locally
Davis etal.  |the Plio-Pleistocene . . .. .
(2006) Sierra Ladr Outcrop Basin, New|reduced by up to three orders of magnitude. The permeability correlation structure was
ierra il . S . . . .
© . ones Mexico, USA  |strongly controlled by the spatial distribution of cementation and this caused an increase the
Formation . .. .
variance of log-permeability by an order of magnitude.
Two sedimentary zones were defined: a sand-rich zone consisting of a cross-stratified sand
facies; and a clay-rich zone containing clay-rich bottomsets and mud drapes within the cross-
Quarry outcrop; 2750 cm- stratification. 4 lithofacies were identified (cross-stratified sands, clay-rich bottomsets, mud
Brussels Sand scale measurements using a drapes, and cemented concretions). Heterogeneity and anisotropy of permeability were

Huysmans et al.
(2008)

Formation: shallow
marine sand deposits of
carly Middle-Eocene

gas mini-permeameter were
made and then compared
with permeability data from
pumping and piezometer
tests at different locations

Bierbeek quarry,
Central Belgium

caused by small scale sedimentary heterogeneity. Spatial distributions of permeability were
mainly controlled by geometry of the sedimentary structures. Bottomsets and mud drapes,
distinct units of the clay-rich zone, were less permeable, and were associated with a more
continuous spatial permeability distribution than other facies in the cross-stratified sands,
suggesting that clay-rich layers can act as baffles to flows, separating the aquifer into parts.
Geostatistical analysis on permeability data showed that the orientation of the foreset laminae
controlled permeability anisotropy of the cross-stratified facies.

Possemiers et al.
(2012)

Ditto

Outcrops. A further 3800
cm-scale gas permeability

measurements were obtained

at the 3 outcrops

Bierbeek, Mon-
Saint-Guibert,
Chumount-
Gistoux, central

Belgium

The complicated sedimentological heterogeneity of the Brussels Sands led to a highly
heterogeneous spatial distribution of permeability at different scales. At large scale, significant
variation in permeability occurred. At a small scale, in all 3 outcrops, sedimentology strongly
controlled heterogeneity and anisotropy of permeability. Confirmed Huysmans et al. (2008)
that bottomsets and mud drapes had distinct permeability distributions compared with the
cross-stratified sand lithofacies with relatively lower permeability for the former. In the cross-
stratified sands, the orientation of the foresets controlled permeability anisotropy.




1.3 The English Permo-Triassic sandstones

1.3.1 Introduction

In following subsections, the reasons for choosing the English Permo-Triassic sandstone
sequences are given (Section 1.3.2), an overview of their sedimentological characteristics is
provided (Section 1.3.3) and their general hydrogeological features are described (Section
1.3.4). Finally, previous studies on the correlation between Permo-Triassic sandstone
lithofacies and sedimentary characteristics and permeability (and porosity) are briefly described

(Section 1.3.5).

1.3.2 Choice of the English Permo- Triassic system

The Permo-Triassic sandstone is the second most used aquifer in the UK after the (Cretaceous)
chalk, contributing to 25% of the England and Wales licensed groundwater abstraction and
supplying water for a number of large cities such as Manchester and Liverpool, Birmingham,
Leeds, Doncaster, and Nottingham (Allen et al., 1997, Tellam and Barker, 2006, Bloomfield et

al., 2006).

The Permo-Triassic sandstones have similar matrix hydraulic characteristics to many other
sandstone deposits (Jensen et al., 1996) i.e. hydraulic conductivity varying widely, bed-scale
layered heterogeneity, and hydraulic anisotropy within single beds. The permeability of the
Permo-Triassic sandstone is dual permeability with contributions from both matrix and
fractures (Price et al., 1982, Allen et al., 1997, Allen et al., 1998, Tellam and Barker, 2006).
Relative contributions of matrix and fracture porosity change over basins, at depths, and at

different scales (Allen et al., 1998).
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Allen et al. (1997), Bloomfield et al. (2006) and Tellam and Barker (2006) suggest that the
Permo-Triassic sandstone aquifer in England is spatially heterogeneous and anisotropic due to

variations in depositional environments and diagenetic processes.

Hence, because of its importance in England, its importance as an example of a class of aquifer
found worldwide, and because it has been claimed that its hydraulic properties are related to its
sedimentological character, the English Triassic sequence has been chosen as the study system.
In order to limit the scope to something possible within the time limits available, only
intergranular properties will be examined. However, it is clear from tracer experiments (Ward
et al., 1998, Streetly et al., 2002, Greswell et al., 2014) that intergranular solute movement is
very important even over site-scale distances, and there is also limited evidence that
intergranular solute movement is even more important over larger scales (Carlyle et al., 2004,

Tellam and Barker, 2006).

1.3.3 A brief overview of relevant geological characteristics of the English Permo-

Triassic sandstones

The English Permo-Triassic sandstones are typically continental fluvial and aeolian red-bed

sequences and broadly similar sandstones are widespread internationally.

There are parts of the English Permo-Triassic sequence that are at least predominantly fluvial
in origin, parts that are at least predominantly aeolian in origin, and parts that are mixed fluvial-
aeolian. The fluvial sequences often show cyclic sedimentation (e.g. Fitch et al., 1966,
Thompson, 1970, Wills, 1970, 1976), and Wills (1970) has suggested scale hierarchy of cycles
in the Permo-Triassic sandstones from metre to hundreds of metre scale (Section 3.3).
Sedimentary cyclicity interpretation has been widely and successfully applied in hydrocarbon

reservoir sandstones, but rarely in the context of the hydrogeology of aquifer sandstones.
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Aeolian sequences include dune and sandsheet deposits (Benton et al., (2002). Mixed

sequences result from aeolian re-distribution of sediments between fluvial events.

Further details are provided in Chapter 3.

1.3.4 A brief overview of the hydraulic properties of the English Permo-Triassic

sandstone

The hydraulic conductivity of the matrix of the Permo-Triassic sandstone sequence varies over
about seven orders of magnitude, from about 10 to 20 m/d, with a median value of 0.56 m/d:
it usually follows an approximately log normal distribution (Allen et al., 1997). No systematic
variation in matrix permeability has been found with depth (Allen et al., 1997). Anisotropy in
hydraulic conductivity (i.e. horizontal to vertical ratio) is reported up to 50, but is often much
closer to 1 and can be less than 1 in some cases (Allen et al., 1997, Tellam and Barker, 2006).
Limited data suggest permeability to be sensitive to water chemistry (Tellam and Barker, 2006).
Porosity values vary from 2 to 35% with a median value of 26%, and often there is an
approximately linear relationship between log hydraulic conductivity and porosity (Allen et al.,

1997).

1.3.5 Previouswork on correlations between hydraulic propertiesand lithofaciesin the

English Permo-Triassic sandstone

In the English Permo-Triassic sandstone sequences, correlations between sandstone lithofacies
and their hydraulic properties has been sought mainly qualitatively but also sometimes
quantitatively (e.g. Bouch et al., 2006, Newell, 2006, Bloomfield et al., 2006, Moran, 2008,

McKinley et al., 2011). The following paragraphs are brief descriptions of these studies.
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Bouch et al. (2006) examined borehole cores from three boreholes drilled at the Birmingham
University campus, Birmingham, UK. The cores were taken from the Wildmoor Sandstone
Formation, Sherwood Sandstone Group. They recorded five lithofacies, including three
braided-river lithofacies (channel-lag, channel-fill, and abandoned channel), an aeolian
sandsheet lithofacies, and a palaecosol. Although no attempt was made to correlate lithofacies
with permeability, some observations were made from the study: 1) abandoned channel
mudstones and palaeosol could act as barriers to vertical flow at scale of tens of metres; 2) the
sandstones which have fairly high porosity show locally variable extent of cementation, and a
highly-cemented, thin-layered unit would be by-passed by horizontal flow, but would inhibit
vertical flow; 3) granulation seams that had permeability of 2 to 3 orders of magnitude less than
the permeability of the sandstones could act locally as baffles to lateral fluid flow; 4) grain size

and dolomite cements were factors controlling the matrix permeability.

Newell (2006) studied sandstones in outcrops in south Devon, southwest England. The
sandstones were from the Triassic Otter Sandstone Formation (Sherwood Sandstone Group),
aged Lower-Middle Triassic. Calcrete is common in the Formation. Four lithofacies
associations were identified: acolian sandstone association; calcrete-rich, multistorey channel
association; calcrete-poor, multistorey channel association; and solitary channel sandstone and
mudstone association. A total 36 core plugs were made from samples taken at Ladram Bay
coastal cliffs, and from the Harpford Borehole. The core plugs appear to be one of three facies
forms: sandstone of free-calcrete or minor calcrete development; sandstone with extensive
calcrete development; and calcrete conglomerate. Hydraulic properties were derived from the
core plugs with porosity values range from 7 to 34%, and gas permeability varying over five
orders of magnitude from about 4 x 10"'7to 7 x 10"'2 m?. Calcretes in core plugs can cause a

reduction in permeability and porosity to less than 107'5 m? and less than 12% respectively.
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Calcretes can become locally abundant in the aquifer, causing porosity reduction by up to 30%.
Calcretes and non-calcrete sandstone core plugs showed clearly contrasting porosity and
permeability. The calcrete sandstone samples have permeability from 5x107!7 - 8x10-'*m? and
porosity from 7-15 %, whereas the non-calcrete sandstones have permeability ranging from
8x107'* - 9x10°'? and porosity from 15-34 %. Laterally extensive (up to 1 km) calcrete

conglomerates an act as barriers to vertical flow.

Bloomfield et al. (2006) investigated sandstones of the Helsby Sandstone and Wilmslow
Sandstone Formations of the Sherwood Sandstone Group, at the Abbey Wood borehole in
Cheshire, UK. Six sandstone and one mudstone lithofacies were identified. The six sandstone
lithofacies include two fluvial sandstones (coarse and fine-grained channel fill facies), three
aeolian sandstones (sabkha deposit, dunes and sandsheets facies) and a massive sandstone
which was believed to be of either fluvial or aeolian origin. Permeabilities were determined
from core plugs using nitrogen as the permeant and the whole core was investigated at intervals
of approximately 0.4m using a mini-permeameter that was also used to test the core plugs. It
was impossible to sample the mudstone or fine-grained channel fills because they were too
friable. Statistical analysis on the permeability data showed that the lithofacies have distinct
permeability distributions. In particular, the two fluvial sandstones and massive sandstone
facies generally had lower permeability than the acolian sandstone facies, and within the acolian
sandstones, the sandsheet and dune facies were more permeable than the sabkha sandstone
facies. Core plug derived permeabilities varied over five orders of magnitude from 1.4 x 10716
to 7.8 x 10"'2 m?, with a geometric mean of about 1.9 x 10"'* m?, and showed weak anisotropy,
horizontal permeability being about three times greater than vertical permeability. Porosity

ranges from 5.9 to 26.6%, with a mean of 20.3% and follows approximately a normal
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distribution. There was a weak correlation between porosity and permeability and “unclear”

correlations between porosity and lithofacies.

Just as the current study commenced, McKinley et al. (2011) published a study of outcrops at
Styrrup Quarry, South Yorkshire, UK. The study outcrops are fluvial sandstones of the
Sherwood Sandstone Group of Triassic age. Statistical analysis of global regression show weak
correlation between both porosity and permeability and diagenetic and primary sedimentary
structures such as grain size and sorting for the entire outcrop. Further dividing the outcrop
dataset into seven bedding units (upper pebbly bed, trough-fill sandstone, lower pebbly bed,
laminated sandstone, and the main channel body which was subdivided into 3 units: upper
channel sandstone, lower channel sandstone, and cross-bedded sandstone) along with use of the
geographically weighted regression method emerges important controls of primary depositional
structures and diagenetic processes on permeability and porosity. Permeabilities are locally
moderately-highly inversely correlated to grain sorting for the cross-stratified units. Inverse
relationships between permeability and cements were seen in the main channel body. Inverse
correlations between porosity and cements appears in the trough-fill sandstone, the main
channel body and the lower pebbly bed. For the relationship between permeability and grain
size, positive correlations were seen in the trough-fill sandstone, but inverse correlations at the
upper pebbly bed, lower pebbly bed, and the main channel body (the cross-bedded sandstone).
Inverse correlations between porosity and grain size were seen at the trough-fill sandstone and
main channel body. Maximum permeability was found in the direction of erosion and dissection

of earlier bedsets of channel-fill sandstone.

As a preliminary study prior to the one reported in this thesis, Moran (2008) examined a core

from the Preston Laundry Borehole, Preston, Cheshire, UK — the core on which much of the
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present work was performed. She identified five lithofacies, including a channel-lag sandstone,
three channel-fill sandstones, and a mudstone. Permeabilities of the sandstones were measured
both with a falling head test permeameter on core plugs and by use of a mini-permeameter on
the unprepared surface of the borehole core. No samples were made for the mudstone facies.
Porosity and log permeability from the core plugs were found to be strongly correlated.
Statistical tests on porosity and permeability data indicated each lithofacies has distinct porosity
and permeability distribution: however, there was some uncertainty given that the cores were

partially saturated when tested using the mini-permeameter.

Although the preliminary results are encouraging in finding a relationship between lithofacies
and permeability in the English Permo-Triassic sandstone sequence, there are only a few studies
available, two of the most detailed studies being one dimensional in that they are on borehole
cores, and the strengths of the correlations especially for fluvial lithofacies, the dominant

lithofacies group in much of the sequence, remain poorly quantified.

1.4 Resear ch aims and appr oach

1.4.1 Project aims

The project has two aims:

1. to determine the strength of correlation between lithofacies and permeability in
example English Permo-Triassic sandstone sequences, and;
2. to determine whether the permeability distributions discovered can be used to improve

prediction of solute transport.
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1.4.2 Approach

The following approach was undertaken to achieve the aims:

1. examine variation of some examples of sandstone lithofacies associations across
England, extending from Cumbria (northwest) through Midlands, to Devon
(southwest) in order to determine likely architectures for later work on modelling
solute transport;

2. statistically analyse existing borehole core permeability datasets;

3. determining petrographic and hydraulic property distributions in a borehole core and
at outcrop;

4. statistically analyse data collected in 3 to determine strength of hydraulic property /
lithofacies correlations;

5. undertake numerical modelling using the correlations between hydraulic property
values and lithofacies collected in 3 and the architectural data collected in 1 to

determine the effect of permeability distributions on solute transport in groundwater.

1.5 Thestructure of thethesis

Chapter 2 introduces the methods used for this study. Chapter 3 describes the work done on
determining the sedimentological architecture and qualitative hydrogeology of a range of
Permo-Triassic sandstone outcrops across England. Chapter 4 describes work done to
determine the correlation between fluvial sandstones and permeability at a borehole core drilled
at Preston Laundry, Cheshire, England. Chapter 5 describes the field work investigations on
permeability configurations at two sites. Chapter 6 uses the architectural data collected in the
field survey described in Chapter 3 and the correlations between lithofacies and permeability

determined in Chapter 4 to construct numerical models of solute transport, these models then
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being used to determine the importance of the correlations for solute transport. Finally all

findings of the thesis are summarized in Chapter 7 along with recommendations for future work.
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CHAPTER 2

METHODOLOGY

2.1 Introduction

The methods used to achieve the aims of the project (Chapter 1) fall mainly into two categories:
field investigation methods and laboratory methods. Variation in depositional environments
and heterogeneity of sandstone hydraulic properties were studied at outcrop. Lithofacies
identification, sedimentary structure interpretation, hydraulic property determination of
samples taken during field work and from borehole cores were determined in the laboratory.
The following sections describe the methods used with their principles and background, but

some important detail are also included in the relevant subsequent chapters.

2.2 Field siteinvestigations

2.2.1 Lithological featuresand sedimentary structure mapping

The English Permo-Triassic sandstones appear with a wide range of depositional environments
and significant heterogeneity. Study of outcrops is one effective approach to determine the
heterogeneity of the sandstones. Some example sandstone outcrops across England, extending

from Cumbria in northwest to Devon in southwest, were studied.

Lithological features and sedimentary features at outcrop were mapped based on photographs
taken at study sites and from available literature. Lithofacies were defined on the basis of
sedimentary features such as grain size, sorting, and sedimentary structures including horizontal

and cross bedding and lamination, and the presence of pebbles. Lithofacies were also defined
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from laboratory borehole cores by a simple approach of logging of sedimentary features: colour;
grain size; lamination style (massive, plane, low angle, and high angle); presence of pebbles,
mudclasts, and mica. The geometry of lithofacies or sedimentary units were measured using a
tape and compass. Photographs taken at outcrops were used as a background map on which
lithofacies, sedimentary units and features were redrawn and interpreted using what was

observed from the field and obtained from the literature.

2.2.2 Sample collections and in situ measurements

At the study sites, where possible, samples were taken for thin-section analysis and to determine
hydraulic properties. Of the study sites, the Wolverley sandstone outcrop in Worcestershire and
the Bridgnorth sandstone outcrop Shropshire were studied in more detail (Chapter 5). The
sedimentary structures of these two outcrops were mapped in detail. A probe/mini-

permeameter, detailed below, was used to do in situ measurement of permeability.

2.3 Laboratory measurements

2.3.1 Sample preparation

2.3.1.1 Core plug samples

Core plug samples for hydraulic property determination were drilled from sandstone samples
taken from the field (Chapter 3) and from a borehole core from Preston (‘Preston Laundry
borehole’) (Chapter 4) (Fig.2-1a) using a conventional water-flush pillar drill rig with coring
bit of 31 mm diameter. Both horizontal and vertical core plugs were obtained. The core plugs
were drilled to have lengths from 54 mm to 72 mm, and were then cut right angles at both ends

using a circular saw. The core plugs were then labelled (Fig.2-1b).
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A total of 63 core plug samples were available from the study by Moran (2008) on the Preston
Laundry borehole core. These core plugs were stripped of their heat-shrink wrapping in order

to perform mini-permeameter measurements.

b)
Fig.2-1. Preston Laundry borehole core: a) borehole core from which a core was obtained, b)
a core plug.

In preparing samples for the measurements of permeability using a falling head permeameter
(detailed below), the core plugs which had already been measured for their dimensions and
porosities were wrapped in at least two layers of polytetrafluoroethylene (PTFE) tape over their
curved surfaces to prevent flow from their sides. The core plugs were then covered
(constrained) with a heat-shrink plastic tube with about 4-5 cm of plastic tube left at each end.
The plastic tube then was shrunk tightly against the side of the core plug using a heat gun, the

ends being used to connect to the apparatus to measure hydraulic conductivity (Fig.2-2).

PTFE wrap  Sandstone sample

Saturation
liquid
Tubing

\

Rubber bung

Heat-shrinkable tubing

Fig.2-2. Diagram of a core plug ready for use in a falling head permeameter.
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2.3.1.2 Samplesfor measur ement of moisture content

Because of its possible effect on permeability measurement, the moisture content of the Preston
Laundry borehole core needed to be determined. Samples 1.0- 2.0 cm long by 1.5 - 2.0 cm wide
by 1.0-1.5 cm high were extracted from the core at different depths using a chisel and hammer.
Almost all of these depths had already been measured for permeability using the mini-
permeameter (Chapter 4). The sizes of sample were chosen to cover the effective penetration

depth of the mini-permeameter (0.7 — 1.27 cm).

2.3.1.3 Thin-section analysis

Samples taken from the field sites and core samples were used to make thin-section samples.
Thin-sections were analysed using a microscope to determine features such as mineral types,
grain size and shape, grain sorting, and cementation. This information supported the lithofacies

identification. Some of thin-sections were impregnated with blue-dyed resin to study porosity.

2.3.1.4 Water chemistry

The saturating fluid used for experiments was produced so as to have similar ionic strength and
cation composition as the natural groundwater. This is to minimise any clay swelling or
dispersion of colloids which may modify the permeability (Braney et al. 2001 and Michener

2003 in Tellam and Barker, 2006).

Table 2-1 shows an example of synthetic groundwater made for the Bridgnorth Sandstone

Formation in the Bridgnorth area. Chemical analyses of groundwater were obtained from
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Smedley et al. (2005). A solution of tenfold concentration was made up and then diluted to be

used for experimental measurements of hydraulic conductivity.

Table 2-1. Chemistry analysis of the artificial groundwater for Bridgnorth Sandstone
Formation (ionic strength in mol/l; mw = molecular weight).

Natural groundwater Artificial water

charge (z)| mw | mgl | molkg mz’ mol/kg mz g/litre needed
Ca 2( 40.08] 77.7] 0.0019 | 0.00775 0.0019 0.0078 0.285
Mg 2| 24.31] 13.1] 0.0005 | 0.00216 0.0005 0.0022 0.133
Na 1] 22.99] 20.1] 0.0009 | 0.00087 0.0009 0.0009 0.051
K 1 39.1] 3.2 0.0001 | 0.00008
Cl -1| 35.45| 41.7] 0.0012 | 0.00118 0.0048 0.0048
SO4 -2 96/ 39.1| 0.0004 | 0.00163 0.0005 0.0022
HCO; -1 61| 204 0.0033 | 0.00334
NO3 -1 62| 8.2[ 0.0001 | 0.00013
H 1[ionic strength = 0.0086 ionic strength= 0.0088
S 32.07
0} 16 ionic strength
MgS04.7H20 246.38 | =0.5 Sum (mZ%)
NaCl 58.44
CaClL.2H20 146.98

2.3.2 Hydraulic property determination

2.3.2.1 Porosity

Porosity was determined based on a resaturation technique (Monicard, 1980). All unwrapped
core plugs and moisture content chipped samples were measured for porosity. The samples
were oven-dried at 60° C for at least 24 hours and then weighed with calibrated balance of
accuracy of 0.01 g to obtain a fully dried mass (Wd). In Moran (2008), a temperature of 110°C
(Greswell, 1995) was used for at least 24 hours, but in the current study 60°C was used as
suggested by Andrew Butcher, Wallingford British Geological Survey (BGS), to prevent any
potential damage to the samples. The samples were then placed under a vacuum (~6 mm Hg

(about 0.8 millibar)) for 1 — 2 hours (Greswell, 1995). The saturating fluid then was introduced
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into the vacuum chamber though a valve to roughly 2 cm above sample level. The samples were
left for at least 24 hours to become fully saturated. For the core plug samples, bulk volumes
were calculated by measurement of the core plugs’ cylindrical dimensions, whereas, the bulk

volumes of the chipped samples were measured by water displacement (see below).

After saturation, excess water was wiped off the samples and they were weighed with the same
balance used for the dry samples to obtain the fully saturated mass (Wk). The saturated chipped
samples were then submerged in graduated cylinder containing a known volume of water to
estimate bulk volume of the samples. The bulk volumes of the core plugs were calculated before

the oven-drying stage by measurement of the core plugs’ cylindrical dimensions.

Porosity, n, was calculated from the following equation

n=——— (2-1)

where
N is porosity with unit of fraction [-] or percentage
W is saturated mass [M]
Wi is dry mass [M]
pwis water density [ML"]
V is bulk volume of sample
For the core plugs, V = ar’l
where I is the radius of the core plug [L]
| is length of the core plug [L]

For the chip samples, V is estimated as described above.
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2.3.2.2 Moistur e content

A laboratory experiment was set up to investigate effect of moisture content on measurement
of mini-permeameter-determined permeability. The selected plugs were fully saturated with
water, left to dry and finally fully dried in an oven at 60° C for at least 24 hours. At each drying

stage both moisture content and permeability were measured.

Samples selected for measurement of moisture contents were fully saturated and then dried in
steps. Firstly the selected samples were fully oven-dried and then were saturated. The
corresponding fully dried and saturated masses were weighed with a balance of an accuracy of
0.01 g. The saturated samples were then oven-dried (about 40° C) in steps. After a certain times,
the samples were taken out of the oven and reweighed to obtain their partly wetted masses

(Wwet). The moisture content for each drying step was calculated using equation (2-2).

-W.

0=—"__19d100 (2-2)
VoPu
where:
0 is moisture content [%]
Wais fully dried mass [M]
Wit is partly wetted mass [M]
pw is the density of water; and

Vb is the bulk volume of the sample [L3].

For core plugs (cylindrical) samples: v, = zr?l .
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For the irregular shaped samples, as similar method was undertaken.
2.3.2.3 Hydraulic conductivity measured with a falling head per meameter

In this study some heat-shrink wrapped samples were measured using falling head
permeametry. The falling head permeameter (Fig.2-3) consists of a 4-mm internal diameter
standpipe attached to a wall-mounted chart marked with mm graduations. A water tank, which
has an overflow pipe to maintain water at a constant level, was located below the standpipe. A
wrapped core plug was submerged in the constant-head water tank and connected to the
graduated standpipe. Synthetic groundwater was pumped into the system up into the standpipe.
The fall in head in the standpipe through time was recorded and based on Darcy’s Law, the
hydraulic conductivity, K, is calculated using equation (2-3).

K =2 (2-3)
At | h,

where:

ais cross sectional area of standpipe [L?]
A s cross sectional area of sample [L?]

L is length of sample [L]

h1 is head at t1 of measurement [L]

hz is head at a time t2 of measurement [L]

tis elapsed time between time t1 and t2 of measurement [T]
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#v\mbe connected to
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| Watertank
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Fig.2-3. Diagram of a set up for falling head permeameter measurement.

Detail of the experimental procedures is provided by Greswell (2010).

It is important to ensure no air bubbles are trapped inside the sample because this may reduce

permeability of the samples.

Hydraulic conductivity was calculated in a Microsoft Excel spreadsheet made by Richard

Greswell using Darcy’s Law. All spreadsheets can be found in Appendix 1.

An example of a measurement is shown in Fig.2-4. It is clear that the measurement follows the

theory well, equation (2-3) being a linear relationship between log(h) and t.
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Fig.2-4. Falling head test for plug sample C1-3 from Cumbria, northwest England.

For each sample, the test was performed up to three times in the same flow direction
immediately after each other, then with flow in the opposite direction. Almost all tests give
similar results, but a few showed small differences. A geometric mean of the results was

calculated and then taken as the representative value of hydraulic conductivity of the sample.
2.3.3 Permeability measurement using a probe/mini-per meameter
2.3.3.1 General description of probe/mini-permeameters

Probe or mini-permeameters have been widely used to quantify heterogeneity of media at
different scales (e.g. Goggin et al., 1988a, Goggin, 1993, Davis et al., 1994, Bloomfield and
Williams, 1995, Bloomfield et al., 2006, McKinley et al., 2011). Dykstra and Parsons (1950)
introduced “probe” permeability measurements that were the first form of mini-permeameters.
Eijpe and Weber (1971) developed a “mini” permeameter to measure permeability for rock and
unconsolidated sands. Goggin (1988a) used a mini-permeameter to study heterogeneity of
aeolian Jurassic aged Page Sandstone outcrop in Northern Arizona. Kittridge et al. (1990)
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examined the permeability of outcrop and subsurface Permian aged carbonates in south-eastern
New Mexico, America. Dreyer et al. (1990) used a similar instrument to study the correlation
between lithofacies and permeability in the delta-plain distributary channels of the Jurassic aged
Ravensar Group in Yorkshire, England. Davis et al. (1994) modified the gas mini-permeameter
to a lightweight, syringe-based air mini-permeameter (LSAMP) to facilitate permeability at
outcrops. Bloomfield et al. (2006) employed a mini-permeameter to characterize permeability
distributions and correlations between sandstone lithofacies and permeability in the Abbey
Wood borehole near Delamere, Cheshire, England. McKinley et al. (2011) used a mini-
permeameter to study the relationship between depositional characteristics and permeability at
an outcrop in Styrrup Quarry, South Yorkshire, England. Many other works relating to use of

mini-permeameter can be found in both hydrocarbon and hydrogeology research.

Mini-permeameters are capable of quickly obtaining a large number of accurate, inexpensive,
non-destructive measurements of permeability on flat sample surfaces. Mini-permeameters
have been preferred in studying heterogeneity as they are able to investigate at much greater
sampling densities and on much smaller scales than is possible with traditional techniques
(Dinwiddie et al., 2003). Mini-permeameters can be operated either in steady-state conditions
as preferred by many of the above authors or in unsteady-state conditions (e.g. Jones, 1992),
the latter being effective in providing rapid estimations on low-permeability samples.
Theoretical and recommended practices are described in Halvosen and Hurst (1990) and

Sutherland et al. (1993).

Mini-permeameters allow compressed gas, normally nitrogen, to be forced into a dry, clean

surface of a porous medium via a tip which is topped by rubber to ensure a good seal (Fig.2-5).
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Gas forced into the porous surface under pressure flows freely in a radial pattern and exits
through the free surface. Inflow gas flow rate and pressure are measured by an electronic mass-
flow meter and an absolute pressure transducer respectively. Intrinsic permeability is calculated
using a modified version of Darcy’s Law (e.g. Goggin et al. (1988b) (Equation 2-4).
R e

where:

k: intrinsic gas permeability (L?)

P1: injection pressure (ML'T-2)

Po: outflow atmosphere pressure (ML!T-2)

Q: volumetric flow rate at injection pressure P1 (L3T")
W gas viscosity (ML!T)

a: internal tip-seal radius (L)
Go: geometrical factor (-). This factor depends on relative dimensions of the tip seal and

sample size.

Injection gas
flow and pressure

Tip seal \

=

=<

Rock surface

Fig.2-5. Diagram of tip seal and the gas flow pattern in homogeneous porous rock
(adjusted from Goggin, 1993).
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Fig.2-6. Geometric factor as function of outer to inner ratio of tip seals
(adjusted from Goggin et al., 1988b).

The geometric factor Go should be estimated from the relative ratio of outer radius (ro) and inner
radius (ri) of the tip seal (Fig.2-5). (Goggin et al., 1988b) developed a model to predict Go
(Fig.2-6). Although this prediction is only valid for isotropic and homogenous samples, both
Goggin et al. (1988b) and Halvorsen and Hurst (1990) found good agreement between

theoretically derived and empirically derived Go from core plug of known tip seal dimension.

Sutherland et al. (1993) listed primary factors affecting gas flow response entering the sealed
area in steady-state measurements, including: 1) gas sample permeability; 2) gas injection
pressure; 3) viscosity of gas at injection pressure and temperature; 4) gas slippage (Klinkenberg
effect); 5) high velocity flow effect; 6) sealing quality between the probe tip and the sample
surface; 7) geometry of flow gas flow in sample; and 8) tip seal quality. Of those, factor 2-5
can be estimated, and if the geometry of gas flow can be defined, permeability at the injection

point can be calculated using a modified form of Darcy’s Law (Equation 2-4). The geometry of
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gas flow around the measured point is only easily-defined for homogeneous and isotropic

samples (Sutherland et al., 1993).

In this study, a steady-state Temco Mini-perm/probe permeameter MP-402 (Fig.2-7) was used
to perform measurements of permeability for the Preston Laundry Borehole core, core plugs
drilled from the Preston Laundry Borehole core, and for two sandstone outcrops at Wolverly,
Worcestershire and at Bridgnorth, Shropshire (Chapter 5). The device was kindly lent by the
British Geological Survey (Dr Andrew Butcher). The apparatus used a software package named
“SmartPerm for MP-402” to run it. A reading is recorded once the software has determined that
a reading is stable (Fig.2-9), the latter being defined by pre-set limits. The Temco mini-
permeameter is designed to measure permeability ranging from 0.1 milliDarcy (9.87 x 10" m?
or 8.33 x 10° m/d at 20°C) to 5 Darcy (4.93 x 102 m? or 4.17 m/d at 20°C) with an accuracy

of £2% (www.temco.com).

e - . : e
Fig.2-7. A photo of the air probe /mini-permeameter apparatus set up: The Temco Mini-
permeameter control box including a compressed gas cylinder (left), a core stand (right), and a

computer connect to the system (middle).
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Fig.2-9. A photo of the SmartPerm software interactive screen showing that the system is
stable to record a reading (message at top centre).

2.3.3.2 Calibration

Mini-permeameters can be calibrated either empirically or theoretically, provided they have a
good tip seal and there is a symmetrical flow geometry into a homogeneous, isotropic porous
medium (Halvorsen and Hurst, 1990, Goggin, 1993). Both methods provide good results (Eijpe

and Weber, 1971, Goggin et al., 1988b, Halvorsen and Hurst, 1990, Sutherland et al., 1993,
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Jones, 1992). Halvorsen and Hurst (1990) converted mini-permeameter flow rate into
permeabilitiess by correlating mini-permeability flow rate to core plugs of known gas
permeabilities, and by an analytical solution. The core plugs can be at the same interval as mini-
permeameter measurement or from set of “homogeneous” core plug with conventional Hassler-

sleeve permeability measurements.

Comparison with core plug permeability at the same intervals involves operation of mini-
permeameter either at the position before core plugs are taken, or on core plugs themselves.
Mini-permeameter flow rate measurements on both ends of the core plugs or at the position
where later core plugs were taken were plotted by Halvorsen and Hurst (1990) against known
permeabilities, at given fixed pressure rates and a given tip seal. The relationship between flow
rate and permeability was then used to compute permeability for all subsequent mini-
permeameter measurements, provided the pressure and tip seal size remain the same as in the
calibration experiments. Halvorsen and Hurst (1990) performed calibration experiments for
mini-permeameter flow rates against Hassler-sleeve core plug permeabilities and found that
heterogeneous core plugs result in a weak correlation between flow rate and permeability
(Fig.2-10a), whilst reasonably homogeneous core plus give a better correlation (Fig.2-10b).

Ka (mi) Ko (m0)

\m:l Mj .

1200 4 15

*

ak + 4
I R e e e R RR A sy e s ARy y] U T T R T R T T T T T I T T T LT
a 2a wa 150 263 250 o 0 30 o 5

Flowrote (cm’/min) Flowrate {em’/min}
.a) b)
Fig.2-10. Plots of mini-permeameter flow rates versus Hassler-sleeve core plug permeabilities (Ka)
from: a) heterogeneous reservoir, and b) homogeneous reservoir (from Halvorsen and Hurst, 1990).
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For a set of “homogeneous” core plugs of a wide range of permeabilities, the core plugs can be
examined for heterogeneity by visual examination, repeated measurement and with computer
tomography (CT)-scanning (Halvorsen and Hurst, 1990, Goggin, 1993). Fig.2-11 shows a good

correlation between flow rates and permeability for a calibration using homogeneous core

plugs.

Ka {mD)

1000 *

10 — T T T e e R |
10 100

Flowrate (cm®/min)

Fig.2-11. Plot of averaged mini-permeameter flow rate versus Hassler-sleeve homogeneous
core plug permeabilities (Ka) (from Halvorsen and Hurst, 1990).

The analytical solution was introduced by Goggin et al. (1988b) that employs solution of Go (in
Equation 2-4) with the assumption of neglecting gas slippage (Klinkenberg) and high-velocity
flow effects. Goggin et al. (1988b) used a numerical solution to estimate the geometric factor
Go that is a function of ratio of outer radius to inner radius of tip seal and sample geometry.
Halvorsen and Hurst (1990) employed empirical calibration to estimate Go values from mini-

permeameter measurements on a set of homogeneous core plugs of known permeabilities (Kg).
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regression analysis (y = cx) with slope of best fit ¢ = 1/(aGo) (Fig.2-12).
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Fig.2-12. Plot of core plug permeabilities versus flow and pressure rate combination from
Equation 2-4. The best fit trend line has slope of 0.9715 and R? = 0.989, giving Go = 5.15
(from Sutherland et al., 1993).

In this work, since a set of standard “homogeneous” core plugs is unavailable, the mini-
pemeameter flow rate correlating to permeability was not performed, but the accuracy of mini-
pemeameter flow rate measurement was calibrated using a soap film flow equipment was
performed in the laboratory base at British Geological Survey Wallingford prior to subsequent

mini-permeameter measurements.

The mini-pemeameter was evaluated by operating permeability measurement using the mini-
permeameter on the known-permeability core plugs samples of the Preston Laundry Borehole
core (Chapter 4). At the ends of each core plug, four to five points were measured with the
mini-permeameter, and at each point, up to five repeated measurements were made. The

correction for mini-permeameter derived permeability then will be adjusted.
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2.3.3.3 Factor s affecting mini-permeameter measurements

Although relatively simple devices, precautions must be taken when operating mini-
permeamters. These include effects of slippage (Klinkenberg), high flow velocity, tip seal and
sealing quality, and drying. The following subsections describe these effects and how to address

them.
a) Slippage (Klinkenberg) effect

Permeability measured with gas as the permeant tends to be greater than permeability measured
with liquid as permeant (e.g. Klinkenberg, 1941; Monicard, 1980). This is caused by the
“slippage” effect along the pore wall of samples that is in contrast to fluid flow where flow
velocities are zero at the pore wall. Gas molecules are moving at high speed and collide with
each other after travelling a distance which is called as the “mean free path”. The mean free
path depends inversely on both mean pressure and molecular mass: the mean free path is greater
for low pressure and shorter for higher pressure. At the pore wall, there will be some periods
where there is no contact between gas molecules and pore wall, i.e. there is a gas ‘slip’ velocity
at the pore wall, and gases move through the porous media faster, leading higher permeability

measurement compared to fluid flow which is stationary at the pore wall.

Klinkenberg (1941) experimented on porous media and suggested a relationship, equation (2-

6) between gas intrinsic permeability, a slippage factor and liquid intrinsic permeability.

b
K, = KL(H-P] (2-6)

m

where:
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kg is gas intrinsic permeability [L?]

kv is liquid intrinsic permeability [L?]

Pm is mean pressure [ML1T-2]

b is a gas slippage (Klinkenberg) factor which is constant for particular gas in a

particular porous medium.

The gas slippage factor, b, can be estimated either from empirical slippage factor - gas
permeability relationships or from multiple rate/pressure measurements on the same sample

(Sutherland et al., 1993).

Note that the term (1 + b/Pm) is always greater than or equal to 1.0, thus the apparent gas
permeability is always greater than or equal to the liquid permeability of the porous medium.
As the mean pressure increases, the term (1 + b/Pm) approaches 1.0, and the apparent gas
permeability approaches the liquid permeability. The Klinkenberg effect reduces with
increasing mean pressure. The Klinkenberg effect is only noticeable with low gas pressure or
for low permeability materials with permeability of less than 20 mD (about 2.0x10"'* m? or

0.02m/d) according to Goggin et al. (1988b).

In this study, the gas slippage may not cause significant problems for the mini-permeameter
measurement on the borehole core (Chapter 4) and in situ permeameter measurements (Chapter

5) because their permeabilities are almost all greater than 20mD.

b) High velocity flow

High velocity flow effects (or inertial effects) occur where viscous flow no longer dominates.

To deal with this effect, permeability is measured at several different pressures and the injection

38



pressures lying in the linear region of the mass flux / pressure gradient curves are selected. The
high velocity flow effect can be eliminated with a mini-permeameter operating with pressure
decay measurement (e.g. Jones, 1992). Goggin et al. (1988b) found that high velocity flow
effect is significant for samples having permeability of greater than 1000 mD (about 9.9x107!3

m? or 0.83 m/d at 20° C).

In operating the mini-permeameter in this study, the injecting pressure was gradually increased
to achieve sufficient pressure gradient. These pressures were monitored by transducers. The
SmartPerm software used for the mini-permeameter shows flow rate and pressure on a
Windows user-interface (Fig.2-9) on which pressure gradient can be controlled and low input
pressure adjusted to achieved steady-state conditions necessary before a reading can be
recorded (Fig.2-9). Some measurements on very low permeability units (e.g. mudstone-bearing
units) where it took a very long time to achieve a stable flow and on other lithofacies where a
nearby fracture caused exceptionally high permeability values were excluded from the

permeability results.

The high velocity flow effect could not affect the mini-permeameter measurements for borehole
cores (Chapter 4) since their permeability are less than 1000 mD, but may be problem for field
measurements (Chapter 5). However, because of the unknown drying conditions at the sites and
the necessary of relative values of permeabilities to correlate lithofacies to permeability within
an outcrop, the mini-permeameter measurement are reasonably accepted, and, ideally, high

velocity flow effects at these sites could be interesting for further study.
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c) Tip seal geometry and penetration depths

The gas is injected into the sample surfaces via a tip seal (Fig.2-5). The tip seal allows gas to
travel freely into sample surface and prevents gas leakage between the tip seal and the sample
surface. The tip seals are made of compressible, impermeable silicon rubber, and are small
enough compared with the sample size to efficiently seal without damaging the sample surface.
The gas leakage through tip seal has been checked by applying tip seal against impermeable
surface to ensure no gas leakage through the tip seal, and avoided by using good tip seals, and
by repeating measurements for points where gas leakage is suspected. The tip seals are also
designed to have appropriate dimensions to examine heterogeneity of the sample. Table 2-2
shows a range of tip seal sizes with different outer and inner radii designed for the Temco

minipermeameter.

The penetration depths of mini-permeameter permeability measurements depend on the tip seal
size and the hydraulic properties of the sample. Goggin (1988b) used a numerical solution
technique to model homogeneous media and found that the penetration depth of mini-
permeameter measurement was about four times the inner tip seal radius. On the other hand,
Jensen et al. (1994) found that 90% extent of the probe response came from within 2.2 times
the inner radius. Given the list of inner radii of the tip seals supplied for the mini-permeamter
(Table 2-2), penetration depths were estimated. For practical purposes, tip seal #3 was
suggested to be the most convenient to use (Andrew Butcher at BGS Wallingford), thus it was
employed throughout the laboratory and in situ measurement of mini-permeameter in the

project though the other tip seals were also used as comparisons during method development.
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Tip seal 3 has outer and inner radii of 9.5 mm and 3.2 mm respectively, giving estimated

penetration depths from 7.0 mm to 12.7 mm (Table 2-2).

Table 2-2. Tip seal used for a mini-pemeameter and estimated effective measurement depths

Tip ID Tip radius (mm) Effective penetration depth (mm)
outer mnner 2.2 times inner radius* | 4 times inner radus**
1 2.4 0.8 1.8 3.2
2 4.8 1.6 3.5 6.4
3 9.5 3.2 7.0 12.8
4 12.7 6.4 14.1 25.6
5 25.4 9.5 20.9 38.0

* According to Jonsen et al. (1994)
** According to Goggin et al. (1988b)

d) Drying effect

Mini-permeametry measurement can be adversely affected by moisture contents of samples.
Halvorsen and Hurst (1990) and Sutherland et al. (1993) indicated that the effect of saturation
on permeability is only noticeable for materials of low permeability (2-20 mD, about 2 x 1013
-2 x 10" m?), and is insignificant on materials with permeability of greater than 100 mD (about
9.9 x 10"'* m?). Davis et al. (1994) found that saturation has an effect on mini-permeameter

measurements, samples with moisture contents of 5 % causing errors of 5%.

In this work, mini-permeameter measurements were performed on core and core plug samples
from Preston Laundry Borehole cores with various levels of saturation (see Chapter 4). To test
the effect of this, a group of samples were oven-dried, resaturated, then dried in steps.
Permeabilities were then measured using the mini-permeameter for each drying and wetting

state of the samples. Full report on effect of the moisture content can be found in Chapter 4.

41



€) Laboratory operation of the mini-permeameter

The Temco mini-permeameter has a probe mounted on a frame when used in the laboratory
(Fig.2-7). The frame can be moved up and down so that the probe can form a seal on a sample
which is placed in the core holder (Fig.2-8a,b). During operation, a constant force is applied

by the probe on the sample, controlled by a pneumatic cylinder and pressure regulator.

f) In situ operation of the mini-permeameter

For in situ measurements, a hand-held probe is employed: this includes a shoulder butt, as on a
rifle. This may result in longer times for the mini-permeameter to obtain stable conditions.
Differing application pressures by the operator can cause problems (Sutherland et al., 1993).
To maintain approximately constant application force against outcrop surface, the probe can be
spring mounted, thus controlling the maximum application force to be equal to the
compressibility of the spring (Sutherland et al., 1993). However, a pneumatic cylinder is better

choice over spring mounted probe for in situ field mini-permeametry (Sutherland et al., 1993).

In this work, a field-portable hand-held probe supplied as part of the Temco mini-permeameter
package was applied normal to outcrop faces while maintaining constant flow pressure to reach
a steady state where a measurement is recorded (as shown Fig.2-9). At each point, up to ten

measurements were made, then averaged to obtain a representative value.

Since hand-held tool application is less consistent than the mechanical application of the probe
in the laboratory rig, it might be expected that field results are less repeatable. However,
calibration experiments for homogeneous core plugs show that there is only slightly less

accurate measurements for the hand-held instrument than for probe core-holder frame (Goggin,
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1993). In practice, after some experimentation in the present study, field measurements were
taken by applying the maximum possible pressure by the operator, thus obtaining some

consistency.

There are several sampling schemes for mini-permeametry in situ, including: a) random or
facies based sampling; b) regular grids; ¢) horizontal and vertical transects; d) lateral series of
vertical transects within a single parasequence; €) pads- group of measurements around points
in a large scale transect or grid (Goggin, 1993). The sampling depends on scale of heterogeneity
of formation and scale of interest, and is unlike the conventional core sample or core plug
samples which are normally regular. In this study, sampling was chosen based on variation of

lithofacies/sublithofacies.
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CHAPTER 3

THE ENGLISH PERMO-TRIASSIC SANDSTONE SEQUENCE

3.1 Introduction

The English Permo-Triassic sandstone sequences are heterogeneous having been formed in a
range of sedimentary environments. Understanding the heterogeneity, sedimentary structures
and palaco-environments is essential if the influences of lithology on hydraulic properties are
to be understood. Within the sequence, there are two dominant, ‘macro’-lithofacies — fluvial
and aeolian. In addition, there are many ‘(sub)lithofacies’, or simply °‘lithofacies’, that
represent, for example, channel base or channel fill deposits. There is little collated information
on the range of geometries of, in particular, these lithofacies in the English sequence, something
that would be useful if correlations between lithofacies and hydraulic properties are established
and they are to be used in helping predict solute movement. It would also be helpful to get idea

of how hydraulic property values vary regionally compared with how they vary locally.

The aims of this chapter are therefore:

1. to provide an indication of the range of lithofacies seen in the Permo-Triassic
Sandstone sequence across England;

2. to gather evidence on the geometries of various lithofacies seen within the sequence;

3. to provide a first pass idea of the hydraulic property variability within units, within
outcrops, between outcrops, between palacoenvironmental conditions and between

regions.
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However, achieving aims 1-3 will allow the results of the more detailed work on
lithofacies/hydraulic property correlations described in Chapters 4 and 5 to be placed in context,
will provide evidence for later construction of computer representations described in Chapter
6, will provide an indication of the current state of knowledge, and finally will indicate
(qualitatively) the correlation between hydraulic properties and ‘macro-lithofacies’, i.e. fluvial

v. aeolian lithofacies.

Sandstone sequences from sixteen outcrops and quarries across the country were examined, and
a review of previous work undertaken. The outcrops were from five regions: the northwest,
Cheshire, Shropshire, West Midlands, and the southwest (Fig.3-1). Sites were chosen to attempt
to cover a range of possible basins and sedimentary environments, based on the use of the
literature, and particularly Benton et al. (2002), and the BGS Britpit software kindly loaned by
BGS. However, the survey is not comprehensive, with only a few of the very numerous
exposures having been visited and hydraulic property measurements made only on small
numbers of samples. A more detailed version of this chapter, including extensive literature

summaries for the sites visited, is included as Appendix 6.

Sections 3.2 and 3.3 provide geological history and sedimentological overviews, and

subsequent subsections describe each of the sites visited. A final section concludes.
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Fig.3-1. Visited English Permo-Triassic Sandstone outcrops (adjusted from Allen et al., 1997).
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3.2 Qutline geological history

During the Variscan Orogeny (late Carboniferous time), the areas are now southern England
and Wales, northern France and Germany, eastern Europe, to North America were folded and
faulted because of the tectonic collision of the Gondwana and Laurussian and together with

other microplates to form the supercontinent Pangaea (Woodcock and Strachan, 2000).

In early Permian time, thermal relaxation led to the formation of depression basins across
England and Wales, and Ireland. Northward flowing rivers across Britain drained the Variscan
highland to the south (Woodcock and Strachan, 2000). Deposits of breccia and coarse
sandstones eroded from highlands gradually filled the basins as alluvial flood and fan deposits
(Allen et al. 1997). In England, often the basins were fault-hinged on one side. The breccias
were overlain by well-sorted, cross-stratified sandstones such as those of the Bridgnorth
Sandstones, Penrith Sandstones, and Collyhust Sandstones. These sandstones have been
interpreted as aeolian deposits which laterally merged with fluvial silts and sands (Allen et al.,

1997).

In the mid-Permian, the highlands of the Variscan Orogeny were smoothed out by aeolian and
fluvial deposits. This enabled marine transgressions in late Permian times, and these deposited
limestones, dolomites and evaporates with continental mudstones and sandstones around basin

edges (Allen et al., 1997).

From the late Permian to early Triassic time, the basins were filled with continental fluvial and
aeolian sediments. The Permian sequence was covered gradually and diachronously by thick
clastic deposits that now form the Sherwood Sandstone Group. They were mainly fluvial
deposits and formed by a major braided river system. The deposits generally had basal channel

lags, fining-upward channel sands, and covered with overbank silts or floodplain muds. Aeolian
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units, marls and breccias are also locally found in the Sherwood Sandstone Group (Allen et al.,

1997).

The Triassic Sherwood Sandstone Group is overlain by the Mercia Mudstone Group which was
partly marine and was probably deposited in shallow sea, or lakes connected with the sea,
consisting of calcareous and evaporate-bearing mudstones and dolomitic siltstones, with some

sandstones and anhydrite units (Woodcock and Strachan, 2000; Hounslow and Ruffell, 2006).

3.3 A Brief outline of the sedimentological background of the English Triassic sandstone

sequence

The English Permo-Triassic sandstones are typically continental fluvial and aeolian red-bed

sequences and broadly similar sandstones are widespread internationally.

Sedimentological cycles are defined as a repetition of a series of lithological materials through
a sequence (Duff et al., 1967). Sedimentary cycles have long been recognised for the British
Devonian Old Red sandstone (e.g. Allen, 1964; Selley, 1988), and for the Permo-Triassic
sandstones in which cycles of different scales varying from about 1 to over 100 m thick occur
in the fluvial deposits (e.g. Fitch et al., 1966; Thompson, 1970; Wills, 1970; 1976). Wills (1970)
recorded scale hierarchy of cycles in the Permo-Triassic sandstones: micro-cycles at beds scale;
mio-cycles formed by groups of micro-cycles and having thicknesses of up to 100 m; and
magna-cycles consisting of groups of mio-cycles, normally equivalent to formations. There is
an upward transition from wet (fluvial) to dry (aeolian) conditions in micro-cycles. Thompson
(1970) and Wills (1970) defined full micro-cycles in upward sequence as: coarse-grained,
pebbly sandstone resting on erosion surface at base; medium-grained followed by cross-
laminated sandstone; fine-grained, up into flat-laminated sandstone; mudstone, covered with

aeolian sandstone at the top. According to Wills (1976), cycles appear in boreholes penetrated
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in almost all parts of the Triassic sandstones in the Midlands. Sedimentary cyclicity
interpretation has been widely and successfully applied in hydrocarbon reservoir sandstones,
but rarely in aquifer sandstones. Bloomfield et al. (2006) recognised metre-scale fining-up
cycles in the Helsby sandstone and drying-up cycles in the Wilmslow sandstone (Sherwood

Sandstone Group) in a borehole drilled in Cheshire, England.

The aeolian depositional environments produce a variety of sedimentary structures for the
English Permo-Triassic sandstones, including plane bedding, planar tabular and trough cross-
bedding, plane lamination, cross-lamination, ripples stratification, and irregular wavy (e.g.
Thompson, 1970; Karpeta, 1990; Benton et al., 2002). Benton et al. (2002) summarized
characteristics of aelian sandstones into three groups: 1) Dunes and draas comprise texturally
mature sand grains. The sedimentary structures include large-scale cross-starification, high-
angle (up to 30°) foresets with sets separated by sharp, generally plannar, bounding surfaces; 2)
sandsheets characterize with mm-scale bi-modal laminae, scours, granule lags, thin cross-
laminated sandstones; 3) damp interdune consists of silty sandstones. The sedimentary
structures include irregular wavy or lenticular lamination, slump structure, dominated with

adhesion ripples.

3.4 West Cumbria, northwest England

3.4.1 Geological setting

The Permo-Triassic sandstones crop out along coastal cliffs of West Cumbria and in adjoining
areas on the eastern margin of the East Irish Sea Basin (Fig.3-2 and Fig.3-3). The sandstones
dip and thicken towards the coast (Allen et al., 1997). A large amount of research has been
undertaken in the area by UK Nirex Limited (Nirex) and many others (e.g. Strong et al., 1994;

Michie, 1996; Chaplow, 1996; Milodowski et al., 1998; Bowden et al., 1998) in relation to
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characterization of bedrock in the Sellafield area for storage of radioactive waste. Though the
Permo-Triassic sequence is composed of several units here (Fig. 3-4), field work concentrated
on the St Bees Sandstone Formation exposures at St Bees Head. Details of the sequence and
its geological context are given in Appendix 6.

The St Bees Sandstone is excellently exposed at St Bees Head and consists of very fine- to
medium-grained, well cemented sandstones changing from sheetflood sandstone in the lower
part to multi-channel sandstones at the top. The St Bees Sandstone Formation is laterally
equivalent to the Chester Pebble Beds Formation in Cheshire Basin, but is finer in grain size
and free of pebbles (Allen et al., 1997; Hounslow and Ruftell, 2006). The thickness of the St
Bees Sandstone is up to 600 m onshore (Michie, 1996; Benton et al., 2002) and up to 1000 m
offshore (Michie, 1996). The St Bees Sandstone is interpreted to have been deposited in low
sinuosity braided rivers flowing to the north-north-west (Jones and Ambrose, 1994; Michie,

1996; Benton et al., 2002).

Fig. 3-2. Sandstone cliff at South Head, looking St Bees Head, West Cumbria, northwest
England.
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Fig.3-4. Schematic vertical cross-section showing relationships of Permian rocks in Appleby
and the Cumbrian Coast group, West Cumbria (adjusted from Akhurst et al., 1997).

3.4.2 Studied site: St Bees Head, West Cumbria, northwest England (NX 950123)

The field site is located along the coast line at South Head, West Cumbria, northwest England
(Fig.3-2 and Fig.3-3). The site shows spectacular sea cliffs of the St Bees Sandstone Formation
(Fig.3-2) which is the lowest unit of the Sherwood Sandstone Group. The coastal cliffs expose
3D outcrops of up to 90 m high and several hundred metres long of dominantly fluvial systems.
The St Bees Sandstone Formation consists of fine-to medium-grained, micaceous sandstone,
and some thin beds of siltstone and mudstone without pebbles (Chaplow, 1996; Allen et al.,
1997; Benton et al., 2002). The St Bees Sandstone Formation in the area rests gradationally on
the St Bees Shale Formation, that crops out at Saltom Bay, and is covered sharply by the Calder
Sandstone Formation that appears at St Bees (Chaplow, 1996; Allen et al., 1997; Benton et al.,

2002).

The St Bees Sandstone Formation sandstones have plane bedding, planar tabular and trough
cross-bedding, and are well-cemented. Ripples, planar- and cross-lamination are common, and

some conglomerates occur as lag deposits resting on erosion surfaces, scour and erosion
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surfaces showing multi-storey channel systems. The deposits at the field site are interpreted as
deposits of a braided river system flowing north-north-west (Chaplow, 1996; Allen et al., 1997,
Benton et al., 2002). Rare aeolian units with a fine- to medium-grained sandstone of about Sm
thick with well rounded and frosted grains has been recognized in the St Bees Sandstone

Formation in NIREX borehole 12A and 14A (Jones and Ambrose, 1994).

The sediment dips towards south-south-west direction, for example dipping 12 degrees at St
Bees Head and rarely in a southeast direction as seen at Fleswick Bay (Benton et al., 2002).
Allen et al. (1997) indicated that the mudstone units interbedded with the sandstone units were
deposted by periodic flood events. The sandstones is cemented by calcite, silica and iron oxide

(Benton et al., 2002).

The sandstone at the St Bees Head is interpreted as a deposit of north- north-westerly flowing,
sandy, low-sinuosity, braided systems (Jones and Ambrose, 1994; Allen et al., 1997; Akhurst et
al., 1997; Benton et al., 2002). At the study site, the St Bees Sandstone Formation is divided into

two parts with following features:

The lower part comprises red, brownish-red, very fine- to fine-grained sandstone with bluish-
grey bands of mudstone (Fig.3-5, and Fig.3-8). Depositional structures consist of sheet-like
sandstone beds with abundant laminations and ripple marks (Fig.3-10b), desiccation cracks,
horizontal and sub-horizontal layers. The lower part of the St Bees Sandstone Formation is
interpreted as the North Head Member (Benton et al., 2002). John & Ambrose (1994) showed

that this part represents sheetflood sandstones.

The upper part of the Formation consists of fine- to medium-grained, micaceous sandstone,
laminated flaggy sandstones, and occasional pale green beds. The sedimentary structures of this

part include large-scale erosion surfaces, multi-storey channel systems (Fig.3-5, Fig.3-7 and
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Fig.3-8), planar tabular and trough cross-bedding, ripple cross-lamination, and water-
escape/slump structures (Fig.3-11a,b), discrete bleached layers, and bleached bands (Figs.3-6,
3-7, and 3-8). The sandstone is well-cemented by silica (Strong et al., 1994; Barnes et al., 1994)
and carbonate (Fig.3-12a,b). The characteristics of the upper part support Jones and Ambrose’s
(1994) suggestion of a change from sheetflood sandstone in the lower part to stacked channel

sandstone in the upper part.

Fig.3-13 generates vertical cross-section the sandstone cliffs at St Bees Head. It shows
transition from the lower part (horizontal stratified sandstones) to the upper parts with cross-
stratified sandstone with multiple stacking channels. Widths of channels are in range from tens
to hundreds of metres, though it is not easy to see the orientation relative to the thalweg of main

channels. Bed thickness are variable, ranging from few cm to about 2 m.

—

=3 S
Trough-cross-bedded sand_é,zoner

Channel base

Planar or low-angular’bedding sandstone

= —-—l-_l._._._ - .
Horizontal laminated sandstone

Fig.3-5. Flatform at lower part of the St Bees Sandstone showing horizontally-laminated
sandstone at the lower part and channel bases, scour, cross-bedding at the upper part.
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Fig.3-7. Channel base with bleached channel-fill bands above (at the upper part of the
picture). This outcrop section is about 3m high by 4m wide.
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Fig.3-8. Cross-bedding above bleached lenses of channel-fill (solid arrow) and channel base
(open arrow) sandstone.

2 b)
Fig.3-9. a) Cross-bedding overlian by bleached band and plane laminated sandstone, b) multi-

set of planar tabular and trough cross-bedded sandstone interbedded with plane laminated
sandstone.
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b)

a) b)
Fig.3-11. a) Deformation structures at the upper part of St Bees Formation: water-escape
structures above horizontal laminated sandstone; b) Water-escape deformation structures above
horizontal laminated sandstone and below a discontinuous bleached layers.

Fig.3-12. Photomicrographs of St Bees sandstone at St Bees Head, West Cumbria, showing
sandstone of sub-rounded, moderately well-sorted grains, and well cemented: a) with plane
light, b) with cross polars.

57



- Deformation ctures

e oz //////2

Channel lags %
_— //

Bleached *——o——— ——

channel-fill Channel base Channel lags

Mross bedded sandstone sandsﬁ/
\/://,,, / //// //// P ara

=
e — T

—
%fé

//WW

—f3m —————— —

s

Fig.3-13. Sketch cross-section generating of sea cliff at St Bees Head,
West Cumbria, northwest England.

3.4.3 Hydraulic properties

There has been a number of studies on the hydraulic properties of the St Bees Sandstone
Formation (e.g. Nirex, 1993; Chaplow, 1996; Black and Brightman, 1996; Heathcote et al.,
1996; Littleboy, 1996; Allen et al., 1997). In this study 8 core plug samples were taken from
three different beds (C1, C2, C3) of channel fill facies at the St Bees Sandstone Formation at
the Bees Head cliffs to determine their hydraulic properties (Table 3-1 and Fig.3-14).

Table 3-1 Sedimentary description for samples collected at St Bees Head, west Cumbria.

Bed/lithofacies Sample ID Brief discription

Very fine- to fined grained, micaceous, low-angle laminated
Bed C1 Cl1-1, C1-2*, C1-3|sandstone. Channel fill facies.

Samples are separated by 1m to 30m within the bed C1

Very fine- to fined grained, tabular cross-lamianted sandstone
Bed C2 C2-1, C2-3, C-4* |mterbeded with thin layers of mudstone. Channel fill facies.
Samples are separated by 2m to 15m within the bed C2

Very fine- to fined grained, tabular cross-laminated sandstones.
Bed C3 C3-1, C3-4* Channel fill facies.

Samples are within a block in bed C3

* vertically oriented sample
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Fig.3-14. Hydraulic conductivity versus porosity for the samples taken at St Bees Head,
Cumbria.

Fig.3-14 shows porosity and hydraulic conductivity variations within and between beds
(circled) for the St Bees Head Sandstone at St Bees Head, west Cumbria. The low hydraulic
conductivity of Bed 2 and Bed 3 reflects the presence of thin mudstone layers and cement.
Within bed variation at Bed 1 and 2 probably is caused by thin laminations which may restrict

vertical flow.

For the whole region, porosity and hydraulic conductivity (permeability) and their relationship,
anisotropy and comparison between fluvial and aeolian systems are described in the following

subsections.

3.4.3.1 Porosity

Table 3-2 summarises porosity values for the St Bees Sandstone as collated by Allen et al.
(1997). The porosity values range from 13 to 35 %. The samples collected in the current work
have porosities from 14 to 22 % with a mean of 18 % and these values are generally in

agreement with those reported by Allen et al. (1997).
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Table 3-2. Summary porosity dataset for the St Bees Sandstone.

Ar Range | Interquartile range | Median | Mean Auth
= (%) (%) ©%) | (%) ot
Carlisle Basinand | g 3 5 25.3-30.1 269 | 274 |Alenctal
Vale of Eden (1997)
West Cumbria 14.1-22.2 15.1-21.7 16.3 17.8 | This study
Cumbria 3.7-27.2 12.9-20.2 15.2 16 | Allenetal
(1997)

3.4.3.2 Hydraulic conductivity

Core hydraulic conductivities of the St Bees Sandstone presented by Allen et al. (1997) are
given in Table 3-3. The hydraulic conductivities vary over seven orders of magnitude from 1.9
x 10 to 46 m/d. The wide range in hydraulic conductivity reflects varying grain size and grain
sorting, but particularly type and degree of cementation. As with porosity values, higher values
of hydraulic conductivity come from the north in Carlisle Basin and Vale of Eden, whereas

lower values are from the south in Cumbria.

For the St Bees Sandstone Formation, pumping test hydraulic conductivity (around 2 m/d; Table
3-4) are much greater than core hydraulic conductivity (0.0017 m/d), suggesting the significant
effect of fracture flow in the pumping test. Regional hydraulic conductivity obtained from
calibrated flow models, however, suggest that the contribution of the matrix hydraulic

conductivity dominates.
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Table 3-3. Summary hydraulic conductivity for the St Bees Sandstone Formation.

Range Interquartile | Median | Geometric

Area (nvd) range (m/d) | (mid) |mean (mid)| AUEOT
West .
] 0.0007-0.11 | 0.0023-0.054 | 0.004 | 0.0081 | This study
Cumbria
Cumbria |1.9x10° —0.94] 1.9x10*-0.014| 0.0013 | 00013 | Allenetal
(1997)
Carlisle
Basin and 3 Allen et al.
] 0.14-039 | 023 0.24
Vale of | X100 -46 (1997)
Eden

Table 3-4. Hydraulic conductivity values at different scales of measurement for the St
Bees Sandstone Formation in West Cumbria (After Allen et al. 1997).

Hydraulic conductivity (m/d)
Measurement method
K Ki/Ky
Core permeametry 0.0017 4
EPM 0.0026 50
Pumping test bulk K 0.07 - 3.7 (about 2) -
Model 03-8.6x10" 4

EMP: Environmental Pressure Measurements
Kn: horizontal hydraulic conductivity; Kv: vertical hydraulic conductivity.

3.4.3.3 Anisotropy

Hydraulic conductivity anisotropy is quantified by calculating the ratio of the geometric means
of the horizontal and vertical hydraulic conductivities. Horizontal and vertical hydraulic
conductivities and anisotropies for the Permo-Triassic Sandstone in the northwest England are
given in Tables 3-4 and 3-5. Normally, horizontal hydraulic conductivity is greater than vertical
hydraulic conductivity. The anisotropy ratio for the region ranges from slightly greater than 1
to 4. In West Cumbria, the anisotropy ratio is 4:1 being more permeable in bedding direction
(BGS, Nirex, 1993). The anisotropy ratio found in this work at West Cumbria is 1.8:1. Further

north this ratio reduces to 1.2:1. EPM (Environmental Pressure Measurement) shows the
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anisotropy ratio is up to 50:1. This ratio is greater than core and model anisotropies (4:1) for

the St Bees Sandstones.

Table 3-5. Horizontal and vertical hydraulic conductivities for the St Bees Sandstone.

Area Direction Range Interquartile | Median | Geometric | Anisotropy |  Author
Formation (m/d) range (mvd) mean ratio
(m/d) md) | (KWKv)
| K 0.002-0.11 0.004-0.07 | 0.005 | 0.04 ,
West Cumbria 1.8 This study
K, | 0.001-0.051 | 0.002-0.027 | 0.002 | 0.022

StBees |Cumbria Ki  [1.9x10°-0.94| 3x10-0.025 |2.9x107] 23x10” | | Allen et al.
Sandstone K, |1.9x10°-0.21|1.4x10*-5.5x10"| 7x10* | 7.2x10" (1997)
Carlisle Basin | g, | s4103.44 0.16-0.41 026 | 026 Allen et al.

and Vale of 1.2 1997

Eden K, 0.01-4.5 0.12-0.37 0.21 0.21 (1997)

Kn: horizontal hydraulic conductivity, Kv: vertical hydraulic conductivity.

3.4.3.4 Correlation between hydraulic conductivity and porosity

Fig.3-15a,b shows the correlation between core porosity and log hydraulic conductivity for the

St Bees Sandstone Formation and the Sherwood Sandstone Group as a whole.
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Fig.3-15. Hydraulic conductivity versus porosity in West Cumbria:
a) St Bees Sandstone Formation at St Bees Head (This study); b) the Sherwood Sandstone

Group (from Allen et al., 1997).
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3.4.3.5 Fluvial versus aeolian

The Permo-Triassic sandstones in the northwest originate from both fluvial and aeolian
systems. The Permian Penrith Sandstone Formation consists of aeolian well-sorted, well-
rounded, medium- to coarse-grained sandstone and fluvial poorly sorted, fine- to coarse-grained
sandstones with interbedded siltstones. In West Cumbria, the St Bees Sandstone represents a
fluvial environment with multiple channel structures, and the Calder Sandstone Formation are
deposits of an aeolian system. Generally, the aeolian Calder Sandstone Formation has higher
hydraulic conductivity (permeability) than the fluvial St Bees Sandstone Formation (Table 3-
6). In West Cumbria, aeolian sandstones that occur towards the top of the Sherwood Sandstone

Group have higher porosity than fluvial sandstones (Allen et al., 1997).

Table 3-6. Hydraulic properties for fluvial and aeolian dominated sandstones in West
Cumbria (after Allen et al., 1997).

Hydraulic conductivity (m/d) Arithmetic
System | Formation Range Interquartile | Median | Geometric mean
range mean porosty
(%)
St Bees
Fluvial [Sandstone 1.9x10°-0.94 | 1.9x107- 0.014 | 0.0013 | 0.0013 17.8
Formation
. Calder 4
Acolian 1.7x107- 0.545 - 0.0433| 0.0414 | 19.5%
Sandstone
* Median value.

Median, arithmetic mean, geometric mean were median, arithmetic and geometric averages
of median, arithmetic and geometric means of all the relevant formations respectively.
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3.5 Cheshire

3.5.1 Geological setting

The extent of the Permo-Triassic sandstones in Cheshire are shown in Fig.3-16 and their
stratigraphy is detailed in Table 3-7 (Warrington et al., 1980; Allen et al., 1997; Benton et al.,

2002; Ruffell et al., 2006).

T % " Manchester -

NNW SSE
Thin Wilmslow

Sandstone Formation

Frodsham Member (Helsby Sandstone Formation)

" "Delamere (Helsby Sandstone Formation) : *, -

Wilmslow Sandstone Formation
(upper part)

W\Imslow Sandslone Formation ~
(lower part)

Shrewsbury Ry
Kinnerton Sandstone’

Lias and Penarth groups — - — |Fault Formation R =2 Dominantly aeolian

% Permo-Triassic rocks
I:l Maercia Mudstone Group Domlnant]y fluvial

e Permo-Trlas§\c rocks
and Collyhust Sandston;oup‘ et o 9 ((g:‘egsl?er?geasg\:;gs)
- Pre-Permo-Triassic rocks I #re-permoTrassic rocks

a) b)
Fig.3-16. a) Geological map; (b) and cross-section of the Permo-Triassic of Cheshire
basin (after Benton et al., 2002).
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Table 3-7. Summary stratigraphy of the Permo-Triassic sandstones in Cheshire.

Age | Group Formation Area Lithology Dominated Author/observer
system
Q
£ | Vari Warri t al.
'g 8 arious Cheshire and south |Mudstones, Marine and arringlon et a
5 4 |Tarporley Lancashin iston rid period (1980), Allen et al.
= § Siltstone ancastire stistones arid periods (1997) and others
In the Abbey Arms . Bloomfield et al.
Sandst Fluvial
Wood borehole Anastones Via (2006)
Helsby/Ormskirk Warrington et al.
Sandstone Cheshire and south Sandstones (1980), Allen et al.
Lancashire (1997), Hounslow
and Ruffell (2006)
[}
2 g At Rawhead Sandstones Fluvial This study
2 z outcrop
= =)
= < In the Abbey Arms . Bloomfield et al.
v . Sandst Aceolia
g |Wimslow Wood borehole andstones eotan (2006)
]
5 [Sandstone Warrington et al.
(] .
= Cheshlre. and south Sandstones Fluvial (1980), Allen et al.
Lancashire (1997), Hounslow
and Ruffell (2006)
Chester Pebble Cheshlre. and south |Conglomerates, Fluvial Allen et al. (1997)
Beds Lancashire pebbly sandstone
Kinnerton Cheshire and south Warringlon et al.
. Sandstone Aeolian (1980), Allen et al.
Sandstone Lancashire
(1997),
. Manchester Cheshire and south Mudst Allen et al. (1997),
g Marl/ Bold Lancashire udstones Ruffell et al. (2006)
o Collyhurst Cheshire and south . Allen et al. (1997)
A~ Sandst Aeolia ’
Sandstone Lancashire andstones eotan Ruffell et al. (2006)

3.5.2 Studied site: Raw Head outcrop, south Cheshire (SJ 510540)

The Raw Head outcrop is located in the Bickerton Hill area, south Cheshire (Fig.3-17). Deposits
here include, in upward succession, the Wilmslow Sandstone Formation, the Bulkeley Hill
Sandstone Formation, the Delamere Member of the Helsby Sandstone Formation and at top the
Tarporley Siltstone Formation (Benton et al. 2002) (Fig.3-17). The Wilmslow Sandstone
Formation crops out at Raw Head, and it consists of thick, red sandstones, varying in grain size

from very fine, through fine to medium. Sand grains are comprised mainly of quartz and

65



feldspar (together accounting for about 65% of total volume), sub-rounded to rounded and
moderately sorted (Fig.3-20a). Overgrowths and grain coatings on sand grains are common

along with calcite cementation (Fig.3-20b).

Sedimentary structures include small scale cross-bedded sandstone (Fig.3-19b, Fig.3-21), low-
angle cross-stratification (Fig.3-18a,b), and plane and pseudo-pin-striped cross bedding, a
poorly developed channel base filled with channel lags (Fig.3-19a, Fig.3-21). The sandstones
are poorly cemented with honeycomb weathering (Fig.3-19b, Fig.3-21). The Wilmslow
Sandstone is interpreted as being deposited from a sandy braided river flowing towards the

northwest and north-north-west (Benton et al., 2002).

At Raw Head only one channel structure was observed in all sections examined. It appeared to
be a metre or so in depth and in the exposed section orientation about 30m wide, though this
distance is not necessarily perpendicular to the channel axis. This indicates that it is rare for

channel structures to be preserved at this site (and this was a common observation elsewhere).

i 7 . aw Hea
!‘/ \\ 77 Raw Head

=77 Helsby Sandstone Formation N .
22224 (Dlamere Pebbly Sandstone Member) I:l Wilmslow Sandstone Formation

> | Bulkeley Hill Sandstone Formation Faults
Fig.3-17. Geology map of Bickerton Hill (after Benton et al. 2002).
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¥ . o
Fig.3-18. The Wilmslow Sandstone at RawHead, a) Plane bedded sandstones; b) Plane bedded
sandstones with extensive honeycomb development.

Fig.3-19. a) A vague channel base structure (just right below the pencil); b) Cross-bedded
sandstone above the channel filled unit and below planar beds.

Fig.3-20. Photomicrographs of the Wilmslow Sandstone at Rawhead, a) plane polarised light:
sub-rounded to rounded, moderately well-sorted sand grains; b) cross polarised light showing
quartz (Q) and felspar (F) grains with grain coatings and overgrowths.
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Fig.3-21. Interpretation of sedimentary structures of the Raw Head sandstone outcrop.

3.5.3 Hydraulic properties

Table 3-8 and Fig. 3-22 gives a description for samples taken at Raw Head during this study

and analysed by Hallett (2014).

Table 3-8. Sedimentary description for samples collected at Raw Head (after Hallett, 2014).

Bed/lithofacies Sample ID Brief discription
Channel lags Fine- to very coarse- grained, matrix supported
(Bed 1) R2-1,R2-2,R4-1 |[sandstone with dominated calcite cement. Samples

are separated by 20m.

Medium silt to fine sand, moderate well-sorted,

Tabular sandstones |R6-1, R7-1, R7-2, |plannar, wavy and irregular lamination. Samples R7

(Bed 2 and Bed 3) |RS8-1, R8-2 and R8 are separated by 21m within Bed 2. Samples
R6 in Bed 3 which is overlain by Bed 2.
Medium-grained, moderate well-sorted, sandstone

Tabular sandst ’ ’

(]ge d O§ SanasTones RO-1, RO-2 with some mudstones. RO-1 and R0-2 are within a

block of sample.
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Fig.3-22. Hydraulic conductivity versus porosity for the samples at Raw Head
(after Hallett, 2014).

Fig.3-22 shows porosity and hydraulic conductivity variations between beds/lithofacies at the
Raw Head outcrop. The low porosities and hydraulic conductivities of samples RO and R4
(channel lag in Fig.3-21) is due to the dominance of calcite cement in these samples (Hallett,
2014). Increasing in porosity and permeability (hydraulic conductivity) for the tabular cross-
stratified channel field is probably caused by poorly cemented and weathered (it showed

honeycomb weathering) features.

Generally, it appears that hydraulic conductivity (permeability) can vary laterally and vertically,
but with these outcrop samples the main controls seem to have been the presence of cement

(Fig.3-18a,b and Fig.3-22).

Porosity and hydraulic conductivity and their relationship, anisotropy and comparison between

fluvial and aeolian systems for the region are described in the following subsections.

3.5.3.1 Porosity

Porosity of the Permo-Triassic sandstones in the Cheshire varies widely from 6 % to 35 %
(Table 3-9). However, ranges, median values and mean values vary little with formation despite

the differences in palacoenvironment.
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Table 3-9. Core porosity for Permo-Triassic sandstones in Cheshire Basin
(and south Lancashire).

Range |Interquartile | Median | Arithmetic
Formation Area (%) range (%) mean Author
(%) (%)
The Abbey
Wood borehole, | 15.4-26.6| 18.1.20.7 | 19.8 | 19,7 |Bloomieldet
Helsby ) al. (2006)
Cheshire
Sandstone
Cheshire south Allen et al.
20.2-32.9| 23.2-28.6 | 25.1 25.8
Lancashire (1997)
Rawhead Hallett
’ 5.8-29.2 [ 10.7-26.5 | 244 19.9
Cheshire (2014)
. The Abbey
Wilmslow gy 0d borehole, | 5.9-26.1 [19.96-22.8| 212 | 206 Bl‘ior;’geolg et
Sandstone Cheshire al. ( )
Cheshire and
south Lancashire 6.2-34.7 | 22.0-26.9 | 24.9 243
Chester - |Cheshire south | 1} ¢ 51 04258 | 23.1 | 22.6 | Allenetal
Pebble Beds |Lancashire (1997)
Collyhurst/ .
Kinerton | PSS south 5 2 11231272 | 258 | 250
Lancashire
Sandstone

3.5.3.2 Hydraulic conductivity

Table 3-10 shows intergranular hydraulic conductivity data for the Permo-Triassic sandstones
in Cheshire. Hydraulic conductivities range over about six orders of magnitude, from 4 x 10

m/d to 15 m/d. Hydraulic conductivity variation shows no apparent trend with depth in the

upper 150 m depth where the samples have been collected.

The Permian Kinnerton (Collyhurst) Sandstone Formation has hydraulic conductivity range
from 4x10 m/d to 10 m/d with a geometric mean of 0.4 m/d. Low permeability is caused by
occurrences of fine-grained layers and mudstone lenses rather than cementation which is poor
according to Allen et al. (1997). The Kinnerton Sandstone Formation is aeolian in origin and

the medium- to coarse-grains lack cementation. This explains the higher proportion of hydraulic
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conductivities of over 1 m/d in the Kinnerton Sandstone Formation than both the overlying

Chester Pebble Beds and Wilmslow Sandstone Formation (Allen et al., 1997).

The Triassic Sherwood Sandstone Group has similar hydraulic conductivity range from about

3 x 10* m/d to 15 m/d (Table 3-10).

The Chester Pebble Beds has interquartile range of core hydraulic conductivity from 0.05 to
0.98 m/d and a geometric mean of 0.17 m/d. The wide range (2.5 x 10*- 15 m/d) is attributed
to a combination of lithology and cementation (Allen et al., 1997). Outcrop samples are likely

to give higher hydraulic conductivities due to subaerial weathering (Lovelock, 1977).

The Wilmslow Sandstone Formation shows core hydraulic conductivity with an interquartile
range from 0.06 to 1.13 m/d and a geometric mean of 0.22 m/d. Clean, fine- to medium-grained
sandstones have high permeability, whilst mud-rich beds show lower permeability (Allen et al.,
1997). Weakly cemented, silicified vein bearing sandstones have low permeability (Lovelock,
1977). The values obtained by Hallett (2014) from Raw Head may be high because of the

weathered nature of the outcrop sampled.

Core hydraulic conductivity of the Helsby/Ormskirk Sandstone Formation has a high
interquartile range from 0.56 to 4.1 m/d and a geometric mean of 1.2 m/d, higher than even the
aeolian Collyhurst Sandstone Formation. Cementation is high in the formation, but occurs only
at contact points between grains. The sandstones are clean, coarse-grained, well-sorted, leading
to their highly permeable nature. Less permeable sediments are fine- to medium-grained

sandstone layers with subordinate mudstone laminae (Allen et al., 1997).
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Table 3-10. Core hydraulic conductivity for sandstones at Cheshire Basin

(and south Lancashire).

Range Interquartile | Median | Geometric
Formation Area (nvd) range (nvd) mean Author
(m/d) (nvd)
ﬁff@i?d 0.01-6.6 | 025243 | 0.61 | 038 |Bloomfield
borehole 0.01-4.31* [0.19-0.98* | 0.69* 0.42* et al.
Helsby . 10.003-4.97** [0.08-1.09**| 0.38** | (0.27** (2006)
Sandstone Chgsh1re
Cheshire and Allen et al.
south 3.1x10™%-15 | 0.56-4.1 1.8 1.2
. (1997)
Lancashire
Rawhead I
Outcrop, | 0.002-2.2 | 0.02-09 | 07 | o0.14 g; le:;
Cheshire
ATE;A\;E’)?C{ 0.001-2.32 | 0.11-0.93 | 0.3 0.23 | Bloomfield
Wilmslow borehole 0.001-1.72* | 0.09-0.71* | 0.24* 0.19* etal
Sandstone 0 10.005-5.37%* [0.16-1.13**| 0.47** | (0.39** (2006)
Cheshire
Cheshire
Che:gﬁ;and 2.6x10%-13 [0.056-1.13 | 025 | 022 A?‘;g;;‘]‘
Lancashire
Chester | Cheshire and
Pebble south 2.5x10%-15 | 0.05-0.98 | 0.33 0.17
Beds Lancashire Allen et al
Collyhurst/ | Cheshire and (1997)
Kinnerton south 3.7x10°-10 | 0.13-1.8 | 0.8 0.4
Sandstone [ [ancashire

* Permeability measured on core plugs using a probe/mini permeameter.
** Permeability measured on whole borehole core using a probe/mini permeameter.

Permeability for the Permo-Triassic sandstones in Cheshire and Lancashire has been measured
at different scales (Table 3-11). The core scale permeability (hydraulic conductivity), as above,
give information on intergranular or matrix permeability and it has a range from 10 to 15 m/d
with geometric means from 0.2 to 1.2 m/d. Packer tests can be strongly influenced by fracture
flow and shows geometric means from 2.1 to 6.8 m/d. University of Birmingham (1981 ; 1984)

confirmed the significant impact of fracture flow a borehole scale by summarising pumping
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tests that show bulk permeability range from 0.2 to 50 m/d with a geometric mean of 2.5 m/d.
However, fracture flow loses its importance at regional scale for which numerical model
permeabilities show geometric mean of 1.7 m/d that is fairly close to the geometric mean of

intergranular permeability (Table 3-11).

Table 3-11. Permeability of the Permo-Triassic sandstone for Cheshire and south Lancashire
at different scales (after Allen et al., 1997).

Measurement method Permeability type Permeabilty (m/d) ,
Range Geometric mean
Core permeametry Intergranular 10°-15 02-1.2
Packer- predominantly Fracture - 2.1-6.8
Pumping test Bulk 0.2-50 2.5
Model Regional - 1.7

3.5.3.3 Anisotropy

The ratio of the horizontal to vertical geometric mean permeabilities (hydraulic conductivities)
gives the permeability anisotropy ratio. In Cheshire and South Lancashire area, Allen et al.
(1997) recorded the same anisotropy of 2.4 for both the Sherwood Sandstone Group and the
Permian Collyhurst-Kinnerton Sandstone (Table 3-12). Bloomfield et al. (2006) found an
anisotropy of 2.8 in the Abbey Arms Wood borehole near Delamere, Cheshire, but anisotropy
of 0.8 for core permeability measured with a mini-permeameter (Table 3-12).

The Chester Pebble Beds at Kenyon Junction, near Warrington, show permeability increasing
with increase in grain size: in contrast, anisotropy decreases with increase in grain size (Table
3-13). Permeability anisotropies for individual core samples vary from less than 1 to over 50.
There were only 8 % of the samples with vertical permeability greater than horizontal

permeability (Birmingham, 1981).
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Table 3-12. Horizontal and vertical core hydraulic conductivity for Permo-Triassic sandstones
in Cheshire and south Lancashire.

Formation/ |Orientation Range Interquartile | Median | Geometric | Kh/Kv Author
Group (m/d) range (mvd) mean | (Geometric
(m/d) (m/d) mean)
Horizontal | 6.7x10™*-6.6 | 0.1-1.1 0.4 0.3
Bloomfield
(Kh)  |1.2x10-3-43%| 0.1-0.8% | 04* | 02% 2.8 Oeiale
Sherwood 1= e [ 1.2x10°-63 | 0.19-04 | 02 0.1 0.8* 5006
Sandstone % " (2006)
G (Kv) 0.11-3.7* 0.1-1.0 0.3 0.3
% Horizontal | 2.5x10%-15 | 0.14-2.37 | 072 | 04 24
. 4 .
Vertical | 2.6x107-13 | 0.04-1.21 | 0.29 0.17 Allen et al.
Coliyhurst/ | porizontal | 1.6x103-10 | 0.15-32 | 12 | 0.78 (1997)
Kinnerton 2.4
Sandstone | Vertical | 3.8x10°-49 | 0.1-2.9 1.0 0.32

* Permeability measured on core plugs using a probe/mini permeameter.

Table 3-13 Correlation of grain size and permeability measured with gas permeametry on
Chester Pebble Beds Formation samples at Kenyon Junction, near Warrington (from Allen et

al., 1997).

Average intrinsic permeability Ratio
Grain size (millidarcies)# Ky
Horizontal (k) | Vertical (ky)
Medium to coarse 2049 13480 1.5
Medium 629 281 2.2
Medium to fine 56 14 4
Fine 14 2 7
Very fine <0.01 <0.01 -
Weighted mean 928 494 1.9

#1 millidarcy is equal to about 0.64 nvd for water at 10°C.

3.5.3.4 Porosity versus hydraulic conductivity

Fig.3-23a-f shows core hydraulic conductivity plotted against porosity for Cheshire and south

Lancashire. Generally, permeability increases with porosity in the sandstones, but the degree

of'this correlation varies within and between formations (Fig.3-23a-f). For a particular porosity,

permeability can vary by four or five orders of magnitude. Bloomfield et al. (2006) found

unclear correlation between permeability and porosity as a whole in a borehole near Delamere
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(Fig.3-23a, d). Overall a good correlation between hydraulic conductivity and porosity occurs

at samples with hydraulic conductivity greater than 0.1 m/d (Fig.3-23a-f).
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Fig.3-23. Correlation of core sample hydraulic conductivity and porosity for Permo-Triassic
sandstones in Cheshire and south Lancashire as function of the formations, a) Helsby Sandstone
Formation at the Abbey Wood borehole; b) Helsby Sandstone Formation in Cheshire ; c)
Wilmslow Sandstone Formation at Rawhead outcrop and in the Abbey Wood borehole; d)
Wilmslow Sandstone Formation in Cheshire and south Landcashire; ) Chester Pebble Beds
Formation in Cheshire and south Lancashire; f) Collyhurst-Kinnerton Sandstone Formation in
Cheshire and south Lancashire.
Data sources: The data in Cheshire and south Lancashire are from Allen et al. (1997)

The Abbey Arms Wood borehole data are from Bloomfield et al. (2006)

The Raw Head outcrop data are from Hallett (2014).

3.5.3.5 Aeolian versus fluvial sandstones

Hydraulic conductivities and porosities of the Permo-Triassic sandstones in Cheshire and south
Lancashire are retabulated to allow comparison of fluvial and aeolian environments (Table 3-
14). Generally aeolian sandstones that have well-sorted, well-rounded grains have greater
hydraulic property values than fluvial sandstones. The hydraulic conductivities of aeolian
dominated sandstones have interquartile ranges from 0.08 to 2.43 m/d with median from 0.61
to 0.8 m/d and geometric means from 0.27 to 0.42 m/d, whereas the hydraulic conductivities of
fluvial dominated sandstones show interquartile ranges from 0.09 to 1.13 m/d with medians

from 0.24 to 0.47 and geometric means from 0.19 to 0.39 m/d.
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Bloomfield et al. (2006) studied sandstones from the Abbey Arms Wood borehole and classified
six major facies, including two fluvial facies: fine-grained fluvial channel fill and coarse-
grained fluvial channel fill, three aeolian facies: aeolian sandsheets; aeolian sandy sabkha; and
aeolian dune, and massive sandstones facies that is mixed of fluvial and aeolian systems. The
permeability distribution for each facies is statistically distinct. The three aeolian facies have
systematically greater permeabilities than the two fluvial facies and the massive sandstone
facies. Within the aeolian sandstones, the sandy sabkha facies has lower permeability than the

other facies (Fig.3-24).

Table 3-14. Hydraulic properties for fluvial and aeolian dominated sandstones in Cheshire.

Hydraulic conductivity (m/d) Arithmetic
System Formation | Interquartile Median Geometric mear.l Author
range mean po(rozs)lty
\Swr;’stlow_ 0.11-0.93 0.3 0.23 Bloomfcld of
AN 1 0.09-0.71% | 0.24% 0.19% | 206 | oomEEe
the Abbey o 161130 047ex | 039+ al (2006)
Fluvial |Arms Wood
Chester
Allen et al.
Pebble Beds | 0.05-0.98 0.33 0.17 226 (lge;7§ a
Formation
EGIS;T | 025-2.43 0.61 0.38 Bloomfiold ot
ACSONEI 10.19-0.98% | 0.69* 0.42% | 197 [oComEEe
the Abbey 1o 0g.1.00¢|  0.38%¢ | 027+ al (2006)
Aeolian [Arms Wood
Collyhurst/
Allen et al.
Kinnerton | 0.13-1.80 0.8 0.4 25 (19e;7§a
Sandstone

* Permeability measured on core plugs using a probe/mini permeameter
** Permeability measured on borehole core using a probe/mini permeameter.
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Fig.3-24. Cumulative probability plots of corrected permeability measured with a
minipermeameter on the whole borehole core for different facies. Fx is the fluvial coarse-
grained channel fill; F1 is the fluvial fine-grained channel fill; Sm is the massive sandstone; Al
is the aeolian sandsheets; Aw is the aeolian sandy sabkha; and Ax is the aeolian dune sandstone
(from Bloomfield et al., 2006).

3.6 Shropshire
3.6.1 Geological setting

Table 3-15 summaries stratigraphy of the Permo-Triassic sandstones in Shropshire, and Fig.3-

25 shows a geological map of the region. Details are provided in Appendix 6.

In this study, five outcrops are have been studied, including outcrops at Bridgnorth (the
Bridgnorth Sandstone Formation), Grinshill Old Quarries (the Wildmoor Sandstone
Formation), Grinshill working quarries (the Helsby Sandstone Formation), Nesscliffe, and

Leaton (the Wildmoor Sandstone and Helsby Sandstone Formations).
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Table 3-15. Summary stratigraphy of the Permo-Triassic sandstones in Shropshire.

Age | Group Formation Area Lithology Pre<.10 ot Author/observer
environment
< 2 Warrington et al.
g 8 . )
52 g/lem Mudstone o1 opshire Mudstone M_Zme’,agd (1980), Toghil
= § roup and periods (1990), and others
o |Helsby or Bromsgrow |Grinshill Working |Sandstone, Mam}}.l fluvial | Warrington et. al
-2 § |Sandstone Quas conglomerates and minor (1980), Toghill
2 z 1 g aeolian (1990), and others
0 = . e . .
= 3 |Wikdmoor or Gnnsh'ﬂl ol Ma@ Warrington ?t al.
2 |Wilmslow Sandstone Quarries, Sandstone aeolianand |(1980)Toghill
g Nesscliffe minor fluvial [(1990), and others
8 Kidderminster Conlomerates Warrington et al.
1 [Sandstone or Chester |Shropshire eb‘fly san dsto;es Fluvial (1980)Toghill
Pebble Beds P (1990), and others
=i
S :
g B1:1dgn011h or Leaton Sandstone Aceolian This study
S Kinnerton Sandstone

3.6.2 Studied sites: Bridgnorth

A series of spectacular sandstone outcrops occur at Bridgnorth Town (SO 717928) and at
Hermitage (SO 727934) which is about 1.3 km north of Bridgnorth Town. The sandstones are
of the Permian Bridgnorth Sandstone Formation (Toghill, 1990; Benton et al., 2002; Smedley
et al., 2005; Holloway, 1985). The Bridgnorth Sandstone Formation is unconformably overlain

by the Triassic Kidderminister Formation (Fig.3-28a).

The Bridgnorth Sandstone Formation at the sites are dominantly aeolian sediments of reddish
brown, reddish orange, fine- to medium-grained sandstone. Sedimentary structures include
large-scale planar and trough cross-stratified (Fig.3-26a,b, Fig.3-27a,b, and Fig.3-30), dunes
climbing back of other dunes, planar bedding, lamination, graded bedding (Fig.3-30, Fig.3-
32a,b), bounding and reactivation surfaces (Fig.3-30). Shotton (1956) recorded the Bridgnorth
Sandstone as deposit of large-scale, crescentic barchan dunes with prevailing wind from the
east. Mader and Yardley (1985) found the bounding surfaces with complex hierarchy, probably

four levels, and suggested that the Formation is formed by major draa bedforms bearing
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superimposed small-scale transverse dunes. Karpeta (1990) identified three major aeolian facies
associations, including (1) isolated transverse draa with superimposed oblique crescentic and
linear dunes (Fig.3-30 and Fig.3-32a); (2) grouped barchanoid draa with superimposed oblique
crescentic and linear dunes (Fig.3-32b); and (3) sand sheets with isolated dome dunes (Fig.3-
32c¢). The long term wind direction has come from the east and controlled draa orientation.
Medium-term wind direction from the north has created the orientation of the superimposed
dunes and short-term wind may create internal scour surfaces within dune and dara foresets

(Fig.3-32a-c) (Karpeta, 1990).

The Kidderminster Formation lies unconformably on the Bridgnorth Sandstone Formation
(Fig.3-28a). It consists of red pebbly sandstone, conglomerates and mudstone beds (Smedley et

al., 2005).

Fig.3-26. The Bridgnorth Sandstone Formation in Bridgnorth: a) Large-scale barchanoid dune-
bedding; b) Rock-house showing 3D structure of the formation.
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. 2 b
Fig.3-27. a) Cross-bedded sandstone (two group sets of barchanoid draa); b) Medium-grained
sandstone in inclined bedding.

Fig.3-28. Hermitage, Bridgnorth a) The overlying fluvial Kidderminister Sandstone resting
unconformably on the underlying aeolian Bridgnorth Sandstone; b) the aeolian Bridgnorth
sandstone.
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Fig.3-29. a) Cross-bedded sandstone below overlain by lines of extensive hollows as bounding
and reactivation surfaces of a set of cross-bedded layers, b) Close view of the reddish-brown,
medium low angular bedding, poorly cemented sandstone with hollows incised on the surface.
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Fig.3-30. oss—sratiﬁtion of the Bridgnorth sandstone (the rue tape is 2.6 m high).
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Fig.3-31. Photomicrographs of the Brignorth Sandstone showing well-rounded and well-sorted,
coating grains, a) with plane light; b) with cross polars.

3.6.3 Studied sites: Grinshill Quarries

Grinshill working quarry (SJ 525238)

In the Grinshill area (Fig.3-33), there are many sandstone quarries for building and decoration

stones, but currently almost all quarries are disused except one (Fig.3-33).

The current working quarry is located at the far eastern side of the Grinshill old quarries in
Shropshire (Fig.3-33). The sandstones at the site are exposed over hundreds of metres and up
to 20 m high, and consist of hard, white, pale, greyish yellow, fine- to medium-grained
sandstone of the Helsby Sandstone Formation and the Tarporley Silstone Formation (Fig.3-34
and Fig.3-35) (Toghill, 1990; Benton et al., 2002). The Helsby Sandstone in the working quarry
is paler and harder than the Helsby Sandstone Formation in other areas (e.g. at Nesscliffe and
Leaton sites below). These differences could be caused by Tertiary igneous activity about 50
million years ago when dolerite intrusions and mineralisation altered the colour of the sandstone
from red to buff and strengthened the rock (Toghill, 1990). The Helsby Sandstone Formation

at the quarry is interpreted as deposits of aeolian systems, probably of large, transverse barchan
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dunes having main wind direction towards the west (Macchi and Meadows, 1987; Benton et

al., 2002).

Long term wind
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Fig.3-32. Facies association model for the aeolian Bridgnorth sandstones
(from Karpeta, 1990).
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Fig.3-33. Schematic map of geology of Grinshill quarries area (after Benton et al., 2002).

The following is a detailed section studied by Geological Survey in 1920 and by Pocock and

Wray (1925) for the working quarry:

Merica Mudstone Group Thickness (m)
Bolin Mudstone Formation: Free red marl 0.6
Tarporley Sltstone Formation:

Flag rock: light yellow, grey sandstone, evenly bedded, ripple 6.1
marks
Esk bed: yellowish grey unconsolidated sand, sandstone, with 0.22

specks of manganese dioxide

Sherwood Sandstone Group

Helsby Sandstone Formation
Hard burr: grey, hard, coarse-grained sandstone 0.76
Building stone: hard yellowish freestone 0.76
Building stone: pale, white, yellow freestone 10.06
Building stone: white freestone with speckled and iron-stained 1.68
patches.
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Fig.3-34. Lower part: massive pale Helsby Sandstone (about 2.5 m thick) with cross-bedding
overlain by thin (about 0.3 cm) bed of grey sand, sandstone (the Esk bed) which in turn overlain
by flaggy Tarporley Siltstone (about 4 m thick), and at top is 1.5 m thick of the Mercia
Mudstone Group.

Fig.3-35. Quarry working wall of white sandstone of the Helsby Sandstone at about 1.5m lower
part and overlying 6 m-thick of the flaggy Tarporley Siltstone, and about 2m-thick of red
mudstone-rich unit of the Mercia Mudstone Group at top.
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a) | b)
Fig.3-36. a) Sub horizontal bedding planes of the Helsby Sandstone Formation; b) Ripple mark
strustures of the Tarporley Silstone.

Grinshill Old Quarry (SJ 522238)

This quarry is located at centre of the Grinshill local map (Fig.3-33) and, as with many other
quarries, is abandoned. The rock at the quarry is the Wildmoor Sandstone Formation
(equivalent to the Wilmslow Sandstone Formation in Cheshire). The Wildmoor Sandstone
Formation crops out largely at the quarry sites with quarry faces up to 30 m high, consisting of
pink, reddish brown, well sorted, fine- to medium-grained sandstones. The sedimentary
structure includes large-scale planar tabular trough cross-stratified sandstones (Fig.3-37a,b,
Fig.3-38a,b), laminations and deformation structure such as slumped beds (Fig.3-37a,b), well-
spaced joints (Fig.3-38a), and bounding and reactivation surfaces (Fig.3-37a,b). The sandstone
formation represents deposits of a large-scale cross-stratified, acolian systems of transverse
barchans dunes having the main wind direction from the east (Macchi and Meadows, 1987;

Benton et al., 2002).
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Fig.3-37. Deformation structures of the Wildmoor Sandstone Formation: slumped beds of
mudstone resting on cross-bedding sandstones with boundary surfaces.

a) b)
Fig.3-38. Sandstone of the Wildmoor Sandstone Formation at the Grinshill Old Quarry. a) an
3D scale cross-bedding sandstone showing cross-stratification and bounding and reactivation
surfaces, b) a big 3D scale aeolian sandstone showing thick cross-strtified beds with bounding
suface and fractures.
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Fig.3-39. Photomicrographs of the Wildmoor Sandstone at Grinshill Old Quarry showing sand
grains of sub-angular to sub-rounded, moderately well-sorted, a) with plane light; b) with cross
polars.

3.6.4 Studied Sites: Nesscliffe (SJ 385194) and Leaton (SJ 472181) outcrops

The sandstones of the underlying Wildmoor Sandstone Formation and the overlying Helsby
Sandstone Formation cropout at Nesscliffe exposing 70 m of strata (Fig.3-40a,b) and at Leaton
(Fig.3-42a,b, Fig.3-43a). It is difficult to distinguish these two formations in west Shropshire
as outcrops at Nesscliffe and Leaton are similar in colour. No abrupt change from underlying
redder, hard sandstone of the Wildmoor Sandstone up to less red, slightly harder sandstone of
the Helsby Sandstone Formation is seen. However, the distinction is obvious in a quarry at
about 1 km southeast of Myddle, where the underlying redder Wildmoor Sandstone is overlain

by paler, harder Helsby Sandstone (Toghill, 1990).

In both locations sandstones are reddish brown, pinkish brown, hard with well-spaced joints
(Fig.3-40a,b, Fig.3-41a, and Fig.3-43a,b) and irregular granulation seams (Fig.3-41b). Aeolian
structures include large-scale cross-bedding (Fig.3-40a, Fig.3-42a), planar bedding, massive

sandstone (Fig.3-41a), and lamination (Fig.3-43b).
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a) b)
Fig.3-40. Sandstone outcrop at Nesscliffe including Wildmoor Sandstone, bottom, and Helsby
Sandstone at top; b) a rock house showing 3D massive sandstone structures at Nesscliffe.

a)
Fig.3-41. The sandstones at Nesscliffe site: planar laminated, massive-shape sandtones

interbedded with lamiantion, deformation structure (slumped beds) at top (arrow); b) Medium-
grained sandstone with granulation seams (arrow).
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a)
Fig.3-42. The sandstones at Leaton site: reddish pink cross-bedded sandstone with granulation
seams (arrows) and lamination at the top; b) Cross-bedded sandstone with bounding surfaces
(left) and fractured-beds (middle).

Fig.3-43. a) Large-scale aeolian cross-bedded sandstone with joints (Leaton site); b) Reddish
brown, fine-to medium-grained sandstone with occasional harder laminae and granulation
seams (arrows) (Leaton site).
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3.6.5 Hydraulic properties

In this study, 16 samples from five beds are collected at Bridgnorth Hermitage outcrop (Table
3-16) and their hydraulic properties are plotted in Fig.3-44. A detailed set of permeability
measurements using a mini-permeameter at the site is described in detail in Chapter 5. Fig.3-
44 shows porosity and hydraulic conductivity variation between and within beds. Beds 1, 2,
and 3 show similar porosity and hydraulic conductivity variations owing to similar lithology
characteristics, while B5 shows lower porosity and hydraulic conductivity (possibly caused by
large variation in grain size and thin laminae). Laminations (in beds B2 and B5) probably cause
drop in permeability for vertical flow (Fig.3-44). Generally, acolian sandstones as at Bridgnorth
show relatively high permeability. This is because of the well rounded, and well sorted sand
grains, and the absence of pore-filling cement.

Table 3-16. Sedimentary description for samples collected at Bridgnorth site.
Bed/lithofacies Sample ID Brief discription

Fine- to medium, medium-grained size, well sorted, planar or low-
Bed B1 B1-1, B1-2* angle cross-laminated sandstones, some magnetite. Aeolian dune.
Samples are separated by 30 cm within the bed B1

Medium-grained size, well sorted, cross-laminated sandstones, some

Bed B2 B2-1, B2-2
© ’ magnetite, bleaching (yellow). Samples are within a block in bed B2

Fine- to medium-, medium-grained, medium sorted, low-angle cross-
Bed B3 B3-1, B3-2 lamminated sandstones. Acolian dune.
Samples are separated by 30 cm within the bed B3

B5-1*, B5-2, BS-3,
B5-4, B5-5%*, B5-6,
B5-7, B5-8, B5-9%,
B5-10

* vertically oriented samples

Very fine- to medium-grained size, thin planner crossed-laminated
Bed B5 sandstones. Aeolian dune.

Samples are separated by 30 cmto 1.5 m within the bed 