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Abstract

A study of the sedimentological framework and permeability characteristics of the Sherwood

Sandstone has been undertaken together with a detailed investigation of moisture migration in
the vadose zone at a single field site. Sedimentary structure and likely permeability variations
were studied by use of laboratory grainsize analysis, logging of nearby outcrops, borehole
geophysics and Ground Penetrating Radar (GPR). GPR is ideal for vadose zone
hydrogeological applications as the majority of the features imaged are visible to radar as a
result of variations in capillary held moisture, and the amount of capillary retention is
controlled by the size of the pore throats in the sediments, which directly influences their
permeability properties. Combined use of GPR, reconstruction of sedimentary facies and

quantification of permeability characteristics has provided detailed 3D models of the

sedimentary subsurface.

Time Domain Reflectometry (TDR) was used to monitor water movement within the
Sherwood Sandstone at a site near Selby in Yorkshire, creating a vertical and lateral profile of
groundwater movement within the unsaturated zone. Moisture content has also been
monitored using a neutron probe, and a commercially-available portable packer system,

which have provided verification of the accuracy of the custom-made TDR system. The TDR
installations consisted of automated arrays of TDR probes, permanently installed upon
borehole packers at varying depths, and these have provided moisture content data of a high
temporal resolution. The TDR system has allowed monitoring of seasonal moisture variation

under natural rainfall loading, and the results have been interpreted in order to gain a better

understanding of groundwater migration at a different scale to data previously available.

The bulk of the rock in the Sherwood Sandstone aquifer study area consists of relatively
permeable medium-grained sandstones. However, results suggest that vertical flow in the

unsaturated zone may be impeded by the presence of relatively impermeable fine sandstone

units, which correspond to bar top and slack water environments, and occasional mudstone
layers representing overbank deposits. This restriction to vertical flow may cause localized
perched aquifer conditions, which provide sufficient hydrostatic head to initiate horizontal
migration in the overlying rock. Modelling of real rainfall events suggests that 25% of the
water present in the perched aquifer layers undergoes lateral or bypass flow (i.e. it drains
laterally rather than through the fine-grained layers). In the saturated zone, the horizontal
flow of groundwater in the Sherwood Sandstone aquifer is likely to be dominantly via the

relatively coarse, trough-stratifed sandstone layers, so that a low proportion of the total

aquifer porosity may provide a route for rapid contaminant transport.
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CHAPTER 1
INTRODUCTION.

1.1 Background.

Water 1s an essential requirement for life, and clean uncontaminated drinking water is a
prerequisite for keeping human populations healthy. Contaminated water kills an
estimated 2.2 million people per year worldwide (United Nations, 2003) and so protecting
clean water resources from contamination is essential for the future. Groundwater is an
essential source of water in many areas and may be defined as ‘all the water contained in
the void space within fully saturated rocks’ (Allaby and Allaby, 1990, Freeze and Cherry,
1979). The term ‘groundwater’ excludes water migrating through the unsaturated (or
vadose) zone, toward the water table. The vadose zone however, often acts as an
important buffer, where pollutant degradation can occur, and is typically a three-phase
environment, where air, water and rock are all in free contact with each other. Naturally

filtered by soils and rocks, aquifer-derived groundwater is therefore generally more

resistant to contamination than surface waters, and often occurs in areas where surface

water supplies are rare.

Although groundwater is generally less vulnerable than surface waters, contamination
may still occur. Furthermore, contamination of groundwater is less obvious than surface
water, since pollutants often remain unseen until they are abstracted and enter the public
water supply, and once contaminated, remediation of polluted groundwater is very

difficult. Natural attenuation processes that take place in a few days or weeks in surface

waters may take decades in groundwater (Environment Agency, 1998). Sandstone
aquifers are generally efficient at filtering out impurities, with the vadose zone acting as a
butter, reducing contaminant levels by filtration and chemical/biological breakdown of
pollutants. Pathogens with a smaller diameter than the sandstone pore throats may
however, still pass through to the saturated (phreatic) zone (Bloomfield et. al, 2001).
DNAPLS (Dense Non-Aqueous Polar Liquid) from industrial processes, LNAPLS (Light
Non-Aqueous Polar Liquid) such as petrol, and dissolved ionic pollutants such as nitrates
from fertilisers may also pass through the vadose zone. Biological, chemical and physical
processes within the vadose zone all act to degrade such pollutants into less harmful
substances but these attenuation processes take time, and so the ability of the vadose zone
to remediate polluted water is related to residence time. Residence time depends upon the
velocity and path of substances migrating through it, as well as vadose zone thickness and

composition. Clays, organic content, temperature, free water abundance and oxygen

levels all influence the chemical filtering process.



In England and Wales, the Environment Agency (EA) is responsible for protecting
groundwater, and employs various methods, grouped under the general title of
Groundwater Resource Protection, to assess the vulnerability of subsurface water
resources to both diffuse and point sources. A primary method of predicting groundwater
vulnerability used by the EA is the concept of groundwater vulnerability assessment and
mapping. The nature of the overlying soil, drift-deposits, geological stratification and the

thickness of the unsaturated zone are all taken into account and combined to predict travel

times to the water table (Environment Agency, 1998). These data are used to predict and

map groundwater vulnerability at a regional scale.

However, the groundwater vulnerability mapping approach may cause difficulties when
applied at a smaller scale. The accuracy of groundwater vulnerability maps depends upon
data density. Local permeability variations may allow pollutants to break through into the
aquifer, particularly if combined with a concentrated point source of pollution. To address
the issue of local permeability variation, the EA define Source Protection Zones (SPZs),
which are areas in unconfined aquifers around water abstraction locations, where

restrictions are placed upon potentially damaging activities. The aim of SPZs is to provide
sufficient time for pollutants to degrade within the aquifer before they are abstracted
along with the groundwater. However, if travel times prove higher than anticipated by

current models of groundwater behaviour, then contamination may occur.

Current models of moisture migration though the vadose zone generally tend to be over-
simplistic, considering vertical migration to be the only means of transmission, which 1n a

homogeneous rock medium, would be perfectly adequate. However, many aquifers are far

from homogeneous, possessing a richly detailed sedimentary structure, which 1s strongly
suspected of diverting flow away from the vertical and focussing/directing it through high

permeability zones. This type of non-vertical flow mechanism could have serious effects

on the transit time of fluids through the vadose zone, and may have implications for

assessment of groundwater vulnerability.

The work presented in this thesis looks at the sedimentary structure of the Triassic
Sherwood Sandstone aquifer in Northeast England, the seasonal variation in moisture in
the vadose zone, responses of the rock:water:air system to periods of natural drought and
flood, and seeks to increase understanding concerning the mechanisms of moisture, and

therefore pollutant, migration through the vadose zone of the aquifer.



1.2 Research objectives.

The research presented in this thesis aims to determine the pathways taken by moisture
migrating through the vadose zone of the Sherwood Sandstone aquifer. It is anticipated that
the heterogeneous nature of the aquifer may be deflecting water from the vertical pathway

assumed by most models that are used to assess groundwater vulnerability. The possibility of

non-vertical flow has implications for water management, as lateral flow may allow high-

velocity, indirect travel that may reduce travel times to the water table, causing increased risk

of contamination of groundwater supplies.

The physical and geological properties of the sandstone in the Selby-Doncaster study area are
examined in detail by outcrop, core and gamma logging, together with investigations using
ground-penetrating radar. Results from these investigations are used to create linked
sedimentary and radar facies schemes which characterise the Sherwood Sandstone structure in
this area. Data from the literature is then used to suggest likely permeability characteristics for

a test site at Great Heck in West Yorkshire that contains a typical sedimentary sequence.

Further investigation using borehole moisture monitoring techniques is conducted which
provides detail on the hydraulic behaviour of the facies units encountered at the test site. Data
from monitoring changes in moisture distribution within the vadose zone, resulting from
natural rainfall events, are combined with the sedimentary and radar facies schemes derived in
earlier chapters, and used to construct two opposing conceptual models of moisture migration.
The models assume either that water flows in a predominantly vertical direction or travels
laterally, following high permeability zones in coarser grained facies units. The models also

predict the response of high-density time-series moisture content measurements for either
scenario.

A fully automated, packer mounted, Time Domain Reflectometry (TDR) system is ciesigned
and installed at Great Heck Quarry, and moisture contents are obtained daily for
approximately fifty separate TDR probes, giving an unparalleled time-series dataset over a
time period of one year. This dataset is used to determine which model best fits the response

of the natural system to rainfall events and provides an accurate estimate of field-scale travel
times to the water table.

Hence, the aims of this research are to determine the primary mechanism of moisture

transmission through the vadose zone. To determine accurate travel times for moisture

migration between the surface and the phreatic zone and to design, install and field-test a

method of applying the TDR system within a rock environment.



1.3 Outline of thesis

Chapter 2 provides a comprehensive literature review of the Sherwood Sandstone and its

behaviour, discussing its physical properties, mode of formation and hydrogeology.

Chapters 3 and 4 all concern the distribution of sedimentary and radar facies within the
Sherwood Sandstone, the derived facies scheme is then used in Chapter 5, as a framework

for two alternative conceptual models of moisture flux through the vadose zone.

Chapter 3 concerns test site information, sedimentary logging, grainsize analysis,

borehole coring and other methods of directly measuring rock properties, leading to the

construction of a sedimentary facies model.

Chapter 4 contains an introduction to dielectric permittivity, discusses the use of ground

penetrating radar as a tool for characterisation of sites and leads to a radar log / radar

facies model.

Chapter 5 concerns the measurement of moisture content using gravimetric, TDR with
intelligent micromodule elements (TRIME) and neutron probe methods and provides

detailed information of the hydrological behaviour of each facies unit in the vadose zone.

Chapter 6 develops and applies a model that describes the packer-based behaviour of the

vadose zone of the Sherwood Sandstone. The thesis then concludes in Chapter 7, where

implications for groundwater vulnerability and vadose zone moisture movement,

environmental impacts and potential for future work are discussed.
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CHAPTER 2
SEDIMENTARY STRUCTURE, PALAEOGEOGRAPHY, DIAGENESIS

AND HYDROGEOLOGY OF THE SHERWOOD SANDSTONE: A
REVIEW.

2.1 Introduction.

The Sherwood Sandstone Formation is a fluvially-deposited sandstone, occurring in a
discontinuous north-east to south-west trending belt that runs from North Yorkshire to the
Dorset coast and also occurs extensively in the north west of England (Figure 2.1). The

formation, formerly known as the Bunter and Keuper Sandstones, Bunter Pebble Beds

and Waterstones, is an extremely important aquifer, providing 25% of the groundwater

abstracted in England (approximately 600 million m’/year, Downing, 1998).
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Figure 2.1. Sketch map showing location of the outcrop of the Sherwood Sandstone
Formation (after Downing, 1998), with detailed stratigraphic column showing
stratigraphy of the Sherwood Sandstone in the Selby No.2 Borehole. (Gaunt, 1994).

A large proportion of the sediment in the Sherwood Sandstone Formation was sourced
from landmasses far to the south (London Brabant Massif, Armorican Platform) and has

been transported over long distances (Burley, 1984; Nirex, 1997; Ruffell and Shelton,



1999; Allen er al., 1997). At the time of deposition in the Lower Triassic (approximately
220Ma ago), the climate was hot and arid and the depositional environment varied

laterally according to proximity to the basin margin. The various outcrops of Sherwood
Sandstone were formed in sedimentary basins lying between topographic highs, which
periodically provided a local sediment source (Allen er al., 1997). The Sherwood

Sandstone in the Leeds/Wakefield area was deposited near the western margin of a large
intracontinental basin centred in the general area now occupied by the North Sea (Bryant

and Burley, 1989). For the Selby-Bawtry area, it is likely that there was a secondary

sediment source to the west-northwest (Bryant and Burley, 1989).

The Yorkshire/Nottinghamshire outcrop of the Sherwood Sandstone wedges out to the

west, onlapping upon the older rocks and increases in thickness to the east. This is
possibly a result of a prograding fluvial system rather than tectonic control of the
sedimentary environment, as evidenced by seismic sections that show little variation in

the thickness of the Sherwood Sandstone into faults (Jackson and Mulholland, 1993,

Ruffell and Shelton, 1999). Typically, the regional dip is gentle, being some 2’ to the
northeast in the Wakefield area (Lake, 1999). In places, substantial glacial deposits shield
the unconfined Sherwood Sandstone, however the outcrop of the Sherwood Sandstone is
often exposed or covered with highly permeable fluvioglacial deposits, which give little
protection. The confined aquifer is protected by the Mercia Mudstone, which was
deposited in the mid-late Triassic from a hypersaline sea environment centered in the

present North Sea basin (Allen er al., 1997). These features are shown in Figure 2.2,

which is a generalized cross-section across the South Yorkshire area.
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Figure 2.2 Sketch geological cross-section across the Vale of York (Hawkins and Chadha.
1990). Vertical scale exaggerated.




The Sherwood Sandstone aquifer of Yorkshire is generally a poorly cemented, friable and
permeable rock. In the South Yorkshire area, following shallow burial, the Tertiary
inversion of the North Sea Basin (a result of the Alpine Orogeny) uplifted the sediments
and allowed leaching of carbonate cements in the exposed outcrops by meteoric water

(Bryant and Burley 1989). This leaching increased the porosity of the rock, thereby

improving its potential as an aquifer.
2.2 Basin evolution and palaeonvironment

In order to place the Sherwood Sandstone in the correct depositional environment, it is

worth reviewing the depositional and tectonic history of the UK, as the framework for

deposition 1s dependent on the geological history of the area.

During the late Carboniferous, the Variscan Orogeny caused uplift to many areas of

modern Britain (Allen ef al.,, 1997), and these uplifted areas were then eroded in desert
conditions. At the same time, as a result of a regional tensional regime, downwarping of

some areas occurred, often along pre-existing fault lines, creating sedimentary basins.

These basins included the East Yorkshire/Lincolnshire, Wessex, Cheshire/West
Lancashire, Carlisle and Worcester Basins. Development of these Mesozoic basinal areas

continued throughout the Permian and Triassic (Allen et al., 1997).

During the Triassic, the palaeolatitude of the U.K. was about 15° north of the equator, at a
latitude similar to that of the present day Sahara. Great Britain was toward the middle of
the ‘supercontinent’ Pangaea and consisted of high ground surrounded by basins
associated with the proto-North Atlantic and North Sea rifts (Waugh and Whitaker,
1982). Fluctuations in sea-level periodically caused inundation of the basin floors (i.e. the
Permian marine transgression). From the late Carboniferous to Upper Triassic, a series of
acolian, fluvial and marine sediments were deposited, with the sediment supply for the
fluvial deposits being the eroding topographic highs (Bryant and Burley, 1989; Allen et
al., 1997; Ruttell and Shelton, 1999). During the Upper Permian, at least five cycles of
marine transgression and regression (the Zechstein Sea) had flooded the area (Figure

2.2.1a) and a series of limestones, dolomites and evaporites, grading into marls and

sandstones, were deposited (Allen et al,, 1997). These salt rich Zechstein deposits often

form the lower aquitard of the Sherwood Sandstone aquifer.

By the Lower Triassic, semi-arid continental conditions had returned (Yates, 1992; Figure

2.3b), as a result of evaporation of the Zechstein sea. Continuing erosion of the high



ground fed a series of major braided river systems that transported sufficient sediment to
allow deposition of extensive fan deposits around the perimeters of the basins (Allen et
al., 1997). The Sherwood Sandstone was deposited by fluvial systems but sediments
outside major river channels were periodically left exposed to subaerial conditions (Nirex,
1997: Ruffell and Shelton, 1999). This subaerial exposure allowed haematite staining to
occur by precipitation of iron from solution as a result of degradation of some unstable

minerals such as augite and hornblende (Walker et al., 1978).
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Figure 2.3. Rock distribution sketch map of a). the upper Permian and b). lower Tnassic,
(Open University, 1995).
By the mid-Triassic, a marine transgression had flooded all the areas shown on Figure

2.3b except for those areas shaded grey. This transgression allowed limestones to form 1n

Central Europe and flooded much of the Lower Triassic sandstone, allowing deposition of
marine muds and clays (the Mercia Mudstone Group). The lower beds of the Mercia
Mudstone have been attributed to low sinuosity, meandering, sandy rivers, gradually
giving way to inland and coastal playa lakes (Allen ef al., 1997; Ruftell and Shelton,
1999). However, these lakes must have had an open connection to the sea at some times
in order to account for the extensive evaporite deposits, as repeated marine incursions
were required to supply sufficient quantities of salts (Ruffell and Shelton, 1999).
Interbeds of halite, gypsum and anhydrite are common, and in places sand and siltstone

horizons occur and often form the upper aquitard of the deeper sections of the Sherwood

Sandstone, although erosion has removed them in many areas.



The Lower Triassic Sherwood Sandstone is therefore predominantly fluvial, compared
with the largely marine units that lie above and below in the stratigraphic record (Gaunt,

1994; Allen et al, 1997). Palacogeographic reconstruction of the lower Triassic
sedimentation patterns in Britain suggest that the Sherwood Sandstone was deposited by a

series of major rivers, flowing from the south, transporting vast quantities of alluvium on
a northerly inclined palacoslope (Waugh and Whitaker, 1982; Burley, 1984, Yates, 1992).
Detailed studies of the sedimentary structure of the sandstone undertaken in Devon,
Staffordshire, Cheshire, Cumbria and Western Scotland all point to a gradual
South—North, proximal—distal, change in facies, occasionally complicated by an influx
of coarse grained material from the basin margins (Burley, 1984). The primary sediment
source was the roughly east-west trending London Brabant Massif (LBM see Figure 2.3),
which existed from mid-Devonian times until it was finally eroded to the level of the
surrounding basins and covered by sediments during Tertiary marine transgressions
(Pharaoh et al., 1993; Vercoutere and Van Den Haute, 1993). The LBM has been a major
sediment source, being surrounded by basins, from the time of the Caledonian Orogeny
through to the late Jurassic (Vercoutere and Van Den Haute, 1993). Lithologically, the

LBM is very varied, consisting of a wide variety of rock types, mainly sediments and
metasediments, although there are widespread outcrops of magmatic rocks and it is

suspected that a granite mass underlies the area (De Vos et al., 1993).

The overall trend of the Sherwood Sandstone shows an increase in textural and
mineralogical maturity from south to north, grading from gravel into sand. The more
northerly areas, such as the Irish Sea and the Central North Sea Basin experienced
continuous deposition by fine-grained, sandy, braided rivers (Allen et al., 1997), as did
the sand-dominated Yorkshire area. Large-scale aeolian deposition did occur, but was
rare and restricted to specific areas i.e., Northern Cheshire and Cumbria (Nirex, 1997;
Evans et al, 1993). The base of the Sherwood Sandstone in northeast England is
markedly diachronous as a result of the progradation of the braided river system, and

finer-grained sediments were deposited towards the top of the Sherwood Sandstone

Group as a whole, as the source area topography was gradually eroded (Burley, 1984;
Allen et al., 1997).

The South—North transport model does not fully describe the origins of all the sediments
deposited. In some areas there are local variations in sediment source and many of the

lithic fragments have a different provenance than the normal London-Brabant Massif

source that is usually quoted for the Sherwood Sandstone (Allen et al, 1997; Nirex, 1997;
Ruffell and Shelton, 1999.). For example, fragments of the Ordovician Borrowdale
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Volcanic Group have been identified in the St Bees Sandstone and may form up to 40%

of the rock locally (Nirex, 1997). Similarly, the Marchwood Borehole in the Wessex
Basin has encountered locally derived pebble beds comprising 40 to 60% of the whole
rock, contrasting markedly with the overlying feldspathic sandstones (Burley, 1984).

Feldspar is easily broken down by weathering, and one criteria for compositional maturity
of a sedimentary rock is its quartz:feldspar ratio (higher ratios indicate more mature
sediments). However, detrital feldspar is a common constituent of the Sherwood
Sandstone as a whole (Burley, 1984), and not just the areas dominated by locally-derived
sediment. One possible means of conserving feldspar is that preservation of unstable
minerals in the rock record is a function of topographic relief (Pettijohn, 1957). High
relief encourages rapid erosion and transportation, with sediment generation and transport
rates outstripping chemical dissolution, which may make it possible for feldspar to have
survived as a significant detrital constituent of the Sherwood Sandstone (Arche and

Gomez-Lopez, 1999). The presence of feldspars in the Sherwood Sandstone is important

to its properties as an aquifer, since diagenetic processes may alter these feldspars into

clay minerals, which have a large influence upon the hydraulic properties of the rock.

The depositional environment of the Sherwood Sandstone has therefore been suggested
from previous work to be a series of fluvial sediments deposited by braided rivers,
occurring along the western margin of the Southern North Sea Basin (Gaunt, 1994).
South of the study area, in Nottinghamshire and as far North as the East Retford District,
pebble beds are common, often appearing some way up the sequence. These pebble beds
(the Nottingham Castle Formation, formerly known as the Bunter Pebble Beds) imply

higher rainfall and steeper gradients at the sediment source and have been interpreted as

evidence for continuing, albeit spasmodic, uplift of the London Brabant Massif (Ruftell
and Shelton, 1999).

Tectonic and thermal effects on sedimentation

During the development of sedimentary basins, faulting is often associated with syn-
sedimentary deposition. Downwarping at the basin margin creates accommodation space

that may then be infilled with sediment depending on sediment supply (Brown et al
1996). As accommodation space is a prerequisite for sediment preservation, tectonic
activity often exerts considerable control upon the degree of sedimentation. The

Sherwood Sandstone has long been suspected as having been deposited in a syn-rift phase

of fluvial deposition which occurred over much of Europe (Chadwick 1985; Evans et al,,

1993; Jackson and Mulholland 1993). The available literature cites the major sediment
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source as the London-Brabant Massif (Allen et al, 1997; Nirex, 1997; Ruffell and
Shelton, 1999), the sediments in South Yorkshire are therefore distal, which accounts for
the sand sized nature of the grains. The Mercia Mudstone Group has been interpreted as

being deposited in a hypersaline sea situated in an area lowered by post-rift thermal
subsidence (Burley, 1984; Whittaker, 1985).

It is possible that the basins within which the Sherwood Sandstone was deposited were
thermal relaxation basins, caused by thermal contraction of the crust following the early
Permian extension phase that affected the North Sea area (Ruffell and Shelton, 1999). In
the northern, distal regions (such as the study area), the base of the Sherwood Sandstone
is fine gramned, and much of the sequence consists of fine sand-sized subarkosic
sandstone. This may be as a result of fluvial deposition in an arid environment in a gently

subsiding basin (thermal subsidence caused by earlier (Permian) rifting) with gentle

tectonic uplifting of the sediment source regions (Ruffell and Shelton, 1999).
2.3 Braided river sedimentology

The literature contains many studies of braided river morphology, evolution,
characterisation and preservation. The overall geometry of a braided river comprises
multiple anabranch channels that migrate over the braidplain, separated by bars and
1slands (see Figure 2.4; Dade, 2000). Braided rivers are characterized by the presence of
multiple intertwined channels, which are normally wide and shallow, and in sandy
braided rivers are normally floored by dune bedforms (Tucker, 1991). Channels may be
classified into a variety of scales, ranging from (1) first order channels (whole braidplain),
through second order channels (2) which are individual anabranches of the first order
channel and onto third order channels (3) into which the individual anabranches are split
(Bristow, 1987; Thorne et al, 1993). These minor third order channels are very variable in
direction and are topographically higher than major channels and so are greatly affected
by river stage (Cant & Walker, 1978). Bar top and minor chute channels (4) often cut

across braid-bars and are present within the preserved Sherwood Sandstone in the Selby

area (Bryant and Burley, 1989).

The braid bars that divide the river into smaller channels are complex structures, formed
by a variety of accretion processes around a low stage emergent nucleus (Cant, 1978;
Cant and Walker, 1978; Walker, 1992; Bridge, 1993; Bristow, 1987: 1993; Ashworth er
al., 2000; Best et al., 2003; Bridge and Lunt, pressim.). Accretion processes acting on

braid bars have been described by many researchers and consist of downstream,
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upstream, oblique cross-channel, vertical and lateral accretion (Cant and Walker 1978;
Bridge, 1993; Bristow, 1993; Best et al., 2003). Accretion on bars often occurs during
falling stage following flood events (Best et al., 2003), and typically bar deposits consist

of large bar-margin slipfaces, medium to small scale dune cross-stratification and mud

drapes (Best ef al., 2003).

Braidplain (1

Bar-top channel (4)

Channel (3

(2)
Second order channel
(anabranch)

Figure 2.4. Generalized view of a sandy braided river showing different channel scales.

Upper-stage planar beds are generally restricted to bar tops (Bristow, 1993; Best et al.,
2003), and are deposited as a result of upstream accretion during high stage flow
(Bristow, 1993). On waning flow detrital clays may be infiltrated into the upper-stage,
planar bedforms by ‘washing in’ (Pay ef al., 2000) as flow returns to the dune-tloored
active channels and relatively slow moving water, carrying suspended clay particles,
drains through the bar fabric. Bristow (1993) also reports significant quantities of ripple

laminated units overtopping braid bars, particularly on the downstream margins of

medial, lateral and point bars.

Aeolian processes at low stage flow (Allen ef al.,, 1997) may alter bar-top sediments
although the preservation potential of aeolian bedforms i1s low, and in the ancient
sandstones from the northeast of England, only frosted sand grains suggesting aeolian

conditions have been found (Bryant and Burley, 1989). Evidence of significant aoelian

deposition within the Sherwood Sandstone Formation has been reported, in areas such as
the Cheshire basin and west Cumbria, but significant evidence of aeolian processes is

generally scarce (Evans ef al., 1993; Nirex, 1997).

T'he morphological features of braided rivers are transient and perpetually being reworked

by current action. Hence, many of the forms created by the river in falling stages will be
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eroded by the next flood event, such a dynamic system is characterized by frequent
erosive surfaces and a constantly shifting series of cycles of feature growth, evolution and
destruction. Large braided rivers may form levees alongside the channel area, and may

experience avulsion events (Leddy et al.,, 1993, Morozova and Smith, 2000, Bristow et
al, 1999). Bristow and Best (1993) and Skelly et al. (2003), relate the amount of

sediment reworking by active channels to channel migration rates, aggradation rates and
avulsion frequency and suggest that low rates of channel migration lead to vertically
stacked channels and high rates of migration lead to much reworking of the braidplain.
High levels of avulsion result in an increased lateral spread of channels and high
aggradation rates allow preservation of more braidplain deposits than lower rates, as the
channels only have a limited time to rework sediments before they are buried. Hence the

distribution of channel sequences can potentially provide much information on river

morphology. Bristow et al., (1999) also compare aggradation rates with avulsion events

for the Niobrara River in Nebraska, showing that avulsion frequency is linked with

aggradation rate, with high levels of aggradation causing increased avulsion.

Hence a typical large sandy-braided river (Figure 2.4) will contain channels of varying

size and direction, normally floored with sand dunes. Such a river will also contain braid-
bars, which may be predominantly trough cross-stratified but with some zones of upper-
stage planar-beds on their tops and ripples at the downstream bar margins, with some

mud drapes. The relative abundance of in-channel deposits is related to avulsion

frequency, which is influenced by aggradation rates.

The permeability of preserved braided river deposits is greatly influenced by the relative
proportions of planar-laminated, trough cross-stratified, ripple-laminated and mud drape
facies. Generally, within the Sherwood Sandstone in the Selby area, coarser grained units
are more permeable than the finer facies (Pokar, 2002). Trough cross-stratified facies are
typically coarser grained and therefore more permeable than the planar-laminated facies,
and the fine-grained mud drapes are largely impermeable. Scale modelling studies of the
braided Ashburton river in New Zealand conducted by Moreton ef al., (2002) show that

channel fills may be highly permeable, and finer, floodplain sediments are less

permeable.

2.4 Diagenesis and mineralogy

As a result of the maturation of Sherwood Sandstone sediments as they were transported

northwards, there is a gradual decrease in grain size within the Sherwood Sandstone from

south to north, and an associated increase in textural and mineralogical maturity. Burley
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(1984) defined the sediments within the Sherwood Sandstone Group as being of lithic-
arkose / sub-arkosic-litharenite composition to the south, grading into quartz-arenite /
sub-arkose / sub-litharenite composition to the north. These data may be plotted (Figure

2.5) to show lithological variation and the increasing maturation of sediments with more

northerly deposition.

Quartz
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S
SUBARKOSE SUBLITHARENITE
25%
PROXIMAL R—
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LITHIC ARKO LITHARENITE
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Feldspar Matufration Rock Fragments

Figure 2.5 Composition of the Sherwood Sandstone; data from Burley (1984).

The terms proximal and distal are defined as ‘applied to a sediment or sedimentary

environment close to the source or origin of the deposit’ and ‘applied to a depositional
environment sited at the furthest position from the source area, and generally

characterised by fine grained sediments’ respectively (Allaby and Allaby, 1990). The
more proximal (southerly) sediments of the Sherwood Sandstone Group contain a mixture
of rock clasts set in a matrix that is primarily quartz, with a high proportion of potassium
feldspar (Burley, 1984). Other minerals present include mica, heavy minerals and
opaques, but these only make up a minor component of the rock (Burley, 1984.). The
proximal deposits are characterised as being rich in feldspar and are generally lithic-
arkoses or sub-arkosic litharenites, having feldspar contents of up to 30% and the more
lithic umits containing up to 50% rock fragments, with sedimentary, igneous and
metamorphic origins (Burley, 1984). The more distal sediments show a greater degree of
compositional maturity, consisting primarily of simple quartz grains. Quartz typically
accounts for more than 65% of the rock. Feldspars (again dominantly potassium feldspar)
account for 10-15% and lithic fragments for a further 10-15%. Rock fragments (where
present) consist of the more resistant metamorphic and igneous rock types (Burley, 1984).

Distal deposits are finer grained than proximal, and may be classified as sub-arkoses, sub-
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litharenites and quartz arenites (Burley, 1984.). However, mud rip up clasts are common

in the more northerly areas from the erosion of floodplain muds.

Diagenesis

The sedimentary fabric and chemical content of the original deposits largely controls the
carly stage diagenesis of sedimentary rocks. Mineralogy, grain sorting, grain size and
shape all influence early diagenetic processes. Later diagenetic alteration is controlled

more by depth of burial and composition of pore fluids, provided burial is sufficiently

deep and for long enough (Waugh and Whitaker, 1982).

Classification of diagenetic regimes (Schmidt and MacDonald 1979), gives three

principal diagenetic phases:

e Eogenetic: Early diagenesis that is related to physical processes and chemical
conditions within the depositional environment. An example of this is the infiltration

of detrital mineral grains into newly deposited sediments by surface and shallow sub

surface water flow.

e Mesogenetic: The intermediate phase of diagenesis, including burial is related to
deeper subsurface conditions and chemical processes occurring during burial, such as
dissolution and replacement of fabric by supersaturated saline porewaters at elevated
pressures and temperatures.

e Telogenetic: Late phase diagenesis related to exhumation and the re-introduction of

surface waters where near surface processes again become dominant. An example of

a telogenetic process is leaching of mesogenetic fabric by comparatively fresh

groundwater.

Unlike the various reservoir sands that line the grabens of the North Sea, the Triassic
sandstones of Yorkshire have never experienced deep burial (>1km) or any great degrees

of heat (>70°C) or pressure (Burley, 1984). In other areas of the country, burial depths of
up to Skm have been determined for the Sherwood Sandstone (Burley, 1984). Hence the

burial history of the Sherwood Sandstone is not straightforward, different basins have
been buried to different depths and there are lateral depth variations between the edges
and the centres within individual basins. Many of the basins have also experienced

Tertiary basin inversion and the Sherwood Sandstone has been exhumed to near or actual

surface conditions in many areas.
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The Sherwood Sandstone is an important aquifer and evidence presented below shows

that diagenesis has augmented primary porosity with secondary porosity. The fact that the

Sherwood Sandstone in the Yorkshire area contains mixed illite —smectite clays that have
not undergone 1llitisation at depth, points to only a moderate degree of burial. Further
evidence of this is provided by the lack of quartz cement (Burley, op. cit.). Quartz cement
1s an important diagnostic feature of sediments that have experienced deeper burial, often
being formed from pressure solution at grain interfaces. Quartz is resistant to dissolution

by meteoric water, and so poorly cemented silica rich sandstones are unlikely to have

been subjected to significant mesogenetic alteration.

In general, the processes of diagenesis tend to reduce textural maturity and increase the
mineralogical maturity of sediments (Walker et al., 1978). Eogenetic processes may
include infiltration of detrital clay, possibly very soon after deposition of the original

sediment. Stream flow is extremely efficient at carrying clay sized particles in suspension,

and falling stage rivers may infiltrate fine sediments through coarser sands and gravels,

provided the clays and silts are fine enough to pass through the pore throats of the grain-

supported original sedimentary fabric.

In arid environments, such as northeast England in the Triassic water tables are often low
(Waugh & Whitaker; 1982). Interstitial voids are often dry and are much larger than any
clay particles that may carried in suspension (Pay et al., 2000; Bloomfield et al., 2001).

Runoff water from periodic flooding events may infiltrate into the sediment via the

network of interstitial voids. Because these voids are so much larger than the clay

particles little filtering of clay minerals will occur. Hence clays will be carried into the
matrix of the sediment and may be ‘unloaded’ to contribute to a secondary matrix fabric.
This type of clay deposition is common directly above low permeability areas and may be
detected in SEM (scanning electron microscope) images as mixed sizes of clay platelets

orientated parallel to the grain fabric of the surrounding sediment (Waugh and Whitaker;

1982, Pay et al, 2000). Further eogenetic diagenesis of the Sherwood Sandstone is
related to the surface interstitial porewater redox potential (Eh) which controls the activity
of dissolved materials. Grain dissolution has intensively leached lithic fragments, heavy
minerals and feldspars from the rock matrix, thereby increasing porosity. Evidence of this

is provided by the presence of large pores and relic haematite rims, indicating grain
removal are common (Burley, 1984).
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Eogenetic processes often dissolve heavy minerals from the rock, leaving only those most
resistant to dissolution behind. Within the Sherwood Sandstone, heavy minerals, although

rare, consist almost entirely of highly stable minerals such as zircon, rutile, tourmaline
and staurolite, which are largely insoluble at moderate temperatures and pressures

(Burley, 1984.). This indicates that a significant amount of dissolution has taken place as

‘moderately resistant minerals such as hornblende, plagioclase and augite have been
completely removed from the rock, leaving voids, hollow grains or clay coatings where
the grain once was (Burley, 1984). The secondary porosity resulting from grain
dissolution may be reduced by precipitation of replacement minerals, or by compaction
processes collapsing the void, but sometimes this secondary porosity may be preserved

(Walker et al, 1978). The Sherwood Sandstone typically contains leached grains that

have been partially or entirely replaced by authigenic minerals such as clays, haematite
and carbonates (Burley, 1984).

Authigenic clays found in the Sherwood Sandstone tend to be either potassium-rich illite,
derived from feldspars or have a chloritic/smectite composition, related to its derivation
from basic ferromagnesian grains (Burley, 1984). The formation of illite-smectite and
chloritic clays may occur with only moderate burial depths and so can be found in
sediments that have only experienced the early stages of diagenetic alteration (Waugh and
Whitaker, 1982). Randomly stratified illite-montmorillonite clays have also been cited as
being the result of authigenic replacement of unstable silicate minerals. Replacement

clays are rarely preserved as intact pseudomorphs of the parent grains, and overburden

pressure normally causes the soft clays to deform between more rigid framework grains
(Walker et al., 1978).

Authigenic haematite staining is widespread and gives the Sherwood Sandstone its typical
red colouration. For much of the exposed Yorkshire Sherwood Sandstone, the degree of
cementation is low, resulting in weak, friable sandstones (Burley, 1984). This lack of
cement fabric is a result of telogenetic leaching of carbonate cement by meteoric waters
rather than a lack of eogenic cement. For South Yorkshire/Nottinghamshire in the
confined aquifer to the east, where the Mercia Mudstone acts as a seal preventing the
ingress of meteoric waters, the Sherwood Sandstone is well cemented, with poikiloptic
calcite and non-ferroan dolomite comprising up to 20% of the rock (Burley, 1984). In
contrast, at outcrop and where meteoric water has gained access to the rock fabric,
carbonate cement content is less than 10%, typically less than 5%, and the rock is friable

and weak (Burley, 1984). It is probable that the aquifer in the Yorkshire area was once

uniformly cemented, as the shallow 5° regional dip would have resulted in a similar
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pressure and temperature regime for the whole area. The variation in cementation
between confined and exposed parts of the aquifer suggests that telogenetic processes in

the unconfined aquifer and at outcrop have leached much of the carbonate cement away
(Burley, 1984).
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Figure 2.6. Telogenetic processes in the Sherwood Sandstone (data from Burley, 1984).

Figure 2.6 suggests one explanation for the pattern of telogenetic carbonate dissolution in

the Sherwood Sandstone and also helps to explain some of the haematite staining typical

of the Sherwood Sandstone. Ferroan carbonates are dissolved by meteoric water giving

)+

Fe” 1ons, which then combine with available oxygen to precipitate in-situ as red

haematite (Fe,O3) deposits (Burley 1984). As diagenetic processes tend to dissolve grain

fragments and replace them with different sized ones (fine clay minerals or poikiloptic
calcite for example), the overall effect is to decrease textural maturity, as a variety of
grain sizes not present in the original sediment are introduced. Unstable silicate minerals
are replaced with stable clays. This process increases the Quartz : Feldspar ratio, thereby

diagnetically increasing the mineralogical maturity of the sediment and reducing its

permeability. The various diagenetic processes that have the potential to affect the

Yorkshire Sherwood Sandstone at the edge of the basin are summarised in figure 2.7
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Figure 2.7. Probable diagenetic processes for the Yorkshire Sherwood Sandstone (after
Burley, 1984).

The net result of the various diagenetic processes that have affected the Sherwood
Sandstone 1n northeast England is that the rock is often highly porous, highly permeable
and very weakly cemented. The sandstones will have had significant primary porosity,
which has been increased by secondary dissolution of grains (Waugh and Whitaker,
1982). Carbonate cements were present and would have reduced the porosity but
telogenetic leaching has counteracted this and increased porosity above its original value.
Porosities of over 30% have been measured in the Yorkshire area (West et al, 2003,
Pokar, 2002; Pokar et al., 2003). However, the Sherwood Sandstone in the study area is
not homogenous, fine-grained layers and clays are interspersed with coarser sandstones.

This means that the shallow aquifer is anisotropic as regards grainsize, mineralogy,

and the hydrogeological properties of the aquifer. The in-situ preservation of the original

quartz grains of various grainsize, and the variable proportions of clay minerals leads to a
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wide variation of pore throat sizes, and these ultimately control capillary moisture

retention and moisture movement within the rock.

2.5 Hydrogeology and heterogeneity

The hydrogeology of aquifers is heavily influenced by the degree of heterogeneity that
they exhibit. Both aquifers and hydrocarbon reservoirs possess a wide range of
heterogeneities, which dictate their potential usefulness as a resource. Of particular
importance with regard to shallow aquifers is their ability to prevent contaminants from
reaching the water table. The contaminants may originate from a variety of locations,
from point sources such as industrial sites, landfill sites or other localised inputs, or more
diffuse sources such as agrochemicals and faecal matter from grazing animals. Generally,
sedimentologists have regarded heterogeneity as a source of information on depositional

environment and processes. Hydrogeologists have tended to underestimate subsurface

heterogeneity and engineers have normally ignored it (Huggenberger and Aigner, 1999).

Although aquifers such as the Sherwood Sandstone are often considered to be
homogeneous for groundwater modelling purposes, investigations at outcrop scale
quickly reveal the presence of significant sedimentary heterogeneity, which will greatly
influence their local permeability characteristics. One factor to be taken into account in
hydrogeological investigations is the difference between laboratory and field
measurement of permeability. Field measurements normally give data on the bulk
properties of the rock mass, including fracture zones, discontinuities and sand lenses and
generally give higher permeability readings than laboratory testing of cored samples.
Barker and Worthington (1973) show this effect clearly from a comparison of falling
head permeameter tests and pumping tests on abstraction boreholes in the Fylde area of
northwest England. Laboratory based tests can only show intergranular permeability of

recovered and unfractured core and provide little data regarding bulk permeability since

they are carried out on entire rock samples, where only microfractures normally occur.

The situation regarding cored samples is further complicated by the effects of the coring
process on the rock, the removal of the in-situ rock stress field and the necessity of

choosing homogenous and relatively unfractured samples to test. Yet further
complications are caused by the presence of authigenic clay minerals, which are present
in the Sherwood Sandstone in significant quantities. If cores are preserved so that they

retain their original moisture content, then they often exhibit lower permeabilities than

cores that have been dried prior to measurement: varying the treatment of cored samples
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1s likely to affect the results (Brereton et al., 1998). In areas with low core recovery or
fissures, flow may be dominated by factors that cannot readily be tested in laboratory
conditions, and laboratory-derived permeabilities should be considered as minimum
potential permeabilities (Barker and Worthington, 1973). However, laboratory testing
may provide important information on the intergranular permeability of unfractured rock,

and may be used to estimate hydraulic anisotropy where fractures are not present.

On a laboratory sample scale, the permeability ‘signature’ of the Sherwood Sandstone
shows a wide range of permeabilities, showing significant heterogeneity at both the bed
and facies scale and hydraulic anisotropy within bedforms (Bloomfield et al., 2001). For
example, Ramingwong (1974) showed that the matrix permeability of the Sherwood
Sandstone in Worcestershire, UK, was five hundred times lower in fine-grained units than
in interbedded coarser units. Previous laboratory tests on the Sherwood Sandstone aquifer
in north-eastern England (Koukis, 1974; Pokar, 2002) have also shown that the matrix
permeability varies over several orders of magnitude as a result of variations in grainsize

and porosity. For example, Koukis (1974) reports hydraulic conductivity values for
horizontally oriented samples from the Vale of York, UK, ranging from ~0.001 to ~3
m.day”, the lower values being for clay-rich units. Lithology also influences the contrast
between laboratory scale horizontal and vertical permeability. For two sandstone cores
drilled from sites between Selby and Doncaster, Pokar (2002) reports that vertical
permeability can be up to a 35 times less than horizontal permeability in finer grained

sandstone facies units, owing to millimetre-scale horizontal silt/clay laminations.

Hence, the hydraulic properties of the Sherwood Sandstone and similar sandstone
aquifers can be shown to be a result of variations in degree of cementation, clay content,
grain size, sorting, diagenetic fabric and original sedimentary features. Of these, the
degree of cementation, grain dissolution and the proportion of clays are the most
important as regards pathogen transport (Bloomfield et al., 2001), as these factors tend to
control the size of the larger pore throats. The median pore throat size with the highest

frequency of occurrence in the Sherwood Sandstone has been quoted as approximately
17um (Bloomfield et al., 2001), and ranges between 10.8 and 63.8um (Pokar, 2002). This
means they are sufficiently large to allow the uninterrupted passage of many pathogens
including faecal enterococci, E coli, Salmonella, Clostridia and Cryptosporidium. Only

30% of the pore throats in the Sherwood Sandstone are able to filter Cryptosporidium,
and only 3.5% are able to filter faecal enterococci (Bloomfield et al., 2001).
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Field scale hydraulic testing yields a range of transmissivity values for the Sherwood
Sandstone ranging from 50m’ day™ to 700m? day™ (Allen et al., 1997). Plots of effective
aquifer thickness versus transmissivity indicate average hydraulic conductivity is around

2m day™, which agrees with values from regional scale groundwater flow modelling in

the area of 1-3m day'l (Allen et al., 1997; Yoshida, 2003). However, conductivity values
from both pumping tests and regional flow modelling are significantly higher than most
values measured in laboratory tests 0.001 to 2m day™ (Koukis, 1974; Allen et al,, 1997;
Pokar 2002). This difference is not likely to be the result of fracture flow, since fracture
flow in the Sherwood Sandstone outside the study area (around Middlesborough and
Nottingham) has been reported to produce very high transmissivity values of several
thousand m’ day” (Allen et al, 1997). Hence, the discrepancy between field and
laboratory values must lie in the spatial distribution of the various sedimentary facies
comprising the aquifer, e.g. the interaction between high and low permeability zones. In

order to determine the permeability behaviour at outcrop scale from laboratory scale

measurements, 1t is necessary to understand and quantify the spatial distribution and

geometry of the individual facies units.

VYadose zone of the Sherwood Sandstone
In unconfined sandstone aquifers such as the Sherwood Sandstone, the water table may be
many metres below ground, particularly close to active water abstraction wells.

Generally, in the quarries visited as part of the preliminary survey of the study area the

thickness of the unsaturated (or vadose) zone was between 10 and 20 metres.

In a homogeneous sandstone aquifer there are three main hydrological divisions within

the vadose zone:
1) The soil zone. This is bound together with plant roots and contains an organic (humic)
fraction that may be greater than the mineral fraction of the soil. This zone is the site of

evapotranspiration and is extremely important in limiting recharge through the vadose

zone. As the aim of this thesis is to characterise flow within the Sherwood Sandstone, all

the test sites chosen had minimal soil and vegetation cover.

2) The free drained zone. This is the area of the vadose zone between the soil zone and
the capillary fringe. Here, moisture flux is determined by the lithological framework of
the aquifer, and may travel vertically to sub-horizontally depending upon the detailed
sedimentary architecture of the aquifer.

3) The capillary fringe. This is the area directly above the water table and represents the

retention and ‘pulling up’ of moisture into the fabric of the rock by capillary action. This

region acts as a transition zone between the vadose and phreatic (saturated) parts of the
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aquifer, with moisture content increasing rapidly as the water table is approached. The

thickness of the capillary fringe is related to the pore sizes of the rock matrix.

As a general rule, water recharge moves downward towards the water table under gravity
but is acted upon by capillary forces and may be held by capillary suction in rock pores.

Hence water retention (6,) within the rock is a product of hydraulic gradient (i) and pore

size distribution (¢, ) according to the formula:

0.=ixg, Equation 2.1

Hence a mixture of gravity and capillary suction controls moisture movement through the

vadose zone. The Sherwood Sandstone has a wide range of preserved sedimentary and
diagenetic fabrics which may provide a range of impediments to water flow, as well as
preferential pathways and discrete zones of increased seepage velocity. Pokar (2002)
demonstrates that the Sherwood Sandstone in the Hatfield/Eggborough area is highly
anisotropic with regard to moisture flow, and may possess differing permeabilities
depending on flow direction. Thus the vadose zone may exhibit wide ranges in porosity,
permeability and capillary suction which will affect moisture migration patterns and have
serious consequences for the vulnerability of the underlying aquifer to contamination. In
soils and rocks where preferential flow occurs there is a serious risk of aquifer

contamination as pollutant migration velocity may be greatly increased (Nissen et al,
1999).

Regional groundwater flow

Groundwater flow in the South Yorkshire region is generally down-dip, in an eastward
direction, from the feather-edge towards the confined aquifer (see Figure 2.1.2) (Edmunds
and Smedley, 1992; Pokar, 2002). The low angle of dip probably results in a low natural

hydraulic gradient, but the flow 1s at present dominated by high abstraction rates
(Edmunds and Smedley, 1992).

Pollutant migration

The migration of water and dissolved or entrained pollutants through rock is dependent
on the permeability, porosity and attenuating properties of the rock, and occurs within

intergranular pore spaces or fractures. The ability to permit water movement is a function

of the connectivity of the pore spaces, pore diameter and fracture width. Only

interconnected pore spaces and fractures that provide an unbroken path allowing water
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flow will contribute to the bulk permeability of the rock. However, blind pores and ‘dead
ends’ contribute to the porosity of the rock, increasing the storage capacity of the aquifer

and allowing more accommodation space for dissolved materials to dissipate (Brereton et

al, 1998). Clays decrease permeability in sandstones by restricting pore throat size,

which increases the amount of water held by capillary retention and drastically reduces
seepage velocity. If clay content is sufficient for clays to bridge or fill pores then the
permeability of the sandstone is further reduced (Pay et al, 2000) and may present
barriers to local vertical groundwater migration. In places, ‘double aquifer conditions’
may occur, where an interlayered marl horizon separates the aquifer into two layers. This
has occurred at Bridgenorth, Wolverhampton and Stourbridge in the Midlands (Allen et
al., 1997). Tests on water quality have shown that the upper and lower layers of the
aquifer are not 1n hydraulic continuity. Where this occurs, the effective thickness of the

aquifer 1s reduced, and since this controls the hydrological behaviour of the aquifer, then

laterally extensive barriers to vertical water migration become very important.

Faults: effects on hydrogeology

Fracture zones may act as preferential flow paths and recharge boundaries, or seals that

inhibit water flow. An example of a fracture inhibiting water movement within the
Sherwood Sandstone is the Roaring Meg Fault in Merseyside, which prevents water flow
across the fault plane. Evidence of the lack of aquifer lateral continuity across this fault is
that hydrochemical changes and potentiometric head differences may be detected across
the fault plane (Allen et al,, 1997). Another example in Triassic Sherwood Sandstone
sediments 1s provided by a fault near to the Eggborough No. 3 borehole (SK 482 390),
which appears to be acting as a recharge boundary as it does not allow cones of
depression to extend across the fault plane (Allen et al., 1997). Sediment filled fractures
have been reported in the Cheshire Basin (Wealthall et al, 2001) but these were
considered not to be a major problem with regard to moisture movement within the

vadose zone unless the fracture angle was high and cut through low permeability layers

such as mudstones. Open fractures were considered a potential pathway for vapours, but

not liquid water, except for during extreme hydraulic surcharge events. Infilled fractures

were cited by Wealthall ez al., (2001) as possessing lower permeabilities than open ones,

and would be unlikely to permit water passage at a higher rate than the surrounding rock.

Open fractures were however cited by Wealthall ez al., (2001) as being highly significant

pathways for non-aqueous phase liquid (NAPL) pollution, and in the phreatic zone as

highly significant with regard to groundwater and NAPL alike.
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Effects of layering in the vadose zone

Lower permeability layers, such as laterally extensive clay horizons, may act as funnels,
channeling recharge into specific zones. Boreholes, or the attendant borehole annuli
themselves, are also a likely pathway, allowing a bypass route through the vadose zone,
and feediné directly into the phreatic layer of the aquifer (Ford and Tellam, 1994). The
anisotropic nature of sedimentary deposits makes it likely that water may migrate laterally
for a considerable distance in order to exploit high velocity pathways to the water table.
Hence, even thick clay layers may not prevent vertical water movement in the vadose
zone, but may simply divert the flow elsewhere, affecting recharge rates much less than

might be expected by observation of laterally restricted borehole lithology alone.

Previous studies of groundwater vulnerability in the Sherwood Sandstone

Tests conducted on borehole groundwater response to industrial pollutants released over
many decades by Ford and Tellam (1994), at a variety of sites in the Birmingham area
suggest that the Sherwood Sandstone aquifer is vulnerable to surface pollution in the long
term and that a deep unsaturated zone, coupled with thick layers of Quaternary cover and

Mercia Mudstone may not be sufficient to provide adequate protection. In west

Birmingham, where there is some 20-40m of cover and unsaturated aquifer, and the
aquifer has a significant clay fraction, water quality within the aquifer has still been

severely compromised by anthropogenic pollution (Ford and Tellam, 1994).

Lewin et al., (1996) investigated the behaviour of fluids within the unsaturated zone of

the Sherwood Sandstone on behalf of the Department of the Environment. The leachate
plume from two uncontained landfill sites was monitored as it penetrated the Sherwood
Sandstone and the results from this monitoring were used to infer vertical pollution
penetration rates through the unsaturated zone. Initially, the rates of penetration were low,
0.7 m.year’ between 1978 and 1981. Water balance calculation involves many

assumptions as to runoff rates and projected rainfall, and usually water balance

calculations carried out on landfill sites show that it takes several years for landfills to

begin producing leachate. Subsequent years showed the progress of the leachate front as
having accelerated to 1.7 m year' as leachate generation rose. The position of the

leachate front was then inferred from the relative positions of the chloride fronts in cored
samples taken in different areas on different dates. However, no account appears to have
been made as to the probability that the leachate front had migrated laterally in order to
find preferential pathways through the unsaturated zone. It has been established in
previous sections of this chapter that the Sherwood Sandstone is highly anisotropic and so

the presence of even a thin laterally extensive mudstone, fine-grained sandstone, or other
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low permeability layer may easily alter the direction of flow from vertical to horizontal.

Hence there is a possibility that the leachate has been moving faster than the results of

Lewin et al., (1996) suggest, especially as the position of the leachate front was inferred
rather than actually measured. Harris and Lowe (1984), commenting upon the same sites,

conclude that there was little evidence of attenuation of pollutants from the landfill sites,

and these findings suggest the aquifer may be more vulnerable than previously expected.

Vulnerability modelling

Modelling transport mechanisms through the vadose zone has generally not been
conducted with regard to complex lithology. Studies have been conducted where detailed
sedimentological information has been used to model and predict oil movement through
complex reservoirs (Willis and White, 2000). Generally, the complexity of heterogeneous
media means that the tendency among most researchers has been to develop transport
theory based on simple conceptual models (Persson and Berndtsson, 1998). Thus more

data, such as that presented in this thesis are required to improve modelling parameters.

The current standard technique for predicting the time taken by pollutants to travel
through the vadose zone, utilized by the LandSim modelling program and widely applied
by the Environment Agency in the UK, is known as the ‘plug-flow’ model:

dan
— e Equation 2.2
0

where:
t = travel time to water table.
Q = infiltation rate.

d = thickness of the unsaturated zone.

n. = effective porosity (moisture content is used here).

a = cross sectional area of infiltration zone

However, this equation takes no account of the lithology through which the water is

passing. Recent work (Binley et al, 2002) using cross-borehole radar appears to show

that the travel time to the saturated zone within the Sherwood Sandstone at the two test
sites is much faster than predicted by the ‘plug flow’ model, showing that groundwater
vulnerability is possibly being underestimated. Binley et al,, (2001a, b) also show that, at
least for the Hatfield site, water flow appears to be in a predominantly vertical direction,

particularly for tracer injection tests. However, Sandberg et al., (2002) demonstrated that

flow in anisotropic aquifers may be strongly influenced by the sedimentary structure.
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Hence it may be conjectured that preferential pathways and barriers to flow may exist in
the heterogeneous Sherwood Sandstone and that water may migrate laterally for some
distance in order to find high permeability features. These effects have not yet been
directly observed because data at the relevant scale are lacking, Measurements of regional
water table response to rainfall and responses of single boreholes are available but there is
little detailed information at scales between these two extremes for this aquifer. One of
the primary aims of this thesis is to quantify the response of the unsaturated zone of the
Sherwood Sandstone aquifer in the Selby-Doncaster area to seasonal rainfall variations, at
a scale of tens of metres. Data on likely vadose zone response at this scale are important
to help improve current groundwater models and ultimately will assist in estimating the

vulnerability of the Sherwood Sandstone aquifer to surface pollution.
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CHAPTER3
FIELD DESCRIPTION AND LABORATORY CHARACTERISATION OF
THE SHERWOOD SANDSTONE IN THE STUDY AREA.

3.1 Introduction

Outcrop and borehole observations reported in this chapter show that a wide range of
sedimentary structures are present in the Sherwood Sandstone in the Selby/Mansfield
area. These outcrop observations are used to assist interpretation of GPR images (see
Chapter 4). A comprehensive suite of grain size analyses were conducted, and the results
used to identify the source of the radar reflections within the sandstone, as well as

providing information to assist in estimating permeability distribution within the aquifer.

The literature survey (Chapter 2) reviewed past work on the depositional environment of
the Sherwood Sandstone in the study area (between Selby and Mansfield in North-East
England) and suggests the sediments were deposited by a series of sandy braided rivers
transporting large amounts of sediment from the south. The distal nature of the deposits in
the Doncaster/Selby area therefore means that gravels are relatively infrequent compared
with the more proximal sediments found to the south. Hence, in the Doncaster/Selby area,

the sediments are typically medium to fine-grained sands.

Borehole data provides a snapshot of the lithology and stratigraphy directly beneath the
drilling point. Essentially boreholes provide a highly detailed one-dimensional view of

the rock. The lack of detail regarding the lateral extent of features encountered limits the

usefulness of boreholes for sedimentary logging (Bridge'and Tye, 2000). As an example,
a thin shale layer may only appear a minor feature in a cored or logged borehole, even if
it is laterally extensive and presents a major obstacle to vertical migration. Alternatively,
the borehole may intersect a thick mud lens that may appear to be an extremely effective
seal, but may have only a limited lateral extent and have little effect on the vertical
movement of water within the bulk rock. Hence, this chapter endeavors to draw together
field evidence on the composition and hydrology of the Sherwood Sandstone from
outcrop, cut faces and borehole logs. This evidence is used to suggest palacoenvironment,

facies distribution and permeability distribution for the study area.



3.1.1 Test site locations and description

Field and site investigation work was conducted on a range of sites situated in the
northeastern limb of the Sherwood Sandstone outcrop area following extensive outcrop
and quarry visits. Six sites were chosen as representative of the Sherwood Sandstone in

the study area and detailed observations have been made at these locations (Fig. 3.1). The

various operations conducted at each site are summarised in Table 3.1.
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Quarry name Number on Figure 3.1 Grid Reference
Eggborough 1 | SE 573 228
Great Heck 2 SE 588 213
Pollington 3 SE 612 201
Hatfield 4 SE 653 075
Austerfield S SK 672 953
Rufford 6 SK 596 608

Figure 3.1. Outcrop of the Sherwood Sandstone and the sites investigated. The shaded
area represents the main outcrop of the Sherwood Sandstone with the inset detail showing

major towns/cities and motorways and quarry locations according to the numbering
scheme shown in the inset table.
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Table 3.1. Site specific investigation techniques.

A general description of the quarries is presented herein that is sufficient to describe the
salient features of all except for Great Heck Quarry, where full site installations of
moisture monitoring equipment were completed. This site will be discussed in detail in
section 3.1.2, Hatfield Quarry also received a full installation for moisture monitoring

some 12-18 months prior to Great Heck Quarry. However this installation 1s not described

fully as the deep instrumentation was not fully functional.

All of the quarries, except Hatfield had thick (>10m) vadose zones as they were all
situated adjacent to active water abstraction boreholes and so were within the drawdown
cone. The drawdown from abstraction increases the thickness of the vadose zone, making
the quarries more economically viable. Hatfield is a slightly different case, in that it is
situated near an abstraction borehole, and used to have a thicker vadose zone. However,
pumping has (for the present) been suspended at Hatfield and so the water table has risen,

flooding the quarry bottom and forming an extensive lake, reducing the unsaturated zone

thickness to approximately 10m.

At the start of this research all of the quarries were actively being worked except for

Pollington Quarry which has been landscaped and turned into a nature park, but
Eggborough Quarry has since been ‘mothballed’ by its owners. This is an important
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point as far as sedimentary logging is concerned, since it was found that little sedimentary
structure was visible on freshly worked quarry faces. Time was thus needed for the face
to weather (1-2 years) and the structure become more visible. Beyond 3-4 years

vegetation would become firmly established, faces would collapse into talus slopes and
again sedimentary logging becomes problematic. Hence, the quarries chosen were either

active or recently active, but large enough for faces to weather naturally while other areas

of the quarry were being worked.

The advantage of radar imaging in quarries (Chapter 4) is that often the overburden has
been removed. Pebbles and conductive materials in the fluvoglacial drift deposits that

overly much of Sherwood Sandstone in the study area cause scattering and attenuation of

radar signals and often prevent accurate imaging of the subsurface. Radar surveys were

conducted at Heck, Hatfield, Rufford and.Pollington Quarries. Drift depdsits had been

removed for all the radar lines collected at these sites.
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3.1.2 Great Heck

T'he Great Heck test site has been the main centre of activity during this research. Located
close to Eggborough, near Selby this active sand quarry has been subjected to a wide
range of geophysical and sedimentological investigation techniques. The site comprises
two main areas, the main quarry where much of the sedimentary logging was conducted
and the quarry bench area where the overburden was stripped off many years ago and
used to landscape around Drax power station. This bench area has had time for vegetation
to become re-established and proved to be the ideal site for borehole installation and radar
data acquisition due to its easy access, combined with a sheltered and secure location,

lack of overburden and most importantly enthusiastic and co-operative quarry personnel.
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Figure 3.2. Sketch plan of Great Heck Quarry (not to scale), however quarry is
approximately 250m from north to south.

The permanent site instrumentation was installed within the test site area shown above.
and details of these installations are given in the relevant chapters. An automatic logging

rain-gauge was installed on top of one of the quarry huts, near the weighbridge.
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Figure 3.3. Pulse EKKO 100 radar equipment at Great Heck test site. Looking east into
area marked ‘test site’ on Figure 3.2.

Figure 3.3 shows the test site where the borehole instrumentation was installed. Taken
during the radar characterisation phase, prior to drilling, the image shows where the drift
cover has been removed prior to re-colonisation by vegetation. Also shown are the berms
(earth banks) that line the quarry site and the degree to which trees have reoccupied the

area. This section of the quarry bench will eventually be quarried out but it is not
anticipated that quarrying activities will reach this area until 2007-2008. The water table
1s generally below depth 14m. The permanent installation of borehole geophysical

hardware is detailed in Figure 3.4, showing the spatial relationships between the various

boreholes.
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Figure 3.4. Plan map of borehole installation, Great Heck quarry.

The quarry faces at Heck Quarry provided an excellent opportunity to examine the
sedimentary structure of the Sherwood Sandstone. Many faces were cut 2-4 years ago,
providing optimum face conditions for logging, and many faces, particularly in the south-

cast corner of the quarry, and the temporary bench shown in Figure 3.2, were readily

accessible and were used for detailed logging and sampling for grainsize analysis.
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3.1.3 Scales of heterogeneity

When considering the fabric of reservoir rocks, a common approach is to model the bulk

properties of the aquifer as a whole. Hence the effects of localised fracturing, preferential

pathways or aquicludes and aquitards within the bulk rock may be averaged out and
effectively ignored. This approach fails when applied to more restricted areas, and the
smaller the area of interest, then the more likely a whole-aquifer model will be
significantly in error. This error may be of real significance when considering

contaminants, local variation in rock mass properties can greatly increase or decrease the

potential of these contaminants to reach the water table.

Huggenberger and Aigner (1999) examined the hierarchy of heterogeneities with regard

to aquifer sedimentology, and discuss a five level scale, linking size of heterogeneity with

sedimentary process. This hierarchy may be summarised as,

1) Giga-scale hydrostratigraphy of an entire basin, related to sequence stratigraphy and

basin tectonics.

2) Mega-scale facies associations, related to depositional system, i.e. braided wvs.
meandering fluvial systems.

3) Macro-scale architectural elements, related to facies dynamics at the coset level,

where ‘cosets’ are defined as ‘a number of cross beds preserved in a single bed’
(Allaby and Allaby, 1990).

4) Meso-scale sedimentary structures, related to sedimentary dynamics, i.e. trough vs
tabular stratification, laminar vs cross-stratified sands.
5) Micro-scale variation in permeability, porosity and mineralogy, related to original

grain sorting, diagenesis and original mineral composition.

Hence heterogeneity is important and a large proportion of this dissertation is aimed at

quantifying the levels of heterogeneity in the Sherwood Sandstone in the study area. This
section briefly summarises the heterogeneities in one section of rock, from Eggborough
Quarry (®2km from Great Heck, =5km from Pollington). This examination is conducted

at a range of scales, from the macro-scale to the micro-scale, to link with 1-5 above.
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Figure 3.5. Scale 1, Tens of metres (Macro-scale). Rock face at Eggborough Quarry.

At the outcrop (macro) scale (Figure 3.5) the rock shows only relatively minor
heterogeneity. Feature 1a is the overlying fluvoglacial drift deposits, which are separated
from the underlying Sherwood Sandstone by a major unconformity (U). Feature 1b shows
relatively darker layers in the rock, which are horizontally or sub horizontally laminated,
with a scour feature visible (1¢). The area 1d shows the location of the larger scale images

presented below.

Figure 3.6. Scale 2, Metres (Meso-scale). Same rock face, field-of-view now Imetre
across (approx.).
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At the meso-scale, more levels of heterogeneity can be observed. Feature 2a 1s cross-
bedded, 2b and 2c¢ are planar laminated, but the darker colour of 2¢ can be clearly seen.
Feature 2¢ 1s an argillaceous layers described later this chapter. Feature 2d is one of the
prolific mud intraclasts which are visible throughout much of the Sherwood Sandstone 1n
the Selby-Doncaster-Rufford area. The circled area (2e) shows the location of the thin

section presented below.

Figure 3.7. Scale 3. Centimetres (Meso-scale). Mud intraclast. Field of view approx.
10cm across.

Feature 3a highlights the horizontally laminated nature of the fine-grained sandstone rock,

and shows horizontal laminae within the mud intraclast (3b).

Figure 3.8. Scale 4. Millimetre (meso-micro-scale). Slide is 7.5x2.5mm across. Taken
from ringed area on figure 3.6.
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This slide shows the rock in its correct orientation (i.e. up on the slide is up at outcrop).
Here the fine millimetre scale laminae present in the fine-grained units are readily

apparent. Rocks with this degree of lamination are highly likely to exhibit high degrees of

hydraulic anisotropy.

Field of view approx. 0.2mm

Figure 3.9. Scale 5. Micro-scale. Thin section photograph of the Eggborough Sherwood
Sandstone.

T'aken under crossed polarized light, Figure 3.9. shows grain orientation and lamination at
a microscopic scale. Biotite micas orientated parallel to bedding may be seen, particularly
to the top and right of the image (5a), and evidence of grain dissolution and replacement
with clays (Sb) may also be seen. At (5c) an intact quartz grain is seen. Little pressure
solution of quartz has occurred, suggesting this rock has been subjected to low-pressure

environments only. At (5d) fine intergranular pores are filled with detrital clays. Some of

LEEDS UNIVERSITY LIBRAR)
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the black areas such as Se are probably grain dissolution voids, although it is possible that

some voids may have been introduced by ‘grain plucking’ during thin section

manufacture.

Hence it is relatively easy to demonstrate that the Sherwood Sandstone exhibits several
different scales of heterogeneity. Heterogeneity over very large scales, tens or hundreds
of kilometres, or kilometre scales have not been illustrated here but can easily be seen

from geological maps. At the bedform scale, heterogeneity is easily visible, and at a

microscopic scale the rock is highly anisotropic.

Laboratory testing helps define the characteristics of the microscopic and millimetric

scales of heterogeneity. Pumping tests may characterize the scales of hundreds of metres
to the kilometre scale, and large-scale aquifer models cope well with the largest scale,

where the aquifer 1s essentially homogeneous. The research presented in this thesis
attempts to provide data at the missing scale, from tens of centimetres up to tens of

metres, is an attempt to provide data that may help to further reconcile the dichotomy

between laboratory and field scale permeability measurements.
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3.2 Methods.

A variety of methods, both qualitative and quantitative were employed to investigate the
structure and properties of the Sherwood Sandstone in the study area. Each technique will

be described here, together with details of where the various methods were used.

Face inspection and photography. This was the most basic and subjective site
characterisation method used, and was generally only employed as a reconnaissance tool
to enable efficient identification of targets for more rigorous methods. Requiring only a
notebook, compass clinometer, camera and pencil it was very easy to visit many outcrops
in a very short time and so this technique was invaluable in deciding which quarries and
faces were worthy of repeat visits. This method was used at all sites, including several

other sites visited as part of the reconnaissance of the field area that are not reported here

as no data from them is presented.

It was soon discovered that the face inspection and photography technique had severe
limitations. Photographs only show gross features, any subtlety 1s lost and so
photographic logging of quarry faces proved to be useful only for characterising large or |
exceptionally well-defined sedimentary features. Nevertheless, some features were more
photogenic than others, and some good data were recorded using this method, but a better
method was needed to examine detailed structure. One advantage of face photography is
that, provided care is taken to keep the camera axis perpendicular to the face as much as

possible, the relative size of features are preserved with less distortion than free

sketching, allowing photographic images to be used to constrain notebook field sketches.

Field sketching and detailed logging. To investigate detailed structure more fully, it was
decided to sketch quarry faces. Initially this appears to be a retrograde step, potentially
introducing more errors than face photography but a methodology was devised to
constrain scaling errors and it proved possible to record useful data, together with detailed
descriptions of the rock faces using this method. The methodology employed involved

two people working together, one 10-20m away, the other standing right next to the face.

The person at a distance conducted the sketching, with length along the face and face
height being constrained by tape measurements. Once the basic outline of the face, with
obvious features was sketched the person adjacent to the rock called out grain size data,
foreset angles and other detailed information and pointed out the contacts between
different units. By this method it was possible to sketch highly accurate representations of

the quarry walls. Although this technique was highly effective it was slow. However,
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comparison of radar images with the field sketches showed a high degree of correlation.
This technique was used at Hatfield, Rufford, Heck and Pollington Quarries. Digital
manipulation of the field sketches was used to correct any scaling or perspective
problems using the distances measured by tape. As a check on the accuracy of the
sketching method a face at Rufford Quarry was surveyed using a total station EDM

theodolite and the discrepancies between the sketch and surveyed face proved minimal.

There are significant advantages resulting from the use of sketches rather than
photographic results. Sketches may contain more relevant detail, and contain a degree of
interpretation as well as providing a record of the rock. Sketches are also a two-
dimensional record, allowing visualisation of relationships between several different

sedimentary units at once, whilst providing a qualitative or quantitative (see next section)

estimation of the relative abundance of sedimentary features.

Core logging. A single core was taken from the Great Heck Quarry test site. The coring
method used an air flush rather than a liquid or mud flush, to prevent alteration of the
hydraulic properties of the borehole, and a double tube coring system was employed to
maximise core recovery. The friable nature of the Sherwood Sandstone at Heck prevented
complete recovery, with the air flush tending to ‘blow out’ fine-grained and argillaceous
layers. The core was visually inspected in the laboratory and described according to
BS5930 (1999). Grain sizes were estimated using a GEO grain size comparison chart, and
the results presented in graphic log format for easy comparison with other methods (see
section 1.2). BS5930 (1999) provides detailed information on how to describe the
properties of cored rocks as well as various parameters that deal with fracture state such
as total core recovery and solid core recovery. This method provided data that could be
input to one of the standard rock mass classification schemes and estimates of the load-
bearing capacity, tunnel stand-up time and other engineering properties of the bulk rock
mass may be determined. The Sherwood Sandstone in the study area is very weak and
friable, and while it will be capable of resisting compressive forces when undisturbed, it
possesses very poor properties as a tunnel or construction stone. Furthermore, inspection
of the quarry walls shows that the core contained many more fractures than the in-situ
rock, and hence tended to fracture during extraction. Hence the core was used to provide
supplementary evidence on the distribution of the various architectural elements directly

beneath the site rather than being the primary characterisation method.

Particle size analysis. To further improve the quality of the face logged data, samples

were taken from some sedimentary units and particle size distribution curves obtained at
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Leeds University by Nicholas Leinart using a Coulter Counter series L.S230. This system
uses the diffraction of laser light by particles of different size passing through a sample
cell. The amount of scattering of the light by diffraction is detected and used to provide

an accurate grainsize profile. This technique is well established and is known to yield

good results in Sherwood Sandstone (Pokar, 2002) provided the samples are thoroughly
disaggregated by hand in a pestle and mortar, and then treated with Calgon (sodium

hexametaphosphate) solution.

Gamma logs. Gamma ray measurements were taken from two boreholes at Heck Quarry
to further constrain the subsurface geology. This method relies on the lowering of a
portable gamma scintillation counter into the borehole. These scintillation counters are
normally of a sodium 1odide or a caesium iodide type (Geological Survey of Canada,
2003). Different rocks produce differing amounts of gamma radiation, normally by the

decay of potassium, thorium and uranium compounds. Of the constituents of the
Sherwood Sandstone, clays contain the greatest amounts of radioactive minerals, and so

gamma logs were used to locate clay and clay rich horizons.

Rock sequences are logged by measuring the gamma radiation every 0.1m or so over a
selected time integration. Measured times and counts are stored electronically and a plot
of probe depth against counts/second is the normal method of viewing results. Plots of the

gamma curve placed next to the lithological column provide an excellent calibration for

both the gamma logs and other geophysical methods (Aigner et al., 1995).

Fracture mapping. The Hatfield test site is immediately adjacent to the intersection of

two quite major faults. Face logging at Hatfield Quarry revealed the presence of
abundant, clay-filled, sub-vertical cracks and minor faults associated with this larger scale
faulting (see later). These vertical features posed a potential barrier to horizontal flow and
so an EDM total station theodolite was used to accurately map the location of these

features across the quarry floor to determine their lateral extent, degree of continuity and

whether there were any preferred orientations. This process was only carried out at
Hatfield as similar faults and tension cracks were not found in any significant numbers
elsewhere. Samples were taken from the linings of these faults and were analysed by

Lesley Neve at Leeds University, using quantitative X-ray diffraction techniques, to

determine the likely origin of the clays.
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3.3 Results

Detailed logging at a range of quarries in the Sherwood Sandstone using the methods
described in the previous section allowed a five-fold facies association to be devised for

the study area. This section describes the different facies identified and provides evidence
for each, before presenting evidence regarding the relationships between facies and the
relative facies abundance. The facies identified were;
1) Metre-scale trough cross-stratified sandstone;

1b) Reworked mudstone intraclasts situated within facies 1

2) Low-angle or planar-laminated sandstone;

3) Claystone, sandy claystone or clayey sandstone lenses and drapes.

4) Ripple cross-laminated sandstone

S5) 5-10m scale channel and scour features infilled with Facies 1-4 above.

Facies 1. Trough cross-stratified sandstone. (Figures 3.10, 3.11.). This 1s the most

common facies (see Table 3.2) and consists of trough cross-stratified sandstones that have
been produced by deposition from migrating sand dunes or sinuous crested bars. Facies 1
1s interpreted to represent deposits of dunes within the active braided channels, where
trough cross-stratified units are deposited throughout the rising, peak flow and falling
stages of flooding events and forms the bulk of the Sherwood Sandstone in the quarries
visited. These trough cross-stratified sandstones often incorporate stringers of mudstone

Intraclasts, Facies 1b (presumably rip-up clasts from facies 3, see below), along erosion

surfaces at the bases of the individual dunes or lying on the foreset avalanche surfaces.

Generally the trough cross-stratified sandstones were very fine to medium grained and
free draining, and it was anticipated that this unit would not present a serious barrier to
moisture migration in the vadose zone. Grainsize analysis (Figures 3.3.20, 3.3.21) shows
an upwards fining trend within the trough cross-stratified units. This trend is consistent
with an upwards fining within the dune foresets, and the possible accumulation of fine
material infiltrating into the tops of each bedform in the lee of the next advancing dune.
This change in grain size between dune cross-sets has important implications for
permeability and the generation of GPR reflections. The thickness of the cross-sets tends
to reduce upwards within individual sequences (see Figure 3.10), consistent with dune

height reducing as channel depth shallows (see Bridge, 1993, 2003; Ashworth et al., 2000

for examples within braided rivers).
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Figure 3.10. Planar and cross-stratified units at Austerfield RMC Quarry (SK 672953),
showing decreasing thickness of beds of trough cross-stratified sandstone with height in
the quarry face.

Visible in Figure 3.10. 1s an area where the trough cross-beds of facies 1 have cut down
into the planar-laminated facies 2 layer below. This represents a potential change in
palacocurrent, from East—West at the top 3m of the sequence, to roughly South—North

where the trough units cut into the laminated units, and then back to East— West again for

the basal half-metre of the section.
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Figure 3.11. Stacked trough cross-stratified units at Rufford Quarry (SK 596608). The
quarry face is orientated east-west, is Sm high and 15m long and the set boundaries
(interfaces between each migrating dune) are highlighted with white dashed lines.
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Figure 3.12 shows Facies 2 and 1b in one image. The darker colouration of the upper

layer (d) in facies 2 below the scour (¢) may be clearly seen, together with a lag layer of

clay clasts (b) above the scour feature that is cutting down into (d).

Figure 3.12. Photograph from Eggborough Quarry (SE 573228). Hand lens approx. 10cm
long a) trough cross stratified sandstone (facies 1). b) Mud intraclasts (facies 1b). ¢) Scour

eroding underlying top of d. d) Dark (high moisture content) argillaceous top of planar
laminated sandstone facies 2.

West «—>» East

Figure 3.13. Sketch log showing planar laminated and cross-stratified units at
Eggborough (SE 573228). MC denotes large mud clast.

Palacocurrent data may be inferred from outcrop observations. Figure 3.13 shows trough

cross-stratified facies 1 overlying planar laminated facies 2. abundant mud clasts (facies
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1b) are present, some large, showing preferred orientation that suggests palaecocurrent was

flowing East—West (right—left).

Facies 2. Low-angle or planar-laminated sandstone. This facies consists of fine-
grained clay/silt-rich low-angle or horizontally laminated sandstones, which often lie
directly above facies 1 with trough cross-sets grading into low-angle laminae. This facies

is interpreted to represent either lower angle washed-out dunes, or upper-stage plane beds.

At periods of overbank flow, river flow extends beyond the active channels, giving rise to
large areas of rapidly-flowing, shallow water. This allows the deposition of upper-stage
facies 2 across the braidplain and large areas of planar sheet flood facies may thus be
deposited, which in cross-section, parallel to palacocurrent, may appear to be similar to
facies 1. In the Sherwood Sandstone the top layers of facies 2 (10cm > 0.5m) were
frequently rich in infiltrated silts and clays (hence its darker appearance when damp).
Two possible models for this clay infiltration are: 1) Clay and silt sized particles may
infiltrate through the tops of the sands as near static or pond conditions temporarily return
to the braidplain on falling water levels. This model of clay infiltration agrees with the
results of Pay et al, (2000), who were able to relate clay content with depositional
environment for the Devonian-Carboniferous sandstones of the Clair oilfield. Their
sedimentological interpretation was that the principal method of clay introduction was
infiltration by clay-laden surface waters or adhesion of clay minerals on damp sand grains
either during or shortly after deposition. However, this model does not fully account for
the scarcity of further waning-flow clay-rich bedforms in the Sherwood Sandstone. 2) An
alternative explanation which resolves this problem is that the clays and muds are part of
the river bedload and are transported and deposited with the finer end of the sand fraction
as fine mud pellets which break down into their constituents after deposition. All of the
subsequent waning flow braidplain deposits could then contain significant clays, but most
of these deposits would be eroded at the next flooding event, leaving only thin layers of

clay/silt rich sandstones. This model fits with the data presented for Australian dryland
rivers presented by Page et al., (2003).

Facies 2 was frequently encountered in the field area, although it was less abundant than
facies 1 (see Table 3.2.). Individual units were often highly laterally persistent, and
although usually they were only in the region of 0.5-1m thick it was often possible to
trace them laterally for hundreds of metres (see Figure 3.14). Facies 2 was significantly
more fine-grained than facies 1(see grainsize analysis below — this section), and was often
argillaceous, which allowed it to retain more moisture by capillary retention..Often

appearing darker in the field than the trough cross-stratified sandstone, samples taken
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from facies 2 would dry to a similar colour if left in a warm environment. This suggested
that facies 2 had retained moisture due to significantly increased capillary action than

facies 1.

Figure 3.14. Photograph from Austerfield Quarry (SK 672953). The quarry face,

orientated east - west, is approximately 12-15m high and over 50m long. The feature
marked by the arrow is a laterally continuous (>50m) fine-grained, argillaceous, planar-
laminated sandstone (facies 2).

Figure 3.15. Perched water tables at Eggborough Quarry (SE 573228).

Field photographs provide evidence that the fine-grained facies 2 does cause perched
water tables and horizontal flow in the vadose zone in the overlying facies 1 during
periods of heavy rainfall (Figure 3.15). The cliff face shown (approximately 5-7m high)
consists primarily of trough cross-stratified facies 1 with some layers of sub-horizontal

fine-grained facies 2. The cliff face was generally dry but water was seen to be running
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out of the face (circled areas) along the tops of the finest grained units following heavy
rainfall in February 2001. Vadose zone water migration such as this is strong evidence of

bypass flow occurring due to hydrostatic heads, caused by permeability variations, which

themselves are a result of sedimentary heterogeneity.

Facies 3. Mudstones and claystones. This facies is the least extensive in terms of area
(see Table 3.2.) and consists of occasional detrital claystone, sandy claystone, or clayey
sandstones, which may be up to 0.5m thick and tens of metres in length. Facies 3 1s
interpreted to represent sedimentation in low-velocity regions, probably in slack water, in
abandoned channels, or overbank areas, which are preserved as rare intact layers or

lenses, which form the source material for the abundant mud intraclasts (facies 1b).

Quantitative X-ray diffraction analysis of the clay mineralogy (reported below) reveals a

dominant mixed illite/smectite composition and supports the argument that Facies 3

provides the source material for the prolific mudstone intraclasts. A low resistance to

sediment reworking reduces the preservation potential of Facies 3.

Facies 3 occurs as intact clay horizons. In all the quarries investigated only two intact clay
layers were found, one at Hatfield, one at Rufford. Figure 3.16. shows a clay layer at
Hatfield Quarry. Intact clay layers would represent serious barriers to moisture flow.

However, they are rare and only of limited lateral extent.
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Figure 3.16. Photograph from Hatfield quarry (SE 653075) showing large clay layer and

intraclast. Rucksack for scale. a) Large (9.5m long 0.45m thick) clay layer. b) Large
intraclast detached from (a).
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Facies 4. Ripple laminated sandstone.. This facies consists of centimetre-scale cross-
lamination produced by asymmetric ripples, which are sometimes climbing, and
occasionally are found overlying facies 1 trough cross-stratified sandstones. Facies 4 was

interpreted as deposits left by low, current ripples in shallow water pools or shallow

channels on bar tops (Figure 3.17).

Figure 3.17. Ripple cross-laminae from Darrington Quarry (SE 610209). Field of view
approximately 1.5m across.

Facies 5. Minor infilled scours and channels. This facies consists of small-scale (up to
10m wide) scour or channel features that may be infilled with any of Facies 1-4. These
features are too small to represent the major first or second-order channels and either
represent minor bar top and chute channels or infilled minor scours. Figure 3.18 shows
two such features, one at Rufford Quarry infilled with facies 2 and one at Pollington
Quarry infilled with facies 1. There is also an abandoned channel feature at Pollington

infilled with clay/silt rich deposits and this is examined below. The Rufford channel and

Pollington abandoned channel have been shown using GPR to persist tens of metres
behind the cliff face, and are therefore confirmed as channels, however similar features
seen at Heck and Pollington may not be laterally persistent into the rock and therefore
may represent infilled scour features. Hence facies 5 includes both channels and infilled
scours, and normally consists of reasonably prolific, small features, commonly <10m
across and have been seen at Hatfield, Heck, Eggborough, Pollington and Rufford
Quarries. However, Facies 5 is nowhere near as common as facies 1 and 2 (see Table
3.2). Facies 5 may restrict water migration in the vadose zone where low permeability
infills are present (as shown by the vegetation that is able to thrive on them on the quarry
faces). Thus, infilled scours may represent a significant local barrier to moisture flow.

although it is not anticipated that they would have any significant effects over the aquifer

as a whole because of their Iimited lateral extent.



49

. ey - .. .." 4 ' i : ’ i < 1 g s
we ot AN iy g A ey

-35-’-‘;"%-'1‘.:1% b e B i O TR
. _: 'k . . TR rﬁ_ o il g 8 K R :‘ B L]
IR G TR TN

#'. -l‘-l—--l-‘ 1

Figure 3.18. Photographs of infilled channels a) Channel at Rufford Quarry (SK 596608),
infilled with fine sand/silt (facies 2). A4 clipboard for scale (circled). b) Channel at

Pollington Quarry (SE 612201), infilled with medium sand (facies 1). Field of view
approximately 5 x 10m.

A sketch log taken from the abandoned quarry at Pollington is shown in Figure 3.19 The
main feature is an abandoned minor channel that has been infilled with fine sand and silt.
Trough cross-bedding is again the dominant unit in the sketched face, although there is a

planar laminated unit visible to the top of the exposure.
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‘igure 3.19. Sketch log of abandoned channel (CH) at Pollington (SE 612201). MC
denotes mud intraclasts.
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Further characterisation of the sedimentary facies scheme was provided by a particle size
analysis that was conducted upon a range of samples from several sites and subjected to

Coulter-Counter grainsize analysis. Samples were taken from the tops and bases of
several trough cross-beds (facies 1) and low angle / planar laminated horizons (facies 2)

so that typical grain sizes could be obtained. The results of this are shown in Figure 3.20

below.
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Figure 3.20. Plot showing grainsize variation within facies 1-3 1) Clay/siltstone facies 3,
dso = 45 pum, ii) Planar-laminated facies 2, dso = 110 um, iti) Top trough cross-beds, facies
1, dso = 195 um, iv) Base trough cross-beds, facies 1, dsp =223 pum.

These data show that the finest grained, potentially least permeable sediments were the
clay / siltstone units. Planar laminated sandstones were significantly coarser and likely to

retain less water per cubic metre than the clay/siltstones. Trough cross-stratified

sandstones were coarsest, and these often show fining upwards within individual cross-
sets (Figure 3.21).
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Figure 3.21. Plot of top / basal grainsize for individual trough stratified units.

The relative abundance and relationships between the various facies was investigated
using sketch logs. Figure 3.22 is a sketch log representing the Southeast corner of Great
Heck Quarry (palacocurrent right—left). Several facies are present, trough cross-stratified
and planar-laminated facies 1 and 2 (see Figure key) are abundant and there are several

small facies 5 channel features (CH) and areas containing facies 1b mud intraclasts (MC)

shown.

Figure 3.23 from Rufford Quarry (palacocurrent left—right) shows trough cross-stratified
units as more abundant and planar laminated units less abundant than Figure 3.22. Also
visible are facies 3 ‘muddy sandstone’ layers, mudstone lenses (ML) and a significant
quantity of facies 4 ripple cross-beds (see figure key). This level of preservation of these

facies is unusual within the study area, at other quarries visited they were extremely rare
(see Table 3.2).
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The edge of a quarry bench at Great Heck Quarry (palacocurrent left—right) is shown in Figure
3.24. The bench was situated on the eastern wall of the quarry. This sketch has a large proportion of

facies 1, with a small channel infill (facies 5) and only limited quantities of facies 2, although the bed
of facies 2 extends across the entire bench face. There are some limited areas of very fine cross

bedding visible at the top of the exposed sequence, and these were interpreted as ripple-bedded units,
although this is the only location at Heck Quarry where this facies were observed. Some small-scale,
sand infilled fractures were also observed, although these were not continuous throughout the face.

The feature marked (X) on figure 3.24 is not a fracture, but simply represents a line of limited face

collapse as a result of quarrying activity.

The sketched faces from all localities were logged at 10m intervals and the percentage of each facies
unit within each log was calculated and the Great Heck Quarry face logs (Figure 3.25) are given as
an example. The total height of each unit from all the logs is presented as a percentage of the sum
total height of all logs to give an estimate of the overall facies distribution for the Sherwood

Sandstone in the Selby-Mansfield area (see Table 3.1).

<1.5m thick trough cross stratified sandstones with mud 71%
Fine grained low angle / horizontally laminated 25%

Claystone, sandy claystone or clayey sandstone lenses and 1%
- mud drapes
Channel features that may be infilled with any of units 1-4.

Table 3.2. Revised facies scheme for the Sherwood Sandstone n the study area.

The values for Great Heck Quarry were calculated as; trough cross-stratified sandstones — 71

percent, channel units — 2 percent, horizontally laminated units — 27 percent and ripples — 1 percent.

These values strongly suggest that Great Heck is largely representative of the Sherwood Sandstone

within the Selby-Mansfield area as a whole.
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Core and gamma logging. Having described a facies scheme for the Sherwood Sandstone (above-
this section) it was necessary to provide some verification that the facies scheme was directly
applicable to the Great Heck test site. Hence a core and a gamma log were taken to provide a record

of the subsurface lithology directly beneath the Great Heck test site. The results of the core logging

are summarised in Figure 3.26. Note the sections where no recovery occurred. The log lists these
units as fine-grained, as fine-grained layers are generally the most likely to be lost by this type of
coring in the Sherwood Sandstone. The log 