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Abstract

Sandstone aquifers are commonly assumed to represent porous media
characterized by a permeable matrix. However, such aquifers may be heavy
fractured when rock properties and timing of deformation favour brittle failure and
crack opening. In many aquifer types, fractures associated with faults, bedding
planes and stratabound joints represent preferential pathways for fluids and
contaminants. In this paper, well test and outcrop-scale studies reveal how strongly
lithified siliciclastic rocks may be entirely dominated by fracture flow at shallow
depths (< 180 m), similar to limestone and crystalline aquifers. However,
sedimentary heterogeneities can primarily control fluid flow where fracture apertures
are reduced by overburden pressures or mineral infills at greater depths.

The Triassic St Bees Sandstone Formation (UK) of the East Irish Sea Basin
represents an optimum example for study of the influence of both sedimentary and
tectonic aquifer heterogeneities in a strongly lithified sandstone aquifer-type. This
fluvial sedimentary succession accumulated in rapidly subsiding basins, which
typically favours preservation of complete depositional cycles including fine grained
layers (mudstone and silty sandstone) interbedded in sandstone fluvial channels.
Additionally, vertical joints in the St Bees Sandstone Formation form a pervasive
stratabound system whereby joints terminate at bedding discontinuities. Additionally,
normal faults are present through the succession showing particular development of
open-fractures. Here, the shallow aquifer (depth <180 m) was characterized using

hydro-geophysics. Fluid temperature, conductivity and flow-velocity logs record



inflows and outflows from normal faults, as well as from pervasive bed-parallel
fractures. Quantitative flow logging analyses in boreholes that cut fault planes
indicates that zones of fault-related open fractures characterize ~ 50% of water flow.
The remaining flow component is dominated by bed-parallel fractures. However,
such sub-horizontal fissures become the principal flow conduits in wells that
penetrate the exterior parts of fault damage zones, as well as in non-faulted areas.
The findings of this study have been compared with those of an earlier investigation
of the deeper St Bees Sandstone aquifer (180 to 400 m subsurface depth)
undertaken as part of an investigation for a proposed nuclear waste repository. The
deeper aquifer is characterized by significantly lower transmissivities. High
overburden pressure and the presence of mineral infillings, have reduced the relative
impact of tectonic heterogeneities on transmissivity here, thereby allowing matrix
flow in the deeper part of the aquifer. The St Bees Sandstone aquifer contrasts the
hydraulic behaviour of low-mechanically resistant sandstone rock-types. In fact, the
UK Triassic Sandstone of the Cheshire Basin is low-mechanically resistant and flow
is supported both by matrix and fracture. Additionally, faults in such weak-rocks are
dominated by granulation seams representing flow-barriers which strongly
compartmentalise the UK Triassic Sandstone in the Cheshire Basin.

Key words: Sandstone, flow pathways, heterogeneities, fault, fracture, matrix

1. Introduction

Quantitative studies for gaining an improved understanding of flow pathways
represent a key issue for groundwater protection and catchment planning for all
aquifer types. This work focuses on lithified sandstone aquifers and aims to
characterize the role various types of sedimentary and tectonic heterogeneities on
aquifer behaviour and contaminant transport in the phreatic zone. The rate of
passage of inorganic (e.g., NAPL, nitrogen, phosphate and chlorinated solvents) and
organic (e.g., bacteria, virus) contaminants flowing through a sandstone matrix are
controlled by a range of sedimentary heterogeneities (Lawrence et al., 2006; Mobile
et al., 2016; Qin et al., 2013; Rivett et al., 2011; Tellam and Barker, 2006; Zhu and
Burden, 2001), such as the presence of relatively low permeability mudstone layers.
Alternatively, these contaminants may be transported at higher flow velocities along
mechanical discontinuities of tectonic origin, such as bedding parallel fractures,
vertical joints or fault-related fracture corridors (Barker et al., 1998; Berkowitz, 2002;
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Bradbury et al., 2013; Cilona et al., 2015; Faulkner et al., 2009; Hartmann et al.,
2007; Huyakorn et al., 1994; Odling and Roden, 1997; Rutqvist and Tsang, 2003;
Steele and Lerner, 2001). The relative importance of matrix versus fracture flow is
known to vary as a function of depth, owing to different sensitivities to geochemical
alteration (e.g., diagenesis) and overburden pressure (Akin, 2001; Howard, 1988;
Zoback and Byerlee, 1975). Thus, a specific study, which combines hydraulic tests
(pumping tests, flow logging) at different depths, may provide an improved
understanding of the relative importance of porous matrix versus fractures in
controlling groundwater flow and contaminant transport in sandstone aquifers
(Gellash et al., 2013; Tellam and Barker, 2006). Multi level sampling arrays have
been used to detect traces of contaminants in relation to bedding parallel fractures in
sandstone aquifers (e.g., Gellash et al., 2013; Powell et al., 2013). The hydrogeology
of faults represents a further specific key issue in groundwater protection since such
structural discontinuities can act as either barriers or preferential pathways for
contaminants (Bense et al., 2013; Bottrell et al., 2008; Caine et al., 1996; Mohamed
and Worden, 2006). Furthermore, water wells have been recognized both as
preferential pathways for and sources of contaminants (Avci, 1992). Hence, pollutant
plumes may be exacerbated by the interaction between groundwater and boreholes
(Avci, 1992; Hammond, 2016; Rivett et al., 1990). The use of well tests in a fractured
media allows us to test the interaction between all preferential pathways for
contaminant transport which are represented by boreholes, tectonic open fractures
and permeable sedimentary layers (Bauer et al., 2004; Odling et al., 2013).

Previous quantitative studies, involving hydraulic tests in lithified sandstone aquifers
(Brassington and Walthall, 1985; Gellash et al., 2013; Hitchmough et al., 2007; Lo et
al., 2014; Price et al., 1982; Runkel et al., 2006), have focused on determining only
the role of sub-horizontal discontinuities on water flow, including their connections
through vertical stratabound joints. In contrast, past studies of the hydrogeology of
faults in sandstone aquifers have focused on plug-scale fault rock samples and mini-
permeameter outcrop experiments. Such studies have aimed to quantify the sealing
potential of normal faults on hydrocarbon reservoir analogues (e.g., Antonellini et al.,
1994; Balsamo and Storti, 2010; Torabi and Fossen, 2009; Tueckmantel et al.,
2012). Consequently, quantitative hydraulic studies that encompass multiple aquifer
heterogeneities, such as sub-horizontal stratigraphic discontinuities linked by multi-

layer vertical fractures and extensional faults, are lacking.
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This work investigates the sandstone aquifer of the Triassic St Bees Sandstone
Formation, which represents the basal part of the Sherwood Sandstone Group — the
second most important UK aquifer in terms of the amount of groundwater abstracted
(Allen et al.,, 1997; Binley et al., 2002; Smedley et al., 2002). The Sherwood
Sandstone Group has been the object of recent studies of sedimentary
heterogeneities (e.g., Medici et al., 2015; Newell et al., 2016; Wakefield et al., 2015).
Results from these works have demonstrated how the St Bees Sandstone Formation
represents an optimum analogue for the characterization of sedimentary
heterogeneity in analogous subsurface hydrocarbon reservoirs of fluvial origin that
accumulated in rapidly subsiding basins, such as those of the East Irish Sea Basin
(Akhurst et al., 1998; Chadwick et al., 1994). Such conditions typically allow
preservation of low-permeability units, including mudstone lenses that occur
interbedded in otherwise sandstone-dominated successions (Colombera et al., 2013;
Miall, 1977). Notably, the St Bees Sandstone aquifer is entirely characterized by a
stratabound fracturing system (sensu Gillespie et al., 2001; Odling et al., 1999;
Odonne et al., 2007; Rustichelli et al. 2013, 2016), which is particularly pervasive in
this aquifer due to its layered nature coupled with high mechanical resistance
(Ameen, 1995; Bell, 1992; Daw et al., 1974). Fault zones in this aquifer are
characterized specifically by the development of open fractures and a paucity of low-
porosity deformation bands (Knott, 1994). Consequently, the St Bees Sandstone
aquifer represents an optimum laboratory to test a wide range of aquifer
heterogeneities of both tectonic (e.g., vertical joints, bedding parallel and extensional
fractures) and sedimentary origin (e.g., mudstone layers), which are especially well
represented in this aquifer (Ameen, 1995; Bell, 1992; Jones and Ambrose, 1994;
Knott, 1994; Medici et al., 2015). Additionally, parts of the St Bees Sandstone aquifer
that are buried at depths greater than 180 m, have been the object of a hydro-
geophysical characterization, which commenced in the early 1990s as part of the
planning of the proposed Sellafield nuclear waste repository (e.g., Appleton, 1993;
Michie, 1996; Milodowski et al., 1998; Nirex, 1992 a, 1992b, 1992c, 1993a, 1993b,
1993c; Streetly et al., 2000, 2006). Thus, this study area offers the opportunity to
compare hydro-geophysical studies undertaken at different depths, thereby allowing
the opportunity to distinguish the depth-sensitivity of tectonic flow pathways versus

matrix flow.



Specific research objectives are as follows: (i) use hydro-geophysics to constrain all
the potential flow heterogeneities using imaging and wireline well-logs; (ii) quantify
the role of individual structure types in terms of their contribution to flow using fluid
temperature, conductivity and velocity logs; (ii) compare the hydro-geophysical
characterization undertaken at shallow depths (€150 m) as an outcome of this work,
with previous studies that characterized the aquifer properties at greater depths (180
to 400 m); and (iv) compare the hydraulic characteristics of the St Bees Sandstone
aquifer with those of less-mechanically resistant sandstone aquifers.

2. Hydrogeological background

The Sherwood Sandstone Group (Lower Triassic) is a red-bed succession that has
long been ascribed to a mixed fluvial and aeolian origin (e.g., Bashar and Tellam,
2011; Ixer et al., 1979; Mountney and Thompson; 2002; Tellam and Barker, 2006;
Thompson, 1970; Turner, 1981). This sandstone-dominated succession represents
the UK’s second most important aquifer. Contamination has arisen due to agricultural
activity, and the release of industrial waste and sewage in urban areas (Barrett et al.,
1999; Bottrell et al., 2008; Bloomfield et al., 2001; Cassidy et al., 2014; Gooddy et
al., 2002; Powell et al., 2003; Rivett et al., 1990; Rivett et al., 2012; Zhang and
Hiscock, 2010, 2011). In West Cumbria (Fig. 1a, b), the Sherwood Sandstone Group
attains a typical thickness of 1300 m (Jones and Ambrose, 1994; Nirex, 1997) and is
formally divided into three different formations: the St Bees, Calder and Ormskirk
Sandstone formations (Barnes et al., 1994; Holliday et al., 2008). The St Bees
Sandstone aquifer, which is the focus of this study, is predominantly characterized by
fine- to medium-grained sandstone of fluvial origin that passes upwards into the
aeolian-dominated succession of the overlying Calder Sandstone Formation (Jones
and Ambrose, 1994; Holliday et al., 2008). The Cumbrian Coastal Group, which
underlies the St Bees Sandstone aquifer, is characterized by shale and gypsum,
anhydrite and dolomite evaporite deposits, and represents a basal aquiclude
lithology for the St Bees Sandstone aquifer (Fig. 1; Holliday et al., 2008; Smith, 1924;
Strong et al., 1994).

The field site is located in the St Bees-Egremont area in NW England (Fig. 1a, b)
where the St Bees Sandstone aquifer is confined by glacial and alluvial Quaternary
deposits (McMillan et al., 2000). The St Bees Sandstone Formation is divided into
two members: the North Head Member and the overlying South Head Member
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(sensu Medici et al., 2015). The two members are differentiated primarily based on
the abundance of fine-grained mudstone layers which range in grain size from clay
to coarse silt (Ambrose et al., 1994; Medici et al., 2015; Nirex, 1997). The basal 35 m
of the lower North Head Member is arranged into an alternation of fine-grained
sandstone and mudstone beds. This basal part of the aquifer passes upwards into a
succession dominated by sandstone, with mudstone layers representing only 10%
and 5% of the entire succession in the upper North Head and South Head members,
respectively (Barnes et al.,, 1994; Jones and Ambrose, 1994; Nirex, 1997). Water
boreholes in the St Bees Sandstone aquifer of West Cumbria are designed with long
screens (80-150 m) to penetrate only the South and upper part of the North Head
members aiming to avoid the potential low permeability unit which is represented by
the mud-prone lower part of the North Head Member (Allen et al., 1997).

Tectonic heterogeneities, which characterize the UK Sherwood Sandstone aquifer,
are represented by normal faults and stratabound joints (Allen et al., 1998;
Chadwick, 1997). On a local scale, detailed studies of the tectonic structures of the
St Bees Sandstone Formation have been undertaken by Knott (1994), Ameen (1995)
and Gutmanis et al. (1998) as part of a series of radioactive waste disposal
assessments associated with the Sellafield repository. These studies confirm the
typical pattern of tectonic structures of the UK Sherwood Sandstone, for which high-
angle normal faults and stratabound joints characterize the studied aquifer.

Knott (1994) highlights the relatively minor occurrence of granulation seams (sensu
Beach et al., 1999; Hitchmough et al., 2007; Knott et al., 1996; Pittman, 1981) in the
fault zones of the St Bees Sandstone Formation compared to deposits of the
Sherwood Sandstone Group across the UK more widely, where such tectonic
structures are more abundant (Griffiths et al., 2016; Knott, 1994). Stratabound joints,
which characterize the entire aquifer, have been related in the study area to the
Cenozoic uplift of NW Europe (Barnes et al., 1994; Nirex, 1997). Additionally, the
fracture network which characterizes the St Bees Sandstone aquifer also includes
bedding and cross-bedding fractures. These sub-horizontal discontinuities are
related to the opening of sedimentary discontinuities due to reduction of the vertical
stress tensor in response to the Cenozoic lithospheric uplift of NW Europe (Allen et
al., 1998; Ameen, 1995; Duperret et al., 2012; Gillespie et al., 2001; Odling et al.,
1999). Layered aquifers of the north-western European region are typically
characterized by similar fracturing patterns (e.g., Duperret et al., 2012; Gillespie et
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al., 2001; Odling et al.,, 1999). The Sherwood Sandstone Group across the UK
presents typical matrix hydraulic conductivity and porosity values of 0.1-8.0 m/day
and 15 to 30%, respectively (e.g., Allen et al., 1997; Bloomfield et al., 2006; Pokar et
al., 2006). Shear strength is typically characterized by low values ranging from over-
consolidated sand to weak rock (Hawkins et al., 1992; Yates, 1992). In this hydro-
mechanical framework, the St Bees Sandstone aquifer of West Cumbria represents
an exception in the red-bed successions of the UK Sherwood Sandstone Group.
Indeed, the interquartile range for plug-scale hydraulic conductivity ranges from
3.0x10™ to 2.5x102 m/day and from 13% to 20% for porosity, these value are much
lower compared to the petrophysical properties of the Sherwood Sandstone Group
across other parts of the UK (Allen et al.,, 1997). Furthermore, the St Bees
Sandstone Formation is relatively mechanically resistant; it is commonly used as a
building stone in the West Cumbrian region (Bell, 1992). Additionally, Daw et al.
(1974) has demonstrated, using multi-stage triaxial stress experiments, how the
West Cumbrian St Bees Sandstone aquifer is characterized by the typical petro-
mechanic characteristic of lithified clastic rock at moderate depths (cf., Crook and
Howell, 1977; Jones, 1975). As a consequence, intergranular permeability is only
slightly reduced (by 6%) in response to an increase in lithostatic pressure of 7 MPa,
representing the overburden pressure at approximately 300 m below the surface
(Daw et al., 1974). By contrast, the fracture flow component is substantially removed
(by 90%) in experiments that apply the same amount of overburden pressure (7MPa)
to plugs of the St Bees Sandstone Formation that contained single fractures (Daw et
al., 1974).

Large-scale hydraulic tests in the Sherwood Sandstone Group of West Cumbria are
summarized by Allen et al. (1997) with regards to shallow water wells. However,
Streetly et al. (2000) investigated the more deeply buried parts of the St Bees
Sandstone aquifer in the context of an investigation for a proposed radioactive waste
repository at Sellafield. The two different groups of pumping tests data described by
Allen et al. (1997) and Streetly et al. (2000) show different transmissivities. These
hydraulic tests were undertaken at shallow (zero to 200 m) and greater (200 to 400
m) depths and show a decreasing transmissivity with increasing subsurface depth of
two orders of magnitude (10?). Furthermore, pumping tests undertaken by Streetly et
al. (2000) on the deep St Bees Sandstone aquifer as part of the planning for the
Sellafield radioactive waste repository show how the stratigraphic units of the North

7



Head Member which are characterized by a higher occurrence of mudstone beds are
also characterized by relatively lower aquifer transmissivity (T= 0.46 - 1.99 m?%day;
median = 1.30; 0 = 1.42; n=23). In contrast, the South Head Member of the St Bees
Sandstone Formation (which is dominated by channel-sandstone deposits) is
characterized by aquifer transmissivities ranging from 1.17 up to 4.88 m?day
(median = 1.73; 0 = 1.31; n=9). The fact that no systematic comparison of these
datasets has been undertaken previously, so as explain the depth dependence of
transmissivity is part of the rationale for the work reported in this paper. Additionally,
the interpretation of variations in transmissivity as function of depth is coupled in this
work with the quantification of the different contribution of tectonic structures (faults,
bedding fractures and joints) on water flow at shallow depths (< 180 m).

3. Experimental methods

3.1 Wireline and optical televiewer logging

Six pre-existing monitoring wells (0.15 to 0.20 m in diameter; 90 to 152 m depth),
which are located at different distances from mapped fault traces, were
geophysically logged (Fig. 1b; Tab. 1). Mechanical calliper, natural gamma,
resistivity, gamma-gamma density, neutron porosity and optical televiewer (ALT
QL40 mk5) logs were recorded, along with the structure picking (sensu Williams and
Johnson, 2004) of both sedimentary and tectonic heterogeneities, to characterize the
orientation of geological heterogeneities. This structure picking allowed plotting of
open fractures (n = 583), thin white sandstone beds (n = 279) and thin red mudstone
beds (n = 28), as well as the calculation of vector mean statistics for the orientation
of each group of heterogeneities using the Stereonet 9 software package
(Allimendinger et al., 2012). Fractures present in the St Bees Sandstone, and
recorded in the logs, comprised bedding plane fractures, cross bedding fractures,
vertical joints and fault related-open fractures. Granulation seams were not detected
by the automated structure picking procedure since such tectonic structures occur in
only one well (Ellergill Bridge) as tortuous and short (0.05-0.1 m) bands that do not
fully cut across the entire borehole width.

3.2 Scanlines-stratabound joints at cliff outcrops
Scan-line surveys have been performed at cliff outcrops around St Bees Head (see
Fig. 1) to characterize the stratabound fracturing system present in the St Bees
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Sandstone aquifer, since vertical boreholes numerically underestimate sub-vertical
fractures (Terzaghi, 1965). The chosen methodology is specific for stratabound joints
(Rustichelli et al., 2013) and involves the recording of 5 parameters: strike
orientation, dip inclination, fracture horizontal spacing distance, percentage of infilled
fractures and the thickness of the mechanical layer which contains the joints. Ten
scanlines were measured along five different study sites (at each site two orthogonal
horizontal scanlines lines have been realised to avoid bias). A total of 188
discontinuities which includes sub-vertical joints (n=140), cross (n=21) and bedding
parallel (n=27) fractures were recorded and plotted on stereonets (cf., Allimendinger
et al., 2012).

3.3 Pumping tests

Historical single-borehole pumping test data from the studied wells have been re-
analysed using the ESI AquiferWin32 V.5 software package to obtain reliable
transmissivity values to use for a quantitative flow-log analysis. Step tests have been
analysed using the method of Eden and Hazel (1973) and the associated recovery
using the method of Theis (1935). Data from pumping tests characterized by a
constant abstraction flow are also available; for these data the recovery phase has
been analysed using the Theis methodology.

Furthermore, the analysed pumping tests have been integrated with previously
published pumping test data also acquired, to characterize the St Bees Sandstone
aquifer more fully (Allen et al., 1997; Streetly et al., 2000). This was done to
characterize transmissivity ranges from the shallow (n = 21) and the deep (n = 32)
parts of the aquifer.

3.4 Upscaling hydraulic conductivity

Transmissivity values from well tests are compared with upscaled values derived
from hydraulic conductivities that are available in literature for the St Bees
Sandstone aquifer in West Cumbria, to establish the relative contribution of fracture
versus matrix flow in the shallow aquifer (Allen, 1997; Nirex, 1992a, 1992c, 1993b,
1993c). The horizontal hydraulic conductivity from sandstone plugs was upscaled
using the geometric mean for the screen length (Tab. 1) of each flow-logged well to
compute the screen transmissivity. Flow in this upscaling approach is assumed
perpendicular to the screen consistent with the layered nature of the aquifer and sub-
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horizontal dip of the beds (10°). Geometric and harmonic means are typically used
for upscaling of hydraulic permeability in heterogeneous sandstone aquifer or
reservoir types (Chen et al., 2003; Jackson et al., 2003). We used the geometric
mean since better represents the sensitivity of horizontal flow to layer permeability
variation. For example, Zheng et al. (2000) has found a better match between plug
and field scale transmissivity upscaling the Kp geometric mean rather than K

harmonic mean in sandstone fluvial reservoirs.

3.5. Temperature, conductivity and flow velocity logs

Both pumped and ambient-flow velocity, fluid temperature and conductivity logs have
been recorded in all six study wells using a Geovista mk2 impeller flow meter
(minimum observable flow rate of 10 mm/s according to the manufacturer). Flow-log
analyses aimed to determine the hydraulic conductivity (k) of each identified
hydraulic layer i, with thickness (Az) from the computed partial transmissivity (T;)

using equation (1),

Ti = ki X Az; (1)

A quantitative approach has been used to analyse flow meter data to determine
partial transmissivity (T;i) by combining overall well transmissivity values derived from
the pumping test analyses with fluid velocity logs. The quantitative method adopted
for the flow log analysis comprises a model to determine transmissivity value of
fracture rock zones (Paillet, 1998, 2000). Day-Lewis et al. (2011) provides a
computer program for the latter model, called “Flow-Log Analysis of Single Holes
(FLASH)”. This program is based on the multi-layer Thiem (1906) equation (2), which
describes confined radial flow in both ambient and stressed flow conditions,

_ ZT[Tl(hW_hl)

Q== (@)

In(ro/rw)

where Q; is the volumetric flow into or out of the well from layer i; hy, and h; are,
respectively, the hydraulic head in the well (which has radius ry) and in the far-field
at ro (the radius of influence); T; is the transmissivity of layer i. The FLASH program

has an optimizing calibration method which aims to minimize difference between
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data and model misfit. The model misfit is generated based on the differences (hy-h))
between the water level in the borehole (hy) under pumped and ambient conditions
and the far-field heads (h;). The automated model calibration of the FLASH program
is based on a Generalized Reduced Gradient algorithm which was developed by
Lasdon and Smith (1992). Four of the six wells examined did not show significant
diameter variations, but in two cases (Black Ling, Pallaflat Reservoir wells) diameter
variations > 30% occurred in correspondence of faults in thick intervals (2-5 m).
Here, water flow (Q;) was manually corrected for these borehole diameter changes.
Drawdowns in the wells between pumped and ambient conditions are assumed to
represent aquifer drawdowns; head losses between the well and the aquifer (skin
effects, wells losses) are assumed to be small. Additionally, the FLASH program
requires information concerning well construction (top and bottom elevations of open
section, well diameter), depth of the water table and an estimate of the radius of
influence of pumping (r,=50 - 165 m)" in each borehole.

The Day-Lewis et al. (2011) methodology has been applied to flow-log analyses in
four of the six wells (Black Ling, Bridge End Trial, Rottington Trial, Thornhill Trial),
which all showed strong flows under ambient conditions (up to 80 mm/s upflow). This
is consistent with the results of Brassington (1992) who found significant ambient
upflows in open wells in the study area. However, logs carried out in the two
remaining wells (Ellergill Bridge, Pallaflat Reservoir) could not be successfully
analysed using the Day-Lewis et al. (2011) methodology, possibly due to lower
ambient flow rates (0-18 mm/s)2. Hydraulic effects associated with irregular borehole
diameter and resulting changes in flow velocity which may trigger water turbulence
may also have contributed (Grass, 1971, Paillet, 2004, Tsang et al., 1990). Instead,
these well logs were analysed using a simpler approach that assumes quasi-steady
state flow in pumped conditions, but negligible head difference between layers and
vertical ambient flow in the borehole, and hence only requires data from the pumped
flow-logs (Molz et al., 1989; Fienen et al.,, 2004; Parker et al., 2010). This
methodology determines the transmissivity T; for each layer, simply from the
proportion of total inflow to the well entering from that layer under pumped

' Radius of influence for the entire pumped interval was found using the transient flow equation
assuming a storativity value of 2x10 (Allen et al., 1997) and water that has been pumped for a period
of 20 minutes. Radius of influence range from 50 to 165 m, although the FLASH program is strongly
insensitive to ry since this parameter appears inside the logarithm of equation (2).

2 Ambient flow in Ellergill Bridge and Pallaflat Reservoir is close to the nominal detection limit of the
flow meter (10m/s).
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conditions, and the overall well pumping test transmissivity T. The proportion of the
total inflow is given by the change in vertical flow velocity between the top and
bottom of layer i, divided by the maximum flow velocity i.e. that above the highest

permeable zone, Vinay, i.€,

T 3)
Layer hydraulic conductivity k; is then determined according to equation (1). This
method essentially neglects ambient head difference between the layers as a source
of vertical flow within the well, whereas the Day-Lewis et al. (2011) methodology
accounts for this.

4. Results and discussion

4.1 Aquifer heterogeneities

The optical televiewer logs acquired from the six wells confirm that the
characteristics of the St Bees Sandstone aquifer observed in outcrop are also
present in the subsurface. The principal heterogeneities are represented by thin
mudstone (0.01 to 0.65 m) and white silty sandstone (0.01 to 0.50 m) interbeds in
red sandstone, and also by bedding plane fractures, vertical joints and brittle
cataclastic faults (Figs. 2, 3 a-c, 4). Vertical joints form a stratabound system in the
St Bees Sandstone aquifer since they stop at bed-parallel fractures and sedimentary
heterogeneities.

Bedding planes observed both at outcrop along the South Head cliff (Fig. 2 a), and in
four of the six logged wells (Black Ling, Bridge End Trial, Ellergill Bridge, Rottington
Trial) dip towards the SW at 5° to 20° (mean vector dip azimuth = 228° mean vector
dip angle = 12°; vector magnitude = 0.99; n = 439). By contrast, in the two remaining
wells (Thornhill, Pallaflat Reservoir) bedding planes dip towards SE at 5° to 15°
(mean vector dip azimuth = 150° mean vector dip angle = 7°; vector magnitude =
0.98; n =192).

The Black Ling and Pallaflat Reservoir wells penetrate fault zones, as shown in the
geological map (Fig, 1b). Normal faults are well exposed along the South Head Cliff
and show development of open fractures, although granulation seams are also
present in the damage zones (Fig. 2b). For these wells, the optical logs (Fig. 3c)
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show zones which are characterized by a cataclasite with brittle open fractures. Such
features represent the typical fault core (sensu Caine et al., 1996) in the study area
according to Gutmanis et al. (1998) and Nirex (1997). However, although situated on
a fault trace, the Ellergill Bridge well apparently cuts only the external part of the fault
damage zone, as shown by sub-vertical granulation seams (Fig. 3d). Indeed,
granulation seams dominate the external parts of fault damage zones more widely in
the study area (Gutmanis et al., 1998). Fault-related and principal bedding plane
fractures that are imaged in optical televiewer logs are altered by groundwater flow.
These fractures possess small cavities, which act to enlarge tectonic discontinuities
(Fig. 3b, c, e). Additionally, some other fractures (Fig. 3f) are partially filled by calcite,
which represents the soluble cement of the St Bees Sandstone aquifer (Milodowski
et al., 1998; Strong et al., 1994). The wells that intersect faults confirm the
observation of Gutmanis et al. (1998): cataclastic fault cores with open fractures and

granulation seams occur in the fault damage zone.

4.1.1 Sedimentary heterogeneities

The sedimentary heterogeneities of the St Bees Sandstone aquifer have been
recognized by integrating optical televiewer and wireline logs (Fig. 4). The results of
the geophysical characterization are summarized in stereonet plots with regards to
the orientation of both sedimentary and tectonic heterogeneities (Fig. 5). Additionally,
the vertical occurrence of these structures is summarized in Table 2.

Sedimentary heterogeneities (Fig. 4) are represented by thin white sandstones
(91%) and thin mudstones (9%), typically red in colour. The white sandstone (Fig. 4,
feature 1) is characterized by low neutron porosity (14 to 18%) and resistivity (50 to
80 Q-m), and high values of gamma-gamma density (2.4 to 2.6 g/cm®) and natural
gamma (70 to 100 CPS). The mudstones (Fig. 4, feature 2) are also characterized
by low porosity (10 to 18%) and resistivity (40 to 70 Q:m), and high values of
gamma-gamma density (2.4 to 2.55 g/cm®) and natural gamma (80 to 110 CPS).
Despite this, mudstone beds (Hm) can be easily distinguished from the white
sandstones (Hws) using the optical televiewer log data, since the former are
distinctly red in colour (Figs. 3b and 4). Mudstone beds (Hm) occur with a lower
frequency than the white sandstone beds (Hws); average vertical spacing is 16.1 m
and individual beds are 0.01 to 0.65 m thick (mean = 0.10 m; 0 = 9.91 m; n = 28). In

contrast, white sandstone beds are 0.01 to 0.50 m thick (mean = 0.04 m; 0 = 5.88 m;
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n = 279); they show an average spacing in the boreholes of 2.1 m. Mudstone (Hm)
and white sandstone (Hws) beds together are both characterized by finer grain size
(silt, fine sand), lower porosity (10 to 18%) and high natural gamma (>70 CPS)
values which represent typical petro-lithological characteristics associated with clay
mineral and mica bearing units (Bloomfield et al., 2006; Hurst, 2000; Rider, 2000;
Yang and Aplin, 2007). Petrological studies on the sedimentary heterogeneities of
the St Bees Sandstone Formation confirm the presence of fine-grained clay and
mica enriched horizons (Strong et al., 1994).

Units enriched in clay minerals represent partial barriers to the fluid flow in matrix-
flow aquifer types (Tellam and Barker, 2006) and typically impede movement of high-
density contaminants (e.g., DNAPL) moving towards the bottom of the phreatic zone
(Conrad et al., 2002; Lawrence et al., 2006; Oostrom et al., 1999). Furthermore, in
the Sherwood Sandstone Group of NE England, mudstone and fine-grained
sandstone layers represent thin lower aquicludes for seasonal perched aquifers in
the vadose zone (West and Truss, 2006).

4.1.2 Fractures

Tectonic features recognized in the optical televiewer and wireline logs include
vertical joints, fault related-open fractures and granulation seams. Bedding plane and
cross-bedding plane fractures detected by televiewer and wireline logs are typically
related to the mechanical reactivation of sedimentary structures in response to a
lithospheric uplift or gentle folding of a layered stratigraphic succession (Allen., 1998;
Ameen, 1996; Odling et al., 1999; Odonne et al., 2007). Hence, these low-angle
inclined fractures must be considered tectono-sedimentary heterogeneities. Calliper
logs show diameter increases of the borehole in correspondence with bedding plane
fractures (S1) ranging from 1% to 20%, and up to 66% where brittle cataclastic faults
are present.

All six studied wells are vertical. Eighty-two per cent of fractures possess inclinations
less than 35° As a consequence, moderate-angle inclination (35° to 609
characterizes only the 7% of fractures, whereas high-angle to vertical inclinations
(60° to 90°) characterize 11% of the fractures. However, note that moderate and high
angle inclined fractures are under-sampled in vertical boreholes. The Terzaghi
(1965) Correction was applied in contouring to remove bias due to the vertical
orientation of the borehole (Fig. 5a). Discontinuities (Fig. 5) have been grouped into
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seven different sets (S1, S2, S3, S4, S5, S6, S7). Set 1 (S1) is represented by large
bedding plane fractures which gently dip (1 to 20°) both towards SW and SSE. Set 2
(S2) always dips towards NNW (20° to 35°), which is the typical orientation of the
cross-bedding in the study area (Jones and Ambrose, 1994; Medici et al., 2015) and
likely represents the mechanical reutilization of such discontinuities. Sets S3, S4, S5,
S6 are high-angle (65° to 90°) stratabound joints, which terminate where they
intersect sub-horizontal discontinuities (Fig. 2). Sets S3 and S4 are NW-SE striking
and dip towards NE and SW, respectively; Sets S5 and S6 also represent high-angle
stratabound joints and respectively dip towards NW and SW (Fig. 5 c, d). However,
fractures of Set 7 (S7) are randomly oriented and show dip angles that vary from 40°
to 65°. Such discontinuities (S7) are likely either fault related or caused by drilling.
Vector mean statistics (Fig. 5 ¢, d) confirm that the four sets of inclined fractures (S3,
S4, S5, S6) are related to the stratabound fracturing system since they are
characterized by two orthogonal systematic orientations (Gillespie et al., 2001;
Odling et al., 1999; Odonne et al., 2007; Rustichelli et al. 2013, 2016).

Mean vectors (Fig. 5) of sedimentary heterogeneities consisting of mudstones and
thin white sandstones (Hws, Hm) and bedding plane fractures (S1) show how such
sub-horizontal structures possess similar orientations. Evident superimposition of
poles to planes in stereoplots confirms how S1 structures are closely related to these
sedimentary heterogeneities. Indeed, bedding-plane fractures (S1) represent the
mechanical reactivation of the main erosive bounding surfaces and minor planar
laminations, which have themselves been the object of previous sedimentological
studies (e.g., Jones and Ambrose, 1994; Medici et al., 2015).

Evidence of the mechanical reutilization of erosive bounding surface in the St Bees
Sandstone aquifer is related to the fact that the average vertical spacing of S1
fractures in boreholes (1.2 m) matches the average vertical spacing of the 3" order
erosive bounding (sensu Miall, 2006) described by Medici et al. (2015) and Nirex
(1997) in the study area.

In contrast to the wells which intersect predominantly mainly sub-horizontal features
(82%), the scanline surveys have been performed to characterize the multi-layered
sub-vertical stratabound-type joints (S3, S4, S5, S6). Stratabound joints represent
75% of the recorded discontinuities; bedding parallel (S1) and cross-bedding (S2)
fractures account for the 25% of the total. These low angle inclined fractures (S1,
S2) represent minor fissures (length in vertical face = 0.1 - 1m; spacing = 0.2-8.2 m)
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which are confined, as the sub-vertical joints, within the major plane beds (Fig. 2a;
Tab.2).

These structural surveys confirm that two orthogonal sets of bed-perpendicular joints
are present in the studied sandstone (Fig. 6a). The two joint sets strike NNW-SSE
and ENE-WSW as in the water wells (Fig. 5). Additionally, the horizontal spacing of
the sub-vertical joints ranges from 1.1 m to 1.9 m. This spacing range matches
closely with the thickness of the mechanical bedding layers (1.3 to 1.9 m) which
vertically limit the joints (Tab. 3). Consequently, the two sets of stratabound
orthogonal joints fracture the aquifer into blocks that approximate a cubic shape with
an average length of 1.5 m for each face (Fig. 6b).

Only 8% of fractures seen in the cliffs are filled by clay. Additionally, fracture aperture
seen in the cliff exposures ranges from 1 mm to 20 mm, but is likely enhanced by the
unconfined free face and these values are, hence, likely to be unrepresentative of
the aquifer properties at depth (Jiang et al., 2009, 2010; Kana et al., 2013). Vertical
joints are visibly persistent in plant view up to 15 m, although exposure is limited
along the cliffs at South Head. Moreover, outcrops along the intertidal zone at South
Head and Saltom Bay cliffs (Fig. 1) show how NNW-SSE striking joints (S3, S4) are
horizontally more extended than ENE-WSW striking joints (S5, S6). Indeed, sets S3
and S4 also occur with a higher frequency than sets S5 and S6 in boreholes (Tab.2).
The fracture system that characterizes the St Bees Sandstone aquifer away from
faults shows typical characteristics of a stratabound system. This pattern of fractures
is common worldwide to any layered aquifer that has experienced lithospheric uplift
(e.g., Billi, 2005; Gillespie et al., 2001; Korneva et al., 2014; Odonne et al., 2007).
Indeed, orthogonal sets of vertical joints, which terminate at their point of intersection
with bedding planes, represent tectonic features which characterize the Sherwood
Sandstone aquifer all across the UK. These features have been related to Cenozoic
uplift events (Allen et al., 1998; Carminati et al., 2009; Chadwick, 1997; Hillis et al.,
2008; Hitchmough et al., 2007; Wealthall et al., 2001).

4.2 Pumping test analyses

Single-borehole pumping tests conducted previously to this study (Fig. 7a, b, c) have
been re-analysed for the six wells that were subject to flow velocity logging, to
identify their overall transmissivity to allow quantitative flow-log analysis.
Transmissivity values are summarized in Table 4 and range from 35 to 910 m?/day.
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Using Eden and Hazel and Theis solutions it is not possible to calculate the storage
coefficient of aquifers from single-well tests (Butler, 1990; Sethi, 2011). Single-well
step-drawdown tests should constitute at least 4 steps and data here meet these
criteria (Fig. 7a, b). These well step-drawdown tests (Fig. 7a, b; Tabs. 4, S1) have
been analysed using Eden and Hazel (1973) which, except for Ellergill Bridge?, it the
validity conditions suggested by Mathias et al. (2008, 2010) specifically in fractured
aquifer-types. These authors show how step-drawdown tests are generally
appropriate for the calculation of aquifer parameters where final step flow rates are
greater than 350 m®day. Alternatively, step-drawdown tests characterized by lower
flow rates (<350 m®day) but with a step duration of less than 60 minutes also
reproduce reliable aquifer parameters. Our step-drawdown curves show optimum fits
since residual mean (0.01-0.15 m?day) and residual standard deviation (0.16-0.80
m?/day) are characterized by significant lower values compared to transmissivities
(41-913 m?/day). Misfits between experimental data and model curves occur only in
Bridge End Trial at late pumping stages; this likely arises from partial leakage from
the overlying glacial cover (Figs. 7b, S1).

Recovery phases of the step-tests and those of the tests of longer duration at
constant flow rate (Fig. 7b) have also been analysed, following Theis (1935). This
methodology determines transmissivity from single borehole tests assuming non-
steady state horizontal flow.

A comparison of the transmissivity values calculated using all the available datasets
(Tab. 4) indicates that recovery phase Theis analysis of step-tests vyields
transmissivity values 14 to 24% lower than the Eden and Hazel (1973) analysis of
the drawdown phase. This systematic difference in transmissivity between step-
drawdowns and relative recovery may be related to the fact that well loss correction
is neglected in the Theis recovery analysis, and this method consequently
underestimates transmissivity (Clark, 1977). However, Theis recovery analysis of the
longer constant rate tests produced transmissivity values both higher and lower than
the Eden and Hazel analyses of step tests (Tab.4). These differences probably arise
due to the different test durations and hence volume investigated which resulted in a
lack of well loss correction in some wells (Le Borgne et al., 2004; Le Borgne et al.,

® Ellergill Bridge represents the only drawdown well test which does not meet the validity conditions
demonstrated by Mathias et al. (2008; 2010). To address this issue, the 5th step test of duration > 60
minutes has been neglected in calculating transmissivity, which itself yields reliable values close to
other well tests analysed for this borehole (Tab.4).
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2006a; Le Borgne 2006b; Neuman and Di Federico, 2003; Noushabadi et al., 2011).
Given both the wide range in durations and investigated volumes associated with the
recovery of constant rate tests, and the neglection of well loss in all the available
recovery datasets, transmissivities derived from the Eden and Hazel approach have
been used here for flow-logging analysis. These drawdown step tests show how
aquifer transmissivities range from 41 up to 99 m?/day for five of the six flow-logged
wells. Only Thornhill Trial shows a significantly higher transmissivity value (913
m®day); this well seems to be influenced by the River Ehen which represents the
principal river in the Sellafield plain and is only 100 m distant (British Geological
Survey, 2015; Meritt and Auton, 2000). Black Ling (66 m?/day) and Pallaflat Resevoir
(99 m?/day) are the only wells drilled in correspondence of mapped fault traces on
the geological map (Fig 1b, Tab. 1); these show transmissivities at the upper end and
in the middle of the range 41 up to 99 m?/day respectively top (Tab. 4).

4.3 Upscaling hydraulic conductivity

Available transmissivity values from pumping tests for the six studied boreholes
(Tab. 4) are compared with the screen transmissivity which is obtained from the
upscaling of cored hydraulic conductivity values available for the St Bees Sandstone
aquifer. These plug-scale hydraulic conductivities show similar ranges across the
Egremont-Sellafield area (Fig. 1). In fact, hydraulic conductivity from cored plugs
range from 8.3x10° up to 1.2 m/day and from 4.2x10° up to 0.8 m/day for the
Egremont and Sellafield area, respectively (Allen, 1997; Nirex, 1992a, 1992c, 1993b,
1993c). Thus, these values have been grouped together in order to upscale screen
transmissivity in the six studied boreholes aiming to maximise sample
representability. The horizontal hydraulic conductivity (Kn) from sandstone plugs
have been upscaled since it represents preferential flow direction in a layered aquifer
which is characterized by sub-horizontal beds (dip angle = 5°2-20%; mean vector =
10%; n = 631) and sandstone represents 95% of thickness penetrated in the six
bereholes. The Ky, geometric mean of sandstone plugs (n = 177) is 1.3x10? m/day.
This average values has been multiplied by the screen length (see Tab. 1) to
compute upscaled geometric and harmonic transmissivities in each flow-logged
borehole (Tab. 4).

The screen transmissivities which are obtained by the upscaling of K, geometric

mean show values ~10? lower than transmissivity from well tests (Twell test/ Tharmonic =
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35-653; arithmetic mean = 153; o = 224). Thus, well tests transmissivity values are
significantly higher than those implied for the matrix by upscaling, suggesting that
fractures dominate during pumping tests.

4.4. Fluid logs

The FLASH program for flow log analysis (Day-Lewis et al., 2011) is suitable both for
aquifers dominated by matrix and fracture flow and is commonly used in the analysis
of sandstone aquifers (e.g., Gellasch et al., 2013; Lo et al., 2014). Here the program
was used for analysing flow velocity profiles of shallow boreholes in “fracture mode”
instead of “layer mode”, since the water flow in the shallow aquifer tested here is
dominated by fractures. Indeed, flow velocity profiles from this study show major
changes in correspondence to tectonic discontinuities. Analysis of fluid velocity,
temperature and conductivity curves was compared with optical televiewer images
aiming to estimate the percentage of flowing fractures. The proportion of flowing
fractures was found to be ~10%, which includes fractures that bound flow zones
(n=33) in the six studied wells and a clusters of fault-related fractures in the Back
Ling and Pallaflat Reservoir wells (n=23).

4.4.1 Fluid logs analysis - stratabound system

Velocity, temperature and conductivity logs carried out in Bridge End Trial, Rottington
Trial and Thornhill Trial wells characterize the aquifer away from fault zones
according to the geological map (Fig. 1b; Tab. 1). The background information (Nirex,
1997; British Geological Survey, 2015) also does not indicate the presence of fault-
related structures near these three wells. Optical televiewer and calliper logs confirm
how the fracturing network of these wells is not characterized by fault-related
structures i.e. an absence of displaced horizons, cataclasites and intervals
characterized by significant diameter variations. Thus, the fracturing pattern is
dominated by bedding plane fractures (S1) and vertical joints (S3, S4, S5, S6);
cross-bedding (S2) and drilling-induced fractures (S7) also occur. Temperature,
conductivity and velocity logs were measured initially in ambient conditions and then
under pumped conditions: pumping rates were 132 L/min in Bridge End Trial, 50
L/min in Rottington Trial and 168 L/min in Thornhill Trial. Pumping was maintained at

a constant rate for 20 minutes before flow logging using a tool-speed of 10 m/min
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(wells were logged both downwards and upwards but the downward flow logs are
presented and analysed here, as these have better data quality). Additionally,
temperature and fluid conductivity were also logged under ambient and pumped
conditions.

The FLASH program has been used to constrain hydraulic conductivity from fluid
velocity logs; fluid conductivity, temperature and flow velocity, in both ambient and
stressed conditions are reported (Figs. 8 and S2). The modelled parameters which
are represented by Ticior (ratio between single layer and well test transmissivity,
Ti/T), Ah; (difference in head between the well and the far-field for each layer) and
the hydraulic conductivity for each layer (kj), are summarized in Table 5.
Interpretations of flow velocity log profiles (Fig. 8) are based on the selection of
marked changes of the fluid flow velocity, which divides the open well section into
hydraulic layers (Figs 8 and 9). Six layers (L1-6) were modelled for Bridge End Trial;
Thornhill Trial and Rottington Trial were modelled using eight layers (L1-8). Typically
layer boundaries identified in this way corresponded to bedding plane fractures (S1)
seen in the optical televiewer logs. Some layer boundaries are marked by sharp
changes of flow velocity, which then remains substantially constant within the zone.
Such layers include L2 and L3 in Thornhill Trial, L3 and L5 in Bridge End Trial and L5
in Rottington Trial. Thus, these layers are internally impermeable and only the sub-
horizontal fractures at their boundaries conduct flow into the well. Flow velocity (Fig.
8) in other modelled layers is characterized by a basal change and then by a
constant slope within the layer (e.g. L5 in Thornhill Trial). This means that other
permeable structures contribute to the flow within these layers. Indeed, the optical
televiewer and calliper logs indicate the presence of minor fractures characterized by
further bed-plane (S1), cross-bed (S2) discontinuities, stratabound joints (S3, S4, S5,
S6) and rare non-natural fractures (S7) within such layers.

Layer hydraulic conductivity values from the wells that are not close to fault traces
typically range from 0.1 to 4.6 m/day (Tabs. 5, S2), although values higher than 5
m/day occur where a layer is bounded by prominent bed-parallel fractures. These St
discontinuities are characterized, according to the calliper log, by up to 20% borehole
diameter enlargement. Thornhill Trial (Fig. 8a) and Rottington Trial (Fig. S2) wells are
characterized by both inflow and outflow horizons. Inflows occur in the lower part of
the Thornhill Trial borehole (Fig. 8a) and are associated with marked changes in both

water resistivity and temperature; the upper parts of these wells are characterized by
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outflows (seen as reducing upward ambient flow near the top of the open section).
By contrast, Bridge End Trial (Fig. 8b) is artesian and hence overflowed throughout
logging; it is thus characterized only by inflows. Note that the lack of variation of
conductivity and temperature at the outflow horizons identified in Figure 8a is
expected, since there is no contribution of water flowing from different
compartmentalized levels. Bedding plane fractures have been found in this analysis
to be important flow pathways both in ambient and stressed conditions. Alteration
(detected by the optical televiewer) acts to enlarge these permeable fractures (K>5
m/day) that may transport contaminants in groundwater at high flow velocities.
Barker et al. (1998) found using tracer tests in the Sherwood Sandstone Group in the
Cheshire Basin flow velocities up to 140 m/day which are typical of carbonate karst
aquifers suggesting how enlarged fractures may transport contaminants at velocities
which are unexpected for a siliciclastic porous aquifer.

Flow-logging analyses undertaken in other lithified and fractured sandstone aquifers
(Gellash et al., 2013; Lo et al., 2014; Runkel et al., 2006) away from fault zones
show similar results, which are represented by significant velocity variation in
correspondence of large bedding fractures which bound the modelled flow zones.
Additionally, Morin et al. (1997) in the Passaic Sandstone in New Jersey and Bouch
et al. (2006) in the Sherwood Sandstone aquifer of the Cheshire Basin found low
proportion (<20%) of fractures with measurable flow using borehole flow-logging
similarly to this work (where the proportion was approximately 10%). Hitchmough et
al. (2007) also pointed out the importance of bedding-parallel fractures on
conducting water flow in the Sherwood Sandstone aquifer in the Cheshire Basin at
relatively shallow depths (< 180 m). These authors found analysing fluid-logs that 9%
of fractures produced detectable flow, similar to our hydrogeophysical study.

Flowing low-angle inclined fractures (<25°), as seen in our study of the St Bees
Sandstone Formation, are also common for non-faulted wells in fractured limestone,
dolostone and gneiss subjected to flow logging (e.g., Le Borgne et al., 2006a; Paillet,
1998, 2004), these include fractures along sub-horizontal foliations in gneiss and
bedding discontinuities in carbonate rocks.

4.4.2 Fluid logs analysis - fault zones
Flow velocity, temperature and conductivity logs have also been carried out in three

of the six wells which have been drilled close to fault traces (Fig. 1; Tab. 1), to
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characterize the impact of fault zones on flow. Flow logging was performed under
ambient and pumped conditions, as previously described for the non-faulted wells:
pumping rates were 150 L/min in Black Ling, 156 L/min in Ellergill Bridge and 126
L/min in Pallaflat Reservoir (Fig. 1b).

Background information (British Geological Survey, 2015; Nirex, 1997) indicates the
presence of extensional faults in correspondence of Black Ling, Ellergill Bridge and
Pallaflat Reservoir wells (Fig. 1b; Tab. 1). Optical televiewer and calliper logs confirm
how the fracturing network of these wells is affected by fault-related structures such
as cataclasites, open fractures and granulation seams. Indeed, optical televiewer
logs show fault cataclasites (Figs. 3d and 9a) in Black Ling well between 16 and 22
mASL, and also at the bottom of the well which is collapsed due to the presence of a
major cataclastic fault structure. Pallaflat Reservoir (Fig. 9a) well is also affected by
faulting between 10 and 14 mASL. However, Ellergill Bridge well cuts only the
external part of a fault zone so it does not show cataclasites. In this well vertical
granulation seams are detected by the optical televiewer log. Bedding plane
fractures (S1), cross-bed fractures and vertical joints (S3, S4, S5, S6), which
characterize the entire aquifer, complete the fracturing pattern in these three faulted
wells.

Calliper logs indicate enlargement of the well diameter in correspondence of fault
cataclasites by up to 66%, 54% and 30% in the Black Ling, Ellergill Bridge and
Pallaflat Reservoir wells, respectively. By contrast, in boreholes that are not
characterized by faulting, the well diameter does not increase more than 20% in
correspondence to major bedding plane discontinuities.

Velocity flow logs in these three wells (Black Ling, Ellergill Bridge, Pallaflat Reservoir;
Fig. 9) have been complicated by problems related to water turbulence due to
variations in borehole diameter or low ambient flow rates (0-18 mm/s) close to the
nominal detection limit of the flow meter (Day-Lewis et al. 2011; Grass, 1971; Tsang
et al., 1990; Paillet 2004). Consequently, fitting experimental flow profiles in Ellergill
Bridge and Pallaflat Reservoir wells using the FLASH program proved problematic,
although a fit was obtained for Black Ling well (Fig. 9a). The interpretation of the
Black Ling flow velocity profile uses four flow zones; the upper flow zone includes a
section showing fault cataclasites near the top of the well, which does not cause any
inflow or outflow. Notably, temperature and conductivity logs also do not show any

anomaly in correspondence of this feature. However, a major cataclastic fault is
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present at the bottom of the logged interval (Fig. 9a) and a collapse is present
directly below the end of logged interval; these zones contribute 50% of flow into the
Black Ling well; analysis indicates a hydraulic conductivity of 5.2 m/day (L1, Tab. 6).
Pallaflat Reservoir well (Fig. 9b) shows cataclasites between 10 and 14 mASL that
produces 47% of the flow; analysis indicates a hydraulic conductivity of 7.4 m/day
(L3, Tab. 6). Despite the different methodologies used to quantify the water flow, in
both cases cataclasites characterize about the 50% of the flow in a single-well test.
However, the other 50% of the flow in both Pallaflat Reservoir and Black Ling wells
derives from large bedding plane fractures (S1), which represent further important
flowing discontinuities.

Ellergill Bridge well (Fig. 9c; Tab 6) cuts the external part of a fault damage zone and
does not appear to cross-cut the fault core; no cataclasites or fractures showing
displacement, are observed. Consequently, flow in this borehole is dominated by
bedding -plane fractures. Indeed, 42% of the transmissivity is related to the L2 zone,
which represents a cluster of S1 fractures. The upper zone above this characterizes
the remaining 58% of the transmissivity. Ellergill Bridge well shows hydraulic
behaviour similar to the non-faulted wells that have been previously described
(Bridge End Trial, Rottington Trial, Thornhill Trial). All these flow-logged boreholes
are characterized by major single bedding fractures, as well as clusters of minor
bedding fractures, which give flow zones with hydraulic conductivity higher than 5
m/day. Consequently, bedding fractures (S1) can produce hydraulic conductivities
comparable to cataclasite flow zones.

Previous application of flow logging in faulted zones in crystalline rocks (e.g.,
Davison and Kozak, 1988; Le Borgne et al., 2006a; Martin et al., 1990; Roques et
al., 2014) show similar result to the St Bees Sandstone aquifer, in that flow is
dominated both by fault-related features and also by sub-horizontal, bedding-related

discontinuities, with no contribution from the rock matrix evident.

4.5 Sherwood Sandstone aquifer

The hydro-geophysical characterization of the shallow Bees Sandstone aquifer
(=180 m) of the East Irish Sea Basin is compared in this work with both (i) the deep
St Bees Sandstone aquifer (180 to 400 m subsurface depth) undertaken as part of
the investigation for the Sellafield nuclear waste repository; and (ii) the Sherwood

Sandstone aquifer of the Cheshire Basin which was previously investigated by
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crossing borehole logging, packer and intergranular permeabilities tests (Allen et al.,
1997; Brassington and Walthall, 1985).

The comparison between the hydro-geophysical characterization undertaken in this
work with that of the deeper St Bees Sandstone aquifer (Streetly et al., 2000) aims to
provide an improved understanding of the mechanisms that reduce both permeability
and contaminant transport velocities at increasing depths in a strongly lithified
sandstone aquifer-type. Our results are also compared with those from previous
studies of the Sherwood Sandstone aquifer of the northern Cheshire Basin, where
analogous succession are also fractured and layered but less mechanically resistant,
and characterized by higher matrix porosity and hydraulic conductivity values (Allen
et al.,, 1997; Daw et al., 1974; Yates, 1992). Furthermore, normal faults in the
northern Cheshire Basin have been the object of hydrogeological studies from the
mid 1800s to present (Giriffiths et al., 2016; Mohamed and Worden, 2006; Moore,
1902; Morton, 1870; Saymour et al., 2006; Tellam, 2004), which allows comparison
of their hydraulic behaviour with those in the St Bees Sandstone aquifer (West
Cumbria, East Irish Sea Basin).

4.5.1 Review of pumping tests in the St Bees Sandstone aquifer.

Pumping test transmissivity (Fig. 10) values from the six studied wells in the West
Cumbrian region have been integrated with all the available hydraulic tests that have
previously been realised in the St Bees Sandstone aquifer (Allen et al., 1997;
Streetly et al., 2000). Additionally, all the information concerning both transmissivity
values and test parameters has been summarized in Table 7. Transmissivity values
of the shallow part of the St Bees Sandstone aquifer have been plotted in a single
box plot (box plot A, Fig. 10), which collates hydraulic test data from both the West
Cumbria and Carlisle areas. These values have been grouped together because the
aquifer is characterized by the same lithological features and intergranular
permeability (Allen et al., 1997; Brookfield, 2004, 2008; Jones and Ambrose, 1994;
Medici et al., 2015; Nirex, 1992a, 1992c, 1993b, 1993c) across these areas.
However, all the transmissivity values obtained during the hydrogeological
investigation of the more deeply buried St Bees Sandstone aquifer in Sellafield
(Streetly et al., 2000) have been plotted in a separate box plot (box plot B, Fig. 10).
The two groups of hydraulic tests show a systematic difference of two orders of

magnitude (10%) between each pair of statistical parameters (maximum, minimum,
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25" percentile, 75" percentile, geometric and harmonic means). The two groups of
hydraulic tests are characterized by similar screen length and borehole diameter
ranges (Tab. 7). Although the two groups differ in flow rates and test duration with
generally lower flow rates and longer test durations for the Sellafield group, this is
likely to be simply a consequence of the lower transmissivities seen here. In fact,
only low extraction rates were achievable, and a longer test duration was needed to
produce a measurable response. Additionally, although the two groups of pumping
tests differ for flow rates and test duration; these two physical parameters show wide
ranges of values which are reported in Table 7. Consequently, there is always partial
superimposition with regards to flow rates and pumping duration comparing pumping
tests in the shallow and the deep St Bees Sandstone aquifer.

Matrix permeability values from cored plugs show similar values for the shallow and
deep St Bees Sandstone aquifer. In fact, plug-scale hydraulic conductivity ranges
are  8.3x10° - 1.2 m/day and 4.2x10° - 0.8 m/day for the shallow and the deep
aquifer, respectively (Allen, 1997; Nirex, 1992a, 1992c, 1993b, 1993c). Additionally,
according to Black and Brightman (1996), the chemical composition of groundwater
in the shallow and the deep St Bees Sandstone aquifer are largely the same as
indicated by the comparison of groundwater chemistry and conductivity. A Westbay
multi level monitoring system, which has been installed as part of the planning of the
Sellafield nuclear repository, shows how groundwater salinity strongly increases in
the Sellafield area only below the lower boundary of the St Bees Sandstone
Formation (Black and Brightman, 1996). Given these similarities between the
shallow versus deep aquifer, the observed differences in transmissivity are most
likely to result from higher fracture permeabilities which localize inflow and outflow
horizons at depths shallower than 180 m (Fig. 11a). Hydraulic head measurements
which have been realised by the same Westbay monitoring system that was used for
fluid conductivity measurements also shows how the aquifer is characterized by a
horizontal hydraulic gradient which is essentially constant with depth (Black and
Brightman, 1996). Additionally, the St Bees Sandstone aquifer is ~ 100 times more
transmissive in its shallow part than buried below 180 m (Streetly et al., 2000). Thus
the shallow St Bees Sandstone aquifer must be characterized by higher groundwater
flow rates which will act further to enhance alteration of fractures. The relatively high
permeability of fractures in the shallow part of the aquifer (< 180 m) may be related
either to fracture closing with increasing depth, or to alteration of fractures as is
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typical in the shallow part of sandstone aquifers (Fig. 11 a; Jiang et al., 2009, 2010;
Wray, 1997). Calcite represents the soluble cement in the St Bees Sandstone
aquifer (Milodowski et al., 1998; Strong et al., 1994) and evidence of elevated
groundwater flow enhancing dissolution of this mineral along fractures is provided by
borehole optical televiewer images showing partially mineralized fractures (Fig. 3f).
Furthermore, optical televiewer logs also indicate the occurrence of small cavities
that enlarge tectonic fractures (Fig. 3b, c, e) such as bedding plane (S1) and fault-
related (S7) fractures; these may also be a result of calcite dissolution.

The highly permeable shallow aquifer shows a developed fracturing network, which
is characterized by flowing open fractures (Fig. 11a; faults, bedding fractures). These
tectonic fractures are capable to conduit fluid flow at low confining pressure (<5
MPa), but their permeability reduces at higher pressures, as demonstrated by
multistage permeability tests based on analysis of plugs of the St Bees Sandstone
Formation (Daw et al., 1974).

The deep St Bees Sandstone aquifer, is also characterized by a reduction of
transmissivities (25%) occurring in association with mudstone units (Streetly et al.,
2000). This lower transmissivity in the mudstone-rich basal sedimentary sequence
may be related to one or more of the following: (i) flow through the low-permeability
mudstones characterizing the basal stratigraphy in a matrix-flow aquifer (Alexander
et al.,, 1987); (ii) further reduction of fracture aperture due to the lithostatic load
(Jiang et al., 2009, 2010); or (iii) less development of fracturing due to stress release
on the plastic mudstone-beds (Reks and Grey, 1982). Matrix flow as principal flow
driver in the deep St Bees Sandstone aquifer is supported by the first derivative of
recovery tests undertaken by Streetly et al. (2000). In fact, these curves show no
multiple plateaus which characterize first derivatives in double-porosity media
(Dewandel et al., 2011; Odling et al., 2013; van Tonder et al., 2001; Zhang et al.,
2000). Additionally, well test transmissivity values in the deep St Bees Sandstone
aquifer (Streetly et al., 2000; see bottom line of Tab. 7) better match our upscaled
transmissivity values derived from plug-scale hydraulic conductivity (see Tab. 4)
indicating that pores are the main flowpaths in the deeper aquifer. Thus, the
transmissivity reduction (25%) in the lower sedimentary sequence must be related to
flow through the low permeability mudstones which characterize the base of the
sedimentary sequence. However, fracture flow may remain significant in the

presence of faults, since well tests on the deep aquifer undertaken with packers in
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the vicinity of normal faults show relatively high transmissivity values (Fig. 11b;
Nirex, 1992b, 1993a; Streetly et al., 2000).

4.5.2 Comparison with Sherwood Sandstone aquifer in the Cheshire Basin

The Sherwood Sandstone Group in the northern Cheshire Basin (Fig.1) has been
object of several hydrogeological studies which includes packer, pumping tests,
intergranular permeability and tracer tests (Allen et al., 1997; Barker et al., 1998;
Brassington and Walthall, 1985).

The lowermost part of this group is represented by the Chester Pebble Beds
Formation, which is dominated by a coarse to medium grained pebbly sandstone of
fluvial origin. The overlying Wilmslow and Helsby Sandstone formations are
characterised by a weak, fine-grained sandstone of aeolian and fluvial origin
(Mohamed and Worden, 2006; Mountney and Thompson, 2002). Overall the
Sherwood Sandstone Group of the Cheshire Basin is mechanically less resistant
(overconsolidated sand to weak rock), and is characterized by higher porosity
(interquartile range = 21.6-26.5%) and lower hydraulic conductivity (interquartile
range = 0.08-1.5 m/day) values compared to the West Cumbrian St Bees Sandstone
aquifer (Allen, 1997; Bell, 1992; Daw et al., 1974; Yates, 1992).

Brassington and Welthall (1985) have undertaken packer and pumping tests at
relatively shallow depths (< 130 m) in the Sherwood Sandstone aquifer of the
Cheshire Basin comparing them with the upscaling of the hydraulic conductivities
from cored plugs. Plugs for hydraulic conductivity measurements were from the
same borehole and well logging did not show presence of fault structures.

The findings of the work undertaken by Brassington and Welthall (1985) in the
Sherwood Sandstone of the Cheshire Basin contrasts with the upscaling of the
hydraulic conductivity realised for the shallow St Bees Sandstone aquifer in this
work. The authors found that, as for the shallow St Bees Sandstone aquifer, the
upscaled screen transmissivity remains lower than the field test transmissivity.
However, the ratio between plug and field scale T was less than 10 (Twel test/ T screen =
1.9-6.9), which contrasts with the larger ratios seen here for the St Bees Sandstone
aquifer (~ 109).

Packer and fluid-logs tests also show how the difference between plug and field
scale values resulted from a few (3-4 per each borehole) flowing bedding plane
fractures. By contrast, there is a good match between T values from the two studied
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scales (plug and field scale) in the remaining part of the borehole. This hydraulic
behaviour is common to other sandstone aquifers worldwide in non-faulted areas. In
fact, flow in well tests in the Penrith (NW England) and in the Cambrian Sandstone
(North America) aquifers is characterized both by intergranular porosity and large
bedding-parallel fractures (Gellash et al., 2013; Price et al., 1982). The St Bees
Sandstone aquifer at relatively shallow depth (£ 180 m) is also characterized by
major flowing bedding fractures with hydraulic conductivity higher than 5 m/day.
However, flow in the St Bees Sandstone aquifer not in correspondence with major
bedding fractures seems to be dominated by fissures as associated with minor
cross-bedding and sub-vertical (stratabound joints) fractures. The fact that the
upscaling of plug-scale hydraulic conductivity showed such a large difference with
respect to the well tests (~10%) effectively excludes matrix as significant flow
contributor during pumping.

Hydraulic conductivity profiles from packer tests in deep boreholes (230 up to 450 m
deep) that penetrate the Sherwood Sandstone aquifer in the Meseyside area
(Cheshire Basin) show a reduction in permeability below 150 m similarly to our study
in West Cumbria (Allen et al., 1997; Brassington and Walthall, 1985). Tracer tests
undertaken by Barker et al. (1998) show a karst-like flow velocity (140 m/day) in the
shallow Sherwood Sandstone aquifer of Merseyside. Alteration along fractures in the
shallow Sherwood Sandstone aquifer (€ 180 m) has been detected in this work by
the optical televiewer which confirms how groundwater alteration plays a key role on
creating a high permeability zone. Thus, the Sherwood Sandstone aquifer in West
Cumbria as well as in Merseyside shows a permeable shallow part (£ 180 m) which
is characterized by potential high flow velocity with bedding fractures representing
‘karstified’ flow-pathways (Allen et al., 1997; Brassington and Walthall, 1985; Barker
et al., 1998).

Normal fault zones in the Wilmslow and Helsby Sandstone formations of the
Sherwood Sandstone Group in Merseyside appears substantially different with
respect to the St Bees Sandstone Formation as they are dominated by granulation
seams (Giriffiths et al., 2016; Fowles and Burley; 1994). By contrast, fault zones in
the St Bees Sandstone Formation of the East Irish Sea Basin are characterized by a
higher occurrence of open fractures (Fig. 2b). This different structural style has been
related either to the argillaceous matrix of the St Bees Sandstone which allows brittle
failure at lower stresses, or to the intense post-Triassic fault reactivation which
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produced open-fracture in this strongly lithified sandstone (Knott, 1994; Milodowski
et al., 1998). This different structural style seems to affect the fault zone hydraulic
characteristics in the Sherwood Sandstone aquifer in West Cumbria and Merseyside.
Bedding-parallel fractures cut granulation seams in fault damage zones and water
flow seems to be dominated by these sub-horizontal fissures (Fig. 9c, Ellergill
Bridge) masking the barrier potential of granulation seams perpendicular to the fault
plane. Fault slip planes and open fractures characterize 50% of flow entering
boreholes penetrating fault cores (Fig. 9 a, b).

Thus, faults in this lithified sandstone represent primary conduits for fluid flow and
show low barrier potential. By contrast, normal faults deforming the Wilsmlow and
the Helsby sandstone formations (Cheshire Basin) were recognized as flow-barriers
based on the geochemical evidence of limited water mixing between
compartmentalized horsts and grabens (Mohamed and Worden, 2006). It has been
suggested that barrier behaviour led to K values at the regional scale of only 0.05
m/day perpendicular to the fault plane in the weak-rock Sherwood Sandstone of the
Cheshire Basin (Saymour et al., 2006).

5. Conclusions

The hydro-geophysical characterization of the St Bees Sandstone aquifer
undertaken in this work has highlighted the presence of a pervasive stratabound
fracture network characterizing the sandstone aquifer. These stratabound fractures
show two sets of orthogonal vertical joints that stop at their point of intersection with
low-angle-inclined bedding parallel fractures. The key sedimentary heterogeneities
include thin, low-porosity layers characterized by mudstone and fine-grained
sandstone. Collectively, these features form matrix blocks, which may be
approximated as cubes with dimensions of 1.5 m length. Normal faults, locally,
complicate the fracturing pattern, since further open fractures cutting both
stratabound joints and bedding plane fractures occur in fault cores and damage
zones.

In the shallow aquifer tested here (< 180 m depth), marked temperature, conductivity
and flow velocity variations in well-bore fluid logs are localized to bedding parallel
fractures and faults, which represent the main borehole inflow and outflow points.
Clear indications of the importance of fractures in contributing flow to wells in the
shallow aquifer include (i) sharp changes in flow-log fluid velocity in association with
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principal fractures, and (ii) stratigraphic intervals up to 15 m thick showing no
detectable inflows, suggesting how matrix is a minor contributor to permeability in the
shallow (180 m depth) part of the aquifer.

Quantitative analysis of well-bore flow logs from the St Bees Sandstone aquifer show
that flow zones characterized by hydraulic conductivity higher than 5 m/day typically
represent up to 50% of the overall transmissivity, and are represented by the
following structures: cataclasite sections where fault planes intersect the wells; single
large bedding fractures; and clusters of minor bedding fractures. Specifically, fault-
related fracture-corridors dominate the flow in wells which cross-cut cataclastic fault
cores, because fault-related fractures establish communication between flowing
bedding plane fractures. However, bedding fractures become the principal flow
conduits to wells in the external part of fault damage zones or in non-faulted areas.
Fluid flow along these bedding plane fractures is likely enhanced by stratabound
joints which are undersampled in vertical boreholes.

The St Bees Sandstone aquifer at depths greater than 180 m was the object of a
hydro-geophysical characterization as part of the planning of the proposed Sellafield
nuclear waste repository in the 1990s. This deep aquifer is characterized by
transmissivity values which are two orders of magnitude lower than the St Bees
Sandstone aquifer investigated at shallower depths (<180 m). Since petrophysical
properties, water chemistry and hydraulic flow regime are essentially similar to that
for the shallow aquifer, the large difference in transmissivity most likely arises from
higher fracture permeability at depths shallower than 180 m. Such a difference may
arise because fractures are more open at relatively low vertical confining pressure
(<5 MPa) in the shallower part of the aquifer. Additionally, tectonic fractures in the
shallow aquifer show alteration, as indicated in optical televiewer logs. This probably
arises from shallow groundwater flow leading to calcite dissolution along tectonic
features. Data from the low transmissivity deep sandstone aquifer (=180 m depth)
show that those stratigraphic units characterized by a higher occurrence of
mudstone beds are characterized by relatively lower transmissivity than those
dominated by medium-grained channel sandstones. This, coupled with a match
between upscaled plug and field-well test scale, suggests that the matrix is a
significant contributor to flow at these depths (180 to 400 m). This does not seem to

be the case in the shallower aquifer because of the much larger permeability of the
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fracture network, which dominates over flow associated with the heterogeneous
sedimentary matrix.

The Triassic St Bees Sandstone aquifer in the East Irish Sea Basin represents an
example of a mechanically resistant sandstone aquifer-type which is characterized
by (i) fluid flow entirely dominated by fractures in its shallow part; and (ii) extensional
faults representing significant flow conduits. This contrasts the Sherwood Sandstone
aquifer of the Cheshire Basin that mechanically weaker is characterized by water
flow supported both by matrix and fractures, and normal faults represent significant

flow- barriers.
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Table captions

Table 1. Construction details and distance from mapped fault traces for the six
logged wells.

Table 2. Vertical spacing data for fracture and sedimentary heterogeneities in the six
logged wells.

Table. 3. Fracture spacing and mechanical layer thickness data from scanlines of
outcropping rock faces (for key see Fig. 1b).

Table 4. Summary of transmissivity values from all pumping tests data available for
the 6 studied wells which also includes flow rates of step tests and transmissivity
from the upscaling of Ky geometric mean of cored sandstone plugs.

Table 5. Parameters computed from the FLASH program for Thornhill Trial, Bridge
End Trial and Black Ling wells.

Table 6. Parameters computed from flow log analysis for Pallaflat Reservoir and
Ellergill Bridge wells using equation (3).

Table 7. Transmissivity ranges for the shallow (this work; Allen et al., 1997) and
deep investigations (Streetly et al., 2000) of the St Bees Sandstone aquifer.

Figure captions

Fig. 1 Study area. (a) Map depicting surface expression of the Sherwood Sandstone
Group (yellow colour) in England, UK (Redrawn from Wakefield et al., 2015), (b)
Geological map of the field site with stratigraphic column and location of the

scanlines (SL 1-10) and of the 6 logged wells (Redrawn from British Geological
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Survey, 2015): Black Ling (BL), Bridge End Trial (BT), Ellergill Bridge (EB), Pallaflat
Reservoir (PR), Rottington Trial (RT), Thornhill Trial (TH).

Fig. 2 St Bees Sandstone Formation. (a) Photograph and panel of St Bees
Sandstone Formation in a cliff section at Fleswick Bay. The exposure shows the
layered nature of the St Bees Sandstone aquifer with beds 1-1.8 m thick commonly
separated by white silty sandstone beds (transparent blue). Joints (yellow) are
largely truncated by individual bed parallel discontinuities (white), (b) Extensional
fault: ‘1’ principal fault plane highlighted by water seepage, 2’ fault related open
fractures locally occurring as conjugate sets, ‘3’ bedding-parallel fracture cutting the
fault structure, ‘4’ detail of granulation seams.

Fig. 3 Principal heterogeneities in the St Bees Sandstone aquifer and structure
picking of discontinuities; (a) white silistones (black dashed lines), (b) mudstones
(black dashed lines) and bedding plane fractures (red solid lines), (c) fault cataclasite
with open fractures (red solid lines) and small cavities, (d) White sandstone (black
dashed line) and medium angle joints (red solid lines) cutting (Gs) granulation seams
(e.g., white sandstone - black dashed lines), (e) bed-parallel fractures enlarged by
small cavities, (f) sub-vertical joint partially filled by calcite veins.

Fig. 4 Wireline logs from Rottington Trial well showing the geophysical response of
(1) white sandstone and (2) mudstone

Fig. 5 Stereoplots (upper hemisphere, equal area); (a) Pole diagrams of fractures for
all wells, (b) Pole diagrams of sedimentary heterogeneities for all wells, (c) Mean
vectors of fracture families and sedimentary heterogeneities in wells characterized
by SW structural dip; trend, plunge and magnitude of mean vectors are reported in
brackets, (d) Mean vectors of fracture families and sedimentary heterogeneities in
wells characterized by SE structural dip; trend, plunge and magnitude of mean
vectors are reported in brackets.

Fig. 6 Stratabound-type fractures; (a) Stereoplots (upper hemisphere, equal area)
which includes rose diagrams, Kamb contours (contouring area = 1.5% of net area)
and grouping of joints families (S3, S4, S5, S6) from ten scan line surveys carried
out in five different fracturing stations in the St Bees area, (b) Conceptual model of
the stratabound fracturing system in the St Bees Sandstone aquifer.

Fig. 7 Pumping test data; (a) Drawdown and recovery vs time curves of step tests for
the six pumped wells, (b) Observed and modelled step-test drawdown for Black Ling
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and Bridge End Trial wells, (c) Drawdown and recovery vs time curves for the six
studied wells when pumped at a constant flow rate.

Fig. 8 Fluid logging in wells far from mapped fault traces; fluid conductivity,
temperature and velocity logs and modelled flow rate (FLASH generated) profiles for
(a) Thornhill Trial and (b) Bridge End Trial wells.

Fig. 9 Fluid logging in wells in fault zones; logs of fluid conductivity, temperature and
velocity and model flow rate (FLASH or equation. (3) generated) profiles for (a) Black
Ling. Calliper and flow velocity logs for (b) Pallaflat Reservoir and (c) Ellergill Bridge

Fig. 10 Box plots summarising the statistics of the available pumping tests in the St
Bees Sandstone aquifer: shallow < 180 m (box plot A) and deep > 180 m (box plot
B).

Fig. 11 Conceptual model of the flow system in a fractured well-lithified fluvial
sandstone aquifer. (a) Water flow in a shallow sandstone aquifer in: (1) fault core
and internal damage zone, (2) external fault damage zone, (3) area not affected by
faulting. (b) Typical sedimentary units and water flow in a deep well lithified fluvial
sandstone aquifer dominated by (1) matrix flow in areas far away from fault zones,

(2) both matrix and fracture flow in fault cores and damage zones.

Supplementary material captions

Table S1 Summary of transmissivity and parameters (step test flow rate, formation
loss, turbulent well loss) used for the Eden and Hazel (1973) analysis.

Table S2 Parameters computed by the FLASH program for the Rottington Trial well.

Fig. S1. Observed and program generated step-test drawdown with indication of
residual mean (Rm) and residual standard deviation (Rsd) from for Ellergill Bridge,
Pallaflat Reservoir, Rottington Trial and Thornhill Trial wells.

Fig. S2 Fluid logging in the un-faulted area of the Rottington Trial well; flow
conductivity, temperature and flow rate (FLASH program) profiles in ambient and
pumped conditions.
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Transmissivity (m’/day)
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Field site/well Borehole Casing depth Screen length Distance from
hame diameter (m) (m) (m) mapped fault
BGL; ASL trace (m)
Black Ling 0.20 26; 34 84 0
Bridge End Trial 0.20 14; 28 76 95
Ellergill Brdge 0.15 21,72 84 10
Pallaflat Resrevoir 0.20 6; 98 146 0
Rottington Trial 0.20 7; 46 111 55
Thornhill Trial 0.20 10; 31 107.5 340
Table. 1
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Type of Code Population Vertical Average Standard
heterogeneity (n.) spacing vertical deviation o
range (m spacing (m
ge (m) pacing (m) (m)
Tectonic- S1 439 0.01 - 6.54 1.2 1.27
reactivation master
beds
Tectonic- S2 39 0.05 - 20.01 7.8 7.77
reactivation cross
beds
Tectonic- S3+54 42 0.48 - 30.16 8.3 7.68
stratabound joints
Tectonic- S5+S6 13 3.54 - 42.06 16.7 12.46
stratabound joints
Tectonic/artificial S7 50 0.05 - 54.56 5.7 7.43
fractures
Sedimentary (i) Hm 28 0.1 - 50.55 16.1 15.55
mudstone
Sedimentary (ii) Hws 279 0.02-19.35 2.1 2.38

White sandstone

Table 2.
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Station; Scanline Scanline Bed Fracture Average Standard
scanline - . . sets horizontal | deviation
code orientation length thickness spacing p

m m

(m) (m) (m) (m)
North Head N°60 E 23.6 1.60 S1, 82 4.18 4.49
Quarry;
SL1 S3, S4 1.95 1.42
North Head N°40 W 12.1 1.45 S1, 82 2.88 2.04
Quarry;
SL.2 S5, S6 1.07 0.82
North N°85E 14.7 1.30 S1,82 8.00 2.60
Fleswick
Bay; SL3 S3, S4 1.23 1.02
North N°e5 W 6.9 1.40 S1,82 3.50 3.00
Fleswick
Bay; SL4 S5, S6 1.37 1.05
Fleswick N°75E 11 1.70 S1, 82 2.50 2.30
Bay 1: SLS S3, S4 1.56 1.35
Fleswick N°15W 11.9 1.70 S1, 82 1.33 0.86
Bay 1; SL6 S5, 6 1.67 1.64
Fleswick N°75E 27.8 1.90 S1, 82 3.65 2.25
Bay 2;SL7 S3, 54 1.73 0.96
Fleswick N°15W 242 1.25 S1, 82 3.88 2.14
Bay 2; SL8 S5, S6 1.61 1.44
South Ne2 W 13.2 1.30 S1, 82 5.00 2.80
Head Cliff;
SL9 S5, S6 1.06 0.47
South N°88 E 21.3 1.60 S1, 82 4.50 3.54
poad Gt S5, S6 1.49 1.58
Table. 3
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Field Constant Step Tests Step Tests Step Tests Upscaled
site/well Rate Tests Drawdown Flow rates (Recovery transmissivity
name (Recovery phase phase) 2
phase) Q (m*/day) T (m*/day)
Eden and y Theis, 1926
Theis, 1926 Hazel, 1973 T (m2/day)
T (m?/day) T (m°/day)
Black Ling 135 99 640,870, 80 1.09
1140, 1320,

1440
Bridge End 54 51 734, 834, 42 0.99
Trial 1040, 1370,

1520
Ellergill 53 41 40, 70, 110, 35 1.09
Bridge 160, 280
Pallaflat 51 66 61, 400, 690, - 1.90
Reservoir 780
Rottington 77 69 370, 780, 59 1.44
Trial 1020, 1520,

1910
Thornhilll 754 913 51, 1390, 695 1.40
Trial 1740, 20240,

2140, 2220

Table 4.
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Layer code Layer bottom T factor Layer hydraulic Layer far-filed
depth conductivity, K; hydraulic head,
(m ASL) (m/day) A
(m)
THORNHILL TRIAL
L8 14.5 0.21 20.6 -1.1
L7 2.7 0.12 6.5 -0.5
L6 -14.2 0.05 4.0 0.6
L5 -26.2 0.23 17.5 0.3
L4 -45.9 0.10 4.6 0.4
L3 -59.8 0.10 6.6 0.3
L2 -71.6 0.19 14.7 0.7
L1 -76.5 0.00 0.0 0.3
BRIDGE END TRIAL
L6 11.6 0.12 0.4 5.0
L5 -23.5 0.05 0.1 3.3
L4 -24.7 0.53 22.5 2.1
L3 -36.4 0.10 0.4 4.9
L2 -44.3 0.21 1.4 3.3
L1 -50.0 0.00 0.0 3.0
BLACK LING
L4 -14.7 0.2 04 -0.34
L3 -22.2 0.1 1.3 0.91
L2 -40.5 0.2 1.1 0.39
L1 -50.0 0.5 5.2 0.03
Table 5.
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Layer code Layer bottom depth Delta V/Vmax Layer hydraulic
(m ASL) conductivity, K;
(m/day)
PALLAFLAT RESERVOIR

L4 14.5 0.29 0.4

L3 10.28 0.47 74

L2 -14.4 0.24 0.6

L1 -34.0 0.00 0.0

ELLERGILL BRIDGE

L3 56.76 0.58 1.2

L2 55.14 0.42 10.7

L1 0 0.00 0.0

Table 6.
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Referenc | Area Populatio | Depth | Transmissivi Flow Test Scree | Borehol
e n (n) interv ty (m2/day) rates Duratio n e
al (m) Q n length | diamete
(m¥da | (mins) (m) r (m)
y)
This work | St Bees 6 10 - 51-754 40 - 650 - 84 - 0.15-
159 2220 5810 152 0.2
Allen et | StBees 6 15 - 70 - 220 260 - 441 - 35 - 0.20 -
al., 1997 123 3740 87552 111 0.60
Allen et | Carlisle 9 10 - 9-1268 267 - 2880 - 60 - 0.22 -
al., 1997 213 1439 13325 201 0.60
Streetly | Sellafiel 32 180 - 0.46-7.8 22-65 | 8640 - 20 - 0.54
etal, d 400 31680 180
2000
Table 7.
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Highlights

Contaminant pathways in sandstone aquifers: tectonic vs sedimentary
heterogeneities

Flow in a lithified sandstone is dominated by tectonic fractures (depth <180 m)
Fault structures characterize 50% of water flow in water wells at shallow depth
Bedding fractures act as main flow conduits in un-faulted wells at shallow
depth

Fracture aperture lack, preserved mineral infills allow matrix flow (depth > 180
m)

69



