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Fluid flow in faults: a study of fault hydrogeology in Triassic
sandstone and Ordovician volcaniclastic rocks at Sellafield,
north-west England
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SUMMARY: The structure and hydrogeological properties of subsurface faults in the Triassic Sherwood Sandstone Group and
Ordovician Borrowdale Voleanic Group at Sellafield in west Cumbria were investigated in order to develop conceptual and numer-
ical models for input to groundwater flow modelling at the possible site of an underground radioactive waste repository. Eighteen
horehole intersections of faults were studied using core, borchole imagery and hydraulic test data (single and multi-well testing).
The results were integrated with data and interpretations [rom seismic surveys and ficld studies in order to prepare conceptual-
izations ol [ault archilecture and hydrogeology, suitable for taking forward into numerical modelling. Hydraulic test data indicate
that [ault zones in the Sherwood Sandstone Group are slightly more permeable than the host rock, and geological observations
suggest that flow may be focused in the fault damage zones rather than in the faultrocks, which tend to act as flow baffles. Where
present in sufficient numbers, granulation seams appear to be flow inhibitors. In the voleanic rock, hydraulic test data indicate that
fault zones have little permeability contrast with the host rock. Ilowever, geological observations suggest that minor reactivation
may have locally disrupted the baffling cffect of faultrocks, thereby creating ‘leak points’. Overall, the study suggests that ground-
water flow in faults at Sellaficld is highly heterogeneous al the borehole scale, but at larger scales the hydraulic behaviour of faults

1s more homogeneous.

Between 1989 and 1997, a site near Scllaficld on the west coast
of Cumbria in NW England (Fig. 1) was investigated by
United Kingdom Nirex Limited (Nirex) as a possible location
for an underground radioactive waste repository. A key con-
sideration allecting the suitability of any site proposed for
radioactive waste disposal is the nature of the groundwater
regime, including the rate, volume and direction of flow
through the rock mass. Numerical modelling is normally
carried out to predict flow paths, flow rates (in terms of flux),
and discharge areas, which fced into the calculation of
radionuclide dosage rates associated with possible future dis-
charges from a repository. Experience in many national radio-
active wastc programmes, e.g. Sweden (SKB 1990) and
Switzerland (NAGRA 1993), and also in industries such as
geothermal energy and hydrocarbon extraction, indicates that
faults often influence fluid flow paths and rates, and can act as
boundaries to pressure domains. Numerical models will there-
fore be more realistic if the hydrogeological propertics of
faults are adequately represented.

This paper describes the results of a study aimed at charac-
terizing the hydrogeological properties of faults at Sellalield
(the Fault Conceptualization Study, Nirex 1997a). The polen-
tial importance of faults had been identified during previous
groundwater flow studies (Nirex 19954, b), which indicated
that faults were olten associated with llow entries into bore-
holes, but also suggested that they can act as partial barriers
to fow (baffles) rather than conduits. Since faults are not
exposed in the area of the proposed repository site, the work
was highly dependent on sub-surface data from geophysical
surveys and boreholes. Interpretation of this data was sup-
ported by studies of faults and fracturcs cxposed in the Sella-
field area, as well as reference to published fault studies. The
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objective was to build conceptual and numerical models of the
faults which could be used to support groundwater flow
madels being developed by Nirex, and underpin these with
mean values and uncertainty ranges for relevant fault and [rac-
ture parameters (e.g. fault strand spacing and thickness, fault
orientations and fracture apertures).

Details of the geological selting of Sellafield have been pre-
viously published (Millward ef al. 1994; Barclay et al. 1994;
Barnes ef al. 1994; Akhurst et al 1997). The study reported
here focused mainly on three faults in the central part of the
Potential Repository Zone (PRZ, Fig. 1), where the greatest
density of subsurface data is available. In this area a sequence
of dominantly fuvial sandstone (matrix porositics from ¢. 10
Lo 25% ) belonging to the Lower Triassic Sherwood Sandstone
Group overlies the Brockram, a coarse Permian breccia with
a muddy, low porosity matrix. Together, these units comprise
a cover sequence approximately 450m thick. The Brockram
lies unconformably on a basement of Ordovician Borrowdale
Volcanic Group, which here consists mainly of a succession of
voleaniclastic rocks and associated intrusive bodies thought,
on geophysical evidence, to be several kilometres thick.

Structurally, the PRZ is located close to the faulted bound-
ary between the East Irish Sea Basin (Upper Palacozoic to
Mesozoic) and the Lake District Massif (Palacozoic). The cover
sequence is cut by a dominant set of NNW-striking extensional
[aults, with a subsidiary set of NE- to ENE-striking, steeply-
dipping to vertical faults which may be transfer structures.
Seismic mapping of intra-Borrowdale Volcanic Group faults is
difficult due to poor reflector continuity and attenuation;
however, their presence has been inferred from offsets of the
base Permo-Triassic/top Borrowdale Voleanic Group reflector,
and also from interpretation of downhole scismic tomograms
and vertical scismic profiles. All the Nirex boreholes penctrated
[aulis in both the cover and basement rocks, the larger of which
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Fig.1 Base Permo-Triassic structure map of the Sellafield Potential Repository Zone (PRZ) highlighting F2, F3 and F201. A, Boreholes
RCE3RCMI/RCM?2; B, Boreholes RCF1T/RCM3; @, Boreholes as numbered

were correlated with the two-dimensional (2-D) and three-
dimensional (3-1)) scismic interpretations to help construct a
lithostructural model of the PRZ (Nirex 19975).

1. THE FAULT CONCEPTUALIZATION STUDY

The Fault Conceptualization Study (Nirex 1997a) involved
integration and analysis of borehole geological, geophysical
and hydrogeological datasets, followed by application of sta-
tistical analyses and numerical modelling techniques. A total
of 18 borehole tault intersections were studied in core and in
borehole imagery, supplemented by analysis of hydrogeologi-
cal test data across the fault zones. The terminology used in
this paper to describe [ault-zone structure is shown schemati-
cally in Figure 2 and the hydrogeological tests are described
[urther in Section 3.3./. The borehole intersections enabled 13
different fault zones to be sampled. although the majority of
the data related to three specific seismic-scale (i.e. resolvable
on seismic reflection data) faults: F2, F3 and F201 (see Fig. 1).
F2 and F3 belong to the sct of NN W-striking extensional struc-
tures and have maximum displacements of around 150 m and
30 mrespectively at base Permo-Triassic level. Both structures
were intersected by boreholes in the Sherwood Sandstone
Group and the Borrowdale Volcanic Group, providing the
opportunity to study the same fault in different lithologies and
at different strain levels. F201, which belongs to the set of NE-
striking faults and has a maximum displacement of around
25m, was studied within the Borrowdale Volcanic Group.

Although the borehole fault intersections provide highly
localized one-dimensional (1-D) samples of large-scale,
heterogeneous structures, they are the only direct subsurface
sample of the geological features (e.g. faultrocks, damage zone
fractures, see Fig. 2) which control the hydraulic behaviour of
the faulis at the small-scale (i.e. the faull ‘plumbing’). The
physical characteristics, permeability, intensitly, orientation,
and connectivity of these features, relative to the permeabil-
ity characteristics of the host rock lithology, largely determine
whether fault zones are transmissive or act as flow
barricrs/baftles.

Structural logging of core (Nirex 1993¢) provided quali-
tative observations on the permeability characteristics of the
Taultrocks (e.g. clay content, grain-size), including any disrup-
tion to them resulting from reactivation. Similarly, fracture
mineralization logging of core (Nirex 1997¢) provided a
dataset of “Potential Flowing Features’, delined as those frac-
tures containing both connected void space and late Quater-
nary or contemporary mineralization (see the Appendix for a
description of Potential Flowing Features and also the miner-
alization episodes which have been identified at Sellafield).
Logging and characterization of Potential Flowing Features
was a method [or sampling the distribution of potential path-
ways for groundwater Now along cach borehole. In addition,
the depths and magnitudes of fluid flow entries into each bore-
hole (Flow Zones). as identified during production logging,
was uscd as a valuable indicator of contemporary flow (see
Appendix). It was recognized that not all groundwater flow



FLUID FLOW IN FAULTS 161

Borehole
Fault tip

Fault spla
Py Hangingwall

damage
zorne
{HWDZ)

Fault
envelope

Footwall
damage

zZone ~ s
(FWDZ) . J\
KEY

Fault strand FWDZ

— = Fault strands

s = Fault strand intersections
in boreholes (ie faultrock
intervals)

-~ =Damage zone boundary

White material is hostrock
Mo scale implied

Iig. 2 Sketch showing fault terminology used in the paper.

entries could be identified due to the resolution limits of the
production logging method.

The analysis of borehole data was carried out in three steps
and the results used to construct composite logs of each fault
interscction (c.g. Fig. 3), and also to derive fault and fracture
parameter values, The first step was the interpretation of fault
geomeltry, based on the distribution and character of the fault
strands and fracture types making up the associated damage
zones. The next step was to investigate correlations between
the fault geometry and the distribution and character of Polen-
tial Flowing Features and Flow Zones. Finally, in order to
evaluate the hydraulic character of the faults, the fault struc-
ture and assoclated ‘plumbing’ were compared with perme-
ability values derived from hydraulic testing which had been
carried out in the borcholes at a range of scales from 1.5m
(Short Interval Tests) to 50 m (Environmental Pressure
Measurements) in length (see Sution 1996).

In order to upscale from the centimetre scale of the 1-D
borehole samples to the 10-100 metre scale needed to develop
3-D models of faull geomelry and ‘plumbing’ it was necessary
Lo integrate the results of seismic mapping (Nirex 19976}, lault
analogue studies (Nirex 1997d, ¢) and cross-hole hydraulic
testing. Seismic data enabled an interpretation of the larger-
scale geometry of the faults to be made, for example identify-
ing features such as jogs, relay ramps (Peacock & Sanderson
1991) or fault intersections (Figs 5, 7, 8), all of which may influ-
cnce the bulk hydraulic behaviour. It also allowed the litho-
logical juxtapositions across the fault plane, which may
strongly influence the sealing efficiency ol the [aultrocks, to be
mapped out (Nirex 1996). Field studies of faults and [racture
systems, carried oul both [or this and previous studies (Ameen
1995; Nirex 1997a, ¢}, were also essential to help understand

the geomelry of the faults and aspects such as fracture lengths,
conneclivity, and intersection relationships. Figures 4 and 5
are examples of structures mapped in the St Bees Sandstone
(lower part of the Sherwood Sandstone Group) at St Bees
Ilead, which were directly used in developing the 3-D con-
ceptualizations of fault geometry. Additionally, the results ol
cross-hole hydraulic testing carried out from boreholes inter-
secting the faults but separated by a few tens to a few hundreds
of metres (Nirex 1997/, g) were also used to cvaluate their
hydraulic behaviour at that scale.

2. FAULTS IN THE SHERWOOD SANDSTONE
GROUP

2.1. Fault geometry

The Sherwood Sandstone Group of west Cumbria comprises
three formations, from top down the Ormskirk, Calder and St
Bees sandstones (Bames e af. 1994). Most of the borehole
intersections in which faults were studied, including those of
I'2 and 3. were in the lower part of the St Bees Sandstone,
which comprises fluvial silty fine-grained sandstonc with
minor thinly interbedded claystones. The clay content is vari-
able from bed to bed, generally 10 to 20%. The lower 80 m are
characterized by discrete claystone beds or packages of beds
up to several metres thick and distinguished as the North Head
Member (Akhurst et al. 1997).

F3 was intersected in 4 total of five boreholes. three of which
were only 30 m apart (RCF3, RCM1, RCM2, see Fig. 1) and
at depths ranging from about 90 to 160 mbGL (metres below
Ground Level). At this level the St Bees Sandstone is rela-
tively isotropic in terms of lithology, containing minimal clay-
stonc beds, and is within the zone of near-surface weathering
and assoclated cement dissolution (Nirex 19974). From
seismic interpretation the fault displacement at the level inter-
sected is inlerred to be about 9m (Nirex 19974), implying that
F3 is effectively a sub-seismic scalc structure, where sampled
by the boreholes. The [aull, which has a strike length of
e. 4.5 km. consists of up to two strands, dipping 40° NE, but
seismic interpretation and geomorphological mapping both
indicate a significant along-strike curvature, These obser-
vations, together with field analogues, suggest that along-
strike and down-dip jogs, and possibly en echelon offsets may
be present, as often observed in such structures (Peacock &
Sanderson 1991; Childs er al. 19964, b).

The two borehole intersections of F2 studied in the St Bees
Sandstone (PRZ2 and PRZ3. see Fig. 1) were al approxi-
malcly 350 to 430 mbGL, partly within the relatively clay-rich
North Head Member, and at a level where the fault displace-
ment inferred from seismic data is close to the maximum of
150m observed in the Scllalicld area at the base Permo-
Triassic. Therefore. in contrast to the IF3 intersections
described above, these boreholes provided samples of a
seismic-scale fault in a more anisotropic Sherwood Sandstone
Group host rock. Like F3, F2 dips NE at 40° but il has a strike
length of 6 km at the base of the Permo-Trias, and also com-
prises en echelon segments linked by relay structures (Fig. 1).
[ts geomelry is similar to that of F3, but with up to five faull
strands with associated damage zones, in a fault envelope (see
Fig. 2) some 50 m wide, reflecting a greater displacement.

A conceptualization of fault geometry in the Sherwood
Sandstone Group (Fig. 6) shows that the fault geometry is
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Extensional faulls in St Bees Sandstone at South St Bees Head cliffs.
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Fig. 5 [Field sketch of a compressional jog structure in cliff exposurc of fault SBHF 9 at St Bees Head.

variable, particularly with respect to the number of lault
strands present and the thickness and spatial distribution of
the damage zones. This heterogeneity, which has a potential
impact on hydraulic behaviour, reflects differences in the local
stress history of the faults, often related to fault geometry
topether with variations in the litho-mechanical properties of
the host rock. For example, damage zones represent strain
concentrations which are commonly best developed in brittle
lithologies and at locations where stress was focused becausc
of the fault geomelry (c.g. at offsets in the fault plane, and at
fault tips). The development and character of fracture damage
zones around faults have been discussed in many recent publi-
cations (Scholz & Anders 1993; Caine er al. 1996; Knott et al.
1996).

2.2. Hydrogeological characteristics

Evidence [rom core observations and petrography of St Bees
Sandstone faultrocks (Nirex 1995¢) indicates that they have
lower permeability than the host rock due to cataclastic grain-
size reduction during deformation, and the development of
sccondary clay minerals. Where the host rock has a higher clay
conlent than the normal sandstone, as for the I'2 intersection
in the North Head Member, the faultrocks are also likely to
have a higher clay component due to the dragging of claystone
beds along the fault plane (‘clay smearing’).

Faults in the St Bees Sandstone arc commonly associated
with granulation scams, which are catlaclastic slip planes
generally associaled with porosity and permeability reduction
(Aydin & Johnson 1978) and thought to represent carly phases
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Fig. 6 Conceptualization ol Faolt 2 structure in the North Head Member/Brockram interval based on integration of borehole intersections,
seismic mapping and field data. Key: SBS, St Bees Sandstone: NHM, North Head Member; BK, Brockram; BVG, Borrowdale Volcanic

Group.

of fault growth. Where intensively developed, they have the
capacity to act as baffles to low, alfecting sandstone reservoirs
by creating permeability anisotropy or helping to compart-
mentalize them (Edwards 1996, Fossen & Hesthammer 1998).

Composite borehole logs for I'2 in the North Head Member
revealed a generally strong ncgalive correlation between
Potential Flowing Feature inlensity and the presence of granu-
lation seams (c.g. see Fig. 3 at ¢. 300 to =314 mQ.D.) sug-
gesting that flow has been inhibited or channelled by the
presence ol granulation seams. However. Tigure 3 also indi-
cates a reasonably strong positive correlation between granu-
lation seams and Flow Zones (see Appendix), which would
appear to contradict the negative corrclation between granu-
lation seams and Potential Ilowing Features. This is explained
by the resolution of the production logging method in porous
sandstones, which records flow [rom broad intervals rather
than from point eniries. The lack of a correlation between
Flow Zones and Polential Flowing Features in the interval
-300 to =314 mO.D. is probably either because flow was below
the resolution threshold of the production logging tools or
because the Potential Flowing Features are no longer con-
nected to the active flow system.

A model for the hydrogeology of faults in the Sherwood
Sandstone Group is shown in Figure 7. Faultrocks and granu-
lation scams are the two main elements of the fault ‘plumbing’
interpreted as flow baffles. Another lactor enhancing the
baffle effect is the likely presence of zones ol enhanced cemen-
tation caused by ponding of diagenetic fluids against low per-
meability faultrocks. These ‘cement damage zones” have been
recognized in exposures adjacent to faults in St Bees

Sandstone (Nirex 1997d; Edwards 1996). Conversely, there
may also be zones of cement depletion where groundwater has
been introduced to the matrix along fracture walls.

Conduits for fluid flow are represented by the Potential
Flowing Features and, at the larger scale. by the damage zones
and local fault offsets or jogs (Fig. 7). Most of the Potential
Flowing Features in the Sherwood Sandstone Group fault
zones are carbonate veins with some sccondary porosity
developed by dissolution due to groundwaler flow, a process
thought to be in dynamic interplay with deposition ol mineral
phases [rom the same groundwaters (Nirex 1997¢),

The spatial distribution of Potential Flowing Features
(Nirex 1997¢ and sce Fig. 3) indicates that flow has been
focused in the [aull damage zones compared with both the
faultrocks and the host rock, although Potential Flowing Fea-
tures also occur in the host rock and not all faults in the Sher-
wood Sandstone Group are associated with Potential Flowing
Features. There is also a tendency for Potential Flowing Fea-
tures to be clustered, but there is no consistent relationship to
the fault structure. Hydrotesting data (Environmental Pres-
sure Measurements) indicate that the larger-scale Sherwood
Sandstone Group faull zones have slightly higher permeabili-
ties than the host rock, assumed to be due to the damage
zones. In addition, cross-hole hydraulic testing results (Nirex
1997f) indicate that the faults may act both as baffles to trans-
verse flow and as flow conduits parallel to strike or dip. Thus,
observations made at both small-scale and large-scale appear
to be consistent in sugpesting that fluid flow is likely to be
mainly fault-parallel, focused in the damage zones and highly
heterogencous, whereas flow normal (o the fault plane will be
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tortuous and restricted, especially for the Earger—disp}ﬁéement
[aults.

The permeability axes inferred from the above observations
and inferences, for both isotropic and anisotropic host rocks,
are shown on Figure 7. The ficld observation that the vertical
extent of damage zone fractures tends Lo be limited by ter-
mination at bed boundaries, together with the presence of
strike-parallel jogs (Peacock & Sanderson 1991; see Fig. 5),
imply that the maximum permeability axis (K,,,,) is parallel to
the fault strike (Fig. 7). The orientation of the minimum (K,,;;)
and intermediate (K,,) permeability axes are likely to be
dependent on the permeability characteristics of the host rock.
In a lithologically homogencous host rock with isotropic
matrix permeability, as at the F3 intersection in the upper part
of the St Bees Sandstone, K;,, is expected to be normal to the
fault. However, in an anisotropic sequence such as the North
Head Member, permeability normal to bedding (and approxi-
mately parallel to fault dip) is likely (o be inhibited. This will
compound the effect of the limited [racture height and result
in K, being dip-parallel (see Fig. 7), with K normal to the
fault plane.

3. FAULTS IN THE BORROWDALE VOLCANIC
GROUP

In the PRZ the Borrowdale Voleanic Group is dominated by
massive, densely welded tuff and lapilli-tuff, interpreted as
thick ignimbrites, with subordinate units of volcaniclastic
rocks and acid. intermediate. and basic dykes and sills
(Millward et al. 1994). In general, these rocks have very low
matrix porosity (<1%). The sequence is allected by secondary
alteration, especially close to the top, in some volcaniclastic
units, and in association with fault vones, Apart from the fault-
rocks (see below) these intervals tend to have slightly higher
matrix porosities, up to 4%. The Borrowdale Volcanic Group
Is also affected by a complex fracture system, with several
episodes of fracture mineralization identified from the core
fracture logging (Nirex 1995a; 1997¢; and sce Appendix).

3.1. Fault structure

Fault 2 was studicd in five borchole intersections (RCF1, 2 and
3, RCMI and 3), and Fault 201 in three (RCF1 and 3, and
RCMI; sce Fig. 1). The intersections were all located at a
depth of ¢. 525 to 740 mbGL. within the top 200 m of the
Borrowdale Volcanic Group and immediately below the
unconformity. In parts of this interval the tuffs are sufficiently
altered to reduce the strength of the host rock. Fault 2 in the
Borrowdale Volcanic Group is a complex structural zone, with
typically 4 to 6 main strands but up to 11 in some boreholes.
Thesc strands are of variable orientations, but contained
within a fault envelope whose orthogonal thickness ranges
[rom 16 to 71 m. This variation in fault envelope thickness is
interpreted as a jog or offset in the strike of F2 (Nirex 19975),
coincident with the location of the ESE-dipping F201 (dis-
cussed below). F2 is interpreted as a braided fault system, con-
taining internal lozenges of less deformed host rock, with a
multi-phase movement history which is dominantly dip-slip
but may also have involved some lateral movements. Many of
the F2 strands are coincident with alteration zones, and some
are associated with a coarse breccia which is interpreted as an
early faultrock or [ault-related rock (Nirex 1997h). Most of the

strands arc associated with [racture damage zones in their own
right, and in some cases these damage zones merge.

Fault 201, which consists of two distinct, sub-parallel strands
and associated damage zones, is steeply dipping and belongs
o the family of approximately NE-striking structures. The
observed spatial relationship with F2 described above suggests
that it may be an accommodation structure.

A model illustrating the structure of Faults 2 and 201 at the
stratigraphic level of the borehole intersections is shown in
Figure 8. Although fault damage zones, in which the intensity
of fracturing is higher than in the host rock, have heen identi-
fied from the borehole data, the host rock itself contains a
complex [racture system with a long history of mineralization.
This has implications for the hydrogeological behaviour of the
faults, as discussed below.

3.2. Hydrogeological characieristics

As noled above (Section 1), Potential Flowing Feature distri-
butions are considered to be the best indicator of potential
hydraulically active fractures. Evaluation of along-borehole
Potential Flowing Feature distributions in the Borrowdale Vol-
canic Group (Nirex 1997¢, /) indicales a partial correlation with
fault zones. Some faull zones are associated with Potential
Flowing Feature clusters, especially within the damage zones,
although others are not; Potential Flowing Feature clusters
commonly also occur in the host rock apparently not in associ-
ation with faults. Additionally, Potential Flowing Fealure
clusters are inconsistently distributed in relation to lault
geometry and are not always present at intersections of the
same fault zone in other boreholes. Although these obser-
vations suggest helerogeneous Muid flow, they also indicate that
fault zones have, in the past, and potentially at the present day,
the capability to act as conduits within the larger-scale fracture
dominated flow system in the Borrowdale Volcanic Group.

The majority of Borrowdale Volecanic Group faultrocks
studied are not associated with Potential Flowing Features.
They are, therefore, interpreted as low permeability fcaturcs
which, in general, appear to have been hydraulically inactive.
However, some faultrocks do contain Potential Flowing Fea-
tures and in these cases the Polential Flowing Feature inten-
sity is often higher than seen in the damage zones or host rock.
This obscrvation suggests that some faults have undergone
minor local reactivation, possibly in response to Cenozoic
uplift, creating fracture space and allowing fluid flow. These
may effectively be ‘leak points® in otherwise low permeability
flow baffles. Evidence of variations in faultrock permeability
comes from the contrasting responses of the two F201 fault
strands during hydraulic cross-hole testing (Nirex 1997g).
During drawdown the upper strand, which is not associated
with Potential Flowing Features, appeared to be hydraulically
less active than the lower strand where Potential Flowing Fea-
tures are present, although the different responses may also be
partly due to different distances from the source zone. There-
fore, localized reactivation and ‘leak points’ were incorpor-
ated into the conceptual model of Borrowdale Voleanic Group
fault ‘plumbing” (Fig. 9).

Conduits for fluid flow in the Borrowdale Volcanic Group
fault zones, as indicated by the Polential Flowing Feature
types identified, are in general a pro-rata subset of the fracture
population and also include reactivated faultrocks as discussed
above. Many appear to have been formed by the dissolution
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scismic interpretation, showing interpreted distributions ol Potential Flowing Features.
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Fig. 9  Conceptuahization of fault structure and plumbing in the Borrowdale Voleanic Group.

of carbonate veins, mainly of Triassic age (Nirex 1997c¢).
Orentation analysis indicates a wide scatter of fracture dip
azimuths in the Borrowdale Volcanic Group host rock;
however, this tends to be overprinted in the fault damage
zones by a dominance of synthetic (Taull-parallel) [ractures.

The permeability axes inferred from the above observations
are shown on Figure 9. K, 1s likely to be orientated normal
to the fault plane because of the flow baffling effects of the low
permeability faultrocks (except where reactivated). K., Is
considered to be within the plane of the fault zone, reflecting
the dominance of synthetic fracture orientations. The Poten-
tial Flowing Feature distributions, as discussed above, indicate
that faull damage zones are likely to be the focus of tortuous
flow, reflecting their higher intensily of fracturing compared to
host rock. Field data on fractures in the Borrowdale Volcanic
Group (Nirex 1997¢) indicate generally short fracture lengths,
varlable orientations and complex intersection relationships
owing to the mulli-phase fracturc history. Similar complexity
is expected in the subsurface fault damage zones. Conse-
quently any flow anisotropy in the plane of the fault is con-
sidered to be minimal.

Hydraulic test data derived from the 50m interval tests
(Environmental Pressure Measurements) suggest that fault
zone permeabilities are in general similar to those of the host
rock. At the ¢. 1.5 m scale of the Short Interval Tests where
individual Potential Flowing Features, or clusters thereof were
tested, permeabilitics are strongly related to the presence of
Potential Flowing Features in both the damage zone and host
rock with the bulk of the rock being of very low permeability
(see Section 3.3.2). This relationship, which generally applies
to both fault zones and host rock, is characteristic of fracture-
dominated flow in a low permeability host rock.

In order to carry out numerical modelling (Section 3.4) a
geological model was developed tor the spatial distribution of

Potential Flowing Feature clusters within a typical Borrowdale
Volcanic Group fault zone. The model was based on inte-
gration of the borchole observations described above with the
lithostratigraphic and structural framework of the Potential
Repository Zone (Nirex 1997) and with the field obser-
vations of faults and fractures. Central to the model was the
infercnce that Potential Flowing Features preferentially
develop in susceptible lithological units or in zones of miner-
alization or sccondary alteration, and also in association with
faults and faull intersections. This conceptual model of inter-
secting pipe-like Potential Flowing Feature clusters was taken
torward into the modelling (Fig. 10).

PFF Cluster

Fig. 10 Borrowdale Volcanic Group faull model showing
distribution of Potential Ilowing Feature clusters.
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3.3. Statistical analysis of well test data

The discussion in previous sections focused on the use of
Potential Flowing Features and Flow Zones as indicators of
hydraulic significance.

Quantification of Flow Zone hydraulic properties from the

results of fluid conductivity logs is possible (e.g. Hale & Tsang
1988) but is likely to be approximate, and the detection thresh-
old for a Flow Zone will vary according Lo test conditions and
the position and magnitude of other Flow Zones in the bore-
hole. Typically low llow intervals will be more readily detected
at the base of a borehole than at shallower depths resulting in
a biased sample that requires careful analysis. Successful use
of such a datasct requires detailed integration with well test
results (NAGRA 1993).

It is not possible to directly quantify the hydraulic signifi-
cance of Potential Flowing Features because of the miner-
alogical nature of their detection method. In order to quantify
the permeability (or equivalent hydraulic conductivity) of
Poiential Flowing Features it is necessary to consider the
hydrogeological test data over the borehole interval within
which they are identified.

3.3.1. Hydrogeological test data used

Sutton (1996) describes the peneral testing methodology and
well test procedures used at Sellafield, including the two types
ol test ol mierest here (Environmental Pressure Measure-
ments and Short Interval Tests, see Section 1). Environmental
Pressure Measurements were performed to determine esti-
mates of in situ pressure and hydraulic conductivity within
typically 50 m intervals. Their wide coverage, together with a
relatively uniform sampling methodology, makes the results
suitable for statistical analysis.

The Short Interval Tests, which formed part of the Post
Completion Testing programme in Borehole RCIE3 only (see
Fig. 1), were performed using a wireline-conveyed testing
string {the Schlumberger Modular Dynamics Tester [MDT] ).
The aim ol the campaign was to measure the permeability of
the host rock at a small scale suitable for correlation with
detailed geological observations and to determine the perme-
abilily of intervals away from identified Flow Zones. No other
Short Interval Test campaign was performed at Sellafield
although other individual tests were performed as part of an
appraisal of the Modular Dynamics Tester. The Short Interval
Tests consisted of 100 short duration pulse tests, each on a
1.56 m inlerval, uniformly spaced over 156 m ol borehole
within the Borrowdale Voleanic Group (see also Armitage ef
al. 1996). The pulse tests took the form of a 20 ce injection of
fluid into the packer interval followed by a recovery period
during which the pressure in the interval was monitored. For
a small number of the most transmissive intervals the Modular
Dynamic Tester was reconfigured to perlorm constant rate
extraction tests where fluid was pumped out of the interval
over a period ranging from a [ew minutes to one hour. The
150 m interval selected for the campaign covered the depth
range above the proposed repository depth and included
faulted intervals and zones of high and low fracture density in
the Borrowdale Volcanics Group.

3.3.2. Comparison of Potential Flowing Features and Short
Interval Test results

The small interval length of the Short Interval Tests provided
an opportunity to consider quantitatively hydraulic properties

at a scale close to that of the geological observalions, especi-
ally the Potential Flowing Features. However, exact corre-
lation may include uncertainties due to depth offsets between
the testing string and the core observations. Such offsets are
likely to be small because of the operational procedures used
but may well be of the order of 10 ¢m. In addition, the core
sample is of smaller diameter than the borehole so that Poten-
tial Flowing Feature structures in core are likely to be offset
compared with those at the borehole wall. For example a thin
planar feature dipping at 70° to a 6[{," diameter borchole will
extend over 46 ¢m ol the borchole wall butl only 29 ¢cm ol a
100 mm diameter core from the same interval.

Figure 11 shows normal probability plots for the distri-
bution ol hydraulic conductivity from Short Interval Tests [or
intervals with and without Potential Flowing Features. Clearly
the intervals with Potential Flowing Features are typically
more permeable. Only two intervals without Potential
Flowing Features have conductivity higher than 10- m/s. In
both cascs there are Potential Flowing Features very close to
the interval (8 and 18 cm respectively). Notes [rom the core
logging indicate that the depth of one of these fealures is
approximate and it has therefore been assumed to be within
the high conductivity interval for the analyses presented here.
Given the depth uncertainties it would be entirely possible
that both intervals did in fact contain Potential Flowing
Feature structures. Thus all intervals without Polential
Flowing Features would be ol very low conductlivity, In
addition, a significant proportion of intervals containing
Potential Flowing Features have very low conductivity.

There 18 a clear relationship between conductivity deter-
mined from the Short Interval Tests and the number of Poten-
tial Flowing Features in each interval (Fig. 12). Intervals with
one Potential Flowing Feature are, on average, 10 to 100 times
less permeable than those with two or more. The statistics are
based on relatively small sample sizes and it is possible that
packer by-pass clfccts (where a fracture might connect the test
interval 1o the rest of the borehole) occur in zones ol higher
Potential Flowing Feature intensily. However, the data
suggest that clusters of Potential Flowing Features are more
important than individual Potential Flowing Features.

Hydraulic conductivity determined by Short Interval Tests
may be compared for intervals of Borehole RCF3 inside
damage zones and in the host rock. There is no statistically sig-
nificant difference between the means of the two samples and
the probability plots show a very similar shape below the
median valuc of 10 2 m/s. At higher conductivitics the distri-
butions show a different pattern with a small number of the
most conductive intervals (above 107 m/s) being lound in the
host rock. In the damage zones there is a higher [requency of
intervals of conductivity between 107¢ and 1072 m/s.
However, the sample size is small and the differences may not
be significant. High conductivity intervals in the host rock cor-
respond to a zone within the Sides Farm Member of the
Fleming Hall Formation (Akhurst et al. 1997) that was part ol
the source interval for the RCE3 Pump Test (Nirex 1997g) and
also the most permeable zone in the Borrowdale Volcanic
Group of RCF3.

Overall the data suggest that much of the damage zone rock
is of very low hydraulic conductivity. Comparison with Figure
11 indicates that individual clusters of Potential Flowing Fea-
tures both within damage zones and associated with other
structures in the host rock are more permeable.
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3.3.3. Comparison of Environmental Pressure Measurement
derived hydraulic conductivities and faulis

The scale of Environmental Pressure Measurement testing
(normally 50 m in length) makes investigation of the hydraulic
properties of faults difficult. Of the 44 Environmental Pressure
Measurements performed in the Fleming I1all Formation only
seven intervals did not contain a fault strand. No statistically
significant difference could be identified between the means of
the hydraulic conductivily ol intervals with and without faults.
Given that some of the intervals without fault strands most
probably contained damage zone intervals and/or faull inter-
sections not classified as significant, this is nol surprising.

However, statistically significant differences were found
beiween the mean hydraulic conductivity in the Fleming Hall
and the Bleawath Formations. The latter underlies the
Fleming Hall Formation, at a depth ol ¢. 1000 mbGL. (Mill-
ward et al. 1994, Fip. 2), and is considerably less fractured and
faulted than the former (where penetrated by boreholes). It is
not possible to determine whether the difference in conduc-
tivily is due to lithological or depth influences, which may also
control the apparently lower intensity of laulting within the
Bleawath Formation.

The conclusion from analysis of the Environmental Pres-
sure Measurement data is that a significanl proportion of both
host rock and fault damage zonce rock is of low conductivity.
The scale of the Environmental Pressure Measurement tests
does not allow more detailed comparison with regard to the
influence of faults and their damage zones in the Fleming Hall
Formation which, where penetrated by the borcholes exam-
incd, is a relatively highly faulted part of the Borrowdale Vol-
canic Group. However, very low hydraulic conductivities have
been measured in the less faulted Bleawath Formation.

3.3.4. Conclusions from statistical analyses

A reasonably consisient pattern of hydraulic propertics
emerges from the analyses:

(a) The hydraulic conduclivily of both host rock and damage
zones is heterogeneous with a large proportion of rock
with low hydraulic conductivity at the Short Interval Test
scale;

(b) higher hydraulic conductivity intervals occur within
damage zones and the host rock;

(c) Potential Flowing Featurcs are strongly associated with
these intervals of higher hydraulic conductivity;

(d) the conductivily ol intervals containing Potential Flowing
Features appears to be related to Potential Flowing
Feature spatial intensity suggesting that Potential Flowing
Feature clusters may be the most hydraulically conductive
features.

The strong association of Potential Flowing Fealures, and
clusters of Potential Flowing Features, with the most conduc-
tive intervals suggests that it is these structures that are the
most appropriate basis for hydrogeological modelling. Poten-
tial Flowing Features occur in association with parts of somc
faults usually in [ault damage zones, but may also occur in
zones between [aults. The heterogeneity within, and between,
damage zones suggest multiple controls on hydraulic conduc-
tivity. Hydrogeological models of the Borrowdale Volcanic
Group should therefore not be based on fault geometry
alone,

3.4. Numerical models of low in faults and damage zones

As part of this study numerical models of faults in the Borrow-
dale Volcanic Group were developed. The purposc of this
work was to identify ways of integrating the geological know-
ledge derived [rom the study and to suggest appropriate
models for use in further hydrogeclogical modelling. The
development of numerical models ensured that all the impor-
tant hydraulic properties of the faults were addressed within
the geological studies. In particular, it was important to
develop concepls concerning the distribution of Potential
Flowing Features and Potential Flowing Feature clusters away
from the boreholes. Therefore, the aim of the modelling per-
formed within this study was to identify suitable methodolo-
gies for representing taults in groundwater models, rather than
to build models and make predictions from them.

Tn order to simplify the task only a single Borrowdale Vol-
canic Group fault strand was considered. Models of leatures
with multiple fault strands can be developed from those
deseribed here but special consideration would be required for
fault intersections. The treatment of such intersections would
be a source of uncertainty as only very limited data concern-
ing such zones are available.

Following from the observations and concepts presented in
previous sections, all the models described arc based on
Potential Flowing Featurcs or Potential Flowing Feature
clusters and their distributions. The conceptual model of flow
in a Borrowdale Volcanic Group fault strand and associated
damage zones considered here is that flow occurs in a network
of Potential Flowing Feature structures (Section 3.2), which
are a subset of the total fracture population. In addition flow
oceurs preferentially within clusters of Potential Flowing Fea-
tures (Fig. 10) which were sulficiently well connected in the
past to allow the passage ol fluids responsible for the fracture
mincralization. The distribution of the Potential Flowing
Feature clusters is thought to be related to the geology, but is
predominantly channelled so that the bulk of the fault rock
and damage zones do not contain Potential Flowing Feature
clusters. Flow within the host rock has not been considered,
apart from locally within Borehole RCEF3 (see above), but
mipht be expectled to show a similar pattern that would involve
additional lithological controls. Three numerical implemen-
tation methods are considered:

(a) Heterogeneous porous medium models.

(b) Discrete Fracture Network models of the Potential
Flowing Feature network.

(c) Discrete Fracture Network models of networks of Poten-
tial Flowing Feature clusters.

The first two models are considered appropriate for small
scale models of say 10m to 100m in extent, whercas the third
model could be used for larger scale applications. The
observed heterogencity requires that all the suggested models
are stochastic with inputs based on probability distributions
and statistical relationships. Qutputs from the models are
based on multiple realizations of these probability distri-
butions and need to be analysed using statistical methods.
Each of the modelling methodologies is illustrated in Figure
13.

The heterogeneous porous medium model (Fip. 13a) is
based on division of the model volume into relatively small
cells in which the hydraulic propertics are a function ol local
Potential Flowing [eature intensity. The inputs o this model
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Fig. 12 Probability plot (a) and histograms for Log;, hydraulic conductivity of Short Interval Test intervals within damage zones (b) and outside

damage zones (host rock) (c).

are the distribution of Potential Flowing Feature intensity
within the fault zone and the statistical relationship between
Potential Flowing Feature intensity and hydraulic conductiv-
ity derived from the analysis of Short Interval Tests (Fig. 14),
Some upscaling of cffective hydraulic conductivity may be
required if the porous medium cell size is significantly differ-
ent [rom the scale of the tests, The distribution of Potential
Flowing Feature intensity in relation to [aull framework is
uncertain due to the one-dimensional sampling from bore-
holes. The method used in this study, and recommended for
future use as a means of incorporating geological understand-
ing, was based on the use of geological drawings (see Fig. 9)

and their gencralization into numerical images of Potential
Flowing Feature intensity. Geologists provided drawings of
the predicted spatial layout of Potential Flowing Feature clus-
ters within the faull sirand (Fig. 10) and these were digitized
alter ensuring that they were consistent with the borehole data
in terms of the relative frequency of Potential Flowing Fea-
tures. Figurc 15 shows a sample heterogencous model of a
fault strand and the cells corresponding (o high intensity
Potential Flowing Feature clusters within it (Fig. 15b).

The small scale Discrete Fracture Network model (Fig. 13b)
includes elements for cach Potential Flowing Feature. The
inputs to this model arc the distribution of Potential Flowing
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Feature intensity within the fault zone, transmissivity distri-
butions for individual Potential Flowing Features and the
geometric properties of the dillerent types of Potential
Flowing Features. The transmissivily distribution is dependent
on Potential Flowing Feature intensity (Fig. 14) and would
need to be derived in a manner consistent with the well test
results (sce Herbert et al. 1991). The geometric properties of
the Potential Flowing Features’ length, orientation and shape
are derived from core measurcments, oulcrop mapping and
geological judgement (Nirex 1997¢) and are dependent on
Potential Flowing Feature type. The spatial organization of
the Potential Flowing Features is again derived from the
Potential Flowing Feature intensity image (Fig. 10). A key
input to the model is the Potential Flowing Feature intensity
image, because this defines the channelling of flow within the
fault and damage zones that are being modelled.

The larger scale Discrete Fracture Network models (Fig.
13¢) include model elements corresponding to Potential
Flowing Feature clusters. The inputs to the model describe the
hydraulic and geomelric properties of the PFI' clusters.
Hydraulic properties can be derived from upscaling the Short
Interval Tests or from analysis of larger scale well tests, The

geometric properties of the clusters would nced to be bascd
on the geological concepts developed and would necd to be
augmented with relevant uncertaintics and probability distri-
butions. Cluster orientation, extenl and conmectivily are
defined not by individual Potential Flowing Feature charac-
teristics but from the Potential Flowing Feature intensity
image. Thus Potential Flowing Feature cluster orientation may
not be the same as the individual Potential Flowing Features
(see for example discussions in Martel & Petersen 1990). The
transmissivity and its heterogencity within each cluster would
need to be consistent with the smaller scale models and might
be derived [rom caleulations using such models.

The models described above rely on the extrapolation of
borehole data into the rock volume. The method selected for
the basis of this extrapolation is the use of quantified images
of the rock volume derived from geological conceptualizations
constructed in the manner described in previous sections. It is
felt that this is a useful way of capturing and documenting geo-
logical expertise and of testing it againsl obscrvation, The
Potential Flowing Feature intensity image was calibrated and
tested against borchole dala 1o ensure consistency with the
available data.
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The Discrele Fracture Network models were not imple-
mented within this study, however the relevant input par-
ameters were identified and associated with borehole
measurements. The major uncertainties relate to properties
away from the boreholes, such as length scale and connectiv-
ity, rather than properties such as orientation that are easily
measured at the borehole. All models require a description of
the distribution of the Potential Flowing Features and Polen-
tial Flowing Feature clusters away [rom the borehole, Without
suitable outcrop or underground exploration such extrapola-
tions musl be uncertain and this uncertainty may be an impor-
tant factor in any estimates of the effective permeability of
both fault zones and the host rock.

4. CONCLUSIONS

The results of the Fault Conceptualization Study provided a
firm starting point for more accurate representation of faults
in groundwater flow models at Sellafield. Borehole, reflection
seismic, and oulcrop data were used to constrain and develop
parameters lor conceptual models of fault geometry and
hydrogeology. Preliminary numecrical models based on the
observed relationship betwecen Potential Flowing Feature
intensity and hydraulic conductivity have also been devel-
oped.

The main conclusions for NNW-striking, scismic scale faults
in the Sherwood Sandstone Group are as [ollows:

(a) The faults are commonly multi-stranded, with along-
sirike and down-dip jog structurcs, a geomeiry which is
typical of extensional structures. Damage zones are com-
monly developed, but arc heterogeneous in terms of
thickness and spatial distribution.

(b) A good correlation is observed between fault zones and
Potential Flowing Features, implying that flow has becn
focused in the fault zones. Potential Flowing I'caturc
distributions imply that heterogencous flow occurs within
the fault zones. The relationship with Flow Zones is less
clear because of the effects of matrix low [rom the sand-
stones.

(¢) Faultrocks and granulation seams are interpreted as low
permeability flow ballles, whereas the damage zones are
identified, Irom both Potential Flowing Feature distri-
butions and [rom hydrotesting, as having higher perme-
ability than the host rock. Granulation seams appear (o
have been particularly responsible for inhibiting ground-
walter flow.

(d) K.y is interpreted as being parallel to fault strike, while

Kin may be normal to the fault or aligned down-dip,

dependent on the degree of permeability anisotropy

within the host rock.

The main conclusions for NNW- and NE-striking, seismic-
scale faults in the Borrowdale Volcanic Group are as follows:

(i) The geometry of the large displacement, NNW-striking
fault zone studied (F2) is highly complex, with anasto-
mosing fault strands, internal lozenges of less deformed
host rock, and well developed damage zones which com-
monly merge. The small displacement, NE-striking fault
studied (F201) appears to be a less complex, semi-planar
structure but also with damage zones.

(i) A correlation is observed between fault zones and

Potential Flowing Features, but it is weaker and less con-
sislent than that observed in the Sherwood Sandstone
Group. Faultrocks are generally considered as flow
baffles, but there is evidence that the integrity of these
baffles has been locally breached by minor fault reactiva-
tion. As a result, K., 1s inferred to be normal to the fault
plane. However, there is little evidence for flow
anisotropy within the fault plane. The difficulty of
imaging fault zones within the volcanic rocks and limited
exposure data make any conclusions about anisotropy
within the fault plane uncertain, The damage zones
contain Potential Flowing Features which are a subset of
the fracture population, and these damage zones may be
a focus of hydraulic activity.

(iii) Potential Flowing Feature clusters are considered to be
the best guide of potential hydraulic activity at the larper
scale, both for the faults and the host rock. A geological
model Lo describe their spatial distribution in relation to
faults is based on the fault framework and the distribution
and characteristics of lithological units in the host rock.
including zones of alteration and mineralization.

(iv) The distribution of Potential Flowing Featurcs and, morg
ambiguously, permeabilitics derived from 50 m-scale
hydrotesting suggest that, at the larger scale, there is little
hydraulic conlrast between the [ault zones (including
their damage zones) and the host rock. Tn contrast, the
higher permeabilities observed at the 1.5 m-scale
hydrotesting are typical of fluid flow in a fracture-domi-
nated, low permeability rock. Faults in the Borrowdale
Volcanic Group, therefore, appear to be simply onc com-
ponent of a complex fracture system whose How charac-
teristics largely depend on the connectivity of Potential
Flowing Fealures,

APPENDIX

Definition of Potential Flowing Features, Mineralization
Episodes, and Flow Zones

This Appendix provides a brief explanation of Potential
Flowing Features, Mineralization Episodes and Flow Zones,
all of which were fundamental to the Fault Conceptualization
Study but which, because of space limitations, could not be
described here in detail. They are discussed more fully in
Nirex (1997¢).

1. Potential Flowing Features

These are discontinuities and discrete zones, identified in the
Nirex borehole cores, as being capable of conducting ground-
water flow at the present day. The two criteria necessary for
identifying Potential Flowing Features are firstly some degree
of demonstrable connected porosity at the core scale, and sec-
ondly the presence of mineralization or rock-water inter-
action (a ‘Mineralization Episode’, sce below) that can be
attributed to the present-day, or relatively recent, groundwa-
ter system. The implication is that Potential Flowing Features
are a record of contemporary or recent hydraulic activity, and
therefore indicate potential active groundwater flow con-
duits. Potential Flowing Features were identified by detailed
fracture and mineralization logging of the Nirex core by
geologists at the British Geological Survey under the direc-
tion of Mr Antoni Milodowski.
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Fig. 15 Sample realization of equivalent porous medium model of a single fault strand and damage zone. Elements coloured by Potential Flowing
Feature intensity, (a) Fault strand — all elements. (b) Fault strand — high Polential Flowing Featurc intensity elements only.

In the Fault Concepiualization Study the along-borehole
distributions of Potential Flowing Featurcs in relation to fault
architecture were examined by means of borehole composite
plots, an example of which is given as Figure 3. Six cnd-
member Lypes ol Potential Flowing Feature were recognized,
based on a combination of physical attributes, origin of the
structure and origin of the porosity. These are summarized as
follows:

Type A:  Permeable rock matrix (i.e. flow from intergranu-
lar and interclast porosity)
Type B:  Faull planes (i.c. How from either porous faultrock
or intra-faultrock discontinuitics)
Type C:  (two sub-categories):
C1 — Reactivated fractures (normally at vein
margins or at ‘slip planes’)
C2 — New fractures (i.e. unmineralized and with
fresh wallrocks)
Type D:  Steep to vertical dilational fractures controlled by
bounding ‘slip planes’
Type E: Bedding-parallel [raclures in the sandstone
sequences (related to erosional unloading)
Type F:  Iractures with clear evidence of porosity formed
by mineral dissolution

Within this paper the term Potential Flowing Features has
been uscd both for particular features identified in core (Nirex
1997¢) and for equivalent features within the host rock. This
usage is different from that in the Nirex 1997 Safety Assess-
ment (Nirex 19977} where the term Potential Flowing Features
refers only to those features identified in core and features that
flow within the rock mass are termed Flowing Features.

2. Mineralization Episodes

A fundamental aspect of Potential Flowing Feature recog-
nition was the construction of a chronological framework for
the [racture mineralizations developed at Sellafield. Nine
broad, temporally discrete, ‘Mineralization Episodes’ were
identified from detailed core logging by the BGS supported by
petrographic and fluid inclusion studies, isotopic analysis, and
radiometric dating. Full details of this paragenetic framework
can be found in Nirex (19954) and Mildowski ef af. (this

Volume). For the purposes of the Fault Conceptualization
Study only the three most recent mineralizations (ME7, MES
and ME9) were correlated with other geological and hydro-
geological data on the borehole composite plots (e.g. see Fig.
3) because of their relevance lo the present groundwater
regime. These are summarized as follows:

ME7. Dominantly illitic clay minerals and hematite either as
late fracture infills or within [aull gouges. Probably late
Triassic to Tertiary in age.

MES: Mn- and Fe-oxides, which are alteration products
oceurring as surface impregnations and stains, thin films
and dendritic coatings on fracture surfaces. Typical of
near-surface alleration associated with an oxidizing
groundwater regime, and [ound only in the upper few
hundred metres of the Sellalield sequence. Presence of
MES and open porosity suggests thatl [ractures are
hydraulically active.

ME9: Dominantly calcitic mineralization, almost always
associated with open fractures. Tts habit is closcly
associated with present-day groundwater chemistry,
and changes with depth accordingly. Dated as very
young, and believed to be produced by deposition from
the active groundwater system.

3. Flow Zones

The term Flow Zones was uscd to describe points or intervals
within the Nirex boreholes where flow cntry from the bore-
hole walls was identified from the interpretation of hydrogeo-
logical production logs (specifically differential temperature
and conductivity logs). These production logs were run during
hydrogeological testing of the boreholes (e.g. Full Sector
Tests) and interpretation of Flow Zones was carried out by
GeoScience Limited. Delails can be found in Nirex (199355,
1997/). Flow Zones, which represent active groundwater flow
induced during pressure drawdown of the borehole, were used
in the Fault Conceptualization Study o draw correlations with
other geological and hydrogeological data on the borehole
composite plots (sce Fig. 3).
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