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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SUNAVEARY: Thie situclire amd hrdrﬂgﬂ-ulnﬁ:ina.'l prnpurl'n:: of subsurface Gauls in the Trnassic Sherwood Samddone (_'.ruqq'.- amal
Oimdowviciin Borrowdale Vialcanic Il'.l'rnup at Sellatield in wedt Combria were vestigated in arder o dn'l.'r.-]rrp -:v.'ml;n:p[unl and numer-
ici] madels for i|1|1|.|:| o grovndwater Aow modelling at the possable site of an Und:rg:mnm:l rachinacisye wasie n:pt'r.i[-nry. Fighteen
harehobe intersections of faulls were stodicd uu'n": oo, barchole imagory el bydraulic test data (single and multi-well t:sr.ing].
The results were integrated with dita and mterpretations from schmic surveys amd licld stwdics in order 1o prepare conceplual-
ewtions of [aull archiiecture and hvdrogealogy, suniahble for Iak.'ir'lt[ forward 1nko numenicsl mndr_'lﬁn“. Hydrauhe test divta indhcste
that fault zones in the Sherwood Sandstone Giroup are shghtly more permeable than the host rock, and geological observalions
suggesl that Bow muey be Focused i othe faalt damage sones rather than in the faaltroeks, which tend to act ag Aow baffles. Where
present in sulficient numbers, granulation seams appear to be Bow inhibitors. In the voleanie rock, hydraulic test dans indicate tha
fauly somes have little permeability conteast will the host rock. However, geological obscreations suggest that minor reactivation
may have locally dizrupted the ballling cifcet ol faulirocks, thercby creating *leak poims”, Ohverall, the study suggests that grouncl-
witer fow in faules af Scllafeld & bighly Bbelerogeneous at the borehasle seiale, but af larger seales the bydraalic behaviour of faubs

15 more hofmogeieous,

Hetwesn 1980 and 1997, a sie mcar Scllahckl on tho wesd coxasd
of Cumbria in NW England {Fig. 1) was investigated by
Uinited Kimpdom Nires Limitcd {Nirex) as a possible locition
for an underground radicactive waste repository, A Koy con-
sideration affecting the suitability of any site propoeed for
radissctive waste disposal 15 the nature of the groundwater
regime, including the rate, volume and direction of fow
throwgh the rock mase Mumerical modelling & normally
carried ot to predict flow paths, flow sates {in terms of Dux),
and discharge areas, whieh leed into the ealculation of
radionuchide dosage rales associalod with possible lutuse dis-
charges (rom o reposilony, Exporicnos in many national radio-
aclve wasle programmes, ¢ Sweden (SKH 1990} and
Swileorlamd (MAGHA 1993), and alsn in industries such as
geothermal energy and hydeocarbon extraction, indicates that
Faudts often influsies fuid Aow paths and rates. and can act as
boumdaries to pressure domains. Momenical models will there-
fore be more realistic if the hydrogeological propertics of
faubs are adequatcly represcated.

This T descrites the results of a study aimed at charac-
terizing the hydropeological propertics of faults ut Scllafeld
[the Faull Conceptualeateon Study, Mirex '|.|':|":‘Tn}. The pedco-
tial importance of foudts kil boen wdentificd urimg pn."l.'iuqh
proundwanier fow stedics {Nigex 1995, b). which indscated
that fnullz were often paocaled with Bew entres milo bore-
hules, but abso sugpested that they can act as partial barriers
Wi Bow (baffles) rather than condois, Sice fauls are not
eaposed in the area of the proposed reposatory site, the work
wits highly dependent on sub-surface data from geophysical
survevs and boreholes. Interpretation of this data was sup-
ported by studies of Laubis and [ractures cxposcd in the Sclla-
fheld area, st well as relerenoe b pul'lrnhl.'d Lawill stiedics. ‘The
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aligective was Lo ikl conceptual and numecrical models of the
faulls which cowld e used W suppor] proundwator (bow
misbels being dovelograd by Nirex, and underpin these with
mscin valiwes and uneerlamiy ranges lor relevant Gault ancd frac-
ture paramebers (e.g. faull sorand spacing and thickness, fauli
oriemations and fracture apermanes),

I¥etnils of the genlogical setiing of 52(lalield have been pre-
viously published (Millward ot al 19949 Barclny e afl 159904
Barnes & o, 1994 Akhurst &t al. 1997). The study reporied
here focused mainly on thres fanlts in the central part of the
Patentinl Repository Zone (PRE, Fig. 1), where the preatest
densily of subsurface data is available, In this area o sequence
of dominantly Muvial sandstone (matrix porosities rem ¢ 10
Lo 25% ) belonging 1 the Lower Trinssic Sherwood Samdsione
Gruup overles the Brockmm, i coarse Permaian breceta walh
iL mud.;;l!.'. L l'l-:j:-'rl.ﬂ'il!:,' Alnx, 'Ii}g!lhn. ke umwils :fmrpriie
L DOVET Seguence :uppl\:l‘:l:i'rl1:||1.-e,':ll1_.I H50m thick. ‘Thae Hrockram
lies uneonformably an a basement of Crdovician Bormowdale
Valcanic Cirpup, which here comssts mainly of 2 succassion of
vilcaneclastic rocks amd associated mirusive bodpes thoughr,
on geophysical evidence, 1o be several kilometres thick.

Structurally, the PRZ is located close to the faulied boand-
ary between the Ezst Irish Sen Basin (Upper Palneozose to
Mesoroic) nnd the Lake District Muassif ( Palacozoic), The cover
sefpuence is cut by a dominant set of MMW-striking extensional
Canilds, with o subsidiary set of ME- o ENE-sinking, steeply-
dipping b vertical faulls which may be tmnsler structures,
seismic mapping of intra-Borrowdale Yoleanic Growp fults is
difficult due to poor reflector confinuity and attemation;
however, their presence has been inferred from offsets of the
base Permo-Trassichop Barmewdabe Volcamie Group reflector,
and abso from interpretation of downhole scismic tomograms
and vertical seismie prodiles, Al the Morex boreholes pencirated
Fadlts i ket the cover amed baiement rocks, the lurger of which
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Fig. 1 Fase Permo-Trmssic structure mage of the Sellafiel]l Polential Repesaiory Zone (FRE) hughlightimg FL F} and 200, &, Borcholes
ROFARCMIRCMET W, Bedehols ROFLUROM L 8, Barchales gt nimbased

were comelated with the tao-limensional {(2:13) and three-
dimenstonal (212 scemic interpretaiions o help constnact a
Tthostroctune] masde] of the FRE I:E"-:'rrl:x 14T ).

L THE FAULT CONCEFTUALIZATION STUDY

The Fauh Conceplualisation Stuedy (Mires 1997%0) tnvolved
integraton and analysis of bosehode peolegical, geophysical
and hydrogechsgical datasets, foflowed by application of sta-
nstical analyses and numerscal modelling techniques. A total
of 18 borchaole fault Iatersections were studied i coge and in
barehole imagery, supplemented by analysis of hydrogeologi-
cal test data acress the [ouh zoncy. The lerminelogy wsed in
this paper to describe [aull-pone structure i shown schemati-
cally in Figure 2 and the hydrogealogical tests are descrilsed
further in Section 1.1 7. The borehode intersections emabled 13
diffesent fault zones to ke sampled, althoogh the majority of
the data rebated (o three specific scismic-scale (i.c. resolvable
o scismic reflection dato) fankts: F2, F3 and F201 {see Fip. 1)
Fi and F3 belong to the set of NIWW-siriking extcnsional struc-
tures and have maximum displacements of around 150 m and
3 m respectively at bnss Permeo Triassic level, Hoih struciurcs
wirg intersected by bareholes in the Sheraood Sandstone
Group and the Borrowdale Vialeanic Group, providing the
opportunity to study the snme fauls i different lithodopies and
at diffcrent strain levels: F201, which belongs 1o the set of NE-
striking [auls and has @ moximum displacement of around
25m., was sludied within the Borrowdale Volcanic Group,

Althoaigh the borehole fault mlersections provide highly
localized ope-dimensicnal {1-00} samples of large-scale,
heterogencous structurcs, they are the onby direct subsurface
simiple of the geolbegical features (e fnultrocks, damage zone
fractures, see Fig. 2) which coptred the hyydrankic behaviour of
the fauhs a1 the smallscale {1z, the [auli 'p]umbin;‘]. The
pl1].':i|:al chariclemilns, Furmcahilil:,l. inkensily, oricnlation,
amd aomnectivily of tThese feaneres, relative 1o the p.:rrr:-u.'l.h'i[-
ity charactesistics of the host rock Hethokogy, largely determineg
whether Gwll zones are fransmissive or s as fow
Eaurmicrsballbes

Structural bogging of core (Mirex 19%5e) provided quali-
tative observitions on the permeahility characteristics of the
fvultrocks (e g. clay content, groin-sze ), including any dismup-
b 1 them resulling from reactivation. Similarly, frocture
mineraliabion loggimg of core (Nirex 1%97¢) provided o
dataget of "Potential Flowing Fealures”, delined as those Tric-
tures comtaining both comnected void space amd Iofe Ouater-
nary ar contemporary mineralization (ses the .-"._pp:m]ix for a
description of Potential Flowing Features and also the miner-
ilization episedes which have bheen sdentified at Sellafisfd),
l_.n]ﬂing and charasclemzabion of Polontial F]nwinj; Featieres
wits a method for sampling the desdnbution of potential path-
ways for groundwaler Now along each borchode. [n addition,
thee depths and magnitudes of Thid Now enlries inlo each bone-
hole (Flow Lones). & identified during production loggmg,
wis wsed a5 g valuable indicator of contemporary flow (see
Appemix). I was recognised thar pet all growndwater flow
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Hg.1 Skereh showing fasl werminalogy used in the paper.

epirics could be wdenithed doe to the resalution lEmits of the
producisen logping method,

The anabysis of borehole data was carried oui in three steps
and the resulis used to construct composite logs of cach faul
imtersection (e.p. Fig. 31, and also to derive fault and fracturs
parameter values, The first step was the interpretation of tault
geomery, based un the distnbution and chardeter of the Gl
stramds amd fraclune types making up (ke msocnted damage
sones. The next step was to nvestigate cormelations between
the faul geometry and the distribution and charmcter of Poten-
tinl Flowing Features and Flow Zones, Fimally, in order 1o
evaluate the hydraulic character of the faults, the fault struc-
ture nnd associated "plumhing” were compared with perme-
ohbility valoes derived from hydrawlic testing which had been
carried out im the borcholes wt o range of scabes from [5m
(Short Interval Tests) o 50 m (Environmential Pressure
Measuremenits)in length (s¢e Sutton 199),

In order 1o upscabe from the centimetre scale of the 1-D
borehole samples (o the D100 metne seabe aeeded o develop
31 mibels of (aull geometey and ‘plusubing’ i was neecssary
Lo integrate the tesults of scismic nuapping (Mirex 19976), faul
analogue stedies (Nirex 1997, ¢) and comss-hode hydraulie
testing. Sedsmic data ensbled an interpretation of the larger-
scale peometry of the faults to be made, for example identily-
ing features such as jogs, relay ramps (Peacock & Sanderson
19901 ) or fault mtersections (Figs 3, 7, 8], all of which may influ-
coce the bulk hydraulic behaviour. 1t also allowed the litho-
logical juxtnpositions across the [auli planc, which may
strongly influence the sealing ellicicney of the nelirecks, to be
mapped ol {Mirex 199} Field studies of Taulis amd [racture
systems, carried out both [or this and previous studies { Ameen
15, Mires 1990, ), were alsa essential to help understand

1k geomeley of tbe [aults and aspects such as fracture I:-ngl:l'n.
conneciivity, and inersection relatbonships, Figores 4 and 5
are examples of structures mapped o the St Bees Sandstone
(lower part of the Sherwood Sandsione Growp) ot 5t Becs
Ilead, which were direcily wed m developing the 3D con-
ceplralizations of fault peomerry. Additonally, the resualis of
eross-hole hydraulic testing carsied our from boseholes imtar-
secting the (aulis bul separated by & few tens 1o a few hundreds
of metres Mirgx 19990 2] wore also used 1o evaluate their
hydraulic behaviour at that scale,

2. FAULTS I THE SHERWOOD SANDSTONE
GROUP

21, Fauli geametry

The Sherwogd Sandstone Growp of west Cumbria comprises
thres formations, rom lop dewn the Crmskirk, Calder and 5t
Bees sondstones (Hames o of 1994), Mosi of the bosehole
intersections m which faulls were stubicad, including those of
2 and I3, were in the lower part of the St Bees Sandstone,
which comprises ffuvial silty fine-grained sandstone with
mainat Lhanly mlerbedded claystonss, The clay content is vani-
ahle from bed to bed, generally 1 to 20%., The lower 80 m are
characterioed by discrole clayvstone beds or packages of beds
up 1o several metres thick and distinguished as the North Head
Menmber {Akharsr et ol 1997).

F3was inlersected in a botsl of five bareholes. three of which
sere only 30 m aparl {RCF3. RCMIE, BCM2, see Fig. 1) ansd
at depthe ranging from about 90 (o 16 mbGL (mctres below
Crroundd Lewel), Al this level the S5t Bees Sandstone i rela-
tively isotrapic in terms of lithology, contaiming minimal clay-
slone beds, and & within the rane of mear-surince weatherning
ol pssocinied cement  dissobution (Mirex 19974k From
seismic imlerprefation the foult displacement ot the level inter-
secied is mferved 1o be about S (Mirex 19%97h), implying Lhat
F3 is effectively a sub-seismic scale structure, where sampled
by the horeholes. “The fault, which has o sirike length of
e 4.3 km, consists of up 1o o sirongds, dipping 40° NE, but
RSIKAAC I.11.I=r|1l~:l:|.'|inr.| and g:nn'l-m'phulugj;ll mupping baih
indscate o significant along-strike curviture, These obser-
vations, logether with figld analogues, sugeest thot abong-
sinke und down-dip jogs, and possihly en echelon offseis may
be presenl, as ollen observed in such structures | Peacock &
Sanderson 1991; Childs of al. 1996, B),

The two barchole intersections of F2 siudicd in the St Bees
Sundstome (PRZZ and PRZS, sce Fig 1) were al approsi-
milely 350 (o 430 mbGL. partly within the relatively cliy-rich
Morth Head Member. and at a bevel where the faul displace-
miend inferred from seismic data is close 1o the masimum of
150m ohserved in the Scllalicld arca st the base Permo-
Trinszic, Therefore, in contrast o the F3 inersectons
descnbed above, these boreholes provided samples of a
scismic-scnle faull in p more anisotropi Sherwoosd Sandsione
Grroup host reck. Like F3, F2 dips WE a1 40 bl il has o sinike
fength of 6 km ot the base of the Permo-Trias, amd also com-
prises en echelon segments linked by relay structures (Fiz, 1),
s geomeiry is similar 1o that of F3, bat with up 1o five [auh
stramds with associnicd damage zones, in a fault envelope {(see
Fig. 2} soome 50 m wide, rellecting 5 greater displacs ment.

A conceplualization of faull peomeiry in the Sherwoasl
Sambstone Group (Fig. &) shows thar the fault geometry i
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Fig- 4 Exiemsionil foidis ih 51 Bees Sunchione al South 51 Bees Head elifis.

Fig. & Ficld skctch of a compresssonal jog siruciore in cliff exposure of fault SAHF 901 51 Bees Hosd.

vanablde, particulardy with respect to the number of fauly
sirancls present and the thickness and spatial distribution of
the damage wones. This heterogeneity, which has a potential
imipact on hydranlic behnvioar, rellects differcnces in the kocal
iress history of the faults, often related o faolt geometry
topether with variations in the litho-mechanical properics of
the bost rock. For example, domage dones represenl strain
concentmtions which are commonly best developed in britile
lithedogees and at locations where stress was focused bocause
of the [l geomeiry (c.g. at offscis in the fault plans, and a1
fault tips). The development and character of fracture damnge
Fomes around faalis have been discussed i miany recent puibli-
cations (Schobr & Ancers 1993 Caine of af. 19940 Knott er al,
14 .

LI Hydrogeslogicsl charscteristics

Evidence from core observalions and petrography of 1 Bees
Sandstone faultrocks {Mirex 1995c) indicates thal they have
lower permeability than the host rock due to cateclastic grain-
size reduction during deformation, and the development of
secondary clay minerals. Where the bost rock has a higher cluy
contenl than the normal sandstone, as for the F2 infersection
in the Morth Head Member, the faulirocks are abso likely 1o
have a higher clay component due o the dragging of clovstone
heds along the Bl plane (‘clay smearing”),

Faulls in the St Bees Sandstone are commonly awsociated
with gramulntion scams, which are calaclastic slip planes
pererally awociated with porosity and penmeabilily reduction
(Aydin & Johnson 1978) ondd thought o represent carly phases
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Fig. &  Conceptuadimtion of Fugll T sirocdwne in the North Head Menshor/Brockrans intorval based oo micgratson of borchole intoreciime,
seismic meppang and feld data. Koy 5155, 5t Boes Sanditone: NHM. Mok Hoad Momber: BE, Brockram: BYC Bommowdale Yoliamic

Ciguug.

of lault growth. Where intensively developed. they have Lhe
capacity 1o act as baffies to flow, alfecling sundstone reservairs
by creating permenbality anisairopy or helping 16 compart-
mentalize them (Edwands 1996, Fosen & Hesthammer 1998).

Compsite borehole logs for F2 in (he Morth Head Member
revealed a gencrally strong megulive oorrelation betwesn
Podential Flowing Feature iniensity and the presence of grang-
lation seams (c.g. sce Fig, ¥ at e 300 g0 <314 mO,D0) sug-
gesting ihat Qow has been inhihited or channelled by the
presence of granulation seams. However, Figore 3 also inddi-
cales o Feasonably strong pesitive cormelation between gruow-
kateon seams and Flow Zones {sec Appendix), which saould
appear o contradict the negative comrelation between grang-
nteon seams and Potential Flowing Features, This is explained
by the resobuion of the prodluction logging method in ponous
gandstomes, which records fow from broad intervals rather
than from poant emnines. The lack of a correlafion hetween
Flow Zones smd Podential Flowing Features in the inlerval
~A00 o -314 miOL T is probably either becouse fow was belvw
the resolution theeshold of the production legpng tools or
because the Potential Flowing Featurcs are no longer con-
acscled to the active flow system,

A model Tor the hydrogeobsey of faulis in the Sherwood
Sandstone Groap 1s shown in Figure 7. Faultrocks and granuo-
[ab by seans are the two main elements of the faull ‘plumbing’
mtcrpreted a3 Aow bafles. Another (sclor enhancing the
bafbe effect is the likoly presenee of 2enes of enhaneed cemen-
tntion cansed by ponding of diagenctic Meids against low per-
mealiliy faultrocks. These “cement damage #ones’ have been
recognizad i oxposures adjacent tn faults in 5t Bees

Sandarone (Mirex 1MN7d; Edwards 1998). Conversely, thers
oy alao be zones of cement depletion where groundwater has
heen intradeced 1o the matrix along feacture walls,

Comdlisits for Mukd Bow are represented by the Polential
Flowing Featares and, &t the larger scale, by the damage zoncs
and local fanlt offsets or jogs (Fig, 7}, Most of the Potential
Flowing Features in the Sherwond Sandstope Ciroup faali
zopcs are carbonpde weins with some secondary perosty
developed by dissolution due Lo groundwaler low, a process
thought to be in dynamic interplay with deposition of mineral
phises oim the same groumiwalers [Mores 15872,

The spatial distebution of Poteotinl Flowiog Festures
(Mirex PW0e amd soc Figo 3) mdicales thad Bow has been
foruzed in the (bull damage sones comparcd with bobh the
Gulirecks and the bost rock, alibough Polential Flowing Fea-
tures ales oocur in ihe host rock and not all faults in the Sher-
wipdslll Sandstone Groap are associnted with Potential Flowing
Features, There is alsg a tendency for Potential Flowing Fea-
tures to be clustered, bat there is no consistent relotionship to
the fault structure. Hydrotesting data (Environmenial Pres-
sure Mensuremenis) idicate that the larger-scale Sherwood
Sandstone Group foull 2ones have slightly higher permuabifi-
tics than the host rogk, assumed 10 be due 0 the domags
gones. |In addition, cross-hole hydraulic testing results (Mirex
L9971} indicate that the Taalts may act bath as baffles to trans-
varse flow and as Aew condusts paralle] to strike or dip, Thus,
ohservations made af both small-scale and large-scalle appear
to be consstent in supgesting that fluad flow is likely to be
mainly fault-parnllel, focused in the domige zones and highly
heteregeneous, whereas fow normul o the Tmalt plang will be
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tortuous s restricled, especially for the larger-displicensent
[auhis.

The permcatalify ascs inferred from the above observations
and infercrees, [or both isotropic and anisstropic bost rocks,
are shown on Figure 7. The ficld ohscrvaticn that the vertical
extent of damage zone fraciores tends o be miled by ter-
mination ot bed boundanies, wegether with the pressmce of
strike-parallel jogs {Pescock & Sanderson 19915 see Fip 3),
imply that the maximum permenbility axis (K., ) & parallel o
the fault strike (Fig. 7). The ordentation of the minbmum (K. )
and intermedinte {Kg,,,) permeability axes are hkely to be
dependent on the permeability charscteristics of the host rock.
In a lithologicnlly homogencous host rock with issropic
mintrix permeability, &5 ol the F3 intersection in the upper part
of the 51 Bees Sapdstone, K, B expected 10 be normal bo Use
Laull. Howewer, in an Irﬂ!ﬂ‘:-'ll’ﬂﬂif.‘ Seguencs such as the MNorth
Hend Member, permeability pormal to bediding [and approxi-
mately parallel o fault dip) i likcly 1o be mhibited. This wdll
comapound the effect of the limited Irscture height and result
in K s boing dip-paralkcl (see Fig. 71, with K, normal oo the
fald pl.:m:.

A FAULTS IN THE BORROWDALE VIORLCANIC
GROUP

liwthe PRE the Borrowdale Voleanic Group is dominated by
menssive, demscly welded wff and lapilli-muff, interpreted os
thick kgnimbrites, with subordinate wnits of volcamiclastic
rocks and acid. intermediote, and basic dykes and sills
( Miillwrard e ol 1994), In gencrol, these rocks huve very bow
matrix poresity (<1 %k The sequence is allected by secondnry
alteration, cspecinlly close 1o the fop. in some volcaniclastic
units. and in sssociation with el 2ones, Apan from the falt:
roacks (see below) these intervals tend 1o have slightly higher
matris porosities, up o 4%, The Borrowdalke Yalcanic Group
is wlse alfected by a complex fmcture system, with several
episedes of fracture mingralization klentilicd [rom the core
fracture logping {Mirex 1995 1997 ancd s Appendix).

L. Fault strocture

Frult 2 weas stuched in five borchale interiections (RCF1, 2 and
3, RCMI and 3, apd Fault 201 in three (ROCF1 and 3, and
RCMI; see Fig. 1), The miersections were all located at &
depth of £ 5325 1w T4 mbGL, within the top 200 m of ihe
Borrowdale Voleanic Group and immodiately below ihe
apeonformity. T parte of this interval the iwfls are sufficiently
allered 1o reduce the strength of the host rock. Faull 2 in the
Borrowdale Yolcande Group i o complos struciural zone, with
typacally 4 o & main siramds bul uge e 1w some borehobes,
These strands are of variable orleatations, bt contained
willin a fault envelope whise orthogonal thickness ranges
[roen 16 1w 71 me This variatken in faoh envelope thickness is
interpreted as & pop or offset in the strike of F2 (Mirex 19%97h),
coinesdent with the locotion of the ESE-dipping F201 {dis-
cusged below). F2 is interpreted as a braided fnult svstem, con-
taining internal losenges of bess deformed host rock, with a
mulli-phase movement hislory which i dominantly dip-slip
bt may also have involved some lateral movements, Many of
the F2 strands are coincident with aleration rones. and some
are associnted with o coarse bregcin which s inlerpreted as an
carly faultrock or fauli-reloted rock (Mires 1997h), Mot of the

strandds ire associled with fractune damage wones i thelr own
right, and in some cases these damage zones merge.

Fault 201, which consists of two distingt, sub-parallel strands
nnel mssociated damage fones, B steeply dipping and belongs
o the fomily of approsimately NE-strking strusctures, The
observed spatinl relationship with F2 described above suggeses
Ehat i iy bhe an accomasdalion struclurc,

A masdel illustrating the stractare of Fowlts 2 wnad 201 at the
stratigraphic level of the borehole imtersections is shown
Figure & Although fault damapge :ones, in which the intensily
of fracturing i higher tham in the host rock, have been idente:
ficd from the borehole data, the host rock itsell comains o
complex (racturs system with a long history of mineralizatin.
This has implications for the hydrogeological behaviour of the
faulis, as discwssed helow,

12, Hydrogeological characteristics

As nobed above (Section 1), Podential Flowing Feature distt-
bulions are oomsidered to e the best indicator of potential
hydraulically active fractures. Evaluation of aloag-borchole
Patential Flowing Feature distribudfons i tee Borrowdasle Yol
eanie Ciroup (Nircy 1997 f) inclicales a partial correlation with
Eall zopces. Some bl sones are associated with Potential
Flowimg Feature clusters, especally svithin the damage zones,
although others are sol; Potential Flowing Feature clusters
commionly also aecur in the host rock apparcotly not in assec-
atwmn with fanhs, Additionally, Potentinl Flowing Feature
clusters are neonsistently disiibwted in relation 1o faud
peometry and are pol always presend ail intersections of ihe
same fauli zone in other borcholes, Adthough ihese obser-
valions supgest heterogeneous Muid Aow, they also indicate that
Lanull somds have, in the past, and potentially at the present day,
the capabilily to act as condits within the Inrper-scake fractune
dominated Aow system in the Bomowdale Volcanic Group,

The majority of Borrowdale Woleanic Croup fadlirocks
siucied are nod associated wAth Potential Flowing Features.
They are, therefore, mnterpreted as low permeability features
which, in general, sppear 10 have been hvdranlbeslly insctive.
However, somse faultrocks do conlain Potential Flowing Fea-
tures andd In these eases the Poleatial Flowing Feature inten-
sy B oftcn kighor than scen in the damage sonos or st ook,
This obscrvalim suggests thatl some faults kave undergone
minor local reactivatson, possihly in response to Cenozoic
uplait, evcating fracture space and allowing fAuid HBow, These
may effectively e “leak points” in otherwese bow pormeabilicy
flow baffles. Evidence of variations in faultrock permeability
comes from the contrasting responses of the two FIOL [Ealt
strands dunpg hydraulic oross-hole testing (Mirex 19972).
During deawdown the wpper strand, which & not associated
wilh 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 poinis’ were incorpor.
ated into the coneeplusl model of Bomowdale Voleanie Group
fauli ‘plumbing’ {Fig. %),

Condubts for fluid Bow in the Borrowdale Voleank: Group
faull zoncs, as indicated by the Potentlal Flowing Foatlure
types ilentidbed, are in general a pro-rata subset of the fracture
population and alse inclede reactivated faulirocks as discussed
ahove. Many appear 1o have heen formed by the dissalution
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of carbonale vers, mainly of Triassic age (Nirex 1997¢),
Oricniation analysis indicates a wide scatter of fracture dip
addmuils n the Borrowdale Volboanie Group host rock;
Bwever, thig tends 1o be Lr'l.'\'EII.'lTiHII:\'Il in the [aull damage
#ones by a dominance of synthene (fawl-pasallel) (ractures,

The permeability axes infermed from the above observations
are shown om Figure 9, K B hikely 1o be odicntated normal
L e Tanll plane because of the Dow ballling effecls of the how
permeahility faulirocks (excepl where reactivated), K., &
comsidered o be within rhe plar.: of the fault 2one, T:'I'l:l.'l;ing
1he donunance al synthelic fracture onentations. The Polen-
1zl Flowing Fowture shstbulions, as discussed above, indicals
thal Cault duma.gl: Ao e hikely 10 be the focus of toruous
flovw, relleciing their higher intensity of fractunng comguared fo
host rock. Field data on fractones in the Borrowdale Volcanic
Ciroup (Mirex 1997} indicate generally short fracture lengihs,
variable ercotations and complex intersection relationships
owiig 1o the mulis-phase fracture history. Similar complexity
is expected in the subsurlface faull damage zones. Comge-
quently any fAow anicotropy in the plane of (he Gl 8 son-
gidered 1o be minimal,

Hydrawhic test dats derived from the 50m interval fests
(Environmental Pressure Measurements) suggest that fault
Fone |1|:Trr|.|:a.l'ri|i[ie'i are m general similar 1o those of the host
rock. Al the o 1.5 m seale of the Short Interval Tesis where
individual Poteatial Flowing Features, or clusters thereal were
Lested, permeabilitics are sirongly related 1o the presénce of
Pustential Flowing Features in both the damage zone angd host
rock with the bualk of the rock beang of very low permealalaty
{see Secibon 332} This relationship, which geocrally applics
1o bth Fault zones and host rock, i charactenstic of (raciurc-
dominared Aow in a low permenbility host rock.

In arder to carry onl nimerieal mndzilir.w; [Section 34} a
geabagical mmwsdel was developed bor the 'lpnl'in.l disiribiadson of

Petentind Flowing Featune clusters within a typécal Horrowdale
Vilconie Group faull zone, The model was based on inte-
gration of the borchole observations deseribed above with the
tithostratigraphic and sivuciural romework of the Potential
Repository Fone (Nirey 1997h) and with the ficld obaer-
vatwns of faalts and frctures, Central to the mode] was the
mlercnce that Potential Flowing Feslures  preferentindly
develop i susceptible lithological units or in sones of mimer-
alfeation ur seoomdary altcration, and also in assecintion with
fauits and faull intersections, This conceptual model of inler
secting pipe-like Potential Flowing Feature chusters was taken
forward inta the modelling (Fig. 100,

Faulirack

i A\
w\> \ P2
e SRR PFF Cluster

Fig. 18 Bomowdale Voleanic  Croup  (aull model showing
distribution of Povential Flowing Featune clisters.
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33 Seadisticad analysis of well test data

The discussion in [u'e'rinl.u. sechons [focused on the use of
Potentinl Flowing Features and Flow Sones as mdicalors of
hyelrnulie signaBcance.

Omantification of Flow Zone hvdraulic properties from the
resmlts of fluid conductivity logs is possible (é.o. Hale & Tsang
1585 but is likely to be approximate, and the devection thresh-
ol lor @ Flow Zone will vary according to fest conditions ond
the position and magnitude of other Flow Zones in the bore-
hesle. T'_I|'|'.|il.'.'¢l||:|l lovw i imEerwals wall bs2 mare Tl:'.ll,ﬁ'h.'dl.‘ﬂl:ﬂ.:l,l.!d
at the base af a borehole than at shallower depths resulling in
a biased sample that reguires carcful analysis, Sueocessful use
of such a datasct requires detmled mtegration with well fest
resulis {NACGH A F993),

Tt &5 et pessible o directly quantify the hydraulic signifi-
cance of Potential Flowing Features because of the miner-
alogical nature of their delection method. In erder to geantily
the permeability (or eyguivalent hydraulic conductivity] of
Podential Flowing Features il is necessary o consider (he
hydrogendogival 1es data gwver the borehole imérval within
which they are identified,

AAL Hydrageological test data uzed

Sutton (1996) describes the pencral tosting methodology amd
wiell test procedures wsed al Sellafichd, inclucding the bwo i ypes
of text of imlerest here (Environmential Pressure Measurne-
menks and Short Interval Tests, see Section 1), Environmental
Pressure Measurements wears perfhrm:d 1o detemine esdi-
males of m xidn rressine angl hyvdraule mnduttivilj.' withmn
I::,-'pil:.ﬂll].' 50 m miervalt. Their wide coverage, together with a
relatively uniform sampling mulh:l-dnhg‘_l.', mukcy the resulis
saitabde for Satistical anakysis,

ke Short Interval Tests, which formed part of the Post
Completion Testing programme in Borchole RCFY only {(sce
Fig. 1), were performed wsing a wirchine-conveved Lesiing
string {the Schlumberger Modulor Dynamics Tester [MOTT) )
The nim of the campaign was (o measure Lhe permenbility of
the host rock wt o small scale suitnble for correlagion with
detailed geclogical oheervations and (o datermine the perme-
ability of intervals away from sdentified Flow Zones No ather
Shoen Interval Test compaign was performed at Sellafisld
altheugh other individual tests were performed as part of an
appraizal of the Modular Dhvnnmics Tester, The Shornt Interval
Tests consisted of 1) shorl duralion pulse bests, cach on
1.56 m interval, wnilormly spaced over 156 m of borehole
within ihe Borrowdale Volcamse Giroup (see aluo Armilags of
al. 19961, The puls fesis ook the fonn of a X oz imjection of
fuii imto the packer interval fodlowed by o recovery perind
:Iuring which the pressure in the interval was monitored, For
i sl number of the most rransmissave inlervals the Modiler
Drymamic Tester was reconlipured o pl:rl'l.u'm cunslanl e
extraction less where fuwl was pumped oul off the interval
over n P:.'ril:rrl Tlmgl:ng [ivem a lew mvites o one hoar. The
150 m interval sebected for the campaign covered the depth
rapge above the proposed repository depih and included
Faulied inervals and zones of high and bow fraciure deasity in
the Rorrowdale Violcanies Giroup.

8.2 Comparrson of Pedenioal Flpwing Feninres amd Shoart
faterval Test revulis

The satall interval length of the Short Tnterval Tests provided
L opportunity 1o consider guantitatively hvdraalic propertics

al @ seale Joss 1o that of the geoloegical observations, espect-
ally the Potentinl Flowing Features, However, exact corre-
katian may inchede uncertaintiss due to depih offsets between
the testing stmng and the core observations, Such offsets e
hikely to be small becnuse of the operationnl procedures used
bul may well be of the ovder of 10 an. In sddition, the core
:ir!np]z i% oof srmaller diameter than the borehale o that Pacen-
tial Flawing Featare streetires n core are likely o e offser
compared with those at the borehole wall, For example a thin
planar leatime dippang a1 70 40 a El'."" diameter borehole will
catemel over b cm ol the boschole wall bul only 29 cm ul a
1003 mm daameter eore from the same interval.

Figure 11 shows normal probability plots for the dsiri-
hution of hydrulic comdiccliaty from Shord Interval Tests [or
interwals with amd without Pedential ]-'Il;l-w'ing Faalires, l:l::ln'I:.-
the intervals with Potential F.In'n.'.ing Fealures ore l:.lpi'n:l'lf_l.-
more permeable, Only twa intervals withoul Polendial
Fliweng Fentures have comductivity higher than W07 mis. In
biothy cases there are Potentind Flowing Features very close o
the interval (8 and 1B cm respoctively ). Motes rom the core
||.1p_gi1'|ﬁ mrdicate thal Che |J|:|‘.|I.!1. ol ome of these fealures 1%
approsimate and it has therafore been assumed w be within
the high eonductivity interval for the analysss presented here.
Giiven the depth encenainties it woull be entirely possible
that boah [nfcrvaks ded In faet comiain Potental Flowing
Fealure streclures. Ths oll intervals willhoul Podential
Flowing Featwres would be of wery low conduclivity, In
addition, a significant proponion of intervals containing
Poiential Flowing Features have very low conductivity.

There 15 a clear relatsonship between conductivity deler-
mineid from the Short Inferval Tests amd the number of Pen-
tial Flowing Features in each mterval (Fig. 12}, Intervals with
one Potential Flowong Featare are, om average, 10 ta 100 times
less pernmeable than those with twe or mare. The statistes are
buscd on relutively small sample sizes and il s possible that
pivcker by-pass clfcels {where a frsciure might conpect e best
lerval (o the rest of the borchole) oocur n wones of highes
Polential Flowing Feature inlensily. However, the dats
supgest that elusters of Potential Flowing Features ate more
impirtant than individoal Poteatial Flowing Features.

Hydrawhc condueclivity delermimed by Short Interval Tests
may he compared for intervals of Borehole ROF3 inside
damage rones and in the bost rock. There ism:!alil.li;nll:d :uiﬂ-
nificant difference between the means of the two samples and
the probability plots show a wery similor shape below the
median vidue of 10 2 mfs. At higher conductivities the disiri-
butions show @ different pattcrn with a small number of the
maowst conductive intervils (above 10V mish bemg foand 1o the
bt rock. In the damage romes there s a higher lrequency of
intervals of conductivity between 100" and 1077 mis,
Hoawevers, the sample size is amall and the differences may not
b significant. High conduetivity intervals in the host rock eor-
respond Lo a donc within the Skdes Farm Moember of e
Fleesing Hall Formation {Akbhurst el 1997 thaal was part of
e songren interval for the ROEFS Pump Test { Mirex 1997 and
also the awost permeable rone 0 the Borrowdale Volcamic
Ciroup of RCF3

Orverall the data suggest that much of the damage sone rock
s ol very liow h:,'rlr.th: l,'.l.'ll'ldLl.I.'I.i'I."il!.'. {_.‘rmpn.ri'a-l_:rl wilh ﬁg‘ur:
11 indicates that individual clusters of Potential Flowing Fea-
neres hoth within damnge 2onez and asociated with other
struciures o the host rock are more permeable.
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A33 Cewmparison ﬂf.ﬁ:'nlﬂ'mj‘r.rumrul' Precvnte Meavicrement
derived fvdrandic condiseifviites and S

The scale of Environmental Presure Mesiurement lesting
(marmally 50 m in length) makes investigation of the hydrankic
Fll'ij]}:!ﬂiﬁ of Ciulis difficuly OF the 44 Environmentil Pressure
Mesurements performed in the Fleming all Formaton only
seven intervals did not contaln a Gl strand, Mo statstically
significant difference could be idemified between the means of
the hydraulic conductivity of inLervals with aid without fauls.
Ciiven that some of the intervals without fauli sturands most
probably contamed damage sone intervals andior Bull inler-
sectivms ol classified &5 siznificant, this is nol surprising.

Howgver, statistically significant differences were found
between the mean hydraulic conductivity in the Fleming Hall
and the Bleawath Formations, The katter underlies the
Fleming Hall Formation, of o depth of ¢, 1M mbGiL (Mill-
ward «f al |99, Fig. 2). and & considerably bess fractused and
Foulted than the former (where penetrated by borcholes). [tis
nol possible W delermine whether the difference in conduc-
tivily is due W ithological or depth infoenecs, which may also
contred the apparently bower miteasity of suliung within the
Fileawath Formatwon

The conclusion from analysis of the Envirommendal Pres-
sure Measurement data & that a significant proportion of both
it rock and falt dnmage zone rock is of low conductivity.
The seabe of the Environnsenti] Pressure Measurement 12515
dses mot allow mare detailed comparison with regard 1o the
influemce of faults and their damige wones in the Fleming Lzl
Formation which, where penetrated by the borcholes cxam-
inek is a relntively highly faubed pan of the Borrowdalke Vol-
canig Giroup, However, very B hedraulbe comdwetivithes have
been mensured in the less faulicd Bleawath Formation.

A34 Conclusions from simdatcal analvees

A reasonably congsisient pattern of hydraulic propoenics
emerges from the analyies:

{a) The hydraulic comfudivily of both hast rock and damage
zones is heterogeneous with a large proportion of rock
with low hydraulic conductivity at the Slhort Intesval Test
senle;

{b) higher hydraulic copductivity inlervals  occur within
damage wones and the host rock;

] Potential Flowing Featurcs are stromgly associated with
thess intervals of higher hydraulic conductivity,

(d} the conductivily of intervals containing Pereatial Flowing
Features appears o be related 1o Potential Flowing
Festure spatial intensity suggesting that Poleniial Flowing
Feature clusters may be the mowt bydiauleally conductive
feniures.

The sirong asseciation of Potentin]l Flowing Fealures, and
clusters of Polential Flowing Features, with the meosd condue-
tive imlorvals supgests that it is these struclures that are the
most appropriate basis for bydrogeological modelling. Poten-
tial Flowing Features occur in mssociaton with pans of somc
faults usually in faull damage cones, bt may also occur in
sones between Myl The heterogengity within, and beiween,
damage rones suggest multiple controls on hydraubic condae-
tivity. Hydrogeological models of the Borrowdale Volcanic
Group should therefore not be based on Tault gecmetry
aloneg,

4. Numerical myoadels of Bow in Caalis and damage zones

As part of this study ramerical models of faulis in the Borrow-
dabe Voleanic Group were developed. The purpese of this
wirrk was 1o identify ways of mlegroting the geologicnl kndaw-
leabpe demved from the study amld 1o soggest appropriades
models for wse in further hydrogesdogical modelling. The
d-l:'l.:l-r:'pm:rlt of numerical models ensured that all the impor-
tant bydraulic properties of the fults were addressed within
the geological studics. ln parlicular, | was iogpertanl Lo
aovebop copoepls uuﬂu-l:rninu: the distibutee of Porentsal
Flowing Features and Potential Flowing Feature clasters away
from the horeholes. Therefore, the ann of the modelling per-
foreed withen this study was 1o wdently suitable methododo-
gies fof representing faults in groundwalcr models, ratlcr ihan
1o bulld models wmld make prediciions from Chim,

Tn order to simplify the tnsk only o single Borowdale Vol
canic Group faull strand was consdered. Models of leatures
with mubtipie ol strands con e I'J.E'i'l."'I:IFIIEd [rivm [haese
described here but special comsideration would be required for
faull inlersections, The treatment of such mitersections woubd
e a source of uneertainry as only very Hmited data copecrm-
ing such zones ane availablc.

Folbowing from the observatipns and concepts prescnded in
previous sections, all the models described are bascd on
Potential Flowing Features or Polential Flowing  Fealurg
clusters and their distributivns, The concepiual mosdel of Now
in u Borrowdale Videanic Group Taul strand amd associated
diamap: sones considered here it that Now ocours i a network
of Polential Flowing Feamure sirmctures (Section A2), which
are a subset of the total fracture populaiion. In addition Bow
QTS '|'.|r:lf-¢n:|1'||':'|l|'_|.- withun clustiers of Pi.ﬂcﬂl!i.:“"l-uw'm.g, Feu-
tures (Frp. 10) which were sulliciently well connceted in the
past to allow the pasage of Quids responsible for the fracture
mincralmalion. The disribution of the Potential Flowing
Fealure clusters 8 thosight to be related 1o the geclogy, but is
predosminantly channelled so that the bulk of the fault rock
amd damage rones do not contain Potential Flowing Featlure
clusters. Flow within the lest rock has not been considered,
apart from lecally within Borchole ROF3 (see above), hui
might be cxpected Lo show o similar pattem thaet would involve
sdditional likological contrala. Three numerical implemen-
talion methods are considered:

(o) Hetcrogeneous porous mediom models.

(b IMscrele Fracture MNetwork models of the Potantial
Flowing Featwre netwirk,

{c] Ihscrete Fractore Metwork modiels of petworks of Poten-
nial Flowing Feature elusiors.

The first two models are considéred appropriate for small
seale meodels of say 10m to 100 in extent, whereas the thard
moadel could ke wsed for larger scale applications, The
aiserved heterogencity requires that all the supgested models
are stochastic with inputs based on probability distributions
and stotistical relationships. Ouiputs from the models are
bascd on multiple realizations of these probability desari-
bations and neéed 16 be analyted using statesteeal methods
Each of the mesdelling methacbologics is Hlusteated in Figure
13

Ihe heterogeneous porous medivm mode] (Fig. 13a) s
based on division of the model volume into relatively small
celks in which the hydraulic properiies are o functien of local
Podential Flowing Fenture infensily. The inputs 10 ths model
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are the distribution of Polential Flowing Feature intensity
within the fault zone and the statistical relationship between
Potential Flowing Feature intensity and hydraulic conductiv-
iy derived from the analysis of Short Tnterval Tests (Fig, 14),
Some upscaling of clfecive hydroulic conductivity may be
recjuired if the porous mediden ecll size B agniffeantly differ
enl from the scale of the teste. The distributson of Potential
Flowing Feawre intensity in relatton 1o [aull framework is
uncertain due 0o the onc-dimensional sampling from bose-
hobes. The method ased in this stady, and recommended Lo
future wse as a means of incorporating geological undersiand-
i was based om the use of geological drawings (see Fig, @)

andd their generalization inlo numerscal images of Potential
Flowing Feature intemsity. Geologists provided drawings of
1he predicted spatial lavoul of Porential Flowing Feature clus.
ters within the faull strand {Fig. 100 and these were digitized
aller cnsuring that they were consistent with the borehole dat
m terms of the relative frequency of Polential Flowing Fea-
tures, Figure 15 shows a sample helesrogencous model of a
fault strand wnd the cells corresponding to high inlensity
Patentind Flowing Feature clusters within it (Fig. 150).

The small scabe Discrene Fracture Network model (Fig, 13h)
includes clements for cach Potential Flowing Feature, The
inpuss 10 this model arc the distribution of Potential Flowing
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Fenture intensity within the foult fonc, tramsmmssivity disin-
butions for individoa] Poleatal Flowing Fealurss and the
geometric properties of the different types of Potential
Flowing Featunss. The iransmissivily distribution is dependent
on Fatentinl Flowing Feature intensity (Fig. 14} and would
need fo be derived i 8 mannes consistent with the well test
results (sco Herbert of al 1%91), The peonsetric properiics of
the Potential Flowing Feamres” length, orieniation and shape
are derved froim core mecasurcmenls, vuleTop mappang and
geobppical judpement (Mirex 1997¢) and are dependent on
Potential Flowing Feature type. The spatial organszation of
the Polcntial Flowing Features is again derived from the
Patentinl Flowing Feature intensity image {Fig. 10), A key
ingail (o the model is the Potentinl Flowing Fenture intensity
i, because this defines the chonnelling of Dow within the
fault and damage zenes that are being modelled,

The larger scabe Dmerete Fractre Metwork models (Fig,
13ch molede model elements corresponding 1o Potential
Flowing Feature dlusters, Thwe inputs to the model describe the
hydraulic and geomelric properties of the PFF clusters.
Hydraulic propuertbes can be derived from upsealing the Short
Interval Tests of from analyeis of larger seale well wests, The

goometric propertics of the clesters would peed to be bosed
on the geolegical concepis developed and would necd to be
augmenied with relevan unceripintics and probubalily disiri-
butions. Cluster oremabion, extent and connectivily nre
defined nast by individual Poleniial Flowing Fenlure charne.
teristics but from the Potentin] Flowing Feature intensity
image. Thus Patential Flowing Feature cluster ori@ntntion may
niok be the same as the individueal Potential Floaing Featurcs
(ses for example discussions in Marte] & Petersen 19480 The
transmissivity and its heterogeneity within cach cluster would
need (0 be consisient with the smaller scale maodels and might
be derived from calculations using such maodals,

The maodels described abeve rely on the extrapolation of
borchobe dutu inte the rock volume. The method selected for
the basis of this extrapofation & the use of quantified images
ol the roeck volums derived from geclogical conceptoalizations
constructed in the manner described in previous sections. 18 s
felt that this 5 0 useful way of capturing and decumenting geo-
lepical expertise and of testing i1 against observalion, The
Potential Flowing Feature intensity image was calibraled and
tested against borchole dals o ensure consistency with the
available dati
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The IMscrele Fracture Netwaork mesdels were il Implc-
menied within this study, however the releovanl inpul par-
msmeters were identified amd sssocisied with  borehole
measurcieents, The major uncerlanbies relale i properties
away from the borcholos, such as length seale and connectiv-
ity, ruther than properiies such as ordentation that are casily
micasured at the borehole, Al models require & description of
the distrtbation of the Petential Flowing Features and Poten-
taal Flowang Feanre clusters mwuy [rom the borehole, Withoui
suitable outerop or underground exploration such extrapola-
1o musl be upecriain and this uncertainty may be an impor-
taml [sctor in any estimates of the effective permenbility of
baoth Cault sones and the host rock.

4, COMCLLUSIONS

The results of the Fauli Coneeplunlization Study provided a
firm starling point for more sccurafe representation of Gaults
in groundwater fow model al Sellafield, Barehals, reflaction
sebsmmic, and ouleTop datn were used to constrain and develop
parsmislers Tor l;rmcn:plu.'ll models of foull goomotry amcl
hyifrogeobogy. Preliminary nomcrical model based on the
obscrved relntionship between Poleatial Flowing  Feature
intensity and hydrdic conductivity have also been devel-
npﬂl,

“Ihe main conchesions for WNW.stnking, scismic seale Gulis
in the Sherwoond Sandstone Groop i as follows:

ia} The laulis are commonly mulie-stranded, with along-
sitike and down-cip jog structurcs, 4 geonsiny which s
typical of extensional structuncs. Damage ores are oom-
manly developed, bul are betorogeneous in terms of
thicknews and spatinl deiribution.

ihl A good carrelaiion is observed between fault 2ones and
Potentind Flowing Featwres, smplying that flow has been
focused in the faell sones. Potential Flowing Feature
distributions imply that heterapencous flow occurs within
thit fwule sones. The relationship with Flow Zones is kess
clear beeause of the effects of matrix flow (rom the sand-
Aomes,

(c) Faultrocks and granulation scams are interpreted as bow
permeability ow ballkes, whereas the damage rones ane
identificd, [rom both Potential Flowing Feature distri-
butigns and [rosm hydeotesting, &5 having higher permse-
abality than the hest seck. Granukation seoms appear fo
have been particularly responsible for inhikating grosind-
waler flow,

(d) Kyp is interpreted as boing parallc] (o (nult sirike, whils
Koie may be normal wo the faull or aligned down-dip,
dependent on the degree of permeability anisotropy
within the host reck.

The maim conclusions for NNW- and NE-siriking, sckemic-
scale faulis in the Borrowdale Voleanie Group arc as folbows:

(i} The geometry of the large displacement, NMNW.-airiking
fauit zone studicd (FZ) s highly complex, with anasto-
mosing [wult strands, internal lozenges of less deformed
st rock, amad well developed damnge zones which com-
monly merge, The small displacement, ME-siriking fault
studicd (F201 ) appears to be a kess complex, semi-planar
structurs bat alse with damage aomes,

(i} A eomelation is observed between fult zones and

Potcntial Flowing Fentures, bul il i weaker and bes con-
sisient ihan thal observed in the Sherwood Sandstone
Grroup. Faulirocks are gererally considered as flow
baffles. bur there e evidense that the integrity of these
baffles has been locally breached by minor faull reactiva-
thisr s & result, Ko 55 infermed to be moraeal to thie Tawlt
planc, However, there is lillle evidemoe For (ow
amisptropy  within the fault plame. The difficulty of
imaging fauht zopes within the volcanic rocks and limited
cxposure dota make any conclusions about anisotropy
within the f(pult plane upcerinine The damape rones
contwin Polentinl Flowing Fealures which are o subsel of
the fracture poplation, and these damage womes miy b
a Mocas of hr:.'draulil: ALy,

(iin} Potential Flowing Feature clusters are oonssderad 1o he
the bist El.lil;_tc of potentinl bydraulic actovity of the Infger
scale, both for the faulls and the host reck. A geological
masdel oy descrbe ther spatial dhgirbslion in relation L
Trouds 1 based on Lthe fawlt ramework aed the distrabgtion
and characterstics af hithological units in the host rock.
including somes of alieration and mineralizateon.

() The distribution of Podential Flowing Featurcs and, mone
ambiguously, permeabiliics derved lrom 5 m-scale
hydrotesitng sugeest thal, al the larger scabe, thare is Bl
hydraulic comtrast between U faull pones (mcloding
their damage #ones) and the host rock. In contrast, the
higher permeabilities obsarved ar the 15 m-seale
hydrotesting are typical of fluid fow in o fractane-domi-
mated, low permeahdlity rock. Faalis in the Borrowdale
YVoloanie Growp, therclons, appear o be simply one com-
poncnd of B complex fraciure sysiem whose flow charse-
teristics largely depend on the commectivily ©f Polential
Flowing Fentures.

AFPPENDIX

Defimition of Potentis] Flowing Featwres, Mineralization
Episodes, and Flow Lones

This Appendix provides a bricf explanntion of Potential
Flowing Features, Minermleation Episodes and Flow Zones,
all of which were fenlamental to the Fault Conceplualizition
Sty bul which, becwuse of space limilatsons, could not be
desenibed here in detail, They are discosed more Tully in
Mirex {1997c].

1. Potentiol Flowing Featwres

These ure discontinuities and discrele pones, identified m the
Mirex borehole cores, a3 being capable of conductmg ground.
wikler Thow il the presenl ;;J.lr. The ten crileris necesgary for
identifying Potential Flowing Features are firstly some degree
of demonetrahle connacted porasity a1 the core scale, and sec-
ondly the presence of mineralization or rock-water infer-
acteon (a *Mincrabization Epsode’, see below) thil can e
attnbated 1o the present-day, or relatvely recenl, ;tuumlwu-
ter svstem, The implication is that Poleniial Flowing Features
ard a rocard ol qmlcm];ﬂ,:q’ﬂrym recel h:.-dnul-h: 3L'1.i\'il'_'.', an
therefore indicale pelennal aclive groundwater flow oon-
disits, Potential Flowing Features were identified by detailed
fraciure and mineralization logging of the Nirex core by
pealogists at the Bratsh Gealogical Survey under the diree-
tHon of Mre Antoni Milodowaski.
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Fig. 15 Samnple realieation of equivalont poross mediam modebof a smgle fault strand and danssge zose. Elements eodoured by Potential Flowing
Featwre intensdty, (a) Fault stiand - all elements, (b)) Fawh draral = high Polential Flowing Featuse intensity clemenis only,

In the Faolt Conceplualization Stsdy the aloag-barehale
distributions of Potential Flowing Fealures in relation o fault
architecture were examined by means of borehole composite
pleds, an example of which b5 given as Figure 3. Six cnd
member iypes of Potential Flowing Fearure wene recognizcsl,
hased om o combination of physical atributes, origin of the
structure and origin of the poresity. These are summarized as
Folbows:

Pormeable rock matrix (e flow from intergranu-
far and nlerclast pososity)
Fault planes (L. low [rom either porous faolirock
of intra-fauhrock docontimniies )
(two sub-calegories):
Cl - Reactivated fractores (normally sl vein
margins or at ‘shp planes’)
L7 — Mew froctures {Le. unmingralized and with
fresh wallrocks)
Stecp 1o verlical dilational fractares controbled by
houmndding ‘slip planes'
Bedding-parallel  fraciures in i samdsione
seqquences {related to erosional unloadimg)
Fracturcs with clear evidence of porosity formed
by mingral dissalution

Within this paper the term Potential Fowing Features has
becn uscd both for partieslar feamares identified in core {Nirex
1997 amd for equivabent features within the host rock, This
usage s dillerent [rom that dn the MNirex 1997 Safery Assess.
medul { Mires 19971} whare the term Potential Flowing Features
refers only to those features dentitied in eore and featires tha
Moo within the rock mass are lermod Flowing Featores,

Type A
Type R
Type O

Type Ix:
Type E-
Type F:

L Minerallzation Episodes

A (updamental aspect of Potentinl Flowing Feature fecos-
nition was the constreciion of a chronological framewark {or
the [racture mineralizmions developed at Sellafleld. Mine
hroad. temporally discrede, "Mineralization Episodes’ were
wlentified from detailed core logging by the BOS supported by
petropraphic and fluid inclusion studics, isolopic analysis, and
radiometnic doting. Full details of this paragenetic [ramework
cnn be found i Mirex (1995} and Mildowski e ol (s

Volume). For the purposes of the Fauli Conceplualization
Stidy omly the three most recent mineralizations (MET, MES
and MES) were correluted with other geobogical and hydio-
gesdopecal data on the borehole composite plots (2. see Fig,
A because of their rebevance o the presenmt groundwater
'rl.';iml.'. These are summarzed av Tollows:

MET: Drominantly illivic clay mincrals and hematite either as
Inte fracture infills or within [auli gouges. Probahly lnge
Trinssic to Tertiary in age.

MES: Mn- and Pe-oxides. which are alteratlion products
oceurring &5 surfees impregnations and siatns, thin lilms
and denfritic coatings on fracture surfaces. Tyvphoal of
near<surface alicration assoctatcd with an oxsdizaang
proundwater regime, and [ound oaly n (he upper fiew
bundred metres of the Sellabeld sequence. Presence of
MES and open porosity suggesis thal [ruclures ane
hydraulicaily active.

MES Dominanily calcitic mineralization, almost always
asovialed with open fractures, Tts hobit b5 closely
asociated with present-day groundwater chemisiry,
and changes with depth accordingly, Dated as very
voung. and believed to be produced by deposition froam
the active groundwnler yiem,

5 Flow Fones

The tesm Flow Fomes wiss used to describe points or indervals
within the Nirex hoveholes where ow entry from the bore-
hole walls was identified from the iterpretation of hydrogen-
bogical production logs (specifically differential temperature
and conductivity logs). These production bogs were ran during
hypdrogealogical Lesting of the horeholes {e.g. Full Sector
Tesis) and interpretation of Flow Zones was carried oul by
Geobcience Limited. Details can be found m Nimex {19955,
199775 Flosa Faones, which represent active groundwater flow
incluced during pressure drawdown of the borehale, were used
in the Foult Conceprualization Study 1o draw correlations with
olher geological and bydrogeological data on the barehols
composite plots (sec Fig. 3.
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