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Four styles of deformation band are recognised and illustrated below (conceptual and photographic example). | Data collection involved the measuring of host rock and deformation permeability using a field-based in-situ minipermeameter. The effect of porosity, permeability

Deformation bands Thread: The most frequent deformation band type recognised, often with the thinnest and most laterally it ™~ This use_of this equipm_ent qll_owed no.n-destructive testing in areas where destructive sampling was not aIIowed_. Wh(_ere and grain size on the formation ; = : — _ ST S . _.‘.-----------
are a diagenetic Q restricted type. Can often be discontinuous with small gaps in the deformation band. hr T e | de_formathn bgnds were identified the thickness, Iate_ral and depth extents were measured (V\{here observable). The orientation and development of deformation O g o N, | F - -
processes that can N Braid: Larger deformation band upto 10's cm wide. Can have lateral extents of 10's m. This type of band is o | T % (dip and dip azimuth) was also recorded. The ‘conclusion panel’ provides analysis of some of this data set. bands has been widely studied in W e W i T i -.-I-B-I------
create planar A s commonly transitional with thread bands which can converge to form braids. | | e R | N =D i T — | . ——— —— predominantly well sorted, clean ’ W e~ Al o SNl e i S N

features of reduced ~ : Conjugate: Is more often characterised by thread bands but can equally be a mix of braid and thread J | | _ ohrh v L i s WML S, e coedonind . o S OR RN GE L TR & Yzt | at90|lan se}[ndlstones%, f?I: Wthf][

permeability. From deformation bands. These deformation band types are visibly the most ordered and regimented in orientation. e rorbationbina PG S e g AT e e S A W B B N N | i S;??gw‘?gglro sr eacr:% cr)1riseil rg?]sa

in-situ permeability Ladder: An unusal type of deformation band where outer ‘rail’ bands contain a chaotic mix of other smaller N Lol | . Ddformatiopl. | Lo w 2 W e B s ot A S Pl N L T e N el Mt

testing deformation 7 ('rungs’) and have orientations not in-keeping with regional trends. Interval ‘rung’ deformation bands that Lo LU e band o POEe e RSN (Al ' VPV B R - : ' | | | ' ’

. Bhe-on- o been done to examine and
band 3 : ahr e o N . frequently do not extend beyond the ‘rails’. compare deformation bands
recognised to have

values 2-5 orders of T N ' W O 0@« p T L Ry ST eSS e | ‘{ N | e | N\ == , units offer insight into the effect of

magnitude less than : L S s - ., 21 (b W v e = : e N> . s sorting, grain shape, grain

the host B rstaston \ O s B o i T o AGE A - § e ——, o~ / \ /X - angularity, composition and

sandstones. As N\ . Sometimes B @ V@ & B8 T LT AT e S \To A N\ | | heterolithic bedding on the _ _ _ _
such, these Dee Estuary -. \X_ discontinuous R ST ol Y sl B sl s s ) BadiER . | - e , " characteristics of deformation Helsby Hill, Cheshire, provides unique
e e N R e r SORAY BT IR ‘ e s e . R R - bands and their effect on reservoir exposures of faulted and deformed
significant [ Surface extent of the 55G [ Fiel localies Stu dv Location s P B e _ quality. This study examines the fluvial end mem_ber. facies of the Helsby
reductions in the ‘welded’ This sud uses examples from the Triassic Sherwood | 3 e _ — | ggﬁgts %itz?r:tlggfll?\;:aldzg)rgjns?ggg rormation, within the Sherwood
ability of the host rock to hold and transmit fluids. | zones y P Sandstone Group.

: : ndstone Gr f the UK. The Sher ndston member.
Whilst numerous studies have sought to Za dS.O 9 € C,Z.UP Ot | 2 S SiE wo(cj)d fSa ds_ oble ‘Braid’ Deformation Braid deformation bands creating Compartmentalisation _
understand the formation of deformation and i HELDA CREe M IS Gt SISOl DAk REIE Bie kel o s two discrete compartments Deformation bands

_ ! \ : : : : o The differing types of Methodology : o
quantify the geometries that these features have, Rai R Rai mix of eolian and fluvial facies types. Within western England . — o increase in width
it is equally important in understanding how they bards  bands  bands the Sherwood Sandstone Group is well exposed at outcrop g%;orr_natlon band and the Mean grain size and sorting using the Folk & Ward (1957) with increased R e N N Bands within well

__ ‘ el gs s iffering geometries they classification scheme was obtained using Petrog point ot ; R A\ R ands within we component of lateral

can divide and compartmentalise reservoir PR e -~ and locally exhibits abundanttypes of deformation bands. Ladder deformation create two exhibit can counting software. measuring the short and long axis of sorting : : orted units often : _ _
rocks. This work suggests a novel new _ o . Y5 e (= “‘ T The deformation bands within the Sherwood Sandstone large comparts outsidethe ‘rail compartmentalise a body of 250 gra?ns per Sar’nple. Porosgity reduction by defgrmation Wl sorted - TR - have thick (10-20mm) and vertical growth \S/\e/‘erll\éysgen(jed_e\cljv;rr]ﬁgué?]annel 'Sr;cr)]légs?ocr;]r:?subecé?ec?];encgluénar D Headland
classification scheme based on the deformation e e g o o == _ . - Il Groupare animportant feature as the group is hydrocarbon bands, but a zone of highly rock. However, the amount bands was obtained from optical images of both host rock facies tvpe L QR LN | . lenses. Lenticular deformation ° PP
band character and geometry, identifying four A 2 ;‘f_-'; e w4 | A = « producing in the East Irish Sea Basin. The group is also the Compartme‘ntallszed regions via ‘ and geometries of these and deformation band using ImageJ analysis using a yp N RN U Yy | _ bands_ within well so_rted. units,
broad types; thread, braid, conjugate and ladder. ol N | 5 B S | 74 4% T ,.-_';;-_;;-;j?? second largest aquifer for the UK and its lateral equivalentin the ‘rung’ bands compartments is key in jPORv1.1 plug in. Back scattered electron images were Poorly sorted B iy RERRORS N | - Syaaee , —— Deformation bands——— split and anastomise into

X
the North Sea are also hydrocarbon producing.

A
A540 Cutting

Planar cross bedded coarse Trough cross bedded medium ’

\ | - A e . : - i 7 Deformation bands
understanding if the potential obtained using both a Phillips XL30 SEM and a Hitachi (Pebbly sandstone) | R g Lo AN RS == 24 within poorly sorted units  narrower deformation bands sandstone - Basal channel fill sandstone - Lower channel bar

affects on fluid flow are TM3000 SEM. facies type are much thinner (2-5mm)  within poorer sorted units
significant or not.

As such, three conceptual - - -
diagrams opposite (left) Image analysis Deformation Mechanics
illustrate three end-member

Conjugate threads create Compartments within the elx e m_? les usin gh the Lithofacies F1 Lithofacies F3 Lithofacies F4 Lithofacies F5
— ladder” are of highly clapslieetion SersmeE . Mean grain size: 636 um . Mean grain size: 266 um . Mean grain size: 375 um . Mean grain size: 274 um Grain sorting can have a considerable control on the formation of deformation bands. In the examples below two

' largely equalled sized : : : : :
Deformation bands AT | ‘ i s PR, | e ST e e O e e e ey - gcoympqartm ents variable size. B;iseel’ntlend g:chheel)r(‘;rr%%?:t,lﬁg « Sorting: 0.918 phi . Sorting: 0.530 phi . Sorting: 0.686 phi . Sorting: 0.443 phi different sediment packages are shown to depict well-sorted and poorly sorted end members. In the well sorted example

Photographical and illustrative interpretations of: T Aa Y it e AEEO T L aTsee. . W a R . TS T WeEaRs|  Normal displacement Complexity of geometries compartmentalised 205 N s G R 107 %4 18.8% grains are stacked with rhombohedral packing structure. By contrast the poorly sorted grains are randomly packed.

A) Conjugate deformation bands within grainfall R SR S » A B - oy, SV R - ShOWE dfdP‘Cted by trough not always seen in all sediment packages are Subsequent deformation may be explained by hertzian grain-to-grain fracturing (Wong, 1990).
and grainflow (eolian) facies. Note that the i e el s N Bt TR NN T = faces of the cube numbered.

deformation bands are well-ordered and cross- Example 1: Well sorted

: i i =~ , o ' et G YD R W . SRt te | ' - - In well sorted sediments, stress at grain contacts
cut the sedimentary structures. Outer braid deformation bands .. e - e 08 T UG e W _ 5" o, : 4 sieinsatey | f‘ t ”
B) Conjugate deformation bands in a smaller | acting as outer ‘ladder rails’. Note the v 1V e R - 2O L Y G S, o, - ' - y - remains higher (less grain contacts per uni
_ e - i e ' N . g LN e T R I . + w2 .| thinner‘ladder rung’ deformation bands —— ' W oW g ST LAk g S e T ce T o - ' area) o _ _
example. Note that the deformation bands - e i | o e~ o | ' N R - ) i) SOBTI RN R S | T R e within the ‘rails’ e S ) 1€ X Ll M 2l Lo T AT AN . ot _ , . - Stress is distributed across a wider area in well

weather ‘proud’ and forming small topographic e gt T . s £ BV s R Y s N L W - _ P sioen * e s | S e Ve T S e e "N Ceformatonpangs, . Tesulting in thicker
e : \ B O TR R g S i\ ‘ -- G e W _ 4 S S . : . . eformation bands.

C) Thread deformation bands that show s | e _ 4 NS s A ‘Ouéér graid g
centimetre-scale displacement. o gy . 4 | ot o VRO R 1 ‘ TS R o e A i e :

! : o - ‘ladder rail’
D) Ladder deformation bands with outer ‘rail’ and : S
Cumulative % of grains Helsby LS

|n ner ‘ru n91 bandS NOte that the predorn Inately : . - ' { Jr» 7 ‘- _,;‘L‘ "’ T p R * ' , Gt ak .&l-:"‘" : 3 gt \ N ' w ‘.;\ ’ | o SRR '!\ P '?i ' ’__I" ‘ R : i, - \_' H1 | i £ 7'-: — . e 100 % of grains Cumulative % of grains T Tt e Mot (RS of il X ‘ - 1 E I Z P I d

. . . o ¥ el ™ 40 > Ci il \ H Y =T g S e \ & s TR N 7 LT : 3 e W ) S Fi 3 : | :'d’ P |3 » - - o 3 . :}J\L". L R x | : _ ';A-“ e Ty - PO X - L ' 2 _ - 100 30 22 i = \ ' [ : te
thread rung bands have orientations oblique to - Y\ X%/ ) ] N e S s SR TORT LS a g e s T R, i , f - - » xample 2: Poorly sor
N - ay T 7 | M RN W e : - - ' . Stress in poorly sorted hosts is distributed across

the outerrails R W | N TR A b e Nt R ,. . . s/ 19 g . .
: _ \ I R W T o R o TR e e T DR e o, AT R __ | 2 - more grains (increased grain contacts per unit
E) Thread deformation bands that appears to be ' , = N o) ST e R B U i . g : ’ | . - area)g ( 9 P

14

exerting some control on the regions of modern ’ | / ‘ — \N—\ B A e Al = 1 ) . i y ' | - »» i Fracturing occurs across the finer grains where
bleaching within the fluvial sandstone. N 1\ . g B N | P Tl T T : 0.2 % ¢ o, y _ : - " - tensile stresses are lower o
S - s S 5 S T T : k . f . Deformation is localized along the linking finer

| P _ S o, _ | v grain sizes, therefore deformation bands are
Permeability (mD Reading Number of deformation \ N 0 . B Pa S AT Ao Bere T SR - 8% 20 2 %S. . 09 E 3
min m;)I(Y( )mean count bands identified NN e PR Vo ATRE A P R s ) 6o 20 % _ - . narrpwgr .
Aeolian crossbeds* 402.87 3033.36 1362.34 27 , RS [ . S BT A R BR B R o R ? : 08%0.8% o 0.4 %y 0,04 %0 0,04 % ) B %0.8 % 400 4o, > : : 2% 0. : Strain is accommodated through an increased
UDry in}erdl;nz ?282; 28??2 ggggg | | A ' : 4 NG fi : (' : ; ©0.1600.324 0.48¢ 0.65¢ 0.81¢ 0987 1.14€ 1.31: 1.47) 1.641 1.80¢ 1.971 2.13¢ 2.30( 2,46 2.629 ©0.060 0.09% 0.12¢ 0.15¢ 0.19( 0,227 0.25¢ 0.28: 0.32( 0,357 0.38¢ 0.413 0.44¢ 0.487 0.51¢ 0.547 ) 0.067 0.17( 0.27¢ 0.37; 0.481 0.58< 0.68¢ 0.79: 0.89% 0.99¢ 1.10Z 1.20 1.30¢ 1.41Z 1.51¢ 1.619 0.09¢ 0.131 0.165 0.20 0.23¢€ 0.27¢ 0.311 0.34: 0.38: 0.41¢ 0.45¢ 0.49: 0.52¢ 0.56¢ 0.60( 0.636 number Ofdeformatlon bands per unit area.
Chaﬁrf])glrpl_aaéndeeposs'ts 10245 27464 19255 N - &) | t 4 , iy ‘ ﬂ & t ,‘.": ‘ e. Grain size (mm) Grain size (mm) Grain size (mm) Grain size (mm) Adapted from Sammis et al. 1987
Fluvial crossbeds  241.27 426.85 328.60
Fluvial massive 158.45 325.25 255.64

Facies Permeability | W -~ N— ¥l A S R NS
The above table identifies the permeability results using in- \ S e N o oy N w0, WOV T\ S SR R S . TR /

situ testing. Note that the aeolian crossbeds (composed of ’h ‘ ~ Conclusion

grainfall and grainflow facies) have the highest average

ot 257

Facies 50001 2016/04/05 11:15 N x40 2mm

Facies Type

and maximum permeability results whilst also being the Some deformation Note the amalgamation of Deformation bands cut across
Deformation bands within fluvial units show greater reduction in

/ The below graphs show preliminary results of the ety B e - e T HERaa iR D | : : e Vs 8 / o S porosity when compared to those of eolian lithofacies (Griffiths et al.
\ initial field data collection. SR saEE T s e N o WY ol TR . R e o N N S 2016), due to a high degree of cataclasis within the core of the
A) Deformation band type vs band thickness. ¢ =>“Numefous deformation = L oo B E L A= ST o S == I : \ -lc -5 . deformation band. Poorly sorted fluvial sandstones exhibit thinner

Photo captions B) Deformation band type vs band length. - scdf . e e A GRS T e - A 1= S - \ | ™ > deformation bands whilst also showing less porosity reduction

P C) Deformation band thickness vs permeability. = R SRUICHUSUCESSIBE. Sme it o A = - R & = = : : = , compared to well sorted examples. Potentially the effect on

A) Ladder deformation Note that there appears no apparent relationship : e e T Eee St 1 | _ , - _ e _ , - permeability of the deformation band and the rock as a whole is

bands with ‘rungs’ highly between the thickness of a band to its permeability. s 7 R ‘ | - N\ | | reduced. However, this is outweighed by an increased deformation

oblique to the orientation of S e S S band density within poorly sorted units, due

the ‘rails’. _ ‘ to the accommodation of strain by

B) Thread deformation . . L e - | bifurcation, due to grain-grain interaction

bands in a pseudo-flower Figure Captions Urtisuabiermpleer ' | processes. An increase in density of these

structur_e. _ 10“ a small centimetre braid . very low porosity bands will have a dramatic
C) Conjugate deformation S=T® deformation band effect on the bulk transmissivity and
in 3D. _ _ _ ' T | | connectivity of a reservoir.
D) Thin, discontinuous S R g NG ;‘
thread deformation band Conjugate . S e U Y R
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Introduction

Panel legend Lithostratigraphy Challenge Borehole data

T < Tommarapre The classification of the Sherwood Sandstone is — Fluvial vs Eolian
\‘;&»\Q e largely based on lithostratigraphy, due to an : :

: Lol ou _ i _ §\ - Surtaco crop o _ _ ny, : The boreholes detailed here show the === Trough xbedded . Clast-supported congl

age. The Early Triassic in Britain was characterised by rifting and extension, \\’\\ . absence of age-diagnostic fossils. Historically, general bulk facies assemblages of the : SDST |

related to the break-up of Pangea, with thick accumulations of arenaceous ; _Q this succession has been split by using gross Sherwood Sandstone Group. Note the S sss=r= Planar xbedded Clast-supported xbedded
sediments developing in a series of actively subsiding linked half-graben which BN differences in composition and character (e.g. absence of eolian facies types from the | . SDST (planar) congl.
fringed the local palaeo-high of the Pennines. Locally, preserved sediments NN pebble content, degree of cementation). gg;fgr‘r’]'eén;?:ﬁg (‘Zgg‘ rﬁ:gtzﬁ' iﬁtr;g 43 Ripplotaminated I watix-supported congl.
reac_:h over 1000 m in some depocen’_tres, with younger units overlapping mte_r- - However,_ WhllSt. this apprpgch is successful in section).Whilst prevailing climatic | Hlia==) ow-angle planar DMatrix_suppoﬂed bedded
basinal highs. Regional-scale depositional models suggest a southerly source in NN N areas of lithological variability and good outcrop conditions were conducive to eolian IH SDST (planar) congl.

the Variscan foldbelt some few hundreds of kilometres to the south, with iy exposure, and can to some extent be confirmed dunefield development across both the ) SDST - massive Dl(\t/lritagslé%%%rlt.edxbedded
northwards draining rivers bifurcated by the Pennine High, diverting sediment ° N by borehole cores and logs, it is difficult to apply east and west of England during the | |

westwards towards the Cheshire Basin, Lancashire and Cumbria, and eastwards NN\ N where variations are more subtle, or outcrop and = early Triassic the lack of any observed [ . nozontal-laminated .Horizontal-laminated fines

- - ON e , instances in the east is suggestive of a
tothe Needw Bain and East-Midlan helf. Pennine ISt : : .
o the Needwood Bain and East-Midlands She — \§ cores are not available. sediment supply or carrying capagity ) Uppor isin beds -Fines-massive

50

The Sherwood Sandstone Group is late Permian to Mid-Triassic (Ladinian) in

Easterd : limitation to the wind conditions.

. Movementof STRETTON BH Gamma and sonic logs for ~ The .Sherwood. Sandgtpne Group exhibits
fluvial detritus 387700, 310300] the Stretton Borehole AN considerable facies variation to the west of the

S (Stafford Basin, central SRONAES Pennines (Cheshire and East Irish Sea basins).
andstone & GAMMA SONIC . . . O\ . . .
conglomerate RAY England), showing tripartite e In many areas, the group can be divided into a
19028 %  gyccession evident across Y T : isi iati
| tripartite succession comprising a lower fluviatile
Smudsione much of the western AN unit, a middle unit that is predominantly eolian
» Sherwood Sandstone. ”“‘s o L P y
] ebbly sandsione ENEVSN N (becoming more so in distal areas), and an upper

Context unit of mixed eolian and fluvial facies which have

The Sherwood Sandstone is a critical geological unit in c ComP'eX Spatlal rglatlonshlp. In this
Britain. It is the 2™ most important groundwater aquifer in succession, major erosive bounding surfaces . N e 7 e R —

England, and is a reservoir to hydrocarbon fields both may represent significant time-gaps. Whilst this
onshore and offshore. Its close spatial relationship with the subdivision is possible across much of central

Coal Measures and proximity to major urban areas including and north-west England, correlations in the
environments and regional !

Birmingham and Manchester has led to localised -
lithostrati hi its in th . . . . =
Chester Pebble Shericod Sandstone énroupef contamination. As such, an understanding of petrophysical north-east (East Midlands Shelf and Cleveland

sedFm - central England (after properties of the group is relevant to many disciplines. Basm) are (_1nff|cult. to establish and the group
" e remains undivided in the east.

g

N

- Sandstone

Helsby SDST
Frm Sandstone

S~ . Group .
Hardegsen unconformity (undivided) Horizon of

Wilmslow SDST prominent —»
Frm Early Triassic depositional log shift 500

dNOYO INOLSANVYS AOOMY3H

Field and data locations
Eleven principle lithofacies are identified within the Sherwood Sandstone. Indicative photographs of each of the
lithofacies is presented below. An understanding of the types and arrangement of lithofacies is important for a
number of applied reasons. Crucially the original depositional processes are also responsible for providing the
basic initial properties of the lithified material. As such, this is likely to influence any post-depositional diagenetic
process which the material is subjected to (e.g. structural or diagenetic etc).
It therefore imperative that a baseline understanding which may impact the arrangement and character of
lithofacies is established in order to further an understanding of reservoir conditions

The map opposite
indicates the locations
of the Sherwood
Sandstone Group at the
surface.

Data sets includes

ouctrop and borehole

Deformed SDST Muddy SDST records. Two borehole Parkhall .
e records are highlighted [ 85 yogtinam

and shown in the g Loq 2

‘Borehole Data’ panel S

above . Birmingham 50 km
[ 1Surface extent of SSG

gester

An outcrop example

from Parhall Country

Park is also presented below. Interestingly this outcrop
includes a high proportion of conglomerates, likely derived
from nearby topographic highs.

sandstone

Isolated
pebbles

Park Hall Country Park Isolated conglomerate lens amongst

sandstone dominated succession Floating pebble’ clasts indicate

higher energy regime

Clastjsupportggl_ Co‘n‘g. B S ] Grainfall strata

s > - Pl o o
- - = a4

Complex succession of vertical Multiple stacked sets of normal- and
stacked mesoforms inverse-graded conglomerates

Mixed lithology bedform indicates Localised mottling influenced by
highly variable energy conditions the sedimentary structure

D

Py, et 3 L_“‘;U,_ - P ‘A' ol . e ; N
fg:“ : ; B o - - e

Horz. lam. SDST
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Sherwood Sandstone Outcrop Studies | Quantifying lateral extents

L RN Topographic i T e el e £ : b e
The Sherwood Sandstone Group is a critical volume of \\\\‘\;’{\‘\\\ :fiie:mpof The unit was reappraised by e R ”% e 8 | digsaiEanchody QaomBtry -~ COmE I Fluid flow through sandstone reservoirs has been described as
rock in the UK; it is a commercial hydrocarbon reservoirin §\\\\\‘ Sherwood Ambrp§e et al (201_4) Whp o el s = S . at bases of major sandbodies removes being influenced by the geometry of depositional units, and the
bOthh the fI_E?st l'ii[ShI and North ?eas ast Wte_lllas Slma'”eII. ; \ C ?rla;nrr?eh\f\llce)?k ;rg)e’ththar;[il’[gggﬁrgg sl i\ % | underlying laterally continuous ‘marker’ horizons distribution of high porosity-permeability zones (Fraser &
nshore fields. represen nti | NN P g % - i : '
e o et oty o). MRS S ol Soves 55, D S e cdmenty onacs
_ : oA 2D maps and by 3D structural o e i _ properties are important variables required to

groundwater aquifer in the UK, supplying water for 4D process-based models. = Layer-cake architestirakstyle™= B < O sections can provide information concerning the vertical

potable and industrial use. Stratigraphically, the | . The Sherwood Sandstone

- : \ | Group is present at outcrop ~—= ‘Units are preserved
oherwood sandstone lies above productive boa | beneath over 7500 km2, Ridane. = e e A compositional and structural heterogentity and the scales of
Measures rocks in many sedimentary basins, including \\

: s v AN Pamina predominantly in northern 4 % | variability (seismic data is often compromised as many relevant
the Stafford, Needwood and Cheshire basins, in addition - \§ England but it also crops out e = e e G N e =5 z s features are below the typical seismic scale, or of insufficient
N

to the East Midlands Shelf. This close spatial relationship SN on the Devonshire coast to e T B § 3 s = -
to coalfields, along with the development of large urban &:’\\ NS Jast o oAl RS e & | | contrasttobeimaged).

. S | . ” ke ‘\\ the south-east of Exeter. At
cc_)nu_rbatlons on the Triassic crop (including the cities of A QA ‘ subcrop, however, it is B L 3 e E =
Birmingham, Liverpool and Manchester) has left the B present over a significantly 4 N ‘ Lawrence et al (2006) outlined two architectural . herwiod Sandstone outcrop

Sherwood Sandstone vulnerable to pollution by a wide | larger area and concealed N LAt e, N i tle Rock’ Nottingham. UK
range of contaminants. Of particular note are nitrates L beneath younger rocks under S @ ; : models for t.he Helby Sand&?.tone (upper Sherwood SSE7FT e e kel | J ’
from agricultural processes, dense and light non- & NN much of central, southern T TR N S N Sandstone): layer cake and jigsaw-type. The former - S »

aqueous phase liquids (D- and L-NAPL) from industry, in mw mia and eastern England. s has a lateral continuity to units, including
addition to a legacy of pollution associated with the i A | 5 5 subordinate mudstone beds, which may provide
closure of coal mines (Hough etal., 2003). Understanding Outcrop R S W paffles to flow, whereas the latter jigsaw-type is
controls to flow through this sandstone is relevant Originally deposited in a number of linked half graben, the T |4 i ‘ . il M sTled by e esleiesed senebusies fhEicamne

therefore to: Sherwood Sandstone is present in broadly north-trending .
- Pollution studies regarding contamination derived crops, split by the Pennine Hills into the East Midlands through underlying mudstone beds and does not

fromthe Coal Measures Shelfand a series of smaller basins to the west. typically preserve laterally extensive low-permeability units. The distinction between layercake

go%?;riirr?;rqtggrrerg[f)?oegﬁegouri]fgre :;r%irgg I!guvl\’:urgf and jigsaw architectural styles is relevant when considering that in some instances, lateral
oractices orfromthe¥najorurb%n areas J The Sherwood Sandstone was formalised as a Group by dispersion of contaminants is fracture controlled (Chen et al., 2012) so maybe more relevant in

Modelling hydrocarbon reservoirs (North Sea; East Warrington et al (1980), however, nomenclature has layercake architectural styles. Contaminant migration in the unsaturated zone is particularly

Irish Sea) _ evolved since into a confusing array of local terms relevant to predicting pollution pathways in urban and peri-urban settings due to the
Developmentefaquiiermanagementplans applicable to a particular sub-basin. concentration ofindustry in those areas.

a@y/ aifeﬁ‘?é’"lvé"‘lmov{/wp erfnea“b'ilityff thickness variation of sandbodies and vertical sedimentological
3y relationships, outcrop studies are required to confirm lateral

B
P

Understanding the subsurface Flowpaths with the Sherwood Sandstone

Depositional physical properties
There are currently several subsurface survey and monitoring . _ _ The Sherwood Sandstone is a dual porosity aquifer that primarily accommodates flow by matrix
projects under development in the UK. These are designed to Tfhs ?therwood Sta(r;dftotne IS relatlvlel%/ weII—ex.p:.osetd thrOUQT]QUtI']ES Ctrop. Zoners] (intergranular) flow and to a lesser extent fracture flow (Allen et al., 1997; Lawrence et al., 2006). The
monitor Changes that occurin response to human activities such as orbetier-cemented strata commonly Torm positive topographical features, suc amount of fracture flow remains Iargely unknown (Bloomfleld et al., 2006), although may be important

as the prominent range of hills extending southwards from Frodsham and . . . o ) e
hydraulic fracturing, the development of geothermal schemes, or Helsby iFr)1 Cheshire NVgV England, and Canr?ock Chase in the English Midlands. in certain settings (e.g., where non-aqueous _ph_ase liquids are travelllr_1_g through an ._aqwfer, Lawrence
’ ’ et al., 20006). Allen et al (1997) reported matrix intergranular permeability and porosity values as 0.1 —

Carbon Capture and Storage (CCS). The Energy Security and These better-cemented intervals are commonly fluvial in origin and have been o 5 . :
Innovation Observing System for the Subsurface (ESIOS: extensively quarried, giving excellent exposures with faces that are often 10 md-1, a.nd 15 - 30%; L_aw.rence et al_ (2006) quotel 3-5A> as the maximum por03|ty_. Fracture fl_ow
). is a scheme that is planned perpendicular to one another, giving an impression of 3D structure. However, proceeds via bedding (Iamlnatlc_)n, bounding surfaces), joints and faults (Allen, 199_8), with defgrmatlon
to incorporate a group of research facilities, the first of which is likely eolian units are typically poorer cemented and were not as widely quarried. This bands impeding flow. Bloomfield et al (2006) called for a better understanding of sedimentary
tobe based i th Cheshire. in th h ’ { fofthe UK gives a bias of outcrop in favour of fluvial units. architecture and how this influences the hydraulic conductivity of different sandstone lithofacies.
ODEDaSEAINNOr eshire, Inthe north-western part otthe Un. Links between primary deposition in the Sherwood Sandstone and present-day
o - _ petrophysical and hydrogeological characteristics have been the subject of Triassic Aquifers
gt e . euaiEREC e BRI IICEIRGIEQEEER ARV EISMIDIGE | several studies (e.g., Bouch et al., 2006; Beach et al., 1997; Griffiths et al., AN . = s
.ﬁ}l\:{lv_uln-st,orey f.lyv'al_j»; W Sherwood Sandstone at rockhead that is fractured and faulted, and 2016). Triassic aquifers~ ~="™ . Regional scale geological models may be
- sandbooy iy ARy in common with the sandstone regionally, comprises both eolian- It has been recognised that facies associated grainsize variations were a ofthe UK Y | Wgheomo appropriate as a first pass tool in
g T Rt and fluvial-dominated depositional units, including fluvial channel principal controlling influence on reservoir properties (along with compaction) (\; ., Ll Low : -3400 und_erStandmg clgle predmtlng flow through
(lateral accretion), eolian dune, interdune and poorly developed (Grantetal. 2014). Sherwood (™ e aquiters. However, studies have concluded
st (salressal) SuTEess (Eee Tiees (s i, Ao cores Due to bed-plane discontinuities, Hitchmough et al (2006) reported Sandstone is {’x that assumptions are required due to the lack

ignifi | i il i i i hydrocarbon | of information describing even the most basic
intervals of sandstone are available to quantify the deposition and development of significant anisotropic permeability, being 23 times greater in & h g

_ = : , _ the horizontal than the vertical, justifying the need to inform reservoir and aquifer fhr()déjd??r-inh | T data such as fracture density in Triassic
vertical variations present, questions remain regarding the lateral models with data derived from outcrop in addition to vertically cores sections. SZa st e S I
extent and compositional variability of sandbodies, and their impact (" N Studies of outcrop can contribute to closing this

sandstones (e.g., Hitchmough et al., 2006).
on flow, and the monitoring of flow, through the sandstone. o B x kno_wledge gap, bgt qutqrop it_self can be
Understanding the role of fractures and faults will also be critical to H e S e - ’ : G subjectto a natural bias in distribution.
gainin_g an apprec.iati.on of hqw hgmqn activity in the subsuﬁace s Central pa rts.gﬁffé‘f - P | | Hornung & Aigner (2002) recognised the
may impact a principal aquifer in linked half-graben settings. B¢ . the UK dominated .4 - » F""‘_'_ potentigl ‘o rgelate Iithofaciesg Ses i
Detailed outcrop studies describing the relationship between s p— by Sherwood | Ao & | Sl velesl]l Mok Maes. A5 & WA 6
it | it an B Sandstone < . J petropny ock types, y
depositional events and facies from localities close to the proposed o A classifying Triassic strata based on
NGRS T facility will be an important piece of baseline input data from which : W 3% Lo G J depositional energy (clay mineralogy and

Mudstone bed with desiccation at Helsby Tunnel detailed flow and models of seismicity can be generated. | Bl Int?;ctzmmat g e g:: iﬁ;‘?ﬁjt'eng'gj;zf Qsﬂﬁgi‘l‘jﬂjf abundance).
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Outcrop Studies |l

Depostional heterogeneity

Characterisation of sandstone reservoirs can proceed with the
identification and mapping of features identifiable on the seismic
scale (typically 10-20 m). However, there is significant and marked
variation in lithology and petrophysical properties at the sub-seismic
scale due to changes in depositional setting that give rise to marked
lithological variability; this is clearly seen at an exposure from the
upper part of the Sherwood Sandstone at Frogsmouth Quarry,
Runcorn, Cheshire, NW England. Here, dune beds are exposed with
damp and rare wet interdune units, preserved due to the interaction
with a shallow, fluctuating water table (Mountney & Thompson,
2002).

The recognition that lithological variation can influence the
development of diagenetic cements and the style, occurrence and

amount of fractures has been discussed by many authors (e.g., . - _ _ _ , : _ _ :
Shipton & Cowie, 2003; Hough et al., 2006; Griffiths et al., 2016). Bedrock heterogeneity in terms of bed character, composition and lateral and vertical extents in terrestrial sedimentary environments is partly influenced by changes in

depositional facies, which can be significant on scales as little as 20 cm (Hitchmough et al., 2006). As groundwater flow (and that of constituent contaminants, if present) will
£ foat | ('t ) litv at th b-seismi | preferentially concentrate along zones of higher permeability, and may indeed pond, resting on top of units of lower permeability (Lawrence et al., 2006), an understanding of
ofteatures relevant to reservolr quality at the sub-seismic scale, as depositional processes and hierarchy is relevant to contaminant management strategies. This natural variability is often beyond the resolution of many models which often
the scale of individual element-bounding surfaces in the Sherwood consider the aquifer as isotropic at the scale of the modelled volume. In many settings, primary deposition influences the permeability and hydraulic conductivity of the reservoir,
Sandstone (a mixed Aeolian-fluvial sandstone that accumulated in a therefore having a directimpact on fluid flow, with all 'large bedding plane discontinuities' in the Sherwood Sandstone from Cheshire in one study being considered transmissive
terrestrial setting) often less than 2 m, with many published to flow (Hitchmough et al., 2006). The influence of depositional environment has an obvious effect on intergranular flow, but it is also a factor in the development of certain styles
examples of depositional heterogeneity at a similar scale (e.g., of fracture that impede flow. The relationship in 3D of this heterogeneity (controlled by the interplay between different depositional environments) is a key input parameter to
Wakefield et al., 2015; Bouch et al., 2006; Newell, 2006; Hornung & groundwater conceptual models, where an understanding of groundwater flow, and the controls on the rate and direction of flow are relevant to aquifer management strategies,
Aigner, 2002). the mitigation of pollution (Allen et al., 2013) and the modelling strategy itself (Chen et al., 2012).

This is of particular relevance to the identification and understanding
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