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ABSTRACT

Electrofacies represent rock facies based on wireline-log measurerapdtsallow
extrapolation of petrophysical characteristics away from levelsdte calibrated to core.
This approach has been employed to reduce uncertainty in the sub-sedpositional
elements of the late Cenomanian-Coniacian succession, northern Malgy &fspere
Norway. From core logging, eleven distinct sedimentary facies are gianpefour facies
associations: FA A-turbidite sandstones, FA B-heterolithic siltstones and aaslsEA C-
debrites and FA D-slide and slump depositache sedimentary facies association is
characterised by a distinct combination of petroplasiharacteristicssuch as porosity,
density, gamma-ray, sonic and resistivity. Usiimgeural network, calibration of electrofacies
with sedimentary facies association allowsirththickness and stacking pattern to be
documented across the Upper Cretaceous stratigraphy. This approach is particularly useful

where well log facies associations are poorly constrained due to the vamabnce of
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glauconite, and sandstone units are challenging to distinguish from shalaiishon a
gamma-ray logResults indicate that the succession of inteésedbminated by debris flow
slide, and slump deposits, which are commonly poorly imaged on seisreicticefldatasets

in the northern North Sea. The methodology presented here represents a sheg ifiorw
correlation at production and exploration scales of stratigraphic successions widn sim
burial histories, and in the identification of widespread mass flow deposgesrrin Upper

Cretaceous deep-water systems of the North Sea

KEYWORDS: electrofacies, well data, Malgy Slopieep-water deposit, glauconite

artificial neural network



INTRODUCTION

In the northern North Sea, deep-water systems have been widely studadsebdhey

represent potentially large oil and gas reservoirs and are themfonomically important

(e.g] Johnson

and Stewart, 1§85 seth et al., 20QBtow and Mayall, ZO(NZiegler, 1977,

N

Deep-water sandstone reservoirs contain a variety of architectural elementstebut a

dominated by channel-fill, sheet and thin-bedded levee de;fosits (e.g. Lavareh8osman-

Smits, 2000). In contrast, mass transport deposits (including debrites, slides and ahemps)

commonly regarded as low potential reservoirs, because of the lack oévand horizontal

connectivity between sandbodies that are typically contained as isolated{Blaktst al.,

2009 [Weimer

and Shipp, 2004phanmugam et al. (1994, 1996) used ~3700 m of core to

illustrate that most Cenozoic-Tertiary basin-floor fans of the Northaealominated by

relatively muddy slump and debris flow deposits, rather than sandstbnéuriidites.

However, this interpretation was challenged by Hiscott et al. {1996), vguedh that the

criteria used bj

y Shanmugam et al. (1994,

| 996) to differentiate betweea tlasslites and

mass flow deposits (e.g. grading, sorting, sedimentary structures¥laweeel. This dispute

highlights the need to develop new workflows to better constrain the suhise&lements

that comprise deep-water successions in subsurface datasets, especiallyorehdegacare

lacking.

The depositional architecture of deep-water systems results from the intefatogenic

(such as depositional relief and system avulsion) and allogenic sofguzh as the tectonic

setting, sediment provenance and eust

hsy) (Calvache et aljM&3insen et al., 2005). To

help us better understand the stratigraphic architecture of deep-water reservaing; sei

reflection and well data need to be integrated. Seismic data can pnafadeation on the

basinal context and large-scale morphology of a deep-water depositional sybiemas

|
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well data allows us to determine the vertical distribution of sandstone from logging tdols suc
as gamma-ray, density and neutron porosity. The presence of some cementseaald, for
example glauconite, can influence the response of the logging tools wittorreion and

make the distinction between sand-rich (reservoir) intervals and claystbnénon-

reservoir) intervals equivocal (McRat)773[Rider and Kennedy, 2011The current study

proposes a methodology based on neural network analysis using Petrebft@/EBe. Neural
networks use the petrophysical signature of pre-defined rock unit §bdimmentary facies
associations) to generate electrofacies and extrapolate their distributigriram the cored

sections of the well

The aims of this study are: 1) to describe and interpret the core-dweiesbntology ofl25

m of core froma 600 m thick deep-water succession preserved on the northern Malgy Slope
offshore Norway (wells 6204/10-1, 6204/10-2A, 6204/10-2R, 6204/11-1, Fig. 1); 2) to
calibrate electrofacies logs with core data and extrapolate faciesatisstcdefined at core
level along the well; 3) to test how far, geographically and stratigralbhi core-calibrated
electrofacies logs can be applied away from the study inteavel 4) to establish the
proportion and distribution of mass flow deposits withie thpper Cretaceous succession of
the northern Malgy Slope, with the aiwh determining their significance in terms of basin
margin evolution. The methodology developed is then tested on the samavateep
succession on an offset well (35/9-3T2), which is located ~50 km south of theastadyn

this well, a core and a similar set of well data are available, thasirad a far-field test of

the reliability of electrofacies analysis at predicting facies asswmo#atiThe application of
electrofacies analysis is especially valuable in the studied succession libeaeiemic data

quality is variable, and the presence of authigenic and detrital glauconits mé&sadifficult



to use individual tools, especially gamma-ray, to discriminate betweervaessandstone

and non-reservoir mudstone.

STUDY AREA

Tectono-stratigraphic evolution of the northern Malay Slope

The Malgy Slope is bourd to the west by large (>5 km displacement), west-dipping normal

fault complexes that form the eastern margin of the Sogn Gramehto the east by the

@ygarden Fault Complex. The study area includes the Selje High, a ~30 gi@rketaceous

structure oriented SWE (Fig. 1).|Rifting and formation of normal fault blocks in the

Middle to Late Jurassic was superseded by thermally-driven, post-rift subsidetice i

Cretaceous and Tertiary, and the formation of a deep-water basin (SLme,kZEIOS)l Syn-

rift relief wasinfilled and draped by Upper Cretaceous to lower Palaeogene post-rift deposi

Surlyk et al., 200B)

Upper Cretaceous stratigraphic framework

The study interval is located in the Upper Cretaceous Shetland Grigu),Rvhichis well-

developed in the graben areas (e.g. Sogn Graben), where it is up tahZckmand thins

towards the eastern basin-mardin (Surlyk et al., pOQ@3ran be subdivided into five

siliciclastic-dominated formations, which are, in stratigraphic order, treet&s Blodgks,

Tryggvason, Kyrre, and Jorsalfare formations (Deegan and Scull, 1977) (Fig.

In the southern part of the northern North Sea, the Cenomanian successioe (Sva

2).

Comment [DM2]: This is where a
seismic line added to figure 1 would help
the reader, and address a key reviewer
concern. The large-scale structural
template does not undermine the second
paper.

Formation) consists of calcareous mudstone interbedded with chalky limestones. The

proportion of limestone gradually decreases northwards towards the Malgy Slopeagnd

from syn-depositional structural highs over which the formation is thabsent]

(Surlyk €
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al., 2003). The Turonian succession (Tryggvason Formaidithologically similar to the

Cenomanian succession; the limestone content also decreases northwards hendédeyt

Slope, giving way to greater quantities of sandstone, especially within thedisgavery

area|(Surlyk et al., 2003) (Fig. 1). The Turonian succession is up to 300 mTthéclatest

Turonian to early Campanian succession (Kyrre Formation) comprises gupi¢k 1100
m), monotonous succession of silty mudstone that contains sporadic argilléicgzatene

stringers. Sandstone-rich packages, such as the Rgedspette Member, arecédiyrid khe

lower section of the formatiop (Jackson et al., 2[B8nmugam et al., 199@andstones in

the Svarte, Tryggvason and lower Kyrre Formations have a high glauconite cohiehtjsv

interpreted to indicate reworking of shallow marine deposits that had $teesd for

relatively long periods on the shdlf (Jackson et al., Q@8&he southern part of the Malay

Slope, around well 35/9;these sandstone-rich packages have been interpreted as submarine

channels-fills and fang (Bugge et al., 2[loackson et al., ZOﬂMartinsen et al., 2005). On

seismic data, they are characterised by bright amplitr.ldes (JacksofpJaéison et al2004

Sgmme et al., 2013)The current study represents the first detailed study on the

sedimentology and stratigraphy of the late Cenoara@bniacian, deep-water succession in

the northern part of the Malay Slope (FigR).

Database

The database includes three sub-vertical exploration wells (6204/10-1, 62@4/Xnhd
6204/11-1) and one sidetrack well (6204/10-2R) (Fig. 1). All four wellsidiecgamma-ray
(GR), density (RHOB), neutron (NEUaNd resistivity (RMED) log datarhe four cored
wells provide a total of 225 m of coverage through the interval of interest and allow the

detailed sedimentology and stratigraphy of this deep-water successiercémstrainedrhe

cores and linked facies depth were shifted as appropriate. Comment [DM3]: To what? Not clear

on method




]Primary\petrophysical properties include the density, gamma-ray, sonic, astivitgsand Comment [DM4]: Reordered to deal

with core then logs

derived petrophysical properties include poraosit@ore plug-derived porosity and
permeability measurements are available for all four wells and aab@l thin sections
permitted detailed analysis of the mineralogy of the different sedimefaizias. Over 800
data points from cored intervals in wells 6204/10-1, 6204/10-2A, 6204/10-2R antd 5204
are compiled to constrain the petrophysical characteristics of the four statynacies
associations; this data density corresponds to a sample point every ~15 ameufrba and
density wireline logs were used to calculate the porosity, which were edatchcore

porosity. In order to compensate for the high density iron-bearing glauconite, a dweatsixy

higher than sandstone was used Comment [DMS5]: Can you be
quantitative? Back to the repeatability
issue

SEDIMENTARY FACIES AND FACIES ASSOCIATIONS

The late Cenomanian-Coniacian succession was depositaddeep-water environment

Bugge et al., 2001Jackson et al., 20Q8.ien et al., 200BSgmme and Jackson, 2013

Sgmme et al.,, 2013Surlyk et al., 200B). Below is a description of the core-based

sedimentary facies analysis from wells 6204/10-1, 6204/10-2A, 6204/10-2R, and 6204/11-
Sedimentary facies are defined by grain-size, sedimestasgtures, and petrographihe
sedimentary facies are grouped into four sedimentary facies dgswighamed A to D);
each sedimentary facies within these associations display similarsgrasnand sedimentary
structures and can be shown to occur in discrete, genetically relagdraphic packages.
The cores were targeted to sample dominantly sandstone-rich pac&agssquently, no
core data are available from claystone-rich packages. We therefonendsestanding of

regional geology and previous work on the lithology of the Upper Cretaceousssiatc

Bugge et al., 2001Jackson et al., 20pBvartinsen et al., 20Q%Surlyk et al., 2008) to




constrain the occurrence of dominantly claystone-rich units, whichhased on seismic

reflection data and wetb-well log correlation.

Sedimentary facies association A: sandstonéBig. 3)

Sedimentary facies Al - structureless thick-bedded coarse-grained sandston

Description: Facies Al consists of thick beds and bedsets (1-9 pgodfy to moderately
sorted, medium- to coarse-grained sandstone (see 6204/10-1, 1974-199Ad13r@9@-
1899m) (Fig. 3a)Commonly, Al beds have sharp and erosional bases and sharp tops, and
typically overlie facies A2 (Fig. 3average bed thickness is challenging to assess because
criteria to define bed boundaries, for example grain-size breakshodarebserved. No

sedimentary structures or bioturbation is observed within Al.

A total of 12 thin sections from facies A1l have been analysed andititbsate thatAl is
composed of a mixture of quartz, feldspar, mica, and glauconite (B)g.TBe large

proportion of glauconite grains (~20-30%), which are up to 2 mm in diametes giv

greenish| color to the sediments. Rare pollen grains and calcareolsstbicare also Comment [DM6]: Do we need to be US
spelling for MPG???

observed. Facies Al has the best reservoir quality of all the sandstone-ddnfiatégs in
facies association A and all other sedimentary facies describbi ipaper (see Fugelli and
Olsen, 2007), with an average horizontal permealnfi606 mD and an average porosity of

29.1% (Fig. 4).

Interpretation: Structureless coarse-grained sandstone beds that lack iseeingntary

structures are reminiscent of subfacies AL of Lien et al. (2003), which aterpreted to

have been deposited by high-density turbidity currents or en massendreefi

hyperconcentratetb-concentrated flow$ (Bouma, 1982neller and Branney, 19ﬁKuenen




et al., 200§Pickering et al., 198Pickering et al., 19§¢Talling et al., 201p). The degree of

bed amalgamation is a function of the degree of erosion and time between emeplace

deposits from successive flows (Lien et al., 3003). The thick structuredssuleeinterpreted

to document deposition by large, sandy turbidity currents in theadb@smarine channels

and/or near the mouth of channels where flows expanded and deposited [rapiullgt (&l.

2003. The source for the sandstone in Al is interpreted to be a mix of hinteidaived

material that underwent only limited transport (i.e. sandstones rich inatiétdspar) and

sediment locally reworked from the shelf (i.e. sandstones rich in glau)c?@wn and

Matter, 1981)

Sedimentary facies A2- structureless sandstone with siltstone and claystone clasts
Description: Facies A2 consists of medium to thick bé&dg1 m) of very poorly sorted
sandstongrich in claystone and siltstone clasts (Fig).3Bed bases are sharp and erosional,
and bed tops are sharp. Clasts are typically 0.5 to 1.5 cm in diamdt@ngular to sub-
angular, although some clast diameters are greater than the corgtitittm) (Fig. 3b)

Clasts are commonly evenly distributed throughout the beds and are sdgppréevery

poorly sorted (i.e. finée-coarse-grained) sandstone matrix that is rich in quartz and
glauconite. No sedimentary structures, dewatering structures, or bioturbation is observed

within A2.

One thin section from facies A2 has been analysed and indicates tlimatcé®posed of a
mixture of quartz, feldspar, mica, kaolinite and glauconite (Fi). Bacies A2 has an
average horizontal permeability @1 mD and an average porosity @f8%, which is

interpretedasnonreservoir (see Fugelli and Olsen, 2007).



Interpretation: We interpret that facies A2 represents the depositsdadimm to high-density
turbidity currents that had sufficient energy to erode a muddy substrat@angblar nature of
the clasts suggests they were transported a short distance. Furthehmgueorly sorted

matrix suggests they were deposited during periods of increased sandibipéss deeper

basin|(Sinclair and Tomasso, 2002). When overlain by facies Al, this sediynitias is

interpreted to document deposition at the base of a channel or channkbc@hard et

al., 2003)

Sedimentary facies A3- structureless to parallel laminated fine-grained sandstone
Description: Facies A3 consists 005 to 0.4 m thick, fine- to medium-grained sandstone
beds Bed boundaries are flat and sharp (Fig- 8rmal grading is common in A3 and beds
are typically capped by a thin (<5 cm) siltstone. Parallel to suéHpl planar lamination is
common in the upper part of a normally graded bed or throughout the leedir@-ig. 3c)

Locally, the laminae can be cm-thick, where they alternate oucdletween light and dark

grey.

Thin section analysis indicates that A3 consists of a mixture of quartz, glaucoicie,and
organic matter (Fig.Q. Light grey laminae are quartz- and glauconite-rich and matrix-poor,
whereas dark grey laminae are rich in mica and organic matez@iméntary facies A3 has

an average horizontal permeabildf/24.3 mD and an average porosity 18. 76, indicating

a low to moderate reservoir diga when compared to reservoir quality defined by Fugelli

and Olsen (2047).

Interpretation: Facies A3 is interpreted to have been deposited bytdowigh-density

turbidity currents. The finer-grained, siltier beds represent the demddow-density flows

10



whereas the normally graded sandstone beds represent deposition from rteediigin-

density turbidity current$ (Johnson et al., 2001). The beds with alternatinig-rtrand

matrix-poor sand laminae are similar to the banded facies reported from thenriait

Formation|(Lowe and Guy, 20pP0) and facies H2 of Haughton et al. |(2B&8Jing has been

attributed to flows that are intermediate between fully turbuledtlaminar flow behaviour

Haughton et al., 200fLowe and Guy, 20J0)Deposition of facies A3 requires time and

space to create and preserve laminae, but also changing flow properties toalegogé of

sediment grainsizes (Lowe and Guy, 2000% infer that A3 was deposited down-dip from

the channelized parts of the systgm (Haughton et al.,|2009,setting dominated by

submarine lobeg (Prélat et al., 2D09)

Sedimentary facies A4- fine-grained and coarse-grained clastic injectites

Description: Facies A4 is rare in core but can reach 1m in thicknessn(i6204/11-1).
Facies A4 is characterised eithgy: (i) sharp-basedsharp-topped, structureless sandstone
that has a discordant relationship with encasing stratified siltstowemadstones; and (ii)
sharp-based and sharp-topped mudstone that is discordant with encasing sanigstaaie (F
Sedimentary facies Ak commonly overlain by facies association A (Fig.. @cies A4 has
no thin section available to characterise its mineralogy, and no porogigrraeability data

are available.

Interpretation: A4 is interpreted as clastic intrusions, emplacdubh rocks of varying

grain-sizes. Clastic dykes and sills imply that nearby sandstone was babiistdunlithified

and containing significant amounts of pore water (Hiscott, L1948 intrusion of sand into

fine-grained material implies that bodies of poorly consolidated and overpssamds

11



encased in a fine-grained succession were subjected to liquefactiorerandilization

~

Hiscott, 197ﬂLien, 2005

Petrophysical characteristics of FA A:

Sedimentary facies association A (FA A) is characterised by a narroe capgtrophysical
properties (Fig. 4) with a distinct cluster of dominant values for each paraffigte5). FA

A is characterized by the highest average poro2B94, highest average sonic (99 us/ft) and
lowest average density 8 g.cm?) of all four facies associations (Fig. 4). FA A is also
characterised by low resistivity values.Z2ohm/m) and average gamma-ray val{8s
gAPI). The low density values and high porosity values of FA A are unique and rdean F

is petrophysically distinct from the three other facies associations (Fig. 4)

Sedimentary facies association B: heterolithic siltstones and sandstor{E&y. 6)
Sedimentary facies B1- finely laminated siltstone

Description: Facie81 has a sharp base and top, is characteriseshinscale laminated,
dark, fine-grained siltstone (Fig. 6&) single package of facies B1 (40 cm thickpbserved
in well 6204/10-2R and is laminated from base to top. This package is sbegplgin by a

unit of A3. No bioturbations observed withirB1.

No thin sections are available to characterize the mineralogy of Btidhe petrophysical

data available for B1 demonstrate very low reservoirs qualities (aftezlliFagd Olsen

2007, with a low horizontal permeability of 0.14 mD and an average porosity of 18.6%.

Interpretation: Facies B1 is interpreted to be deposited via suspensiony sétib-density

dilute turbidity currents. We infer that this sedimentary faciesich@nts deposition in either

12



alow-energy setting, such as the fringe of a lobéevee, and/or deposition during a period

when no sand was being supplied to the deep Tasin (Muttif 1977).

Sedimentary facies B2- bioturbated interbedded thin siltstone and sandstone
Description: Facies B2 consists of thinly bedded (centimetre scalejecsiltstones and very
fine-grained sandstones (Fig. 6b). Facies B2 is observed in packages of up tthdckmass
(6204/11-1). The difference in grain size is highlightedalghange in colour, from light-

(sandstone) to dark-grey (siltstone). This facies is characterisedtdnsive bioturbation

(Zoophycos and Helminthopsis) (bioturbation index ranges from 4 to 6; Droser ajat,Bott

198§. The original sedimentary structures, and locally the original stratificatos,

therefore difficult to identify. Facies B2 is commonly overlain by suioit facies C2 or C3

(see description and interpretation below).

No thin sections are available to characterize the mineralogyiesfB2. Petrophysical data

suggest that facies B2 has low reservoir qudlity (after Fugelli@lsdn, 200f), witha

horizontal permeability averagirtgl mD and an average porosity 1i%.

Interpretation: We interpret that the interbedded thin beds (1 to) dfcailtstone and very
fine-grained sandstone that characterise B2 were degoim low-density turbidity
currents The alternation of sandstone and siltstone beds indicates that sedimentveapply
low. The presence of Zoophycos supports a low-energy and deep-water settiag.Bzas
therefore interpreted to characterise depositicmdistal setting, most likely at the basinward

or lateral end of the depositional system.

Petrophysical characteristics of FA B:

13



Petrophysical characteristics of sedimentary facies association B (FA B) are more
challenging to constrain because of the low number of available data point®fg@ared to

the three other facies associations (Fig.h’¢pe low number of data point available for this

facies association is due to the On average, FA B is characterisachigrage density (2.36  { Comment [DM7]: incomplete sentence |

g.cm?), low porosity (14%), average gamma-ray (73 gAPI), average sdhios(&) values,
and high resistivity (8.3 ohm.m) values (Fig.. Nevertheless, based on the detailed
distribution of some petrophysical characteristics, two populations can be highlitet
correspond to the two facies B1 and B2 (Fig. 4 and 5). Gamma-ray values #dag sim
between the two facies, but porosity, density, sonic and resistivity values arerdiffvhich
defines a bi-modal distribution in Figure 4 and two non-overlapping clustefggure 5.
Both facies are fine-grained and interpreted to represent depositistahatilateral areas of
deep-water systems, but they could be interpreted in having diffgremophysical
properties, due to a different sediment source for the two fadiesexistence of two distinct
populations can also be attributed to the small amount of data poitdbterdor FA B

compared to other facies associatifig. 4).

Sedimentary facies association C: debriteig. 7)
Sedimentary facies CL- clast-rich muddy sandstone

Description: Facies C1 consists 06f2-0.5 m thick beds of muddy, very fine-grained

sandstone with randomly oriented, cm-scadbular| mudstone clasts (Figa)7 No plant Comment [DM8]: Laminated or

massive?

fragments or bioturbation is observed within this facithough fragmented and articulated
thin-walled bivalves shells are present. This facasbe present in relatively thick packages
(up to 10 m in 6204/1@R) that display little variation in matrix grain size or sedimentary

structures. Rare beds are normally graded, which may be accompgiaiegdbction in clast

14



size (Fig. 7a)Facies C1 is only observed in 6204/10-2R, where the overlying and underlying

strata were not penetrated.

Two thin sections from facies C1 have been analysed and show that elongatesyrsnehal
as mica fragments, are randomly oriented within the matrix (Fig. 7a)p&thephysical data
available suggest that C1 is non-reservaith an average horizontal permeability of 0.06

mD and an average porosity bf.1%(Fugelli and Olsen, 2007)

Although sedimentologically similar to A2 (i.e. sandstone-rich matrix Wiitle-grained
clasts), there are some noticeable differences between A2 and C2. THese ithe
geometry of the clasts (i.e. A2 is characterised by angldstsowhereas C1 is characterised
by tablet-shapedounded clasts), and the abruptness of the contact between the cldakts and
matrix (i.e. A2 is characterised by sharp contacts whereas C1 is ehigeatby gradational

contacts.

Interpretation: The lack of grading and large mudstone clasts indicaffisient sorting and

en masse deposition from a cohesive flow (Mulder and Alexanderj|2abihg et al., 201p)

. The poor sorting of the matrix and the presence of thin-walled shells saggassence of

effective grain size segregation and intra-flow abrasion, which areesult of collision and

corrosion in a more turbulent floy (Haughton et al., 20Q3) beds are thus interpreted as

debrites| (Haughton et al., Z(HMUIder and Alexander, 2001).

Sedimentary facies C2- sandstone with limestone clasts
Description: Facies Z consists of meter thick beds of poorly sorted, structureless, and

coarse-grained sandstone matrix containing limestone clasts fyigihé limestone clasts

15



have sharp and locally angular edges and range @t@ro 4 cm in diameter. Facies C2 is
clast supported. Facies C2 typically underlies or overlies C3 across a gradationet, conta
with the amount of clasts and the average grain-size of the maddvally changing (see

description and interpretation of C3 below) (Fig. 7b).

One thin section is used to characterize facies|C&hows that the contact between the
matrix and the limestone clasts is sharp and that all pore space is occluded wéttyan e
poikilotopic, calcite cement (Fig. 7b)The petrophysical data suggest that C2 is non-
reservoir, with a low horizontal permeability (average 0.91 mD)aalog porosity (10.6%)

(Fuggelli and Olsen, 2007).

Interpretation: The disorganized and poorly sorted nature of the medrabined with a

large proportion of clasts, indicates deposition framebris flow|(Haughton et al., 20p9

Mulder and Alexander, 200)1). The large number of limestone clasts is tikbly produced

Comment [DM9]: Why use Haughton
2003 for one and 2009 for the other
interpretation of debrite?

by erosion and reworking of a buried chalky limestone interval, sudteéviarte Formation

(Cenomanian) (Surlyk et al., 2003Jowever, o in situ chalk has been intersected in this

part of the basin-fill

Sedimentary facies C3- silty sandstone with limestone clasts

Description: Facies C3 consists of up to 7 m thick beds pdorly sorted silty sandstone
matrix that contains carbonate clasts (Fig. 7b). The limestone clasts sraaunded than
those in C2 and are smaller in size (0.5-2 cm). The matrix characte@i8imngfiner than in

C2 and has a darker colo@imilarly to facies C2, facies C3 is characterised by gradational

contacts (Fig. 7b)
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No thin sections are available to characterize the mineralogyietf&8 Petrophysical data
suggest very low reservoir quality, witghhorizontal permeability averaging 0.11 mD and a

porosity averaging 7.9% (Fugelli and Olsen, 2007).

Interpretation: Facies C3 is sedimentologically similar to faCgi.e. carbonate clast-rich,

disorganised and poorly sorted matrix) a@adalso interpreted to have been depaubiby

debris-flows|(Haughton et al., 2(1119|ulder and Alexander, 2001The more rounded clasts

suggest either a longer transport distance compared to C2, or eetrgimma clast
population that has already undergone a degree of reworking. Furthetmedi@yéer number
of chalk clasts and the finer-grained nature of the matr&3 also suggest a longer transport

distance compared to C2

Petrophysical characteristics of FA C:

Despite the wide range of petrophysical properties, facies association C (FA & claarly
differentiated from other facies associations, especially when comptréig average
gamma ray values, which is higher than the three other faciesadgswc (Fig. 4 and 5FA

C is characterised by an average density (2.48 §,chigh gamma-ray (113 gAPI), high

sonic (90 us/ft), low porosity (9.7%), and high resistivity (7.8 ohm.m) (Fig. 4

Sedimentary facies associations:[5lide and slump depositgFig. 8)

Sedimentary facies D1 folded and deformed sand-rich strata

Description: Facie®1 is up to 15 m in thickness and contains 2-20 cm folded sandstone
beds with rare interbedded thin claystone and siltst@in#0 cm) The average san-shale

ratio of facies D1 is around 80%% 6204/10-2A, the bedding orientation is variable, but is

typically orientated at a high angt® the vertical well direction. The underlying and
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overlying strata were not penetrated in this well. Sandstone bedscally faulted (cm-
scale) and contain rare laminadthough the folding has obliterated most of the original

sedimentary structures (Fig. 8a).

The sandstone-rich clasts of facies D1 are characterised by an asseaibtpgetz and
glauconite, with secondary feldspar and opaque fragments (Fig. 8a). Some soples
large proportion of bioclasts (foraminiferbaivalve fragment, large bryozoan) and woody
fragments within the clay dominated part of the sample. Someleanalso contain
fragments of coccolithophore plates and well-preserved, complete tbhscélacies D1 has
very low horizontal permeability (average of 0.1 mD) and an average porosify.186,

indicating that it has non-reservoir quality (Fugelli and Olsen, 2007)

Interpretation: The folding of the sandstone beds demonstrates that packdyehaie
been remobilised dowslope as a coherent mass with limited disaggregation, which is
supported by the preservation of fragile biogenic materi@dcies D1 has similar

characteristics, such as the folding style and the averagdaahdle ratio, to slide deposits

exposed at outcrop in the a¢thkuil Formation (Karoo Basin, South Africa) (Van der Melwe

et al., 2011) and the Ross Formation (western Ireland) (Strachan, Z@e2jthologies and

facies preserved in D1 should record the environment from which the sislelevived. In
this context, fine-grained deptsare preserved between thin sandstone beds, which can be
laminated The original environment of deposition could therefore include a sutenavee
setting close to a turbidite channel (Lien et al., 2003a), an upper sloge anter shelf
prodelta. The presence of bivalve fragment and large bryozoan witlés fat indicates a

shallow marine environment, and the high stmdhale ratio a relatively proximal
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environment. The slide generating facies D1 is here interpreted to comeufi upper slop

environment.

Sedimentary facies 2 — folded and deformed silt-rich strata

Description: Facies D2 consists of up to 10 m units of deformed and foltetedded
sandstone and siltstone beds (see 620#)1%andstone bed thickness ranges between 1 and
20 cm and silt-rich interval thicknessvary between 5 and 30 cm, although contacts between
the two lithologies are gradational (Fig. 8Barallel laminations can sometimes be preserved
in sandstone clasts, although the original sedimentary structurearelie preserved due to
the folding. The average sand ratio of facies D2 is ~60 %. The underlythg\eerlying

strata have not been penetrated during coring.

A total of three thin sections are available for faci& Thin section analysis indicates that
the sandstone-rich units 8f2 consist of a mixture of quartz, glauconite, and feldspar (Fig.
8b). More specifically, thin-section analyses indicate the presence of an iron-rariiol
cement and a micritic matrix. Facies association D2 has no reservoir qualityJowith

horizontal permeability (average o08.mD) and an average porosity of 13%.

Interpretation: The folding of the sandstone beds demonstrates that packagehafeD2
been remobilised dowsslope as a coherent mass. Facies D2 is interpreted as a slide deposit

with a higher degree of disaggregation compared to fexdes

Petrophysical characteristics of FA D:
Sedimentary facies association D (FA D) is characterised by sonic ealeiegying 88 usift

density values averaging 2.42 g:&mow gamma values averaging 58 gAPI and porosity
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values around 15 % (Fig. 4 and 5). These points define a distinct clusteGtdistn FA A
(sandstones) and FA C (debrites), especially because of its unique low gammabeay but
somewhat similar to FA B (heterolithic siltstones and sandstones) (Fig. 4.drfdsSineans

that discriminating FA B from FA s more challenging using their petrophysical signature.

ELECTROFACIES CHARACTERISATION AND PREDICTION OF FACIES

ASSOCIATIONS AWAY FROM THE CORES

The term ‘electrofacies’ was defined by|Serra and Abbot (19132), and is used to describe the

characterization and interpretation of sedimentary facies using iedéctvell logs.
Electrofacies analysis calibrates wireline log data with core data, and iegsaesupervised

or unsupervised technique to cluster data into a number of groups (dekdtafacies)

Adoghe et al., ZOJrInwood et al., 201TLertIamnaphakuI, 201 IlMahdavi, 2004 Tudge et

al., 2009|Ye, 2000). Electrofacies do not directly correlate to sedimentary faciesathat

to a group of rock types that share similar petrophysical properties.dietds analysis is

therefore more commonly used to delineate petrophysical units rathesettiamentary facies

when building static and dynamic reservoir models (Rider and Kennedy], 2011). Althaigh t

is widely used during the development and production stage of a hymivad#ld lifecycle,
electrofacies analysis can be used by geologists to help constrain thal ysttatigraphic)
and lateral distribution of sedimentary facies and depositional environments aiitignt
subsurface systems. Because core is relatively expensive to collect cotopeleatrical log
data, electrofacies analysis represents a cost-effective way to determisgbtbeismic
composition and architecture of depositional systems. The four fa&sesiations described
in the previous section are used to define four key electrofacies. Before ddtaliresults,

the methodology and limitations are explained below.

20



Methodology

Input data for the characterisation and the prediction of deep-water deposiss the
interval of interest include the petrophyaiproperties of each facies associations as outlined
in the previous section. The likelihood treatertain facies association will be present at a
given depth in an uncored section of the well is estimated usingnthen petrophysical
properties associated with that specific facies association and depth in antereal We
estimate that the vertical resolution of the predicted facies equalsrtivalesolution of the
tools measuring the petrophysical parameters, which here is approximatelyn0.Bor
example, if at a given depth, the petrophysical parameters illustrate a high pdmsity
density, average gamma-ray, high sonic and low resistivity, then #léhdikd of having
turbidite sandstone (FA A) present at this depth is high compared tdfaxthesr associations.
The dominant facies association predicted is interpreted to be the most likelyt jatetbes
depth (Fig. 9) If, on the contrary, the petrophysical parameters do not correspond to any
particular facies associations, then each facies associations will be equally lixelpresent

at the given depth. The unit characterised by these petrophysiparipes are interpreted to
represent a facies that has either not been corethat is here characterised by new
petrophysical properties. An alternative interpretation is that this unit cepidsent a unit
comprised of thin layers (8.5 m) belonging to several different facies, and hence does not

have a clear petrophysical signature at the metre scale.

Neural network implemented in Schlumberger’s Petrel 2013 softwareis used to predict
facies associations in the uncored sections of the wells (LertlamnapB@kl1; Madhawi,
2009) The neural network is a function that estimates the likelihood of findpaytacular
facies at a location based on given measured parameters (e.g. logged porosity, de

gamma ray, sonic and resistivity). Here, a facies association is atriviten more than
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80% of the input points match with an assigned facies association. Using néucakador
prediction in this way is a two-step process. First, the network mustined in an area
where the facies is known, where the function is created. In the seconthstépnction is
applied to data where the facies is not known but the measuredgtars used to define the
function are (in our case the logs used to predict facies). Trairéngetiral network is done
over the section of the wells where core has been logged and treigattierefore known
For each assigned facies, the data is split randortdytwo groups. Half the data is used to
estimate a function for predicting facies whilst the other half is asesl control to measure
how effective that function is at predicting the facies. The correlation betthe estimated
facies in the control group and the actual facies loggeded tes estimate the efficiency of
the function. A perfect match would give a correlation of one. The function igyetian
slightly and the efficiency measured again. If the new function prova® efficient at
predicting facies correctly then it is kept. If not, the original fumctis kept and a new
change is tested. Once trained, the neural network can be uashiwith no interpreted
facies to predict the facies at that location. The likelihood of findaxth facies at each point
in the well is calculated, giving a series of log curves (one fonh éacies), which are
normalised to one. At each point the most likely facies is then assigned to étiatnlpwhich

results in a discrete log of predicted facies (Fig. 9).

In general, if when cross plotting log properties data points from one faciés pldistinctly

different area to another facies (Fig. 5), then the two facies wakb#y distinguished by a
neural network (Fig. 9). If two facies overlap, then it may Ifiécdlt to distinguish between
them. The advantage of using a neural network is that this separatssessed in a multi-
dimensional domain. It is easy to visually assess the separation of faciesery2Bgsed on

a gamma ray vs. density plot (Fig. 5b). However, some of the areas tHapawe this plot
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may separate when sonic and resistivity values are considered. A neural neamork

recognise this and differentiate these facies.

Limitations

In theory, f two facies have exactly the same log response (i.e. the samphyetcal
signature) then they cannot be differentiated using electrofadiescurrent study uses four
petrophysical signatures, each corresponding to a previously described$stieimtion. For
each depth, the neural network analysis always assigns one authfadies associations.
The best case scenario corresponds to a depth where the petrophydicahdanatches
perfectly with those characterising a pre-defined facies associationis Inate, the match
equals 1, and the likelihood to fit the petrophysical set with a pre-defiesfassociation is
100%. On the contrary, the worst case scenario corresponds to a depthhelegreountered
petrophysical parameters set does not match with any of the pre-defimsdafsgociation. In
this case, the match equals 0, and the likelihood to fit this depth whhfages association
is ~25% (Fig. 9) Two hypotheses can be postulated to explain an unknown petrophysical
signatureit corresponds to a new facies association that has not been cored ahitlionav
petrophysical signature has been defined. Alternatively, it could comgspa known facies
association, but characterised at this depth by a different petrophsigicature, due for
example to a change of minergjoor diagenetic statd herefore, the higher the proportion of
a certain facies association, and the better the match is between the tapandishe pre-

defined petrophysical signatures.

Additional limitations are linked to variations of petrophgsiproperties with depth (Fig.
10), the variations of petrophysical properties within a facies associatiodetimition and

recognition of facies association, and the proportion of each facies assofdatidnwithin
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the coresPetrophysical properties vary with depth (Rider and Kennedy,| 2B&f example,

for a given lithology although radioactivity and thus gamma-ray value is not affected by

burial depth, sediment density is expedi@thcrease with depth while porosity will generally

decreasq (Nafe and Drake, 1957) (Fig.. @)nsequently, the combination of petrophysical

properties that define a specific facies association is only robust acrekgieely narrow

depth rangeln this study the depth range covers ~600 m (Fid). It can be seen that
petrophysical properties demonstrate abrupt changes above and below this, widch

limits the prediction of the facies associations pres&hien present in thick packages (3 2-
meters), each facies associations is characterised by a large number ofrdatagmopared

to rare and or thin units (< 1 m). Thin packages of a given facies assogizan that the
associated petrophysical parameters are more difficult to characterise and limit the

application of electrofacies analysis.

STRATIGRAPHIC AND GEOGRAPHIC DISTRIBUTION OF THE CENOMANIAN-
CONIACIAN DEEP-WATER DEPOSITS

Cenomanian

We only consider the upper part of the Cenomanian succession; the lowisr gither not
drilled (i.e. 6204/10-2A and 2R) or is located outside the stratigraphiowinélinterest (i.e.
6204/10-1 and 6204/11) (Fig. 11) 6204/102R (1961.141951 m), located on the south-
western part of the Selje High, contains a ~10 m thick interval of deBilt C and mainly
facies C1). Electrofacies analysis suggests that debrites derttieaupper ~150 m of the
Cenomanian succession in this well. Likewise, debrites are inferred to benprand
relatively abundant in 6204/12A, although only the upper 20 m of the Cenomanian
succession has been drilled in this location. For these two wells, the @gnarTuronian

contact represents an abrupt change from a debrite-dominated (FA Clite-&slump-
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dominated (FA D) succession, which also appears to be defined by an adrrgesdn

gamma ray values at or near this boundary (Fig. 11).

On the north-eastern side of the Selje High (6204/10-1 and 6204/flie )pper part of the
Cenomanian succession is debrite (FA C) and slide-/slump-dominated (KRigD>)11)
However, forthese two wells, the upper Cenomanian is located > 250 m from cored sections,
at the edge of the window of study and the wireline logs do not ratheestainty in the

interpretation of the lithology.

Turonian

The Turonian succession is characterised by an abrupt thickness aberggethe Selje High
(Fig. 11). On the south-western side of the Selje High (left hand side of Fighisl)nit is
thin and can be less than 50 m thick in places (see well 628R)1MNo cores are available
from this unit on wells 6204/10-2R and 2A. On the north-eastern side of tleeHigtyj (right
hand side of Fig. 11), the unit reaches almost 350 m thick (see well 6204/10-1préfe c

available from 6204/10-1 and 6204/1kample the upper part of the Turonian succession.

Within 6204/10-1 (1994.14.974 m)a ~20 m thick package of turbidite sandstone is present
(FA A). Electrofacies analysis suggests that turbidite sandstones (FA A) dothieatpper
~100 m of the Turonian succession within this well (equivalent to the lowere Ky
Formation). The basal surface of this package highlighttange from slide and slump
deposits (FA D) in the lower Turonian to turbidite sandstones (FA A) in ther dpponian
Based on the interpretation of core data from 6204/18hbwing a thick package of
amalgamated sandstone beds with erosional bases (Al) and the presence of ailtstone

claystone clasts (A2), we interpret that these sandstones were deposftadkéd submarine
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channel compleas Each channel complex-filis interpreted to b&0-35 m thick and is

bounded by thin packages (<5m) of slide/slump deposit (FA D) and debrite (FA C) (Fig. 11)

In 6204/11-12158.25- 2133m) a ~17 m thick debrite-dominated package is developed (Fig.
11). Electrofacies analysis suggests that this package is ~100 m thiclhaantet top and
base of this unit are sharp. The base surface corresponds to the topToygheason
Formation and represents an abrupt change from a slide and slumpteédrsinaession (FA

D) in the lower Turonian (Tryggvason Formation)atdebrite dominated succession (FA C

in the upper Turonian (lower Kyrre Formation). The top surface (near top To)onia

corresponds to an abrupt change to a slide- and slump-dominated succession (FA D)

On the south-western side of the Selje High, electrofacies analysis suggetts thaonian
succession is dominated by th{f-5 m) packages of turbidite sandstones (FA A) and
slide/slump deposits (FA D) (6204/10-2A and 6204/10-2R; Hit). There are two
interpretations for the origin of this succession: (i) it records the abrupt ivansétween
deposits of cohesive and weakly cohesive floass{ii) that the sandstone-rich packages
detected by the electrofacies analysis are very large clasts or raftearicaslumps and

slides

Coniacian

The Coniacian succession is 1080 m thick and broadly tabular (Fig. 11). Core data are
available from all four wells and this allows us to more confidently lesgrefacies analysis
to constrain facies association types within this inter@al the south-western side of the
Selje High, the lower part of the Coniacian succession is dominatedfideyand slump

deposits (FA D) (6204/10A; 2120.282105 m and 6204/12R; 1961.141951 m) (Fig. 11)
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Electrofacies analysis suggests that from base to top of the Coniaciasssoicc the
proportion of slide and slump deposits (FA D) decreases while the proportion of turbidite

sandstone (FA A) increases

On the north-eastern side of the Selje High, core data from 62042025.8-2016 m and
20162008 m) indicates a dominanoé slide and slump deposits (FA D; dominantly facies
D2) (Fig. 11). Electrofacies analysis predicts that the whole Coniacian succession i
dominated by FA D. In contrast to the south western margin of the ISigle almost no

turbidite sandstone (FA A) is predicted to have been deposited on the north-eastern margin

Within 6204/10-1 (1955-1948 m and 1899-1890 m), the cores are dominatedblujte
sandstones (FA A) (Fig. 11), which contrasts with the slide-/slump-dominated (FA D)
Coniacian succession encountered 16.5 km away within 6204/Thelsandstone-bearing
part of the Coniacian successimninterpreted to have been deposited in a series of stacked
channels, similar to those encountered within the upper Turonian succession (irofterms
thickness and dominant lithology). In the Coniacian, the two channel conilpsesré~30 m

thick and separated by a ~30 m thick unit dominated by FA D (alideslump deposits).
Both channel complexes have sharp base and top surfaces. Within the uppenTamdrife
Coniacian succession, the channel complexes are poorly defined and arelt diffi
distinguish from the slides and slumps deposits using the gamma-ray lodpatanse of the
high proportion of glauconite present in the successiorly the combination of well logs
and the use of electrofacies analysis allow the presence of sttkedels to be inferred
Electrofacies analyses allow the base and top of the different chann@kegemto be more

accurately constrained, and therefore to measure their thickness.
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PREDICTING VERTICAL AND HORIZONTAL FACIES DISTRIBUTION AWAY

FROM CORE DATA

To test the general applicability of the approach outlined here, the edetotiefined from
Quadrant 6204 are usexh genetically related deposits penetrated by a borehole on the
southern Malgy Slope (see well location on Fig. Well 35/9-3 T2 penetrates Upper
Cretaceous deep-water deposits at a similar burial depth (+28p@Dthose encountered on
the northern Malgy Slope. Any variations in petrophysical characteristteseen 35/9-3 T2
and wells further north are therefore not expected to be the result dioreria burial depth
35/9-3 T2 contains a complete set of logs (i.e. density, resistivity, gaayna&tc.) and an

18.6 m of core from the upper part of the Tryggvason Formation (188876 m) (Fig. 12).

Core logging indicates that two facies associations are present, and arbag®io top: ~8

m of turbidite sandstone (FA A), ~5 m of debrite (FA C), and ~5 m of tiebsndstone

(FA A) (Fig. 12) The electrofacies analyses correctly predicted the lower and upper
sandstone packages observed in core (Fig. 12). However, electrofacies analysss do
predict correctly the middle debrite (FA C) unit, which is instead interpestedunit of slide

and slump deposits (FA D) (Fig. 12). FA C is recorded as the dominant &ssiesiation,
although the three other facies associations (FA A, FA B and FA D) share a highipropo

of the facies associations distribution for this interval (Fig. i@)icating a lower level of
confidence in the neural network predictionbe inability of electrofacies analysis to
accurately predict the facies association in this interval can beusttlito a variation in the
petrophysial characteristics due, for example, to a difference between facmagtiolower
Turonian (Tryggvason Formation), and from the upper Turonian and Coniacian succession
(lower Kyrre Formation). The debrite unit observed in well 35/9-3 T2 is sedifogitally

similar (in terms of average grain size, marice and clasts content) to the dgtitste
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observed in the studied wells. We speculate that different sediméatéayg, with different

source areas and hence different mineralogy, were deposited during theai @odiduring

the Coniaciar]. Sgmme et al. (2013) demonstrated that during Turanmnsgveral deep-

water systems were moogless simultaneously activen the northern Malgy Slope, all

sourced from different parts of the hinterland.

IMPACT OF GLAUCONITE ON ELECTROFACIES ANALYSIS AND FACIES
PREDICTION

Detailed logging and thin sections analysis of the ~125 m of cores demonstigie a
proportion of glauconite (up to 30% in sandstone packages) throughout the upper Cretaceous
succession, especially within some of the sandstone-rich intervals (seg Adcin well

6204/10-1; 1890-1899 m). Glauconite is an iron potassium phyllosilicate mineral (mica

group) that can influence the response of the logging tools withinotngafion [(McRae,

1977 |Rider and Kennedy, 2011), making the distinction between sand-rich Isterva

(reservoirs) and claystone-rich intervals (non-reservoirs) challendgiog example, the
current study highlights that some sandstone-rich packages are lokatlycterised by a
higher gamma-ray values thandirgrained intervals (for example between 1950 and 1930 m

or 1900and 1875 m in well 6204/10-Fig. 11). Also, because of its relatively high density,

the presence of glauconite may cause an apparent decrease in gBidsityand Kennedy

2011).

None of the logs available for this study can accurately deterimnarhount of glauconite
present in a formatigronly thin-section analysis or detailed logging of material recovered in
core (or cuttings) would permit the proportion of glauconite to be estathlisth@wever,

spectral gamma ray logs can be used to demonstrate the presence of gléunewotet al.
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2013) In the present study, the high proportion of glauconite throughout the Upper
Cretaceous suggests significant uncertainty in the interpretation of lithologyHeogamma-
ray log (Fig. 11). Therefore, a combined log response is used to charasdetisef the four
facies associations (Fig. 5). Electrofacies analysis allows us to ignore theagasniiog
signature of the radioactive glauconite and enhance the overall petroplesicadteristics

of each facies association.

DISCUSSION

Our results indicate that the probabilistic curves generated by electrafaalgsis provide a
relatively good prediction (X % success rate) of the facies and facies associagittifeed
in core (Fig. 9, 11 and 12). Electrofacies analysis can therefore helptfaetes and facies

associations in uncored wells or uncored portions of wells.

Mass flow-dominated successions in the northern North Sea

The two dominant Upper Cretaceous facies associations predicted fromfates analysis
are slide and slump deposits (FA D) with a proportion of ~60 % (pink colour idiBignd
debrites (FA C) with a proportion of ~33% of the entire succession (green toleigr 11).

In 6204/10-1, only the upper Turonian and early Coniacian comprise appregqignigties

of turbidite sandstones (FA Ayith ~175 m of stacked channels encased within a thick
slide/slump (FA D) and debrite-rich (FA C) package. In 6204/11-1,uthger Turonian
represents a ~100 m thick debrite unit that is sharply dmesitad underlim by packages of
slide and slump deposits (FA )n the western side of the Selje High, no thick (< 50m) unit
of turbidite sandstone (FA A) is directly obsenadpredicted by the electrofacies analyses
(Fig. 11), and the entire successisrdominated by slide and slump deposits (FA D) and

debrite (FA C).

30



Despite the apparent predominance of slide/slump and debrite deposits, the tépperdDs

succession does not have the classic seismic expression of an mass tranggex-mam

stratigraphic succession, which is typified by packages of chaotic reﬁe1(BuII et al.

2009 |Moscardelli et al., 20Q6)Within the northern North Sea the apparent absence of

chaotic seismic facies within the Upper Cretaceous interval might be bécdivedual mass
flow deposits, although volumetrically significant, may be individually tdw tiln be resolved
in seismic dataln addition, stacked or amalgamated mass flow deposits may lackeniffic

lithological variation at their contacts to generate strong seismictiefia

The common occurrence of mass flow deposits on the Norwegian marginrstasfed by

Shanmugam et al. (1994, 1996), who examingd08 m of cores from the Cretaceous and

Palaeogene succession to demonstrate the abundance of mass-trapspitst @@placed by
sandy slumps, slides, and debris flows. Detailed work on the Agat discodech is located
in the vicinity of the current study area (Fig. 1), suggested a debdtslamp-dominated,
upper slope environment during the Lower Cretaceous. The Upper Cretaceous succession

studied here is interpreted to have been deposited in relatively proximalweesap-

environmentslocated down-dip of a narrow Z8 km) shelf{(Martinsen et al., 2005gmmg

et al.,, 201B) in a similar location to the successions studde by Sgammet al. (1994

1994. During the Cretaceous, the narrow shelf was ~200 km long, extendinghfeavtéiay

Slope in the south to the Slgrebotn sub-basin in the north. North and south arfeti the

shelf was much wider (10060 km) [Martinsen et al., 2005). Canyons that incise into narrow

shelves can remain active and feed coarse-grained sediment to deepystems at all sea

level standg (Covault et al., 2007), favouring instabilities on the slope.
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This study shows that there are more mass transport deposits in the UppeedDeeta
stratigraphy than is apparent from seismic data alone. Further work, whaghailes seismic
reflection, core and electrofacies data, is needed to constrain the lateraltaad extent of
slide, slump and debrite deposits in the Upper Cretaceous succession, and igatevisst

reasons for the susceptibility of the Malgy Slope area to mass flow behavioureinl@tait.

Reservoir occurrence within the Upper Cretaceous stratigraphy

Electrofacies analyses demonstrate that, on the northern Malgy Slope, mihehupfper
Cretaceous successiqr90% of the studied interval) is dominated by slump and slide
deposits (FA D) and debrites (FA C) characterised by very low or non-reserviity (feig.

11). However, the thick (~175 m) stacked channels unit penetrated by 620d4a50gbod
reservoir quaty (dominance of FA A). In the future, 3D seismic reflection data arsalysi
could be integrated with borehole analysis to shed light on the 3D geomeliy dfiannel
complex observed in 6204/10-1, and to help constrain reservoir quality away freholeo
The recognition of the various depositional environments away from wellislatastep

toward a better understanding of the reservoir commonality during Upper Cretaceous time.

It is important to note the apparent lack of fine-grained and thdddzbdeposits in the ~600
m thick Upper Cretaceous deep-water succession (absence of FA B - blue colar ).Fig
The electrofacies analysis is calibrated based on the cored intervalargfeéd sandstone
horizons. No interval of claystone was cored and therefore the petrophysipgaities of this
lithology in this location can only be estimated and cannot be useghitothe neural
network. Moreover, only a limited amount of other types of fine-gragwubsits (FA B-
heterolithic sandstones and siltstones) was cored resulting in a poorly definephysical

signature. Slide and slump deposits (FA D) have a relatively similar petroghsigitature
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to fine-grained deposits (FA Band the differentiation between those two facies associations
is challenging. It is possible that a proportion of the succession interpregedsheump and
slide deposits actually represent units of in place fine-grained dep®sitszduce this
uncertainty, cores samplindine-grained packages (from claystone and heterolithic
sandstones and siltstones packages) need to be included in further studese3meed to
come from a succession sharing a similar burial history (~2000 m) to duemparable
petrophysical properties, and also share a similar sediment proeesancce to have

comparable mineralogy to the studied succession.

CONCLUSIONS

The aim of the current study was to use electrofacies logs tooirepunderstanding of the
distribution of facies associations through a late Cenomanian-Coniacian deep-water
succession across the northern Malgy Slapeally, the interval of interest is glauconite-
rich, which inhibits the simple application of traditional well logs tetidguish sand-rich
packages and fine-grained packages from other deposits, such as maspfieits ased

on four cored wells and a suite of well logs, the study demonstratefaties associations

can be predicted accurately in a stratigraphic and geographic directignelsatrofacies
analysis The methodology developed here can be used in more limited datasetsarfgle

in sub-salt or sub-basalt sedimentary successions, to help determine thegittiol

distribution where seismic resolution is commonly poor and well data more \aizlgble.

Electrofacies logs are calibrated with cores to extrapolate stratigraghtsinges in

environment of deposition throughout the succession of intdfash facies association is

characterised by a unique combination of petroplysttaracteristics (Fig. 4).
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Extrapolation of electrofacies to well 35/9-3 T2, demonstrates that turbalistones (FA
A) holds similar petrophysical characteristics over long distances lzaid sandstone
packages can be predicted accurately away from data constraint. Hodies@pancy exists
for the prediction of other facies associations, such as debrites (FA C) and slidarapd sl
deposits (FA D). This discrepangyattributed to different petrophysical properties between
the two localities which could reveal a different sediment source argk hmineralogy for

both areas.

Results demonstrate that the late Cenomanian-Coniacian succession is characterised by a
dominance of mass flow depositghich are commonly poorly imaged in seismic datasets
within the northern North Se& predominance of mass flow deposits across the succession

can be explained by the existence of a narrow shelf and a proximal location within the basin.
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FIGURES:
Figure 1: Location map of the study area with inset map showingp¢hadon of the study

area in relation to Norway. Wellbores 6204/10-2A and 2R are located on the wisstkrof f

the Selje High. The location of the Agat discovery is indicfted (aftbeblet al., 199p).

Figure 2: Simplified stratigraphic column through the study @wdecating the interval of
interest (thick black line) and the stratigraphic locationkey biostratigraphic markers.

Similar coloured horizons are used in figure 11.

Figure 3: Sedimentary facies associatioh A ‘sandstonés consisting of four sedimentary
facies named Al to Ada) Al, structureless thickly bedded coarse-grained shpd\2,
structureless sandstone with siltstone and claystone ctgsée3, structureless to parallel
laminated fine-grained sandstord). A4, fine-grained and coarse-grained clastic injectites.
Core photograph, sedimentary log and thin section are shown for sedimentasyXa to
A3. Keys for sedimentary log are shown in ¢). Red line on core inditlagelocation of the
thin section. Two examples of sedimentary facies A4 are shown with comegpquit and

line drawing.

Figure 4: Histograms of the distribution of porosity, density, gammasmayc and resistivity
values for the four sedimentary facies associations: FA A (sandsté#e®, (heterolithic
sandstones and siltstones), FA C (debrites) and FA D (slump and slide deposit¢dhalNote
the vertical axis varies between each histogram. The summary line shewfour
sedimentary facies associations in the same histogram and illusiratesath sedimentary

facies associations can be characterised by a unique set of petrophysical pgrameter
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Figure 5: a) Core gamma vs. core sonic and b) Core gamma vs. core fmn#ity four
sedimentary facies associations: FA A (sandstones), FA B (heterolithic sandstohes a
siltstones), FA C (debrites) and FA D (slump and slide deposits). Note thasestimentary

facies associations tend to plot in a distinct cluster (shaded area) with however somel scattere

points plotting away from this cluster.

Figure 6: Sedimentary facies associatibA B: heterolithic siltstones and sandstones
consisting of two facies named Bl and.Bf B1, finely laminated siltstoneb) B2,
bioturbated interbedded thin siltstone and sandstone. Both sedimentary fadikstated
with a core photograph and a typical sedimentary log. Note that thmesgdry log does not

represent the core photograph. For colour scheme, see figure 3.

Figure 7: Sedimentary facies association FA C: debadeS1, muddy sandstone with clasts.
b) C2, sandstone with limestone clasts and C3, silty sandstone with limestone clasts. Core
photograph, sedimentary log and thin section are shown for each sedimeciesy Kote

that the sedimentary log does not represent the core photograph in a).

Figure 8: Sedimentary facies associafi@aD: mass flow deposits with core photograph and
line drawing for sedimentary facies D1 and.@@re photograph and thin section are shown
for each sedimentary facies) D1, folded and deformed sand-rich strata. The thin section
shows the typical mineralogy assemblage of a sandstonelpld32, folded and deformed
silt-rich strata. The thin section shows in the upper part (dark ¢adolarge clay intra clast
and in the lower part (white colour) a glauconitic sandstone clast. dfaurcscheme, see

figure 3.
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Figure 9: Composite log illustrating the methodology used in the distaly. a) Log curves
including the density, gamma ray, caliper, density and neutron log. Note thsiméar log
response to various sedimentary facies and facies association. b) Extrapoifatio
electrofacies distribution at the facies scale. From left to righfirdtecolumn indicates the
various sedimentary facies observed within the core; the second columropleetion (out
of 100%) of each sedimentary facies predicted to be present at im cipah; the third
column shows the dominant facies, which represents the sedimentary fiaat has the
highest chance to be present at each depth. c) Extrapolation of eldesoat the facies

association scale. The columns are similarly laid out than o) IQorresponding core log.

Figure 10: a) Porosity vs. depth and b) density vs. depth for the frias fassociations. All
data points are from core plugs. Note that the porosity decreases with depth wikdadite

increases with depth.

Figure 11: Correlation panel between the four wells of interest: 6204/10-2A, 6204/10-2R,
6204/10/1 and 6204/11-1. Each well shows the gamma-ray log curve for refesedcthe
facies association prediction across the Cenomanian-Coniacian successiomgribkidore
available and logged, the proportion (out of 100%) for each sedimentarydas@sation to

be present and finally, the dominant facies association presentsatigpth. Note the
dominance of debrite (FA € green colour) and slump and slide deposits (FA pink
colour on the logs) across the succession of interest. The background greyilicsivates

the quality of the reservoir with dark grey representing good reservoirligimd grey
representing average to low reservoir quality. The shaded sections of th&Sdmgsnian

time) are discarded as located outside of the study interval (Cenomaniati@omime).
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Figure 12: Log curves and electrofacies interpretation for well 35I2- The interval of
interest is the Tryggvason and lower Kyrre Formation, where one cordateoapper part of
the Tryggvason Formation has been logged in detail. No biostratigraphy mbévédr this
well. Note the correct prediction of the packages of turbidite sand§t@na) present in the
core with the electrofacies. Note the discrepancy between the middle aieibrite (FA C)

observed in the core, predicted as a unit of slide/slump deposits (FA D) with eleegofaci
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