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Abstract

The forward stratigraphic simulation approach was—usedis applied to medelforecast porosity and

permeability attributestrends in the Volve field,Nerway—This—was—achieved by applying spatialdata

subsurface model. Variograms and synthetic well logs from the forward stratigraphic simulationtecontrol

property—distribution—in—the—reserveimodel-_were combined with known data to guide porosity and

permeability distribution. Building a reservoir model that fits data at different locations is—a—task

associatedcomes with high levels of uncertainty. Fe—minimise—propertyrepresentationuneertaintiesina

be-develepedTherefore, it is critical

to predictgenerate _an appropriate stratigraphic framework to guide lithofacies units—and associated

petrophysical greperties-distribution in a subsurface model. The workflow adopted is in three parts; first,

the-simulation of twenty scenarios of sediment transportation and deposition using the geological process

modeling (GPM™) software developed by Schlumberger-was—used—to—simulatesecenarios—of-sediment

transportation-and-depesition-inthe-modelarea.. Secondly, an estimation of the extent and proportion of

lithofacies proportions in the stratigraphic model was-dene-using the property calculator tool in the
Petrel™seftware. Finally, porosity and permeability values were assigned to corresponding lithofacies-
associations in the forward stratigraphic model to produce a forward stratigraphic-based petrephysical

model-porosity and permeability models. Results show a lithofacies distribution thatiscontreted-bymodel,

which depends on sediment diffusion rate, sea level variation, flow rate, wave processes, and tectonic

events. This observation is consistent with real-werld-eventswerethe natural occurrence, where variation
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in sea level, velume-ofsediment imputsupply, and accommodation control the-build-up-ef-stratigraphic
seguencesequences. Validation wells, VP1 and VP2 located in the original VVolve field petrophysicalmodel

and the forward stratigraphic-based models show a geed-match-in-poresity-and-permeability-attributesat 5

suggestssignificant similarity, especially in the porosity models. These results suggest that forward

stratigraphic simulation outputs can be integrated-into-classicalused together with geostatistical modeling

workflows to improve subsurface property representation,and-wel-planningstrategies. in reservoir models.
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Introduction

2—The distribution of reservoir properties such as porosity and permeability is a direct function of a
complex

3—— combination of sedimentary, geochemical, and mechanical processes (Skalinski & Kenter, 2014). The

4—— impact of reservoir petrophysics on well planning and extraetienproduction strategies makes it
imperative to use

5—— reservoir modeling techniques that present realistic property variations invia 3-D models (Deutsch and
6—— Journel, 1999; Caers and Zhang, 2004; Hu & Chugunova, 2008). Typically, reservoir modeling reguice

7——requires continued property modification until an a-appropriate match to knewn-subsurface data-is
abtaineds

8—However—acquisition—of. Meanwhile, subsurface -datasets-data acquisition is -eesthy-expensive, thus
restricts -data -collection -and accurate subsurface

9—— property modeling—eenditiens—. Several -studies, -ese—Hodgetts -et -al. -(2004) -and -Orellana -et -al.
(2014) have

10— demonstrated thathow stratigraphic patterns, and therefore petrophysical attributes ean-be—extrapolated
from

11——in seismic;-euterep data, outcrops, and well logs- are applicable in subsurface modeling. However, this
notion-islimited-by-the absence of aceurateandreliable

12——detailed 3-Bdimensional depositional medelsframeworks to guide -property modeling in—reservoirunits
inhibits this strategy (Burges et al. 2008). -Reservoir

13— modeling -techniques -with -the -capacity -to -integrate -forward -stratigraphic -simulation -outputs -with
14— stochastic modeling techniques -for subsurface property modeling will improve -reservoir -heterogeneity
15— characterization, -because -they more -accurately produce -geological -realism -than -the -other modeling
16—— methods (Singh et al. 2013). The use of geostatistical-based methods to represent the-spatial variability
17— of reservoir properties kavehas been widely-accepted-in many exploration and production projects (e-g-

18——Kelkar and Godofredo, 2002). In the geostatistical modeling methedsmethod, an alternate numerical 3-D
model (i-e-

19——realizations) is-derived-to-demenstrateshows different seenaries-ef-property distribution scenarios that
| i



20——are most likely to match well data (Ringrose & Bentley, 2015). Reserveirmedelingpractioners—are
normally-faced-withHowever, due to cost reservoir modeling practitioners continue to encounter the

21— challenge of gettinga-tot-ef-obtaining adequate subsurface data to deduce reliable variegram—medels
as—a+resultof cost;

22—variograms for subsurface modeling, therefore introducing a significant level of uncertainty in a-reservoir
moedelmodels (Orellena et al. 2014). The

23— advantages of applying geostatistical modeling approaches in—pepulatingprepeertiesto represent
reservoir properties in models are discussed in reserveirmodels—is—well

24— established{e-g-studies by Deutsch and Journel;- (1999;), Dubrule, (1998)-but). A notable disadvantage
is that the geostatistical-based modeling method tends to

25— confine -reservoir -property -medels-distribution to kaewn-subsurface data -and -rarely +ealize-produces
geological -realism -to capture

26— sedimentary events that kave-led to reservoir formation (Hassanpour et al. 2013). In effect, the
geostatistical



27— modeling technique is-snable-tedoes not reproduce a-long-range continuous reservoir properties-that,
which are essential

28— for generating realistic reservoir connectivity models (Strebelle & Levy, 2008). Based-The forward
stratigraphic simulation approach was applied in this contribution to forecast lithofacies, porosity, and
permeability in a reservoir model, based on lessons from a

29— previeus-work{e-g-0too and Hodgetts; (2019)-theforward-stratigraphicsimulation-approach-was
apphed

31——impertant). A significant aspect -of this -work is -the—use-efusing variogram -parameters -from -forward

stratigraphic-based

32— synthetic wells to pepulatepetrophysical-propertiessimulate porosity and permeability trends in the
reservoir model-grid. Forward stratigraphic

33— modeling involves the-uses-morphodynamic rules to derive—sedimentary-replicate 3-dimensional
stratigraphic depositional trends te—+eflect

34——observed in data (e.g. seismic). Forward stratigraphic patterns-inkrewn-data—Fhe-approach-isdriven

bymodeling operates on the guiding principle that multiple sedimentary

35— process-based -simulations -in -a -3-D -framework -will -improve -facies, -and therefore petrophysical
property

5 _distribution in a geological model.

37— The geological process modeling GPM™ software (Schlumberger, 2017), which operates on forward
stratigraphic simulation principles, replicates a depositional sequence to provide a 3-dimensional
framework to predict porosity, permeability in the study area. The reservoir interval under study is
leeated-within the Hugin formation. Studies by Varadi et al. (1998);

38— Kieft et al. (2011}),suggest) indicate that the Hugin formation eensistconsists of a complex depositional
architecture of waves,

39— tidal, and fluvial processes. This indicatesknowledge suggests that a single depositional model will not
be adequate to produce

40— a realisiterealistic lithofacies or petrophysical distributions model of the area. Furthermore, the
complicated Syn-depositional rift-

41——related faulting system, significantly influeneeinfluences the stratigraphic architecture (Milner and Olsen,
1998).

42— The- Therefore, the focus efthis-werkhere is to produce a depositional sequence-in-the-shalew-marine
. | .




43 aforward-stratigraphic—medelingappreach-, which captures subsurface attributes observed in the-GRM™

{Yehlumberger2017)-seismic and -use—variegramwell data to guide property modeling.

a6  Study Area

47——The Volve field (Figure 1), located in Block 15/9 south of the Norwegian North Sea-isJurassie-in-age

48— {i-e—late—Bajocian—to—Oxfordian)—with, has the Hugin Formation as the main-reservoir writinterval from
which

49— hydrocarbons are produced (Vollset and Dore, 1984). The Hugin formation, which is Jurassic in age
(late Bajocian to Oxfordian), is made up of shallow marine

50— to marginal marine sandstone deposits, coals, and a significant influence of wave events that tend to

51— control lithofacies distribution in the formation (Varadi et al. 1998; and Kieft et al. 2011). Severat
studies;

52— e.g.Studies by Sneider et al. (1995);) and Husmo et al. (2003) associate sediment deposition irinto the
Hugin-system-study area to




53 a rift-related subsidence and successive flooding during a large transgression of the Viking Graben within

the Middle to Late Jurassic period. Also, Cockings et al. (1992), Milner and Olsen (1998) indicate that the Hugin

fgrmation comprises of marine shoreface, lagoonal and associated coastal plain, back-stepping delta-plain, and

blta front. However, recent studies by Folkestad and Satur (2006) also provide evidence of a high tidal event,

which introduces another dimension that requires attention in any subsurface modeling task in the study area. The

thickness of the Hugin formation is estimated between 5 m and 200 m, but can be thicker off-structure and non-

istent on structurally high segments due to post-depositional erosion (Folkestad and Satur, 2006).

61— Based-on-studies-byKieftetat—{2014},-aA summarised sedimentological delineation within the Hugin

62— formation -is presented—n-derived based on studies by Kieft et al. (2011). In Table -1—tithefacies,
lithofacies-association -codes -A,- B, -C, -D, -and -E -used—in—the

63— classification—representsrepresent bay fill units, shoreface sandstone facies, mouth bar units, fluvio-tidal
channel

s4— fill sediments, and coastal plain facies units, respectively. iaadditienAdditionally, a lithofacies
association prefixed

65— code F-was-interpreted-to-consist, which consists of open marine shale units, mudstone-with. Within it
are occasional siltstone beds,

66— parallel laminated soft sediment deformation that locally develop at bed tops. The lateral extent of the

67— code F lithofacies package -in the Hugin -formation -is -estimated to be 1.7 km to -37.6 km, but the -total

3 _thickness of code F lithofacies is not known (Folkestad & Satur, 2006).




D Data and Software

70——This work is based on the description; and interpretation of petrophysical datasets in the VVolve field by
71— Stateil—new- Equinor. -Datasets -include 3-D seismic sectiens,—and -a suite of 24 -wells -that -consist -of

72— formation pressure data, core data, petrophysical and sedimentological logs. Previous werks-such
asstudies by Folkestad & Satur;

73— (2006) and Kieft et al-., (2011) in this reservoir interval show varying grain size, sorting, sedimentary
structures, bounding contacts

74— of sediment matrix-that-play-a-significantpart-of thereservoirpetrophysies.. Grain size, sediment

matrix

75—, and the degree of sorting will typically drive the volume of the void created, and therefore the porosity
and

76— permeability attributes-. Wireline-log attributes such as gamma--ray (GR), sonic (DT), density (RHOB),

77— and neutron-porosity (NPHI) were-used-te-distinguish lithofacies units, stratigraphic horizons, and zones

78— that are reguired-to-buildessential for building the 3-D property model-—-Peresity-and-permeability
models—ofthe\olve field;




79— were—generated in -Schlumberger’s Petrel ™ -software. +mpertanthy-Besides, this -werkstudy also -seeks
to —produce

80— geologically a realistic depositional architecture-thatis-comparable-toareal-wordmodel like the natural
stratigraphic framework

g} _in a shallow -marine -environmentDerivinga—representative—depositional setting. Therefore, obtaining a

tBD—stratigraphicodel-of —the—reserveirdimensional stratigraphic model that shows a similar stratigraphic

sg¢guence observed in the seismic data allows us to deduce variogram parameters to serve as input in actual

suibsurface property modeling.

84— Sehlumbergers-Twenty forward stratigraphic simulations were produced in the geological process
modeling (GPM™) software was-used-to-undertake-twenty-forward

85— stratigraphicsimulationinan-attempttoreplicateto illustrate depositional processes that resulted in the
build-up of

86— the reservoir interval under study. Simulations-were-constrained-to-twenty-scenarios-because-the
desired

By the fourth simulation—he

88— ¢riteriaforevaluatingtherealistic-nature, there was a development of a-stratigraphic sedelwaste
compare-ittopatterns that shows similar sequences as those observed in seismic, hence the depesitional

90——and-have been-appliedin-similarstudies:e-g-decision to constrain the simulation to twenty scenarios.

Delft3D-Flow™:; Rijin & Walstra, (2003); -DIONISOS™:;

91— Burges et al. (2008)-—Fhe-geelogical) are examples of subsurface process modeling {GRAM™)-software
waspreferred-becauseof the

92——used in similar studies. The availability of the GPM™ software license; and alse-the ease-in-integrating
efitscapacity to integrate stratigraphic simulation outputs itein the property modeling

B ‘workflow in Petrel ™. is the reason for using the geological process modeling software in this study.




94  Methodology

95— The workflow (Figure 2a) combines the stratigraphic simulation capacity of the-GPM™-seftware in

96— different depesitional-settings-sedimentary processes and the property modeling tools in Petrel ™ to
predict the distribution of

97— porosity and permeability properties away from welknown data. FhreeThis involves three broad-steps
have-beenused-hereto

98— achieve this—goak: (i) -forward stratigraphic simulation ££SS}-in GPM™ _seftware—(2019.1 version), (ii)
99— lithofacies -classification -using -the -calculator -tool -in -Petrel™, -and -(iii) Jithefacies,—porosity;- and

1o permeability modeling in Petrel™ (2019.1 version).

101 PrecessMoedelingForward Stratigraphic Simulation in GPM™

$02—The GPM™ software eensistconsists of different geological processes that-are-desigred-to replicate
sediment

103—— deposition in clastic and carbonate environments. Ferexampleprevieus-studies-e-g-Kieft et al;. (2011)
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104—— in their work in this area, identified the influence of iverine<{fluvial}; and wave processes in the genetic

structure of sediments in

105—— the Hugin formation. These geological processes eewtd—beare very rapid, depending on accommodation

106—— generated as—a—resuttof by sea--level variation; and or sediment composition and flow intensity.

Sediment

107—The deposition; of sediments into a geological basin and its response to post-depositional sedimentary

andor tectonic processes are significant in the

08— ultimate distribution of subsurface lithofacies units—Fo-attain-stratigraphic-outputs—that fallwithinthe
109—depositionalarchitecture captured-intheseismicsection{Figure 3b)the-and petrophysics. Therefore,

different input parameters were-variedas

110—lustrated-by-different scenariosirTable2—TFhe-for the forward simulation generated-geologically

realisticstratigraphic

11— trends—butto attain a stratigraphic output that fits existing knowledge of paleo-sediment transportation

and deposition into the study area (see Table 2). The forward simulation at all stages portrayed geological
realism concerning stratigraphic sequence, but it also revealed some limitations, such as instability in the
simulator when more than three

112—— geological processes-and-sub-operations run ata-timetnview-efconcurrently. Given this, the diffusion

and tectonic processes

113 were-combined-with-otherprocesses-such-as- remained constant, whiles varying the steady flow, unsteady

ow, and sediment accumulation -teprocesses at each run.

| i he Volve fiald ranhicd tional s
135  Steady & Unsteady Flow Process

116—The steady flow process in GPM simulatesimulates flows that ehangeschange slowly over a period, or

sediment transport

117—— scenarios where flow velocity and channel depth do not vary abruptly; e.g-., rivers at a normal stage,

deltas,

18— and sea currents. The steady flow process can be specified to athe desired setting in the “run sedimentary
$29— simulation” dialog box in the Petrel™ software (version 2017.1 and above). Considering the influence of

120—— fluvial activities during sedimentation in the buitd-up-ef-the-Hugin formation, it was-impertantis

significant to capture its impact on the

321— resultant simulated output. Fe-attain-stability-in-the-simulator—it-is-advisable-to-undertake-preliminary

11
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123 flew-process,a-A boundary condition must-beis specified at the edges of the model- structure to guide
sediment and fluid movement in the model. For example-n-, where the boundary condition is an open

124— flow system, negative integers (-e—values below zero) must be assigned to the edges of the hypothetical

125 paleo-surface to allow water to enter and leave the simutation-area- of interest.

26— Unsteady-FlowProcess

127—The unsteady flow process can medel-flows-thatare-simulate periodic; flows and run for a limited time;
for example, in

128— turbidites where the velocity of flow and depth changes abruptly over time. The unsteady flow process

129— algorithm issetup-to-apphranumberefapplies several fluid elements;thatareaffected driven by
gravity; and by-friction against

12



130—— the hypothetical topographic surface. A-centribution-on-the-apphcation-of-the-unsteady-in-stratigraphic

132 In Otoo and Hodgetts; (2019).), is an account of how the unsteady process in GPM™ attains realistic

stribution of lithofacies units in a turbidite fan system. The steady and unsteady flow processes are based on

Si

mplified Navier-Stokes equations to represent flows in channels and pathways that have irreqular cross-sections

al

nd or channels that converge as tributaries or diverge as distributaries such as turbidite flow. The simplified Navier-

tokes comprises of two key parameters that partly rely on channel geometry and flow velocity. The Navier-Stokes

@D

juation combines the continuity equation (2) and the momentum equation (3) to generate the equation on which

the steady and unsteady flow processes evolve.

T

W

he continuity equation integrates the conservation of mass:
ap
—+Vpg=0 (1)
at

here p is fluid density, t is time, and g the flow velocity vector.

T

he equation that shows the changes in momentum by the fluid:

a
(r+(@7)q) = —Vp+ V.uU + p(g + 029) (2)

here P is pressure, t is time, u is fluid viscosity, and U is the Navier Stokes tensor.

eeping density (p) and viscosity () as constant, a simple flow equation is obtained:

W

Z—Z +(q.V)q=-Vd+vl2g+g (3)

'here, @ is the ratio of pressure to constant density (i.e. P/p), and v is the kinematic viscosity (i.e. u/p)

T

he solution of the framework formed in (3) is completely obtained by specifying various boundary conditions that

al

e used in the steady and or unsteady flow processes.

A

full description of equations that form the building block for sediment movement under steady and unsteady flow

rocesses in the simulator is available in Tetzlaff & Harbaugh (1989).

13



33 Sediment Diffusion Process

134—— The diffusion process can effectively replicate sediment eresisamovement from areas-efa higher slope

(=e—source

135—— location) and theirits deposition teinto a lower -elevation of the model area. Sediment

dispersionmovement in the diffusion

136—— process Is earried—out-through erosion and transportation processes that are driven by gravity-in—the

137—simulater—Fhe-. Sediment diffusion preecess-is-basedruns on the assumption that sediments are

transported downslope at

138—— a- proportional -rate -to —the- topographic —gradient;—therefere-, making -fine—-grained —sediments

easily

139— transportable than coarse--grained sediments. Biffusion—is—controlled-by—twe-Sediment diffusion

depends on three parameters;: (i) diffusien

140——coefficientwhich-controlsthe strength-of the diffusion,—andsediment grain size and turbulence in the

flow (ii) diffusion coefficient, and (iii) diffusion curve that serves as a unitless

11 _multiplier in the algorithm. Fhe-geverning-equation-fortheBased on Dade & Friend (1998); and Zhong

2011), a mathematical summary of the influence these factors have on the resultant diffusion precess-isprofile is

brived. Considering that the grain size for each sediment component (coarse sand, fine sand, silt, and clay) are

hown, the assumption is that these particles have a uniform diameter (D) in the flow mix. In that case, external

fore (Fe), which consist of drag, lift, virtual mass, and Basset history force is given as:

¥

Ufri—Uei

42 =—k—V£Z,—Fe = (leMe + (le(DD.T— §4’

p

&l

Me is the resultant force of other forces with the exception of drag force, T, stokes relation time,

expressed as: Tp = p,D?%(18p+Vs), with pr and V¢ as density and viscosity of fluid respectively. ®pis a

coefficient that accounts for the non-linear dependence of drag force on grain slip Reynolds number

(Ro).

®p = % Cp (5), with Cp sediment grain coefficient.
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With ici nstein equation. Using an assumption that the diffusion coefficient decreases with increasing grain size
the ent and rise in temperature, and that the coefficient f is known, the expression for Dj is:
flow (Di
Di="2~  (6)
com )is !
ppne de Meanwhile, f is a function of the dimension of the spherical particle involved at a particular time (t). In
nt in du accounting for f, the equation for D; changes into:
p_i ce Kg.T
D= —£ (7
e d 6.7T.10.7
the  fro The rate diffusion of diffusion relative to topography in the simulator is achieved through:
fou m 0z
| E = DiVZZ {8)
sion  the
coeff Ei where z is topographic elevation, k the diffusion coefficient, t for time, and ¥2zV?z is the

13 laplacian.

14 Sediment Accumulation

$45——In the-GPM™.software, sediment source can be set to a point location or considered to emanate from a

146—— whole area. Sediment accumulation deals—withrepresents sediment deposition wathrough an areal

source. For example,

147—— where a lithology is interpreted-to-be-uniformiy-distributeddistribution is invariable, the sediment

accumulation process can be

148—used-to-replicate such a depositional scenario. The areal input rates for each sediment type (e-g—coarse

149— grained, fine grained sediments) used-in-the—aceumulation—process—must-be-specified—in-the-settings:

151—— value of the surface at each cell in the model grid and muttighesmultiply it by —a value {-e—vatue-from a

unitless

152 curve} at each time step in the simulation to estimate the thickness of sediments accumulated or eroded

415




53 from a cell in the model. Based on Tetzlaff & Harbaugh (1989), the equation for estimating sediment

ccumulation is given:

416



=

Dlks
Dt

Parameters(H — Z)

= f(Q,VH,VZ,L,F,Ky, k(Z))__(9)

here;

H is the free surface elevation to sea level, Z is the topographic elevation for sea level, Ksis the sediment type, lks,

id the volumetric sediment concentration of a specific type (k), L is the vector that defines sediment concentration

[ each type, F is the matrix of coefficients that define each sediment type, and t is the time.

bdiment accumulation relies on (i) basin geometry and tectonics (Bajpai et al. 2001) (ii) erosion and volume of

sediment transported (Cheng, et al. 2018), (iii) prevailing accommodation.

Blased on Cheng et al. (2018), sediment accumulation over a period (A/) is:

\Y

Ar = Ver — Ves (10)

es, IS the total volume of sediments that may escapes from the basin. Ver is the total volume of sediments eroded

f

to the basin. Ver = Aer X Rer X t; Where Aer iS the average erosion area, Rer is the average erosion rate, and t, time.

B

ecause source position for the sediment accumulation process is areal, the volume of sediments accumulated in a

specific layer (k) in the basin; excluding porosity, is expressed as:

T

Ar=YR 1A (11)

aking into account the impact of porosity (¢) in this process, the equation for the sediment accumulation is:

Ar=Y7_1[(1 — g *xe ) X Vobserved (12)

here; Vobservedk iS the volume of sediment and porosity observed in a specific layer (k), dq is the surface porosity,

is the porosity-depth coefficient (after Sclater & Christie, 1980), and Zx is the average depth of the layer k.

-

54  Boundary Conditions for Forward Stratigraphic Simulation

155—A—reahisticRealistic reproduction of stratigraphic patterns in the studymodel area witreguirerequires

input parameters e+(initial

56— conditions-), such -as—hypethetical- paleo-topography, -sea—-level -curves, -sediment -source -location,

17
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and

157—— distribution curve, tectonic event maps (e—subsidence and uplift), and sediment mix velocity. The

$58—— application -of -these -input -parameters -in -GPM™.__ and -their influence-impact on -the -resultant

stratigraphic
59 framework are-discussedis below.

1s0——Hypothetical Paleo-Surface: The hypothetical paleo-topographic surface,enwhichfor the stratigraphic

simulation evelveswas

161—inferredis from the seismic seetion—Fhis-is-dene-withdata (Figure 3), using the_assumption that the present day

stratigraphic surface (i-e-

162——paleo shoreline in Figure 3a4a) occurred as a result of basin filling threugh-differentover geological periedstime.

Since the

163—hypethetical-topography-generated surface obtained from the seismic section have undergone various phases of

subsidence and

1e4—— uplifts, it is significant to note that the paleo topographic surface used in this work does not presentrepresent an

accurate description of the basin at the

65— period of sediment deposition—Fe—ebtain—; thus presenting another level of uncertainty in the simulation. To

derive an appropriate paleo-topographic for this task, —five paleo

1e6—— topographic surfaces (TPr) were generated, by adding or subtracting elevations from the inferred paleo

ppographic surface (see Figure 4g) using the equation:

TPr = Sbs + EM- (13)

167——where, Sbs is the base surface

58 _scenario -(in this instance, scenario 6), and -EM an elevation below -and above the base -surface. -Ratee-

169——The paleo-topographic surface in scenario 3 (figure 4d) wasis selected; because it eentrolled—the

developmentof

170——produced a stratigraphic sequences that fit the eerceptual-knowledge-ef-depositional framewerk-as

ebserved-inpatterns interpreted from the

71 seismic section (Figure 5d).

172—Sediment Source Location: Based on regional well correlations in previeus-studies{e-g—Kieft et al.

18




173—— 2011}, and seismic interpretation of the basin structure, the sediment entry point wasis placed in the
north-

174——eastern section of the hypothetical paleo-topography-Sinee-the- surface. The exact sediment entry point is
notknown;

175—mauttipleinto this basin is unknown, so three entry points were placed at a 4 km radius around the primary
location in-(Figure 3c)-n-erder) to

176—— capture possible sediment source locations-_in the model area. The source position is eharacterised-bya
positive integers{i-e:

1¥7  integer (values greater than zero) to enable fuid—fewsediment movement to other parts of the

siputatientopographic surface.

19



178——Sea Level: -Sea-The sea-level ~variatien—was—ferredcurve is deduced from -published studies and facies
description in -shallow

1#79—— marine depositional environments (e.g. Winterer and Bosellini, 1981). To attainstability-ir-thesimulater;

180—we-assurred-a-sea level thatrange-between15-+m-te-45-m-averagirgwas constrained 30 m for short
simulation -runs,e-g-

181—— (5000 to 20000 years—Fhe-sea-tevelwas-), but varied with the increasing duration of the simulation (Hustrated
n

182——see Table 2). The peak sea-level in the simulation representsdepicts the maximum flooding surface (Figure 5d),
and

183 _therefore the inferred sequence boundary in the geological process model.

184—Diffusion and Tectonic Event Rates: The sediment mix proportion, diffusion rate, and tectonic event

185—— functions were—inferredare from previeus-studies {e-g-such as Walter, (1978;), Winterer and Bosellini,
(1981;), and

186—— Burges et al., (2008). The diffusion and tectonic event rates arewere increased or reduced to produce a

187—— stratigraphic model that fit our knowledge of the-basin evolution—A-key-eriteriaforselectingparameters

in the study area.

189—— example, in scenario 1 (Figure 6a), the early stages of clinoform development show resemblance to

190—— interpreted trends in the seismic section (Figure 3b). Asaresult-inputfiguresthatwere-higherand

192—twenty scenariosaseenario1-The process commenced with a diffusion coefficient of 8 m2/a-wasused
| lictic clinof

193—build-upse-the-figure-was, but it varied with—+/—5at each scenario to obtain figuresthat-coulddiffusion
coefficients to improve the model-derived-in

194—seenario—1—Fhe, Excluding the initial topography (FR4-was—keptrconstant-throughouta-simulation;
but-Figure 4d), input parameters in geological processes such as wave events,

195 steady/unsteady flow, diffusion, and tectonic events useused curve functions to provide variations withinin

the simulation.
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198—The influencesensitivity of input parameters in the forward stratigraphic simulation is evident
whenevernotable when there is a slight-change of value

199—— in sediment diffusion, and tectonic -rates or dimension —of -the -hypothetical tepeographic—surfaces:
topography. For

2oo—— example, a change in sediment source position has-a-streng-impact-enaffects the extent and depth te
whichof sediments are

201—depesiteddeposition in the basiasimulation. Shifting the source point to the mid-section of the
topography (i-e~the mid-point

2o2—— of the topography in a basin-ward direction) resulted in the accumulation of distal elements thatare

2o3——identical to turbidite lobe systems. This output is consistent with morphodynamic experiments by de
Leeuw et

b4 als-. (2016;), where sediment discharge from the basin slope leads to the build-up of basin floor fan units.

21



205 Property Classification in Stratigraphic Model

206——In our opinion, the most appropriate medeHn-thisswerkoutput is the stratigraphic model in Figure 5d. This
point of view is because, wher-compared to

207—— the depositional description in studies such as Folkestad and Satur (2006); kieftKieft et al-. (2011), it
producedand the seismic interpretation presents a

208—— similar stratigraphic sequence-that-mimics-the-depositionalsequence-inthestudyarea—Fhe stratigraphie

211 using-a+e-based-approach{Table-3}—. Sediment distribution in each time step of the simulation were

212—was stacked into a single zone framework to attain a simplified model. This was-dene-with-the-assumptien

13— strategy assumes that sedimentary processes that lead to the final build-up of genetic related units within zones
of the model

244 will not vary significantly over the simulation period. Property-classification-inthe-modelwas—achievedThe

stratigraphic model (Figure 5d) was converted into a 3-D format (20 m X 20 m x 2 m grid cells) for the property

modeling in Petrel™,

215—with-Facies, porosity, and permeability representation in the preperty-cateutatorteelstratigraphic model was
done via a rule based approach in Petrel™: (see Table 3). The classification wasis driven by depositional depth,
geologic

216—— flow velocity, and sediment distribution patterns as indicated in Figure 7. Lithofacies representation in
217— the stratigraphic model was-basedrelied on the sediment grain size pattern; and proximity -to sediment source.
218—— For example, shoreface lithofacies units were-characterized-using-are medium-to-coarse grained -sediments,

219— which accumulate at a proximal distance to the sediment source. In contrast, mudstone units wererestricted

220 are confined to fine--grained sediments that-aceumulate-at-in the distal section of the simulation domain.

221—Using knowledge from published studies by Kieft et al-;. (2011)-peresityand-permeability-variationsih

the-stratigraphic
222 medelwere-estimated-from) and wireline-log attributes such as gamma ray, neutron, sonic, and density
logs
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223 outlined-n-, porosity and permeability variations in the stratigraphic model are estimated (Table 1:). In

previous studies on the Sleipner @st, and Volve field (e-g-Equinor, 2006; Kieft et

224— al;. 2011), Sherefaceshoreface deposits were-identified-te-make up the best reservoir units, whitstwhiles

lagoonal deposits

225 formed the worst reservoir units. YsingWith this as-guide, shoreface sandstone units and mudstone/shale

units

226 in the forward stratigraphic model were-characterized-asare best and worst reservoir units respectively.

The

p27— porosity and permeability values in Table 4 were-derivedare from equations in Statoil’s petrophysical

report

2pg  of the Volve field (Equinor, 2016):

Qer:®D+a.(NPH|-®D)+B,'— (14)

229 where @er -is the estimated porosity range, @p -is density porosity, a and

280 [ are regression constants; ranging between -0.02 — 0.01 and 0.28 — 0.4 respectively, NPHI is neutron

brosity. In instances where NPHI values for lithofacies units is not available from the published references, an

D

erage of 0.25 was used.

23



KLOGHer = 10(2+8*PHIF—5*VSH)’-_) (15)

233 where KLOGHe is the estimated permeability range, VSH is the volume

234 of clay/shale in the lithofacies unit, and PHIF, the fractured porosity. The VSH range between 0.01 — 0.12

for the shoreface units, and 0.78 — 0.88 for lagoonal deposits.

236  Property Modeling in Petrel™

237—The workflow (Figure 2b) used for subsurface property {e-g-lithofacies,and-petrophysicall-modeling in

238— Petrel ™ -is -extended-applied to -represent -lithofacies, -porosity, -and -permeability -properties -in -the
forward

239 stratigraphic model. These processes ineludeinvolve:

R40 1. Structure medeling-modeling: identified -faults -within -the -study -area -are medelied

modeled together -with

p41—— interpreted surfaces from seismic and well gatacorrelation to generate the main structural
framework,

42— within which the entire-property model witbbeis built. Theproceduresinvolvemedification
of

p43—Here, fault pillars and connecting fault bodies are linked to ene-aretherte-attairobtain the
kind of fault framework

244(1) interpreted from the seismic and-cere-data.

p4s— 2} Pillar gridding: building a “grid skeleton” thatis-made up of a top, middle and base architectures.
Typically,

246(2) pillars join corresponding corners of every grid cell of the adjacent grid to form the foundation for

each cell within the model. The prominent orientation of faults (I-direction) within the model area was in
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an N-S and NE-SW direction, so the “I-direction” was set to NNE-SSW to capture the general structural

description of the area.

250——{3) Horizons, Zones, and Vertical Layering: stratigraphic horizons and subdivisions (zones) delineates

251 delineate the geological formation’s boundaries. As stratigraphic horizons are insertedintroduced into
the model grid,

P52—— the surfaces are trimmed iteratively and modified along faults to correspond with displacements

P53 across multiple faults. Vertical layering enthe-etherhand-definesshows the thicknesses and
orientation

P54 between the layers of the model. Layers inthiscontextdescribes-refers to significant changes in
particle

55— size or sediment composition in a geological formation. Using a vertical layering scheme -makes

P56 jt possible to hereurhonor the fault framework, pillar grid, and horizons-that-have-been—derived-. A
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P57 constant cell thickressesthickness of 1 m aeressis used in the model was-defired-to control the
vertical scale—r

258(3) which—subsurface—properties—sueh—as_of lithofacies, porosity, and permeability attributes—are
modeHed-modeling.

259 {4} Upscaling: involves the substationsubstitution of firesmaller grid cells with coarser grid cells. FhisHere,
log data is denetransformed from 1-dimensional to assign

260 property-valuesa 3-dimensional framework to eellsir-erderto-evaluate which discrete value suits
each-a-selected data point-

261(4) in the model. One advantage of the upscaling procedure is to make the modeling process faster.

262  Porosity and Permeability Modeling

263——The Volve field porosity and permeability model that-was-buittby-from Equinor fertheiroperationsin
Hhelabiataldums

2e4——are adopted as the base (reference) model. The model—Fhe-redel, which eeveran-area-efcovers 17.9
km? was generated with the reservoir

265—— management software (RMS), developed by Irap and Roxar (Emerson™). The petrophysical -model has
2es—— a grid dimension of 108 m x 100 m x 63 m; and was compressed by 75.27% of cell size from an

267—— approximated cell size of 143 m x 133 m x 84 m. To achieve a comparable model resolution as the
Volve

268—— field porosity and permeability model, the forward stratigraphic output, which had an initial resolution of

269—— 90 m x 78 m x 45 m-was, is upscaled to a grid of 107 m x 99 m x 63 m. FweVariograms being a critical
aspect of this work, we submit two options were-explored-with

270—respeet-t0 the-use-efextrapolate variogram parameters derived-from the forward sedelstratigraphic-
based synthetic-wels-porosity and permeability models. In Option -1

71— was-te-assign, the porosity and permeability values were assigned to the synthetic lithofacies wells that
correspond-tocorrelate with known

272 facies-asseciations-as-dicated-nassociation in the study area (see Table 4-). The synthetiepseudo
wells withcomprising porosity and permeability data-are

273—placed situated in-between knewn-datawell locations to guide porosity and permeability preperty
distributionsimulation in the

274—— model.- For -option -2, -the- best-fit -forward -stratigraphic -model ~was—pepulated—with-changes by
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e

assigning porosity;- and

275—— permeability attributesattribute using the majergeneral stratigraphic orientation captured in the seismic

data (e-NE-SW;

276 240%9-te-controlproperty-distribution-trends:®). Porosity and permeability werepepulated-inte-the

rodetby

77— usingthe propertymodeling process—inPetrel™ Poresity and permeability synthetic pseudo

(synthetic) logs -are-were then

rg  extracted from the forward stratigraphic output to build the porosity and permeability models (Figure 8).

orosity modeling is through normal distribution, whiles the permeability models were produced using a log-normal

stribution and the corresponding porosity property for collocated co-kriging.

279 Taking-into-accountthepessibilityConsidering that -vertical trends in options -1 and -2 -will -be similar

wmwithin a sampled

280—— interval, itis-ourepinion-that-option 2 will-previdepresented a viable 3-D representation of property

variations in

281—— the major and minor directions of the forward stratigraphic model. Ten synthetic wells (SW), ranging

282 between 80 m and a-120 m in total depth (TD}were), are positioned in the forward model to capture the

vertical

83 _distribution of porosity-permeability at different sections of the forward stratigraphic-wedek-based models.
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284—The forward-based-synthetic wells (Figure 9 ¢) with porosity and permeability fogsdata were upscaled-te

285 poputate, and distributed into the -original -structural -model -using -the- sequential -Gaussian -simulation
method. Herethe

286—The synthetic wells derived from the stratigraphic model is-te—prevideserved as an additional weH-datacontrol
for use—n—a

287 traditionalporosity and permeability modeling werkflow-as-was-in the-case-in-the-building-oferiginal Volve
model—Consideringfield. Because the

288 advantages-of variogram-based modeling in+relatiente-approach is efficient in subsurface data conditioning,
thethis idea waspresents an opportunity to get more wells

289 inte-the-meodelgrid at no additional cost to control porosity and permeability distribution. Ypsealing-the

syntheticwell-datain

292 The variogram model (Figure 10};) of dominant lithofacies units in the fermatienstratigraphic model served as a
guide in the

293 astimation-ef-estimating variogram parameters frem-theforward-medel—-Afor porosity and permeability
modeling. The variogram has major and minor range of 1400 m and

294—— 400 m respectively, and an average sill value of 0.75-derived-from-forward-stratigraphic-based-syrthetie

298 realizations;six+realizations that shewedshow some similarity to the original petrophysieatporosity and
permeability model are-presented

299 formed the basis of our analysis (Figure 11). FhisThe selection of six realizations was aceemplished-throughon
a visual and statistical comparison of zones in the original

800—Volvefieldmodel- Volve field model and the stratigraphic-based porosity/permeability model. The statistical
approach involved summary statistics from the reference model and the stratigraphic-based

porosity/permeability rredels—Fhe-statistical—appreach
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thestherhandlecled
13 at-hewevaluation compared the geological realistic-the-output-is,and-if-it-conforms-with-our-conceptual

idea-ofthe-\olvefieldrealism of forward stratigraphic-based realizations to the base model.

304—model

s Results

80s——The stratigraphic model in stage 4 (Figure 5d iv) shows the final geometry after 700,-000 years of

307—— simulation time. faitial-The initial stratigraphic simulation produced a progradation sequence with
foreset-like features (Figure

808—— 5d i}-A) and a sequence boundary, which indicates—the-highest-sealevel-in-the—medel-separates the
initial

809—— simulated output from the next prograding phase (Figure 5d ii). iaitiation-ofan-aggradationAn
aggradational stacking
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810 pattern starts;commences and becomes prominent in stage 3 (Figure 5d iii). These aggradational
sequences observed in the forward stratigraphic model are consistent with real-

311 werld-seenarie-natural events where sediment supply matchup with accommodation ereated-as-a—result
of-the-relative

332 due to sea-—-level rise within a geological period (ese—Muto and Steel, 2000; Neal and Abreu, 2009). Fhe

B16— Theimpactefthelmpact of the forward stratigraphic simulation on porosity and permeability
representation in the reservoir model was

B17—evaluatedis evident by comparing its outcomes to the Volve field porosity and permeability models by
using two

818—— synthetic well- (VP1 and VP2,-which-were); sampled verticalhy-at a 5 m intervals—Consideringvertical
interval. Taking into account the fact that the

819—— Volve field petrophysical model (Figure 11a) haveundergenewent through various phases of history
matching to enhance

820——obtain a model to improve well planning; and production strategies-in-the-\lelve-field, it is reasonable to
assume that porosity and

821 permeability distribution in the petrophysical model will be geologically realistic and less uncertain. A

322——This view formed the basis for using the porosity and permeability models developed by Equinor as a
reference for comparmq outputs |n the stratigraphic model. Table 5a shows an almost good match in
porosity wa 2 -at different intervals in
the forward strathraphlc based models (i.e. R14 R20,

323  R26, R36, R45, and R49-{Fable-5a)). An analysis of the well logs in the model area shows that a large

roportion of reservoir porosity is between 0.18 — 0.24. Also, the analysis of the forward stratigraphic-based

prosity model is consistent with the porosity range in the Volve field model (see Figure 12-shews-the-perosity

variation {018 — 024} insomeselected).




2

825 {Egquiner2016)Inview-of the-A notable limitation in-makingvariations-withina-simulationrunin

GPM™__the

an-with this approach is the assumption

that variogram parameters;

827—— and stratigraphic inclination within zones wil-remain-constant-As-aresutremained constant throughout

the simulation. The difference in permeability attributes between the original petrephysical-meodel

328 whichirvelve-permeability model and the forward stratigraphic-based type is the application of other

measured attributes-within-the-stratigraphic-zone-was-notconsideredparameters in the ferward

829 stratigraphic—modeling-based—permeability-original model,—hence—the major—variations—noted—in

(Table -5b-

830—). Typically, a petrophysical model like the Sleipner @st and Volve field model will take-inte

aecountfactor in other

831 sources—of-data—Ferexample—data—frem—a datasets such as special core analysis (SCAL) wilmpreve

theand level of cementation, which enhances reservoir

832 petrophysics assessment. CensideringBearing in mind that the FSM-appreachforward stratigraphic model

did not involve thesesome of this additional information

833 from -the fermation-reservoir, it -is reasenable-practicable to -suggest -that results obtained in the

forward -stratigraphic-based -porosity -and

24 _permeability models have been-adequately conditioned to known subsurface data.
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335 Discussion

836——Results -show the influence of sediment transport -rate;- (or diffusion rate), -initial basin -topography, and

37— sediment source location on the stratigraphic simulation in thein GPM™-seftware-Simiar. Compared to ether
studies {e-g-

$38——such as Muto & Steel;- (2000;) and Neal & Abreu;-(2009), we observed that a variationsvariation in sea--level
controls the volume of sediment that

839—could-be is retained or transported further into the basin;, therefore controlling the kind—efresultant
stratigraphic

840—— sequences-thataregenerated-. In a-related work-by, Burges et al. (2008}t was-established) suggest that a

sediment-

841——wedge topset width wasconnects directly laked-to the initial bathymetry, in which the sediment-wedge
structure

B42——wasformedas-wellas develops, and the correlation between sediment supply and accommodation rate. This
opinion is in line

843—— with- observations in this study, where the initial sediment -deposit -centrelcontrols the -geometry of
subsequent

B44—phase phases of depositions: in the hypothetical basin. The uncertainty of initial conditions used in this work led
to the generation of

845—— multiple forward stratigraphic scenarios to account for the range of bathymetries that may have influenced

sediment transportation to form the present--day Hugin-formatien-—reservoir units in the Volve field.

846——The simulation produced well--defined

847—— sloping depositional surfaces in a stratigraphic architecture (e—clinoforms) and sequence boundaries that

848—— depict thepattern-observed-patterns seen in the seismic data. Hdicatedinpreviousstudies{e-g:In their

work, Allen and Posamentier;

849—— (1993;); Ghandour and Haredy;- (2019) explained the importance of sequence stratigraphy is-vitakin
thelithofacies characterization-eftithefaciesin

850——, and therefore petrophysical property distribution in sedimentary systems. Fherefore—a—reproduction—of
stratigraphic—sequence-Also, sediment deposition into a geological basin in the natural order is controlled by
mechanical and geochemical processes that modify petrophysical attributes (Warrlich et al. 2010); therefore,

using different geological processes and initial conditions to generate depositional scenarios in 3-B—usirg—the
fopardd
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P stratigraphic-modelingapproach-in-GRM™ provideageeddimension provides a framework to analyse

property variations in

852 3 hydrocarbon reservoir. AThe approach produces a porosity-permeability model saatehirgcomparable to the
original petrophysical model was-preduced-using

853 synthetic porosity and permeability logs from the forward stratigraphic model as input datasets-ia-the

854 seguentia-Gaussian—simutation—algerithm-. As mentioned—previously, this exercisework did not take—inte
355—aeeedntinclude variations in the layering scheme that develops in different zones of the stratigraphic model.
856—— Under this circumstance, we—cencede-that-there is a possibility to overestimate and or underestimate

857—— porosity and permeability preperties-as-ebservedproperty in some sampled intervals efin the validation wells.
1)

B58——view—ofthis—itis—eursuggestion-Therefore, we suggest that the forward stratigraphic simulation outputs
should-be-applied-as

859—such as the example presented in this contribution serve as additional -data -to -understand -sediment
distribution -patterns;- and -associated -vertical -and horizontal

860—— petrophysical trends in the depositional environment-than-using-its-eutputs, and not as an-absolute
conditioning

361 data in subsurface property modeling.
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862 AssumptiensThe assumptions made with—+espeettoconcerning the type of geological processes; and input
parameters to-d4se-in the

863—— stratigraphic simulation certainly differ from what existed during the-peried-efsediment deposition. So,
applying stratigraphic

$64—— models that fit a basin--scale description to a relatively smaller scale reservoir eentext-presents another

degreelevel of

865—— uncertainty in the approach-used-here—Forexampletnr-theirstudy-. This finding agrees with Burges et al.,
(2008}-shews), where they indicate that the

366—— diffusion geological process simulation fits the description of large--scale sediment transportation;suggesting.
This view further buttresses the point that an

B67——extrapolation-ofitseutputs-integrating forward stratigraphic simulation into a well-scale framework eeutd
produceresuttshas a high chance of producing outcomes that deviate from the real

B68——world distributien-subsurface description. In realitysedimentdepeositioninto-ageological-basinisalse

controlled-by-mechanical

72——Iline with observations in simitarwerks{e-g—Bertoncello et al. (2013;); Aas et al. (2014;); and Huang et al.
(2015) caution-mustbe

873—taken—in -usirg—its—relations to limitations in the forward stratigraphic simulation method, it is advisable to use

its outputs cautiously in—eal- reservoir -modeling; -as #such outputs from forward stratigraphic models could
lead -to -an -increase -in property

3¥4  representation bias- in a model.

875——The correlation between reservoir lithofacies and petrophysics, and its prediction through reservoir
models, have been extensively examined in previeusseveral studies;

B76——e-g- (Falivene et al+.,2006}; Hu and Chugunova,42008},-but). Meanwhile, the-difference-in predicted
andoutputs most often do not depict the actual reservoir

877—— character isHess—understood—This—intarge—part—is-due to the absence of a realistic 3-D stratigraphic

378—— framework to guide reservoir property representation in geseelutargeological models. H-is-eurepinion
thatThe forward
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3¥9  stratigraphic modeling metheds—previdemethod, notwithstanding its limitations, provides reservoir

modeling practitioners a—betteran platform to generate_subsurface models that reflect the natural variation of

=

dservoir properties.

33 Conclusion

884——In this paper, spatiakdatavariogram parameters from a forward stratigraphic simulation isare combined
with subsurface data frem

885 the Volve field,Nerway-t0 constrain porosity and permeability distribution in interwel-regions-of-the

386—— Volve field model-area—As. The caution; for subsurface modeling practitioners is that the ferward
stratigraphic simulation scenarios presented in this contribution do

887 not-ultimately prove that spatial and geometrical data derived from forward stratigraphic medelingecan
besedas

35



888——models are absolute input parameters for a real-world reservoir modeling task. Uncertainties in the choice
of initial

B89——eonditionboundary conditions and processes for the stratigraphic simulation led the variation of input
parameters in-erderto

890—— attain -a -depositional -architecture -that -is -geologically -realistic -and -comparable -to -the -stratigraphic

891—— correlation -suggested -in -some -published -studies -of -the -study area. -The-geed- match in porosity
obtained frem

892—py comparing validation wells in the original and stratigraphic-based petrophysical model-eads-usteo
fRospsocten

893—— indicates that an-integrationefcombining variogram parameters from well data and forward stratigraphic
simulation -outputs

894—— will improve property prediction in inter-well zones. This suggestion is-supperted-bysupports the idea
that more

895 conditioning data (well data) will increase the chance of producing realistic property distribution in the

396 model area. additienthisThis work also made some key findings:

397——1For a-specific application-offorward-stratigraphic medelingsimulation in GPM™ and a range of
model

98— parameters, the-process-ef-sediment transportation and deposition is influenced-by-based on
diffusion rate; and proximity to

899 sediment source. This_opinion is consistent with several published works on sequence
staekingstratigraphy and or

$#00—— system tracts in shallow marine settings,-bwt. However, further work with different stratigraphic
modeling

4041, simulators could be-usefulinmitigatingmitigate some of the challenges faced in this work.

#02—— 2 A geologicallyviable3-BA lithofacies distribution that is consistent with previous studies was
produced in -the shalew—marine—Huginformation—was

403—— achieved—which—is-stratigraphic model. This position is evident -in- scenarios -where -sediment
distribution -vertically matches with

4042, lithofacies variation in a sampled interval in an actual well log.

#o5——Geologically -feasible -stratigraphic -patterns -generated -in -the -forward -stratigraphic -model -provide
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nos—— additional confidence in the representation of lithofacies, and therefore porosity and permeability
property

#07—— variations in the depositional setting under study. The resultant forward stratigraphic-based porosity and

408 permeability model suggests that forward stratigraphic simulation outputs can be integrated into classical

modeling workflows to improve subsurface property modeling and well planning strategies.

37



38



sy Data and Code Availability

#11—The datasets used-infor this work was-ebtainedare from Equinor on their operations in Volve field
operations, Norway. Fhis

#12—The data include: 24 suits of well logs, and 3-D reservoir models in Eclipse and RMS formats. The data,
models

443 (eclipse and RMS formats), and the rule-based calculation script to generate lithofacies and porosity/permeability

oportions are archived on Zenodo as Otoo & Hodgetts, (2020).

445  GPMT™ Software

#16—The version(2019.1) version of GPM™ software was used in completing this work after an initial 2018.1 version.
Available

#17— on: hitpshiwwwesoftwaresib-comfproducts/gpm-https://www.software.slb.com/products/gpm. The

software license and code used in the GPM™ cannot be

448  provided, because Schlumberger does not allow the code for its software to be shared in publications.

439  Model Availability in Petrel™

#20—The work started in Petrel™ software (2017.1}), but it was iritialy-usedforthe task-but-completed with
Petrel™ software (2019.1};

4212—). The software is available on:

https-AAwwwseftwarestb-comiproducts/petrek.//www.software.slb.com/products/petrel. The software
FaRIUNS on a windews\Windows PC with the

#22— following specifications: Processor; Intel Xeon CPU E5-1620 v3 @3.5GHz 4 cores-8 threads, Memory;

#23—— 64 GB RAM. The computer should be high end, because a lot of processing time is required te-executea

424 for the task. The forward stratigraphic models are achieved-in Zenodo as Otoo & Hodgetts, (2020).
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s Author Contribution

26— Daniel Otoo designed the model workflow, conducted the simulation using the GPM™ software, and

27 evaluated the results. David Hodgetts converted the Volve field data into Petrel compactible format for

ASy integration with outputs from the forward stratigraphic simulation.
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Fig 6. Stratigraphic simulation scenarios depicting sediment deposition in a shallow marine framework. a. scenario
1 involves equal proportions of sediment input, a relatively low subsidence rate and low water depth, b. scenario
10 uses high proportions of fine sand and silt (i-e—70%) in the sediment mix, abrupt changes in subsidence rate,
and a relatively high water depth, c. scenario 15 involves very high proportions of fine sand and silt (-e-80%),
steady rate of subsidence and uplift in the sediment source area, and a relatively low water depth.
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Fig 8. rreperty-Lithofacies, porosity and permeability characterization in the stratigraphic usisgmodel through the
property calculator tool in retre/Petrel ™. Alsoskewing, is a cross-sectional view #roughof the medet3-D models.
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Fig 9. Synthetic wells derived-from a forward stratigraphic-driven porosity and permeability medelsz-model. The
average_separation distance between the synthetic wells shown in Figure 9c is about 0.9 km apart

(maximum and minimum separation distance of 1.3 km and 0.65 km, respectively).
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Fig 10. Variogram model of dominant lithofacies units extracted-from the FSMforward stratigraphic model. The points indicate the number of lags in the variogram. The
distance between these lags is about 100 m. This figure shows the lags between sample pairs for calculating the variogram in the major direction (NE-SW) of the
stratigraphic model.
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26, 36, 45, and 49 on the left half are porosity models, whitstwhiles realizations 12, 20, 26, 35, 42, and 48 on the
right half sheware permeability models.
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a. Validation Well 1
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Figure 12a. Samples-ef-Comparing porosity in validation Well 1 in five selected realizations , and hew-it-cempares-te-the samplesoriginal model at similar vertical
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b. Validation Well 2
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b. Validation Well 2
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Figure 12b. Samplesof-Comparing porosity in validation Well 2 -in- five selected realizations , and hew-iteempareste-the —sarmplesoriginal model at similar
vertical interval-inthe-original-porosity—and-permeability—meodels:




intervals.

Thickness (t); Wireline-log
Code | Facies Description extent (I} Attribute Interpretation
Parallel-lamimated mudstone GE=41-303 AFI Restnicted
Al with occazional siltstone mputz. | =30-425cm |= DT=223-333 pmm’' marme zhale
Monospecific pattern of Gte 29km NPHI=0.17-0.43 viv
disordar bivalves parallel to RHOB= 2280-2820 zcm™
bedding.
Interbeddad claystone and very Muddy Shallow
Al fine-gramed zand=tone; non- t=10-723 em GE="71-63 API bay-fill
parallsl and wavy lamination. | I= Ekmio 13 DT=189-268 psm™
Searcaly bivalve shells onisnted km WPHI=T
" parallel to beddinz. EHOB= 2280-2820 zem™
. Fine to madmm gramed GE=18-46 API Sandy shallow
A3 zandstone; moderataly to well t=60-370 em DT=199-314 psm" bav-fill
sorted grams. Wary bedding, 1 =fkm NPHI=0.07-0.52 v/
cross bedding, rare wave ripples RHOB= 1690-2743 zem™
Coarze to fine-grained Warima channal-
Ad zandztonesz with altermating = 250-300 em GE="7-35 API fill zandztones
uvpward fimmg to coarzening I= 18kmto DT=175-230 p=m'
trand. Moderately sorted grams. 4.2 km WPHI=0.038-0.146 v
Sparse sedimentary structures. EHOB=2280-2820 zem ™
Upward-coarsening zilistons to GE=18-E0 API Distal lower
El fine-grainad moderate sorted t=30-480 em DT=163-291 p=m’' shoreface
sandstonas, with shell debrs, l==2km WPEI=0.03E8-0.151 v+
and guartz granules. RHOB=2322-2723 zem*
B Verv fine-fine gramed, t=130-240 em Proximal lowar
moderate to well sorted l1=17km-§& GE=20-38 API shoreface
B2 zandstone. Fine gramed ke DT=179-277 psm™
carbonzaceous lammas, fypeally WPHI= 0.04E-0.168 v
lowr angle crozs beds. RHOB= 2314-26%6 zcm™
Coarsening upward, cross Upper Shoraface
laminated, fine to madium t=425-300 cm GE=15-25 API
B3 grained, well sorted sandstone; l1=17km-8& DT=250-273 psm"
consist carbonacecus fragments km NPHI=0.09-0.113 v~
RHOB=1271-2342 zem ™
Highly buoturbated siltstone to GE=20-80 API Diztal mouth bar
Cl very fine sandstonez, which haz | +=173-1010 cm DT=230-260 p=m™'
beds of rounded pramules =72km- NPHI=0.08-0.169 v~
19.6 km RHOB=2327-2521 zem™
C Very fine to fine zrainad GE=12-58 AP] Promimal mouth
c2 zandstomes; low angle cross- t=280-T75 em DT=167-397 psm™ bar
bedding. l=<3km NPHI=0.05-0.393 vfv
BEHEHGE= 1817 775 smwmy
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Table 1 Lithofacies-associations in the Hugin formation, Volve Field (after Kieft et al. 2011).

Code | Facies Description Thickness (t); Extent (I} ' Wireline-log Attribute| Interpretation
Parallel-laminated mudstone GR=41-308 APl
with occcasional siltstone inputs. DT=225-355 N
Al . A P t=30-425cm | =6-29 km Hsm Restricted marine shale
Monospecific pattern of disorder NPHI=0.17 - 0.45 vfv
bivalves parallel to bedding. RHOB = 2280 - 2820 gem™
Inter-bedded claystone and very GR=17 - 65 API
fine-grained sandstone; non- T = 189 - 268 1
A2 parallel and wawvy lamination. t=10-725cm |=8-13 km - NP_HI-'? Hsm Muddy hallow bay fill
Scarecely bivalve shells oriented RHOB = 2280 :;320 s
A parallel to bedding. - ) gcm-
Fine to medium grained GR =18 - 46 API
dstone; moderately t Il = . -
A3 =ands u:rne,_mo Erately D_WE t=60-370cm |=1-8km DT =133 - 268 usm Sandy shallow bay fill
sorted grain. Wavy bedding, NPHI =0.07 - 0.52 vjfv
cross bedding, rare wave ripples. BHOB = 1690 - 2745 scm-1
Parallel-laminated mudstone GR=7-35API
with occasional siltstone inputs. = - -1 Marine channel fill
A4 " ne t=30-425cm |=6-29km DT =175 - 250 usm
Monospecific pattern of disorder NPHI =0.04 - 0.15 vjv sandstone
bivalves parallel to bedding. RHOB =2280- 2820 gcm-1
Upward coarsening siltstone to GR =18 - 80 API
fine-grained; moderatley sorted = - -1
B1 € 1,; t=30-480cm |=1-2km DT =168 - 231 usm Distal lower shoreface
sandstone. Shell debris and NPHI =0.04 - 0.191 v/v
guartz granules. RHOB=2322-2723 gcm-1
Very fine-fine grained sandstone. GR=20-56 APl
Moderate to well sorted; fine = - -1 Proximal lower
B B2 ) i t=130-440cm 1=17-12km! D1 - 179-277 usm
grained carbonaceous laminae, MNPHI =0.05 - 0.168 v/v shoreface
typically low angle cross beds. RHOB = 2314 - 2696 gcm-1
Coaesening upward, cross GR=15-25 API
laminated, fine to medium = - -1
B3 _ ) t=425-800cm I=17-8km DT=250- 275 usm Upper shoreface
grainned sandstone; consist of NPHI =0.09 - 0.113 v/v
carbonacecus fragments. RHOB = 2271 - 2342 gcm-1
GR=20-30 API
Highly bioturbated siltstone to t=175 - 1010 |=72-19.6 4
(] very fine sandstone, with beds of |~ I:m - ’ DT =230 - 260 psm Distal mouth bar
rounded granules. m NPHI =0.08 - 0.168 v/v
c RHOB = 2327 - 2521 gem-1
: ) - GR=12-58 APl
Very fine to fine grained 4
c2 sandstone, low angle cross t=2890-775cm I=1-5km DT =167 - 357 usm Proximal mouth bar
bedding. NPHI =0.05 - 0.595 v/v
RHOB=1612 - 2705 gcm-1
Fining upward coarse to fine GR=8-134 APl
rained sandstone. Stacked finin = - 1 Tidal influenced fluvial
1 |° ) | t=740-820cm 1=1-2km DT =235 - 335 usm !
upward beds with rare coarse NPHI =0.14 - D.46 v/fv channel fill sandstone
grained stringers. RHOB = 2284 - 2570 gcm-1
D T =
Fining upward coarse to medium GR=T-34 AP|
grained sandstone. OT =241 - 2497 1 fluvial channel fill
D2 Carbonacecus laminae and t=580cm |1=<2km - ) Hsm
) MPHI =0.14 - 0.289 v/v sandstone
fragments. Sharp and cohessive RHOB = 2168 - 2447 s
contact at base of bed. - ) gem-
GR =8-56 AFI
Coal and carbonaceous shale. _ 4
E El Basal contact typically parallel, | t=30-520cm |=6-196 km DT =313 - 427 psm Coal
MNPHI =0.24 - 0.529 v/v
although maybe undulose.
RHOB =1930-2225 gcm-1
Alternating dark grey GR=37 - 60 API
mudstone/claystone and DT =358 - 415 4
E2 siltstone to very fine grained t=60cm |=<2km - ) Hsm Coastal plain fines
NPHI =0.43 - 0.49 v/v
sandstone. Wawy to non-parallel
R : RHOB =1994 - 2148 gcm-1
lamination.
Mudstone with rare siltstone GR=4-134 API
beds. Parallel lamination, soft t = section tot completely DT =187 - 450 usm'l A
F F i i Open marine shale
sediment deformation developed | penetrated 1=1.7 - 36.7 km NPHI=0.114 - 0.618 v/v
locally on top of beds. RHOB = 1730 - 2925 gcm-1




Table 2. Input parameters applied-inrunning-the-for forward stratigraphic simulations in GPM™

Initial Conditions- GPM Input Parameters
Avg. Avg.
Simulation Water Sediment Diffusion | Avg. Sea Turbidite |Steady Flow| Sediment
Duration Sediment Type Proportion (%) | Velocity | Velocity | Erodibility |Coefficient Level Event Interval| Iteration | Movement
Sand
(Ma—0a) Years (Coarse) [Sand (Fine)] Silt Clay (m/a) (m/a) Interval (m) (/years) (/hrs) Coefficient
S1 0.02-0 25 25 25 25 0.11 0.03 0.35 0.11 30 2500 10 0.001
S2 0.25-0 25 25 25 25 0.15 0.03 0.45 0.15 70 1000 15 0.012
S3 0.5-0 25 25 25 25 0.11 0.02 0.55 0.11 120 1000 20 0.012
G S4 0.7 -0.05 25 25 25 25 0.08 0.02 0.35 0.08 100 500 25 0.0011
LD S5 1.5-0 15 35 30 20 0.15 0.04 0.50 0.15 80 5000 20 0.001
=~ ss 3.0-0 50 25 15 10 0.13 0.04 0.50 0.13 70 5000 30 0.0012
8 S7 3.5-0 50 25 15 10 0.11 0.04 0.50 0.11 70 10000 15 0.001
‘— S8 40-0 50 25 15 10 0.13 0.04 0.50 0.13 90 5000 20 0.0015
© S9 45-0 15 45 25 15 0.1 0.02 0.45 0.1 50 10000 30 0.0012
c S10 5.0-0 15 45 25 15 0.12 0.02 0.45 0.12 55 10000 35 0.0013
8 S11 5.5-0 15 45 25 15 0.12 0.02 0.45 0.12 40 5000 40 0.0013
"] S12 6.0-0 15 45 25 15 0.1 0.02 0.45 0.1 60 10000 35 0.0011
E 513 6.5-0 10 25 55 10 0.13 0.03 0.48 0.13 100 20000 50 0.0010
(a 514 7.0-0 10 25 55 10 0.16 0.03 0.48 0.16 40 20000 45 0.0011
LD 515 7.5-0 10 25 55 10 0.13 0.03 0.48 0.13 40 20000 40 0.0012
516 8.0—-0 10 25 55 10 0.15 0.03 0.48 0.15 30 10000 30 0.0010
517 8.5-0 10 25 45 20 0.14 0.02 0.45 0.14 50 50000 50 0.0010
518 9.0-0 30 30 18 22 0.13 0.02 0.52 0.13 60 25000 35 0.0012
519 9.5-0 30 40 12 18 0.12 0.02 0.55 0.12 55 25000 20 0.0013
520 10.0-0 30 42 18 10 0.11 0.01 0.40 0.11 50 5000 15 0.0011
Sediment Property
Sediment Type Diameter | Density | Initial Porosity Initial Permeability Compacted Porosity | Compaction Compacted Permeability Erodibility
Coarse Grained Sand 1.0mm [2.70g/cm3| 0.21 m3/m3 500 mD 0.25 m3/m3 5000 KPa 50 mD 0.6
Fine Grained Sand 0.1lmm [2.70g/cm3| 0.3 m3/m?3 100 mD 0.15 m3/m3 2500 KPa 5mD 0.45
Silt 0.01 mm ]2.65g/cm3| 0.38 m3/m3 50 mD 0.12 m3/m3 1200 KPa 2mD 0.3
Clay 0.001 mm |2.65g/cm3| 0.48 m3/m3 5mD 0.05 m3/m3 500 KPa 0.1 mD 0.15
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Initial Conditions- GPM Input Parameters

Avg. Avg.
Simulation Water Sediment Diffusion | Avg. Sea Turbidite [Steady Flow| Sediment
Duration Sediment Type Proportion (%) | Velocity | Velocity | Erodibility |Coefficient Level Event Interval| Iteration | Movement
Sand
(Ma— 0a) Years (Coarse) |[Sand (Fine)| Silt Clay (m/a) (m/a) Interval (m) (/years) (/hrs) Coefficient
S1 0.02-0 25 25 25 25 0.11 0.03 0.35 0.11 30 2500 10 0.001
S2 0.25-0 25 25 25 25 0.15 0.03 0.45 0.15 70 1000 15 0.012
S3 0.5-0 25 25 25 25 0.11 0.02 0.55 0.11 120 1000 20 0.012
G‘ S4 0.7—-0.05 25 25 25 25 0.08 0.02 0.35 0.08 100 500 25 0.0011
w S5 1.5-0 15 35 30 20 0.15 0.04 0.50 0.15 80 5000 20 0.001
1 s6 3.0-0 50 25 15 10 0.13 0.04 0.50 0.13 70 5000 30 0.0012
8 S7 3.5-0 50 25 15 10 0.11 0.04 0.50 0.11 70 10000 15 0.001
‘o S8 4.0-0 50 25 15 10 0.13 0.04 0.50 0.13 90 5000 20 0.0015
O S9 4.5-0 15 45 25 15 0.1 0.02 0.45 0.1 50 10000 30 0.0012
c S10 5.0-0 15 45 25 15 0.12 0.02 0.45 0.12 55 10000 35 0.0013
8 S11 55-0 15 45 25 15 0.12 0.02 0.45 0.12 40 5000 40 0.0013
v 512 6.0-0 15 45 25 15 0.1 0.02 0.45 0.1 60 10000 35 0.0011
E S13 6.5-0 10 25 55 10 0.13 0.03 0.48 0.13 100 20000 50 0.0010
Q.| si4 7.0-0 10 25 55 10 0.16 0.03 0.48 0.16 40 20000 45 0.0011
LD S15 7.5-0 10 25 55 10 0.13 0.03 0.48 0.13 40 20000 40 0.0012
516 8.0-0 10 25 55 10 0.15 0.03 0.48 0.15 30 10000 30 0.0010
S17 8.5-0 10 25 45 20 0.14 0.02 0.45 0.14 50 50000 50 0.0010
518 9.0-0 30 30 18 22 0.13 0.02 0.52 0.13 60 25000 35 0.0012
S19 9.5-0 30 40 12 18 0.12 0.02 0.55 0.12 55 25000 20 0.0013
520 10.0-0 30 42 18 10 0.11 0.01 0.40 0.11 50 5000 15 0.0011
Sediment Property
Sediment Type Diameter | Density | Initial Porosity Initial Permeability Compacted Porosity | Compaction Compacted Permeability Erodibility
Coarse Grained Sand 1.0mm [2.70g/cm3| 0.21 m3/m3 500 mD 0.25 m3/m3 5000 KPa 50 mD 0.6
Fine Grained Sand 0.1mm [2.70g/cm3| 0.3 m3/m3 100 mD 0.15 m3/m3 2500 KPa 5 mD 0.45
Silt 0.01mm |2.65g/cm3| 0.38 m3/m3 50 mD 0.12 m3/m3 1200 KPa 2 mD 0.3
Clay 0.001 mm |2.65g/cm3| 0.48 m3/m3 5 mD 0.05 m3/m? 500 KPa 0.1mD 0.15
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Table 3. Lithofacies classification in the forward stratigraphic model;shewingthe-cemmand-used in the property calculator tool in Petrel™.

Lithofacies Classification
Facies Code Lithofacies Command Used in Petrel’s Property Calculator
If(Sand_fine>=0.19 And Sand_fine<=0.21 Or Silt>=0.19 And Silt<=0.2 Or Clay>=0.2 And Clay<=0.21 Or Depth_of_deposition>=-82 And
0 Marine Shale Depth_of deposition<=-78)
If( Sand_fine>=0.36 And Sand_fine<=0.38 Or Silt>=0.18 And Silt<=0.2 Or Clay>0.18 And Clay<=0.19 Or Depth_of_deposition>=-30 And
1 Muddy Shallow Bay Fill Depth_of_deposition<=-20)
If(Sand_coarse>=0.65 And Sand_coarse<=0.73 Or Sand_fine>=0.18 And Sand_fine<=0.22 Or Silt>=0.18 And Silt<=0.2 Or Clay>=0.17 And
2 Sandy Shallow Bay Fill Clay<=0.18 Or Depth_of deposition>=-3 And Depth_of deposition<=0)
If( Sand_coarse>=0.5 And Sand_coarse<=0.68 Or Sand_fine>=0.23 And Sand_fine<=0.25 Or Silt>=0.17 And Silt<=0.18 Or
3 Channel Fill Sandstone Depth_of deposition>=0 And Depth _of deposition<=2)
If( Sand_coarse>=0.19 And Sand_coarse<=0.31 Or Sand_fine>=0.19 And Sand_fine<=0.24 Or Silt>=0.4 And Silt<=0.48 Or Clay>=0.19 And
4 Lower Shoreface Units Clay<=0.31 Or Depth_of deposition>=-83 And Depth_of deposition<=50)
If( Sand_coarse>=0.32 And Sand_coarse<=0.53 Or Sand_fine>=0.25 And Sand_fine<=0.32 Or Silt>=0.26 And Silt<=0.32 Or Clay>=0.19 And
5 Middle Shoreface Units Clay<=0.21 Or Depth_of deposition>=-38 And Depth_of deposition<=-12)
If(Sand_coarse>=0.53 And Sand_coarse<=0.72 Or Sand_fine>=0.28 And Sand_fine<=0.33 Or Silt>=0.16 And Silt<=0.21 Or
6 Upper Shoreface Units Depth_of deposition>=-10 And Depth_of deposition<=6)
If( Sand_fine>=0.23 And Sand_fine<=0.27 Or Silt>=0.38 And Silt<=0.43 Or Clay>=0.19 And Clay<=0.21 Or Depth_of deposition>=-95 And
7 Distal Mouth Bar Units Depth_of deposition<=-80)
If( Sand_coarse>=0.53 And Sand_coarse<=0.71 Or Sand_fine>=0.27 And Sand_fine<=0.32 Or Silt>=0.16 And Silt<=0.21 Or Clay>=0.06 And
8 Proximal Mouth Bar Units Clay<=0.07 Or Depth_of deposition>=-30 And Depth_of deposition<=-27)
If( Sand_coarse>=0.53 And Sand_coarse<=0.71 Or Sand_fine>=0.26 And Sand_fine<=0.31 Or Silt>=0.35 And Silt<=0.41 Or
9 Tide Influenced Sandstones Depth_of_deposition>=-5 And Depth_of deposition<=1)
If(Sand_coarse>=0.54 And Sand_coarse<=0.56 Or Sand_fine>=0.27 And Sand_fine<=0.29 Or Silt>=0.19 And Silt<=0.21 Or
10 Fluvial Channel Sandstones Depth_of_deposition>=-2 And Depth_of deposition<=2)
11 Coal Estimated as background attribute
If( Silt>=0.31 And Silt<=0.43 Or Clay>=0.31 And Clay<=0.35 Or Depositional_depth>=-100 And Depositional_depth<=-40)
12 Coastal plain fines
If( Sand_fine>=0.36 And Sand_fine<=0.38 Or Silt>=0.4 And Silt<=0.52 Or Clay>=0.45 And Clay<=0.78 Or Depth_of_deposition>=-105 And
13 Marine Mudstone Depth_of_deposition<=-90)
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Lithofacies Classification

Facies Code Lithofacies Command Used in Petrel’s Property Calculator
If(Sand_fine>=0.19 And Sand_fine<=0.21 Or Silt>=0.19 And Silt<=0.2 Or Clay>=0.2 And Clay<=0.21 Or Depth_of_deposition>=-82 And
0 Marine Shale Depth_of deposition<=-78)
If( Sand_fine>=0.36 And Sand_fine<=0.38 Or Silt>=0.18 And Silt<=0.2 Or Clay>0.18 And Clay<=0.19 Or Depth_of_deposition>=-30 And
1 Muddy Shallow Bay Fill Depth_of deposition<=-20)
If(Sand_coarse>=0.65 And Sand_coarse<=0.73 Or Sand_fine>=0.18 And Sand_fine<=0.22 Or Silt>=0.18 And Silt<=0.2 Or Clay>=0.17 And
2 Sandy Shallow Bay Fill Clay<=0.18 Or Depth_of_deposition>=-3 And Depth_of_deposition<=0)
If( Sand_coarse>=0.5 And Sand_coarse<=0.68 Or Sand_fine>=0.23 And Sand_fine<=0.25 Or Silt>=0.17 And Silt<=0.18 Or
3 Channel Fill Sandstone Depth_of_deposition>=0 And Depth_of_deposition<=2)
If( Sand_coarse>=0.19 And Sand_coarse<=0.31 Or Sand_fine>=0.19 And Sand_fine<=0.24 Or Silt>=0.4 And Silt<=0.48 Or Clay>=0.19 And
4 Lower Shoreface Units Clay<=0.31 Or Depth_of deposition>=-83 And Depth_of deposition<=50)
If( Sand_coarse>=0.32 And Sand_coarse<=0.53 Or Sand_fine>=0.25 And Sand_fine<=0.32 Or Silt>=0.26 And Silt<=0.32 Or Clay>=0.19 And
5 Middle Shoreface Units Clay<=0.21 Or Depth_of_deposition>=-38 And Depth_of deposition<=-12)
If(Sand_coarse>=0.53 And Sand_coarse<=0.72 Or Sand_fine>=0.28 And Sand_fine<=0.33 Or Silt>=0.16 And Silt<=0.21 Or
6 Upper Shoreface Units Depth_of deposition>=-10 And Depth_of deposition<=6)
If( Sand_fine>=0.23 And Sand_fine<=0.27 Or Silt>=0.38 And Silt<=0.43 Or Clay>=0.19 And Clay<=0.21 Or Depth_of deposition>=-95 And
7 Distal Mouth Bar Units Depth_of_deposition<=-80)
If( Sand_coarse>=0.53 And Sand_coarse<=0.71 Or Sand_fine>=0.27 And Sand_fine<=0.32 Or Silt>=0.16 And Silt<=0.21 Or Clay>=0.06 And
8 Proximal Mouth Bar Units Clay<=0.07 Or Depth_of_deposition>=-30 And Depth_of_deposition<=-27)
If( Sand_coarse>=0.53 And Sand_coarse<=0.71 Or Sand_fine>=0.26 And Sand_fine<=0.31 Or Silt>=0.35 And Silt<=0.41 Or
9 Tide Influenced Sandstones Depth_of deposition>=-5 And Depth_of deposition<=1)
If(Sand_coarse>=0.54 And Sand_coarse<=0.56 Or Sand_fine>=0.27 And Sand_fine<=0.29 Or Silt>=0.19 And Silt<=0.21 Or
10 Fluvial Channel Sandstones Depth_of deposition>=-2 And Depth_of deposition<=2)
11 Coal Estimated as background attribute
If( Silt>=0.31 And Silt<=0.43 Or Clay>=0.31 And Clay<=0.35 Or Depositional_depth>=-100 And Depositional_depth<=-40)
12 Coastal plain fines
If( Sand_fine>=0.36 And Sand_fine<=0.38 Or Silt>=0.4 And Silt<=0.52 Or Clay>=0.45 And Clay<=0.78 Or Depth_of_deposition>=-105 And
13 Marine Mudstone Depth_of _deposition<=-90)
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Table 4. Porosity and Permeability estimate-inidentified-estimates of lithofacies packages_ in the model area.

Code Lithofacies Average Density Estimated KLOGH
NPHI Porosity Porosity (mD)

0 Marine Shale 0.17 - 0.45 0.1 0.08 - 0.11 10.02 - 16.1
1 Muddy Shallow Bay Fill | 0.17 - 0.42 0.1 0.08 - 0.13 23.85-102.3
2 Sandy Shallow Bay Fill 0.07 - 0.52 0.25 0.16 - 0.25 100.0 - 398.7
3 Channel Fill Sandstone 0.04 - 0.15 0.30 0.18 - 0.22 400.01 - 889.7
4 Distal Lower Shoreface 0.04 - 0.19 0.29 0.1 -0.23 120.5-170.3
5 Proximal Shoreface 0.05-0.17 0.31 0.17-0.24 80.2 -412.5
6 Upper Shoreface Units 0.09 - 0.11 0.28 0.21 -0.26 650.2 - 1023.7
7 Distal Mouth Bar Units 0.08 - 0.17 0.27 0.09 - 0.17 170.5-223.1
8 Proximal Mouth Bar 0.05 - 0.59 0.12 0.19-0.21 130.5 - 314.3
9 Tide Influenced SS 0.14 - 0.46 0.26 0.15-0.20 220.0-512.6
10 Fluvial Sandstones 0.14 - 0.29 0.21 0.19-0.21 180.5 - 691.8
11 Coal 0.24 - 0.53 0.05 0.001 0.001
12 Coastal Plain Fines 0.43 - 0.49 0.06 0.04 - 0.12 5.2 -34.6
13 Marine Mudstone 0.16 - 0.42 0.1 0.08 - 0.10 6.0 - 15.2
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Code Lithofacies Avg. NPHI Density Porosity | Estimated Porosity | KLOGH (mD)
0 Marine Shale 0.17 - 0.45 0.1 0.08 - 0.11 10.02 - 16.1
1 Muddy Shallow Bay Fill 0.17 -0.42 0.1 0.08 - 0.13 23.85-102.3
2 Sandy Shallow Bay Fill 0.07 - 0.52 0.25 0.16 - 0.25 100.0 - 398.7
3 Channel Fill Sandstone 0.04 - 0.15 0.3 0.18 - 0.22 A00.01 - 889.7
4 Distal Lower Shoreface 0.04 - 0.19 0.29 0.1-0.23 120.5 - 170.3
5 Proximal Shoreface 0.05 - 0.17 0.31 0.17 - 0.24 80.2 - 412.5
6 Upper Shoreface 0.09-0.11 0.28 0.21 - 0.26 650.2 - 1023.7
7 Distal Mouth Bar 0.08 - 0.17 0.27 0.09 - 0.17 170.5-223.1
8 Proximal Mouth Bar 0.05 - 0.59 0.12 0.19-0.21 130.5 - 314.3
9 Tidal Influenced Sandstone 0.14 - 0.46 0.26 0.15 - 0.20 220.0-512.6
10 Fluvial Sandstones 0.14 - 0.29 0.21 0.19-0.21 180.5 - 691.8
11 Coal 0.24 - 0.53 0.05 0.001 0.001
12 Coastal Plain Fines 0.43-0.49 0.06 0.04 - 0.12 5.2-34.6
13 Marine Mudstone 0.16 - 0.42 0.1 0.08 - 0.10 6.0 -15.2
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Table 5. CemparisonA comparison of a) porosity, and b) permeability estimates in-from selected intervals in the
original petrophysicalmedelporosity/permeability models and forward modeling-based porosity and permeability
models.
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a. Validation Well Position 1 ]
Porosity: GPM-Based Model Porosity: Original Model
Depth (m)
Models 5m 10m 15m 25m 35m |Depth (m)| Average Porosity
R14 0.22 0.24 0.16 0.22 0.16 5 0.2
R20 0.16 0.19 0.26 0.18 0.15 10 0.25
R26 0.18 0.17 0.23 0.16 0.19 15 0.27
R36 0.22 0.21 0.19 0.22 0.21 25 0.16
R45 0.25 0.2 0.23 0.22 0.15 35 0.13
R49 0.21 0.17 0.22 0.17 0.18
Validation Well Position 2
Porosity: GPM-Based Model Porosity: Original Model
Depth (m)
Models 5m 10m 15m 25m 35m Depth (m)| Average Porosity
R14 0.17 0.16 0.24 0.15 0.25 5 0.17
R20 0.21 0.22 0.2 0.21 0.23 10 0.21
R26 0.21 0.2 0.21 0.25 0.24 15 0.21
R36 0.2 0.22 0.21 0.21 0.19 25 0.17
R45 0.22 0.19 0.2 0.19 0.21 35 0.19
R49 0.26 0.24 0.23 0.16 0.21
b. validation Well Position 1 l
Permeability_Z (mD): GPM-Based Model Permeability_Z: Original Model
Depth (m)
Models 5m 10m 1Sm 25m 35m Depth (m)| Average Perm_Z
R14 163.95 312.38 69.84 310.16 508.2 5 352.74
R20 290.84 315.09 105.66 273.04 200.63 10 312.38
R26 375.92 203.81 166.23 189.92 348.12 15 201.08
R36 418.03 203.27 190.9 168.9 370.56 25 199.76
R45 337.6 412.67 199.66 156.71 305.92 35 508.2
R49 370.89 129.33 291.77 175.53 551.18
Validation Well Position 2
Permeability_Z (mD): GPM-Based Model Permeability_Z: Original Model
Depth (m)
Models 5m 10m 15m 25m 35m |Depth(m)| Average Perm_Z
R14 320.34 336.22 151.08 464.22 132.98 5 6.6
R20 122.66 209.15 161.3 230.58 208.48 10 883.6
R26 151.48 710.07 175.09 384.49 169.48 15 30.3
R36 184.74 344.99 157.08 420.15 136.14 25 496.99
R45 91.44 361.04 1137 382.85 134.56 35 156.6
R49 134.01 721.73 137.42 636.48 290.06
a. Validation Well Position 1
Depth (m)
am 10m 15m 25m 35m
Models Measured Porosity
Original Model 0.2 0.25 0.27 0.16 0.13
R14 0.22 0.24 0.16 0.22 0.16
R20 0.16 0.19 0.26 0.18 0.15
R26 0.18 0.17 0.23 0.16 0.19
[ fT=1 na9 n a4 n 19 na9 k|




