WD 2006/ 036389 PCT/ US2005/ 029884 -1 A METHOD FOR
EVALUATI NG SEDI MENTARY BASI N PROPERTI ES BY NUMERI CAL

wOR0EADSdSEd OF SEDI MENTATI ON PROCESSES CROSS RBERATES2005/029884

10

15

20

25

APPLI CATI ONS [ 0001] This application clains priority
to U S. Provisional Applicatiod-No. 5 60/608, 707,
which was filed on Septenber 10, 2004. FIELD OF THE
I NVENTI ON [ 0002] This invention relates generally to
the field of geologic nodeling and reservoir

i AtMETHODFQR BY.4 LUK NG SEDIMENTARS) BASINEROPERHES BY
I nventy | '

oo SO RICATN O S GESELAMIN TN prOCESSES
grain-size distribution 10 of sedinmentary rocks that

may conpose a SUBEROSSHREINWTED el RIDICAEH@NSOI r .

BACKGROUND OF THE | NVENTI ON [ 0003] A geologic nodel is

Sl | 2SR R b B0 DA Rppcaon .

 VEU/6082707 WhithaBasaiIBEbA SkifiEber RSEOAQI I Or a

sedinment-filled basin. I'n the oil and gas industry,
geol ogi ¢ nodel s 15 provide geologic input to reservoir
performance sinul ations which are used to sel ect

| ocations for new wélELD QETHENYEYE R ar bon

reserves, and plan reservoir- devel opnent strategies.

TiagosPat i flis dhwlnbibRYthes RheRfY M5ahE ey of %e@lo%f%y modeling and

par a ter In pharacter|2|ng reservplr per qrnanceh
aneskrvoio gretipeatativint dndothamcterigatioranBpdcifidatly, fheopeantioags a method

determ nes th roduci.bil.it f.the reservaoir.. For .. . .
10k GREHET &2 s imensippal mdstel B e Sirugis it pingivecistribution
PEY SEBARinkdry Yodk§ tiait fridp lei\f\lgﬁse(ﬁc subb\@ fate &y AroBhrbBn reservoir. ‘
di stribution of sands i ch conpose the reservoir,

the conpartnentalization of those sands by barriers of
finer grained material, and the mneralo and buri al

history of the rBAEKRRROUNLYOHFHEINYVE dgi ¢ nodel s

built for petroleumapplications are in the formof a
mibgﬁ" di feNIbRBR! niddERYs @f dfg}glelre&&sgg&ﬁoﬁc@ {t2) deth®ed internal

geol ogi c and/ or geophysi cal properties such
ageonietiyodralgyack prropartiesy of acobswifasei eapibdeeivme, such as a petroleum

perneabi | it ,_aqg ter satyration are assigned % uch
prapspt o6 mOnRaFarRe 1 dhe Bl MO aRymSI abfRE models
" rotite gRbRBRIThp@S0 reseMddr SttdrmancedimafatioRel ehidal 2€ kkSed to select
represents the subsurface earth vol une of .
locations for new wells, estimate hydrocarbon reserves, and plan reservoir-
development strategies. The spatial distribution of permeability is a key parameter in
characterizing reservoir performance, and, together with other rock and fluid
properties, determines the producibility of the reservoir. For sandstone reservoirs, the
spatial distribution of permeability is a function of the grain-size distribution of sands

which compose the reservoir, the compartmentalization of those sands by barriers of

finer grained material, and the mineralogy and burial history of the reservoir.

[0004] Most geologic models built for petroleum applications are in the form of a
three-dimensional array of model blocks (cells), to which geologic and/or geophysical
properties such as lithology, porosity, acoustic impedance, permeability, and water
saturation are assigned (such properties will be referred to collectively herein as "rock

properties"). The entire set of model blocks represents the subsurface earth volume of
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nodel . [ 0005] The geol ogi ¢ nodel i ng process can use

many different data types, in@kuding but not limted

to rock-property data obtained fromcores, well |ogs,
seismc 5 data, well test and production data, and
structural and strati?raphic surfaces that define )
dintergshc {The aaeak offhengaslagiemegeling progesgdhdp apsigh Feck properties to

r ti . I OV ge of the available data
iegaéfr?}%t& dg@[gaﬁé]tnztﬂ?g&ﬁ%%gg%ﬁdet erm ne the rock

properties in every geologic nodel cell. O her

al®805ipt | dhis: gbologict hedelang glbddess an nusehemey pdiffeent i daga types,
are Jmade in order to populate al] nodel cells wth I
o SRR N BpERL Y el e St i EabiolRl dross Svrsc Al Hdes seismie
O£ ChelPASE hntOSIBhidIGn @RS BIOSRRPAPIRd ishatighshit VufBces that
mai N ways to popul ate the discretized geol ogic vol une

wiefine plishipet zdnes withgothe Ima@sbc bl paneral, tho desodutionrprispatial coverage
g el | ul ar proach, the relatio ' et ween o
e a8 ARRE AP e lat? e UA LA Hrllne BERTE Popsies n every
GaRsdgad hidtticadll. eOthenBdsumptioneitvud she( viltiablityray tHege properties are
elther determnistic or probabilistic) are used to

cBadsutie ek tespppwger oY wadelesells tifth reasopable Tpreperty values.

LnLo. ace . . ti _ _
LAl 6 L oRSEURL RSN S0 EELHERIANE e i
Detysrtoipopdhte chedisérotized@eologit vohdse eitinpoopeytiesal cul at e a

m ni mrum vari ance estimate of the rock property at

g A B SR S L ot
%ew&énepregeras@hpﬁéaebw&d@lis tﬁ;ﬁ@iﬁeaagtdtgﬂéalrwrgé&@arsa% e2fmation

property being nodel’ed, with each realization
thetbpés (vdath may b pighes datgrhinissic o atibabilistityeare psedi ta compute rock

continuity of..a rock -Aroper b t ' o
PP B esdVigfe bR AR el ke 1 OB Bt ireion. and
vapatigbédrtinMit@fofathe aokk Pt t yeing raodeledict iMaer@finistic estimation
separation distance and direction. U 'S, Patent Nos.
smethgdss gemmgnlyggalaguate anginigums(rriroee edifeate & dbe rod property at

.”é%ngﬁ LBAH&. e D01 RPN ER oh AR OGE T8V NG fd'(ijs‘r?flf@giéﬂtﬁhg& #he rock-

include repetitive optimzation steps to
gaopaty calesiahd tppoducd « enito piggeolgiomitodel emlliegtians afiod the rock

SERBLEhSRE el YRB kS ER Mt osRSLE  eSa Sroable
Mgt saBaTESindlty B AelobR Hr&fbty WaAE be captured by a variogram, a well-
known technique for quantifying the variability of a rock property as a function of
separation distance and direction. U.S. Patent Nos. 5,838,634, 6,381,543 and
6,480,790 cover geocellular modeling methods embodied in processing flows which
include repetitive optimization steps to drive the geologic model toward conformance
with geologic and geophysical data types such as wells, seismic surveys and
subsurface fluid production and pressure data. Most commercial modeling software
packages, including PETREL, GOCAD and STRATAMODEL, contain a wide
spectrum of geostatistical tools designed to fulfill the requirements of reservoir

geologists and engineers. While these methods can readily accommodate data control
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geol ogi sts and engi neers. Wil e these nethods can
readi | y accomodat e dat a contrél- WD 2006/ 036389
PCT/ US2005/ 029884 -3 points such as wells and
geophysi cal constraints such as seisnic data, they

generally do not closely replicate the geol ogic

shainfe sugheas wplbeandegpophysicl gerfiragyssushs spigwac7fiata, they generally
oot _ ' . )

LT IR DAL pod b Qe BbeeRATH y AR AFIns.

assenbl ages of geol ogic objects with pre-defined forns

sf0667] 5 a@bjrhebasedsnadels:dephsobjearaked agipesachlsuBsurface reservoir

Patent No. 6,044, 328 di scl gses, one .obj ect . bas

, d
Unes e JERietesavambiraea i S5RIBREINTLS YA Hredefingg} forms such
SRAHARKES ahP d85Ishohal BEE. AL CPARKEGS 56,0405 P BisedsAhe object-
l1brary to best match the reservoir being nodel ed.
Thasedappodsting axcheres shasf alidve gelbgigtsi and) msgoditbgngingers to select

oFpuEiC e e %o R RS deithan e BB being modetea
| Tigd AHro\SiaRERESS thd AnhlBARs RM@ediBg tKE6AIRator Bl BfEEtbcess based on

objects as volunetric elenents that mmc channels
atheir |zsplegicuaxpaense miVipsticommareinksnfyvase packages ipshyding PETREL,
h : [ el 1] . o

RGBS GBS iblenis 1Pt gB NI ERAAE, SERBAS, thay, mimic
Miakesls andl 1dBes dgieg sib9¥Hjedasdeméhe based aein wer Wéolm4tll® 34adpes such
In their nodels, the  depositional . objects, ch as a
A B a1l ol SRS Pbistd beree diedels gisape fipdel of
?Ig_lg%la Carkf Qkiqgg (?%gﬁ%nﬁEYiﬁH%l'df Wsb g‘?d‘ﬁi) o tMﬁpEnOdels, the

are plraced Sequentia on top of "each ot her
adapositiomey obgectso sehadsgroriveriredt. inthe hedehefsMankejedrs! Brigge (1995)

to mmec.,the real depositional ryct , th Q .
B e blist FisnB AR % Hs Bl b Wb (BT afeiisef rapentany
s@fiopBiTtleadt SMRSPRIChrdinado, soféailg@RRING.IWhile thEse models try to mimic
determ ned the rock pro%ertl es at a particular _

sthp seal fdgpesitiensh siregiureg,0thpy dogiot piteopist oaptise she physics of water
Pr o - t t I e :
JREENS SAIRSR TREET fR, N e Bl IO AT, 1k propertes
chingacicair sabsuheelocatiinyi ng to varying degrees on a

nodel or approxi mati on of the physical processes

TR AR X e P
osftraggfébg?iet%r SLlIGRE WeBfmedidl§ ! HepBR i€ Alhk@dldgical order relying to

conmpli C by the difficulty
varying degrees on a model or approximation of the physical processes shaping the

geology. While process-based models could potentially provide the most accurate
representation of geologic structures, their application is complicated by the difficulty
in matching their results to data control points or seismic images. Application of
process models to predicting rock properties generally involves checking the model
against subsurface data and then rerunning the model with new control variables in an
iterative process. Although process models are rarely used in current industrial
practice, U.S. Patent Nos. 5,844,799, 6,205,402 and 6,246,963 describe three such

methods. These methods employ diffusion or rule-based process models to create
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t he nodel agai nst subsurface gata and then rerunning
the nodel with new control varfifables in an iterative
process. Although process nodels are rarely used in
current industrial practice, U S. Patent Nos.
5,844,799, 6,205,402 and 6, 246, 963 descri be three such
dpsivescalsamodetn #ath hmited gratialde@y aadaayateJar geservoir performance
3%#?B@§@ed process nodels to create WO 2006/ 036389

)05/ 029884 -4 basin-scale nodels with limted
spatial detail inadequate for reservoir perfornmance
si0ff]at i of.nup(@O Of aﬁadeum@eublﬁfatiamdém an pwltssdmsédonodeling of

[ process: bas

d g
b e L el s DGproRiaMoH 3P Hesg methods are

t R SRiVEd RS iR Phys&sn&t thd edep¥&iting TR0 & BRY SédimeR transport.
t he depositin urd flow and sedinment transport.

Fiathery transpart @@ctlmgmts s%@pmmgtedbyagbff@sapmﬁk@ dqungion. Examples

AR i o BB AT B S o8B H i v
vdimehsibisal algotithmidi hedvs ibased| oned gﬂrdftehfplﬁcdlnﬂdeé fdrassdllow water
a set of enpirical rules for, a shall ow wat

SVITPERRRENEe o A6 e Tdalipetn QY WhisBina frsegimensional
(V)\?b&é“ 1 fbf sl ieof ktﬁﬁ%ﬁp‘ﬂ?% shn 5w Ahtef Qﬁwfdnméln?st 'tl%”model of

stratigraphy In oW wat er environnents,
nibaldmanfet aKa(Upognwleich dlas bédregsb)i wmfthein shagatieenf srsmiemtatlon in
thejr sinulation.of sedi rrent

ey it deppRrgt SRS th the oo R min FLATS 1985, 2004ab)
(Vl‘ﬁgﬁ’wa%o&ééq}l th&P iwoltk MR SthEES EmbAsid @ InuméBitK @MBdeling of deltaic

hr ee- di nensi onal nunerical nodeling of deltaic
d@poshom@meﬂuegwuences. 15 [0010] Different fromthe
nodel s descri bed above, the SEDSI M nodel of Tetzl aff

%Hl(ﬂﬁ aﬁgﬂrérftgﬁ*gl)n %en}ﬂoﬁélgsge%k)@%lgﬁeﬁ\ﬁegitﬂgrg]@ﬁéﬁ/[f 1in8del of

al I'ow wa envi r onnen
t TezldffradsHabalgtd 98D) sivienage diasticovedbgembiionin thei shgllow water
the, Marker-in-cell [Harlow, 1964], or . )
pAVITPRINgDY By @@hvrnwmewﬂee% ifip %ﬁ&erﬁ%@t fleyeauations, ysing the

AdfaancaEHRMMaRAl o PRltLiflest wafod Bloddiey and Baswood,

ow wat 20 enV| as al so been appl i ed
t 98].mul Altleought SEBISIM: ywasurarigntallyy desigiddyifog thhe shallow  water
gravitati

eéllvgppr@gntggﬁ)ﬁ ?G g%eartn %ﬁp LFﬁi &ake eﬁné ?é@rﬁgﬁ%nc}urrenteby modifying the

gravitational constant to take into account the relative density of the flow with respect
to the surrounding medium [Tetzlaff and Harbaugh, 1989]. However, SEDSIM does
not include the entrainment of water by turbidity currents and the resulting flow
expansion and impact on sediment deposition. Since SEDSIM uses the Markering-
Cell Method and the flow is represented by many flow elements with constant
volume, to add the water entrainment relationship would involve significant

modifications of SEDSIM.

[0011] The gridding scheme of SEDSIM imposes some limitations. The vertical

dimension of each three-dimensional cell that contains sediment is fixed. In addition,
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resulting flow expansion and inpact on sedi nent
deposi tion. Since SEDSI M uses-fhe Markering 25 Cel |
Met hod and the flow is represented by many fl ow
el ements with constant volune, to add the water
entrai nnment rel atjonship would involve significant
nesgh celk gan ey contaigmarspegific pmgletyperios sige) fderdignens pacrenlythe top-
| Myi . i ' . The verti cal
[ Brgst?r?gillS%Pg%ﬁglggﬁmt?mee‘gb%?gn%ﬁés}lg%ﬁgl cell that contains
sedinent is fixed. In addition, WO 2006/ 036389
F0¥12)S200sdaRa884nspof andcits effdck onahe dlolvyare sotretimes inaccurately

specific si e type (or size) of sedinent.and on .
CREeehin SEEREL YRS airtn e fbe Spe e (hBeriRgualEblied erosion
efuRstM; addRdtZllowds, MRNMindr ARSRAWitlaR ¢hd Hiew b [d8FdsitAthtil all the
the flow are sonetines inaccurately nodeled in

SEBskevmatiial reersesssofi the irerbpor gapagl 9d the flow has been deposited. In

e ki : -bas [ 5 funct | n .
PSRRI pPA3 58S B ool R 05y e of depos
depwsioh denthel deplobit teleatiorilis anderestigiatél. Theeefies Hf Gdpatially and
the transport capacity of the flow has been deposited. .
| \§mPREHY tYaBying EN (PPetRgen OB the sravitationgh gu¥ingifercss is also
19 dedegl N nodel ing of deposit elevation so the

eposit elevation is underesti mated. The effect of
spatially and tenporally varying sedi nent
cl®atdnt r aSywiskioet al.Ha 99 pubtistted anprocessbasadgmbdal dessiimulating the

also 10 not del ed. [0013] Syvitski et al. (1999). .
B eradTE s spPBEES o Rl b i Beirnrttadion in the
NI4EBRIPhicOfecoRId! TREYe Sar® HhahyCOMipdhents ain tABIBodE S vitski et al.
their preservation in the "stratigraphic record. There
arl@9%anTheyo isdudent(b) iriyex Heout deiocess, Sylvibuekant erivey plumes and

ARk B B BT s v

t gonbiatid fyord Wlope Missabilités. currents and waves, and (5)
debris flows generated fromslope instabilities.
41 The mat henat.i cal del, ta
aljfal T

[081 describe th -

niPB&tloy cnkhe f b Fufesibg ﬁwﬁg@e@yagﬁélw and turbidity

SittehBKiset brlsyvitk?R)al. {199@)‘3{1{ tHERIRlodbSises3mtlal1d! dnY improved

an inproved ~ vérsi on of the 'standard Chezy's uniform

f vaosiomofl he stardasd Chezy’ dimiforouflee modeMidroreturbidity current [Mulder,
T., J. Syvitski, and K. I. Skene, 1998; Bagnold 1954, 1966; Komar, 1971, 1973, 1977,
Bowen et al. 1984; Piper and Savoye 1993]. In Chezy’s uniform flow model, the sum
of the gravitational driving force, the frictional resistance to flow, and the internal
friction of the flow is assumed to be zero. By contrast, in Syvitski et al. (1999), the
sum of the three forces is (more accurately) assumed to equal the acceleration of the

current.

[0015] The hyperpycnal flow and turbidity current model used by Syvitski et al.
(1999) is a large (basin) scale approximation of the flow. As such, it contains many
assumptions that prevent accurate prediction of the finer-scale sedimentary structures
that may control the performance of hydrocarbon reservoirs. For example, in their

model, the convection of the flow momentum is not represented. The vast majority of
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nodel, the sum of the gravitational driving force,
the frictional resistance to fl66w and the internal
friction of the flowis assuned to be zero. By
contrast, in Syvitski et al. (1999), the sumof the

t hree forces is (nmore accurately) assuned to equal the
a@é@@ﬁ% Wl‘?ff ohlormgo e fES TPSSOVQSYS #selet and leaf Geposits

[
w 4 tet g? %0?]}%58};1{{& s@hl‘é%%% U&e \%Etg u ﬁscgﬁ&gelﬁb{m plays a
aqrpcla)b(rd]min deteohinirgethe | dywamas (Efuhh flomt almcb theanatarerm(hghe bodies.

tions at. vent accurate. prediction aof th
&gy the slope 0@@&- ﬂfgﬁc@%ﬁéﬁ tween b grrbidandielgar Wrewrfrawmated by
tie b@@ 5ibpE mame& cgfcumagﬁ ] afetg?ﬁwaﬁaﬁdl\awvr@ FOFQ. This prevents the
exanp e, In their he convection of th

roadsi fiom captuting the pa‘é@eamr@ﬁfectmé hydeauliegjnops myth@ﬂowyvhlch are

RS BRI M P Pt b scaman
B0 WithduV#Reé aeasnisths, alpplidida]of thdir Mvd@huﬁ@lﬂiuﬂatingebll and
convection of f]ow nmomentum plays a _ crucial role in

%S dESATYRITSgistIHBited, iaes avulgpn fiheng phihcakey prasessas gesgopsible for
t@?erp&fjg&gro e@ﬁ?{% the slope of the interface between
Rl ea [ [

the tur r water is approxi mted by 5 the
bed slope in their calculation of the gravitational
di0D¥6]ng fﬂredgepcrp}?hnasl ﬂmmmeirtuﬂ)idit)ecurrmtjmbdélraflﬁvyitski et al. (1999)
c.ap urin e kvvater ef fect nd hydr aul
Adupast te{lﬂr e R ORST PG gy AT h ateral
aﬂiglat)i]l t i ﬁ}pfﬁp‘eﬁfb‘é'o‘?%e[ ﬁg@%@@ﬂﬁi‘e t8Rd-diink RHSMID flow that creates
ou

2000] these nechani sns, application of their
rm@na{ clilana@mﬁmk:aﬁeatngesmfl degp dvatejasedimeens suatigrephys as ishowedy Van

48l S0 SRl G Y o BRBTRC A GRS Rl uren

IES

hacRet amaailm&hMamdndw brmb twidthdrafedie condiet have to be specified
Svyitski et al. (1999) s fundanentally

ohfdorgihena smep Ahera agine iapablliy éorcﬁlﬁﬁ‘%itnga@é um&@@my and evolution of
rﬁlgfugﬂéagﬁd }?e'irecrls@#)] at‘é?}‘r g%mgi n% sit@ \{'lﬁ‘&lﬁlléjﬁﬁ& el%ent in oil

ysics of t Si gna owt reat es
nandygas haeavoirer iBhally, thesBywiteld eohl. (E9H) mtielrdeseublmsﬁnb interaction
trat| gt aph s shown by Van 15 Wagoner et al. (2003).
TlP?éYV X‘b&@%’ﬂ 'bes the confined flow of a turbidity
current down a one-di nensional conduit. The w dt hs of

t f0017oNduintthéip ¥R dies o SelERRIk ARG turbidity currents, Parker et al. (1986)
derived two sets of mathematic equations to describe the flow of turbidity currents in
the deep-water environment. The first set of equations is called the “three-equation”
model. The second set of equations is called the “four-equation” model. Both sets of
equations are depth-averaged equations, and both consist of equations for the
conservation of flow momentum, flow mass, and sediment. The “four-equation”
model differs from the “three-equation” model in that it also explicitly takes the
generation, dissipation, and transport of the turbulent kinetic energy into account.
Neither model has been combined with the capability to record sedimentary

information about the resulting deposit.
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the initiation and evol ution of channels and their
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element in oil and gas reservglrs. Finally, the
Syvitski et al. (1999) nodel coupl es the interaction
20 between fl ow and deposit. [0017] In their studies
of self-accelerating turbidity currents, Parker et aI

6 derived two, se of mat hemati c equati ons
COBERY e e thsimgcal SBIATO) SPRRRT St 1y (KRG was originally
oy F'gégaf%)ﬁ fonE At ERUTRD ttow! REtH brﬁﬁ%lé esI:i_ iHenf QsthispRS "I'(l)l “three-

t hree- equati on" e second set
eguatioinsiods haalldterbeeh extanded toe21 danhérson amidmbltipBogtain sizes by

BtRE Loy P oS! iRt e TORDR LmFid Fier 30 an

flisfau&“df@aﬁdlkumpo&ésq\l\emsg, and sediment. The
"four-equation” nodel differs fromthe

"t hree-equation" nodel in that it also explicit

t REY t heBotyelmepmang Parkgrsd P& ansh Bragherd: %%Kp@ppd@r (1999a,b)
t t t f t
5 4R B ot LRRY SuSop RS ey 5L 180 go sy
Stﬁfﬁlﬁie)ntlafqnts & inabhtrelianacliationin thheleee satetr iengironment. In both
dep s. t . 0Q6/ 036389, PCT/. US2005/ 029884 - 7. [ 0018]
b (R Teoh Al ePeRto R ARG aties of %%é@)ﬂent [Van
V"@@g&{ér%‘t%l Y0031 dRYE \eeh fréifort@ﬁ eIIHllaHE(ﬂI%I PaRb:r {1999y Wist:ﬁ%sed the

a srngle sed |rrent grain-si ze. hree- equation”
ninelalityhefsheintmedelto simelrteghel hmlgcletezn @mlsnsm oftherbdthymetry of the

Croor ) Solp@ it RuRCPoY. 1epaoBofh WhI Frarpehdpg dpickness of the

(hE38ity eimeent GtsBIF aPOp s dclketcORBGRISTall l&%@vé}) levded Q&Y to the
Both I'nran and Parker (1998) and Bradford and

Kegiefpdeerly complgtely chanaglezingiiei fioyv, talewimng fop@ely small spillover of
"t hreg- L.on', k a

RS0 2bon (BAR L 8V ufbnclys SIREELI4R) nop o
| Bratifoed (E990) wad Bradésrdiand iKaeopoded 6‘199%,151) is s¢latdd &S theaithylation of

the bat hynetries of deposits ipn the eallest es of

6 et Hle“ffl%?i &@“‘&Ef’@gﬁe‘?fsé?‘{] 1gentany, Po%fév%“‘i)ég‘ﬁr associated
r

SRR A BRG] s ciSas ol e

evoI ution of the bathynetry of the deposits, saying
"[@02@Jone Aciondinglyethees fsei gérd twombdifiappthothe [ thrheequation” model

h f the,,
SPUCERE e s PRI W BHBORY AR Ry 4980 0

simulate the long-term evolution of the sedimentary systems, and to simulate the

formation of the three-dimensional stratigraphy for deep water deposits. In addition,
there is a need for a method that honors the shapes and property distributions of
naturally occurring sedimentary deposits based on geologic data such as seismic and
well data. Such a method may be based on the fundamental laws of physics for water
and sediment transport and incorporate features from process, object-based and
geostatistical approaches. Preferably, such a procedure should provide an automated
option so that the optimization process can be performed by a computer, resulting in a
more accurate model of the subsurface volume of interest, with negligible additional

time and effort. The present invention satisfies this need.
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| pﬁ@qtéwabquthlssw%“@ progese dticachs pellip

poi nt of nearly conpletely channelizing the flow,
allowing for only small spillover of 15 the turbidity

w@ewoees3sy Neither the work of Inran and Par kepCT/LS5885/029884

nor that of Bradford (1997) and Bradford and

Kat opodes (1999a,b) is rel ated®to the sinulation of
the three-di nensional stratigraphy of sedinentary
deposits and their associated sedinmentary bodi es and
rock properties as_shall be described in this :

i nvention. [0020] WW%QW,HEH@W@NQ% need to

nodi fy both the "three-equation" nodel 20 and the

! equ t

F;g%gr gt&taf#g remfgg%?éntt gpﬁlg Itp%iexgggmn%ﬁ Ysoer]fa'ﬂ'efhg? £5 Qhulating the

eioohattdnost wﬂlmMarsed'stnmat affjmssgmbcdmcpntamdoltvos, ganbidlaing a two-
f.or |o of ., the three- dlmsn aph

rensi T Bisecderfunol ek Vg SRl B Gapaniopfor @ 4e8b 3Falbaprvidiey

fQkredt, nﬁélh@lqgtdaa&ashm sndriin§RARew RAghtpaAP&Lspended sediment

di stributions of naturally occurring sedi mentary

d:@p@@itltagomaesléwnawng@m olgpverlyigerleny oraters (@&%WI@IWt sgliment

R ésé{fr’i:@?{ ongﬁ%pe&h%%ﬂ\Q gwqgé/afng? u?\%??ﬁle ﬁgwgp(gsemes gct) Recording

ttha Aspdimandeposisperosive ab eéavaties svitht dmepndcspasal location. The
obj ect - based and.  geostatisti_cal Epr oach

tlbar gmuia@og for each time step
% cgf(% | Fsedifndliade Ipli)g'l'ﬁof? p[?lbt AHiQD 1P P HfeS dtAdhsional
e pertorne u

y a conpute res In a rmr
aeologat modeldel of the subsurface vol ums of interest,
with negligible additional 30 tinme and effort. The

E‘W@szoid‘g%%g’té‘g%ﬁlbs Ay mﬁt\l’%%m?‘a%g‘}%{}é 2915%?%%3 mulating

Ahé féradatiBiio® gédﬁﬁﬁﬁta@f sybfefs P $65 Embodigieht, Q? th8 ifitial topography
method for sinmulating the formation of sedi

t
sfskolsiomyianuge Heioynios e (e elaaiRch eine ggations of
ec‘t% %Paneor v cg)%g i the sed: gl‘ég&‘@lresée?&%{]h&f (c) a grid is created

equa I ons current

| dicidisl the rédioh eﬁsimlﬂ:httlw ity nd) fHeoﬂmh epnr@emesaan dhe inlets are
suspended sedl nent concentration, and ﬁntra nﬁ% of
met sediment

FPBIR{FN §O) cr@aﬂowrepem%)m ea% Gt PPAMED s
Qrsge&&w&%&mw& gdil %a(,ca F We! %%Edl%nyééﬂ&ltﬁ)%rosmn
f1 6w properties Recor e net sedi nment

cfepcn:ach |colﬂ1/153rrocsxrcbad e(h) lstepwarg ese \mptehtetilumll anetoppiagi c;titerlon is
atl etition fthlSlt a% vtE pr.oc
PUESmE '8e

SR VE |Pp§f>n%1l¥e PR L £8tb e FenraBdopd éfb‘eaﬁow Ftoperties

ARl URE SirdulaRa odéhosit 1§ adbdimnfallgeRagad P ApHdasdiRE YoVeH ©Bserved
Is a three-di nensional
sedimentary system, thus determining the correct inlet flow properties.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] Figure 1 is a plan view of a fluid flow which is dep'ositing a sedimentary

body, including the flow boundaries;
[0024] Figure 2 is an elevation view corresponding to plan view figure 1;

[0025] Figure 3 is an elevation view corresponding to plan view figure 1 after

deposition has occurred;



geol ogi ¢ nodel . [0022] A second enbodi nent of the
present invention is a nmethod for sinmulating the

wo oorasazen of sedimentary systens. I n this enbpdi/rew05/029884
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(a) the initial topography of the bottom surface
under the sinulation region i s9det er ni ned, (b) the

| ocations of 15 the inlets of the flow that deposited
the sedinents are determned, (c) a grid is created
dividing the region of sinulation into cells, (d) the
£10820]pr oigwtedsis atflopnehartf atfystgmbodiaent of thednvensipn; he
flow properties in each cell are updated, (f) the net
SRA»ENt =: [

T 2 IEERES o R GEARU AReL dRAROAR R o o myention:
for each cell is recorded, (h) steps e-g are repeated
ui6028] a sSHigmeitnig a¢hice-dimansicns! iH0steation @f eu mitiplthottnm suyface;
steps d-h can be repeat ed, adjusting the |nI et flow

CHOBEare vy s e s F ABERRSH o pisesy dpdicating the

siadivigRiat @id céishe he higitude bemheifownelédis; ed rect inl et
fl ow properties. BRI EF DESCRI PTI ON OF THE DRAW NGS

[0023] Figure 1.is a plan view of fluid fl
i W03posifiewg hisararenediop ofzasmﬁwgqted FFRASH ﬁglrtgql%eddmg and

flow baungabigss. [0024] Figure 2 is an el evation view
corresponding to plan view figure 1; [0025] Figure 3

is an elevation view corresponding to plan view figure
1 after deposition has occurred; W 2006/ 036389

PCT/ US2005/ 029884 D¥TABAFD DE@RB’"EI@E a flow chart
of a first enbodi ment of the invention; [0027] Fi gure

S, B O B PR it

I ddnH@cttfoﬁth@fD1t9f)re@é}rddnérﬁbcﬂllm&ﬁt WS, taaf extérﬂ@l?aQ]the following
Figure 7 is a map view of a sinulation in progress

i degriptionrig spaseficto mmmcld@raﬁm@dnraerwrlaspaamlqrn@e of the invention,
niﬁ%rlg gntfgl%ea to BQ ﬁlufs Ve oﬁlbpf') {S‘E%‘r%@g%s h%%%ﬁe]ntlgh %%&éiz?lheél to the

Cross-secti oW ng

aﬁbdmﬁ@r ambodimzaﬁit ddleshfibdduibbm BETAMthED) DESGRIeRTibONncludes all
[0031]. In the follown detalled descri ption, the
i HigEritives mpqhﬁcbtg)r@e@gg i qouiyajents falling within the true scope of the

appended claims.

[0032] The deposition of clastic sedimentary bodies typically begins with a flow
of sediment-laden water from a confined channel, such as a river mouth or a
submarine canyon mouth, into an open region, such as a basin. The point where the
sediment-laden flow enters an open region where deposition occurs is known as the
inlet. Initially such flows expand freely and deposit sediment as the flow decelerates.
Thereafter, as the deposited sediment grows in height, the deposited sediment begins
to obstruct the flow field. Eventually, the deposit becomes sufficiently large that the
flow is diverted around the deposit. This results in a new path and inlet for the flow
field to an open region beyond or adjacent to the old deposit. The deposition process
then repeats, and a second body in the system is created. In addition, more than one

such body may be actively built within the system at a time. Overall, the process



10 connection with its preferred enbodi nent. However,
to the extent that the followng descriptionis

wepmwei3dsgy t o a particul ar enbodi nent or a partPCUUS2005/029884
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use of the invention, this is intended to be

illustrative only. Accordingly}othe I nvention is not
limted to the specific enbodi nent descri bed bel ow,

but rather, the invention includes all alternatives,

nodi fications, and equivalents falling within the true
serofces depesit aonsisHpe Al sidcks ofi sedimenipyg ppdippewhich is the structure

d Lt tic sedinentary bodies typically
b(ggl&ﬁgoc\%m%{aﬁqéseﬂoglé\i of sedi nent-|aden water froma

confined channel, such as a river nouth or a
si0033r i neTleaimyentiveouethodi anbblesia miysics-beggidomymericah sasulation of

basi.n. The i nt where the,. sedinent-|laden flow enter
R R e e R U
2fhd RcRtpropdtitd. al Appliesisdh bl oS nRieANEhn' 5186 Ir¥d@Rduncertainties in
deposit sedinment as the flow decel erates. Thereafter,
arssariieir defsuyttaton sadi sharactegzatien by Waightthe tskratigraphic patterns,

deposi ted,sedi nment. hegins . to ohstruct. t 1.0 lel -
BB 87 RSB Bk SRR AR hBrg S I Ssociaca
t depbsitibfal frosdsSartl WY t@tbsporlind gbblegideqmsiols inl kties deep-water
results in a new path and inlet for the flow field to
afhvgpBm®eRiegi on beyond or adjacent to the ol d deposit.

The deposition process 25 then repeats, and a second

g@gﬁli N U SXShEME hRtHodSdiaskd bﬁ_tlﬁ’@ﬁh&éi&@da@@%@ fhfl@Mow and

such body nmay be actively built " within the system
atedaménit tanspOwte rltlslcapathe opsimubasiog VIO 1200688688 dong term evolution

PCT/ US2005/.029884 .-10, produces .a deposit consisting,.

G denasiiondly SoteomdpiagiE I SHRTE P, e Fbeisted Sedimentary
Sithudflrél ghd Rtk PYSHREAR! WRA hi@S§akall feSolufi@P #3threbh@mensions. The
i nventive method enabl es a physics-based nuneri cal

sinatlibdit depending omethe aivhodiraentameyeingplyei do efing a physics-based
t hree- di nensi.o di I ' i: .
L) TN Rty SECIRIARIY o RSP rad By, wpppgot n e
N@dep OshtEraghvirtbAmernitedlitls @ivien daitihleandt boamdary doadeioni(2) coupling the
interpretation and characterjzation by |jnking the

stivigtiiqyy apthsedipant Epnsport medg] withtas 3PPERRIIAte BI9ROR rand Leposition

SHULA0ETAPREIR) SRSAER USR5 byl 7 muipc s

cpopatipo rdenygyhegeo o ghec systanbyr (3)susdimg tah eappeeyriaia tthree-dimensional
envi.ronnent. 10 34] The i.nventiv. rre%h%d i S baseq1 .

oFf14IR& S Spgitgaqco eEAsign zﬁd&he‘r wlﬁﬂao sediment everywhere in the
system, as well as the changing bathymetry of the system; (4) asserting external
controls on the system by changing the boundary conditions dynamically. The
combination of these features leads to a method for constructing a geologic model that
specifies the grain-size distribution throughout a subsurface volume, guided by a
seismic image of the subsurface volume. This method, in its various embodiments, is

the subject of the present invention.

[0035] Figures 1, 2, and 3 depict the assumptions and parameters used in the
present invention. Figures 4 and 5 are flow chart diagrams of two embodiments of the

present invention. Table 1 provides a detailed list of the variables used in the present



sedi nent transport. It is capable of sinulating the
| arge scale and long termevol ution of depositional

WG Y®bemB$9 i ncl udi ng the devel opnment of the assPCT/a$mas/029884
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sedimentary structures and rogck properties, with high
spatial resolution in three-di nehsions. The nethod,
dependi ng on the enbodi nent, may involve (1) using a
physi cs-based 15 numnerical sinulation for the
calculatlon of fluid f] ow and sedi nent H, port

in
tTRgthod gt rRferancesiine dighEsse WhFR APRICHRIR | e digresqatg described in
%yg}gla([ P@é’i&lvtl ons; (2) coupling the fluid flow and

di ment transport model with an appropriate erosion
and deposition nodel to sinulate the erosion and

dépasli t i orFigire dedipaesnasplaf view of Puid fiiw 48 veitid flow boundaries 12

o0 aor 2 SR B0 AL i D TG ah el R iein of e x

I £40f- Qxets handefl % eMittednfebrh i ARP atdved Ditialy i8ekd p&diive x direction.
ever mhere in the system as well as the chan

bAt Fiprilct i Sofhet fles dpunddry heayin doiiet il 1Sxanst diell-width 8, and
g‘%ﬁé‘{iﬁl h e d)t E’ﬁé%@ﬁﬁé&i&ﬁhcﬂﬁ% Ridd§ ﬁogﬂﬂﬁ%%f the deposit 16

i ons nam ca |nat I'on
Hbﬁhad&%ﬂkehﬂﬁ to a nethod for constructing a geologic
nodel that specifies the grain-size distribution

t . a subsuyrface vol.ume, guided a 25, sei.sm

| RSH70F ke Bt 26 00t HpreSnardioi S ph view Figure 1
VAsAD % grpkRdi T‘ﬁ‘@tﬂﬁld krRidet ﬂﬁ@ Wlb%ﬁﬁda‘?lfes tlbearﬁf €5 & Figure 1 is
|nvent|on [0035] Figures 1, 2, and 3 depict the

atsmpmtsd ofisvaalaserpaF gt erlhlsugtesjthertwp heyerpefcffuidas a clear layer 20

SR seimeah PUCS P 25 S i bR R Gl EHER] BT oor 22

prlwsedﬁﬁera-lmhaa}ee Q8lik aiso @éfetrb@ to/ Béreimbdsate UGB watet h,@er The
present WD 2006/036389 PCT/ US2005/ 029884 -11 neth

vitlevation of therasiom beforeethe dgpasition Ripesss aﬁfplffi s eThq*pfeght of the
f { qﬁ% 91
F%egfdlﬁezlilﬁ%ﬁ vgaet?rclﬁ{é&ealg gﬂ&vllgi\r/sve%f ef;lre tlof k?l?ellge‘%mglﬁQ§@e]n water
fllasaew 80wyl &uinydﬁséleon hieattidid as ilhsetted byfheight RBilatatddoay aldifferent
tere r convenlenc at the origin of the x
gt HEKISIN T Led fromthe inlet noves
|n|t|aIIy in the positive x direction. At the inlet

Ifp038jhe fﬂ?lgﬂ\fe@ié%aé'lé’vaﬁéﬁ v béyrésbé‘ﬁdn‘{\% ) the plar2 0 waof Figure 1
hal f-wi dth™8, and expands in ive X

cilowgthe araxisdften ddlecmtmnelas oscuaredo lA’tSI in feguse 24 the flaepBew dn Figure

1?1s d\':plcrpetij as gemg coxfnlprlsed of clear layer 20 above a sediment-laden layer 28. |
The elevation of the bottom after deposition is 30. This elevation consists of the
elevation of the original bottom 24 together with the thickness of the newly deposited

sediment layer 36.

[0039] Figure 4 depicts a flow-chart diagram of one embodiment of the present
invention and Figure S depicts a flow-chart diagram of a second embodiment of the

present invention.



[00371 Figure 2 depicts an elevation view
corresponding to plan view Figure 1 10 along the

wo@xi3sdThe fluid inside the fl ow boundari es BCOT/ESIDOLERISS4
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of Figure 1 is conprised of tw layers. Figure 2
illustrates the two | ayers of-Huid as a clear | ayer

20 above a sedinent-laden |ayer 28 and bounded by the

sea surface 21 and sea floor 22. The sedi nent-I| aden

| ayer 28 is also referred to herein as the turbid
\&ﬁéﬂi&ﬁ@ﬁﬁk&ﬁﬂﬁi§elevation of the bottom before the
deposition process occurs is 24. The height of the 15

S nt - '

mﬂégﬁe ﬂnq Eholal &l Alﬁf(&gat?ctalé aﬁaniltﬁ?/ﬂ $0v%§1 thé Bow of the fluid

hel e sedi nent en wa may vary
temsletbie tmnslpoaatf tha sedaments bresdepét-axeriged g titpederit dloat eghations

T I O e

CRYabRROORMANG 1997)! hr aRd VPLLNErOf1958 1 %@ Eradﬁir@%dt lK&topodes
X-axis after dep03|t|on has occurred. in Figure 2,

t (18994, i dHf)WQWﬁrL mheFtnggmters Imye3nade sope @d@aoeés amkichanges to the
lrlalggelj I\%&l ts %Pé(gal S*ml%l%l? tl}%gére 9 ?lﬁnt\lateugtgs tré{iturers] of the

id?epBQtloﬂ'dllpSo&lsﬁ\Sﬁ&h anavaleien sid cleihntli@tios)] Bwaéll afntoobetter match
the orl i nal botton124 toget her with t he t hi ckness of

et resylts. s Ehg mathematigad mosis! ugedan de ipyeptive method
‘@‘&%gé&hé d@taﬁé@) Pg@gﬁ§z}1 gglﬁggxgﬂtﬁi @Qﬁ%&g@@ﬁ%@t}%d Biow.
fl owchart diagramof a second enbodlnent of the
e s dhomemtnantSedimentF nd3bada1CE BaladRe tions
-12 NDDEL EQUATIONS [0040] In the nodel, the

atlo t hat ove n the flow of the

% P Roh 8% g BhiRkeshShe X EomOeheRL BahbimirL RY 2

depth aver aged ti me-dependent flow equations based on
t he prgl\/lhougu%qpr[@quhParh(er epcal,. (1986, Bradfxny

(1996 srajf%— pakig eta, RgC 11992?gC an
and Pa lor (9098) dnhd Btdeoegrdnd Kat offdes E;ﬂk (1]

(1999a.h). er; 1pe g t have nmade sone
addItIO?§ %;%Wﬁ anées ?%’?%ﬁﬁ %%’el whi ch enabl e the

nunerlcal simulation to better capture various
&orPfor tbal AP BB iHE YA Hérﬁqﬁfiﬁ t#GH as
avu S 0ar%l chédnnePl zation, P %ns to better
mat ch flune tank experi nent results. The mat hemati ca

nmodel aﬁeﬁ 6nzthe duthentijve mgichod
=—la Rg—h" -a, RgC%h Rg Canh
ot Ox oy 2 oy oy oy [2]

2 2
—cyJu; tuu, +7v,~ud, sgn(d, —¢,)

An equation for the conservation of the turbid water layer:

oh  ouh Ouyh
e

— =¢,-0,+7T, [3]
ot Ox oy

An equation for the conservation of the sediments with multiple grain-sizes in the

flow is:



10 and specific details for nunerical solution of its
equations are described below. (1) Mnentum Sedi nent,

wa-baob/d363snd Tur bul ent Ener gy Bal ance equat i onSPCHIIS2005/029884
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equation for the balance of thg x conponent nonmentum

is: auxh auxh au,,u,h 1 aC 2 aPan + + = a, Rgh- -

abRgC-h -RgCG-h at ax ay 2 ax ax ax [1] - Cd ux + uY ux

+ rx - udaw sgn(8,N - Ew ) The equation for the

bal ance of the y conponent m)mantum is: auyh auxuyh

auyh 10kC 2 0hinCa~ Ohu ¢, =- - a - a, Rgﬁl{} Rg1 h 15 at ax [4]
ay 2 aypay aygd 2] 59 uxE

-S,,,) An equation for the conservatlon of the t ur bi d

wat er | ayer: ah+auxh+auyh =Ew 8W+rw [3] at ax ay An
el§04it]i on @ptiortatig, almmsléitivbaﬁli equatbn tdesacrﬁléemg Iﬁlmlbslam'd bf turbulent

ltiple ra SIZ flowis:

BRIc0s0C &1 Slsgb e orie %ﬁ@m??ﬁhor@ sipglfygEain-size
aforri‘iul@ﬁoﬂ' ofParkés (198@3tias bHeéfbxtbdedito altw-dimensiBndl Multiple grain-
[0041] Optionally, an additional equation describing
tShE forrh ahlweemodified foroivdation fii Keisi ¢ ener gy can be
i ncluded. Here the original one-dinensional single
grain-size formulation of Parker (1986) has been
e nded to 3 -dlrren3|oneruIt| e grain- 5 sizg
f%M uf a’fmluam i orulq 4, 5+ BIKH aly, }R@hzvs, ;

Khotl ( AxK K3io2 gh Ev

[5]
_ EangCh,lux +ule, - —z—angh; v, (E, -1rC)+7, — K5, sgn(s, —¢,)
[0042] In the above equations, u, and u, are the x- and y - components of the

depth-averaged flow velocity respectively, 4 is the depth of the turbid flow, 7 is the

bottom elevation, C; is the volumetric concentration of the sediments in the i th
n

grain-size bin andC = ZC,. is the total sediment concentration. In equations [1] and
i=1

[2], g is the gravitational constant, and R is the submerged specific weight for the

px pW
Py

sediments where R = and p, and p, are the sediment and water density,

respectively. In equation [5], w.is the shear velocity, where u? =, K , and a, is a

model parameter related to the turbulence. The remaining terms in equations [1] - [4]
and [5] may be further described below, but are identified briefly here. In equations

[1]-[2], @, is the stratification parameter which characterizes the vertical variation of
sediment concentration within the flow. In equation [5], B, is another parameter of
the turbulence. In equations [1]-[2], ¢, is the friction coefficient producing a
velocity-dependent drag on the flow. In equation [3], ¢, is the entrainment function
and &, is the detrainment function. The entrainment function characterizes the rate at

which stationary clear water above is entrained into the moving turbid water below,

becoming part of the flow. The detrainment function characterizes the reduction of



at +ax +y =u uX+uy +2 " U +Uy E -18 ~3 r=~
[5] -2asRgCh uX+uyc-2a5Rghvsl (E; -r0C, ) +zK- K8 sgn(c

WO 205/033812] I n the above equations, uX and uyP@EF/ES20h&029884
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X - and y - conponents of the depth averaged fl ow
velocity respectively, his thit depth of the turbid
flow, 77 is the bottomelevation, C is the

vol unetric concentration of the sedinments in the i th
n 10 grain-size bin a is the total sedi ment

chadias haighbdue o the a%tlngmé t{w feqlmsﬂfdfm{nz}he t9p; wogtpart of the
SRS T2, 8Ll LIS EEIRIEp 95 e pion v
?(Eet: Bg g?r?ﬁﬂ}cf Wﬁatﬁgteéﬂggﬂcf‘e?ge ngﬁnrtatea&derm&ﬁ Qeﬁﬂﬁ&{dn the"Mh grain-

V&1eobintfyyom \t\ﬂitﬁbﬁtdm irto akKfloanahdalie irste af dﬁp(d;etllorpaﬁ‘ t&ﬂﬁhﬁft in the
related to the Ebule ce. The remai ni n?yter
u

tfbﬁrftlﬁﬁéze 41} to_the hpttors srogy thetiow, gespegiiye rlpﬁa@patlons [1], [2], and
d]%zc ' p eq' bzelagiﬁlzﬁgbﬂé oﬁﬁ&lal qams'de'scﬁ'?qﬁ% 'tlf‘ef rynsg&rt Gue t@ turbulent

i dhs”[ 1] I'S the st at’i on

Mfmho@hahaep@dndwemtdgﬁ(yewltwtcalshu\annmmmoﬁi [1], [2] [ ] and [5]
sedi pent concentration within the flow In equation

[isdefipeshesisgni@nsilHer a st aeestd) 51V fof A& G ur bul ence. In

equations [1]-[2], cd is the friction coefficient

pyQ d ndent drag on the flow. In
2 A ific b Eodrlic BDE rai nment function 20 and SW

is the detra| nment functi on The entra| nment functl on

cter zes the rate at chsa
i 78 SRR B IYEB Ao ta Mg et B8 o cYigus pavations

bs }Q&i‘ker ét%t QIHE), B?J&foﬂaf(tpb@ BH O WhediBEe BIsdfoA anang 997 Imran

function characteri zes the reducti on of WO 2006/ 036
ROT Dee05(10998avd Batiferde and olkatopodsst (tRNaby b)hemtroducmg a

tt f the sedinment f t he t t
TR tareﬁft%‘?ehfﬂ‘i”teomro%%@ﬁ choiat Evﬁtm? ot glfand (21,

r03| and deposi tion
cReRt o PHG O MR F R et PERRIP GO hERBT DR Tows, not
t distgibaied - ulﬁfoilﬁlyb kitofiglonhd RdclaRtd oMthdtflow he thé cwrlaaa dwork had
the rate of deposition of sedinent in the 5 i

th
gisaiRedsi AsSUiAg e Strahicasion ParANeteiafusdess ap 1 accounts for the fact
rt‘ﬁﬁtotﬁg Eén\fgtj n}tésg o?ﬂllé%o'vspﬁ%eﬁ%rlﬂl bdbw Halihe fxe‘%ht ozf)dne fldw.

are option erme descri I ng-t
t r ansport due to tur buI ent
[0044] When the stratification effect has been taken into account by using a value

of ¢, <1, the component of the gravitational force associated with the gradients of

both flow height and sediment concentration are reduced. As a result, the component
of the gravitational force associated with the gradient of the bottom elevation becomes
more significant. Therefore, the stratified flow will have stronger interactions with
the underlying topography and bathymetry. The inventors discovered that without
using this correction, it becomes difficult to accurately model flow avulsion and the
model becomes more susceptible to numerical instabilities. When the effect of
stratification has been taken into account, the model results match more closely the

results from flume experiments.



di ffusion. The optional termsgn( ), which is shown in
equations [1], [2], [3], and [5] is defined as sgn(a)

we260838AR > 0 and sgn(a) = 0 for a < 0. (2) TPET/US2005/029884
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stratification coefficient a5 10 [0043] In one

enbodi ment, the inventive methbYd nodifies the previ ous
equations of Parker et al. (1986), Bradford (1996,

Ph.D. thesis), Bradford et al. (1997), Inran and

Par ker (1998) and Bradford and Kat opodes (1999a, b) by

i [904%duci Rep erluestof 4,ite be asadon spvamlatrmswn ke determingd in 2 number
noment um conservati on equati ons of and [2]. 15
SfdvansntAn appreximgtepaleppd aasn Be selac eEYPiCﬁHY RE.| A%émately, the
portion of turbidity flows, not distributed uniformn

t YAlesu gh a, l5en R adivséss b fthe peert susty tagt th«feo‘@a% I itlow g v@edlment
had assuned. rlcP 1g a stratifi Rarameter

VEANSBOT QYO Mo anioeledy OYaHT peiment Hapox D (or erosion)
CoAeRls tRbt rﬂ?céﬁtl@favﬁlﬁ‘ﬁ)lé é:ﬁ)‘ehhﬁnﬁﬁ&eﬁéh WxtalRgdsow hal f the

hei ght of the flow VWhen the stratification

ef fect has been taken |nto account by using a val ue

2[0046] as While at ¢trestaonhpalnenf oginayhie ysedvintthe inpovzl, ¢, capealso be

associated with the gradients of both flow height and
s@adm@rﬂepmem@raﬂ%nararr@tqrsewb@a thedgea) Freugginumbep d'r , as, for

conponent of the Vi ona socCi t ed
t%@n@#ead? 95§ 0§ VAN of th bet s Froude Rew fg ‘bw F is
gnlflcant Therefe;e the stratlfledflowvmll have

£ sngdhe pmeewa@@ioensfom twhenh& uhddpathiof ghess padiea say be user
and bat hynetry ventors i scovered, that w thout

z@pwfsw@n%tﬁqssané&flv 3&@ tedjtp make dhesimylation qoriespqgd to observed

agRMFiBkahY nfRAELystdrdW avul sion and the nodel becomes
nore suscepti bl e to nunerical instabilities. Wen the

effect of stratification has been taken into account,

t 064Tiode| Anatberd methodita tetemrine vhlosefoy o, hie basedsanl & moflifwation of
flume experl ments. WO 2006/ 036389 PCT/ US2005/ 029884

-the ‘Ttaph®] orhelapa |a§esn1@tf0na§>rttbe bertipgk gediment pencgnirgipg profile

AT 5T O TR P A AT,

Alotieirad ¢ prthatt’be“slaftﬁ’l aseurapticaSvasanede adj usted by the
user such that the overall flow and sedi nent
transport properties an the| r associ ated overall

sedi e epo bl |—dh§ 5 patterns best
mat ch ?‘t{gsja\?aﬁ)a ’gnézx erj peptal or field data sets. L6]

In above equation, ¢, (77), ¢.(7) and ¢,(n) are the vertical profiles for the flow

velocity, sediment concentration and turbulent kinetic energy. In the same equation,

n= % is the rescaled (by flow depth /) dimensionless z-coordinate. Different from
Parker’s original model, we use:

1 for0<n<l1

gu(n)=gk(n)={ 0 forn >1

1) = fc(p) forO0<n <1
cciil = 0 forn >1



[0046] Wile a constant value of aS may be used in the

nodel , aS can al so be nade to depend on other flow
w@20a08B387 s such as the | ocal Froude nunber, FrPCT/ES2005/029884

for exanple, to use one value of a, (') for a s when

the Froude nunber of the flowB-is < 1 and the other

value a,(2) for a s when F, > 1. Both of these val ues

can be user 10 input paraneters and can be adjusted to

make the sinulation correspond to observed data from

t wkerp af -0 b serpe nemalizeblagtionwsighed fraetiidhatragaresmaiyre of the

val ues for aS.is based on a nodification of the

"segipugns stratificatian. Jihe ngualliEationmEs: f or the verti cal

sedi ment concentration profile [Turner (1973) and

Pantina(1979)]. In Parker's original derivation

[ Par ke{f (y¥86F ! the 15 followi ng "top-hat" or "slab"  [8]

assurrptlon was used. 1 forO_r7< 1 Su (77) = S~ (77) =

SK ( lfl 0 for 77 >l In above equation, g,, (17)

nge w(rtlva)l rratileskvg propogadeint eguaiens [Haandprar¢ eangiggent with the
5 :un%tr'cilr\é\frsi. ts\églbp{gt?lt ydr na(i“dgﬁ z%tlo%;)nfé ﬁ{ségﬁg‘}eé‘xgﬂ%ﬁmgﬁt}onsqas:sl}?wn in

l@uhh@sr[epwthdhe&ycdnbmmapx h h) di nensionl ess

z-coordinate. Different from 20 Parker' s ori gi nal

nodel , vve use: 11 forO r7_1 Su Q7) = SK (77) = 0 for

77 > 1 1fc(r7) for0O i51 Sc(rl) 0 fora>1 WO

2006/ 0 PCT/ US2005/ 029884 - 16 where fc (77) is

some nqosmalized bottom wei ghted function that captures

nat ur e |@fst/lhe=1 sedi nent stratification. The

normal i zation is, ff~ (77)d 77 = 1. [8] The vertical

profil @g\g@npﬂoposed in equations [7] and [8] are

consistent with the 5 constraints set by the original

derlvatﬂgqyno_ilthe governi ng equations as shown in

10 In this method, a, can then be calculated as,
a, =2 j:fc (6)sds - [9]

For non-stratified flow, o, =1.

15 [0048] The choice of f.(¢)includes, but is not limited to, the following two

examples:

@ fe(@)=(+DA-¢) [10]

-¢o/
e§o§

- (1]

b c
(b) fc(5) .

20



equations [1] to [4]. These constrains are, ~Sudg=1
SucKdll =1 fccced =1 f 91"d77 =1 10 In this nethod,

w@s0o6/ass3ghen be calculated as, as = 2 f f (S) SI/USD)P5/029884
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For non-stratified flow, as =1. 15 [00481 The choice

of fc (S) includes, but is notlfinited to, the

follow ng two exanples (a) .fc (S (Y +1)(1- 9T

[10] e-sis (b) fc(S)= So(l-e "S) [11] 20 WO

2006/ 036389 PCT/ US2005/ 029884 - 17 where in above

eyt iiorbpvd equntipng rwtiSy aad &, msdabdg) gpasaraeterssthat ean beunsed to

be used to adjust the degree of stratification.

vitdjust tthe degaomo @traﬂﬁcam;edéwﬂl brghoviebelosy heyyever, that nelther the
eci i c_choi.ce 0

fﬁ%i ggfé‘glféorat )Z erg)r (tlr%g %eé;n?(i ﬁt qge P 2 g}rﬂqgé Are, ut}llzed m tfe final
Stlo%lo?to{lro ﬁm@a?%h?ﬂod-gﬁeaf V\%\PA’ ll @éﬂ\%ﬂ??ﬁ%&l} %ﬁ? % S n%ﬁe paq‘ameter a,

%ﬁ@ﬁt&é erflgt‘ertnq "the %)é?r‘ﬁ@t? It r.28 .rcﬂ%élﬁé %B SlpHgt% udd of a,

egrees o Icatlon e can

r%gﬁbg Ife&)ofE%aﬂéaaaﬁ%ffeag egﬂfs@ﬁladakd RI': 10 [0049]

nce bet ween one preferred enbodi nent of the
i nventive nmethod and Parker's original formnulation
ljes.in the treatnent of .the parameter NK in equation
[ b S uglkihas been related to a
characteristic friction coefficient cd based on the
assunption that at steady state, the friction
cl0e49]i ci entdiffetenc hdtecaioome prefme«,‘vmpéinmd Oﬁshe iavwilvg enethod

e to, cd, . our nodel . howeve
ﬁlléaflarker’s orlgmall rtlormu atlonqles in the treatment of t(iile parameter f mn equatron

[5]. In Parker (1985), S, has been related to a characteristic friction coefficient c,
based on the assumption that at steady state, the friction coefficient ¢, is the same
everywhere and has a value equal to c,. In our model however, we do not make the

same assumption and consequently, S, is specified directly and is treated as a model
parameter. The range of S, is generally between 0.0001 and 1 or even 0.005 and 0.5,

with a typical value being 0.05.

[0050] The turbulence parameter a, is supplied by the user. The range of a,is

generally between 0.001 and 1 or 0.0001 and 1, with a typical value being 0.01.

(4) The friction coefficient cq.

[0051] The friction coefficient ¢, can be treated as a model input parameter. The
most common range of ¢, in both experimental and field observations is from 0.001

to 0.1 or 0.002 to 0.05, with field experiments using lower values, typically 0.004, and
lab experiments using higher values, typically 0.02. The friction coefficient can also

be allowed to vary spatially, where the function c¢,(x,y,z) may be defined by the user

or may be linked to local flow properties and the associated turbulence. For example,



15 sane assunption and consequently, /'"Kis specified
directly and is treated as a nodel paraneter. The

w0 206036389 88K is generally between 0.0001 and BCODUS®OZ029884
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15

0.005 and 0.5, wth a typical_ value being 0.05.

[ 0050] The turbul ence paranetepgaK I's supplied by the

user. The range of aKis generally between 0.001 and

1 or 0.0001 and 1, with a typical value being 0.01. 20

(4) The friction coefficient cd. [0051] The friction
caempy dicedafingd as anfupstien efiesal Reyroldpavmbenypadiernatively, Parker
paranmeter. The nost common range of cd in both o
e&a&@. relaied gp do thedpen! spRdentdunasissnpEgy ik ard Hoporelocity via,
0.1 or 0.002 to 0.05, with field experinents using

| ower values, typically 0.004, and |ab experinents

usi ng hi gher vglues, typically 0.02. The friction
coefflglgat so 25 be allowed to vary spatially, [12]

where the fyfétidn cd (x, y, z) may be defined by the

user or may be Iinked to iocal flow properties and

t he associ ated turbul ence. For exanple, W 2006/ 036389
P»@HérU%?QQ%ﬁeOﬁ%ﬁém patdn&er ARYusHER ?&ﬁzidﬂl@l@ af ardémushsepmls last

l ocal Reynolds number. Alternatively, Parker
(r:b%ﬁiusﬂimsthe etcatied tcahspoot, tahd dlssthom of urbelett kinetat emergy must
energg %1 f|OM/Ve|OClty cd =aK K [12] FU2 +U
whfdnedel ?ﬁ@ SRR (3 raneter di scussed

preV|oust In order to use this last 5 relationshinp,

t{dd ciBHRAINE ARG QEEFAINMORNY di ssi pati on of turbul ent

ki neti c energy nust be nodel ed explicitly, as in

elg§0az]i on Tl ent(a‘&)m&mtfumtmueduscrmed the en@mainimgnaf <[16505\2§ter by the

The entr nent ncti on des the ai ni

R il e O e pny S rD Rrest e i@t function.

nﬂﬂyoﬂﬂhfsﬁﬁfaﬁ B ub QT MERhRImJdRE TRRhRARARAL fuhkit hsed by Phfker et al.
of themcan be used in this nodel. The entrai hnent

f@ﬁ&@ﬁ@n used by Parker et al. (1986) is _ 0.00153

[13] 0.0204 + R ' where R is the Ri chardson nunber

and equals to the inverse of the square root of the
0.00153

g, =———,
0.0204+ R,

[13]

where R, is the Richardson number and equals to the inverse of the square root of the

well known Froude number F,, namely
R =—, [14]
and
ul +u’
F =,—2. [15]
RghC

The same entrainment function has also been used in the current model.



wel | known Froude nunber F, , nanmely 15 R, 2 [14] and
| uz 2 [15] F RghC The sane entrai nment function has

wabk®eokbsgn used in the current nodel. WO 2006/ BCEBRD05/029884

10

20

PCT/ US2005/ 029884 -19 [0053] posite to the
entrainment of the clear waterl®imto the turbi dity
flow, settling of the sedinent fromthe topnost part
of the flow detrains clear water from the turbi dity
current and return it back to the surround

053 onneppposite do s erpINmERt ofethesl %\mte@\ggo ithe yrbidity flow,
P%?rﬁﬂﬁ A5 6 Iﬂ@’se—drf?l%n@ ffl%n?¥he% rél()gt%%) of thB§10W L&tk Cfﬁ ear water from

ation Is or a single grain-size an
tthe turhtdaatyafundett amdl retvemiit hasktth ehegmmamnémgtdnmgnmeitowhet yoncept

rrrulatlo based the,. .
G TentAR st PRBea 1S iolp of ol 2BH2L ThERBE AL Ry frion i
nRke stngréﬁg@mliecﬁﬂl r@latéa the/fd 6 Qdirafrithdr@ S TheCathinlseMBng velocity
sediments of nmultiple grain-sizes, where we propose
80, == .vB{eDormufatié) wel@ilaad iDbased ontee efigmal idgas of Toniolo et al.
grain-size that characterizes the overall settling
| wiltle eRtgpgonsy tormake themoaniplicable te Wbty caenia|catryingesegiments of
D coul imumgrain-size to the
grél%l:frlgté %q%m?rsenzgg ‘L}Eegwegﬁoe gf t he sedi nent present in
the flow An exarrple of the choices for D is D =
D10 [17] &% ere D10 is the dianeter of the 10th
per centy Fds the distribution. (6) Deposition rate
and settling velocity The deposition rate is typically
R B B e RSPl Bt B e of e
r : e )
AERLE SERE TRY pEwRCRHRER] 16 IRERRES 5 1R hRnEbp-size o
ahe gb@nmeteid inman tesain3izg fodithe- seidingenib ipresent in the flow. An example of the

[16]

choices for D" is

D' =D, [17]

where D), is the diameter of the 10th percentile in the distribution.

(6) Deposition rate and settling velocity

The deposition rate is typically the deposition rate of sediment in still water.

D, =1rCy [18]

ivsi

where r, is a model coefficient that relates the bulk sediment concentration to the near

bed concentration, and v, is the settling velocity of the sediments in grain-size bin i.

[0054] The settling velocity v, (D) for a sediment grain with diameter D can be

specified in a number of different ways. Four methods are described below as

examples.



[0054] The settling velocity vs (D) for a sedi nent
grain wwth dianeter D can be specified in a nunber of

wal2dobesast ways. Four nethods are descri bed bebP@mUse05/029884
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15

20

25

exanpl es. WD 2006/ 036389 PCT/ US2005/ 029884 -20 [ 0055]
The first nethod is to usethez(bietrlchssettllng
velocity curve [Dietrich (1982)] for vs (D) . In
addition to the grain-dianeter D, Dietrich has al so
provided corrections of vS ( zﬁ for the geonetric an

nt@P&%i aI ’Br‘foﬁ@f piethodds tQ Hee e dPigtrich @quttggg vglﬁ@%gwgt[metrlch

R8Py P IPRRLEGooR b B pARRRRERAT Rl Wi A phoviaed
palrn(% ‘%ﬂs&l Sﬁ&m gb%nie@rtlcte Eu?ci: Haﬁe'?i‘?il gﬂ)gglgleg B8 the gram such as

uspens roxi nma

TRE agfedl &ﬁetofltﬁb %&%t tHeah L mhgﬁﬁesg bf‘ bhe &zgéﬁﬁraﬁﬁttﬁe RARES of the

t he concentratiohs are typl cal

sgamn dAHMdghd)uemchcs igkagionshie assam@e noflnmsacgm)s ameig theqrarticles
ichs velocity curve v Detrlch )

o0 AP & PoriobeRE R RteE R Forhb oS op ghgfar rbicity

1Quriei® Widre e cORéRtrh@onsiafe Bpeally Iew.t ake floccul ation

into account. One of the sinplest nmethod to take the

effect of flocculation into account is to nodify the

%‘ﬂ?%&]' ng gl bﬁd’ meitod R loo¥Re e Vaiub Jrs! (Dfmosﬂl}fl oP Dietrich’s

oc n [19] s (D) - vs [Dietrich] (Dffo

: Dideri ff
Ds%ft 1?9?%1‘8 R; 1:19’95 E\)/S[‘té {? _Pﬁ{: Bé%f gxl'r@é{lt%hggp ?{g szegﬁlaévelomtles of
Qh@tffﬂeg:thmﬁteﬁglt I brdgr YELRE A RGNS RS dcbGinPaEne o?ﬂfe' simplest

apply corrections to take the effect of the hindered
sietthbd mgtakethe cdfecoefiflacculbfiondimteaccoanttis kgpodidy thessetiting velocity
hi 3]1 sedi nent concentrati ons where interactions anong
Bg‘i’ﬁ‘?ﬂ%d particles produce settling velocities
signifi cantly d| fferent fromthose of free-settling
particles. [g g@st of the sedinmentary rocks are
bel i evez ho be} T dePpiRedhy flows with relatively
| ow cobr Qt‘rq}[@@ﬂ@ pheyg phepfall of the sedinments
fromthe flow'to t% etinder Tyiig bed can be relatively
cl osely approxi mated by free settling particles, an
| DR T NG R e EYhERPSAhEaGHHBAWe:. that there are
many edi nrentary rocks deposited by high

concentration flows in which the fall of the
[0057] The third method is to use Dietrich’s settling velocity curve as the base,

[19]

and apply corrections to take the effect of the hindered settling into account.
Hindered settling occurs at high sediment concentrations where interactions among
suspended particles produce settling velocities significantly different from those of
free-settling particles. While most of the sedimentary rocks are believed to be
deposited by flows with relatively low concentrations where the fall of the sediments
from the flow to the underlying bed can be relatively closely approximated by free
settling particles, an increasing body of evidence has shown that there are many
sedimentary rocks deposited by high concentration flows in which the fall of the
particles from the flow can only be described accurately by including the effect of the
hindered settling. In one embodiment, the effect of the hindered settling can be taken
into account by applying a hindering function, which corrects the particle settling

velocity from that of the free settling fall velocity,



particles fromthe flow can only be descri bed
accurately by including the effect of the 25 hindered

waatobhsaige | n one enbodi nent, the effect of theCT/US2005/029884
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hi ndered settling can be taken _into account by

appl yi ng a hindering functiom2Mhich corrects the
particle settling velocity fromthat of the free
settling fall velocity, V\D 2006/ 036389

PCT/ US2005/ 029884 -21 Vs = Vs [Dietrich]Wind [20] '
100581v,Gne”&X4mp), e of such a hinder | ng function is the [20]
pol ydi sperse hi ndering functl on of Patwardhan and

Ti en (1985). The hi nderi n% functi on of Patwardhan and

Ti08581( 1988 pxanpple o sush & rigg Awiesion i ther pelygisperse hindering
t e t

AP AFHIARE AL 190 1988) Mok Rl a0 B fan and
dlian r{1$95) @s bagedt air & oas-divaérsicnal lﬁul}kmmder&rHedmhermnonlmodel In

R Bibeio dhe COMEBAE S Brite o b 4 1Be shgtingnof the grdin-size
Wl xnire Q5 WRfl a3 Ba R aMtioh SB ﬁodlflypsl%‘rteél @h@enﬁb&dﬁﬁ R4 phi unit)

is negligible at 5% and hi gher dependi ng on
slundarmg ma)[ om]at trmemratdmmlmgerf thae 01530 \Muweéll &ﬂrted suSpenswns

ﬁ)z 0 ‘“Cte(‘fg 6%31 BRI &sof ang ﬁlg.%%roclfge%déﬁ%wéﬁ soffing.

i's the total porosity in the flow, Dmis the geonetric
NPBS9IITr ai The KihdRingHaRRdASK | 6f BdtRaddh&andTieh $1983¢ i,
grai n-size of the sedi rrentary particles in the i th
bin, and Oi is a function of the particle Reynolds
nunber Rpi 0Oi = 4.35Rpi-0.03 0.2 < Rpi <1([22] O0i =
4.45Rpi-.1 1< Rpi < 500 15 The Particle Reynol ds
nunber Rpi for the grains in the|i th size binis

defi ned as Rp{ = (RgA) /2 D [28] V

Wiig = @ D 11— @) 13
{” o _}J

D,

i

In above equation, ® is the total porosity in the flow, D,, is the geometric mean grain-
size suspended in the flow, D, is the grain-size of the sedimentary particles in the i th

bin, and 6, is a function of the particle Reynolds number R,

6, =435R,™"  02<R, <l

[22]
6,=445R,™  1<R, <500

The particle Reynolds number R, for the grains in the i th size bin is defined as

_(RgD)"’ D,

pi

R
v

where v is the kinematic viscosity of the water.



where v is the kinematic viscosity of the water. WO
2006/ 036389 PCT/ US2005/ 029884 -22- (7) Erosion rate.

wQ 20603638 anpl es of the erosion functions thatPCEUSI085/029884
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used in this nodel are given here. The npbst commonly
used erosion function is the G tia-Parker erosion
function [Garcia and Parker, 1991]. In this function,
the rate of entrainnent of 5 sedinment of grain-size
bini intothe flowfromthe bed is s E. = ab5Z vs;G
[OA] Eresionrates em where Z. is a function defined as
0.2 zZ, =Aa f (Rp;) D [25] wvs; D50 in which 1Rp;

Sl P s pgon] ]t B 9EBR d v
elirat | The [radk} , coBimordy t bsed vaybsiom t funatiogpersc 8ret &geciaPatkier erosion

sedi men of I N-Si in i in . the syrface |ayer,.

B G afl Ttk {8l yinnundoraithe 366 oE¥ianpent of
1Qd#ner® B bid-fige BRX1 A oMerr&th thdedds mensi onl ess

erosion rate E and it sets vsl G the upper limt of

the erosion function. In equation [25], D50 is the

di aneter of the sedinent grain in the 50th percentile

in the di_staijutiog. In equation [27], a is the 24

st andaﬁd_devbatwﬂ iof the grain-size distribution in [24]
the | ogarilt‘ﬂrgﬁgi "phi" units faniliar

where Z, is a function defined as

02
2, =22k, )(Tf—J [25]
in which
f(Rpi)z{Rp,.“ iR, >236 26]
0.586R, ~ if R, <2.36
and
A=1-0.2880. [27]
[0061] In equation [24], G, is the volumetric percentage of the sediments of

grain-size bin { in the surface layer, a, is a constant and typically has a value of

1.3x107, e, is the maximum value of the dimensionless erosion rate —— and it sets
v

the upper limit of the erosion function. In equation [25], Dy, is the diameter of the
sediment grain in the 50t percentile in the distribution. In equation [27], o is the
standard deviation of the grain-size distribution in the logarithmic “phi” units familiar

to geologists.



to geol ogi sts. WO 2006/ 036389 PCT/ US2005/ 029884 -23
[00621 An immedi ate variation of the erosion function

WO 2006036384 cul ate Z, as Zi =A u, f (Rpi) [28] RG&I/US2005/029884
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rather than using the function _shown in equation [25]

and to set A =1 instead of usi%b' equation [27]. This
sinplified erosion function is found to fit sonme of

flume 5 experinents better than the first erosion
function. [0063& A third exanpl e of an erosion

f[0A62li on Amimmediatedapatiiseldhe sropiogfinciionysieecatawdnte Z; as
Fukushima (1985). In this erosion function, the rate

of entrainnment of sedinent of grain-size bini into

the flowisy 0.3vsi G , Z > 2Z E =3 x 10-" Z' (1-

Zc Ys€GFAZ /&,)zi < 7. [29] 0, Zi < ZC 10 where z, [28]
= 5 and Z ' 13.2. This erosion function was used in

the study of Parker et al. (1986). (8) Turbul ent

dafife&aQ 'ﬁsing ithe flincfidnPshowh 30 €4latibi§2410niQ¥s&9s Lar iwBtedd 6f using
added to the right side of equations [1], [2] and [4]
rempeat [27¢! Vhis osimptiéed tdresieprieactiong ieffbest teafis edmbyof flume
turbul ent diffusi n.BJurbuI t .15 diffusion is the
(PREMTGR BERST PALRE HY ErSIonHRKIB g momrent um by

turbul ent eddies. These three terns are defined as . .
f9PPBws: 2 atfird THEmRlS B Fa5 cxasion finstipR bt dicotses is from

t%ﬂ@i A& QHBP P irﬁ% (m@ﬁ.nidjmis &obi¥n fldtioR) the@ale\df Afrdinment of
h) ax ax ay Ay (b)y. The termfor the turbul ent

cieflinmit ofigmin-sibebm-iciotptbadlow isf monent um WO

2006/ 036389 PCT/ US2005/029884 -24 a V1 a(uyh) + a v

a(uyh) 30
(uyh) 03v,G,, Z,>Z,

E = 3x10']2Z’°(1—Z”)v G, Z <Z<2Z [29]

i Z sii% c i m

0, Z < Z,

where Z, =5 and Z, =13.2. This erosion function was used in the study of Parker

et al. (1986).

(8) Turbulent diffusion, T,, Ty, Tci.

[0064] The following terms are added to the right side of equations [1], [2] and [4]
respectively to model the spreading effect caused by turbulent diffusion. Turbulent
diffusion is the time averaged transport of mass and momentum by turbulent eddies.

These three terms are defined as follows:

(a). The term for the turbulent diffusion of the x-component of momentum

. = 3 [V! a(uxh)} L0 |:V1 6(uxh)} [30a]
ox ox oy oy '

(b).  The term for the turbulent diffusion of the y-component of momentum
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[3la] ax[ ax J ay ~y (d). The_ termfor the turbul ent
di ffusion of the water 1 W= a‘zﬂah]+ a[ V ah [31b] ax
[ * ax ay ~ ay (e). The termfor the turbul ent

di ffusion of the turbulent kinetic energy 10 a TK = a
v akh + v, a yh [32] ax ax I n_the above terns, the
turbul ent a f folejhdn doef fd(ejrent v, can be related to 30b
the vow ™ Kar'fran, co 5'@ ‘Rey hear vel ocity u. of the [300]
flow, an enpirical-correctiron“factor, A, 15 which

ranges from10 to 100, and is typically 30, and the

flow depth h by the follow ng equation, v, = A6 u,h

. [33] Wiile the above three terns are not new for

Sleal | clhenarmr foe qaraturwient diffugobodithesedimeht ¢dnsentration for each
i nventi ve msthod is the first time that they have been
HBITr4E B18 2t ur bi dity 20 currents in association of the

set of the governing equations as shown in equations

[1- 4] 7036389 Pg‘(ﬁ 005/ 029884 -25
NUNERICAE—S%QB%—%T ﬁ EﬁL EQUATI ONS (1) [31a]
Griddi ng [56 5190l s8Y e tHe quati ons nunerically,

the region of simulation is divided into cells. One

dd tec u suited for these
e w80 R RO hehidtForan® MaleE 10, &
PrOV|S|onaI Patent Application No. 60/584,617 titled

"Met hod for geol ogical nodeling through
hydr odynan@ S- Hased grioddi ng (Hydro- Grlds) " In

Hydr o-&T @ “hgr +29)m alp,arid lines in the deposit [31b]
nodel correspon
(e).  The term for the turbulent diffusion of the turbulent kinetic energy
) = i[v, @}+i v,aﬁ [32]
ox ox oy oy

In the above terms, the turbulent diffusion coefficientv, can be related to the von

Karman constant x, shear velocity u,of the flow, an empirical correction factor, A4,

which ranges from 10 to 100, and is typically 30, and the flow depth /4 by the

following equation,

v, =A—u.h. [33]
6
While the above three terms are not new for shallow-water equations, an embodiment
of the inventive method is the first time that they have been applied to turbidity

currents in association of the set of the governing equations as shown in equations [1-
4].
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Vertical grid lines are also created based on rates
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The sedinentary 10 properties of the deposit are then
efficiently represented by t ek hydr odynam cs- based
grid cells. (2) Solver [00661 The nunerical sol ution
of the nodel equations is conplicated because of
nuner i cal [ nst abilities. The choice of sol ver appears
tNUP Y LAAON QF TEHEMODEE EQRABKING t j es.  The
solver is a met hod to obt ain numerical sol utions for
the partial differential equations in a discrete
(rigggidhddi%an, et al. (1998) reported that their

es consistently at the beginning of flow
avul sions. Bradford and Katopodes (1999) used Roe's
s[@Dﬁis]r [ Roe solveshq equativhenvmeticadlyethe tegioaved SImutnﬁ@nos divided

R B O PSRRI L AT 3 Btk 2668 JRptaions i

hasscristedWA &-pdatg UUTEFroCislonhiNBitakt Applicsioh ANG. mm 617 titled
reported by Inran et —al. (1998) developing as th

siMethed ifem gecﬁ@glé%icm@éelmeﬂ%w@e viadynamiessbasgd v%mdalg (Hydro-
SR R R NENAR S BRR b Lol BSH fhesond
sakfaeds dfocomelanetimeg ulating nise Qu'lriulettmn[ 5 ertiEhlfgr&Y Bmds dre alvo created

Roe' 25 sol ver sal ver, tal S an .

?disan iafes of airmfvraﬂ CwAb i an e f‘cgw OfiG 33 c Ahe pedispentary
rBﬁé‘rLl:sV otheaaélﬂﬁlt NG IhdhREAHHEIF rreﬁi@é’e%te‘?lo@ ItRRAE q{y'dﬁﬂiynamlcs-

the solution and calculating the wave speed

[bﬂacdgmdectllsal ., 1983]. Although the HLL sol ver has

been wused to solve shall ow water equations before, it

has never been used for the depth WO 2006/ 036389

P ?‘%)5/ 029884 -26 averaged equations for

t@lbvggrt-y currents as shown in equations [1] to [5].

The HLL solver has proven stable even when running

| @0g6]enouie mmn@'mabs(ﬂmﬂaomd)fghb ynodebeqiationg isd:omplicated because of

stratjgrap 0 he so rstesth ol yt.i on
tweéaggmseﬁglt{eé weqchotee; oaoTvescanplian 10 ey lgtaggn%mg these

t6tabiliAkS. PFIOREOIVERSs IaNmE@6A (6 WbkaiR MAnéPEA &utidr€for the partial
deposition rates are calculated, and the bottomis

ndiffefential equatienis ace diseectel dpmaint ilmean, Bhel.s@PI®r reported that their

Cr%gg)el cra§ches consistently at the beginning of flow avulsions. Bradford and

Katopodes (1999) used Roe’s solver [Roe, 1981] in their studies. However, none of
their simulations have passed the stage of incipient avulsion. The inventors’ own test
of Roe’s solver has shown similar numerical instabilities to those reported by Imran et
al. (1998) developing as the simulation approaches the stage when avulsion would

occur.

[0067] An innovative aspect of the preferred embodiment of the inventive
method is using an HLL solver to solve equations [1] to [S]. Different from Roe’s
solver, the HLL solver obtains an approximate solution for the inter-cell numerical
flux directly by assuming a particular wave configuration for the solution and
calculating the wave speed [Harten et al., 1983]. Although the HLL solver has been

used to solve shallow water equations before, it has never been used for the depth-



when sonme stopping condition is reached. Typically the
stopping condition is the geologic tine duration to
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could be based on the deposited sedi ments reaching
sonme thickness. 10 (3) Boundar4® Tonditions [0069]
Boundary conditions which can be inplenented in one
enbodi nent of the inventive nethod include: standard

open boundary conditions, wall boundary c¢ondition
AErageq eaertions forfuekidint swrentvascdiona Wﬁ%‘h“%se[llié‘? [ﬁ]e@he HLL

t y NARLY ﬁ hl
V\S&}‘%?p%resvpfgﬁse St%[gg/e%é ‘k’fg&?ﬁg%ﬁ?éf’t er t r b| dtg?ﬁéritg highly
ammqﬂmhmdbmmﬁhqﬂdeep wat er nodel, or just water flow
in the shaIIOM/mater nodel ) could energe fromthe

to a vari

0B8ne TS afft € Soluort s holal 81 Biarflan i, At cach

BivRE Gepd thelow Eﬁﬁﬁﬁle@fﬁue&che&ﬂleﬁﬁnﬁpdaw [te€dePbsition rates are
numeri cal instabilities and create inaccuracies in the

ccalasdted iand theThpstonsis pgifieshtopefenttle deppaitiprl e selyerraompletes
.Isﬁlée ?0 ns&oﬁﬁﬁng;c%gd@i%g i ?? %ggdapl:l%pgrﬁ@i gﬁ@o%ﬁogégg[cggzglm 1s the

propose to0 Sol

ag?ew@uaﬁlﬁé dwatibn telbey Simulipete sA itgmatbaty, ittiedogpeh®yendition could be
Wt hout | oss of generality,. assune two nei ghbori ng
deaspdomthe deposifedapimenis geashivg apme Mhiskness 74 and 118

respectively. The flow height on top of these two
cells are hA and hB respectively. If hA > 0 and 7B +

@?<%Mdar£bsnéilﬁuﬁs between the two cells is

calculrated using follow ng algorithm WO

2006/ 036389 PCT/ US2005/ 029884 -27 (1) Calcul ate the

£ 100891FAB Beonndary conditions hehiel gen bh ampls—‘@msedoeu pnegerghodiment of

B LLY,

PR L 508 SR 58 BB, B, pouncr
t dvatitioas dendCetyl ndileby Int &ftixéunard be)llss'ehfch Nge rdEﬁnéd) t(D(Be dry as a
5 (3) The out flux in A at th edge tha .

cRqundagyjcendipgn, sow)ce%tggbwefnrwows eRredy O‘th ltgsfgt@rbldlty
Lot {%Oﬁdﬁh Ciebh-whtdrSm i waf® flow WheRe 'gﬁan%“%%m del
178+ 677%? t%' ?@ﬁx ig?meen tH%Ntmo cell's is model)
C&'dutrmetlgd frosm mlg: flowland wieogmel gyt icehsiue to a variety of reasons, for
example, upstream avulsion of the flow. Emerging “dry” nodes often represent
sources of numerical instabilities and create inaccuracies in the calculation. The

situation becomes especially severe in regions of high bed topography gradient.

[0070] The algorithm we propose to solve the problem associated with “dry”
nodes is described below. Without loss of generality, assume two neighboring cells A

and B whose bed elevation are 77, and 1, respectively. The flow height on top of

these two cells are 4, and h, respectively.

If h,>0 and 7, + h, <1, the flux between the two cells is calculated using

following algorithm:



(1) Calculate the flux F. in Cell B at the edge that
bonds Cell A by 10 tenporarily setting 17A to 00. (2)
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respectively. (4) Speed enhancenent by reducing
nunber of grain-size bins [007%ﬁ'ln comput er

simul ation, the continuous distribution of sedi nent
grain-size is represented by a finite nunber of

grai n-size bins. Each bin has an associated 15

nonmi ndll) gr aFalcdntates Bux F,y pi Cell Ayatihreedge dhasbends GelhB by
of the upper_and lower. limts of the _grain-size range
cont ai tRBRoTaAILY $eating the flap depthifmithelWBttRiZA% he bin is
assuned to erode and deposit |ike sedi nent having
this nom nal grain-dianeter. [00721 For conputationa
speed, it is_,desirable to.| im e nu

grai n(52> ze é%f‘ﬁgt.e tﬁ%%\}\%ﬁg? n |b‘1gill Pha% “lr? uerré’gg&%g%) 8%}Sncseul é by
t oo sqghk - ﬁﬁﬂg ithin a bin may be 20

dom nant 9“*@f%er O?F2%§¥1er than the nom na

di aneter. In this case, the net WO 2006/ 036389

PCT/ US2005/ 029884 -28 deposition rate for the bin

wi Il bg)m ST gutlfiak @6 CeRRdatttheedpeaRat d08dsSOAPB i9F, 1.he
simul ated deposit will be conprom sed. [0073] This
probl em can be mtigated by dynam cally adjusting the
nom nal grain-dianeter for each bin so that the net
deposi®) on Tl eutiflaxdoCel & dtyheedgditiat bdndselhA istheni s, — F ;-
novel correction, the nunmber of bins utilized for
accurate simulation can be reduced. In one enbodi nent,
the appropriate nom nal grai n-diameters fqr, each bin .
AVEeR drrh 48 fwitly € ﬁmthgﬂw gvEsRpiedre cgﬁ%ﬁﬁ?&%ﬂp using
di tributioq in the flowis log- normal in

gttp PWP}%%%‘E{ glin' and b) the net deposition rate within
each bin is exponential in grain-diameter. O her

met hods for conputing appropriate nom na

gr ai n-dj) aneCsleslattGhdAsed, anCelhBeit piad caligt tgat bbeds Cell A by
grain-size distribution and the net deposition rate

Wi t hi ntemipbrasilyasettied gp taved.hi n t he scope of this
invention. [0074] In this discussion, grain-dianmeter x
will be given on the logarithmc phi scale famliar
to sedinmentol ogi sts.. The | og-normal grain-size,

di st ri@uti ohhe optdle ip Lo ARA B Kerrammdws tremsctagely-15
p(x) - 26 exp (x26) [35]

(4) Speed enhancement by reducing number of grain-size bins

[0071] In computer simulation, the continuous distribution of sediment grain-size
is represented by a finite number of grain-size bins. Each bin has an associated
nominal grain-diameter, typically the geometric mean of the upper and lower limits of
the grain-size range contained in the bin. All sediment within the bin is assumed to

erode and deposit like sediment having this nominal grain-diameter.

[0072] For computational speed, it is desirable to limit the number of grain-size
bins. However, if the number of bins is too small, the sediment within a bin may be

dominantly larger or smaller than the nominal diameter. In this case, the net



where p(x) is the differential volune fraction of
grains having dianeter x, uis the nean
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devi ati on of grain- dianeter on the phi scale. The

nmean and standard deviation of?&his distribution at a
given location and tine step are determ ned by curve
fitting to the fractions of the 20 total grain vol une

W thin each size bin. '{]0075]_ Wthin the ith grain-size
bdenositipre ratet foddho din il Be susralsalajgd, tandnthgssize and shape of the
function . ' rain-diameter, y = a;x + b;
,Sl{lﬁg%]ke% dv%ﬁésr&e‘ngl;@;ér?gﬁ%&hgsreg conmputed to match the net
deposition rate for the largest and 25 small est

di0ay3is i rhisigecblem ddnebé miitigated bysdymnbeally ¥djusting the nominal
2006/ 036389 _PCT/ US2005/ 029884 . -29 [ 00761 Usi . .
egialafciqaﬁétfegnr eaﬂﬁtlp sefhat fheenef dengsitio (rolgd 6T g proficted. With
s bRl ichRe@ldAl Mhe AldBeb bERMMEEBF G8&RGkeimulation can be
follows, ' (a; X + bl) p(x)dx yZ f p(x)dx 1 1 exp -
Zedyagd- In,dneZmbodipent, the (appropxiate) namihal7grainRdiamgtegs fog each bin

26+ b, erf (U ¢ X, ) -erf (U - x2).11 2.7 (V26 .
(80 Ty pmiag, el ah mestamife ertifrse fotiofaf if 9 B8y s toe-
(tmb i dihin-E&aéte) antlh)ahe ndt dWpbditien ¢! GethinecE dieist&ponential
deposition as the continuous grain-size distribution

ciargraa-diaeeterrdPer methagds fon soMBHIRERREORT M IgTRInalgreinegigmeters
;%ajs%c? &n :int))é\][%o?'a_tﬁgftpg lgézﬁrz-éiz_é %i%ti{bnzgljd ﬁe[lé%]depojsitio%r fate within

bins are also within the scope of this invention.

[0074] In this discussion, grain-diameter x will be given on the logarithmic phi
scale familiar to sedimentologists. The log-normal grain-size distribution in the flow

can then be written as,

| 2
exp{— (= 'L;) } , [35]

20

p(x) = éﬁ

where p(x) is the differential volume fraction of grains having diameter x, u is the
mean grain-diameter on the phi scale, and o is the standard deviation of grain-
diameter on the phi scale. The mean and standard deviation of this distribution at a
given location and time step are determined by curve fitting to the fractions of the

total grain volume within each size bin.

[0075] Within the ith grain-size bin, the net deposition y can be written as a

linear function of the phi scale grain-diameter,

y=ax+b, [36]

where a; and b; are computed to match the net deposition rate for the largest and

smallest grains included in the ith grain-size bin.
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nmet hod specified for the HLL sol ver
wiaprodus the sarpe aetiqeposition, a¥ the cepfinptons gEain-ize distribytion, can be
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fésfiﬁltaters ?
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[Harten et a

such flow height, flow vel oc

and the suspended sedi nent concentration are
transforned to a set of conservative vari abl es defined

as foll ows: [0080] U 1= [0g81]1U2 =U ¥,
[0082] U3 = 08375 Lyarrxl& r BX > (=x)7] .

[ 0084]— é‘ v
variabl es” arezdeterr néd t he prl _EM_QLOMI viari a
can be easily cal cfi 1¢3;Qk|dé

equatlons

ity

n
e [38]
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wo 200be8884 =1,2,3,..., n . 3 5 [0089] At eachrdT/2005/029884
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step, the values of the conservative variables U, , U2
1 U3 and U4i are evaluated fotdeach cell. In the HLL
sol ver, the conservative variables are assunmed to be
pi ecewi se constant in each cell. The conservative
variables are also assuned to be di sconti nuous across

that separate two cells, and the
discontinuities are treated as shock fronts. The wave
088 2SSRChAL Shvdaldlerk & 4 RLGRRAALIATMAL 4QSRBEL  with
fronts across all the cell taces are then cal cul at ed.
Qefezertchdo Rigawre 4p tlop agdbiinrens pee detlardefonsiranlatog thd foxmgtion of

acr,noss that cell ace are,then c ul ated.. for.each .
COHCRRAY PV | Apgs LI HeyEeh 1 FrBoObihRes golvine a
ViNo-@RleBSiohdl €AcRep&ident Haf ViBRNsyRGRIFTequaNEnd 6 ARWMlow of
val ues for the flow paraneters in each cell are

otsdamenedaden ruatet ssere 40 bwicglculoting gt suhmenty deposidion at each map
varighles. 15 [ 402, ,hv.Q] v lcyl atipng n

<D BT e P b PR eE i IRt e PR Sbtem of
| @stio3NEtepE02), ir€dbrdifg did 1 sedimeat dapesifibows irvapies witSime and
updated in step 401. The properties of the ne

. ! , t :
swalidereativapsispt40dh andaepeating bl nesgsey asters fRkrOdéongach time
. . r . " .
28y o LA o 1 RASPRSLb AR DhERA s it o
déxpasbedan gohater gtail he thei foowing paraghephniew bot t om
el evation at the cell, bedding 20 type within the cell

{Bi7dior °h e hodimsst S e0 iehiee ABtoraing WepRBrisR of te
Usittigdite @t bpnahlidsh sddiadiond 08fRd Hefdindbnt4dp view system of

i nvol ves recordi ng the net sedinent deposition at the
cenupiens, whene the é‘ng awopertigsedescribere birathevequatipac gomprise flow

THB RO e R Bt B gen o
osvedlylig dtetelateiel This solution process expresses equations [1]-[4] in discrete
form where the value of the flow parameters in each cell are updated according to the
method specified for the HLL solver [Harten et al. 1983]. To use the HLL solver,
equations [1]-[4] are first written in a conservative form, where the primary variables
such flow height, flow velocity and the suspended sediment concentration are

transformed to a set of conservative variables defined as follows:

[0080] U, =uh.

X

[0081] U, =uh.
[0082] U, =h.
[0083] U, =Ch where i=12,.,n.

[0084] Once the values of the these conservative variables are determined, the

primary flow variables can be easily calculated using the following equations:
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time and spatial location is described in co-pending
U.S. Provisional Patent ApplT%inon No. 60/584, 617
(Hydro-Grids). [0092] In an optional additional step,
Steps 401 through 403 are repeated for each desired
time step until the tinme duration of the sinmulation is
@ Let e. Fuﬁﬂhernnre 5 the sinulated sedi nentary
d po§|t nﬁy log, ‘checked agai nst avail abl e geol ogi c data
such as seisnic, outcrop, core, or well log data. If
the sinul ated deposit does not natch the geol ogic
@hg boundarly, conditions (including inlet flow
p @rtle aﬁﬁ' initial bottom topography) may be
adj usted and the steps repeated in an iterative
manner. 10 [0093] A second enbodi ment will now be
d@gg7|bedh—vyth reference to Figure 5, this
enbodi nent is a nethod for sinmulating the formation of
sedlnentary systens. As illustrated in Figure 5, the
raphy ofUthe surface underlying the sinulation
Esgn é erﬁWm%ﬂlf te % ‘581), the location of the
|nIet of the T1ow that deposited the sedinents is
determined (step 502), a grid is created dividing the
r@ggﬂn of ASE4B! @ht QR %t ﬁlghé MiQesCt the optePatn@IariabRe U, U, , U,

w properties at einlet are estimated (step 504,

Baridl G WareSdvaHafld! 18P edch Al f@fh@ﬁ@L]@XoN&d Ald HhséNgivd %ables are
propefties in each-grid cell based on'the estimated

fdsoméd ePBE pikewat dofgtahtninedach $eRPTEO 3dnseivativei&hriables are also
sedi ment deposition in each cell is calcul ated based

ozwswrn@d fa bev discopanuous sicress @ whlegdecs feat feparaiediweepglls, and the
9&?1 Elblgg% 6}750 reGRG has 9#(]05' ﬁoﬁtgc?ﬁgqg%\%g%@egd g%zaclated with the

eps are repeated unt
cpsropgahom of ﬁleashbcleﬁeﬂts (astospalb GE) cell'l'ﬁaeesi arelitheinchabdula¢de ince the
w |l be descri beg reat er, detail H&?fm | owi g{1
pARYEgPrapREation eprsas atg; Qytainesh fluxehicress t bdics dnon g thaperalculated

tﬁp%%lf"@d}%eﬁgmtéqf%ﬁag[ef GhE \)ﬁlﬂl@? 'kaﬁcn&)ns&Q%lvsé WH81es QR each cell

region. In one e Iment this is typically

aare direpl ipslhied, dg thé demvalﬁlys fog tlee Bow patagretqrh inceash cEBgee obtained
irg a%hree-ﬁ,ip n ona |smcl$ata vol ume. This 25
CAPMEERESE BEY W3§ &Oﬂ? YASHLYSni | i ar to persons of
ordinary skill in the art, who w Il also recognize

ofooge] et Sresla0t dvol e rd:hlcilbahﬁg néf sedithe@it [depasitidieat the current time

gs?gpnfec}rra%/ leca)lgt oa;le map view location using the flow properties updated in step 401.
The properties of the net sediment deposition that can be calculated include but are
not limited to the net deposition rate for each grain size bin, the total thickness of
sediment deposited during the time step, the new bottom elevation at the cell, bedding
type within the cell (as inferred using flow velocity), and any combination thereof. In

one embodiment this step may be performed using equations [18] and [24].

[0091] Step 403 involves recording the net sediment deposition at the current
time step for at least one map view location. The net sediment deposition, as it varies
with time and spatial location, may be updated and recorded in a grid of model cells

during the simulation. One gridding method suitable for recording the net sediment



10

15

20

25

stratigraphic surface. Such other nethods include, but
are not limted to interpretation of two-dinensional

W& 2006036384 | nes, ot her renote i magi ng techni qQUEBCT/US2005/029884

correlating well |ogs, and sgg%ﬁally correl ating

out crop observations. WO 20067 389 PCT/ US2005/ 029884
-33 [0095] Step 502 involves determning the | ocation
of the inlet of the flow that deposited the sedinents

above the bottom surface. This is typicall . ,
adeposippn shiyaripnwith thwe absnagialelopitianelg dﬁ@ﬂ%@ﬂ%\ﬁp-pendlng U.S.
C Iy

1T Bl e G AR om0 RO AR T, ULALECRIAEL °0 o nary

skill in the art. 5 [0096] Step 503. A grid is created

WOQJZ]Vi di Ingintdpgona gidditiond] sepnbiteps 4@inthiraugh 498 laksrepeafedkfor each
red enbodi nment of. the r i.ddi.ng, net hod

e 86 o ol B gutatien 37 By RSIlRL Sapiste. Furthermore,

ARPsih@hic@elitnenB{ A8 s@tll% [Héocﬁl%]:keat SRikP4vaildd®e god16gic data

properties are estlnm e i nl et Pro perties

dma aStsensmzced)uitqmln,mose sxre\pell: tgpdatse It He Sltm;wt%ﬁmw;does not

%ﬁ% g d g8(|; 0 lrc Oup | un(%n Q)ng h %% ud? lelettﬁ]oew fl r%r’[les and

range,
tlhﬁlal fbbﬁme\ﬂoﬂbirap@tm@)ﬂ @b | adgust‘sdr iir&i‘: the%tépst ﬁ:pt:iited hif tanoirative
surface can be estimated at this step as well. Such

CB#HEEL i ons coul d include overall slope adjustnents to
the surface to restore the pal eoslope at the tine of

gg@‘)"f]' tiog scc[ogg%ﬁlbohﬂne%@ wﬁ’l@ HQ\'}V% dUsc%beE I QYitiSiePldhce to Figure 5,

tent Application No. 60/ 5 assunptions are
ntheenziodirhent e4 amedwslrfops;nméitmehﬁ folnmamcm eff seflinaamtary systems. As

HEYBHF4/5 TR e oSO AT dDS S HeF LMD e the JORgon region

| 8| RterPindaelstdpe801),T HeSlochtiont BAkthe @dbMBRt flow that deposited the
characterizing the inlet properties can be

accdiomguts isideterbinedi(stpir §0Bse gridds ergated élwuhnéthemegwn of simulation
dleli oc‘:"‘el y(steé ggg)a]tlaa {18\9 d)??}%rtllegl QltP{ee ﬁllestl ﬁ rhaﬂgcb (ﬁt?P %%@ha flow

OW propertres

gsl’lﬂndlaﬁeh I1s ;hzﬁﬁmhe@ By hb&atﬁ'@tthéfﬂbﬁ(bréﬂ@ﬂesphepﬁf i@ selbbased on the
the inlet. Equations q[t witten in discrete
f%Flmateflr@?"léﬁ’&p@meétat é@cml (P §9%)p therpst ﬁF‘BWeB'aﬁied%‘?é‘tt‘@P in each

vl H?gal'cﬁ‘lateﬁ%% or e ogv 'ﬂ‘@g@@g? \(/sgéljf e ) 9 nEPsetdn'gent deposition

specifie escrlbe
pﬁoewadusbly i Hegdrded &tepab07), 3&8@]505(52000:}re8bp@t606nti1 a stopping

:ecg\é%ll%glg |ag}?1lexc/: % @tep r%88) q’ﬁe llr]n(:"dtlwgua(li s{rgs Wll?gg 8escr1 ec{1 in greater detail
in the following paragraphs.

[0094] Step 501 involves determining the topography of the surface underlying
the simulation region. In one embodiment this is typically accomplished by
identifying a stratigraphic surface in a three-dimensional seismic data volume. This
can be accomplished by methods familiar to persons of ordinary skill in the art, who
will also recognize other methods for identifying or inferring the geometry of a
stratigraphic surface. Such other methods include, but are not limited to interpretation
of two-dimensional seismic lines, other remote imaging techniques, correlating well

logs, and spatially correlating outcrop observations.
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[0101] Step 507 involves recording the net sedi nment
deposition for each cell. The 3¥®ecord of net sedinent
deposition is updated within the gridding nethod used

for the WD 2006/ 036389 PCT/ US2005/ 029884 - 34

sinul ation, typically using the dro-Gids gridding
n@0%dd deysep i55£dan4aVQ§die(§@ﬁmlh@ thelogatiquy f; thej iglealof the flow that
P | Leatlon 0 | nge. t. Qf .

| RhEted 88 sk e vhObORR Slytacd, s RN BtoBlpished
hekghba e enfeprert eshleofloomdireetidnl Yetbonined fbiyca epishyc interpreter
represent both thick and thin_|a ers..ﬁiiddin met hods
ACheing{a mathesis damiliar faerspry opardigary slillan t ver,

t hese net hods comonly use cells of fixed vertical

400%6)S| orshsed A adasBRhRl by IR thielekidniRidhaat 8 cells.
and over-sanple | arge honbgeneous features, consum ng

CBrepprefarredesmaodimend afothe @niddipgrmethpd lisdessnbed in kenpgeding U.S.
ta structures, ..wWhi ch,li ' Lntensive. [0102] Step
g%g‘.”s@f% Sat%é_p@&‘éaﬂgpg\k}.a}@gggﬁumi | a pre-deternined
stopping 10 criterion is reached. The stopping
CJ0DY A | OrStes S04pi CRbel nledi propértied are @Siatedon The ialet properties
speci fied nunber of time steps or a specifjed duratjon
othagacienized &y thip wtep compnrise he iflogy yelopie the dlopy Agight, the volume
o | a " C .
A g B e A O S VMR HERRE)Y G St inlt
cwidtter Oatiomadlyy derrdntibnstoetha dbttbimnsutfade carobd edtahated atethis step as
t hickness of the sedinments radi ent of.the flaw,
b tons o iden BV SR Soncihlatents e gprface to
[R4BR] th¥BRBodIHR dt MAImPbPRPobivioN 2l ues in step 504 are

not known wth certainty, "an iterative process can be
used where steps 504-508 are repeated, adjusti nlgr t he

i [9028] pilmpw-pindingnili-f. daerisicagePrtenbnApmlicationt Np.e £8{466,655,
ohe diti trati I € RN Lfi '
e, 2E TS ek RLABIL S W e ST RLM Hpirles. Tn one
tdisblimeitatled 2€ocgpbsdoimeartke sulysindepenadbhtyvaiatid ar defining the

This additional stratjgraphic surface can be X )

i lgeatiniet @Eppsifics hel huscinthaerabelinient; sheraptarieipg shesgnet properties
T ey [ ween : ) ' rfaces nmay
S Y B S i AR o e The

bottom surface and simlar |ateral extent.
[0099] Step 505 involves simulating deposition by updating the flow properties

in each grid cell based on the estimated flow properties at the inlet. Equations [1]-[4]
are written in discrete form. Therefore, at each time step the flow parameter values in
each cell are updated according to the method specified for the HLL solver as

described previously [Harten et al., 1983]

[0100] Step 506 involves calculating the net sediment deposition for each cell
from the flow parameters. Typically equations [18] and [24] are used to calculate the

net sediment deposition for each cell from the flow parameters.

[0101] Step 507 involves recording the net sediment deposition for each cell. The

record of net sediment deposition is updated within the gridding method used for the
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conventional nethods include geocel lul ar nethods using
conventional or nulti-point g%%statistics, obj ect
based net hods, where the distribution of object shapes
and sizes is extracted fromthe sinulation, and

spectr al conponent met hods where_ the hlg frequency
i sihwlatian.i typicplly weng thediydrentridseerisiding raethed despribed in Co-pending

AR, CESGHBR uit Bk diOne; BOIBIBEED Since (b nqpigontal lines in

| BydrotGrvds l’ﬁiirchs@dt timet higes; ahé oeHt haghtofaret dekictege mhtognian'cally to
model i ng techn ues 1S 0 thin, the sco e of th

i erfﬁeﬁmbbfﬁprffseﬂ laafef; ﬁ?ﬂlbwéﬂmar?ﬁ@ Imsthog other than Hydro-
SGW Ah§ e AERAS. tﬁo»’véve!r r‘tﬁés‘é%ﬁéth&dﬁ' Jbﬁlrﬁ&ﬁy u@@&ﬁlsQﬁ'l fixed vertical

processes associ at ed creation of a particular
f dimtensien o’f'hlclmtlaa@quatelys eam@d vedy i thina featires aind deysosample large
Thi s aE tlonlnvolve5|dent Xjé)ﬁ)ga&mla

heoEE QS TR RPN 28 CORBRET MmemoRranh & biiig mapipulation of

f1%@,\@/dafaom&ﬁmsm&ﬁqgt@ememﬁdw formation of the
simlar feature in the sinulated deposit. EXAMPLE

101061 A hypot heti cal exar;ol e of an_enbodi nent of the .
i {8t i vStapedPbd Signs S051HThaww secHed élaglsécpreﬁie@uﬂeeé stopping

S t di I f

Rofss B! TROSORARE dlrlondts RLIATLAMEY @E Sofibletion of a

odpeéiifigdir eurhberTyfi talel ytept her ai rspecnﬁéd baitration safr fsamﬂated time.

woul d be_ an_ interpreted.strat.i surface btalne

f%?ﬁla%\gabé e Steep R Sigrom porId et B, SieRies dtai Ceeds o
Qiﬁgg h ?B@' PRGible Oﬁ'@]d\éﬁhhm'eg Qtog?ﬁm%crlt&&rlﬁclgéé But are not limited

/or outcrop studies. 15 [01 fter the initial
btot tomah swef duekriess déttbe rﬁedmd:ntﬂ; rgsadienteof Ithe dlowe nadcgmmodation

ern1n f gure 5), agridis created
‘ﬁ@%eéﬁ n§PWQBnﬁP%?8ﬁF86erties are estimated (step
504) and the process of repeating steps 505-507

b@goss. Fig the anieﬁflfbpeﬂ@ PalveLil a9ép S0 asd ﬂiﬁﬂl@bmrkvitm certainty,
progress, specifically show ng the _pagnitude of

FATOUPTOIEYEoRIPESHS CaR RY Had where Lteghﬁﬁﬁ 5@%3@@@?%1 @eré%ng the inlet
f I 0 r [

1 G 1 ffic surf:
FES] N VeSS o0 e IR
sidemtifd2in bethas thxlee—dlmexpsimmhtseismﬁf datbevo‘linga ramd ifhthe simulated
éelp((j)sn?lare asilbgtggt?aﬁlr} simi ar T?us adgltlonéci (s:)t\{r\e@tigsrellJ % Isnpfgce can be
identified by the techniques described in step 501. The similarity between the

stratigraphic surfaces may typically pertain to their similar height above the bottom

surface and similar lateral extent.

[0104] An additional application of simulated deposits is to provide additional
constraints and input for conventional geologic modeling methods.  Such
conventional methods include geocellular methods using conventional or multi-point
geostatistics, object based methods, where the distribution of object shapes and sizes
is extracted from the simulation, and spectral component methods where the high

frequency information is derived from the simulation. The application of deposits



on the image. The grid divides the sinulation region
into cells so that the nodel equations can be sol ved

woenvensassd | y. [ 01081 During the sinulation, thEeCTies$2005/029884

10

15

20

25

sedi nmentation in each cell is corded at 25 each
time step, as specified in step’ 507 of figure 5.
Figure 8 shows the cross-section of the sedinentation
record once the sinulation conpletes. Iso-tine |ines
81 are shown in black, and the nedi an 3rai n-size is

swowhatadnagsprdiag 40 dhgdnveniys greshad, to thee caliratignapf oher geologic
- fLar-al teri ket flow

SRR ARS8 B P4 R PRSASH

PCT/ US2005/ 029884 -36 bottom surface until the final

si0k0F]lat e dndegpdisdnal bapplicateme wbl semulatedadenesits deposidentifying the

interest. WD 2006/ 0363 PCI/ US2005/.029884, -37. Tabl e

PSR RATP eSS AR TR VLR SIGHRR LR PR SRD o0 Ph g gpserved
IR £ hSdFe HepdsitCOTaisadPplicAtioni Mablv¥s idedtifydd 4-similar feature in the
Enpirical correction factor, typically 30.- B 8

Hainfilagddadepogt, anfebsearyigg thedoBprensmiagrasspciadedt with ifermation of the
for ..f tvpicall . C Total volune fraction of
Rl i B Bl

nent-laden flow layer. This
is the sumof Cl over all grain-size bins. C Volune
fEXAMPDBOEOf the sedinents of the ith grain-size binin

the sedinent-1laden flow |layer. C,o Volune fraction of

t edi ts of. the ith grain-size bin.in .the. :
STpRene A BudefvicnliFranple S5 an sbonina of citytiye method wil
VW R dis@SdddONFRurd Beshdedi Teitb& dintenkid8als RekidTEddttohAS@ace 61
flow layer at the inlet. This is the sumof C 0 over
adynthgsiagch for this example, as specified in step 501 of Figure 5. Typically, the
initial bottom surface 61 would be an interpreted stratigraphic surface obtained from

seismic data. The initial bottom surface could also be obtained from well log data,

core data, and/or outcrop studies.

[0107] After the initial bottom surface is determined, the inlet location is
determined (step 502 of Figure 5), a grid is created (step 503), the inlet properties are
estimated (step 504), and the process of repeating steps 505-507 begins. Figure 7 is a
map view of the simulation in progress, specifically showing the magnitude of the
flow velocity (grayscale). Lighter shades indicates faster flow velocities and darker
shades indicate slower flow velocities. The inlet 73, as chosen in step 502, is at the
top center of the figure. The grid 71, as chosen in step 502, are shown superimposed
on the image. The grid divides the simulation region into cells so that the model

equations can be solved numerically.

[0108] During the simulation, the net sedimentation in each cell is recorded at
each time step, as specified in step 507 of figure 5. Figure 8 shows the cross-section
of the sedimentation record once the simulation completes. Iso-time lines 81 are
shown in black, and the median grain-size is shown in grayscale 83. Optionally, the

simulation could be repeated after altering the inlet flow properties and/or initial



size bins i. Dfloc The grain-size bel ow which the

effect of flocculation becones significant. D
wazm@bn3assze D, Effective grain-dianeter of theP@1/t1S2005/029884

grain-size bin DCeonetric nean grain-size suspended

in the flow Dpi Deposition rai® for the ith

grain-size bin Dlo Gain-dianeter at the 10th

percentile. D5o Grain-dianeter at the 50th

percentile. D* Effective grain-size. em Maxi mnum val ue |

ofotionesurfaee nutib Hheetinal simulatsd deapwt best resemblagrany agteal fdgposit of

t"ﬂ%rés%h grai n-size bin Fr Froude nunber g

davitational const ant, 9.8 nls 2 G Volune fraction

of the sedinents of the ith grain-size binin the

surface | ayer of the deposit. Sumof G over all i is

1. h 27 Height of the sedinent-laden flow |ayer. ho 26

Hei ght of the sedinent-laden flow |layer at the inlet,

constant across the width of the inlet. K Turbul ent

ki netic energy ro Coefficient that relates the depth

averaged sedi nent concentration to the concentration

at the bottomR Ratio of the density difference

bet ween the sedinent and water to the density of

water R Ri chardson nunber Rp; Particle Reynol ds

nunber. u, x-velocity conponent of the sedi nent-| aden

flow {ayer. WD 2006/ 036389 PCT/ US2005/ 029884 - 38



uy y-velocity conponent of the sedinent-|aden flow

| ayer. uo Velocity of the sedinent-|aden flow | ayer
wW@eoobhs3gnl et. The velocity is assuned to be PONESANI/ 029884

|aterally across the width of_the inlet and

vertically through the hei ght'Uf‘the flow vs Settling

vel ocity v

si Settlin

g velocity of grains of dianeter

D in still water u Shear velocity whind Hi ndering
function X Effective grain-size in phi scale a Scale
Factor ak Another turbul entT | paraneter. as

Stratifi cati on coefficient (3k Turbul ent nodel

par ameter. gﬁst ant _assumed typicalty to be 2. vvv
The rate of {n gt rai nnment per l{ﬂ{g ansd EV¥
r ALt &1 %rr?f’f"‘al nnent per uniQeldpgr OT Parameter
i nensi onlled® I‘gﬂrﬁh above bed Co Mddel paraneter
usedat o adj ust t he deGomstangftypitalbt 1.3% 108t i on  Bed
el evation K Von Kar nefmpioislt cndectforclaedot,itgpiesity 3¢ at ed
t 0 erpsT on fungfion qQ;lfqgthhlo@t&qu ron 27 0i A
f u'“’: :1 ::n' ' rc',)‘ﬂ cu, : U,\ 'ﬁ' f' ralg cget"f'men?f;ocrﬁfrow %{plcal‘lly 0.004.
scal € v Kinematic i E‘E%‘s‘fothim%fraﬂ)%né}f th l%@t%%tﬂﬁéﬂjlmem'laden
to be 10 |np/s. Wt Tiflewilaver Hiis fsihe sim ehef pyejallgrain-sge bins.
VertiCcal profile for| $edmedrictiomntbniseditients of the ith grain-size bin in
the sediment-laden flow layer.
Cio Volume fraction of the sediments of the ith grain-size bin in
the sediment-laden flow layer at the inlet.
Cro Total volume fraction of the sediments in the sediment-laden
flow layer at the inlet. This is the sum of Cjp over all grain-
size bins i.
Dtioc The grain-size below which the effect of flocculation
becomes significant.
D Grain-size
D; Effective grain-diameter of the ith grain-size bin
Dn Geometric mean grain-size suspended in the flow
Dy Deposition rate for the ith grain-size bin
Dio Grain-diameter at the 10th percentile.
Dsg Grain-diameter at the 50th percentile.
D* Effective grain-size.
€m Maximum value of the dimensionless erosion rate
E; Erosion rate for the ith grain-size bin
F; Froude number
g Gravitational constant, 9.8 m/s*
G;j Volume fraction of the sediments of the ith grain-size bin in
the surface layer of the deposit. Sum of G; over all i is 1.
h 27 Height of the sediment-laden flow layer.
ho 26 Height of the sediment-laden flow layer at the inlet, constant
across the width of the inlet.
K Turbulent kinetic energy
To Coefficient that relates the depth averaged sediment
concentration to the concentration at the bottom
R Ratio of the density difference between the sediment and
water to the density of water
R; Richardson number
Ry Particle Reynolds number.
Uy x-velocity component of the sediment-laden flow layer.




pW Wat er density. Ps Sedinent density. 6 Standard

devi ation of -sizes neasured in phi scale. TG
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Di vergence of water mass as patt” of the turbidity flow

due to turbulent diffusion. 'CWD vergence of

turbul ent energy due to the turbulent diffusion. iX
Ef fective shear stress in x direction caused h\/
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porosity, [typically [Oveboci)i236mO3 3@Sconstant laterally across the width
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K Von Karman constant

A A coefficient related to erosion function defined in equation
[27]

0; A function related to hindered settling defined in equation
[21].

u Mean grain-size measured in phi scale.

v Kinematic viscosity of water. May be assumed to be 10
m?/s.

Vi Turbulent diffusion coefficient.

E. Vertical profile for sediment concentration.

Pw Water density.

Ds Sediment density.

c Standard deviation of -sizes measured in phi scale.

Tei Divergence of the concentration due to turbulent diffusion
for sediments of grain-size bin i.

T Divergence of water mass as part of the turbidity flow due to
turbulent diffusion.

Tw Divergence of turbulent energy due to the turbulent
diffusion.

Tx Effective shear stress in x direction caused by turbulent
diffusion.

Ty Effective shear stress in y direction caused by turbulent
diffusion.

) Depositional porosity, typically 0.5
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1. Anmethod for sinmulating formation of a sedi nentary
deposit conpri sing:




(a) determining properties of a flow which fornmed a
sedi nentary deposit by solving a two-di nensi onal
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sedi nent | aden water flow, 4here the two-di nensi ona

ti me-dependent map view system of equations relates

flow properties including at |east flow nonentum flow

10 hei ght, suspended sedi nent concentration, and

entrai nment of overlying clear water; (b) calculating

net sedi nent deposition folClasilM®ast one | ocation

using the flow properties fromstep (a); (c)

rweaetainng t he net sedi ment deposition fromstep (b) as

a function of tinme for the at |east one |ocation. 15

2. The nethod of claim_1 wherein the two-di nensional.

t}-me- o psikRefor ﬁ'&ﬁllatmgélmg’?éﬂ%aé{eglgﬁﬂm gﬂé’s}%ompmmg:
derived by assumi ng that vertical profiles of sedinment
Concer({az at | @ierBRYifg praPettis otiefew avhidh ForhRaat dcditierdityl deposit
by further assumng that the vertical profiles of
fhyovelviagor hwe-dimeensiogaiimgrdepéngent map aii¢w |systami efnequagons for a

The. net hod of clajm 2 whergin e yertical fi .
TRBER k"o . S8 B AL gt S U DR rmap view
haksfent bEeddativhdeilge flow prdpeeticteinbiadingfat ¢éaat ol mbeesium, flow
t he net sedinent deposition is calculated as a

dienighér exspandpe sedempntLogesgpiation. ghd eairanmantfioverlyjgg glear water;
and a flow vel ocity-dependent erosion rate. 5. The

et hodgb?l‘ Céa%dﬁtﬂig‘éﬁ%? ggdi&eﬁm&peﬁa&s itbd ANedstoBe idtafibh bbing the

water 1S determn froma still water particle
skow Iprapgriesifeo styp émd a total sedi ment concentrati on.
6. The method of claim1l wherein the recording of the

net sedinment deposjitio romstep..(C). | d .
relati @ t oreg?{%ﬁﬁ e é\ep 5%({‘?18% ?%’8 %&g’%gﬁ‘yﬁ SFel%e(%? At %tlflcnon of
bght @5P M1t A0R6 bABR3AHNPCT/ US2005/ 029884 44 t opogr aphy

is an interpreted surface deternined fromdata

sel ected fromone of seism c data, well |

dat a,
cdbre dhramethnd ahylagsnbivisisinthe ﬁw-é‘amnwn%%ﬁ@?%&m%em map

OfieG! s%'sfg}nlof’\@(ﬁfaﬁ. fis ish&erézgg ﬁﬁg%t%grgglgdtihgﬁ%rﬁcal profiles of sediment

concentration and net osition 1Is nodel ed
f amcaritrdtieadtave womilangepe af alirlacatiods ane thyr furthe assfitneng that the

Inggrgcgqq @?F{fggsle%i t{?gyl ¥ ocelgyelilar\]/etsprr%lar}es apseea? iaH?(g]ctatigr?sp osition

3. The method of claim 2 wherein the vertical profiles are assumed to have a

center of mass less than half the flow height.

4. The method of claim 1 wherein the net sediment deposition is calculated as a
difference between a deposition rate in still water and a flow velocity-dependent

erosion rate.

5. The method of claim 4 wherein the deposition rate in still water is determined

from a still water particle settling velocity and a total sediment concentration.

6. The method of claim 1 wherein the recording of the net sediment deposition

from step (c) is made relative to an initial bottom topography, the initial bottom



information froma sinulation of creation and
transport of turbulent kinetic energy. 9. The nethod

w®Roochzizga 1 wherein at | east one flow propert yPdBUS2005/029884
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determ ned using informatuén froma sinmulation of

turbul ent diffusion. 10. The nethod of claim1 wherein
recordi ng the net sedi nent deposition includes 10
recordi ng properties selected fromnet deposition rate

for each grain-size bin, deposited sedinent vol une
ftopogsaplty &r an Anisiretedsyriaey dptermingd frmtdata geleefad from one of

ropog | e
RSP ot e SR nd AP Ror R RGRIE Ton of

sedi nentary deposits conprising: (a) determ ning an
ihi ti d@heboethodnof clpog aplieyein ke {usperdied sedimenngpncérgration and net

| ogati on of.an .inlet plying a depositing.fl ow above
SR G°RasitA (T BIRREIR Bk ISP eSS RE BT ARGy | o

dividing at |east a portion of a sedinentary basin

i1t 0 TRl héthod & clemh il Walekdif) tHel RV qiiRBRIdep8sitidd istdaRulated using
inlet; 20 (e) determ ning properties of a flow form ng

anfeaptiehrama daplsgipn of ereation anddemnspaykoffprtylens kineig energy.
solving a two-di mensi onal timnme-dependent map view

ste f ' f i MRS P
the tvpcreEOaBE LR 1 Merdla B I Nine HoRPpEpERy KM Ehifycd using
aqfoaimatiors froml aadimslatibe of tuobulgt@pifusiores i ncl udi ng at
| east the flow nonentum flow height, suspended

g glr %ﬁ%ﬂé«gg% {}\ﬁ{nlé %%@g%@}%"%g@% sre Enqgrﬁrgltepos%t?onoifncludes
ReddriigOPRpeRRS Bdlectd (o Gl Weépadilidty r@t foyeeUdhe Bfain-size bin,
deposition within each cell for the current tine ste '
udepagjtedhsedfonengy viohuspse fari qash feraimsize dpn,( gpin-gig diserdmtlan,ngeddmg
t he. net Iren sition W thi ch cell for the
cslljlﬁa(éeﬁst se%flgﬁe[ﬁg%eégl;%gnﬁ’dp Og%(l%%lt\fo%gfb%%?ef?ng steps (e)-(Q9)

until a pre-determ ned stopping criterion is reached.

12.. The niathidiofdr siinutdtigithéd formbsreofset ingentarl depdsitovomprising:
properties in step (d) are

(a) determining an initial bottom topography;

(b) determining the location of an inlet supplying a depositing flow above

the initial bottom topography;

(©) generating a grid dividing at least a portion of a sedimentary basin into

cells;
(d) estimating flow properties at the inlet;

(e) determining properties of a flow forming a sedimentary deposit in at
least one grid cell by solving a two-dimensional time-dependent map view system of
equations for a current time step wherein the two-dimensional time-dependent map
view system of equations relates the flow properties including at least the flow
momentum, flow height, suspended sediment concentration, and rate of entrainment

of overlying clear water;



determned by an iterative process where the inlet
flow properties are adjusted and steps (e) - (h) are

wo epeasasd until the net sedi nent deposition i SPCT/US2005/029884
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substantially simlar to ¥ a neasured deposit. 13.

The method of claim 12 further conprising iteratively

adj usting the bottom topography at step (d). 14. The

nmet hod of claim 12 wherein the simlarity betvveen t he

simul ated and neasured deposit is determned b 15

i dent i €yi ngcataulatingsnet sadiment dapasition WHBIngachue for the current

| topography

|dt§R ?ﬂq} ugggﬁg&tﬁ(ﬂgg}o e%fr?glfrggfﬁégg in the sinulated

deposit corresponding to the at |east one surface in

t he ne@yur edeatdingsthe netasedimcanplapositgort wethimeeashrced fanthe current

SI mul at ed deposits using a criteria selected from 20
difee 8ePiidpe, size, separation between correspondi ng

surfaces of the nmeasured and sinulated deposits, and

any cqi naﬁep&iﬂnkhﬁéﬁote) (P untihe pRtdeedmafedcbtdppimd Lriterion is

wher ei n” surfaces of the neasured deposit are

digachedi ned from data sel ected fromone of well |ogs,

cores, outcrop studies, seismc data, and any

c | gy i e 0 Peokd: gﬁpqu 0F

467 16. %Fr%){a h%iﬁg%gn Vﬁaﬁ%gr%% ﬁ% eetr cotﬁ énsgaﬁgt? ﬁg(d) are

t degerniiedsieyl anetetatite (posdets omheret the galeeflatveproperties are adjusted and
t at I k t nd

]9 5?}}88*{@ I :qgﬁ?qeggq{%oa Elnlgt%lﬁggnqtﬁgcrh%%gg r Opgl{opésj?ub%tantlally similar to

{nﬁgg%}&{& bﬁt geostati stical geol ogl c nodel i ng
niques. 17. The nethod of claim 11 wherein the net

sed| ment deposition is used to 5 determ ne shapes and

sl%es Bhie getiodgifcelaib) 2 tfurthesrcompaising ibamptanely pdiysténg the bottom
oI 0 h tnp%g 1ng 18. The nmethod of claim 11 wherein

t SBAIS ﬂ deposition is used to interpret

processes that fornmed a geologic feature of interest,

the i nTiey nfeﬁﬁoﬂt ofoclaimd 12 heherg@othe giimildritst hetweef the simulated and

i nterest_ conprising; %g identifying a feature in the
smeRAuERdlePaEbiS SEterimed RYi s similar to the geol ogi c

identifying at least one surface in the measured deposit above the initial

bottom topography;

identifying at least one surface in the simulated deposit corresponding to the at

least one surface in the measured deposit; and

comparing the measured and simulated deposits using a criteria selected from
one of shape, size, separation between corresponding surfaces of the measured and

simulated deposits, and any combination thereof.

15. The method of claim 14 wherein surfaces of the measured deposit are
determined from data selected from one of well logs, cores, outcrop studies, seismic

data, and any combination thereof.



feature of interest; observing the flow properties
associated with the formation of the simlar feature

w0 mobhs38d mul at ed deposit. 19. The met hod of cPei/USDAS/029884

10

15

20

25

wherein an HLL solver is uded to calculate the flow

15 properties. 20. The nethod of claim 11 wherein the

flow properties further conprise an erosion rate,

wherein the erosion rate is applied in each of the

cells and is determned by a method selected fromone
of6. sel Bist inpthod pf claem Ud dinrtheri eomprigingtising theingt sediment deposition

utomatjc sel ection based on the |ocal fl oper.t | .
Y HBeleCo Sl E Ry R8RS A B oo oy My RGP using
it Besktaisticd] phrimbleryviiesedkbtatiitita]l gamogil Meadimgnathniques.
ti me-dependent map view system of equations is
derived by assum ng_t hat vertic rofiles of sedi nent

[
cbhcentheaesiodng @Wslhw@relgﬁgﬁégatse%ment SERRSitHs 1s used to
rind WAdpa€ Tan@SSHE H9 ﬁ]&lh@éict ectd/ $6it 1§l in ROREL-b&3d Yeologic

flow vel ocr'ty have a si ar shape at all [ocations.
2od2ingThe net hod of claim 11 wherein each of the
vertical profiles is assumed to have a center of nass

lpgf Ut an g%glygséﬁ%la%o%%%gehﬁ r%%’?lgﬁ%o 1&%%2 i%%gtfition is used to

WG Srefprob&sskethatsReh6E B igeslopioSeituRrofiifitefedt, ¢hd Alt@pretation of the
froma difference between a deposition rate in still

vRokagiaiedtuse of iplresbPBpLiSjug:dependent erosion rate. 24.
The met hod of claim 23 wherein the deposition rate in

still i}ﬂ@ﬁt initgsa fegtug@fne{hgisﬂﬁlgatgﬁ (ﬁg%)@sits&/hilch iV&hifar to the geologic
particle settling velocity and a total sedi nment
cleatmendfiiaterest). 25. The net hod of claim 11 wherein the

initial bottomtopography is an interpreted surface

det erm.ned.frgm Hsi ng one of seismc. a,. well | .
ot o By SN ofH et mR e RV IhE spriepignyftne similar
ThewreipssigfulgéPddpodit. Wherein the suspended sedi ment
concentration and net sedinent deposition is nodel ed

for at | east twg ranges of grain-dianeter.

19. The method of claim™11 wherein an HLL solver 1s used to calculate the flow

properties.

20.  The method of claim 11 wherein the flow properties further comprise an
erosion rate, wherein the erosion rate is applied in each of the cells and is determined
by a method selected from one of selection by the user prior to the simulation,
automatic selection based on the local flow properties in the cell, and any combination

thereof.

21.  The method of claim 11 wherein the two-dimensional time-dependent map
view system of equations is derived by assuming that vertical profiles of sediment
concentration have a similar shape at all locations and by further assuming that the

vertical profiles of flow velocity have a similar shape at all locations.

22.  The method of claim 11 wherein each of the vertical profiles is assumed to

have a center of mass less than half the flow height.



27. The nethod of claim 11 wherein the net sedi nent
deposition is calculated wusing information from

WG R0eha38Ng creation and transport of turbul eneCRUSIBDH/E29884
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energy. 28. The nethod of 4¢l ai m 11 wherein at | east
one of the flow properties is 15 deternmned using

i nformation from sinulation of turbulent diffusion.
29. The nethod of claim 11 wherein the pre-determ ned

stopping criterion is selected fromone of total
t33re, Thepmsthodiafi duieds wlg:,rgg,tbmnebﬁechmgm deposition is calculated

gtg rm%d&tl 02 dbé(l)t eglfmal %%%m%ﬂyra‘t:eol 'sﬂﬁt lvgtlgr galgﬁé:?(ﬁow velocity-

i SiNng recor
nk@aﬁkhtasmeﬁrmae net sedlnent 20 dep05|t|on, wher ei n
the recorded properties of the net seqinent deposi tion

are sel ected one net depaqsit lon rate in
eHeh gEFg? nmgﬁh% "o Hagepostisting @la ItPg) [Ate Ippstill water s

CREHR Frodd ZE sPilIN walk ahdtisleZ Setlingt WERBLHY Ohd REEFAINGediment
surfaces, sedinent type, and any conbination thereof

%ncmetlmat hod of claim 11 wherein the flow properti es
corrpri se a rate of 25 detrainnment that characteri zes

2265:;j uﬁ%' A lﬁg{d[ < %}%pomi lheI ?%111 dtlkllg }n?tlaﬁe%ﬂtd?lg t%{)oér‘hﬁhy is an

ositing
interpreted surface determined from using one of seismic data, well log data, core

data, and a combination thereof.

26. The method of claim 11 wherein the suspended sediment concentration and

net sediment deposition is modeled for at least two ranges of grain-diameter.

27. The method of claim 11 wherein the net sediment deposition is calculated

using information from simulating creation and transport of turbulent kinetic energy.

28. The method of claim 11 wherein at least one of the flow properties is

determined using information from simulation of turbulent diffusion.

29. The method of claim 11 wherein the pre-determined stopping criterion is
selected from one of total time, deposit thickness, gradient of flow, accommodation

volume, and any combination thereof.

30. The method of claim 11 comprising recording properties of the net sediment
deposition, wherein the recorded properties of the net sediment deposition are selected
from one of a net deposition rate in each grain-size bin, deposited sediment volume in
each grain-size bin, grain-size distribution, bedding surfaces, sediment type, and any

combination thereof.

31. The method of claim 11 wherein the flow properties comprise a rate of
detrainment that characterizes a reduction of the flow height due to setting of the

sediment from the depositing flow.



