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Een sedimenttransport analyse is uitgevoerd op basis van korrelverdelingen
van 668 bodemmonsters, die genomen zijn in het Eems-Dollard estuarium. De
"mathode Mclaren" levaert patronen op van netto transporten voor een 3 tal
sediment fracties. Deze worden gekenmerkt als zand, gemengd sedimant en
6lib. De patronen zijn gebaseerd op optimale atatistische relaties en niet
op gebiedskennis.

De transportpaden voor de 3 verschillende fracties komen zeer goed overeen
en vullen elkaar aan. De enige uitzondering ie.de rivier de Eems, waar een
slibtransport in stroomopwaartse richting vaestgesteld is, terwijl zand
stroomafwaarts getransporteerd blijkt te worden. Een mogelijke verklaring
voor dit verschijnsel is dat marien slib tijdens Hoog Water kentering
bezinkt en door haar cohesieve eigenschappen zich niet lsat resuspenderen
en transporteren tijdens eb.

De trendanalyse volgens Mclaren levert een ingewikkeld, maar eenduidig
patroon van eb en vloed gedomineerde transportpatronen op. De vele ondiepten
in het gebied scheiden de eb- en vloedgeulen van elkaar. Vrijwel alle trans-
portpaden duiden op een natto aanzanding/aanslibbing. Over het geheel

. genomen duiden deze paden op een sediment-importerend estuarium. De resulta-

ten zijn weergegeven in de figuren 8,% en 10,

De huidige vaargeul, die met baggerwerk wordt onderhouden, kruist het pad
met een "natuurli jk" sedimenttransport op twee plaatsen. Op basis van de
gevonden tremsportpaden wordt verwacht dat op deze pleatsen meer dan
gemiddeld gebaggerd moet wordem, tijdens het onderhoud.

Deze gebiedsn bevinden zich in de versmallingen mabij Mond van de Dollard
en Oost Friese Gaatje, en het gebled tussen de Qude Waster Eems en de geul
in het Doekegat. In de praktijk blijkt ook op deze lokaties het meeste
ondurhoudsbaggerwerk voor te komen.

De hoofdroute voor de scheepvaart loopt voor een deel door geulenfgeul-
gedealten met een vlceddominerend sedimenttransport. Onderhoudsbaggerwerk

zou mogeli jk kunnen worden verminderd door ale transportweg een gaul/geul-- -

gedealte met een ebdominerend transport van sediment te gebruiken. De

-vaargeul zou dan door de ebstroom “schoongespoeld" kunnen worden.
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Baggerspecie uit de haven van Delfzijl, die gestort wordt in de geul nabij
de Bocht van Watum, wordt wverspreid in de bocht wvan Watum tot aan de
westelijka helft van de zandplaat Hond-Paap.

De nicuwe stortlocatie in de westelijke geul van de Oude Wester Eems, nabl}
de Eems haven, is gekozen in een vloed gedomineerde transporthaan. Hierdoor
zal sediment mogelijk sneller terugkeren in de richting van de Eemshaven,
dan wanneer de stortlokatie in een cb gedomineerde geul gekozen was.

Op basis van de korrelverdelingen zijn percentages zend, percentages slib
en da medisne korreldiameter (D50) berekend. De verdeling van deze groothe-
den is weergegeven in kaarten van het onderzoeksgebied (zie hoofdstuk 4.1),
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1.  Inleiding

In opdracht van de Directie Groningen verricht de Dienst Getijdewateren onderzoek
naar de invloed van baggeractiviteiten op het FEcosysteem in het Eems-Dollard
gebied. Voor een goed advies worden de vraagstukken met betrekking tot de slib-
huishouding benaderd langs twee sporen, namelijk de "modelbenadering" en de
Yempirische /waarnemingen benadering".

Om de invloed van baggeren op de troebelheid te kunnen afschatten, wordt ir het
kader van het projekt BAGHWAD (BAggeren Havens WADden) een numeriek slibtransport-
model gebouwd, met daarin "genest" een nearfield stortmodel [l].

Naast de modelmatige aanpak zijn veldwaarnemingen essentieel voor het verkrijgen
van baslsgegevens. Bij het maken van een slibbalans vormde met name de verouderde
kennis omtrent de bodemsamenstelling, een belangrijk basisgegeven, een probleem.
Om deze reden 1s het Engels-Canadése bedrijf GeoSea Consulting Ltd. opdracht
gegeven tot een inventarisatie van de bodemsamenatelling.

Neast de bodemsamenstelling ie door GeoSea, met een door hen ontwikkelde methodse,
vastgesteld langs welke transportpaden zand en ¢lib zich bewegen in het estuarium.
Kennis omtrent de bodemsamenstelling en empirische netto (rest)-transportrichtin-
gen van sediment wordt gebruilkt om het slibtranasportmodel te optimaliseren.

Het Engels-Canadese bedrijf GeoSea Consulting Ltd. heeft al eerder een dergelijk
onderzoek voor DGW uitgevoerd voor het kustgebied in de Mond van het Haringvliet
[2] en het kustgebied rond de slibstortlokatie Loswal Noord [3].

Voor hat Eems-Dollard estuarium heeft GeoSea de analyse uitgeveerd op basis van
de 668 korrelverdelingen van bodemmonsters, die in het gebied genomen zijn tussen
oktober en december 1989.

De korrelverdelingen van de monaterlokaties leveren een beald op van de zand/elib
verdeling over het estuarium. De methode van Mclaren en Bowles is gebruikt om de
transportpaden van zand, slib en gemengd sediment te bepalen. De beschrijving van
de methode en de resultaten ven het Eems-Dollard onderzoek zijn in een engels-
talig rapport vest gelegd. Het is in deze nota bijgevoegd als appendix A .

[1] Van Heuvel Tj., 1988. Verspreiding van baggerspecie tijdens en na het
- storten vanuit een baggerschip. RWS- Dienst Getijdewateren: nota GWAO-
88.034.
[2]) GeoSea, jull 1988. The sediment transport regime in Mend Haringvliet,
(3] GeoSea, augustus 1989, The dipereal of dredge material and nearshore
gsediment transport between Rotterdam and Scheveningen.



ministerie van verkeer en waterstaat rijkswaterstaat

2.

pehoort bii: Neta GWWS-91.002
datum. februari 1991
bladnr, &

Doel wvan het ondsrzoek

Een helangrijk doel van dit onderzoek was om de bodemsamenstelling in het es-
tuarium vast te leggen voor 1989/1990, Dit ten behoeve van een slibbalans en het
ontwikkelen van (sediment)transportmodellsn en ecologische baleidsmodellen.

De methode Mclaren is gekozen omdat op grond van de korrelverdelingen, ampirische
netto transportpaden van zand en slib bepaald kunnen worden. De resultaten zullen
gebruikt worden voor het afregelen van sediment-transportmodellen. Op grond van
de kaarten kan ook direkt geadviseerd worden als het gaat om beleid ten aanzien
van storten en lozen in het Eems-Dollard estuarium.

In de opdracht naar GeoSea zijn deze doelen verwoord in een aantal deelopdrachten:

1)

2)

3)

4)

5)

Het vaststellen van netto eb/vloed transportpaden van sediment in het Eems-
Dellard estuarium.

Het vaststellen van transportpaden voor de verschillende sediment-fracties:
zand, slib en gemengd. Hierbilij moet tevens aangegeven worden of er een
erosle-, evenwilchte- of sedimentatie-trend bestaat.

Voor de transportrichting moet vastgesteld worden of het sediment fijner
of grover wordrt.

Het inschatten van de invlced die baggeractiviteiten hebben op het se-
dimenttranspert.

Het inschatten van het transportgedrag van baggerspecie die op specifieke
lokaties gestort is (Bocht van watum, Oude Wester Eems).

Suggesties (indien mogelijk) om de hosveelheid baggerwerk te verminderen
{(Dit op wetenschappelijke basis).
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3. zet arin an darzoek

Bij de opzet van het onderzoek is gebruik gemsakt van de ervaringen die opgedaan
ziin bij het onderzoek rond Loswal Nocrd. Dit geldt gowel voor het veldonderzosk
als de vervolgwerkzaamheden. In het kort komt het neer op:

* Vaststellen van een basisrooster van meetlokaties in het onderzoeksgebied.

. Dit basisrooster heeft een maaswijdte wvan 1%l km, en houdt geen rekening

met geulen en platen. Indien nodig is het verdicht met een lokatie in het
centrum van een vierkant. {(zie figuur 8)

* De bodemmonsters, die geanalyseerd zijn op korrelgreootteverdeling, zijn
gestoken met een speciale lepel (scoop). De monsters vertegenwoordigen
daardoor de bovenste 8-10 cm uit een groter bodemmonstar, Daze bodemmonsters
ziin genomen met een grote van Veen-happer. Op basis van deze grote bodem-
monsters (10-20 liter) werd ook informatie ingewonnen omtrent gelaagdheld
sn bodemfauna, Tevens werd een reserve monster genomen. Deze monsters worden
diepgevroren bewaard voor eventueel nog nader uit te voeren analyses.

*van Vean happer” met scoop

A

] 0.25 m. | 0.25 m, |

Figuur l: Hat nemen van een deelmonster uit een van Veen bodemhapper.
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* Er ziin 24 bootdagen besteed om alle 668 lokatles lange te gaan. Met

toestemming van de Duitse autoriteiten zijn de lokaties in de Qoster Eems
en Eems-rivier door de meetdienst Delfzijl bezocht. Gedurende de esrste week
is een medewerker wvan GeoSea meegeweest, De bodemmonsters zijn genomen
tussen 25 september en 13 decamber 1989,

Omdat in deze periode van bemonstering geen stormen zijn geweest, en
baggeractiviteiten nauwelijks hebben plaatsgevonden, kan er gesteld worden
dat er een synoptische opname gemaskt is van het Eems-Dollard estuarium.

* De analyse van de sediment-monsters is uitgevoerd door GeoSea Engeland. Het
monster wordt gezeefd om de deeltjes grover dan 2 mm te verwljderen.
Vervolgens worden de monsters door het systeem van de Malvern geanalysserd.
Dit gebaurt met een tweetal lenzen.

De totale korrelverdeling wordt digitaal opgeslagen in een database. De
database gegevens ziin aan Rijkswaterstaat beschikbaar gesteld voor verdere
verwerking tot bijvoorbeeld bodemsoort-kaartem.

* De interpretatie van de data en verwerking tot transport-paden ig uitgevoerd
door GeoSea Canada Ltd.. Hiarbij wordt gebrulk gemaakt van een programme
dat daar ontwikkeld is om de onderlinge statistische relaties tussen
korrelverdelingen te bepalen. De methode van "trial and error" moet echter
gehanteerd worden om tot optimale transportpaden te komen [zile appendix A).
De gevonden ebfvloed tranportpaden zijn tot stand gekomen op basis wvan
optimale statistische correlatie, en niet op basis van "gebiedskennis",

* Het tijdschema van het verloep wan het projekt is in onderstaande tabel
weergegeaeven.
1989 | 1980
JASONDJFMAMJJASOND
Opstellen meetplan + begroting 4%
Uitvoeren van bodembemonstering GG
Bepalen van korrelverdelingen UL

1e betalingstermijn : £ 10000.=
2o betalingstermi|n : £ 10000.=

Bepalen transportpaden ' Do %%
Presentatie in Haren
Rapport afronden G

3e betalingstemiin : £ 13600.=
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ba Resultatsn

De resultaten van het onderzoek zijn twee-ledig:

1) Een database met kwalitatieve gegevens over de korralverdelingen van 668
monsterlokaties (zie bijlagen 1)

2) De transportpaden voor zand, slib en gemengd sediment; deze zijn bepaald
en vastgelegd op gebledskaarten. (zie de figuren 8 t/m 1l en ook Appendix
A)

4,1 D elverdeli

De korrelverdelingen zijn gegeven in gewichtspercentages per klasse van 0.5 phi
(-*log (diameter in mm) ). Hieruit zijn onder andere het zand-percentage, slib-
percentage en de mediane korraldiameter (D50) van het monsterpunt berekend. Deze
informatie is weergegeven in bijlage 1.

De wverdsling van het zandpercentage (korraels > 64 micrometer) over het estuarium
is weergegeven in de figuren 2 en 3. Ult de verdeling blijkt dat de buitendelta
voornameli jk uit zand beetaat. In de omgeving van Delfrzijl is de verspreiding wvan
zand beperkt tot de diepere delen van geulen.

De verdeling van het slibpercentage (korrels < 64 micrometer) over het estuarium
is weergegeven in de figuren 4 en 5. De lokaties met de hogere slib-percentages
liggen in de toegangsgeul tot Delfzijl, de Eemshaven en de Bocht van Watum, Verder
zijn de kweldergebieden en de Dollard slibrijke gebieden. De rivier de Eems, die
in de ags bemonsterd i1s, toont hier en daar een lokatie met slib.

De slibrijke gebieden worden voornamelijk aangatroffen in het trajekt tussen
Delfzijl en Emden, waar ook het troebelheidsmaximum zich bevind.

Da mediane korreldiameter {de diameter waarhij 50% wan de korrels in het moenster
groter danwel kleiner zijn) is berekend voor alle monsterpunten., De isolijnen-
kaarten (zie figuur 6 en 7) tonen dat met name in de hoofdgeulen grof sediment
aangetroffen wordt. De D50 ligt hier boven de 300 micrometer, De lagere waarden
veor de D50 komen overeen wmet de slibrijke gebieden.

Bij sedimenttransport berekeningen wordt in het algemeen de verdeling van de
mediane korreldiameter over een gebied gebruikt.

De gegevens komen beschikbaar als bestand in een GIlS-computer met een ARC-INFO
database systeem.
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4.2 De_transportpadan

De transportpaden zijn bepaald volgens een methode die ultvoerig baschreven staat
in appendix II van het GeoSea rapport (Appendix A).

Op basis van de korrelverdelingen worden 3 typen transportpaden onderschelden:

* Zand-transportbanen die monsterpunten "enderling verbinden", wasrblj het
glibpercentage kleiner is dan 20% .

* Slib-transportbanen die monsterpunten "onderling verbinden", waarbij het
zandpercentage kleiner is dan 20% .

® Gemengd sediment-transporthanen, die monsterpunten "onderling verbinden"
waarbij de korrelverdaling tweetoppig is. Ter plaatse van het momsterpunt
bestaat het sediment ult een mengsel van slib en zand.

In figuur 8 is het sedimenttype voor de monsterlokaties weergegeven.

De transportpaden van het zand {zie figuur 9) tonen een aanvoer vanuit zee het
estuarium in, Dit gebeurt via het Ranselgat, de westzijde van de Oude Wester Eems
en de Ooster Eams tussen Borkum en Memmert. Dieper in het estuarium loopt het
vlcedgedominearde sedimenttransport via de westzijde van het Oost Friesche gaat je
langs de Hond-Paep in de richting van de Dellard. Uit de analyse blijkt in het
gebled tussen Delfzijl en de Dollard een evenwicht te bestaan tussen sedimentatde
en erosle.

Het ebgedomineerde zandtransport loopt van Emden via de costzijde wvan het Qost
Friesche Gaatje near de Oude Wester Eems. Het transport tussen Rotummeroog en
Borkum in de richting van de zee 1ijkt relatief klein.

Hoewel het bij transportbanen om kwalitatieve resultaten gaat, blijkt uit de
analyse dat het traneport geen ercsief karakter heeft en er waarschijnlijk weinig
export van zand plaats zal vinden. Vermoed wordt dat zand ten noorden en zuiden
van de Mesuwenstaart "overstapt” van de eb near de vloedgeul.

De gemengd sediment transportpaden bevindsn zich voornameli jk tussen de Eemshaven
en Emden (zie figuur 10). Deze transportpaden komen covereen met die van het zand
voor wat betreft de geulen. Nablij Delfzijl blijkt dat dit sedimenttype zich
beweegt in de richting van de haven ven Delzijl, door het toegangskanaal.

Tevens is er een pad via de Gaatjebocht in de richting van de Bocht van Watum.
Vanuit deze geul vinden we transport naar de hoogste delen van de Hond-Paap plaat.

De S1ib trensportpaden zijn te vinden ten westen van de Hond-Paap, in de Dellard
en de Eems-rivier {zie figuur 11). Deze paden vullen de reeds besproken transport-
paden aan, Alleen bij de Eems is te zien dat het slib een richting heeft die
tegengesteld is gan die wan het zandtransport.

Op basis van de 3 kaarten kan rond da Hond-Paap een transport vastgesteld worden,
dat in de richting van de klok beweegt. Zowal van de Oocst als Westzijde wordt de
plaat gevoed met sediment.
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Ten aanzien van de bodemsamenstslling (kwantitatieve resultaten):

*

[4]

Er dienen bodem/grondscorten-kaarten worden gemaakt van het Eems-Dollard
gebied., Dit zal uitgevoerd moeten worden samen met de Direktie Groningen
en Duiteland, Omdat in 1990 het gehele Nederlandse beheersgebled opnieuw
gepeild ie, zijn dieptecijfers en bodemsamenatelling-gagevens zeer actueel,

De verdeling van zand, slib en de mediane korreldiameter in het estuarium
dienen te worden gebruikt om een sediment~transportmodel af te regelen. Waar
in het veld slibrijke gebleden aanwezig zijn, zullen ook door het rekenmodel
zogenaamde "sedimentatis gebleden” berakend moeten worden.

In het kader van het DGW-projekt IS0S*2 moeten o.a. de relaties bepaald
worden tussen de bodemsamenstelling, de waterdiepte en de lokale flora en
fauna. Omdat voor het Eems-Dollard gebied deze parameters nu redeli jk bekend
z1i4n, moet gezocht worden naar een dergelijke relatie,.

De bodemsamenstelling van lockaties op de droogvallende platen kan gebruikt
worden om remote sensing beelden van de Wadden te calibreren. In een pilot
studie [4] is vastgesteld dat er relaties bestaan tussen de Remote Sensing
beelden en het kleil-percentage in het bodemoppervlak. De Meetkundige Dienst
zet dit onderzoek wvoort.

De bodemsamenstelling ken gekoppeld worden aan de bodemschematigatie van
het WAQUA model van het Eems-Dollard estuarium. Een modalafregeling vindt
dan pleats op basis van de bodemruwheid (Chezy).

I. van der Ven, juni 1990. Sediment-samenstelling in het Eems-Dolleard
gebied, Een kartering met behulp van Landsat 5 TM. (Afstudeeropdracht
Hogeschool Utrecht, studierichting Landmeetkunde).
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Ten aanzien ven de sediment-transportpaden {kwalitatleve resultaten):

*®

(5]

De trends die in het gebied gevonden zijn moatan gebruikt worden om het
sediment-transportmodel te calibreren. Modelresultaten zullen goed moeten
overgenkomen met de empirisch vastgestelde paden.

De trends moeten gebrulkt worden nm deeltjesmedellen van het Hond-Paap
gebied te calibreren [5].

De trendkaarten kunnen gebruikt worden bij de keuze van toekomstige stortlo-
katies, 2ls de modellen nog niet optimaal gijin.

De trends kunnen gebruikt worden bij het beleid van vergunningen wvan
lozingen ete.

De trends kunnen gebruikt worden als een keuze gemaskt moet worden m.b.t.
veargeulen.

De trends kunnen gebruikt worden als het baggeronderhoud van de Eemshaven
en het storten in de Oude Wester Eams geevalueerd wordt.

De trends kunnen gebruikt worden bij de evaluatie van morfologische ontwik-
kelingen van het gebied [middellange termijn].

G6.C, wvan Dam and R.A. Louwepsheimer, 1991, A three~dimensional transport
model for dissolved and suspended matter in estuaries and coastal seas.
Proceedings of 5th International Biennial conference, Wales, UK.
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6. Suggesties voor yverveolg-onderzoek

De resultaten beschreven in deze nota, zijn gebaseerd op een onderzoek dat
ultgevoerd 1s door het bedrijf GeoSea Ltd. De methode die zij ontwikkeld hebban
om, op basis van korrelverdelingen, resttransportpaden voor zand en slib vast te
stellen, is voor het Eeme-Dollard estuarium vruchtbaar geweest.

Dit type onderzoek kan bij andere watersysteem~behearders ook zinvolle resultaten
opleveren, als de (beleids)vraagstukken betrekking hebben op

* de samenstelling van waterbodems en de resttransporten van zand eu slib.
Hiermea zijn morfologische ontwikkelingen in een gebled in te schatten. Met
de verkregen empirische (veld)resultaten zijn ook numerieke transport~
modellen (beleldsinstrumenten) te calibreren.

* het vaststellan van toekomstige stortlokaties voor bijvoorbeeld baggerspecie
en het evaluaren van reeds bestaande lokaties. Slib en zandtransportpaden
vanaf dergelijke lokaties kunnen in kaart gebracht worden,

* het optimaliseren van scheepvaartroutes, of het toewijzen van zandwinloka-
ties. Door kennis van de sedimenttransportpaden kan een schatting gemaakt
worden hoe gevoelig een gebled is voor amsnzanding danwel aanslibbing. Met
gecalibreerde sedimentmodellen is het transport te kwantificeren.

* het transport van asn slib gebonden verentreinigingen. Door kennis van de
slibtransportpaden kan effectisver onderzoek gedaan worden naar de veront-
reiniging van waterbodems.

Door het GeoSea onderzoek in de overige kombergingsgebieden van de Waddenzee uit
te voeren, zoudsn meerdere doelem worden gediend.

Op de eerste plaats levert het onderzoek informatie omtrent de bodemsamenstelling.
Daze basisinformate wordt in het kader van allerlei, zowel regionale als landeld)-
ke projekten, gevraagd., Tot nu toe moet teruggegrepen worden op de bodamkaart van
alleen de intergetijdegebieden uit het eind van de jaren vijfrig.

Daarnaast is ontwikkeling van de kennis van de transportbanen in de Waddenzee van
belang voor baggerstortproblematiek (lokatiekeuze en effecten van baggeren/stor-
ten}, verontreinigingeproblematiek (transportrichtingen van asn slib gebonden
verontreinigingen) en zeesplegelrijzingsproblematiek (eedimsntbalansen).
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Het nemen van een deelmonster uit een van Veen bodemhapper.

Verdeling van het zandpercentage in het zuidelijk deel van het Eems-
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Verdeling van het zandpercentage in het noordelijk deel van het Eems-
Dollard estuarium

Verdeling van het slibpercentage in het zuildelijk deel van het Eems-
Dollard estuarium

Verdeling van het slibpercentage in het noordeldi jk deel van het Eeme-
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«== Consulting Ltd

Consultants in Marine Sedimentation

Dr. Tj. van Heuvel
Rijkswaterstaat
Koningskade 4,

2500 Ex, The Hagus,
The Netherlands.

Dear Dr, van Heuvel,

GeoSea Consulting (UK) Ltd
P.O. Box 310. Cambridge CB3 SHU, UK
Tel: (0223} 333453/311064
Fax: (0223) 333450

18th January 1991.

GeoSea Consulting is pleased to submit the report, "The Sediment Transport pathways

in the Ema Estuary.”

Bacause of the excellent data base of 668 samples, the results of the sediment trend
analysis have come out very well. Three facies were identified (sand, mixed or bimodal
sediments and mud} and trends determined for each. The pathways were mutually
coneistent for the different sediment types thereby supporting their vatidity. One
exception occurred in the River Ems itself where mud is evidently accreting in an

upstream direction, whereas the sands and mixed sediments are transported seawards
on the ebb. Probably the cohesive properties of mud can explain this apparent anomaly.

In the estuary the pathways clearly define ebb and flood-dominated transport. These
have been used to predict probable areas of high sedimentation in the existing dredged
channel which occur when the channel erosses a transport pathway. A possible new
route for the dredged channel is suggested. It follows the ebb transport regime for the
entire length of the estuary and should, therefore, be the route that will have the

" minimum maintenance dredging requirements.

The results also suggest that dredged material from the port of Delfzyl is moved
northwards from the disposal site and onto the west half of the Hundpaapsand. A new
disposal site for the Port of Emshaven is not recommended as it is in a flood-dominated
channel and material is likely to be returned to the harbour. A different eite is suggested
in the ebb-dominated Alte Ems Channel. -

I hope this report will be satisfactory for your needs and I will be pleased to provide you
with any further information should you require it.

Yours sincerely,

Patrick McLaren
Managing Director

Registered In Engiand No, 22205%6
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1.0 INTRODUCTION

1.1 Background

This report utilises the technique of McLaren and Bowles (1985) to establish the
patterns of net sediment transport in the Eems estuary (Flg 1), This approach has
been used in two previous studies for the Rijkswaterstaat * for which the objectives
and method were closely similar. The theory of the method to establish sediment
transport paths using relative changes in grain-size distributions are fully
discussed in Appendix IL.

1.2 Objectives

The principal objectives of this study are to use the grain-size distributions from
668 samples in order to;

1. establish the net sediment transport pathways in the Eems estuary

2. establish specific "transport environments” as determined by sediment type; net
erosion, dynamic equilibrium or net accretion; and whether sediment is fining
{Case B) or coarsening {Case C) in the direction of transport.

3. assess the consequences of dredging operations on the sediment transport regime

4. determine the behaviour of dredged material at particular disposal sites with
emphasis on its transport beyond the designated areas

5. suggest, if possible, procedures to minimize possible adverse effects of dredging
and dredge disposal operations.

1. (a) The sediment transport regime in Mond Haringvliet; GeoSea Consulting
report, July 1988,

(b) The dispersal of dredge material and nearshore sediment transport between
Rotterdam and Scheveningen; GeoSea Consulting report, August 1989.
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1.3 Field Methods

The sediment samples were collected between October and December, 1989.
GeoSea Consulting personnel participated in the initial stages of the field
programme in order to finalise the sampling grid and monitor sample collection.
Collection was achieved using a Van Veen type grab which sampled to a depth of
between 10-15 cm below the sediment/water interface. A small core, representing
the full depth of sediment recovered, was then taken out of the grab using a plastic
trowel, Rijkswaterstaat personnel and vessels were used to carry out sample
collection and all samples were sent to Cambridge for analysis.

The sampling was based upon a 1km grid with sample density being increased
around Delfzijl and to the west of Eemshaven. A total of 668 samples were
collected (Figure 2).

1.4 Grain Size Analyses

All samples were analysed by a standardised method developed by GeoSea
Consulting using a Malvern laser particle sizer. Laser measurements of the weight
percentages within the clay, silt and sand fractions were combined with sieved
weights for the gravel fraction. This method allowed the definition of final
distributions within the range -2phi (4mm} to 10phi (1um) using 0.5phi class
intervals.

The samples were well mixed in order to ensure a representative subsample for
analysis. Three measurements were taken on each sample and the results averaged,
The distributions were merged into a database and incorporated into the sediment
trend progamming. A copy of this database is supplied in ASCII format on disketie
as Appendix I. In this file the data for each sample occupy one line in the database.
The weight percentages, at half phi intervals, are preceded by the moment
measures of mean, sorting and skewness.

2.0 PHYSICAL SETTING

The Eems estuary occupies pre-glacial depression and its evolution can be traced
through all the glacial stages (Van Straaten, 1960). In its present form, the estuary is
funnel-shaped which is characteristic of a macrotidal environment {6m range);
however, the presence of the offshore chain of barrier islands and the morphology
of the sand banks within the estuary are features common to microtidal
environments (Hayes, 1975, 1979). In fact, the Eems estuary falls inside the
mesotidal range (2.0 - 4.0m} with a mean spring of 2.3m at Borkum and 3.1m at
Emden, According to data from borings reported in Van Straaten (1960) the jarge
shoals (Mowen Steert, Emshdrnplate and Hund paapzand) are built up entirely
with recent estuarine sands and are not cored with older Pleistocene sediments.
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The main channel into the estuary is nearly everywhere less than 10m deep and is
frequently split into two halves by intervening shoals, notably the Ballonplate,
Horsbornplate, Mowen Steert, Dukogatplate and the Hundpaapzand (Fig.1).
Advantage has been made of the natural channels to maintain a navigable dredged
channel from the open sea into the River Eems. This ranges from 13m deep in the
outer reaches of the estuary to 8.5m at Emden, Also the ports of Delfzijl and

 Eemshaven are regularly dredged. Material from dredging operations has been
placed in the channel between Eemshaven and the Hundpaapzand (Bocht van
Watum) and, more recently (since Nov.1989) in the channél immediately south of
the Alte Ems Reede (Fig.1).

3.0 PATTERNS OF SEDIMENT TRANSPORT

To-obtain meaningful results from the trend analysis, the sediments were divided
into three separate facies based on the weight proportions of sand (-0,5 to 4.0 phi)
and mud (4.5 to 10.5 phi). These facies, identified in Figure 2 are:

1. sand which contains less than 20% mud
2. mud which contains less than 20% sand
3. bimodal or mixed sediments (sandy mud or muddy sand).

For each facies numerous sequences of samples were tested for preferred transport

directions, The final solutions were accepted when a coherent pattern was obtained
in which the derived trends were mutually supportive, both in direction and trend

statistics.

3.1 Sand Transport

As seen in Figure 2, sand dominates the estuary. Of all the sample sequences
examined, a total of 87 lines produced a coherent pattern of ebb and flood
dominated transport paths. The 87 lines themselves form 7 groups (numbered 1 to
7; Fig.3) and the patterns of sand transport are shown in Figure 4. Table 1 provides
the trend statistics for all the lines. The following summarises the results of the
sediment trend analysis for each group of lines, '

Lines 1A to 1C:

These lines are confined to the sand deposits contained within the River Eems. as
seen in Figure 2, the sediments in the river are highly variable with sand, mud and
bimodal sediments more or less randomly distributed. Although the three lines of -
sand all produced "down-river" trends the R? values are relatively low (average
0.43; Table 1). Possibly dredging and shipping activities within the narrow confines
of the river has resulted in the mixture of facies and the Jow R? values. each of the
lines produced an X-distribution indicative of net accretion along the transport
paths{Fig.5).
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Lines 2A to 2C

This large group of lines compleles the ebb lransport regime for the whole estuary.
All the lines originale in the main channel at the head of the estuary. Lines 2A to 2l
indicate that ebb transport down the channel"spills" over onto the eastern tidal flats
(Rysumer Nacken) as well as onto the Emshémplate, The R? values are all high
(average 0.89). Although all the trends indicate accretion, a distinction has been
made between those lines where the mode of the X-distribulion is clearly finer than
the D1 and Dz distributions (Fig.6) and those where the X-distribution is
interpreted to mean that accretion is minimal along the line (ie. the X-distribution is
approaching a shape relative fo Dy and D2 which is indicative of dynamic
equilibriumy), Such lines are interpreted accordingly in Table 1 and illustrated in
Figure 4.

Lines 2] to 2"0" show that the ebb transport path follows the main channel from the
head of the esfuary as far as the Dukegatplate where it swings eastwards into the
smaller channel lying between the Dukegatplate and the Emshornplate. North of
this channel, however, the ebb-flow moves wesiwards and into the Alte Ems where
the transport diverges onto the Mowen Steert shoal, Nearly all the lines show net
accretion (Fig.B) as weli as reasonably high R? values (avera ge 0.74).

Lines 2P and 2Q continue to follow the main channel of the Alte Ems seawards into
the Hubertgat indicating that the ebb transport path continues into the North Sea
past the barrier islands. Similar to the accretionary lines onto Mowen Steert, the R
values remain at about 0.72 (Table 1). The R? values markedly improve for the ebb
trangport onto the crest of the Alte Ems Reede shoal {Lines 2R to 2W) which all
show net accretion out of the alte Ems Channel (average R® =0.93), Lines 2X and 2Y
suggest that some of the ebb transport joins a flood transport regime in the Dukegat
Channel and the remaining lines (2Z to 2C’) show that the ebb transport regime
provides the sediments on the Dukegatplate. Again the R? values are all
exceptionally high for these lines.

Lines 3A to 3M

This group of lines originate in the main channel opposite Emshaven and indicate
transport in the flood direction as far as the Dollard. Lines 3A to 3] show transport
from the main channel (Ostfriesisches Gatje) onto the eastern half of the
Hundpaapzand. Most of the lines show net accretion (eg: Line 3F; Fig.9) and the R?
values generally improve from rorth to south (R? for Line 3A = 0.53 and for Line 3]
= 0.82), The remaining lines which continue into the Dollard (Lines 3K to 3M) show
high R? values (average 0.85). Although Case B (sediment fining with net accretion)
dominate the trends, two of the lines also show significant Case C trends (Lines 3L
and 3M; Table 1) in the same flood direction. This suggests that high energy
transport can occasionally occur into the entrance of the Dollard.

Lines 4A to 4L

Originating in the Osterems, the channel lying between the islands of Borkum and
Memmert, these lines show flood dominated transport up the channels that are
located on either side of the Schuitensand. Lines 4A to 4E indicate deposition is
occurring on the Randzel, the large intertidal flat behind the island of Borkum.
With the exception of the rather poor R value for Line 4A, the values are all high
with an average of 0.89. Line 4F terminates against the Schuilensand and Lines 4G
to 4L all show accretion towards the intertidal flats of the Hamburger Sand and the
Pilsumer Watlt. As seen in Table 1 and Figure 4, Line 4 is made of both " slight net
accretion” lines and "net accretion" lines (compare Figures 10 and 11).
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Lines bA to 5"(Q"

This group of lines originate in the Westerems, the main channel between the
Ballonplate shoal and the Hohesriff shoal. Similar to the flood-dominated regime in
the Osterems, these lines also show a flood direcfion which continues down the
Randzelgat as far as the south end of the Mowen Steert shoal.

Here, sediment transport is deflected eastwards up the Emshorninne, a flood
channel on the north side of the Emshorplate. Sediments are also carried out of
the Randzelgat and onto the wide intertidal flats which make up the Randzell
(Lines ;A to 5K). Most of the lines in this group show net accretion and reasonably
high R® values (0.64).

Lines 6A to 6K

These lines follow the southwest side of the Alte Ems between the Alte Ems Reede
shoal and the shoreline. All the lines show net accretion bo%h in the channel and
onto the adjoining intertidal flat (the Uithuizerwad). The R® values are
exceptionally high (average 0.86).

Lines 7A to 7D

This small group of lines originates in the nearshore area immediately north of the
Island of Rottumeroog and suggests a flood transport regime onto the wide
intertidal flats behind the barrier island. Of all the groups of lines, these are the
most poorly defined with slight ambiguities in the trend statistics (Table 1) and
relatively low R? values (0.45 for Line 7D). Also the trends could not be continued
very far onto the intertidal flat despite the presence of more sand samples up the
tidal creeks (eg: samples 313,314,346,347 eic; Fig.3). Attempts made to mesh the
flood transport of this group of lines with Line.6 was also not possible. These rather
poor results in the trends for this area are surprising given the morphology of the
Rottumeroog coastline which contains a flood-directed spit, as well as the
orientation of the tidal channels, seem to suggest that the transport directions have
not been misinterpreted. '

3.2 Mixed (Bimodal) Sediment Transport

Bimodal sediments containing a mixture of sand and mud are relatively
uncommon in the outer estuary but become more commaon towards its head,
particularly on the west side of the Hundpaapzand (Fig.2). Transport of the
bimodal sediments could be described on 20 lines of samples which are contained
in three groups (numbered 8 to 10; Fig.12). The patterns of transport are shown in
Figure 13 and the statistics for each line are contained in Table 1 (starting with Line
8A). The results of the trend analysis are as follows:
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Lines 8A to 8C

These lines correspond well with the sand transport paths defined in Lines 1 and
2A, 2B which indicated an ebb-dominated regime from the River Eems onta the
Rysumer Nacken tidal flats. The trend statistics suggest both Case B and Case C
transport are occurring and examination of the X-distribution for each case shows
net accretion for Case B (Fig.14) and dynamic equilibrium for Case C (Fig.15).

’

Lines 9A to 9C

Also similar to the sand transport regime (je, Lines 5A to BM), this group of lines

“shows flood-dominated transport from the Randzelgat Channel onto the Randzel
intertidal flats. The R* values are all exceptionally high (0.97) and the
X-distributions are indicative of accretion,

Lines 10A to 10N

This important group of lines completes the pattern of sediment transport in the
vicinity of the Hundpaapzand. Lines 10A to 10C show flood-dominated transport
down the Ostfriesisches Gatje and into the Dollard which agrees well with the sand
transport regime in the same area (Lines 3K to 3M). It is interesting to note that
despite Case C trends (sediments coarsening), the X-distributions indicate net
accretion (Fig.16).

Line 10D provides a link between the flood transport regime in the channel with
the mixed sediments found in Delfzijl harbour and Lines 10E to 10N demonstrate a
clockwise pattern of transport around the southern end %f the Hundpaapsand with
deposition occurring on the west half of the shoal. The R” values are all
exceptionally high and Case C is the dominant trend although the X-distribution
shows that there is net accretion of sand occurring.

3.3 Mud Transport

The areas of mud in the Eems estuary are limited principally to the harbours of
Emshaven and Delfzijl as well as the upper reaches of the Dollard (Fig.2). In the
river Ems mud deposits are found at random among the sand and mixed
sediments. The lack of mud samples enabled only several lines of samples to be
analysed. These are shown on Figure 17 and the statistics given in Table T (Lines 11
to 13), Figure 18 provides the pattern of sediment transport.

Line 11A produces a transport direction up the River Ems, a direction opposite to
that of either the sand or bilmodal sediments, The trend is particularly good (R" =
0.92) and the X-distribution indicates net accretion (Fig.19},

Line 11B follows the same transport into the Port of Delfzijl as lhe mixed sediments.
The X-distribution clearly defines an accreting environment (Fig.20}. Lines 11C and
11D also follow the same direction as the mixed sediments which shows transport
out of the Ostfriesisches Gatje and into the Bocht Van Watum (je. a clockwise
circulation around the Hundpaapzand). The Final two lines (12 and 13) indicale
that muds are accreting into the Dollard and also farther up the river as far as
Jemgum.
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4.0 DISCUSSION

4.1 General

The transport pathways for the three facies (sand, bimodal and mud) as depicted in
Figures 4, 13 and 18 are, with the exception of mud transport up the River Ems,
mutually supportive in their overall patterns. This provides considerable support
to their validity. The sediment trend analysis demonstrates that the whole estuary
is influenced by a complex "mix" of ebb and flood dominated transport paths. The
ebb-regime is controlled largely by the outflow from the River Ems which initially
favours the north and west side of the estuary. Following the smaller channel
between the Dukegatplate and the Emshérnplate, the ebb regime crosses the main
channel into the Alte Ems and continues past the barrier islands and into the
Hubertgat.

The flood regime in the outer estuary is predominantly confined to the main
channels of the Westerems and Randzelgat, although there is some evidence of a
flood transport regime on the south side of the Hubergat. The area between the
Alte Ems and the Dukegat is where the ebb and flood converge with the result that
the flood transport is deflected to the east and ebb transport to the west. In the
middle and inner portions of the estuary, the flood regime is confined principally
to the east side, with transport of sediment reaching the Dollard. The marine origin
of sediments in the Dollard has been determined in previous studies (eg: Favejee,
1960).

The pattern of sediment fransport is further validated by the relationship between
the ebb/flood regimes and the location of the numerous shoals. Each shoal divides
the ebb and flood dominated transport paths as seen, for example, in the
Dukegatplate, the Mowen Steert, the Horsbornplate and the Ballonplate. The
Hundpaapzand is also located between an ebb-directed regime on the west side
and a flood directed regime in the Ostfriesisches Galje on its east side. The Shoal
itself is being built up by sediment in both regimes. '

The one anomaly concerning mud transport up the River Ems when both sand and
mixed sediments appear to be influenced by ebb transport is possibly due to the
cohesive properties of mud. As noted earlier, the marine origin of the mud
sediments has been described in previous work. It is suggested that mud is carried
into the river on the flood tide and deposited during the high water slack. Once
deposited, its cohesivness does not allow it to be resuspended and transported on
the ebb-flow. Sand and mixed deposils, on the other hand, are able to join the ebb
transport regime.

4.2 Implications for Dredging Operations

Although the purpose of this report is not to advise specifically on the present
dredged channel, the patterns of sediment transport do allow several observations
to be made. In general, a dredged channel oriented transversely or across the
pathway of net sediment transport can be expected to act as a sediment trap.
Material, in attempting to cross the channel, will become deposited and, until
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infilling is complete, will be unable to continue its movement on the further side.
When a dredged channel is parallel to the natural transport path, deposition can,
and probably will occur; however there is a greater probability of natural flushing
of sediment in the direction of net transport. As a result, dredging requirements
may be less when channel and transport path are parallel compared to when they
are not. It is also reasonable to suppose that dredging requirements will be further
lessened when the dredged channel follows an ebb transport path as opposed to a
flood transport path. While the former may or may not contain less sediment the
tendency for the seaward removal of material is clearly more desirable than
Jandward (and hence estuary infilling) movement. Following a sediment trend
analysis such as this study, further process studies could be undertaken in the ebb
and flood dominated channels to determine which maintains the higher sediment
flux.

The present dredged channel (Fig.1} leaves the River Ems on the ebb-dominated
transport path. However, immediately west of the training wall it crosses into the
flood dominated regime of the Ostfriesisches Gatje . In the "cross-over” region
(Fig.21) higher than average dredging could be expected. The dredged channel
then follows a flood-dominated transport path through the Ostfriesisches Gatje and
into the Dukegat channel. At the north end of the Dukegatplate, it crosses the ebb
regime which emerges from the channel lying between the Dukegatplate and the
Emshdrnplate en route to the ebb-dominated Alte Ems Channel. Once again higher
than average dredging is predicted in this cross-over region (Fig.21). The validity of
the derived sediment trends is greatly enhanced by the fact that both areas
identified in Figure 21 do require greater removal of material than elsewhere in the
channel (Rijkswaterstaat, pers.comm). Once in the Randzelgat, the dredged channel
continues in a flood oriented transport regime all the way to the mouth of the
estuary where it exits through the Westerems Channel.

Itis interesting to note that the present dredged channel nearly everywhere follows
the flood-dominated transport pathways. The exception is in the River Ems itself
and this is the locality where muds are deposited on the flood. On the basis of the
sediment trend analysis alone, a possible route that may minimize the dredging
requirements would follow only the ebb transport paths. Such a route is illustrated
in Figure 21,

The sediment trend analysis also establishes the probable fate of dredged material
at the two disposal sites shown on Figure 1, Material from the harbour of Delfzijl is
dumped in the channel south of the Hundpaapsand. There is no evidence to
suppose it is transported either into the Dollard or towards the River Ems. Rather it
appears to travel north into the Bocht van Watum and onto the west side of the
Hundpaapsand. It appears likely that the dredged material is responsible for the
large amount of mixed sediments in this area.

The second disposal site for dredged material out of Emshaven is in the channel
south of the Alte Ems Reede shoal. This is a region dominated by flood transport
which is likely to return the sediment into Emshaven. Although there are
insufficient samples in Emshaven to provide meaningful trends, the few samples
available suggested transport into the port,
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5.0 SUMMARY AND CONCLUSIONS

1. A sediment trend analysis was performed on about 668 grain-size distributions
taken from the Ems Estuary. The technique enabled patterns of net sediment
transport to be determined for three facies consisting of sand, bimodal or mixed
sediments and mud.

2. The trends for the three facies essentially agreed with each other thereby
mutually supporting their validity. The only exception occurred in the River Ems
where mud is evidently transported up-river, whereas sand and mixed sediments
appear to be ebb-dominated (ie. down- river). The possible explanation for this
finding is that mud is transported within the intruding salt-water wedge and
deposited at high water slack, The cohesive properties do not allow the mud to be
re-suspended and transport on the ebb.

3. The trend analysis clearly defined a complicated pattern of ebb and
flood-dominated transport paths, The numerous shoals in the estuary separate the
twa regimes. All transport paths showed net accretion indicating that, as a whole,
the estuary is infilling. ‘

4. The present dredged channel erosses the natural pathways of sediment

" movement in two locations, and higher than average dredging is predicted. These
areas are in the narrows between the end of the training wall and the Ostfriesisches
Gatje channel, and in the region between the Alte Ems and Dukegat channels,

5. On the basis of the sediment trends, a possible route for the dredged channel is
described which takes into account the natural ebb transport regime. In following
this route, maintenance dredging may be minimized because (i) it parallels the
transport pathways and (ii) the ebb flow will help to keep the channel flushed.

6. Dredged material currently taken from the Port of Delfzijl and disposed of in the
adjacent channel is being dispersed into the Bocht Van Watum and onto the
western half of the Hundpaapsand.

7. The present dredged material disposal site in the channel south of the Alle Reede
shoal is located in a flood-dominated transport regime. For this reason, some
sediment will be returned to the Port of Emshaven.
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Figure 5:

GRAIN SIZE (phi)

3 4

Dy, D, and X for Line 1B. The X-distribation is indicative of
net accretion and its mode at 3.5 phi is the size most easily
eroded and deposited.
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Figure 6:

2

GRAIN SIZE (phi)

D,, D, and X for Line 2C. The X-distribution clearly shows
accretion from the main channel onto the eastern tidal flats
(compare with Figure 7 which is interpreted as slight net
accretion.
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Figure 7:
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GRAIN SIZE (phi)

Dy, D, and X from Line 2F. Note how the X-distribution falls
inside the D, distribution. It is interpreted as “slight net
accretion”.
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Mowen Steert shoal.

Dy, D, and X for Line 2M showing net accretion onto the
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Figure 9: Dy, D, and X for Line 3F showing net accretion onto the Hund
Paapsand.
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Figure 10:
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Dy, D, and X for Line 4C showing slight net accretion.
Compare with Figure 11.
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Figure 11: D;, D, and X for Line 4K showing net accretion.
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Figurce 14:

GRAIN SIZE (phi)

I}y, D, and X for Line 8C. (Case B transport) The rising X-
distribution indicates net accretion is occurring in the Rysumer

Nacken tidal flats.
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Figure 15: D;, D, and X for Line 8C (Case C transpoit). The sand and

mud modes of the X-distribution correspond closely with the
modes of Dy and D, indicating dynamic equilibrium.
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Figure 16: D,, D, and X for Line 10C. Note the sand mode of the X-

distribution indicating net accretion.
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SKEWNESS —0.32 ~0.45 —0.17 D1 -+ D2 k= X
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Figure 19: D;, D, and X for Line 11A showing accretion for the mud

deposits in the River Ems.
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Figure 20: D, D, and X for Line 11B showing net accretion of mud into
the Port of Delfzijl.
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TABLE 1

Sediment trend statistics for all lines of samples

{see Figures 3,10 and 14}

Definitions

1. R?= multiple correlation coefficient derived from the mean, sorting
and skewness of each sample distribution along the line. This is a
relative indication of how well the samples are related by transport,

2. Case B: Sediments becoming finer, better sorted and more
negatively skewed in the direction of transport.

3. Case C: Sediments becoming coarser, better sorted and more
positively skewed in the direction of transport.

4, N = number of possible pairs in the line of samples.
b. X = number of pairs making a particular trend in a specific direction.

6. *Z =Z-score statistic: | are those samples significant at the 99%
level. are those trends significant at the 95% level.

7. Down = transport in the down-estuary direction
Up = transport in the up-estuary direction

8. Status (i.e. net erosion, accretion or dynamic equilibrium) is
determined by the shape of the X-distribution (for a complete
explanation see; The sediment transport regime in the Mond
Haringvliet; report by GeoSea Consulting for the Rijkswaterstaat, July
1988),



Table 1 contd..

SAND SAMPLES

Line Case R2 Direction N x z - Status
1A B Up 5 028 :
_ Down 12 2’87** Net accretion
0.28 45
C Up 7 (.62
Down 1 -2.03
1B B Up 6 -0.36 Net accretion
Down 21 576"
0,43 55
C. Up 0 -2.30
Down 0 280
1C B Up 3 0756  Netaccretion
Down 17 6.290+*
0.58 36
C Up ) 7 1.260
Down 4 0.252
2A° B Up 0 -093 Slight net
Down 4 4.01%* aceretion
0.97 6
o) Up 1 031
DOW:'.I 0 "0193
2B B Up 2 0.10 Slight net
Down B 4.78%% accretion
0.98 15
C Up 3 0.88
Down 4 -0.68
2C B. Up 2 -126 Nel aceretion
Down 24 9,83%%
0.95 36
C Up 4 025
Down 5 0.25
2D B Up 0 -2.27 Net accretion
Down 20 12,35%F
0.97 36
C Up 2 -1.26
Down 5 0.25
22 B Up 0 227 Slight net
Down 29 12,35%* accretion
. 0.88 36
Cc Up 1 -176
Down 5 0.25




Table 1 contd..

SAND SAMPLES

Line Case R2 Direction N x Z Status
2F B Up 0 -227 Slight net
Downi 27 11.34% accretion
0.97 15 /
C Up 1 -176
Down 6 0.76
2G B Up 0 -2.27 Stight net
Down 25 10,33 aceretion
0.84 6 2 -1.26
C Up 6  0.76
Down
2H B Up 0 254 Net accretion
Down 32 11894
.79 45
C Up 2 -1.63
Down 6 0.17
P | B Up 0 -2.80 Net accretion
Down 39  13.10**
0.63 55
C Up 2 -199
Down 6§ -D3§
2] B Up 5 -1.63 Net accretion
Down 42 11.04%*
75 78
C Up 4 -1.97
Down 16 2.14*
K B Up 19 052 Net accretion
Down 72 14.26%%
0.76 136
C Up 7 259
Down 15 -0.52
2 B Up 25 2,07+ Nel accretion
Down 65 12.45%»
0.72 136
C Up 1 -4,15
Down 21 1.04
M B Up 12 -1.74 Net accrefion
Down 97 19.04**
0.73 153
C Up | -4.43
Down 15 -101




Table 1 contd..

SAND SAMPLES

Line Case R2 Direction N x A Status
2N B Up 26 0.49 Stight net
Down 113 19.58 accretion
0.72 190 f '
C Up 2 ATT
Down 15 -1.92
20" B Up 32 0.07 Net accration
Down 145  21.55%*
0.73 253
C Up 1 .582
Down 29 050
2P B Up 52 1.31 Net accretion
Down 198  24.87%+
0.73 . 351
C Up 6 -6l11
Down 3 -1.76
2Q B Up 70 2.27* Net accretion
Down 230 25.46%+
0.70 435 .
C Up 4 730
Down 49  -0.78%
2R B Up 10 -1.38 Net accretion
Down 75 16.56**
0.95 120
c Up 2 3.5
Down 21 1,66
25 B Up 15 -0.52 Net accretion
Dowm 87 18,15+
0.90 136
C Up 3 -3.63
Down 19 0.52
T B Up 15 -0.52 Net accretion
Down 89 18.67%*
0.95 136
C Up 2 -3.89
Down 20 .78
2U B Up 8 -1.51 Net accretion
Down 74 17.96%*
(.93 1058 )
C Up 1 -358
Down 12 033




Table 1 contd..

SAND SAMPLES

iv

Line Case R% Direction N % y A Status
v B Up 13 -0.55 Net accretion
Down 86  19.60%*
0.94 120 ‘
C Up 1 -3.86
Down 1 -1.10
2w B Up 11 0,12 Net accretion
Down 60 15.41%%
0.91 a1
C Up 3 -2.65
Down 9 -0.75
2X B Up 17 055 Net accretion
Down 5  12.15%+«
0.94 . 120
C Up 17 0.55
Down 16 0.28
A B Up 22 1,93+ Slight net
Down 63 13,254 accretion
0.92 120
C Up 2 -3.59
Down 19 1.10
2Z B Up 1 -2.08 Slight net
Down 33 12.34%% accretion
0.96 45
c Up S X
Down 6 0.17
2A B Up 0 227 Net accretion
Down 27 11.34*%
0.93 36
C Up 1 -1,76
Down 7 1.26
2B, B Up 0 -l46 Nel accretion
Dowm o '5.56%
1.00 t5
C Up 1 -0.68
Dovm 3 2.44%*
2 B Up 0D -146 Net aceretion
Down 10 6.34%*
0.98 15
C Up 1 -0.68
Down 4 1.66%




Table 1 contd..

SAND SAMFPLES

Line Case rZ Direction N x yA Stalus
3A B ‘Up 13 543% Net accretion
Down 2 086
0.53 23 f
C Up 4 0.29
Down 2 -086
3B B Up 24 0.83%» Slight net
Down ¢ 227 accretion
0.66 36
C Up 3 076
Down 3 076
ic B Up 13 6.85%* Slight net
Down 0 -1.93 accretion
0.87 .
C : Up 3 025
Down 3 0.25
k1)) B Up 17 T.71%* Net accretion
Down -0 200
0.71 28 )
C Up 3 029
Down 3 029
3B B Up 16 T.14%* Net accretion
Down 1 -1.43
0.91 28
C Up 5 0.86
Down 4 .29
3F B Up 26 9.18%* Net accretion
Down 1 -2.08
0.80 45
C Up 5 -0.28
Down 3 -1, 18
3G B Up 21 8.32%* Met accretion
‘ Down 1 -L7
0.81 36
c Up 5 025
Down 3 076
3H B Up 15 5.29** Net accretion
Down 2 126
0.31 36 .
C Up 9 2.27
Down 7 1.26




Table | contd..

SAND SAMPLES

Line Case Rr2 Direction N x Z Status
k!4 B Up 24 8280+ Net accretion
. Down 2 -1.63
0.93 45 ‘
C Up 9 1.52
Down 3 1.07
3 B Up 31 0.54r* Slight net
Down 2 -1.99 accretion
0.82 55
C Up 9 0.87
Down -8 (.46
3K B Up 53 13.19%%  Netaccretion
Down 4 «2.34
0.86 .9
C Up g8 107
Down t1 -0.12
aL B Up 38 B.44%*  Mixed case
Down 11 012
0.81 91
C Up 20 2,734
Down 6 -1.70
M B Up 40 7.93%% Mixed Case
Down 15 0.55
(.87 105
C Up 23 2.01%%
Down 12 033
4A B Up 10 6.34%* Slight net
Down 1 -0.68 accretion
0.50 15
C Up 0 -1.46
Down 1 -0.68
4B B Up 15 6,57+ Slight net
Down 2 -0.86 accretion
0.92 28
C Up ¢ -2.00
Down 6 1.43
4C B Up 27 9.63** Slight net
Dovwn 5 (.28 accretion
0.89 45
C Up 0 -2.54
Down 4] G.17




Table 1 contd..

SAND SAMPLES

Line Case R? Direction N X Z Status
4D B Up 34 1L06**  Netaccretion
Down 4 -1,17
0.83 55 /
c Up 1 =240
Down 8 0.46
4B B Up 34 11.06%* Net accretion
Down 4 -1.17
0.91 55
c Up 2 -1.99
Down 8 0.46
4F B Up 18 6.80%* Net accretion
Down 4 -0.25
0.58 . 36
C Up z -126
Down 6 0.76
4G B Up 25 B.73%* Slight net
Down 3 -1.18 accretion
0.60 45
C Up 2 -1.63
Down 7 0.62
4H B Up 25 8.73%¢ Slight net
Down 4 -0.73 accretion
0.93 45
C Up 3 118
Down 6 0.17
41 B Up 41 10,70**  Netaccretion
Down 5 -1.63
0.92 78
C Up 5 -1.63
Down I5 1.80*
4) B Up 279 9.63%* Slight net
Down 5 0,28 accration
0.97 45
C Up 3 118
Down 6 0.17
4K B Up 8 11.07** Nel accretion
Down 8 -0.09
0.96 66
C Up 3 -1.95
Down 9 0.28




Table 1 contd..

SAND SAMPLES

Line Case R? Direction N x Z Status
4L, B Up 27 9,63%* Slight net
Down 4 -0,73 accretion
0.91 45 {
C Up 3  .LI1B
Down 7 0.62
54 B Up 6 3.2 %w Slight net
Down 4 1.60 accretion
0.80 15
C Up 2 0.10
Down 0 -1.46
5B B Up 9 4.21%* Net accretion
Down 5 1.57
0.87 .21
c Up 4 091
Down 0 =173
5C B Up 12 4.86%* Slight pet
Down 6 1.43 accretion
0.79 28
C Up 2 0386
Down 2 -0.86
SD B Up 27 821> Shight net
Down 2 -1.99 accretion
0.72 35
C Up 2 -1.99
Down 5 -0.76
5B B Up 14 6.00%* Slight net
Diown 5 0.86 accretion
0.93 28
c : Up 4 029
Down 3 -0,29
SF B Up 22 7.3 Net accretion
Down 3 -1.18
0.79 45
C Up 4  .0.73
Down 9 1.52
5G B Up 27 5.0 %+ Met accretion
Down 1 -3.00
0.45 - 78
C Up 5 -1.63
Down 10 0.09




Table 1 contd..

SAND SAMPLES

Line Case R2 Direction N x z Status
5H B Up 26 5.56%* Net accretion
. Down 6 -1,28
0.36 78 !
C Up 6 -1,28
Down 10 0,09
3 B Up 17 6.30** Net accretion
Down 4 ~0.25
0.81 36
C Up 4 -025
Down 5 0.25
SJ B Up 24 J3.86%* Nel accretion
Down 2 -2.33
0.60 - 66
C Up 6 -0.84
Down 11 1.02 -
3K B Up 33 6.85%* Nel accretion
Down 2 297
0.64 o1
C Up 5 202
Down 16 1.47
5L B Up 28 6.25%% Net aceretion
Down 4 -1.97
0.48 78
C Up 9 -026
Down 15 1.80*
M B Up 117 20.46%*  Nel accretion
Down 11 -2.80
0.80 190
C Up 13 236
Dovwn 22 D38
5N B LUp 144 1003+ Net accretion
Down 19 -2.82
0.42 276
C Up 14 373
Down 26  -1.55
o B Up 136 1847 Net accretion
Down 39 0.82
.73 276
C Up 20 046
Dowa 32 264




Table 1 contd..

SAND SAMPLES

Line Case R? Direction N X Z Status
6A B Up é 4.54%% Net accretion
Down . 0 -1.20
0.97 10 d
C . Up 2 0.72
Down 0 ~1.20
6B B Up o 5.56%¢ Net accretion
Down 0 -L46
0.92 15
c Up 3 0.88
Down ¢ -146
6C B Up 9  556%*  Netaccretion
Down 0 -l46
0.95 . 15
c Up 3 088
Down 0 -l46
6D B Up 6 4.54%* Net accretion
Down 1 -0.24
0.97 10
C Up 2 0.72
Down 0 -1.20
6B B Up 20 0. 43% Met accretion
Down 0 -2.00
0.64 28
c Up 3 029
Dowan 1 -143
6F B Up 28  10.09**  Net accretion
Down "2 -1,63
0.78 45
c ' Up 2 -163
Down 3 _-L13
6G B Up 33 12,34*%  Netaccretion
Down 1 «2.08 :
0.82 45
C Up 2 -1.63
Down 2 -1.63
6H B Up 28 10.09%*  Net accretion
Down 9 1.5 T
0.93 45
c Up 2 -1.63
Dawn 3  -L18




Table 1 contd..

SAND SAMPLES

Line Cage Rz Direction N X z Status
61 B Up 48 11.61** ° Netaccretion
Downt 16 1.47
0.80 91 ’
C Up 2 297
Down 8 -1.07
6 B Up 40 11,824+ Net accretion
Down 5 -1.21
0,72 66
C Up 3 .1.95
Down 3 -1.95
6K B Up 34 12,79+ Net accrelion
: Down 0 -2.54 ,
0.99 . 45
C Up 4 073
Down 0 254
TA B Up 4 2,63%% Net accretion
Down 2 0.72
0.64 10
C Up 1 ~0.24
Down 0 -1.20
B B Up 4 2.63%* Net accretion
- Down 3 1.67*
0,79 10
C Up H -0.24
Down | -0.24
7C B Up 4 2.63+* Net accretion
Down 1 -0.24
0.77 10
C Up [ -D.24
Down 2 0.72
7D B Up 16 3. 7a% Net accretion
Down 9 0.87
0.45 55
C Up 3 -1.58
Down 11 1.68*




Table { contd..

MIXED (BIMODAL) SEDIMENT SAMPLES

Line Case R? Direction N X Z Status
8A B Up 10 0.65 Mixed case
. Down . 15 2.51%*
0.99 66 t
C Up 10 0.65
Down 25 6,234
8B B Up b 227 et accretion
Down 1 2.77%*
0.99 36
C Up 6 0.76
Down 8 1.76%
8C B Up 14 083 Mixed case
Down 20 2.73%#
0,98 .9
C Up 14 083
Down 29  5.59%+
OA B Up 1 0.31 Net accretion
Down 3 2,78%
1.00 6
cC Up 0 -093
Down I 0.31
9B B Up 0 -146 Net accretion
Dowan 1 -{.68
0.92 15
Cc Up 3 0.88
Down 5 2.44%¥
ocC B Up 0 146 Net accretion
Down 0 -146
0.98 15
C Up 2 0.10
Down ] 3,22+
10A -B Up 5 -0.28 Net accretion
Down 14 378+
0.81 45
Cc Up 7 0.62
Down 10 1.97
10B B Up 9 1.52 Net accretion
Down 6 0.17
0.93 45
Cc Up 3 -LI8
Down 19 6,03**




Table 1 contd..

MIXER (BIMODAL)Y SEDIMENT SAMPLES

Line Case RZ Direciion N X Z Status
10C B Up 7 0.05 Nel accretion
Down 9 0.87
0.91 55 d
c Up 3 -1.58
Down 17 4, ]13%%
10D B Up 1t 0.43 Nel accretion
Down 26 S.56%*
0.92 78
c Up 13 1.11
: Down 16 2.14
10E B Up 11 1.6R* Nel accretion
Down 16 3.72%*
0.94 .33
C Up 9 0.87
Down 9 0.87
LOF B Up 10 0.09 Mixed case
Down 18 2.82%%
0.95 78
C Up 8 -0t
Down 28 625
10G B Up 1 0.43 Mixed case
Down 18 2,82+
0.96 78
c Up 1 0.43
Down 27 5.91%#
IGH B Up 12 033 Net accretion
Down 20 203+
0.96 15
C Up 14 0.25
Down 44 9,11 **
101 B Up 14 0.83 Net accretion
Down l6 1.47
(.94 9
C Up & -L07
Down 36 78]+
1) B Up 12 0.77 Net accretion
Down t4 I.46
0.93 78
C Up & -0.60
Down 27 5.91%+




Table 1 contd..

MIXED (BIMODAL)} SEDIMENT SAMPLES

Line Case R2 Direction N X zZ Status
10K B Up 8  -0.60 Net accretion
Down 16 2.14*
0.96 7% ‘
c Up 11 0.43
Down 28 6.25%*
1L B Up 6 -0.36 Net aceretion
Down 12 2.09*
0.95 58
C Up ] 0.46
Down 15 3.31*
10M B Up 4 025 Net accretion
Down 7 1.26
0.95 . 36
C Up 7 126
Dovm 11 3.28%%
IGN B Up 4 0.91 Net accretion
Down 2 -0.41
0.93 21
c Up 0 -173
Down 8 3.55%%

xiv



Table 1 conid..

MUD SAMPLES

Line Case R2 Direction N - x Zz Status
HA B Up . 46  12.41%**7  Net accretion
) Down 12 .77 -
0.92 78
C Up 4 197
Down 7 094
11B B Up 12 3.78%+ Nzt accretion
Down 3 -0.76
0.85 36
C Up I 176
Down 4 -025
11C B Up 3 0.25 Net aceretion
Down . 0 42]%
0.93 -2
C Up 5 157
Down 0  -L73
1p B Up 3 . 025 Net accretion
Down 8 .55%+
0.86 21
C Up 4 0.91
Down 0 173
12 B Up 18  4.54%* Net accretion
Down 5 «0.76
0.49 55
C Up 3  -1.58
Down 0 280
13 B Up’ 107 Net accretion
Down 9 4.21%%
. 0.45 21
C Up 3 025
Down 0 -L73
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1.0

SEDIMENT TRANSPORT MODEL

The foIloWhlg is a brief review of the transport model, a detailed analysis of which is
contained in McLaren and Bowles (1985).

1.1 Case A (development of a lag deposit)

Consider a sedimentary deposit which has a grain-size distribution denoted by the
function g(s) (Fig. A -1). where 's' is grain size in phi units. 1f eroded, the sediment
that goes into transport has a new distribution, r(s), which is derived from g(s)
according to the function t(s) so that:

1(8;) = kgis;) {s;) q))

1(s;)
kg(si)
where g(s, ) and 1(s, ) define the propostion of the sediment in the ith grain-size class
interval for each of the sediment distributions.

or t{sy) =

k is a scaling factor that normalizes 1(s) so that:

M=

rs; =1
1

thus k

N
Y. glsi)tisi)
i=t

With the removal of r(s) from g(s) the remaining sediment (a lag) has a new distribution
denoted by d(s) (Fig. A -1) where :

dls;) = kgfs;){1 - t{s;)]

Vo o disi)
or t[Sl} ~ k'g(Si
where tlsi) = 1-t(s;)
o |
and k'= 5

> sl -dsi)

i=1
The function, t(s), is defined as a sediment transfer function and is described in exactly
the same manner as a grain-size distribution function. It may be thought of as a



T

function that incorporates all sedimentary and dynamic processes that result in initiul
movement and transport of particular grain sizes during a unit of titne,

Data from flume experiments show that distributions of transfer functions change from
having a high negative skewness to being nearly symmetrical (although still negatively
skewed) as the energy of the eroding/transporting process increases, These two
extremes in shape are termed low energy and high energy transfer functions
respectively (Fig. A -2), The shape of t(s) is also dependent, not only on changing
energy levels of the process involved in erosion and transport, but also on the initial
distribution of g(s) (Fig. A -1). The coarser g(s} is, the less likely it is to be acted upon
by a high energy transfer function. Conversely, the finer g(s) is, the easier it becomes
for a high energy transfer function to operate on it. In other words, the same process
may be represented by a high energy transfer function when acting on fine sediments,
and by a low energy transfer function when acting on coarse sediments. The terms,
high and low energy are, therefore, relative to the distribution of g(s).

The fact that t(s) appears to be mainly a negatively skewed function results in 1(s), the
sediment in transport, always becoming finer and more negatively skewed than g(s)
(Fig. A -1). The function 1 - t(3) is, therefore, positively skewed, with the result that
d(s), the lag remaining after r(s) has been removed, will always be coarser and more
positively skewed than the original source sediment,

If 1(5) is applied to g(s) an infinite number of times (i.e, 'n’ times), then the variance of
both g(s) and d(s) will approach zero (i.e. sorting will become better). However,
depending on the initial distribution of g(s), it is possible for variance to becone greater
before eventually decreasing. Because the phi scale produces approximately Gaussian
or normal distributions which are symmetrical, it is probable that an increasing vasiance
will rarely be observed.

Given two sediments, dy(s) and d2(s), and da(s) is coarser, better sorted and more
positively skewed than d;(s), it may be possible to conciude that da(s) is a lag of d,(s}
and that the two distributions were originally similar (Case A; Table A -1).
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1.2 Case B (Sediments becoming finer in the direction of transport)

Consider a sequence of deposits [d1(s), da(s), da(s)] that follows the direction of the
sediment in transport (Fig. A -3). Each deposit is derived from its corresponding
;sediment in transport, and according to the '3-box’ model shown in Figure A -1, each
dqa(s) can be considered a lag of each ry(s). Thus d, (s} will be coarser, better sorted
and more positively skewed than ry(s). Similarly, each rn(s) is acted upon by its
corresponding t,(s) with the result that the sediment in transport becomes progressively
. finer, better sorted and more negatively skewed.

" Any two sequential deposits {e.g. d)(s) and da(s)] may be related to each other by a
- function X(s) so that :

dofs) = kd,(s)X(s)

where k= i

N
Y dy(sx(s:)

i=1

or X(s}= lgi!f(ss)}

As illustrated in Figure A-3, d,(s) can also be related to d,(s) by:

dols) = kd(s)ts{s] 1-to(s)]

1-ty(s)
= kdy{s}X(s) {2)
whete  Xis)= skitdsl] (3)

1-ty(s) .

The function X(s) combines the effects of two transfer functions ti(s} and ta(s)
(Equationt 3). It may also be considered as a transfer func’tion in that it provides the
statistical relationship between the two deposits and it mcdrporates all of the processes
responsible for sediment erosion, transport and deposition over the period of time
represented by the sampleé. The deposit dy(s) will, therefore, change relative to dj(s)
in accordance to the shape of X(s) which, in turn, is derived from the combination of
t;(s) and t2(s) as expressed in Equation 3. It is important to note that X(s) can be
derived from the deposits themselves (Equation 2) and it provides the relative
probability of any particular sized grain being moved.



1.3

2.0

v

Using empirically derived t(s) functions it can be shown that when energy is decreasing
in the direction of transport [i.e. t2(s) < t1{s)] and both are low energy functions
(Fig.A-4), then X(s) is always a negatively skewed distribution. This will result in
da(s)becoming finer, better sorted and more negatively skewed than di(s). Therefore,
given two sediments, d;(s) and da(s) and dy(s) is finer, better sorted and more
negatively skewed than dy(s), it may be possible to conclude that the direction of
sediment transport is from d; to dy (Table A -1).

Case C (Sediments becoming coatser in the direction of transport)

In the event that t;(s) is a high epergy function (Fig. A-2), and ta(s) < t1(s) (i.e. energy
is decreasing in the direction of transport), the result of Equation 3 will produce a
positively skewed X(s) distribution (Fig. A-4). Therefore, dy(s) will become coarser,
better sorted and more positively skewed than d;(s) in the direction of transport, and
should this relationship be observed, it may be possible to conclude that the direction of
sediment transport is from d; to d (Table A -1).

It is interesting to note that gediments cannot become coarser forever, because, with
coarsening it becomes less and less likely that the transport processes will maintain high
energy characteristics, As the deposits become coarser, the transfer function describing
the processes wil! revert to a low energy function with the result that the sediment must
become finer again.

Cases A and C produce identical grain-size changes between d, and d; (Table A-1}.
Generally, however, the geological interpretation of the environments being sampled
will ciearly differentiate between the two Cases.

METHOD TO DETERMINE TRANSPORT DIRECTION FROM GRAIN-SIZE
DISTRIBUTIONS

Clearly the model presented above does not result in perfect sequential changes of
grain-size distributions in the direction of sediment transport, although numerous
authors have recognized general changes in specific parameters (e.g. mean grain size or
sorting). The model demands specific changes in all three parameters {mean, sorting
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and skewness) to suggest a transport direction. Given such complicating factors as
variability in 'original source’, probable local and temporal variability in the transfer
functions, and variable time intervals represented by the samples themselves, it is not
surprising that sequential changes in grain-size distributions are seldom récognized.

One approach that appears to be successful in recognizing trends is a simple statistical

method whereby the Case (Table A -1) is determined arong all possible pairs in a

. ] - 24, \
- sample sequence. Given a sequence of 'n' samples, there are == directionally-
ple seq q p - y

- orientated pairs that may exhibit a transport trend in one direction, and an equal number
of pairs in the opposite direction. When any two samples are compared with respect to
their mean size, sorting and skewness, 8 possible trends exist; compared to d;, dz may
be: (i) finer (F), better sorted (B) and more negatively skewed (-); {ii) coarser {C),
more poorly sorted (P) and more positively skewed (+); (iii) C, B, ~; (iv) F,P, -; (v)
C,P,-; (vi) F,B,+; (vily C, B, +; or (viii)-F, P+ Of these trends, only two are of
interest, namely F, B, - (Case B) and C, B, + (Case A or C), for which there is a 1/8
probability of either occurring at random (p = 0.125). To determine if the number of
occurrences that a particular Case exceeds the random probability of 0.125 the
following two hypotheses are tested :

Hp @ p<0.125 and there is no preferred direction; and
H; : p>0.125 and transport is occurring in a preferred direction.,

Using the Z-score in a one-tailed test, H is accepted if:

x-Np

Npq
or »2,33 (0.0} level of significance)

where: X = observed number of pairs representing a particular Case in one of the two

Z= >1.645(0.05 level of significance)

-opposing directions; N = total number of possible undirectional pairs.

2 .
N= “—2'-!1 where n = number of samples in sequence

p= 0.125; and
q=10-p=0875
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The Z statistic is considered valid for N>30 (i.e. a large sample). Thus, for this
application, a suite of 8 or 9 sumples is the minimum required to evaluate adequately a
transpott direction

2
ie. 9_2'2 = 36 (the total possible pairs in one direction)

INTERPRETATION OF THE X-DISTRIBUTION

Empirical examination of X-distributions from a large number of different environments
has shown that there are four basic shapes that the distributions can take relative to the
distributions of D) and Dy deposits (Fig. A -5). These are as follows:

(1)  The shape of the X-distribution resembles the D; and D; distributions, and the
maodes of all three distributions are similar (Fig. A -5A). In this situation, the relative
probability of grains being transported produces a similar distribution to the actual
deposits. This suggests that the environment is in dynamic equilibrium and for every
grain in the deposit, there is an equal probability that it will be transported and re-
deposited (i.e. there is a grain by grain replacement along the transpost path).

(2) The shapes of the three distributions are similar, but the mode of X is finer than
the modes of Py and D, {(Fig. A -3B). In this situation, more fine grains are being
deposited than are being eroded ang transported; thus the environment is undergoing net
accretion.

(3)  The shapes of the three distributions are similar, but the mode of X is coarser
than the modes of Dy and D; (Fig. A -5C). Thus, more grains are being eroded than
being deposited and the environment is undergoing net erosion.

(4) Regardless of the shapes of D) and D3, the X-distribution more or less
increases monotonically over the complete size range of the deposits (Fig. A -5D). This
occurs when sediment, once deposited, undergoes no further transport. The
environment, therefore, is undergoing total deposition and further erosion and transport
of sediment ceases.



TABLE A-l; Summary of the interpretations with respect to sediment trangport trends
when one deposit is compared to another

--------------- - e ma -

- = 00 2 ] A Ay e O

CASE RELATIVE CHANGE IN GRAIN-SIZE INTERPRETATION
DISTRIBUTION BETWEEN DEPOSIT
d, AND DEPOSIT d,

A coarser d, is alag of d, (No
better sorted direction of transport
more positively skewed can be determined)

B finer (i) The direction of
better sorted transport is from
more negatively skewed d,tod,

(ii) The energy regime is
decreasing in the
direction of
transport

(iif) ¢, and t, are low
energy transfer

functions
(Figure A-5)
C coarser (i} The direction of
better sorted transport is from
maore positively skewed . d,tod,

(i) ‘the energy regime
is decreasing in
the direction of
transport

(iii) 1, is a high energy
transfer function
(Figure A-3)

(iv) t, is a high or low
energy transfer
function

-----------------------------------
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Figure A~1 : Sediment transport model to develop a lag deposit
(see Appendix W for definition of terms).
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Figure A-2 | Diagram showing the extremes in shape of transfer
functions {(t(s)). ‘



e DIRECTION OF SEDIMENT TRANSPORT
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1= ts(S)

Y

dats}

Sediment transport model relating deposits 1in the
direction of transport {(see Appendix I for definit-

ian of terms).



CASE B: t,«<t,; both low energy functions

f, (low)

t {Si)

{low}
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o

X {Si}

X(s}
{negative sk

CASE C: 1, <1;; % is o high energy function; t, is high or low

t (Si)

(tow)
$

X(Si)

X8}
{positive skew)}

¢

Figure A-4 : Summary diagram of t, and t, and corresponding X-
distributions (equation 3) for Cases B and C (Table

A-13.



A DYNAMIC EQUILIBRIUM B: NET ACCRETION
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Figure A-5: Summary of the interpretations given to the
shapes of X-distributions relative to the Dy and Dy
deposits.



