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First of ail Chaos came into being, a,nd next broatl
bo.~ometl Earth, for aU things a seat unshaken for ever" .. 

-Hesiodos 



Abstract 

Chaos theOl'y has only recclltly hecll rdatcd to \'arIons ph<'llOlllt'lUl iu t.lll' 

earth sciences, Here, using systcllls theory in il description of p;<'olop;ical P1'O<'l'SS<'H, 

we study the chaotic developmcl1t of sedimcntary SC<!UC'UC<'H, 

The gcosystem is treated as a partially spcciHC'd system in or<kr ln ilP!>ly 

qualitative stability analysis in the investigat.ion of scclinl<'nt.at.ioll !H'hm'jolll' awl 

interactions among gcological proccsscs. The Hnalysis SllP;~('Ht:-, t ha t. t Il(' s('diulI'll

tary system i8 unstable. This iust.abili ty in conjunct.ion \Vi t.h t 11<' syskm 'H Sl'Ilsit.i \'(' 

dependence to internaI fluctuations (i.c., thosc gCllcrat.cd wit.hill t!1<' sy~h'lIl) plO

vide supporting eviclellcc t.o suggcst a chaot.ic hehavionr for t.hl' S('( li 1\\('111 at ion 

system. 

Vve suggest. that chaos ('oulel ad as the C01llll1011 undcrlyillp, IlH'clwIliHlll which 

i8 manifest as the fractal-flicker noise clmracter obscl\'cd in reH<~ct.i\'it.y w<'lllop,s. 

Acoustic impedance variations - the geophysicalmca:->I\l<'s of lit.holop,ic vnriélbilit.y 

- represent the internai orgullization of the interactillg g,cologicnl Pl'OC('SS('S. Thi:-. 

organization un cler a chaotic rcgime is rcsponsiblc for the COllllllOll St.H t.isl.i('al 

character found in various ::;edimclltnry basins. 
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Résumé 

La th{>orie du chaos a vu récemment ses applications s 'étend! \~ ;\ plusieurs 

phénomènes dcs sciences de la terre. Cette étude se sert de la théorie des 

systèmes, dans un contexte géologique, pour étudier le développement chaotique 

de séql1ClleeS sédimentaircs. 

Le géosystèmc est définit comme étant un système partiellement spt\~:ifié afin 

d'cxécutcr une analyse qualitative de stabilité du comportemcnt de la sédhnentation 

et de l'interaction de divers processus géologiques. L'analyse du système f;,emble 

indiquer tgle le système sédimentaire est instable. Cette instabilité, cOH'lbinée 

il une dépendance de la sensibilité du système aux fluctuations internes (c. \\.d., 

Il '" l ') '1' l" l' l' ce es gencrces par e systeme, contn )uent a appuyer IC ce ( un comportement, 

chaotique du système sédimentaire. 

{ NOUH pensons que le chaos pourrait être le mécanisme de base expliquant 

la présence de bruits de type fractal-scintillation généralement observés clans les 

diagraphies de forage de réflectivité. Les variations d'impédance acoustique -

la mesurc géophysique des variations lithologiques-représentent l'organisation in-

ternc dc l'interaction des processus géologiques. Une telle organisation, sous un 

régime chnotique, contrôle le caractère statistique communément déterminé dans 

divers basins sédimentaires. 
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Chapter 1 

Introduction 

1.1 Describing the sedimentary sequence 

Chaotic phenomcna in the curth SClCl1CCS have ollly rceclltly bCCll l'ecop,nized. 

Earthquakcs (Huang <lnd Turcottc, 1990; Scholz, 1DSD), and thcrmalmantlc con

vection (Stewart and Turcotte, 19S9) are S0111e particulal' phenomena sho\\"illg a 

fundamentally chaotic behaviour. 

Previously, Thornes (19S3) had suggestecl tlmt multiple stable f>tatcs exist 

for gCOlllOl phological systems. He c1escribes the braicling-mcandering rivcr !:>ys-

tem, showing how shifts in the control variables of this sytcm (in this partieular 

cxample the control varia bIcs are slope and clischargc) can shi ft the system ta 

different equilibrilffil stable states. 

Sedimentation development, a process which reflects the collspiracy of mnny 

g('ological processes, such as sea levcl fluctuations, tectoniSlll, biological acti-

vit y, dimatic variability, etc., has long been considerecl in geological moclclling. 

Quantitative lllodellillg of scdimeht:lry sequcnce dcvclopment has bcen basecl on 

~.Jarkov chain thcOl'y (Swarzacher, 1975; Velczeboer, 19S1; Pan, 19S7; Strauss and 

SadIer, 19S9). These moclels howcver, do not fully dcscribe complete sedimcnt-

1 
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ary scquence developmcut. Theil' f"ilurc in rcprcs('lltillg dc}>ositiollnl pl'Ol't'SSt'S 

derivcs from the assumptioll that scqucncc de\·doplllcut. is p,m'('l'I11'd Ily Ul'I)\\'U-

ian statistics. This implies that: i) s<'<limentatioll il> a non-st a t ionary 1 }>l'IH't'SS 

and ji) present sedimclltation depellcls esscntially OIl the' i1ll1llt'diatdy l>l('('\'dillp, 

sedimentation state and not on long past, illfh1<.'ll(,('S. Snell a ('oudi t iOll l'ail hl' 

dcscribed by a first-ordcr l\,Iarkov proccss. 

A first-ordcr Markov proccss describes a 'lyst<'lll at tiul<' f' l (!C'}><'!Hh'ul. ouly 

on the state of the system at timc t n - l , and not din'ct,ly ou t.llt' history l>l'I'\'ioll~ 

to time tn-! (CRIT, 1\)82). It is inadcqllate in dcscribillg l·wdill1<'llt.my S('(II\('\\('(' 

development in that it cOllfticts with our klloWl<'dg<' of basin-nU pl'OC('~S('s. 0(,-

position of a sedimcntary sequence is a. re~llit of cOllspiracy of 1Il1illy P,('o)op,icili 

processes which have adcd durillg diffcrcnt temporal scalPs. The <!(,}>o'lit iOIl of 

a particular lithology in a sedimentary basin dcpends not, ollly on Hl<' ('xisl.illp, 

conditions during that time, but also on the broad 1egioual ('o\l(litions t.ilnt. 1>('1-

sisted during earlier times (Kcslmer, 1\)82). These conditions dilC'ct.!y afl'c'ct, tll<' 

sedimentology :a cl structural style of sedimental'y basins (Molltp,OIll('l'Y, 198:3). 

Acoustic impedancc (the product of dcnsity and sdslllÎ<' vdodt.y) is illI illl-

portant measure of geological sequences. In addition to sedilllellta t.ioll 1>\()('('~S('~, 

the acoustic impedance is also affectcd by post-depositional proC('ss<,s; tlj('~(' lIl(' 

diagenetic processes. Rock vclocity and dellsity dcpend ou Illill(!l'(\! cOlllpositi()ll, 

matrix structure, cementation, intcrstitial ftuids in the solid rock lIlatl'ix, pOlo-.ity, 

depth of burial and geolog,ical age. The average seÎsmic velo('it.y of ip,IlCOII~ \()ck:-. 

is higher and with a narrower range of variation than :-.edilllC'lltary 01 IIldillllOr-

1 Stationari ty is the condition w hcre the probablllst.lc par,lllll'tf'r .. or a raJldOlll prc)('f!"" ,II l' 111111' 

invariant (Gardner, 1986). 

2 
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phic rocks (Dobrin, 1988). Laboratory experiments on calcite and quartz have 

shown that increase in porosity dccreases P-wave velocity (Gardner e.t al, HJ74). 

Porosity normally decreases with burial depth which has a consequence of veloc

ity increasing with depth (ovcrburdcn pressure). At shallow depths of burial, the 

velocity of sedimentary rocks increases rapidly with increasing preSSlU'e. Beyond 

the depth of consolidation, the influence of variation in pressure on velocity has 

a smaller effect. At these depths, porosity and mineraI composition of the grains 

becomc dominant in governing seismic velocity (Dobrin, 1988). 

The presence of interstitial fluids also affect the velocity of rocks. Laboratory 

cxperiment.l'l by Domenico (1974) show that the presence of gas in sands reduces 

the seismic velocity. Also, presence of water in the pore spaces has a larger effect 

in increasing velocity than the presence of oil. 

In general, many empirical relationships have been obtained from laboratorty 

expcriments on rock samples in order to determine the various responses of rock 

properties to sei smic velocity. 

It is noted however, that laboratory experiments cau only imitate l'eal pro

cesscs of the earth to a certain extent. The intervai of time, over which these 

processes act, is usually not taken into account in the laboratory. 

However, in this thesis, we shaH not cleal with post-clepositional diagenetic 

proœsscs, but rather relate sedimentary processes to a chaotic geosystem. 

In attcmpting to cl ~scribe a sedimentary sequence (or an equivalent sedi

mcntation pro cess ) as a Brownian process, we assume implicitly that the seismic 

vdocitics of the sedimentary layers would wander very far from the initial values 

3 



(Todoeschuck and Jensen, 1988). This challenges fi fundallwutal h'llC't of ppol

ogy: the Principle of Uniformitariarusm, which implicitly sngg('sts tllal. aC()\lst.ic 

impedance changes would be stational'y throughout the Eart.h'~ history. TIlt' 

inconsistentcy of Brownian processes with Uniformital'ianislll would c()1Il11101l1y 

suggest an unsatisfactory description of scdimcntary pl'OCCSSCS. 

Acoustic impedance is a geophysical measure offormatiou lithologil's. Chnugc·s 

in acoustic impedance correspond to sedimentation variability and dingc'uetic 

processes. Todoeschuck and Jensen (1988) show ho\V rclative changes in Hc'O\\st.i(· 

impedance correspond to seismic reflcction cocfficients or SCiSlllic rcHc'ct.ivi ty (A p

pendix A). Such changes in acoustic impcdancc furthcr COl'l'c'spolld in variat.ious 

in the sedimentation proccsses and hence relate directly to proccss(~S ill p,t'ol()~y. 

An examination of the statistics of reflectivity sequences deri"ed frol\l aco\lst,ie 

impedance welllogs from a wide distribution of scdimcntary basins, have ShOWll 

that reflection coefficients are not spectrally white but have a faH-off of POWC'l 

at low frequencies (Hosken, 1980; '\l'alden and Hoskell, 1985; Todocsdlllek nwl 

Jensen, 1989; Todoeschuck et al., 1990) ~ypically \Vith a. i{J speetrlllll (Fig. 1.1). 

The equivalent acoustic impedance fUl1ctions show fi ".Joseph" pow!'r SP(~(·1.t Hlll, 

proportion al to 1/ f{3, f is frequel1cy, and where (3 is approxi11lately equnl ~O 1 

(Le., a flicker noise process). "".for stationary geology the power spcctl'ill dC'Ilsity 

of the impedance function must have f3 Jess tllan 01' cqllaJ ta ll11ity." (Tod()('sdlllck 

and Jensen, 1988). Such a spectrum chal'actel'izcs a flickcr noise process (IIo:-,kc'll, 

1980). 

4 
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Figure 1.1: Power spectra of reflection sequences from various sonie 1ogs. The 
refiectivity sequence is proportional to fP (f is frequency) where 1/2 < fi < 3/2 
(After Walden and Hosken, 1985). 
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Spectra of these type bclong to a family of spectrnlly s('aling noises (Fig. 1.2). 

With f3 equal to zero, we have ullcorrelated noise (whitc noise). This is lin 

unreasonable model for geology: 

"The eal'th 's stratification is the l'l'sult of llatul'élllmvs, ... t}wst.' pl'()\'idt' 

sorne pl'edictable constraints, and cOllscqucutly ... t.1lC Ollt,C01ll(, is Ilot 

cornpletely l'andom" (O'Dohcrty and Anstcy, ID71). 

With f3 = 2 we have a Brownian pl'OCcss. Flickel' noise is "jllt(,l'l}wdillft, 1>('t,\\'('(')1 

white and bl'OWllian noises and exhibits a b;ilélllCl' bl'tW('('ll nUH/OI}Jl)('SS illJ(/ co/'-

relation on all time scales" (Voss, 1983). 

These particular statistical chal'l\.cteristics of the acol1stic illlpeclllllcc fllIlC-

tion, and equivalentl}' of the reflectivity sequences, reflcd t.he variahilit.y ill sedi-

mentation and thus, the ol'ganizational structure of geological processes, as w<'ll 

as post-depositional processes. 

1.2 Fractal character 

The adjective "fractal" \Vas coined by Benoit B. Mandelhl'Ot (1 !)ï7 , 1 D83} t,o 

describe the geometr~r of objects that look similal' at differcllt I('ugth sellies. Tllcse 

geometl'ical concepts are thol'oughly discusscd in his book "The FrnC't.al GeOlllC't,l'y 

of Nature" (1983). Seale-invariance is dcmonstratcd (Maucl('lbrot, 1 0S3) frolll dl<' 

powel'-law (Pareto) distribution: 

( 1.1 ) 

G 
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FRACTAL NOISES 

512 vlriltes/sequence 

Wh1 te Sequence 

Fl1cker- Sequence 

Brown Sequence 

Figure 1.2: Spectrally self-scaling noises. A white Gausiian noise has a 1/ fO 
spectrum. Flicker noise, with 1/ f spectrum lies at the boundary of the stationary 
scaling noises. Brown noise or "random walk" is non-stationary and has a 1/ f2 
spectrum (After Jensen and Mansinha, 1987). 
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where dN is the number of fentures with size b~twe(>ll /. and /' + dl'. \VIH'u IIll' 

length scale is changed from l' to kt, the functiollal forlll of t IH' t'qlla t iOl1 (1.1) 

remains the same. Only the constant A is changecl to 

( 1.2) 

This implies that the object looks the same UpOll scnle chau)!,c; il, is scnI('-invmiaul.. 

Fractals have been ubiquitously observed in many physical systems. The Chall

dler wobble of the Earth's rotation axis is l!loclellcd by a fradal-flicb'l' uoist' 

excitation (Jensen and MansÏIùla, 1987). Crustal vclocit.y variahilit.y in Sl'iSlllil' 

refraction experiments have heen modelled with sclf-scalillg uoises (Crosslt'y élllc1 

Jensen, 1989). The statistics of near-smface mngllctic SO\11'('(>S have 1 )('('11 dt 'sn il wc! 

as fractal (Gregotski et al., 1990). 

In geological cases, Plotnick (1986) dcmollstl'ntcs that the' paUI'lll of st.rat.i

graphic hiatuses show eviclellce of fractal organizatioll bn~('d UpOIl t.Jw "C1I1l10l 

bar" mode!. A fractal power-Iaw relationship has hCCll dplllollst.ratccl 1)('1,\\'('('11 

tonnage and grade (concentration) relations for economic Ol'<) dq)()sits ('fml'ott(', 

1986). In the study of sinuous stream channc1s, Snow (1989) lUIS t,l'('iltcd lll<'illl

dering river traces as fractal curves. Other applications of fradals ill /!,('oplty:-.i('s 

and geology are described by Turcotte (1989). A morc )!,cllCl'aI u:.;ap,C' of fradaIs 

in the sciences and arts is discussed by Schroeder (1980). 

Acoustic impedance variations in the gcologicall'<'corcl exhibit. statistiCéd sclf

similarity - they are fractal (Todocschuck and Jcnsen, 10S8; Ap,;I)('c~w, laSa). 

Traces characterized as 1/ f noise arc statistical sclf-~illlilar (lvIallddl>lo!', 108:3). 

This means that in a vertical sedilllC'ntary scqtH'llce "ei!('h sllwll M'C" j01J Jooks 

8 



(~ 

( 

( 

likc its nciglJ1)ours and likc scaled down versions of tlle wllOlc, while l'ctélinillg 

its illdividual idcntity", over a wide range of scales ('Walden and Hosken, 1085). 

That is, they are scale-invariant. 

1.3 Problématique 

Fractal-flicker noise statistics adequately represent the response of acoustie imped

ance variations in the sedimentary record. However, there is no general theOl'Y 

that explains this observation. 

Previous wOl'k dealing with the geologieal justification of flickcl' acoustic 

impedance suggests that a hierarchy of independant random geological processes 

of discrete frequeney bandwidth superimpose to produce the natural state which 

determincs the flicker noise model (Agapeew, 1989). Agapeew's work foeusccl on 

a detailed and complex description of geological processes on various temporal 

and spatial scales. 

Further examination of this problem is the main focus of this research. The 

objective of this thesis is to relate the statistical pl'opcl'ties of aeou::ltic impedance 

variations to the development of sedimentary sequences. This will be aCCOll1-

pli shed by introdueing a new mechanism which will describe sedimentary se

quence dcvelopment, and thus acoustic impedance changes. 

The problcm will be approached from a different viewpoint than Ag<.i.leew 

took. Methodologies of system science will be used to examine the geological 

systcm and thc behaviour of its processes. The interaction among the processes 

is inycstigatcd rather than eaeh individual process. 

If we were to examine what "rule" governs changes in lithologies and thus 

9 



in acoustic impedance, Wc rccognizc thnt the "CllUSC" or cxplallatioll of this pl1('-

nomenon is rclated to the illtel'llnl organizatioll of the gC'olop,ical proC('SS('S whit-h 

interaet to pl'oduce the sclf-scnling and 1/ f clmractcr of scdinwlltary SC<j\\(,ll('l·~. 

Thus, emphasis will be given to the orgnnizationnl structure of tlu' p;('olo~icnl 

processes through the study of proccss intcrnction. This orgilllbm tiou follows il 

chaotic regime which is suggestcd by analogies betwC'en fUllclélIl1<'utal prop('l'ti('s 

of chaos and geological process behaviour: 

"Clwos descl'ibes tlw ol'igills of véll'iélbility ill OUI' ])1'0('('88('8 . .4.11 \'lll'i-

ability arises fl'om ir.teracti011s, eit}1Cl' in SpélCC 01' ill tillJC" (lVIcGill, 

1989). 

In this thesis, the concept of chaos as a mechnllislll for t.ll<' (lev(·lopll1<'ht. of 

stratigraphie sequences is investigated. The hasic fundmllcIltal prop(·rt.i!'s (C()ll-

ditions) of chaos in systems are cxamined and their cffcct ou strat.ill,l'IIJlhy is 

discussed. 

The problem at this stage will be dcalt \Vith on a thC'Ol'('t.Ïl'al ImsÎs as 110 

strict mathematical description can yet be obtaincd. The ahse1lce of tlH'On'IllS 

and l'ules in geology forces us to accept docUlllented gcolog,ical Cl\S('S as .. ,l!,Ilh/f'8" 

to our analysis. As Rogers (1989) states: 

"Hel'c we élsk questions about wllat tllC llCW illt(,l'l'('];diow; tell 1/8 a/)()"t 

nature and 110W gcologic pl'OCCSSCS opcratc. As wc d('\'('j0]J ('xp};uw-

tions for differcnt aspects of a gcologic proccss, O!J.'i('l·V;! t iowd ]>(1 f f 1'l'1l.": 

10 



( 
tlmt integrate a large amount of data aet as lligh-level l'ules in our 

reasoning schemes. " 

Our analysis will not he rcstricted to a particular site; rather, wc will cndeav-

our to describe fundamcntal characteristics of aIl sedimentary basins, world-wide. 

{ 
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Chapter 2 

Systems Science Theory 

2.1 Methodology 

Sedimentary sequelll.eS arc dcpositcd undcr a ('Ollsplra('y of \'ariolls /!,(·olo).!,ical 

processes. Thesc processes aet on different spatial and t('m!loral s(,ë\k~ ",hi,.)l 

are difficult to separate. In cxamilling gcological syst(·ws, olle ~llOlI!d IlO!. f()('IIS 

on each individual proccss, but rathel' should examillc tlll·il' )('llllvioll1' !l'lilt.i\'(' 

to one another. Only a study of the gcological systPlll a~ ë\ whol('. will [>1 ()\·id(· 

information about its struct.ure Hnd internaI operatiolls. Ow' 1ll<'t.llOc!o!oJ.',Y \\'bich 

allows for a comprehensive vicw of the sedimcntatioll pro('('ss is ha~('d Oll ~y~t.(·l1l~ 

science theory. Vve abandon the classical vicwpoillt thl'OH/!,h wbicll t.!lI' ~y~t('!ll is 

analysed in terms of its separable components. For a l'cal dYIHlluic éllld COlUp!I'X 

geological system, this is not appropriatc. In this tl1<':-.i~, \\,(' ~ball ntt('lllpt tn 

stucly geological proccsses holistically. Throllgh this stra t(·p,y w(~ !-Illill! ('xp!01t' t IH' 

interactive nature of the diffcrcllt Pl'OC('SS('S alld their hl'lwviollr. 
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2.2 Principles of system science 

System science is defincd as "tlle total collection of knowledge, metllOds élnd 

skills availnh1e for the identification, abstraction, modelling, quantification, <1na1-

ysis, syntlJCsis, cvaluatioll and control of rational systems and tllCil' belwvioul''' 

(Sandquist, 1985, p.l). 

The principle of causality 1 that "a measurable cause produces a measul'<1b1e 

cffcct" is an essential and implicit assumption in system science theOl·Y. In 1111lny 

systems, it is not easily possible to distinguish cause from effect. Geological 

processes which represent components of the complex geological systcm, arc often 

difficult to idell~ if y and isolate. The geological system may possess many inputs 

interacting through feedback and system coupling of the outputs (Legget, 1085). 

Using ll1cthodologies of system science we can begin to understand the impor

tance of interactions between fundamental components of the gcological system. 

2.3 Defining the system 

A physical or conceptual boundary is created which isolates the system from its 

external en\'ironment except for the inputs and outputs which ean net across 

it. The choiee of boundary depends on what aspects of the systcm we seek to 

invcstigate as weIl as on spatial and temporal scales. For the purpose of this 

study, the essential boundary conditions are dependent on factors contl'olling 

sedimentation sueh as teetonic activity, climate, sea level fluctuations, sedimcnt 

supply, biologieal activity, etc .. Orders of 106 to 107 years will typieally speeify 

1 For every effect or output response exhibited by any rational system, therc eXlsts a dcfinite 
set of causes or input stimuli that influenced and prodllced that effed (Sandquist, 1985). 
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temporal boundaries, while spatial bOlllldarics will be of st'dilllt'lltary hasin scnll'. 

After the system is defined \Vith houlldnries, OIlC must i<lt'utify t IH' iupuls 

and outputs of the system. This identification is not always ('m;y. TIH'l'l' mny Ill' 

multiple inputs to and outputs from a specifie sYBtem. Tl\(' gl'<_'éltl'l' Ill<' 1lI1l1l1ll'l' 

of inputs and outputs in a system the greater the 1l11111hc'r of possihh' illtC'l'êIl'liolls 

occur between them. The exact relationships betwC('ll sySt,t'1ll inputs li Il ri ollt.pllls 

are not always known for the geological system. This, in ("oujullctioll \Vit 11 Ilot 

always knowing the time interval over which an input hm; acted (Gal'lltH'1' d. aL, 

1987; Milenkovic, 19S9) complicates the study of the g('o\ogicnl sysl,t'lll. 

2.4 Classifying the geological system 

Classification of the geological system in tenl1S of scc li mt'llt a tioll i~ hasc'( 1 Il pl 1I1 

the number of illdependellt inputs nnd outputs associatc'<l wit h it.. Tht' ~,l'ul())!,ical 

system here is considered a multiple input-single output syslt'lll. Fol' 1 lit' plll po .... ' 

of this study varions geological processcs comprise the llllllt.ipl(' illplll~ lIlld t,llI' 1'1'

sulting sedimentary sequence, the single output. of the "g('()SYhlt'lll'·. W\[('11 Il yi Il!!, 

to classify the complex geosystem, some simplifyillg asslllllptiollS ill'I' W·('(·:.. ... iIly ill 

order to render our study managcnble. \\Tc assume that the ill{>llb 10 1 h(· !!.('o!o)!,

ical system arc independcllt. Also, wc assume the geosy:,tplll is ('OUtillllOllh ill 11j(' 

sense that the system l'esponds with continuonsly \'aryillg, olltpllt 10 ('olll il1l1ol\sly 

varying inputs. 

The main goal of system analysis as a pplied to the g(,()!-lyh klll i~ 10 cld ('1111 i III' 

and evaluate the relationships betwecn the inpllts imposI'c\ ou tllC' hy~ll'llI HUc! tlH' 
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output producedj that ib, the orgaruzatiollal relationship between the geological 

processes. 
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Chapter 3 

Sedimentary Sequence 
Development 

3.1 Factors affecting sedimentation 

Interacting processes ca'1 be examincd through the study of th'il' physical 1'<,llI

tionships (Allison, 1981). This idea is adopted for the CHS(' of tl11' /!,('osysl('lll. Il 

is essential to consider aU factors which contribute to spdilllcui. d<'!)ositioll. Ab

sence of some parameters is a limiting factor in both stochm,t,ic Illlcl <kl,('!'lllillisi ie 

models of sediment prediction in sedimentary rcscrvoinl as a fuud,iou of t.i1l\!' 

(Soare et al., 1982). So many factors contribute to sedinl<'utat.ioll tlwt. for n'li

sons of manageahility unly those with high influence ou sedillH'lÜ, dp»osi t iOIl will 

he considered in this study of the geosystem. 

It is al ways necessary in basin sequence analysis to distiul,!,ltish tlw conti IJLLm,f/ 

factors fol' the occurrcnce of transgressive or rcgl'cssive S(·<liuWllt.my :-'('<1'\('11('(':-' ill 

sedimentary basins. Most important of thcse ar(' the rate of :-,pdilll<'UI. iuflllx ê1l1d 

the rate and direction of sca-ievei change. ('\fatts, 1082). 

The major controis of stratigraphic sequences has hcell wicldy c!('ball'<l. Sim,,> 
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and Speed (1974) favoured teetonic movements as the prevailillg control on strati

graphie sequences, introdueing three episodes or modes during stratigraphie se

quence elevclopment: "oscillatory", "emergent" and "submergent". They argued 

a. synchronous tectonic control over broad sedimentary basins. Vail et al., (1977), 

favour global sea level as the dominant factor controlling sedimentary sequences 

in continental interiors and margins of sedimentary basins. Donovan and Jones 

(1979) come to the same conclusion. However, Bally (1980) agrees that tedonic 

events correlated over wide regions and associated \Vith major plate reorganiza

tions coulel account as the major control on stratigraphie sequences. Sea-Ievel 

changes in his model play only a secondary l'ole. Construction of thermal and 

mechanical models of tectonic evolution of passive margins based upon the as

sumption of no sea-Ievel change through time were used to estimate the contribu

tion of tectonics to stratigraphie sequence development by noting the amount of 

modelled "onlap" (Watts, 1982). Watts mentions that coastal onlap is a charac

tcristic feature of the tectonic evolution of a cooling passive margin and occuring 

sca-level change is not required to produce it. Altelflately, studies by Pittman 

(1978) on transgressive sequences during the Eocene on margins of sedimentary 

basins in North America and Africa show that they have been deposited from the 

interaction of both changes in the sea-Ievel and the steady subsidence of these 

margins. 

The evolution of sedimentary basins depends upon basement movement, sed

iment accumulation and compaction, and variations of eustasy \Vith time. The 

stratigraphy of the sediments that fill a basin is dependent on the source and de

positional setting of the sediments, the role tectonism plays ln controlling basin 
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fill, and the influence of eustasy. The difficulty of scparatinp; tht's(' t.hrt'l' influ

ences has plagued sedimf'ntary stratigraphie intcrpretat.ion (llnrtoll l't al., IDSï). 

A genetic stratigraphie sequence is the product of the ougoinp; illü'rplay nIllOIlp, 

sediment supply, basin subsidence and uplift, and custatic sea-lc\'C1 ('hauge (Gnl-

loway, 1989). Variations in the rates of these variables will yidd é\ full l'auge of 

depositional architectures. 

It is now accepted that there is not one dominant control of sediment.al'y HC-

quence deposition, but rather there exists an interplay of ll1auy pro(,(~SS('S. St.l'lIt.i-

graphie sequences of deep water depositioll and thcir facies patterns are prilllélrily 

controlled by the rates and type of sedimentation, local erllst,al lll()\'l'IllCllts (lud 

eustatic sea-level. These t1uee controls aet togethcrj t.hat is, they "illt('l'play". 

The facies anatomy of carbonate shelves and platforms rcfieds t.he comhine(\ 

effect of these three processess. 

"Often it is difficuit to separate tllc relative impOl'tmlcc of tlwsc tlll'('(' 

primary con troIs wllateVel' the sedimeIlts. This is bcem/se the SiI1Jl(' 

geometry and facies distribution may be tl1e l'esult of 1111 il1fillite 1111111-

ber of combinations of these contraIs" (Kcndal and Schlnger, ID81). 

They recognize a complex intel'play of sea level change, erllstal lllOV('IlU'lll. 

and reef growth (sediment supply). Thus, sedimentary sequences CHllllOt, b(~ dis

tinguished in terms of the precursors which led ta thcir dcpositioll. TIH'y cxisl. 

"within" a ternary system but not as pure "end mcmbers" (Fig,. 3.1). 

Next we examine the relationships bctween the geologïeal proeesses. 
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SEDIMENT SUPPLY 

Tectonic dominated Eustatic dominate 

. SUBSIDENCE SEA-LEVEL CHANGE 

Figure 3.1: Ternary diagram with main factors influencing sedimentary sequence 
deposition. Most sequences are plotted within the inner triangle (Modified from 
Galloway, 1989). 
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3.2 The interaction of geological pro cesses 

Sea-level changes ~re one of the most important factors affc'diug H(·diu1<'utalioll 

(Schlager, 1981). World-wide changes in relative sea.-level have oCl'IIlTt·d rq)('al.

edly throughout geologic time, producillg clmractcristic 1'CSp011S('S in carhollntt's 

(e.g. drowned reefs, rim differcntiation, etc.). They arc llot const.ant. with t.illl<'. 

Theil' rate is about 1cm/1000 years. Relative sea-Ie\'cl changes are CéHlS(,d hy 

many factors (Miall, 1984): endogenic, epigenic and exog<,nic pl'O(·('sSC'S. Thc'sp 

pro cesses aet on the Earth's outer part. and are respollsible for the v('rticallllovI'

ments of sedimentary blocks and the basic configuration of sedillwnt.arj' basins. 

Endogenic processes have their origin in the Eal'th 's "heat ('ll~ill('" ill t.lH' 

upper mantle. These processes are responsiblc for large surface disl'lé\('('llll·Ut.S. 

Average vertical rates could reach as high as several met.res 1>('1' lOon ycars (c'.g. 

in orogenic areas). 

Epigenie pro cesses have their origin in the hydrologiea} cycle nllet in ab IlO

spheric circulation and rneteorological phenorncna. These pl'ocessC's cause S('ll

level fluctuations, glaciations and erosion. The resultant processcs net ou di([(·l'<'ut. 

temporal scales and modify the geological setting of hasins. 

Chappell (1981) describes an interaction betwccn clldogCllic alld epl,l!;('lllC 

forces through upper rnantle rnass transfer and by altering crnstal strc'SS fi(·lds. 

However, these forces differ in rate and duration. Sea-level stl\clies show t.hat. 

typieal tectonic uplift rates are about 5 m pel' 1000 years and pC'l'sisl. for 10" t,o 

107 years. Epigenie glaeio-isostatic displacement rates, can exccccl 50 Hl lH!!' 1000 

years with relaxation time constants of about lO:J years. Tlms, t.ypical epi!!,('l1ie 
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movcments arc faster than tectonic displacements but their durations are mnch 

shortcr. 

Exogcnic proc/;sses are those with origin outside the Earth. Sorne of thcse 

are manifcst in "Milankovitch cycles" (Berger, 1988). Barron et al., (1985) men

tion that scdimenatry cycles in the stratigraphie record are attributed to spccific 

orbital frequcneies. They argue that they relate orbital variations to the climatic 

induced scdimentation of Cretaceous bedding sequences. Howcver, sedimentation 

cycles can also be produced by mechanisms independent of orbitally modulated 

climatie change (Algeo and Williamson, 1987). 

Exccpt for climatic induced sedimentation, sea-Ievel change also plays an 

important role in sedimentation. Relative rise in sea-Ievel will produce tluee dif

ferent responses in carbonate platforms: drowned reefs, rimmed reefs, and reefs 

with fiat surfaces at sea-Ievel. Falls of relative sea level are associated with karsts, 

deposition of subtidal evaporites in restricted basins, a.nd clastics in open marine 

basins (Kendal and Schlager, 1981). 

Interaction between geological processes is argued by Schlager (1981) in 01'

der to explain the characteristic sedimentation behaviour of "dl'Owned" reefs. He 

states that it is more likely to have superposition of a steady process with pulses 

of another, rather than two pro cesses creating simultaneously a strong pulse. 

This is demonstrated from sea-level and subsidence rate curves for the Tertiary 

(Fig. 3.2). Changes in the rate of subsidence (a steady proeess) change the like

lihood of carbonate platform "drowning" by eustasy (a pulse). 
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Figure 3.2: Sea level curve for the Tertiary. The superposition of two effects is 
demonstrated. The straight and dotted lines represent steady subsidence rates. 
At rates of 50 Il m/yr subsidence, sea-Ievel rise in the Miocene has the potential 
to initiate platform "drowning" (After Schlager, 1981). 
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Pacifie ocean sedimentation rates for the past nO million years have been cor

rclatcd with global sea-Ievel fluctuations. Worsley and Davies (1979) show that 

high scdimentatiofl rates coincide with low sea-level stands while high sea-Icvels 

allow high rates of biogenous precipitation on the shelves, thus starving the ocean 

basins of terrigenous sediments (Fig. 3.3). During low sea-level stands, detritus 

sediments bypass the continental shelves and reach the deep sea floor, inereasing 

accumulation rates. However, they note that it is not possible to determinc to 

what extent input of land-derived material to the deep sea basins is a function 

of the land/ocean ratio. This is due primarily to the existence of other processes 

such as climate which is especially important in basin sedimentation. 

Lisitsyn et al., (1982) have determined the distribution of tel'l'igenous and 

biogenic pelagie sediments in the world's oceans (Table 3.1). 

Theil' data set covers 90 % of the ocean Hoors. In aH oceans, biogenic accu

mulations (i.e. carbonate and siliceous) are slightly lower than terrigellous Olles. 

However, study of 334 sites, worldwide, in the North, Central Atlantic and Pacific 

oceans have demonstrated an increase in carbonate accumulation rates during the 

Tertiary (Davies et al., 1977). On the contrary, sites from the Indian ocean show 

variable resultsj they offer no explanation. According to Worsley and Davies 

(1979) a complete sea-level cycle (i.e. fall-rise-fall) causes also a cycle in pelagic 

sedimentation rates. However, DonneUy (1982) doesn't see this varying effect in 

his data suggesting that sea-Ievel change does not affect pelagie sedimentation. 

He contradicts Worsley and Davies' work by attributing the discl'epancy to cli-
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Figure 3.3: Sedimentation rates and eustatic sea-level changes from the Pacifie 
(After Worsley and Davies, 1979). 
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Table 3.1 

( 
World-wide oeeanic sedimentation distribution % 

Pelagie sediments 
Atlantic Pacifie Indian Total 

Terrigenous 52.2 67.9 50.9 58.0 
Biogenous 47.8 32.1 49.1 42.0 

Carbonate 44.1 26.5 38.7 36.2 
Siliccous 3.7 5.6 1004 5.8 

Total 100.0 100.0 100.0 100.0 

(From Lisitsyn et al., 1982). 
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matic variability. This shows once more, what substl\utinl impact, ('limak has ou 

sea-Ievel and consequently on sedimentation ratcs. 

There have been wide fluctuations in the rate of sediment. dcpositioll in t.1l(' 

oceans with time. Sedimentation rates in dccp basins arc high('r t,nday t han dnr-

ing Cretaceous times (100 Ma ago). Increase in sedimentation rat,L' dming t.ht· 

past 5 Ma represents a net unloading of the continents and a deposit.ioll olllo HU' 

sea floor. If no other factors arc contributing to sedimcuta.tion, this iU<'l'('lIS(' is 

equivalent to a sediment layer of 40 m average thickncss worldwidp. Hal'l'isoll d 

al. (1981) took account of the isostatic adjustmcnt of the ocean Hom ill l'I'SpOIlS(' 

to the sediment load, and computed an effective rise in sea-lcVI'I of Î.3 III. IIo\V-

ever, in the past 10,000 years, sea-level rise has been so rapid tlmt H(!dilll('llt at.ioll 

has not kept up (Pittman, 1978). 

The processes which affect sedimentation in deep oceans arc diffen'ut, frolll 

those of sedimentary basins. Basin sedimentation, in gencral, <lisplays a lill'gpr 

variability of sediment type than in oceans. Sedimentation in oC<'aUH an' lllainly 

comprised of fine-grained material such as clays, calcareous and silic('olls OO;l,CS, 

and aiso volcanics from submarine volcanoes. Basin sediments ou laud illld iu 

near-bounded continental margins show a wide range of depositio1lal ('lIViroll-

ments. Geological processes of sea-levcl change, glaciatioll, tcctouislIl ilwl s('cli-

ment supply have a different affect on sedimcntary basin dcpositiou ilS ()ppo~(~d 

to deep ocean deposition. A sea-Ievel change dircctly cffeds the charactel' of 

sediment deposition. For cxample, a large sca-Icvcl drop cOlllcl pl'oclnce HIl nll-
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conformity in the rock record of a sedimentary basin, thus affecting the acoustic 

impcdancc rcsponse. On the contrary, in ocean basins, due to the larger volume 

of water, the same sea-Ievel chnage does not have such an effect. 

Exccpt for sea-level change, glaciers also affect sediment deposition. Glaciers 

(i,!"(l responsible for huge transport and deposition of sediments on land and in near 

near-shore environments ereating supraglacial sequences in sedimcntary basins 

(Edwards, 1975). The availability of reworked material from erosioll on land, is 

a large source of sediment supply to sedimentary basins. Occan basins, howc"cr, 

receive only a very smaU portion of this eroded material, mainly by transport 

through submarine canyons. 

These are just a few examples which illustrate the relative importance of 

the geological processes on sedimentation in basins and in ocean floors. Sediment 

type and deposition, in sedimentary basins compared to oceanic, varies according 

to the different structural types of sedimenatry basins. AIso, the various environ

mental settings near the continental margin, account for more variable sediments 

as opposed to ocean floor sediments, which are fine-grained and "monotonous" 

(Reineck and Singh, 1980). 

The geological processes are here viewed as general processes in the sense that 

they occur worldwide. This does not assume that their affect on sedimentation 

is the same everywhere. These processes are more pronounccd in sedimentary 

basins. The description of oceanic sedimentation has been dealt in order to give 

broadcr information on gcological process-activity in other regimes. 

27 



-

In summary, we have clescribed the rdati\'(' mag,llit.\l<l<'s of inft\ll'lll'CH of 1 ht' 

processes on sedimentation as weIl as their illtcrrclationships. Thl'Sl' proCI'HSt'H :Il(' 

sea-Ievel fluctuations, sediment supply, tectonic activity, and climat<'. St'lI-!t'\'('1 

fluctuations arc interrelatcd \Vith othe-: geological processes in 11 (,()lllplt'x mll11llt'l'. 

Sea-Ievel changes cannot be directly rclated to scdiulC'ntatioll ral('s. 01 h('l' \ll'O

cesses come into play (i.e. climate) constitutin,l!; the rdat.iollship (,o1l1ph'x. Tl\(' 

link between climate and sea-level change, and climate and Hl'<limcllt act'\\lll\lla

tion is not weIl defined. 

The study of geological process behaviour through qmditiltilrc sUlbilily iUJill

ysis cornes from the necessity of the indirect and complcx llH\lllH~r hy which ~t'O

logical processes relate. 
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Chapter 4 

Qualitative Stability Analysis 

4.1 Partially specified systems 

The geosystem js comprised of many subprocesses related in a complcx mannel"' 

In principle, their interrelationships can be mathematically represented as non

linear diffel'ential equations. This, now, mathematical system model comprises 

a large number of pal'ameters, inputs and outputs, an elaborate set of initial 

nnd boundary conditions aIl of which relate through complex fnnctional inter

dependencics. While possible, in principle, quantitative solutions are intractable 

(Slingerland, 1981). 

The mathcmatical simplification which includes that which is basic to the 

geosystem is described as a partially specified system. Snch systems form a class 

for which "the types offeedback among variables (positive or negative) aœ known 

but the exact functional relationships are not" (Slingerland, 1981). 

Qualitative st ability analysis - a technique used for determining the response 

of partially specified systems - will be used here for the description of the se

dimentary system (i.e. the gesosystem). The results of this analysis will judge 

the system's response to changes, and determine whether or not it is stable or 
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unstable. 

Qualitative stability allalysis has successivcly be(,Il appli('d to illdi\'idllal S('

dimentary basins (Slingerland, 1981; Philips and Steila, 1984; Philips, 1985, 

1987). Here, this methodology is use(l vith broader spatia! and temporal scalps. It. 

does not try to explain the sedimentation charactcr of indh'i<lunl basins; illsl.('ad, 

we describe a geosystem which is appropiate to the study of fun<lnmelltal ('1Iarl\('

teristics of "any" particular seclimelltary basin "anywllCl'c" in the world. AmollI-!, 

the numerous state-variables which model the implica ted g,cologÏcnl 1>l'O(,('SS('S, 

only those that have the largest influence in scdimcllt.ary sequence deposit.ioll will 

be considered. These are: sediment supply, tectollic activity, sen-lt'v('l HIld.nal.ion 

and glaciation. 

Stability is defined as the ability of the geosystelll to recuver from n dist.tlr

bance or change of state. A stable system will retul'1l to a previmls state. Au 

unstable system will tend to evolve to a different state (mode) after a. dist l11'hil1j('(~ 

or perturbation. In the case of the gcosystcm, a diffcrcnt state will lepn'S('lü, il 

new set of conditions responsible for the deposition of llew lithologies. TIl(' dWIIJ.!,<' 

of lithology reflects geophysically, changes in seismic acoustic impedauc(" 

4.2 Theory 

Qualitative stability analysis was first applicd in populatioll ccology (rvIay, 1973; 

Levins, 1974), and has becn more rcccntly introduccd illto the earth sei('w'('S hy 

Slingerland in 1981. If we consider a gcological system of 11 varia hl('s, .Y, w!tOS(' 

levels vary over time as functions F of each other, wc have: 
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d.Y = F(X). 
dt 

(4.1) 

If ë is an equilibriwn point for the system, a deviation i of X from equilib-

rium is givcn by 

From equation (4.1) we obtain 

d.Y ...... -
- = F(x+C). 
dt 

A Taylor expansion of the right side of equation (4.3) gives 

d; = p(ë) + Ai + 9(i) 

(4.2) 

(4.3) 

(4.4) 

where g( i) is a veetor of polynomials with terms of two or higher or der , each 

small compared to i. They vanish at i = O. A is an n x n interaction matrix 

whose elements are of the form a Fa (ë) / ôXJ' 

A= 

The matrix entries reflect interactions among the geological processes (geo-variables). 

When i is very small, g is also very small with respect to Ai, and F( ë) = 0 

(cqllHibrium). Thus, from equation (4.4) we obtain the linearized system 

dX 
-=Ai 
dt 
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Solutions of equation (4.5) have the form 

x(t) = v (ë) exp (Àt), (·-LG) 

where v are eigenvectors of A corresponding to cigenvalues À. 

The system's response to sma11 changes depends on the eigcllVahH's. The 

st abili t y of equation (4.5) is determined by whether or llot the l'l'nI parts of tilt' 

eigenvalues, À of A are each greater or less than zero. To nnalyse the IH'hnviollr 

of the system, we investigate the roots ( i.e. the eigenvnlues) of the charnd('l'istil

equation of the matrix A. 

If aH eigenvalues are negative, the system is stable. This CIIU he Se<'U frolll 

equation (4.6); if all À are < 0 then aH x approach zero as t appl'Oachc::; innllit.y. 

Then from equation (4.2), all i re-approach ë. Thus, the system l"C>-npprondl{':-; 

the stable equilibrium condition ë. If any (at least one) eigenvnlne of A has il 

positive real part, the system is unstable (Braun, 1983, p.354) aud the vahlt's or 
the variables increasingly deviate from their equilibriu111 vaIne::; wit.h tillle. 

The signs of the eigenvalues can be deterrnined inclirect.ly witho\lt havill~ 

to actually solve the characteristic equation. This is accoll1plished llsillP; t.1U' 

Routh-Hurwitz criterion (May, 1973). The signs of À arc deterllliuC'd hy t.lw al] 

components of the system matrix. The criterion states t.hat the wots of il re'al 

characteristic equation have negative parts if and oIlly if a11 the coeHici(!ut.s (/1] of 

the equation are positive (Slingerland, 1981). 

Applying qualitative stability analysis to the gcosystem iuvolvCH det.enuiuillp, 

the cause-effect relationship (al)) between the geological procc:;:;cs. Each (/1) n!p

resents a particular interaction within the geosystem and thlls evaluéltioll of t.ll<' 
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gcosystcm's stability is accomplished in terms of the relationships between the 

geological proeesses. 

al) reprcsents an interaction between two variables. The first subscript i de

notes the end point of the link and the second, j, the point of origin. Therefore, 

alj, signifies a link to i from j. The sign of aij depends on w hethcr or not the 

rclationship is positive or negative, as it reflects the effect on i from j. 

It is noted that nnt aIl interactions between the geological processes need 

be considered for qualitative stability analysis. The geological proeesses whieh 

play the l'ole of geo-variables were ehosen on the basis of their importance to 

sedimentation, and their generality of participation to geological environments. 

These are sediment supply, sea-level change, tectonic uplift and glaciation, and 

comprise the eomponents of the geoprocess model. 

4.3 The geoprocess model and geosystem inter
action matrix 

Sediment supply in sedimentary basins is a continuous process though varying 

with time. The most important types of sediments are clastics (mainly sand

stone and shale) and carbonates (mainly limestone and dolomite). Evaporites, 

volcanics and organic-carbon-rich sediments are also significant. Sediment supply 

varies depending on the depositional environment. For example, mfl.jor rivers pro-

vide a larger and faster sediment supply than does pelagie settling (Stow, 1985). 

Stratigraphie analysis of the Western Canada Basin has shown that during the 
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Jurassic and Cretaceous, sedimentation varied from 3 lU to 300 m/I000 yl'nr~ 

(Stott, 1984), 

Eustatic sea-Ievel change can be either glacial, tectonÎe or gcoidal. Glacial 

eustatic changes result from the changing vohUlle of ice capH, and hnn' rat.('s ,)f 

up to 10 m/1000 years (Pitman, 1978). Pitman and Golovehenco (1983) Br!!,\\(' 

that a sea-level ri se of about 60 m would result, if aIl present g,lacier~ alld iCI' ('np~ 

would melt (-a23).1 A sea-level rise would also tend to lllC'lt glaeiers, RudcliuHlll 

and Wright (1987) state that rising sea-Ievel increases calvillg of icclwl'g,s (-(/:J'.d, 

Eustatic changes due to tectonism are mainly duc to large-scale lithosplll'l'Ïc plat." 

interactions, In the case of small sedirnentary basins, .Jordall (1082) (\O('Il11H'1I!,H 

that tectonic uplift in the Cretaccous western illt('rior of North Allll'l iCH hêl~ 

caused seaward advance of the shoreline ( -a21), 

Worsley and Davies (1979) argue that high sca-Icvc1s }>r()(lllCe a d('('l'('Wil' 

111 the land/sea ratio~ and hence a slower chemical erosioll of the' collt,ill('llt.~, 

thus providing less sediment supply (-a42)' AIso, Stow (198G) st.ates t.llllt clnl'ill!!, 

periods of high sea-Ievel, sediment sources such as rivers do HOt. ha.ve dired l\('('('SS 

to the basin slopes of continental margins, hence dCCl'CIlHillp, sediment. snp}>l)' 

Glaciers are a large mass of ice forrned by the compactioll aud }'('('l'ystalliw-

tion of snow, creeping downslope or outward duc ta the st.rCHS of i ts OWll \V(~ip,ht,. 

About 10 % of the earth's continental surface is now covcred hy glaeial Ï<'e. III thl' 

Quaternary, the caver age was 30 % (Edwards, I98G), Gla('i(~l's ad as ero~io1lill 

agents and thus supply glacial sediments (a43)' Glacial ('l'oHioll take'H place by 

1 This and each subsequent bracketcd coefficient indicates the corrpc;pollll!lIg illt prad iOIl III th .. 
"geoprocess" model (Figure 4.1). 
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"plucking" and abrasion. In the first case, blocks of rock are loosened, detached 

from the bedrock, by the movement of the glacier. The process of abrasion acts as 

a mechanical wearing or grinding of rock surfaces on valley walls by friction from 

the moving glacier. This process mainly produces fine-grained glacial sediments: 

silt and clay. Glacial deposits are observed in both marine and terrestrial settings 

and in a variety of tectonic and climatic situations. Pressure exerted from glaciers 

cause tectonic loading and lowerine; of the crust (-a13)' This effect of glaciation is 

well demonstrated in the classical Scandinavian example, where glacio-isostatie 

rebound adjustment has been occuring since the end of the last glacial period. 

The Gulf of Bothnia, located between Swedan and Finland, must rise a fm'ther 

200 m to achieve isostatic equilibrium (Heiskanen and Vening Meinesz, 1958). 

Appart from effects of glaciers, sediment supply could also initiate teetonie ac

tivity. ~ediment loading caused by sediment supply in basins could aet as a force 

which contributes to lithospheric subsidence (Turcotte et al., 1977; Cloetingh et 

al., 1984), (a movement opposite to tectonic uplift) (-aH)' 

The interacting nature of the geological processes is simplified above and 

represents corn mon sedimentary environments, excluding unique situations such 

as desert environments, and localized settings such as attols. From the above de

scribed interrelationships, we construct a signed, directed graph of the geological 

variables of the geosystem (Fig. 4.1), and then translate this graph into a gcosys

tem interaction matrix (Table 4.2). Each link between the geological processes 

in Fig. 4.1, corresponds to the matrix elements a,j' 
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TECTONIC UPLIFT 

1 

-a14 
-a13 -821 

SEDIMENT SUPPLY SEA-LEVEL 

4 
--- -- - ~----

-842 2 
-823 

a43 
/ 

GLACIATION -a32 

3 

Figure 4.1: Interaction "geo-process" mode!. Bold arrow reprcsents enhancing 
effect and dotted arrows signify an opposite effect. Each coefficient al) is positive; 
negative relationshlps are indicated by sign. 
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n 

tectonic uplift 
sea-Ievel 

glaciation 
sediment supply 

Table 4.2 
Geosystem interaction matrix 

tectonic uplift sea-Ievel glaciation 
o 0 -a13 

-a21 0 -a23 

o -a32 0 
o -a42 a43 
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sediment supply 
-a14 

o 
o 
o 



Rewriting Table 4.2 in the form of a matrix wc have: 

0 al3 

0 -a23 

a32 0 
-a42 a43 

where each al) represents a particular interaction within the g<,osyst,<'lll. 

4.4 Results 

The characteristic equation of the interaction matl'ix A if> cnl<'\llat,('d (ApP('ll<lix 

B) and is: 

The outcome of the analysis is dependent on the Sigll of the co('ffki(·l1t.s of 

the charactcristic equation. Examination of equatioll (4. ï) l'cveals t.hat. t.llC' ('()-

efficient of the second term, is generally, negativc (l'der to p.34), Tlms, Hilll'(' 

an the coefficients of the equation are not aH positive, accOl'<lil1~ t.o t.lH' I1ollt.h-

Hurwitz cl'iterion, the roots of the cquation do not all have llcp,nti"c pm t.s, So, al. 

least one eigenvalue of A has a positive l'cal part, and thus, the syst.(·lIl is ItllstHI,I(', 

Qualitative stability analysis of the partially spccificcl gC'osystC'lll has sl!owll 

that it is normally unstable. The scdimentatio.l sequence l'cconls the evolllt.ioll ()f 

the unstable gcosystem for millions of years. The gcoSySt.Clll lws llllllly qlw:-.i(·(llli

librium states which persist for long pel'ioels of timc. Thcse pel'iods ('oiucÏcl<' \Vit.h 

geological conditions of formation lithologies. Changes in lit.hologies in t.lH! S(·<1-

imentary record are the l'csult of the evolving geosystC'Ill. Tlw evolntioll of t.h(· 

geosystem is a manifestation of a. chaotic attractor. 
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Chapter 5 

Chaos Theory 

5.1 Deterministic chaos 

The study of dynamical systems has been, to a large extent, the origin of chaos 

theory. Dynamical systems are most eompletely modelled by nonlinear systems 

of equations. Nonlinear phenomena often exhibit sensitive behaviour. Small 

changes in initial values ean cause very large changes at later time, and thus, the 

behaviour of systems is unpredictable. A dynamical system may be descl'ibed in 

tcrms of its: i) state, which is the essential information about the system, and ii) 

a rule that describes how its state evolves with time. For example, in the case of 

the pcndulum, whcre velocity and position are a11 that are required to detel'mine 

its motion, the state is a point in a plane, whose coordinates are position and 

vclocity. A mathematical differential equation, is the rule that describes how the 

state evolves (Crutchfield et al., 1986). 

A visualized represcntation of an evolving dynamical system can be illus

trated in phase- or state-space. A phase-space is an abstract spaee whose co

ordinates are components of the state. The phase-space gives the ability to 

represent behaviour in geometric form. 

39 



A point in the state-space specifies the statc of a systelll nt a I!,l\'t'U tillll', 

An orbit through that space specifies the motion of a particulnr system ns tiuil' 

passes, A rough definition of an "attrnctor" is what st.ate of the syst.em "sd.t.lt's 

down to" , or is "attracted to". "Basins" arc t.he set. of point.s t.hat, L'\'ol\'l' to",anls 

an attractor. Systems may cycle periodically throngh a 8<'q\1<'11(,(' of st.nt,('s. A 

state-space diagram in this case corresponds to a cycle, or periodi<' orbit.. These 

attractors are called limit cycles. An even more complicatcd fol'lu of HU attrndol' 

is a torus of N-l dimensions, where N is the number of de grecs of fn'edolll in t.he 

system. For a system with thrcc clegrees of freedolll, the orhits m't' made np of 

two independent quasi-periodic oscillations. 

AU the attractors described above arc, in principle, l'l'edicta bl(!; t.ht· ('voll1t.ioll 

of systems towards these attractors is non-chaotic. 

TraditionaUy it bas been acceptecl that simple s)'l>tcms with il f(,,,, dc'J.!,l'(·(!l'i 

of freedom (or equivalently tbose sufficicntly clescribl'd hy few para,mdel's) an' 

associated with "or der" and complex systems with "chaos". Camphell al1d fios(! 

(1983) provide three funclamental reasons why this associa t.iol1 ls ilOt. t.ot.ally COl'

recto They state that: i) complex systems (with lllHUy dC'g,rees of fu'cclom) Célll 

undergo very or-lerly motion (e./!,. a fluid in a laminar fiow 1ll0V('S lU a t.otally 

predictable manner), ii) simple physic, : systems cau exhihit chnot.Ï<: Iwlmviolll' 

(a rigid plane pendulul11 could become chaotic), and iii) chaos whkh IIHs h('(~ll 

observed in very complicated systems can be ull<lel'st.ood (lllétutit.at,ivC'ly \lsiul!, 

simple physical models which have only a f 'W degr(x's of fl'c,~dolll (Swillll<!Y, 1083; 

Huang and Turcotte, 19DO). 
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Chaos can arise from the behaviour of systems which are governed by simple 

sets of detcrministic equations (Ruelle, 1989). Simple nonlinear interaction of 

only a few components within a system can lead to chaotic behaviour (Crutch

field et al., 1986). A chaotic system is deterministic and its evolution with time 

is characterized by sensitive dependence to initial conditions (Ford, 1989). Small 

changes in initial values can cause very large changes at later time, and thus, the 

behaviour of systems is unpredictable. " ... chaos ensures tllat the ullcel'tainties 

will CJuickly overwhelm tlle ability to make predictions (Crutchfield et al, 1986). 

Ford (1983) states that "Almost aU dynamical systems are nmv knowll to exhibit 

chaotic ol'bits". 

The evolution of the geosystem can he represented in a state-space. How

ever, the behaviour of the geosystem is manifestly chaotic and, consequently, its 

evolution cannot be described in terms of predictable attractors. The complex na

ture of its cvolution requires the more elahorate "chaotic" or "stl'ange" attractor. 

Chaotic attractors have a complicated geometric form. 

5.2 The "st range" attractor 

Fluctuations of one variable of a system can easHy he displayed by a time series 

(Fig. 5.1). However, to show the changing relationships for example of more than 

one variable, variables, the evolving system is more adequately represented in 

phase-spuce. At any givcn moment, the variables fix the location of a point in 

space. As the system changes state, the locus of this point moves. The system 
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Figure 5.1: Examples of stratigraphie time series. The vertical seale in (a) and 
(c) represent limestone pereentages, while in (b) it shows thickness of limestone 
beds. The horizontal seale in all ex amples represent the stratigraphie position in 
met ers (ACter Schwarzacher, 1985). 
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may ncver rcpeat itself exactly (i.e. the trajectories never intcl'scct with each 

otller). Chaotic or strange attractors are unpredictable as weIl as non-repeating. 

A dynamical system may cvolve towards more than one attractor. Different ini

tial condi tions may select from among different attractors. 

The description of Edward N. Lorenz' motions of a fluid flow (his description 

of a turbulent ceIl in the atmosphere) with only 3 degrees of freedom behaved 

in a l'an dom manner which could not be characterized by the pl'edictable attl'ac

tors then known. His attractor was an example of a chaotic (stl'ange) attractor 

(Fig. 5.2). The Lorenz system is a simple three-dimensional system with a stl'ange 

attractor. Lorenz found that microscopie perturbations are amplified and that 

two orbits with nearby initial conditions diverge geometrically. This observation 

is a basic condition (property) found for aU strange attractors. Cllaotic systems 

are extremely sensitive to initial conditions (Fig. 5.3). 

Strange or chaotic attractors, represented by the systems of Hnes in phase

space, show fractal geometry; an infinite number of points on the attractor show 

sclf-similar detail on various spatial sc ales (Middleton, 1990). 

5.3 Bifurcations 

Study of the equilibrium points and their stability of nonlinear systems can reveal 

information about their behaviour. The number and stability of equilibrium 

points of a set of differential equations could change, when the coefficients of the 

equation change (Middleton, 1990). Such changes could cause abrupt changes in 

the behaviour of the system; these are caUcd bifurcations. 
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Figure 5.2: The Lorenz attractor. Evolution of three variables in phase spacc arc 
presented by a chaotic attractor. A po:nt on the attractor signifies the variables 
in three-dimensional space at that given time. (After Moon) 1987). 
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Figure 5.3: Sensitivity to initial conditions. On a strange attractor, two neigh
bouring phase trajectories al ways diverge, regardless of their initial proximity. 
The trajectory actually followed by the system depends crucially on its starting 
point. (After Bergé et al., 1986). 
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At a bifurcation point a system "switches" from one stahle o}><'ratillp, mode' t.n 

another (Nicolis, 1989). Bifurcations cause a system to cithcr: i) frap,llH'ut. it.self 

(period-doubling), or ii) stabilize to a ncw behaviour through fecdhack lc>ops tlmt. 

couple the new change to its environmcnt. A system th nt lm:> pas:wd t.hl'Oll~h n 

bifurcation point and has stabilized by its feedbnck, will remaill in t.lw H('W stat,e 

until its next bifurcation. Beyond sorne thr<,shold vaInc which de}l<'uds ou the 

particular system, the state of the system can branch out to different paths. Tllt' 

path which the system will follow is not predictahlc: "OIlly cllllllCC will d('('idc, 

through the dynamics of tllC fluctuations" (Nicoli:>, 1080, p.334). Ollce the pat.h 

is chosen, the system will evolve towards a. new stable opcl'ntiug st.at.e. III chaot.ie 

systems, the internaI dynamics ( i.e. the interactions alllOlll!, t.he st.at.('-variahl(·s) 

drive the branchings to new states. 

In sununary, the basic properties of cha.os are: scnsitive dcpel1del1ce ou initial 

conditions, abrupt shifts in sta.ble opera ting states (modes) t.hroup,h bif1\l"(,(\ t.iou 

points, and long-tcrm unpredictability. We justify the preseuce of the. 'prop('rti('s 

and show their inherence in the sedimentation systcm. 

5.4 A chaotic geosystem 

We now show that stratigraphic serlucnce dcvclopmcnt in scdiuH'utary lmsius is 

consistent with chaos. Prcdictable attractors dcscribed hy Thol"llCS (Hl83) for 

various geological systems (Fig. 5.4) are inadequate to represput t.he (,Olllpl(·x na

ture of the geosystem. A chaotic geosystem wmùd ha.ve to show tlH! <lefiuitive 

properties of sensitivity to initial conditions, abrupt shifts in opprat.illl!, lIlod(·, 
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Figure 5.4: Common attractors in geological systems. The attractors correspond 
to: (a),(b) gully growth, alluvial fans and caliche development (c) meanders and 
(d) pool and rifRe sequences, beach cusps. (After Thornes, 1983). 
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and unpredictability. 

Climate is an important process in large-scale scdinwlltatioll. 11ntllt'lllatil'al 

modelling of climate shows that oIlly a small itlterat.ion of pnrnmd('l'H iH l'('(l'lin'(l 

to cause a sudden potential for glaciation ovcr large arC'its of t hl' Eart h'H Hurface 

(North and Crowley, 1985). They state that change of atlllosp}\('ric carbou tlioxitl(, 

over geological lime, can induce radical changes in cOllt,ÏlU'ut.al in' cowr. AIHo, 

small changes in the meau climate result in drmnat.lc chaugpH iu t.!1(' fn'(l'lt'IH'Y 

of extreme events such as tcmperature and mcteoric preeipitation (di CaHt.ri and 

Malcolm, 1988). When some stable climatic varia hies fall bdow SOlll(' nit.Îl'al 

threshold value, we have the appearance of cxtrcme Illlouliw'ar" dilllatic (·VPllt.S 

(Wigley,1985). Abrupt climatic change in gcological records frolll tl\(' Quat,('l'llllry 

are documented (Woillard and Mook, 1982; Broeckcr ct al., 1985), which show 

evidence for rapid climatic l'swings" in the illterstadial pn'ccdiup; t.he Im;t p,lacial 

maxImum. 

This sensitive climatic behaviour affects sedimentary proCCSSPH of t.ll<' Emth. 

Changes in deep water circulation alters heat transport aud cft't'ets ('éIl·hou st.Ol'ap;(' 

and oxygen levels in waters and in the atmosphcrc (Crowlcy Hud Nort.h, 1!J88). 

Thus, abrupt shifts in climate have an effcct on challgillg carbouate ~(·clil1l<'llt.at.ioll 

resulting in creation of diffcrcnt lithotypes. CO2 mCaSlll'Clllc'uts fwm iCt! con's 

have shown that the Earth has two modes of oeeall-atlllosphcr(' oJ>(·rnt.iou ou 

a timescale of 105 years (Broecker ct al., 1!J85). Oscillatiolls obs('rV<'d iu je(. 

core data involve a "jump" from one stable operatillg mode to lLuotlu'l'. Olle 

interpretation of this phenomenon, proposed by Ocschgcr ct ni., (1 !J84 ), is t.hat. 
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the sediment production rate "kick" the ocean-atmosphere system from one quasi

stable mode to another. Broecker et al., (1985) find this idea tempting, however 

they argue that it is difficult to hold. 

Abrupt shifts of the climatic subsystem which affects sedimentation are also 

indicatcd by worldwide sedimentation rates which are not equal and constant 

with time (Davies et al., 1977) (Fig. 5.5). During Oligocene and Paleocene times, 

sediment rates were low, while in the Miocene and Eocene rates were high. Dif

ferent modes of weathering du ring Paleocene-early Eocene and late Eocene-early 

Mioct>ne have been suggested for this discrimination. This implies that there was 

climatic variability during those periods in which oscillations of the climate pro

ceeded through different state& or modes of stability. Long tenn climatic change 

has been suggested to exhibit deterministic, unstable dynamics of the chaotic 

attractor (Nicolis, C., and Nicolis, G., 1984). These changes are reflected as 

sedimentation variability in sedirnentary basins; they do not exhibit periodicity. 

However, sorne periodicities are still observed in the sedimentation record. Lutz 

(1987) claims that there is no statistical motivation for favouring periodicity to 

explain various geological events. He refers to the time series distribution of dif

fercnt gcological events as "noisy periodicity models". In addition, Shaw (1987) 

stresses that causitive periodic forcing is not required to develop apparent peri

odic cycles in the sedimentation record. He offers an explanation suggesting that 

the obscrved periodicities can arise from "nonlinear ~oupling of interacting reso

llunccs". Here we use use the term "nonlinear chaotic behaviour" in describing 

snch phcnomena. Baksi (1990) more rigorously states that the search for peri

odicities in the rock record have, so far, been subjective and that such studies 
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Figure 5.5: Total rates of sediment accumulation. (After Davies et al .• 1977). 
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8hould he postponed until high-quality radiometric age data are available for the 

Phancrozoic. 

Othel' geological/ gcomorphological phenomena are known to be vulnerable 

to climatic variation. The gcometrical structure of individual bends in river me

nnders show grcnt sensitivity to enrlier meander-train geometry and climatic vari

ability. Patterns of North American river channels show adjustment (structural 

and scdimentological) to previous climatic conditions in the Pleistocene (Mont

gomery, 1083). In attempting to describe the river meandering process, Furbish 

(1988) states that the "sensitive dependence, and the propel'ty of recurl'cnt self

organized structure, are the llallmarks of nonlineru' cllaotic bell aviol' ". 

The abrupt shifts from one mode (stable state) to another arises through bi

fm'cation. Bifurcations, in the case of the geosystem, are represented as internaI 

thresholds. Transition between two states is particularly complex in geological 

systems duc to multiple feedback relationships among the interacting pro cesses 

(Chappell, 1983). Representation of processes in a magnitude-frequency dis

tribution is adequate in presenting the effect of threshold on operating domains 

(Fig. 5.6). When process rate g(x) increases with magnitude of event x, the prod

uet of the proeess funetion (sedimentary bed) is described by a smooth curve with 

a single peak (R) in the magnitude-frequency distribution. There is no crossing 

of an "internal tlu·esllOld". In the case of an existing threshold, the process

rcsultant curve has two modes of operation (RI and R2). In crossing this internaI 

thrcshold, the system arrives at a new state. 
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Figure 5.6: Magnitude-frequency distribution of processes: (a) the pro('('ss f{'snl
tant curve (sedimentary bcd in the case of the geosystem) is dellotcd with R, (h) 
in the case of internaI threshold the process curve has two modes of operation RI 
and R2 • (After Chappell, 1983). 
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A geological environment which has adjusted to the environmental condi

tions is in a state of equilibrium (a stable state). Such stable states could still 

be punctuated by "episodic" events which will abruptly shift the environmental 

cquilibria to othcr stable states. These abrupt changes or "punctuated events", 

arc more frequent than we have previously realized (Phillips, 1986). Geologists 

have referred to such events as "punctuated aggradational cycles" (PACs) in ex

plaining episodic stratigraphie accumulations (Goodwin and Anderson, 1985). 

These episodes or "crises", which superpose on the normal sedimentation trends, 

originate within the geosystem itself (Berger et al., 1984). "Abrupt changes are 

inhel'ellt in normal geological processes" (Parker, 1985). Oscillations or distur

bances caused by changes in the endogenetic system control the sediment output 

in time and space (Montgomery, 1983). 

Wc vicw such a behaviour of the sedimentary system as being indicative 

of chaos. Sedimentation exhibits long periods of relative stability separated by 

abrupt shifts. During times of dynamic equilibrium, the geosystem is relatively 

stable. Uuder that quasi-stable state, geological conditions persist which are re

sponsible for the deposition of a particular lithology. Due to the instability of the 

sedimentation system, it shifts to other operating states. Under these new geo

logical, temporarily stable conditions, a new lithology deposits. The geosystem 

is "attl'actcd" towards a stationary state. Following sorne unpredictable interval 

of time, the system evolves through the next bifurcation point, to another new 

state. The duration the system spends in each state determines the thickness of 
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the formation lithologies. 

These successive, abrupt shifts in the operating mode of t,h,' Hedillleut.:\t ion 

system, and its known sensitive dependence on initial condit.iollH- init.ial ("()udi

tions of climate cause sensitive sedimentological and strl1ctllrnl df('cts (Mout.

gomerey, 1983; see also Furbish, 1988)-cause an accumlliatioll of a seri,·s of dif

ferent lithologies which form the sedimcntary sequence. Tlms, scdilllellt()lo~kui 

processes demonstrate qualities of chaotic behaviour. Lithological challgcs (and 

equivalently, their geophysical measures; Le. acoustic illlPcdnnce) lllay hp wp

resented in phase-space by a stl'ange attractor. The cha.ot.ic at.t.ractor repl'l!Sellt.s 

evolution of the sedimentary system through differcllt lithological states. A scd

imentary sequence describes a high order strange attractor (Fig. 5.7). Tlms, 

the strange attractor aets as the corn mon underlying lIlechallism of variat.ioll of 

acoustic impedance. 

The relationship between 1/ f spectra and stl'l\llge at tradOl' Hollltiolls have 

been addressed for electronic systems (Shaw, 1980). He pruvides al'~lllll('llt.S ill 

support of the idea that strange attractors or ensembles of strnllp,(' at.t.mctol'S 

commonly show the 1/ f power spectrum of scalillg ftickcr lloisc. In acldit.iou, lu' 

states that any chaotic mechanism which wOllld purport to explaill tIl(' uhiql\it,OllS 

occurence of 1/ f noise must i tself occU!' ubiq ui tously. Mnlldd brot (1 D83) lIot( 's 

that "Many scaling noises have remarkablc implicatiolls in tllC'il' fields awl t1wil' 

ubiquitolls nature is a remar1mblc gcne1'ic fact." Mnnd('lbrot. and Voss (1 D83) 

also directly state, that " ... 1/ f noise may he l'cliltcd to tllrlmleJJce 01' dUlotic

bellaviour and nonlillearities". 
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Figure 5.7: Chaotic reflectivity model of sedimentary sequence development. 
Schernatic diagram showing the relationship of change in acoustic impedance 
and resultant lithological states; (a) geological section, (b) corresponding sonic 
weIl log, (c) relative stability fields. The chaotic sedimentary geosystem evolves 
to different states. These states represent conditions for the deposition of a par
ticular lithology. Abrupt shifts to other states, create new conditions responsible 
for deposition of new lithologies, and so on. The created lithologies correspond to 
layers of the sedirnenatry sequence. (Modified from Sharma. 1986; and Johnson 
and Thorn, 1982). 
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In summary, accoustic impedance variations - the geophysical lllt'aSUrt's of 

lithological variability - rcsult from the chao tic intel'lml orgnnizatioll of tlu' in

teracting geological processes. This ol'ganization is l'espollsihl<' fol' 1.111' {'Olll111011 

statistical charactcristics observed in reflectivity well logs from aIl sedillH'llt.ary 

basins. The statistical properties of the fractal-flicker noise charud('r of the acou

stic impcdance record, are consistent with a gcosystem govel'lH'd by chaos. 
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Chapter 6 

Summary and conclusions 

6.1 The chaotic sedimentation system 

The sedimentation system has, here, been treated as partially specified system in 

order to employ qualitative stability analysis. For this purpose, the interrelation

ships among the geological processes were examined to aid in the construction of 

the interaction matrix used in this analysis. This allows for abrupt shifts from 

one stable mode reflecting one lithotype to another new state, reflecting a differ

ent lithology. We have argued that changes arising from the internaI structure of 

the geosystem (i.e. within the system) cause the geosystem to evolve among its 

various stable opel'ating states. 

Evidence from geological process interaction over long time periods reveals 

a sensitive depcndence on initial conditions (Montgomerey, 1983; Furbish, 1988). 

A small dcviation of one geological process can have a tremendous effect on the 

geosystem's output response - sediment deposition. The exact lithology however, 

cannot be pl'edicted due to the essentially chaotic chal'acter of the geosystem. 

This rescarch supports the hypothesis that a sedimentary sequence is the 
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result of a chaotic geosystem. Sedimentary sequence d(',,{'loP11H'ltt. ('xhihits aH 

the fundar lent al characteristics of chaos. The strallge ntt.raetor of tht' clmotic 

geosystem is manifest as stable lithological formations. The chnotk })('ha"ionr is 

inherent in the internaI interactions of the geosystem. 

The acoustic impedancc function of depth is a geophysical 11 1('1\ SlU'(' of t,}w 

sedimentary sequence. Its weIl known fractal, self-scaling (llf) lloi::l(' dmmctcl' 

(Todoeschuck et al., 1990) is consistent with a chaotic gellcrutioll }>l'()l'('SS, This 

further supports Agapeew's (198D) arguments, justifying Il fradal f!ickpl' twist' 

model for the acoustic impedance functioll. 

6.2 Recommendations for future work 

Here we have set a basis for considering sedimcntary aCCu11llllatiollS lIlul ('volll

tion from a unique quasi-mathematical viewpoint. The next step wOlllcl 1)(, to 

obtain a strict mathematical description of the concept of the phase- sp;\('(~ 1'('1>1('

sentation for specifie geological envirollmellts: active, passive ('out.iw·utalllllll'p,ius 

and cratons. The dimensionality of the attractor solutions :";}lOllld he (ktcl'Iuill('(l. 

This could be accompli shed through the determination of the Lyapullov dillJ('u

sion (Tabor, 1D89) and the correlation exponent which measure the llllllll){'l' of 

dimensions minimally neccssary to specify the region of 1111 attradol' iu pllils(' 

space. The dimension of a chaotic attractor is ofteIl a Ilou-illteger 1lI1111IWl \VIII('h 

specifies a fractal character. Thus, by dC'termilling this Humber, wc sl'()lIlcl he 

able to de termine whether any specifie geosystem is chaotic 01' Ilot, 
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Chaotic behaviour can also result from time delays in system interactions 

(McGill, 1989). In the case of the geosystem, there are severa1 l:ec,-J.back loops 

between processes which may exhibit time-deIayed interactiohs (Legget, 1985). 

These must be identified and examined to determined whether or not they en-

hance the chaotic behaviour or perhaps suppress it. 

Finally, recognizing that the geosystem is much more complex than the sim-

pIe fOUl'- component geopl'ocess mode} studied in this thesis, and that it must 

comprise other dynamic internhl physical, chemical and biological processes, the 

geosystcm model is open to arbitrary elaboration and extension. 

6.3 Claims of originality 

This research has obtained a modelling of sedimentary sequence developmcnt 

under a whole new perspective. The importance of chaos has been recognized 

describing lithological accumulations in sedimentary basins, AIso, geology has 

been treatcd as a dynamical system with geological processes studied holistically 

from a systems - science viewpoint. 

Bcncfits accme from treating geology in the above manner: 

1. It is esprcially convenient to deai with the complex interactive nature 

of geological processes, 

2. VVe may see past "l'aw" detail in the geological processes and allow for 

a view of essential geosystem hehaviour. 

Trndit.ionally, gcology ndvances through the description of many inclividu"'~ 
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examples. Our (geo )physical approach here is pcrhaps, Ull1<llH' III t Il<' Rt IIdy of 

stratigraphie sequences il! that we didn't eonccntrate ou spl,t'itic Ht'diIllt'l\t ary 

basins, but instead attempted to describe a gcncrally applicahle, chaotic g,I'OHy~· 

tem. 

Furthermore, we have introduced an original way of studyillg, Ht'diuwulatjou 

systems. We have deseribed measures of gcological cllvirOllUH'uts in a phélst·· 

space. Wc have argucd that their evolutioll with time cau 1)(' d<'hl'l"iht·d Ily a 

single point of a trajeetory of strange at.trador in H llluitidilll<'llsiollai Hpll(,(', \V(· 

have taken one innovative step towards quantitativc stratigraphie lllo<ldliug,. 
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Appendi:{ A 

PO'wer spectral density 
relationships 

This appelldix gives the relationship between the power spectra oi ,llC reflectivity 

sequence and that of the acoustic impedance depth function. 

Wc show that when the power spectal del1sity of the acoustic impedallcc be

haves as 1/ f{3, the reflection coefficients or the reflectivity sequence has a power 

spectl'tlIll proportional to ffJ- 2 • 

If R( t) denotes the sequence of small reRection coefficients as a function of 

time, and V (t) is the acoustic impedance as a function of time, wc have: 

R(t) = 1/?' d[ln \'(t)l/dt. (A.1) 

Integration of equation (A.1) gives 

111 [V(t)/V(O)] = 2 fo'R{t') dt'. (A.2) 

If the n,Rection coefficients arc very small then \'(t) '" V(O) and wc can 

approximH te: 
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l'Ct) l"(t) 
F(O) ~ 1 + 1"(0)' ( .\.3) 

where V(t)/l'(O) is a Sl1mU quantity. The r('lationship 11/(1 + ./') ~.r and 

equation (A.3) arc useel to rewrite eqnation (A.2) as 

F(t) lt) 
-- '" ? R(t') lt' V(O) - - 0 ( • 

Fourier transformation of eqnation (A.4) giV<'s: 

(A.G) 

where i"'Cf) and RU) are the Fourier trnnSfOl'lIlS of ,'Ct) Hwl R(f) lI'~p(,cti\'dy. 

Thus, from equation (A.5) if wc take the second power W(' p,d.: 

(:\.G) 

Equation (A.ô) shows, that the power spectr\lln of the (tcollstic iUl}wdilll('(' 1'1111('· 

tion is approximatcly proportiollal to the pow('r spectr UIIl of t}1(' rdh,('t.iol1 ("od· 

ficients di\'ided hy the square of the frequellcy. 

Thcrefore, if the acoustic impC'dallce sl>C'ctnull is fiid~('l' (1 /.t /i, wIw/(' ri = 1), 

the power spectrulll of the l'cficctions is proportioual t,o (1 /f,l- 2) ,. 
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Appendix B 

Calculation of the characteristic 
equation 

The characteristic equation of Matrix A is calculated from the cletermillant which 

is set ta zero: 

-,\ 0 -a13 -a14 

-a21 -,\ -a23 0 
=0 0 -a32 -,\ 0 

0 -a42 a43 -,\ 

Evaluating the determinant using elernents of the fil'st column wc g,et: 

-À -(l23 0 
-,\ -a32 -,\ 0 + a21 

-a42 a,,'l -,\ 

vVe solve and obtaill: 

-,\(-,\) 
1 

-,\ 

-a32 
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-a32 -,\ 0 
-a42 a43 -,\ 

o 
-,\ 

=0 

-,\ 
1 = 0 



--- Modifying the abovc wc have: 

Finally, we get: 
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