
' DOE/ER/13802--2
_j

- . DE93 008375

Fi nal Repor t

DOE Gran t #DE-FG02- 87ERI 3802- A000

NONLINEAR PHENOMENA AT

GEOLOGICAL REACTION FRONTS

WI TH ENERGY APPLICATI ONS

Report Prepare d by

Peter Orto l ev a

Geo- Chemical Resear ch Assoc .

1105 Br ooks Dr.

Bl oomingt on, I N 47401 _"-_",. -':[V r--L$

FED17 1993
for the @ S T I

Basic Energ y Scie nces Pr ogra m

Departmen t of Energ y

DI SCLAIMER

This report waspreparedas anaccountof worksponsoredbyan agencyof the UnitedStates
Government.Neither the UnitedStatesGovernmentnoranyagencythereof,nor anyof their
employees,makesanywarranty,expressor impli ed,or assumesany legalliability or responsi-
bility for theaccuracy,completeness,or usefulnessof anyinformation,apparatus,product,or
processdisclosed,or representsthat its usewould not infring epriva telyownedrights.Refer-
once hereinto anyspecificcommercialproduct,process,orserviceby trade name,trademark,
manufacturer,or otherwisedoesnot necessarilyconstituteor imply its endorsement,recom-
mendation,or favoringby the UnitedStatesGovernmentor any agencythereof.The views

and opinionsof authorsexpressedhereindo not necessarilystate or reflect those of the MASTER
UnitedStatesGovernmentoranyagencythereof.

DI6TRIBUTION OF THIS DOCUMENT IS UNLIIVlCI'ED
TD-



¥ ¥ Table of Contents

I. OVERV IEW

II. REACTION FRONT MORPHOLOGY

III. MINERAL BANDING THROUGH NUCLEAT ION PHENOMENA

IV. DIAGENETIC ALTERAT ION FRONTS AND THE SPATIAL DISTRIBUTION OF POROSITY AND
PERMEABIL ITY

V. MECHANO-CHEMICAL FEEDBACK AND POROSITY PRESERVATION AND DIAGENETIC TRAP
FORMAT ION AT DEPTH

VI. BUOYANCY DRIVEN NATURAL PETROLEUM MIGRAT ION

VII. oSCILLA TORY METHANE RELEASE FROM SHALE SOURCE ROCK

VIII. GEOCHEMICAL SELF-ORGANIZAT ION

L IST OF PUBLICATIONS



¥ I. OVERVIEW

The interaction of aqueous fluids with the rock matr ix within which they

reside can yield a var iety of phenomena due to the coupling of reaction-

tr ansport and mechanical processes. In this study, many of these phenomena

were found to have potentially important implications for the exploration and

exploitation of energy and mineral resources.

In a series of four studies we investigated 1) the effects of nucleation

to produce banded precipitation, 2) Darcy-mineral dissolution coupling to

produce scalloped, fingered and more complex alteration front morphologies,

and 3) di agenet i c al terat ion in che mi ca l l y comple x, mult i- mi neral i c syste ms.

I n a sep arate st udy , t he mig rat ion of met hane dr iv en by buoy ancy eff ects was

shown t o lea d t o cel lu lar and te mpora lly os ci llat or y fl ows. Sands t ones at

dep t h exp er i encing pre ssu re solu t ion were shown t o disp la y unst abl e compac tion

l eading t o t he f or mat ion of st y l ol i te s and band- l ik e r egions of augment ed

compact ion alter nat ing wi t h l ow por osi t y bands wi t h augment ed ove r gr owt h.

Fin all y, it was shown t hat tra ns fer of nat ural gas fr om sh ale sou rce ro ck in t o

neighboring sands t ones coul d occ ur t hr ough a series of dis crete pul sat i l e

event s th r ough a cycle of fract ur ing and heal ing. As all t hese phenomena

invo l ve t he genesis of t he sp ati al dis tr ibu t ion of por osi t y and per meabi l i t y,

and of petr ole um t hr ough di agenesis , t hey are of pote nt i al impo rta nce in t he

dev el opment of re sou rc e exp l orat ion and extract ion strat egi es.

As a r esult of our DOE suppor te d wor k we hav e rece ived signi f i ca nt

indus tr i al suppo rt . This suppo rt is a di rect measu re of su cce ss of this

pr oject in enabling us t o devel op t he skil l s , per sonn el and tec hniqu es needed

to so l ve pract i cal pr oble ms f or t he petr ol eum indus tr y.



¥ In what f ollows we bri efly des cri be th ese stu di es and re fe r to t he

att ached papers for t he comple t e presen t at ion. Numbers in par ent heses ref er

t o papers lis t ed at t he end of t his r epor t and att ached as appendices.



_I . REACTION FRONT MORPHOLOGY (1,2 ,3t4)

When f lui ds f l ow t hr ough a rock t hat is undersa t urat ed wi t h r esp ect t o one

or more minerals in t hat rock , one or more r eact ion f ron t s may adv ance

downf low. As a giv en fron t advances i t caus es a change of per meabili ty . I f

t he permeabili t y is gr eat est on th e ups t r eam sid e, a mechanism of f low self-

focusin g operates wher eby t he planar front bec omes unstabl e. As a r esult,

r eac t ion fronts can t ak e on scallop ed, fin gere d or more co mpl ex morpholo gi es.

In a series of studi es we demonst r ate d th e possible mor pholo gi es of t hese

f r onts. Anoth er st udy f ocus ed on f in gerin g phenomena in tar sands Wherein the

mixed dynamic of the Saffman-Taylor instability and reaction front self-

focusing due to viscosity due to tar dissolution upon the injection of active

fluids. 3

These studies have applications to the morphology of natural and

engi neered fr ont s. The f ormer may be of in t eres t in det ermin i ng the

dis t ribu t ion of poro si ty and permeabilit y wi t hin a basin or t he sh ape of ore

bodies as in uranium roll fron t s. Engineerin g examples in clu de forma t ion

damage and oil and t he re covery of very vis cous oils and t ars.

III. MINERAL BANDING THROUGH NUCLEATION PHENOMENA (5,6)

Two mechanisms for the precipi t ation of banded cements were investi gated.

In one case nucleation at a reaction front of an authi genic min eral was seen

to lead to a hierar chy of transitions of precipitate profile ran ging from

cont inuous deposi t ion to compl ex banding patterns consis t ing of al t erna t ions

of precipitate and precipi t at e-free zones. A se cond study showed t hat after

nuclea t ion of a pair of in t erac t in g minerals, t he uniform sol can become

uns t able and yield a pattern of al t erna t in g bands of the two minerals which

may be periodic :_r chao t ic in nat ur e.



Such osc illa t i ons occ ur i n nat ur e - in cluding band ed ir on ox ide min eral s

behind a ur anium bear ing or oth er redox (or r oll) f r ont. Our study shows that

bandin g is not necessa r ily th e r esult of changing exter nal conditi ons but can

r at her evolv e sp ontan eously - i.e. th ey can self- or gani ze. In t his way, we may

gain insights into ore body format ion processes.

I V. DIAGENETIC ALTERATION FRONTS AND THE SPATIAL DISTRIBUTION OF POROSITY AND

PERMEABILITY (7,8)

A modeling study of diagene t ic al t era t ion in an arkose was carried out t o

t es t response t o t he effec t s of t empera t ure, flow ra t e, inle t fluid

composi t ion and ini t ial miner al modes. I t was shown t hat the res ponse can be

t o increa se or decrease porosi t y and permeabili t y depen ding on t hese fac t ors.

Hence t he spa t ial dis t ribu t ion of porosi t y and permeabili t y in a bas i n may be

drama t ically al t ered during diagenesis. The model is qui t e suc cessful at

predic t ing reservoir quali t y for given assumptions abou t t he ini t ial st at e of

t he sys tem and t he composi t ion of t he fluid imposed upon it.

The results of t he above numeric al simul at ions were complemen t ed wi t h t wo

analy t ical st udies wherein new approximation techniques were i ntrodu ced to

describe rea ct ion fron t s in the limi t of a) fas t reac ti ons and b) very weakly

sol uble minerals.

V. MECHANO-CHEMICAL FEEDBACK AND POROSITY PRESERVATION AND DIAGENETIC TRAP

FORMATION AT DEPTH (9,10,11)

Below abou t 0.5 km rocks tend t o compact vi a stress media t ed dissolu t ion

at gr ain- grain co nta cts and pr eci pi t ati on on f ace ts in co nta ct with pore

fluid. We have dev elop ed a model in cluding these pro cesses, st r esses in th e

por ous, fluid pr essuri zed medium and diffusion of solutes into which t he



,, I'J _l in ,i II Ji i , i , , , ,u,bJ i i L,

4

grains dissolve . As a res ult we have been able to describe not only

compaction but also the genesis of stylolites and of "diagenetic bedding".

The la tter consists of bands of enhanced compaction and elevated porosity

altern ating with bands of overgrowth and low porosity /permeability. These

effects are an essential mechanism for the preservation of porosity at depth

as well as the generation of pressure seals that can trap deep reservoirs of

petroleum.

VI. BUOYANCY DRIVEN NATURAL PETROLEUM MIGRATION (12,13)

The generation of methane from kerogen at depth leads to an unstable fluid

mass density profile. Thus buoyancy-driven flows can be set up in association

wi th methanogenesis as well as other petroleum producing processes. The

methane mechanism was shown to lead to cellul ar convection cells. The fluid

veloci ty can be oscillatory in time. The model also shows that there may be a

natur al length between methane bearing reservoirs because of a pattern

selection mechanism. This type of study is central in developing an

understanding of the timing of methane genesis and migration.

VII. OSCILLATORY METHANE RELEASE FROM SHALE SOURCE ROCK (14)

Overpressuring within shales containing kerogen may occur because of the

breakdown of the latter through thermally induced processes. This

overpressuring may cause fr acturing of the shale and episodic methane release.
\

Healing of the resulting fractures may then lead to a sequence of episodic

methane releases during kerogen breakdown. These studies may have important

implic ations for the development of estimates of the timing of methane

released from source rock.



VIII. GEOCHEMICAL SELF-ORGANIZATION (15, 16,17)

A unifying aspect of much of the work carried out under this contract is

the notion of geochemical self-organization. What we have shown is that

repet i t i ve patterns of mi ner al iz ation or flu i d compositi on i n space or ti me

can arise spontaneously wit hout the need for ex ternally im pose d peri odi ci t ies

(such as annual var i at i ons i n depos i ti on rates t o form se di mentary beddi ng).

Unders tand i ng t hese phen omena coul d then lead to new exploration str ateg i es.

Our st udi es of such geochemi cal self-or ganiza ti on phenomena under t his

contract have led to the comple t ion of the book Geochemical Self-Organizat ion

(by P. 0rtoleva, published by Oxford Universi ty Press) and the editing of the

Proceed i ngs of the worksh op ent i tle d Self-0r_anlzation in Geological Systems

(ed i te d by P. 0rtoleva, publ i shed as a volume of Earth Science Reviews by

Elsevier Press, Amsterdam). These notions are bein g develo ped in an invited

paper for Science (18).
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