l* Nétional Library
= - of Canada

- du-Ganada
Canadian Theses Service

. Ottawa, Canada . ‘
K1A ON4 *

b

. CANADIAN THESES

NOTICE

The*quality of this microfiche is heavily de‘pendent'upon the

. quality of the original thesis submitted for microfilming. Every

effort has been made to ensure the highest quallty of reproduc-
tion pOSSIb|e

if pages are missing; contact the unuversrty which granted the

degree .

o«
- P

Some pages may have indi‘stinCt print esbecially if the original -

pages were typed with a poor typewriter nbbon or if the univer-
sity sent us an inferior \photocopy.

PrevLoust copynghted materuals (journal “articles, publlshed
- tests, etc.) are not filmed. ’

Reproduction in-full or in part of.'this film is gov'e_rhe'd by the
~Lanadian Copyright Act, R.S.C. 1970, c. C-30. Please read
the authorization forms which accompany this thesis.

¢

THIS DISSERTATION
HAS BEEN MICROFILMED
" EXACTLY AS RECEIVED

P

FR

"Pe

vy s
I

Yy

NL.339 (r. 86/013 &
. a v Q3 )

~—___ Bibliothéque nationale

Services des théses canadiennes’

~alaide du

B ¢

LA THESE A ETE -

o

¢

.

& .
AVIS

La qualité de cette microfiche dépend grandement de la qualité
de la thése soumise au microfilmage. Nous avons tout fait pour

assufer une qualité supérieure de reproduction.

' 0 o N . ‘
S'il manque des pages, veuillez communiquer avec I'univer-
sité qui a conféré le gra

La qualité d'impression de ‘certaines pages peut laisser a
désirer, surtout si les pages originales ont été dactylographiées

une photocoe de qualné mférleure

' Les_docum.ents qui font déja I’objet d'un droit d’auteur (articles
de revue, exameng,,publ_iés, etg.)'ne sont pas microfiimés.

La reproduction, méme partielle, de ce microfilm est soumise . .

a la Loi canadienne sur le droit d'auteur, SRC 1970, ¢. C-30.
Veuillez prendre connaissance des formules d autorrsat!on qui

_ 'accompagnent cette thése.

MICROFILMEE, TELLE QUE
NOUS L’AVONS REGUE

- Canad4

2

an usé ou si I'université nous a fait parvenir ~

1

Y

E4



National Libra

I Blbhothéque natIonaIe Y
, of Canada "du Canada :
W .f»/ ) ‘ ! .
/¥ & ottawa, Canhda ‘ . » \
T TK1AQON4 . ' ‘ $-315-23382-6 -
N } N . . " " w <
’ oo CANADIAN THESES ON MICROFICHE SERVICE SERVICE DES THESES CANADIENNES SUR MICROFICHE .
PERMISION TO MICROFILM AUTORISATION DE MICROFILMER
" Please print or type — Ecnre en lettres moulées ou- déﬁ:tqugraphaer '
o v. e ' T \ AUTHOI?— AUTEUR &I
Full Name of Author - Nom comdlel de I auteur N _“

L .:TO S{?V?n //l“/<

Date of Birth.— Datede naussance

Canadian Citizen — Citoyen canadien ,

o [Hes roui [ JNo Non |

,,Country of Birth — Lieu de naissance

- Sep?

ermanent Address — Résidence fixe

gay GRS - ?fé’ Abnnl -

h°‘?)

'7/64 0/13 . o

THESIS -

THESE

Titte of Thesis — Titre de la thése

babantory St

[ (b

(/ X 7 o[ /‘/Mf/a/ ICIA jLJ Du/mj S‘/*c"a o
Lovdoncate Floodon / Za / g /
' / ° / e ’
Y . ° f L) R
» M : ! . o P e R
© ’ G . . . .
<,
- Degree for which thesis was presented Year this cIegree conferred - - : ; -

Grade pourlqu thése fut presemee —_—
3 o "

Année d’obtention de ce grade .

76 -

Untversny Uruversne
07[ /IL/ é!/ {K

Name of Superv'sor — Nom du directeur de thése

J Zf"\ 95 0[24

Fre

U’I { (/(/\Sc
AUTHORIZATION -

AUTORISATION

Permission is hereby granted to the NATIONAL LIBRARY OF CANADA to
) mlcrofllm this thesis’and to iend or sell coples of the film.

The author-reserves other publication rights, and neither the thesis nor exten-
sive extracts from it may be printed or otherWIse reproduced without the
au!hor s written permlssmn

" L'autorisation est, pédr la présente, accordée a la BIBLIOTHEQUE NATIONALE
- DU CANADA de mIcrohImer ceﬁe thése et de préter ou de vendre des ex-
: emplatres du film. .

Lauteur $e réserve les autres droits de pubIIcation ni ta thése' ni de longs ex-
traits de celle-ci ne doivent étre imprimés ou’ autrement reproduits sans

 —

ATTACH FORM TO THESIS = VEUILLEZ JOINDRE CE FORMULAIRE A LA THESE

I'autorisation écrite de 'auteur.

Signature

"l /Qég/ 7/ /965

NL-91 (y.}(/oay.

- Canad""" e



THE UNIVERSITY OF ALBERTA .. =
’ . . i - |“

| "Laboratory Study of Mineralogical Changes During Steam -
Condensate Flogding of Cold Lake 01 Sands"

]
. . N

) -

& By
John S, Kirk

T

\\ ...,

A THESIS ,
SUBMITTED TO THE FACULTY OF GRADUATE STUDTES AND RESEARCH
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR\THE DEGREE °

rey

OF Mq;ter of Science

" Department of Geology

EDMONTON, ALBERTA
Fall, 1985



o e e
Lo : THE UNIVERSlTY OF. ALBERTA Yo

RELEASE FORM -
L) ' . ]

i

NAME OF AUTHOR:  Jofin 5. Kirk © S,
TITLE OF THESIS: "Laboratory Study of M1neralog1ca1 Chan@‘k Dur1ng
Steam Condensate F]ood1ng of Cold Lake 011 Sands

DEGREE: Master of Science JUE ;,l
YEAR THIS DEGREE WAS GRANTED: Fall, 1985 . -

_ Permission is hereby graﬁted'"to THE UNIVERSITY\OF ALBERTA
LIBRARY to reproduce singde copies of this thesis and to’ 1end or. se11
such copies .for private, scho]arTy ”on! scientifich reseawch purposes
only. . - A N !

The author reserves other pub]icatiqn rights, and.neither
, the thesis nor extensive extracts from it may: be printeq{or;othersze‘
- reproduced without the author's written permission. : ) ‘mf

(SIGNED)
: PERMANENT




1 B / ’ \‘
" THE UNLVERSITY OF ALBERTA ‘. -

o [

& - FACULTY OF GRADUATE STUDIES AND RESEARCH' -

LR
l- NN

The underwgned certlfy that they have read, and recommend ‘to the,‘_\-. ‘

.Facu}ty of Graduate . Stud1es and Research for ~ acceptance, a thes1s'_~

LA,

'.ent1t1ed "Laboratory Study of M1neralog1ca1 Reactwns Durmg Steam"_

: --Condensate Floed—mg og Cold l.ake 011 ~Sands" 'subm1tted by John S K1rkf -

fiﬁm part1a1 fu]fﬂment of the reqmr_e.me_nts for the degree of Master of‘_:“'\

.Science. o

.o

e Ot //55



PRI L I

| \' . - : N T e e

- DEDICATION

o .Thtis thesis ’ls _&eéica'te_d‘ ,\to my wife, Jac*qtje-ﬁne Kirk, arid.'mj/

©.parepts Rose and Jack Kirk who patient1y. supported me.and were able to

cope  with the schedule, or  lack _’thef»eof,» -of a graduate student .

.e_ngro'ssé‘d b"_yﬂh\i's work ; . ' - ‘ L K
. . . R . e i <

[}

ooy )
N . . EE N



CABSTRACT * .

A 1aboratory studv vas ‘completed:.to: detenmine"the interaction
;‘between steam condensate and Cold Lake“o11 sand durlng steam st1mu1a—
t1on Four separate ﬂlow exper1ments.iat: 265 C and 6. 3 t6 8.3 MPa '.
'pressure passed wnJectlon f1u1dsf:ot. e]ther pH3 di{@; or.- 6 3 through ‘
- Cﬁtjrwater Formatmon sand at e1th§9 1 2 or 4 8 pore- volumes/day Cores
] were prepared from sand w1th butumen removed and w1th bltumen in- p]ace Coe

The resu]ts 1nd1cate that the.'fo11ow1ng chapges occurred to- a1l

¥

four cores dur1ng the course ,of the exper1ments '(1) a decrease Inj g~f

J rawn-swze, (2 a decrease 1n do] mite conten a decrease in kaoT-
9 } ) omi LY~L1L_\\‘\\N © ol
'1n1te coptent in the f1ner fract1ons ( ) CO -product1on;_(5) prec1pr-‘ ,
tat1on of smect1te r1ms on framework gra1ns (6) prec1p1tatron of cal«

Cité 1n pore.’ spaces‘ and (7) a reduct1on in permeab111ty The 6 Osuow

fyalues,of'the[ ca1c1tes._( 9 4 to -10 8 perm111), 1nd1oate that they o

formed:between 240 and 275 p (1 e {.at exper1menta] temperatures) ;“

¢

Based on the above observat1ons, two reactwons are proposeduh,

\ N

. ) N “ :

:— 2. 5do]om1te + 32quartz +/28ka011n1te + Na = “

24Mg Ca Na beidel]tte + 1. 5ca1c1te 3,3, 5C0 + 95 5H 0 4+ H

.
’ .

A0 K I R T PL
s « e : . A o
. and/or - d Vs

ot 4do]om1te + 28quartz +10ka011n1te + Na -

12Mg Ca Na- montmor1]ﬂon]te + 2 5ca1c1te + 5 SCD S+ 63 5H 0 +. H

«

~a

The above react1ons occurred to ‘a greater extent when the'hidhspH_'
f1u1d was. used 1nstead of the '1ow 'oneﬂhHﬁgher;f1dwfrate'phomqted‘more

C s



' PfTUld at low f]ou 4"

.oCCUFred byfarmouhing the grains.

mineral growth indirectly because greater volumes of fluid were passed

}through'the‘corexf Bitumen decreased the extent to which the reactions

-

x

= 'Smectité 'grdwth ‘was  the main cause of‘lpermeability reduction

‘,becaUSe it 1ncreased the amount of material in'the pore space and it

created a m1croporos1ty network that ‘restricted‘flow. Fines m¥gration
v

,v,and accumu]at1on at’ pore thrg;ts contributed to permeability reduction:

T~

'Lowtﬁnjection fluid %oﬂinity caused -greater osmotic swelling of smec-

;.t1te and therefore decreased poros1ty and permeab111ty

WlhThe b1tumen free core subJected to high pH, Tow salinity injection
B .

f ered the greatest permeability reduction

5; 'M‘u i

: (98%) j The second greateét permeab111ty decrease (85%) occurred in the

N

» core subJected to the same flu1d but at h1gher filow rates Implytng that

h1gh 1nJect1on rates m1n1m1ze the damaglng effects of high pH 1nJectwon
f1u1ds ' The permeab111ty of the core subJected to neutral pH 1n3ect1on

f1u1d decreased” by 50% V1sua1‘observat10ns indicated that the permea—

- b111ty of the»bwtumen-satureted core'decreased the least.

Bl
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I. INTRODUCTION ™~ . #

Athabasca Peace R1ver~ Wabasca and Co]d Lake are the four ma1n 011

' sand depos1ts of Alberta (F1gure Ai). The combined regources of these’

i)
deposxts have been est1mated .as h1gh as 196. 7’b$1lion“m} (1237»b1111on

barrels) of‘~crude 011 '(Energy ,Resources Conservat1on Board 1983).

“less than ten percent of these resources‘ are shal]pw enough (<50

overburden) to be produced by surface m}n1ng methods (Farouq ;%ﬂ,

1974) The.more deep]y bur1ed depos1ts ()200 m of overburden) must bejl~

v -

produced by 1in- §]tu techn1ques.' Secondary and tert1ary-recovery

methods must be uséd because“'the“ bitumén”]acks a natura1 driVe nGCha4.~

nism and it is too v1Scous to be prodUCed by standard methods S

Two such ip t recovery techn1ques are steam floodung and cyc]qc

steam stimu]atlon, -both involve: add]ng heat and 1arge vo]umes of f1u1ds

to the resenvo1r syste@. These techn1ques decrease the v1sc051ty of

o

the bitumen, allowing it to flow”:“ However, under these art1f1c1a1

\
’\

hydrothermal conditions, minera] msolut1on' and prec1p1tatgon can occur

resulting in detrtmentaerhanges ;(1fe.,ﬂ a reductlon)~1n t;\\bﬁrOSTty"'

e

and permeability_of the reservoic One resu]t of this: format1on damagé\
is high residual o311 saturation« (Sed1mentology Resear¢h Group, 1981
‘Boon gﬁ"glr,_1983f., o : - )

A greater insight into the mineral reactions that. occur as»steam

condenses during a steam flood is required in order to.better ufder-

- stand the reservoir system during such a recovery:' The understanding

of the effects that these reactions or "artificial diagenesis" have on

the porosity and permeability of the reserydir can lead to more optimal

useof ‘the steam injection methods.

.\\
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'y Location of Study Area

Samp]es for the exper1menta] study were collected from a wel] (11C—

30 64J5W4 at the Husky 0il chker. Lake pilot p]ant 1ocated approXJ-
mate1y 225 km. northeast of Edmonton in the'ColdsLake oi] sands depdsit:
(F»gure 2) - At the we]], s1te the C]earwater F rmat1on 15 44 m th1ck

.

© and covered by 455 m of overburden.
-y ) .. .
-"B;_ Steam’lnjectjoh‘kecovery Methodst . .1}, ‘{1 ‘\;\ ;
.Cyc]ic‘Steam Stimulation ‘ | o
- There are three matn prob]ems to overcome when apply1ng an an %;tg
~recovery method to an 011 sands reservo1r (t) the hjgh-Y’§C°5’¥¥ of
tge bitumen render1ng\ﬁt admost Jmmohwle; (2) tge Tack of commonicdtiont:
that'ekists between thjection \and’ productioh wekTs~because-bitomen'
pTugs the pore spaces; and‘f(3) Yack of reservoir depth needed to
provide sufficient overburden pressure to- conta1n the pressures needed'-{
ﬁto¢d15p1ace'the bttumen (Farouq A11 21974} . , | \ |
Cyclic steam st1mu1at1on ("huff ahd pqu") is a type-ot'steam.“
thect1on process where steam is 1nJected 1nto the format1on th:;ugh'p
product1on wel]s for a per1od of approx1mate1y one week The reservo1r,
1s then shut- 1n for, a soak per1od of two to three weeks wh11e the steam '
. condenses and heacs the bttumen When the soakcper1od is comp]eted |

the v;scos1ty ‘of the brtumen has decreased and 1t 15 produced throughf

the “injection wells" (Fjgore 3): After product1on ~rates drop, the

o

entire cycle may'be‘repeated | -Since th1s type “of recovery?method 1513.

operatlona} on a s1ngTe we]l bas1s, the prob]em of reservo1r commun1ca:'“

t1on s not severe (FarOUq A]1, 1974)
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.There are some d1sadvantage§ to cycllc steam stlmutatlon The .area .

affected by the s1ngle well process is sma)l compared to'mu1t1p1e well .

¢

' _recovery techn1ques therefore 11m1t1ng the amount of bitumen that can

'be.produced."A]SO s1nce thts procedure does hot 1nvolve a dr1ve pro-'
S .

'JceSS to push the b1tumen to the prOduClng well 1t reL\es on the 1nher-

1

nt reserv01r pressure Therefore sha]low formatlons are poor cand1—

N

d tes for CyC]tC steam strmu]atlon (Schumachex 1978, p. 70). ‘Th1s"
'~fM0CeSS ; usua]ly t he initial productton 'method) precedtng:other '
rma] recovery technlqueSo' Recovery is of the.order ofISIto,IO/per~

, 1974).

‘Dur1ng a steam;f]ood,:steam ‘is [tnjected‘ﬁntota‘series of outlyjng h

. wells  to dr1ve ithe“bitumena'iinward“ toWard the product1on WeTtsh_

‘-(Schumacher 1978 p 72).<1"The matn d1fference between th1s process
S

and cycl1c steam sttmu]at1on is“ that the former' s a multw—well or

»

' pattern 1n3ectron (F1gure 4) and the 1atter IS a s1ngle we11 recoveryv

method. Betause‘:of th15 dtfference, communxcat1on between 1n3ect10n"f
I \

iandfproductdon we]ﬁs is. requlred dur\ng a steam f]ood. .Thts“commun1ca—l

t1on path 1s dreated by a. fracture e1ther prtor to or s1mu1taneous with

o the 1n1t1a1 1n3ect1on of. steam QSettar1 and- Raasbeck, 1981) '

T In the steam saturat1on zone (F)gure 5) the reservo1r temperaturehi

7‘ is approx1mate1y the temperature of the 1n3ected steam caus1ng b1tumen- h

v1scos1ty to decrease ‘*‘Th bltumen'ris then moved to the product1on.

/,

A ,wej] by gas dr1vel;nd by d1st11lat1on of the b1tumen (Schumacher 1978

p. 72).' Recovery eff1c1ency can. range from 35 to 50 per cent of the -

bitumen 1nfp1ace (Schumacher 1978 p;l _2 Farouq A11 1974).«Steam”

T - 7



~olnjection Well " @ Production Well

F‘igur\e 4. Map - view  of 3. pattern . ‘grid ﬁ used ‘_d.'urin‘g “ steam drive
_production. ‘The area- enclosed.” by . the "~ oashed - lines s a-"five' spot"
“pattern. ' ’ o e -
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flood projects .are usually ' employed in. COnjunctipn with ‘steam

stimulation production. .

C. Recqvery Methods at the Tucker Lake P\1ot Plant
Cyc1ac steam 1n3ect1on is emp]oyed éz the Tucker Lake p1lot s1te

The 1nJectlon f1u1d ]s 60& qua11ty steam (601 steam and 40% water) made
P .

-
-

from non-saline water The soak 'perlod' 15 approxlmateXy f1ve days

* Overburden pressure on’ the C]earwater Format1on 15 -about. 11.9'MPa.

D. Problems Assoc1ated wlth Thermal Recovery Methods~

A number of prablems are a530c1ated w1th the 1ntroduct10n of hot .

~

“injection fluids‘jﬁto £he“ reservolr (Boon. 197]).}_Chem1ca] react1on

-

(mineral solution ~and prec1p1tat1on) between fhe ffuids .and. - the:

) formatlon can reduce poros1ty and permeab111ty Permeab111ty reduction i L

1S undesirdble because 1t 1eads: tq lower productlon rates and h1gher
residual 0il saturasiohs-(Boen et ;a_.;‘_}983). ,These.effects are masi'f
pronounced as the steam condenses to ]iqujd.‘ | | |
E. Purpose of Study

'The purbqse;of this stuay is to determ1ne.m1neralog1ca1 changes
that oceur 1njthe Clearwater Formation at the Tucker Lake p1lot site
during steam %105a recovery as the steah condenses anq‘ﬂo'determine the

)

specific effects that fhese change$ have on reservoir permeabﬁlity.
~This goal Has been approached by -three main avenues of study: (1)
the m1neralogy of the Clearwater formation at the study area was deter—

mined; (2) minerail reactlons that can ocpur dur1ng,a steam,flooq were

investigated experimenta]]y in an autoclave Iaboraﬁory; and (33 these

-



reactions were related to changes in the porosity and permeab1l1ty of
the formation during a steam flood.

The expérim ts were designed to dynamxcilly simulate the steam
injection process an zigwfdetermine the ‘speeific effects this process‘
h?s’on the Clearwater Formation.” Fluids were passed through 31 cm
cores at elevated temperatu;e and pressures . After thg experimentg.
~each cot was studied at different 'intervals. to observe changes or
 trends a%ong the core. These differences wqu]d exist because 1njection

fluid chemistry.changes as the fluids pass through‘and réact with the

=

- core.

1
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/ 'MII.iPREVIOUS£STUDIES“
A Clearwater .Format ion

Strat1graphy W ’ . e
Sample mater1a] wes co]]ected from the Jlower Albian C]earwater
Fohmatioﬁ. In- the Cold Lake area Tjt: 1§kover1afh by the‘Gnand Rapids.
Formation and underlain by ~thé MCMUttey'nFormqtien. <Al thhee:fotma—
tions cohprisefihe’ﬂann§1i1é7erbup (Figure” e): The cehtgct-with4the
Grand Rapids . Format1on s d1achronous and trans;tional (Kramers 1974)
Y;The basal contact with the’ McMurray Format1on 15 e1ther gradat1nna1
(Me]lon, 1967) or 1nterf1nger1ng.(Carr1gy, 1963)". R - va
InffRE' Cold Lake. area, the C]earwaﬁyf Format1on is domihahtTyE
sands;: Shales from the Grén& Répidt- and McMurray Format fons behna j
these sande (Kramers 19f4j (F1gure 6) .. - |
<A g]aucon1t1c §andstone unwt occurs at the baseéef the Ciea?watet.
Formation in the Athabasca oq]»sand~ deposit Th1s sand-unit is des1g—

nated as the wabiskaw Member of the C]earwater Formatton (F1gure 6).

Th1s member is not present in the Co1d Lake area (Kramers, 1974).
D'/ v B ' . “ - - .
‘Sedimehtology’and(Provenance
~The maximum'seuthhard tréhsgression of the Boreal Sea dur1ng the
Albian between the rising Cord111era to the west and the North Amer]can
craton to the east occurred' during Early C]earyater—t1me (Kremers,
1974). Thevunder1ying and overlying formatiens are nom-marine (Outtrim™
and Evans, 1977; Putnam and Pedska]ny, 1983; Minken, 1974)}f;75é

retreat of the ‘Boreal Sea ‘resu]ted in the-sequehtiaj,dEpositibh.of

v | »_“”
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sha]gs, silty and sandy shales, intarbedded shales and sands, massive

sands ‘and non-marige sandstopes- (upper Grand Rapids Formation) in the
Y ‘ ’ /
Wabisfaw area. To the south and east/ the C]earwater is dominated by

sands and shales assoc1ated with transitional marine env1ronments
Theffac1es contained in the Clearwater in the Cold Lake area are
delta-fringe shales and silts, lower delta front shales and'sandsa and.

upper delta front beach and ‘stream—moufn bar sands (Harrison

1981) )

*

Two source areas have been proposed based on the 1arge‘amount“of

volcanic rock fragments in the sands. =~ One propoggd-source is the

igneous terranés associated with the Cordillera in British Co]umbia-

"

such as the Omineca and Nelson Batho11ths (Putnam and Pedska]ny, 1983).

The other p0551ble source is the emergent Precambrlan Shield to the

east (Harrison et g;.,‘lQSJ)}

Mineraiogy .
The Clearwater sands have been desnribed as feldspathic litharen-
. , _ 47 R : X _
-ites and litharenites (Putnam and Pedskalny, 1983 after Folk, 1968) and

}

- lithic sands and rock fragment ‘sandsk,(wi1liams, 1963 after Travié,

1955). The classification scheme of Folk (1968) is employed during

this study. > ’ : |

Table lqjs a summary of the petrographic studfestand Tan1e 2 is a
summary of the x-ray diffraction (XRb) stud1es that are in the 11tera—
ture concerning the C]earwater in the Co]d Lake area. The results of
.the two types of stud1es differ becaﬁse‘XRD determines samp}e miner-

alogy whereas petrography determines .lithology. XRD\c1assifjes rock

fnagments by their mineral constituents whereas petrography cfassifie;

13



Table 1. Constituents of the Clearwater Fformation . sands in the Cold
Lake area. Abundances determined wusing petrographic technigues
(Harrison et al., 198I; Bowman gt al., 1983 p. 3.14).

] A © = Abundance (%)
“ Harrison et al. . s Bowman et al.
Quartz 21 | 20 - 35
Feldspar 28~ Zg/ .10 - 15
Volcanic Fragments 23 Ceooon
Metasediment Fragments 5
. Argillite Fragments ' 3 IR
. Total lithic Fragments 31 - ’ 30+~ 50
. Chert .. L2 . 0 - 10~
farbonates: P 0- 5
‘Mica ' ] 1
Glauconite. - _ N - 2- 5
Heavy Minerals | tr
Siderite Cement | “0- 3

Calcite Cement - R R 05
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Table 2. M1neralogy of the C1earwater
area. Abundances determined. us1ng XRD techn1ques (Bayl1ss and Lev1nson,~,
1976; Perry and G11]ott : , ) .

Quartz
,P]ag1oc1ase

‘" K- fe]dspaf,""

Do Tomite” i' »
“Talcite Lo
“Kaolinite
S Mica
CIVite

..Montmorijldhile\a-' 

Chlorite .

1979)

A_uﬂdance (%) (ranqe)

O TN W o

Format1on sands 1n the Co1d Lake

Perry and G111ott ~f4 , Bav1;§s“
f4frzfg5~

oz
S

.: ". J.' ”V . : ': ‘ ' 7|
Y

.3'
. 0%

06
0.1

.tev1nson
= 98) ‘

Loy

19

15.
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;rock fragments as indiyidual const1tuents ; Other discrepancies exist

- becaus&jpf 1atera1 and vert1ca1 var1at1on in mineralogy wjtuinitheA

format1on Some var1at1on may be due'to sample preparation and actual .

; 'wmethods emp]oyed ‘ ﬁ“=, PR ‘ y

v f

Putnam and Pedska]ny ((1983) compTeted a det%)led petrograph1c studyv“

' of the Clearwater FOrmat1on in thé same townsh1p taat the sample mate- .

rial: for th]S study was taken (64 4w4) - The most abundant const1tuents

of the format1on are rock. fragments of which there are four types: (1) -

- vo]canwc (acfd vo]canﬂc, zoned granns, porphyr1es sland wéshcuiar;

' ',
Pad

:;'gra1ns) (Z)Asedimentary (chert, sandstone, s11tstones and sha]es) (3)

‘ 1uton1c, and HC4) metamorphfc rock fragments . The most abundant'

.fvolcanlc rock fragment type has; a- part1a]1y chlor1t1zed, aphan1t1c

"iﬁgroundmass _that contafns orwented fe]d&par m1cro11tes : Following

1ab1]e rock fragments jn decreas1ng onder “of abundance aretquartzf

feldspar (p]agToc1ase and K feldspar) nd“?accéssory»minerals?such“as"

biotite zircon, tourma]1ne ‘zeolite. " and ‘hornbfende.; Cement,"whena

'present, consists of ca1c1te, s1der1te silica and zeclite.

B. Prevwous Studies in Exper1mental Systems

Studies. comp1eted that are re]ated to: th1s study can be catagor1zed

'i'. ':\ .
as: field or exper1menta1 studwes phy51ca1 or. mathematzca] mode1s{l.‘

static or dynamlc models, or exper1ments us1ng actual core mater1a1 or-4”

exper1ments u51ng pure m1neraﬁs tb> act,“as" reactant mater1a1s Jhusf~”

study is a dynamfc, phys1ca] study us1ng actua] 011 sand

f_ The ear11est stud1es of potent1a1 react]ons between m1nerals andj:

‘f1u1ds in of]ﬁ_sand"type~ env1ronments were stat1c exper1ments that_.“f';

. 1nvo]ved p]ac1ng m1xtures of pure m1nera1s 1n bombs or autoc]aves w1th

.\'.‘l

a v
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'a_floid of_Enan comoositﬁon vﬂ_The bombs were then heated in ovens to .
‘ desired,temperatures for set duratwons and then the mater1als in the

bombs were re-ahalyzed. fo' determ1ne ‘changes:(tev1nson and’ V1an, 1966;i

Bay]1ss and Lev1nson, 1971) B A" R

. More recently Boon (4977),s Penmy‘ ahd,Jéillott‘-(1979) 'Boon'and

Hltchon (1983a, b) .and Hebner et 1 "(1985) conducted such stud1esf
keep1ng w1th1n the context of . steam 1nJect1on 1nto an- 011 sand resari'

" voir. Resu]ts from.such exper1ments are app11cab1e to ciosed geo]ogl-»

‘

cal systems.

In similar astudies,m Levinsoh ~and‘ijanA (1966) andh Bayliss:and

Levinson (1971) "placed +kaolinite, quartz and  various carbonates ‘in

4

“bombs with distd]]ed_&ater.: The ” mtxtd}es were heated and.after:threea

¢

or.six weeks, the solids’ were re- ana]yzed In-the“earfier study it'was-L!

determined that- do]om1te was :the most react1ve of the carbonates and'

that the fo]low1ng unba]anced react1on cou]d descr1be the system

~

. do]om1te + kao11n1te + quartz + H 0

tr1octahedra1 smect1te + ca1c1te ‘ CQ St (1)

«

~ o .1 . . : . )
s N . .

) 'Bayﬂiss and, LeVin$on (1971) proposed reactioms (2) and (3) for the

‘

same system conta1n1ng etther do]omxte CZ) or-calctte (3) resoectively{“

: 24MgCa(CO )2 R 28510 e m 28150 (on‘)‘4 RS

8Ca Mgs(5115/4)

/8 1,,4) (on) . 23CaC0 **25C05f:4s7 (2)

c;;o + 8510 T 7A} Si. 20 (OH)4":

6Cé17§AL (s ,,/3)A11/3q 1Q(OH)2 | €0, + 8H 0L T L (3)
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In a S1m11ar study, Perry and Gi)lott (1979) stud1ed the formatlon‘

of montmorv]lon1te and\\jso noted_ that on]y small amounts of dolom1te .

“
R
]

" ‘montmorillonite.

Hebnert_t al. (1985) tested the etfects that startimé mineralogy,

so]ut1on pH. sa]1n1ty temperature and run durat1on have on new mineral

'phases in the 011 sand system. In runs w1th 5% (by we1ght) dolomite, -

ana1c1me (w1th trace.amounts of smect1te) formed in pH_ 10 and 12 filuids

: but~1n neutral {pH=7) solutxons on]y smectite formed. By 1ncreasing

the start1ng amount of do]om1te to 33 1/3 we1ght percent more ana]c1me'

. and smect1te were produced in the reSpect1ve exper1ments and calcite

’Jbecame "a ‘common product . ‘Analcime - was the more abundant m1nera1 in

[

rins with Q,i..gh;sa[initgy.and high pH. . - - -
i Boon (1977)n used ‘expdriments in static. autoclaves’to determine
\\ . mineraiogicaf%changesithat 'occur {5% an‘.oi1isand reservoir (McMurray
Formation,.Athabasca’depostt)“When 1njected' with‘Steamﬁ' He determined

thattquartz so]ubj]ity ‘increases ‘with, temperature while bitumen de-

creases quartz so1ub111ty : Boon (1977) mafntajned that montmoriilonite
, R T \

format1on is probable dur1ng in situ steam injection of the Athabasca

o11 sands -and . that s111ca reprec1p1tat1on s1gn1f1cant1y reduces forma-

t1on poros1ty and: permeab1]1ty o D

)

1sha]e-from an Athabasca reservoir and made‘the'fo]fowjng obseryationsf

_\Greater”salinity (Natl) in injection fluids results #n increaéedlta'

¥ L
concentrat1on and ]ower pH because of . Na exchange for. Ca * and H on

N

. clay minerals (also -Boon et al., 1983). ,{5\]31.-+ decreases‘wjth increasing -

r

%

(<2:5%'by‘ weight)‘ are ‘necessary to produce s1gn1f1cant,amountsvof

sa1inity because it is closely 'aSsociatedi with colloidal material

e

Boon and H1tchon ‘(1983a, -b) conducted simijarfeipentments*using .



“flocculated by NaCl. They. described the formation‘oflmontmori1londte
" by the following unba}anced.réactton{'

uZArzsizos(on) '+ 8H,510, - o

R ©BMy 33AT, 69515 6 10(0H)2 + 23” 0 + 2 | r“ ,‘(4).

where‘M’ represents e1ther ore monovalent or ha]f of a d1va1ent cat1on

Waldorf (1965) passed a1r. water‘ and steam through natural cores

(11thology not spec1f1ed) to test the permeabi]ittesrto the:ddfferent

vjf1u1ds at various temperatures He determined- that a fifty-fold perme- o

ab111ty decrease occorred in ucoreS"with’ montmorillonite when those

cores were exposed to water rather than air.

Reed (1979), McCorriston gt. al. '(198i) and Sydansk (1982) all

. passed fluids through-sandstone ‘(non—oil 'sand) cores at e]evated tem-
peratures and pressures and. co]]ected‘ the effluent for analys1s It
was, determ1ned that s111ca concentrat1on decreased w1th 1ncreaswng f]ow

N rate (decreased f1u1d contact t1me) (Reed, ‘1979' Sydansk 1982)

/‘4mS¢LLga dissolution 1ncreased w1th pH (Reed ©-1979; Sydansk 1982)

C19

Ph1111ps1te and other auth1gen1c zeo])tes were observed as products 1n:5 .

:Berea sandstone (85% quartz + fe]dspan, carbonate and clays) and<these .

zeolites had lower Si/A] ratios than the* c]ays that were d1sso]ved'

(Sydansk, 1982);, Alumina ~compounds tan prec1p1tate' when pH and
~tempeﬁ€ture increase. Furthermore, Mg(OH), s ‘an 1nso]ub1e salt that

can form when mixing - injection fluids _wifh formatﬁon‘ fliids

) '(McCorr1ston el .al. 1981).

-

Re]atlng the1r work to f1e]d exper1ences McCorrlston et a] (1981)

- ma1nta1ned.thatvas_rnJectnon, f]u1ds ,move from.the 1n3ect1on well,-pH
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and temperature decrease resuTting in prec1p1tat1on of m]nerals 1n the

. S
. pore space. spec1f1ca11y amorphous s111ca ) Amorphous s1]1ca is poten—_

't1ally more harmfu] than quartz because‘ ﬁt i less dense. therefore

occupylng more volume In3ect1on Tluids _WIth pH 1EVe]s between 9 and~

_10 can lead to 1rrevers1b1e permeab1]1ty reduct1on of up to 50% 0ver—

aT], they c1a1m that the Jse of 1nJect1on fluwds w1th hagh a]ka]1n1ty .

.and low 1onic strength',great}y 1ncreases the potentla] for f1u1d rock

ﬂnteract1on5, clay swe]]}ng and d1sperswon of f1nes Sydansk 1982)
i however ma1nta1ned that consumptIOn of caust\c by cat1on exchange w1th

A'the core reduces d1sso]ut\on by formxng 1nso1ub1e prec1p1tates such as c

Ca (OH) The decrease in pore space due to the prec1p1tat1on of the
: sa]t was not cons1dered
The Sed1mentology‘Research Group\,(}981) conducted‘an on-site study

ﬂ*}1nvolv1ng the exam1nat1on of two cores. One core was taken pr1or to

’any conttnuous dr1ve steam }nJect1on‘ whx]e the. other was taken after.

a1most two years of the recovery procéss . Both cores were from thei

L 1ng ‘the’ two cores, 1t was. ev1dént that the- framework gra1ns were 1arge-

/

; .]y %Fa]tered and showed very 11tt1e textural change However th1ck

[ik@yers of smect1te deve]oped on. most ‘of these gra1ns The 1arge suc-

face area combjned- w1th,’the m1croporos1ty network: of the smectjte

20 -

.f: \C1earwater Formatlon (Cold take)” 1atera1]y separatgg/by 15 m. Compar- -~

'\morphOJogy:nay have reSthed in the Qretent\on of bitumen 'in the pore.ru

é

7'spaces 'Porosity ~was_ reducedﬂlhy,_smectfte growth andrcompactton:of'

t framework gralns after the removal, of bitumen. Smecttte‘reddced*tbe o

)

(-effect1ve poros1ty by: ‘(1)’ ﬁncreasjno the..aWOUnt'of_matertal in the.

.pqre space,d(Z),creatrng a “microporosity pnetwork and (3) forming cTay

T - . - v
~ ‘ " :
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minera]ibkidgeé | Smectlte was formed in the pore space by reaction of

kao]1n1te on the surfaces of volcanic rock fragments

‘ . | |
-.2Na +785i0, + 7A1,5i,0,(0H), =

6Na, Al 331

173 "7/3

/s 0,,(0H), + 7H,0 + 24" - (8T

In a study incorporating both static and dynamic exper iments, Boon

N

gi'gl. (4983) studied the reactions between Cold yake'(C1earwater) oil

.

sand” and injection fluids of varying pH and §alin1t1és. The latter

part o€3 their- study (dynamic or flow exper1ments) para11eis this
present study more so than any of the others. They found that the pro-

ducts of their .reactions ~were analcime, calcite, montmori]]onité‘and

chlorite. Dolomite and kaolinite were consumed. Increased amounts of
calcite and montmorillonite. were formed at. higher pH (not -quantified).

Based on thermodynamics, it was possible that-albite could have formed

by:
kaolinite + 2Na' + 4H,Si0, = 2albite + 2H' » 2H,0 (6).

However it was ‘not readily apparent ,thdt feldspar had formed. Its

dbsence was attributed to either kinetic effects‘pr'préblems‘with ther-

moayhamic data used to predict albite formatibn.

The second part of the study by Boon et al. (1983) indicated a

number of interactions between ;the cores and the fluids that were
passed through them: They - found »that simiiar .mineral reactions
gccurred during the core floods as during 'ﬁhe static autéclavé

experiments. The main factors affecting the xeactions were salinity,
. ~ ' " :

21
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temperature and pH. ‘Bitumen had only minor effects on the reactions.

Silica concentration in the effiuent samples decreased with increased

flow rate, which was similar to tﬁe findiﬁgs‘of Reed (1979) and Sydansk
(i982)n ‘Permeability reductioh was attr1buted ma1n1y to d1spers1on of

-

fines'(noted in all post - exper1ment cores)

C;»Studies in Natural Sysiems:'Diagenesis bijo1cahoc]qétjc Récks

Because of the high abundance of wvolcanic rock fragments in the

-~

Clearwater Formation, the natural didgenesis . of volcanoclastic sedi- -

, : . ( B <« | |
“ments _should "provide information concerning their behavior during

"artificial diagenesié"{ Two geologic environments will be related to
the dynamic experiments of this study: diagenﬁsks of volcanoclastic

sediments initiated under marine conditions and alteration of this

sediment type. by supersa]jhe fluids..

Surdam and Bbles (1979) c]aimed that more than Just ‘the geotherma]

grad]ent must be cons1dered “when determ1n1ng the equ111br1a assocwated

with burial d1agenes1s. Pore-fluid chem1stry is also an 1mportant‘

consideration. "Davies gt al. (1979) stated that pore-fluid chemistry

.they'increase solut’ion pH (Surdam and Boles, 1979) : '_ 3

-They‘found that the most abundant a]terat1on products .of vo]canogen1c

1s _a function of . residence time of ;the fluids, start1ng f1u1d

~

the hydrolysis of silicates or volcanic glass are 1mportant bggause

nv

© Ca-silicate + H,0 = H-silicate + Ca®¥ s 2047 (7).

- f ’ ~ A ]

sandstones are zeolites, clays, ca1c1te, alb1te and K- fe]dspar

. composition and. rock composition. - Early dlagenet1c reactlons such as



¥ . "[7 K ‘f
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The hydro]ysiS‘of glass increases solution (Surdam and Bo1es 3

1979). The prec1p1tat1on of montmorxi]onlte 1n1t1a11y consumes a]1 theo'f

available silica and alumlna‘whwch releases H . HoweVer the‘solutjonrpH

does not decrease because the hydrolysis of the glass con@um@é“ﬁore Hf

thar is consumed by the precﬁpitation of montmor111on1te (Dav1es eL f

al., 1979). The net effect of combined so}ut1on of andes1t1c g]ass and‘

precipitation of montmorillonite is a graduel 1norease n- solut1on th"}

(Davies gt al., 1979). The latier authors also attmbute't'h_e precrpita{

o

tion of heulandite to an” increasing concentration of silica_and alumi- -

nate.

. ,a-

Galloway-(1979) studied arc-derived sandstones. ranging fm composi- -

tion from quartz-poor :1itharenites' to_qddrtz-boor plagdoclése arkoées‘

9

(overall feldspar ~was the _most' domjnaht const1tuent, vo]canfc rock o

T -

fragments-wére second in abundance). He determlned that four ma1n';rg .

9 : R . .
diagenetic stages had occurred: (1) -early pere- f1111ng caic1te,\(2)i -

chlorite or montmor11]on1te rims around detr1ta] gralnﬁ,.(3) pore f1]1

ing laumonite or phyllosilicates (montmor1llon1te3 ch]or1te or kao]1-{

-

nite) and (4) replacement of 'vo]canlc rock fragmentsL fe}dSpar ahd""

s

matrix by calcite and/or ch]or1te Quartz overgrowths deve]oped dur]hg .

‘the last stage. Stages 3 and 4 decreased poros1ty the most }}‘\l “’-

The most common environment for zeol1te auth1genes?s rs the d1agen«-

esis of vo]canogenlc sedlments (Hey,- }978)d - Clunopt1lo11te apd.

\

ph1111p$ite are’ generally the. Tﬁrst zeo]1tes form dur1ng the

alteration of volcanic gJaes and-'ﬁay eventually be rep]aced by K—if

-

feldspar and 'analcime (Shepoard and Gude, 1968 Bo]es 1977, Hay{~

- -

- 1978). Because of the low temperatures 1nvolved Bo]es (1977)

_ conjeciuredothat this was 'a k1net1c effect- and.that»phillips}te-wes.

o

- .

- -
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i metaetable . Phillipsite is moréc cummohly 'gssociated with mafic

vo]canoclastlc rocks. c11nopt1lolnte 1% usually associated with silicic

';MeVQICAnoﬁlastJC rocks (Hay and Sheppard 1977 Hay, 1978)‘ )

- Both zeo11tes and phyT\os1chates can: fornﬂ‘rom the same material.
Pore flurd compos1t1on contro1s the type ot minera1 that i$ favoredi
Zeo]wtes are more stable under cond1t1ons of high Ne . K and Ca +/H+

g \

\ ratqos and 1ow megnee1um actrvrtﬂes (Hay,'1966; Hay, 1978).

Sheppard and Gude (1968) studied the diagenesis of rhyslitic tuffs -

.jq'a‘éaline eﬁvirdnment.“ TPhiT]tpsite was the most abundant,zeblite.
Because of the shallow bur1a1 {(and therefore littﬁe‘or no pregsure and
' temperature grad1ents) -they ma}ntained that diageneti¢ facies distri-

but1on is controJ]ed by pore f1u1d chemistry. PHi]]ipstte was favored
- { )

over c11nopt1lo11te by a relatively high-hxlNa*Ca+Mg ratto and by 1bw’

s111ca act1v1ty PR ‘ R

.24



IIT. EXPERIMENTAL AND ANALYTICAL METHODS?Q"‘

The experumen{> conducted during‘this study were designed to dynam—
1ca1]y s1mu1ate the 1nteract1on. between the C1earwater“Format1on and
_ . o N

steam condensate. Matertal used in the experiments was collected from
an oﬁt.sands pilot plant and was character1zed as to its m1nera]ogy,

grain size, carbonatet chemistry and -stable isotope composition.

Aqueous solutions similar to injection fluids used in steam injection
\ ’ :

‘projects were prepared. These solutions “were analyzed for pH and cat-

ion concentrations. The sand “was packed into core slteeves and placed -

in an apparatus that a]]owed‘injection fluids to pass through the core

at elevated tenperature and_pressures.  Production fluids were collec-

1

ted threughout the expertment and arialyzed for pH and cation concentra—

tions. After the run was completed, the core material was re- ana1yzed

in order to determine changes that occurred dur1ng the course of the

- experiment. The permeability of the core material to the injection

fluids at room-temperature was measured before and after the experi-
ments. | : e
A. 'Sample Collection and-Preparation ,
Sand used in the exper1ments was taken from a cored 1nterva1 of the

Ctearwater Formation from we]] 11C-30- 64 4W4 (thure 2). -The core was

- stored in sample bags when the samp]es were taken JApproximate]y 1 kg

¢

pf core material was taken from each of three depth intervals (456 O m,

470 5 m and 476.5 m) in order to represent the enttre reservo1r, there-

by reduc1ng the poss1b111ty of . studylng @ m1neralog1ca11y anomalous

‘sect1on of C]earwater Format1on at the p1lot s1te

7 ']_
A
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After the sample .material was collected, the bitumen was removed at .

room temperature. using tolugne. A11 the sand was then- combined and

homogenized into one sample wusing samb]ebquartering techniques. 'From

1

o S .
this large sand Asamp]e: three aliquots were taken to determine the

mineralogy and grajn size of 3thg sand and to ascertain if the three

3

intervals were homogeneously mixed into.one sample.

B. Grain Size Analysis

‘e

thé.sémple; hydriigeter and wet sieving. The details “of these two

26

Two methods were used to determine the grain size distribution of -

methpdé are give¥™n Appendix 1. ‘Wetuéieve analysis deterhines the
. : -
minimum dimension of a particle (i.e., the dimension which passes
' , ~ I
through the finest sieve). Hydrometer analysis determines the . -

equivélent to spherical diameter of a partic]ﬁ.

¥ 4

€. Mineralogical Analysis ,
, ; «

The minéra]qu of the sand was determined Osing pgihdﬁ;aphic, x-ray

/Hiffraqiioﬁ and chemical (gravimetric CO, analysis) te;hniquéé. The <2

um, 2-5 um-and'AS—ZO um size fractions were sgpa%aped using sett
methods and ﬁh;‘clay mineralogy of these fraﬁtions was‘étﬁdiea using
Xx-ray diffraction. AScanﬁi;g e]ectron‘ miEroscgpy-Was used to 1dentffy
pore space mineralogy and textufesL lThe stqb]e isotope composjtions of
the carbonates were a1§§'de£érmined. Thé‘ details of a]ffthese\methods
are QTVen in Appendﬁx ie

-



D. Fluid Preparation and Analyses

| The 1njection fluids were prepared by 'addingwconcentrated_NaDH

and/or diséolvfpg NaCl in ;oeionized'\water 1n’§pecific.buant1ties to
- achieve the desired pH .and salinity. . The pH of the. so]utwons was

checked with a Corning pH/1on meter 135, us1ng ‘a’ two- po1nt ca]xbrat1on

Cation and co, concentratwons of the f]u1ds were, determ1ned using.

Inductively Coup]ed Argon P]asma RCP and Tota] Inorgan1c Carbon (TIC) .

analyses, respect1ve1y. These .two- ana]yt1ca1 methods ‘are out11ned in

Appendix 1.

) ‘
;7

. E. Permeabiiity'beterminations

The permeab1]1ty of each core . (except for the b1tumen saturateq:

one) ~was determ1ned before and after the correspond1ng core f]ood us1ng

N

. thes : d1fferent1a1 pressure transm1tter loop descrlbed be}OW’ The

-

deta11s of the determ1nat1ons and “the permeab111ty calcu]at1ons are'“

‘g1ven n Append1x I

~ F. Eiperimenta].Procedurés

Four separate.flow eXperiments were c0mp]eted each us1ng fresh‘

sampfe‘materﬁa1 Four- parameters wene 'contro1]ed to determ1ne the

A‘-

27

effect that each parameter had on the type and extent of m1nera1 reac- .-

’t1on$ and the subsequent permeab111ty change that occurred in each

v

core. These variables were: (1) presence or. absence bf b]tumen,'(Z)\'

, B ‘
salinity (NaCI‘cbncentration) of 1nJect1on f1u1ds (3),le(controlled

by NaOH concentrat1on) of 1nJect1on fluids, and (A)Ifﬁow rate of the

1nJect10n f1u1ds (Tab]e 3).

s
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- 28
nIablé.B.*The Qé]ueé ‘of the bqrgmeters' for eacﬂ{experiment. trace =

" those cores packed - with toluene-cleaned sand. saturated = the core
packed with oil sand. ) ‘ : :

' ¢ . . ..
Presénce of bitlmen: trace . trace- trace - “saturated
.Salinity (NaCl m‘g_/ig) 3000 1400 - 1400 1400
'PH” (NaOH control) - 6.3 110 11.0 1 11.0
Flow Rate (m1/hr) 5° 5 20 - s
Porosity (%) IR 2 A O 3 S A A
Pore Vollme® {m}) 100 101 _11,3\\' 111
Cumulative Fluid ‘
finjected A . < o . .
(my 0 73211 © 3261 . 10148 - : 3288
(pore volumes) = ° 31.8 - "32.3 ° ° 89.9  29.6 -
FAverage SO o . - 'S
Temperature (-C) - ©oo2e7. . ‘267 . 285 261
Duration (days) Lo 21 21 et
Length of ,sand ~ . . . i
in coré (cm) 23.23 23.30. 22.60  23.00°

. ,
. porosity of core #4 a%;umed equal to the other cores.

2 * . ' , . N
PV = CV - SV : SV = (wéight of sand in core)/(density of sand) where:
PV = pore volume, CV = inner volume of core, and V. = volume of sand
in core. Sand density was assumed to be 2.65 g/cm . o



'”f:t1on of "each exper1ment ‘was three weeks

“~

Three cores were made of sand essentially free of bitumen while one

'
b

core contatned bwtumen saturated sand (Iab]e '3); Modifications were

R / , L
1made”to the experimenta]_apparatus to accommodate(the Yiscous bitumen.

o~

\

.Procedure for Bitumen-free Cores

o

\ ‘
Cores were made by braz1ng an” endcap into a stainless steel sleeve.

(31 cm 1ong by 5 cm d1ameter) A sintered leter Xas,pﬂaced on the

'*endcap and. homogen1zed sand was. pored into the ‘sleeve. The sand, once

i 1n the s]eeve was. not packed but gent]y shaken to avoid moving fines '

’3’]1n the core before the 1n1t1at1on of the core flood. When the sieeve\

was fu11 of sand, an endcap w1th a8 sintered filter was“brazed onto the

+

7open end of the COre s]eeve (Figure 7)." The sand was.compacted when

_the»core was deformed by overburden pnessure in the autoclave (see

e ’béja'w) R

Exper1ments were conducted by p]acwng a core on-line in the auto-

- cTaK\ part of the ~apparatus .(descr1bed bedow).',, The pressure droph

\ . N B P

:across (and therefore the permeab111ty \of)' the-core.was determined at"

0

29

4>room temperature, pr1or to startwng the oVen and the ruska pump s1mu1—; S

"taneous1y It took approx1mate]y e1ght to ten hours for ‘a core to]

7'reach exper1menta1 temperature “The 1n1t1a1 flow rateg(the rate at’

o wh1ch the 1nJect1on f]uwd flowed through the core) for the ftrstlthreé';

?lruns was 20 m]/hr (Table 3) to a]low CO evo]ut1on from the cores to be

-‘;stab1e 1eve1 (32 to 48 hours depend1ng\ on the run) the flow rate was

f‘iﬂ-decreased to 5 m]/hr for. the duration of the run. - The rate of 20 mi/hr

'-ibwas ma1nta1ned throughout the second exper1ment (Table 3) Ihe dura-ﬂ/

Lo .

' t..mon1tored‘ Once- CO concentrat1on in the eff]uent ‘decreased-to a
. . - o i
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v

The equ1pment used ]n’ the fTow expﬁrwments 1s shown schematlcaTTy
'-i1n F1gure ] and 15 1TTustrated in PTate flf TabTe 4 T1sts the make and
v'u.modeT of the parts 1TTustrated 1n F1gured"85 The main functions of: the
- apparatus were: '( to prw 1nject1on flutd through the core at eTeva—

. ted temperatures,and pressures,.(Z) to coTTect effluent after 1t passed
'T,through and reacted W1th the core. éand‘\(3j to measure the change 15
'pru1d pressure across the core before and after the exper1ments SO that
fjthe permeab111ty coqu be caTcuTated ;‘ A1 components of the apparatus
“‘ﬂwere sta1nTess steel to limit- the areact1onslbetween the fTulds and ‘the
':‘apparatus !The?iapparatus used ,jhf these experlments was s1m11ar to
‘.itthose used by Reed (1979) i McCorraston et gi (1981) and Boon gt al.’
4 The ruska pump 1n1t1ated fTow by thect1ng a constant volume fTow

‘ 3of det1TTed water from' a,-reservotr. 1nt0<,the Tower chamber oT the

'-1nJectlon fTuﬁd accumulator (Figurefé) ~This. act1on drove @he accumuaV,

- ""31 .

-

:Tator p1ston upward forc1ng the 1nJect1on fTu1d in the upper chamberﬁ'

D -

',“of the accumuTator to fTow through the 1nJect1on T1ne, through a pnes- -

&

*7sure gauge and 1nto the autoclave

v

..0_

The autocTave was the main. part of the experlmentaT system It'was""'

l

- the vesseT that her the ,core x(PTate ‘2) at exper1mentaT overburden o

a pressure (8. 3rMPa an.aT]~four. experTments) w1th N gas and.. water vapbr_l': :

,:pressure The 1n3ect1on T1ne entered the autocTave and was co1Ted 1nto

T a heat exchanger before be1ng attached to the core The fTu1ds passed‘,

i f;through the heat1ng co11 1nto the core sand, and then exwted the core -

' E“Tnto the product1on T1ne The» autocTave\ and the Trnes and core in 1t‘;

, were’heated-1n an_oven, A cooT1ng cowT was set up at the oven entrance"“"
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Plate 1. Flow apparatus used in the experiments. The autoclave (1),
containing the core, is in the oven  (2) ang is attached on-line to the
control panel  (3). The control panel" houses the .injection fluid.
accumulator (4), production fluid accumulators (5), dp cells (6) and
neccesary valves and gauges. : . ‘






Table' 4.  Materials used in the experiménta] flow apparatus -
schematically illustrated in Figure 8. - ) '

MATERIAL | , COMAKE
) Vine- 1/4"-type 316 stainless steel tubing
Cpump . ‘ Ruska #2236 WIII single cycle _
S - 1000 ml/cycle o ‘ ‘
. ! - ‘.- . . . ) ' 4 .
atcumulator Temco #CF-50-250 T
) oot - 2.5°1 capacity . . T
' \' u¢ore sleeve - 2" schedule 10 pipe . A
' ‘ -"type 316 stainiess,stgel tubing
» autoclave ~ Rarr 6".internal diaméter -
' “ - 2 gallon capacity
."nitfogen>regh1ator .~ . Tescom Corporation #04-1012-24-003
>heater r | ‘ “Hotback oven #214475

back pressure regulator - Tescom Corporation
s . - ~

* maximim regulated 24.1 MPa

gthehmocouple - Ohega 1/16" diameter type
i Eiffefehtia]‘breéshre I .
_ transducers® . - RoSemouht:IUStfuments.#01199CAP

; -  fittings,.“g o . Swageock :‘~
’ . . . _"\ L0 .EJ‘V"‘-‘VV{‘ .



. Plate 2. The core, 31 cm long (1), is attached to the autoclave head
(2). The injection line is coiled into a heat exchanger (3)-at the base
of the core. Photograph was taken after an experiment showing
compression of the core by overburden pressure.






3 . . » N o ’ :‘)’H

to prevent the fluids in the injection and production lines from flash-

7
fluids (eff]uent) directly to the back pressure regulato% }h1s valmé
}
maintained fluid pressure in the apparatus by allowing €Au1ﬁs ta pa‘s

" |
ing to steam. . ' V . . 'A
A : i
For bitumen-free cores valves A and B . were c]osed an? valve C was i?ﬁi
A
opened (Figure 8) so that the productlon line carried: Eﬁe product1og M

AR
S toe

only when the pressure was at a minimum thresho]d x mftmr passlng

. }ho:fif,, ,“‘-;
through the back pressure regulator, the eff]uent §amp1es were : f !

co]]ected in sample chambers at the end of the pr;dwct1on line. The .
discrete interval of fluid injected was recorded for each sample taken.
The drop in pressure across the core was determined -using differen- N
tial®pressure transmitters (dp cells). Therinjection Tine was connec-
ted to the upstream side of a dp cell and the production line was con-

/ ‘ - L °
< oL " o
nected to the downstream side of & dp cell. The difference in pressure

across the ce]l diaphram that separates ‘the upstreangand downstream
sides of the dp cell is equa] to the pressure drop acﬁoss the core.

& .
Figure 9 is a deta_11ed schemat&dmgram of the Werer)t p )

and temperature measurind systems. i6emperature in the autecfaseﬁvaé
. . w .

measured with a thermdcodple connected to recorder #2. There were two
pressure transducers in the system that converted pressures to voltage o
so that £hese bressdres eould be recorded on a strip chart. One frans-_
ducer was on the 1njectiddf ]1de 'measdriﬁg the injection pressure (re-
corder #1). The other .transducer measured the overburden pressure
within the autoclave (recerder #2).

The differential pressure transmitter 1oop' of Figure 8 was set-up

in the following manner. A- line was connected to the injection line

and split to two different dp cells (Figure 9); one used to measure low
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Figuréo:' 9. Schemat1t diagram of the . measurement system of the
experimental apparatus. Solid 1lines represent meéetal tubing. Dashed
X lines represent ‘electrical wire. ' ' o

v
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pressure differences (Q:27.6 KPa)rend 'fhe other used to measure higher
pressure differences (Q;.6—165§5 KPa). Likewise, a line was taken from
the production line and sp]it to the twe dp ce]ls; Only one dp cell
was used to'measqre pressure drops at any one time. .

The dp_ee]]s measared the pressure'difference between two chambers,
.‘one on’either side (injection and production) of a diaphraqy The pres-
”.sure difference across theﬂeiaphram wes converted to a-current and then
‘tolalvo]tage so it could be recorded on strﬁe chart recorder #1.

H Valves 1 and 4 (Figure é) opened the low and highfte]] respectgve1y

" to 1njecfion pressure. Valves 2 and 5 are equalization valves. When

]

they were open, both' sides of the dp cells were at equal pressure.
. N

Valves 3 and 6 opened the low and high cells respectively to production .

pressure:= When no differential pressure was, being measured, valves 1,
2, 4 and 5 were open and valves 3 and were 6 clesed. To employ the ]ew
cell, valves 4 and 2 were chsed' ahd valve 3 Wae opened. ~Likewise to
_use the high cell, va ]ves 1 "and 5 were,c]osed and va]ve 6 was opened.
When the exper1ments were coﬁ%]eted the oven and the ruska pump
" were s1mu]teneo;s1y,turned‘ of f. 1 When ,the autoc]ave coo]ed to room

temperature (overnight), the pressure drop across the core was once

again determined. The core.was taken out of the autoc]ave frozen and

then slabbed along its cylindrical axis. One -of thevcore slabs was '’

quertered perpendicular to the cylindrical axis.. Each quarter was
labelled (Fi@ure 10) and ehaTyZed separately be the methods used to

deterhine the minera]ogy and grain size of the pre-flood Sémplev The
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"product1on fluid samples were analyzed us1ng Tota] Inorgan1c Carbonland #ﬁ

@J

é‘m

Induct1ve1y Coup]ed ‘Plasma- ana]yses
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Figure 10. The sample 1labelling system used for quartered post-flood
cores. X = core number. Number .1 designates the injection end of the
core and number .4 designates the production end of the core.



Procedure f;r Bitumen-saturated Core

The fourth experiment was run with core that did not have the bitu-
meﬁ removed. The samp)e for .this experifgnt was collected from the
same‘depth intervals as tﬁe sample for the brevious ﬁhree experiments.

This sand was homogenized by kneading in a plastic bag.

A core was made of this material by brazing an endcap into the end-

of a Qtainless steel gleeve of 'similar dimensions as used befbre. A
sintered filter was placed in the sleeve against theﬁen&%@p. The
. Sleeve was then fij]ea by packing it with seven equal increments of oil
sand: Movément of fines .was not a concern during the fabrication of
this core becéuse of the nature‘ of thé material. ’Before the second
filter and‘endcaﬁ were brazed %n p]acé, 2 Cm of 20 - 40'mesh (0.42 -
‘0.84'mm) s{ze silica frac sand was packed on'the oil sand. This pre-
vented the bitumen from mobi]izing ~and interfering with the solder of
the second e’ndcap\:%o the s]__eeve. Frac sén& was chosen for its silica

purity and coarse gra@in size in vprder to reduce the effect -that it

would have on the results of the experiment. '
For thelbitumen-saturated core, either valve A or B was open and

valve C was closed (Figure 8) so that the production fluid flowed into

- «
the 500 m1 accumulators -on-line before the back pressure regulator.

The fluids entered the upstream side of one of the 500 ml accumulators

pushing“the piston down  and .displacing distilled water out of the

bottom.chamber of fhe accumultator. The distilled water passed through
the back pressure regd]ator and was collected to measure the volume of
effluent sample in the accumulator. Heating tape on the production

. </
line maintained the low viscosity of the bitumen.
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IV RESULTS

A v .7

A. Grain Size Distribution
Hydrometer | o
The results of the hydrometer analyses indicate that the grain s{ze
distributions of. all four éores -shif}éd towards finer grain sizes

relative to the pre-flood material (Figure 11). The percentage of
fines (materi®1 <38 um) “increased two 'to three times in cores #1, #2,
.and #3 relative _to ‘pre-flood 'matgrié]‘ (Fiéﬁre 1la and b) but only
marginéﬁ]y in core #4 {(figure ilc).“ The ;eight percent of the <5 and
" <20 um fraction ¥ncreased more in core #3 (Figuré 11b)"than in cores #1
and #2 (Figure 1lla). 'jhe increase in Fhe'(S.hm fractioﬁ?oflcéré #4 was

minimal compared to the increases observed in the other cores.

“

Wet Sieve ..
The wet sieve ana]y%es underrepresent the <38 um f;gction§ of cores:

#1, #2 and #3 relative to fhé hydrometer analyses because preparationx

. : \
for hydrometer analysis by sonication dispersed finer particles more \
g : o

thoroughly than the procedure (boiling) wused for wet sieve analysis.
However, both hydrometer and wet sievé"data fndicéte that the grain

size distributions of the post-flood cores shifted to finer size frac-

o

tions relative to the pre-flood sand (Figures 11 and 12, respectively).

¥
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alignéd microlites. Alteration products of the groundmass include
chlorite and opaques. The plagioclase microlites are relatively
unaltered. |

B. Petrog;ﬁphic Observations
Pre-flood Sand h
The mjneraTogy and grain composition of *the pre-flood sand, as
determined from p@int counting, are listed 1in- Table 5. The sand is a
non-indurated feldspathic litharenite (Figure 13). Rock fragments are
the most abundant congtituent. These include volcanic, shaie,
sandstone, siltstone, and metamorphic rock fragments. The detrital
minerals in decreasing order of abundance are guartz,‘K—fg]dspar,

chert, plagioclase, and garbonate (contrast Putnam and Pedskalny,

1983). Muscovite, biotite, glauconite, opaques and heavy minerals argx

e
-,

-
-

present in trace amounts. : - ~
Volcanic rock fragments have p]agibcTaSe microlites 1nlé/%in¢-
grained to glassy devitrified groundmass (Plate 3c). The grouhdmass;

light brown or -light ‘green in plane polarized light, also contains

Y

Shale fragments are dark brown ip ~plane polarized light and have
métt]ed or non-uniform extinction with crossed nicols (Plate 3a). Some
individual constituents were visible @rthin the grains but could not be
identified because of their inherent small size. Siltstone and sand-
stone fragmeﬁgs contain rounded quartz or féldspar gna{ns in a fine-
grained matrix- (Plate 4c). |

Metamorphic rock fragments-dre comprised mostly of quartzite that
: / : ‘ .

contains quartz grains w}fﬂ highly sutured boundaries. The quartz
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Table 5. Relative abundances of rock fragments and minerals present ina
the pre-flood sand determined from point counting.

%
Volcanic Rock Fragments 23
"Shale Fragments : 5
b Siltstone and Sandstone
Rock .Fragments ~ ' 4
Metamorphic Rock Fragments 3
Unidentifiable Rock Ffagments_ 4
(Total Lithic Fragments) o (39)
Quartz 3! | |
K-feldspar ‘ 13 \*
Chert 12 | !
Plagioclase 9 '
Carbonate : 5 |
Muscovite . <1 f; =
Biotite <1 T
Glauconites- = <1 | ’
Opaques (Pyrite?) . <1
- Heavy Minerals . <1 “

—

TOTAL ' 100



Qtz

Quartzarenite
5 5

Subarkose Sublitharenite

25

Fdsp 25
@ Pre-fiocod Sand
Figure 13. Classification of the pre-flood sand (after Folk, 1968)

based on the point counts in Table 5. Qtz = quartz. Fdsp = feldspars.
R.F. = rock fragments. C = chert.



Plate 3. Thin section micrographs of the pre-flood sand. The scale
is the same for all micrographs and 1is Jlocated on micrograph C. The
blue color in the micrographs is the epoxy mounting medium. It is not a
stain nor an indication of porosity since the samples are grain mounts.

A. Some of the residual organic matter (brown) present in the sand
after the toluene extraction engulfs plagioclase (P1) and shale (Sh)
grains and finer material garrows). Plane polarized light. Scale same
as C. ‘ -

B. Same as A but with crossed nicols illustrating the plagiociase
twins. Scale same as C. ‘ ‘ Ve
C. Volcanic rock fragments (V) account for wup to 23-25% of the sand.
These fragments consist of plagioclase microlites (PH) in.a devitrified
glass matrix. The volcanic rock fragment partially visible in“the right
side of the micrograph is more altered (note the opaques) than the
other two volcanic rock fragments. The polycrystalline silica grain
(PS) is probably a metamorphic rock fragment (see Plate 3D). Some coke
is present in the northwest qqadrant of the micrograph. Plane polarized
light. -

D. Same as C but with crossed nicols illustrating the bimodal
crystallinity of the metamorphic rock fragment. Scale same as C.






Plate 4. Thin section micrographs of pre-flood (A, B, and C) and
post-flood (D) sand. The scale is the same for all micrographs and is
located on micrograph A. The blue color in the micrographs is the epoxy
mounting medium. It is not a stain nor an indication of porosity since
the samples are grain mounts.

A.  K-feldspar (KF) 1is differentiated from quartz (Q) based on
alteration. K-feldspar was altered, to a varying extent, to fine-
graineggsmica (A). Quartz grains showed no discoloration. Carbonate (C)
s also'present. Plane polarized light. ’ ®

B. Same as A but with * crossed nicols illustrating the birefringence of
the K-feldspar alteration and the carbonate grain. Scale same as A.

C. Four different types of silica grains are present. Quartz grains (Q)
are classified as the monocrystalline grains of silica. Chert grains
(Ch) are mosaics of polycrystalline (uniform size) silica. Metamorphic
fragments (MF) are quartzites composed of polycrystalline silica that
s coarser than chert. Furthermore, the boundaries between the
yndividual quartz grains in the metamorphic fragments are sutured. The
last type of silica grain is the sedimentary rock fragment (SF)
composed of silt-sized quartz grains set in a fine-grain matrix.
Crossed nicols. Scale same as A.

.D. Post-flood sand iliustrating the bro&n rims (arrows) developed on

the grains 'during the experiments (compare with Plate 4A). Plane
polarized light (sample 1.2). Scale same as A.

’
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Th these fragments have undulose extinction caused by stress

grains
(Plates 3d and 4c). - . : o | , 9
®nidentifiable rodk fragments- are 1fthic components (cheFt or

volcanic rock fragments) fhat, could not be specifically classified

~ because of their size, fine-crystalline nature, alteration and/or lack

of phenocrysts. The more altered (darker under plane polarized light)

 grains were classified as vdlcanic rock fragments.

For point~counting,purpbses, quartzkgrains were classified as thosg

grains that are composed of monocrystalline silica grains (Plate 4c).

These grains are clear Ondar plane polarized 1light and have either
uniform or undulose extinction with crossed nicols. Fluid inclusions

are present in some grains. SRR 24

53

K-feldspar grainé are not twinned. These grains, were differentia—,»

ted from quartzbby their alteration to muscovite and lack of clarity in

plane polarized light (P]été 4aq). The alteration of the gfains varies

from Ee1at4ve1y fresh (some fine—graihed muscovite  inclusions) .to high-

o

- ly altered (almost totally recrystallﬁzed to fine-grained muscovite ahd

obaques){

Chert.grains are polycrystalline .silica’ that do pot have sutiured

boundaries and are;colorless (P]gte- 4c¢) to pa]e,brog@ (Plate 5a) in
plane polarized tight. The silice mosaic s much—finef in the chert
grains than in the metamerphic rock fragments.

v Two different compositional raﬁges of plagioclase (P]éte;Qa) were

determined using the Miche]—Lévy,tesg; An,g_,s (0ligoclase) and-An,

(andesine). O0ligoclase is more abundant. Putnam and Pedﬁka1ny (1983)

30-40

also observed a range in plagioclase composition. Plagioclase grains

are either fresh or partially altered to a fine-grained birefringent

|
]



Plate 5. Thin section micrographs of post-flood sand samples. The
scale is the same for A, B, and D (located on A). The scale of
micrograph C is Jlocated on the micrograph. The blue color in the
m1crographs is the epoxy mounting medium. It is ~not a stain nor an
1nd1cat1on of poros1ty since the. samp]es are grain “mounts.

A. A small amount of ‘carbonate cement (arrows) was present in most of
gothe post-flood samples. Yt"has a slight brown color compared to the
B quartz (Q) and feldspar (F) grains.” The chert- grain (Ch) has a brown

48 discoloration and contains some opaque minerals. Plane polarized 1ight

> (sample 2.2).

B. Same as A,but with crossed nicols showing the high b1refr1ngence of
the carbonate cement (sample 2.2). Scale same as A.

C. High magnification of carbonate cementing a quartz grain (Q), a
shale fragment (arrow) and a volcanic rock fragment (V). The euhedral
nature of the cement is illustrated. The relatively colorless cement
- (CC) grew around a slightly brown carbonate grain (C). Plane polarized
light (sample 2 3). ' :
D. The increase in fines during .the experiments.resulting in partia)
induration of clusters of grains. The clear quartz, chert and feldspar
grains are easily seen set in the brown fines. However, the shale and
volcanic rock fragments are hard to distinguish.from the fines because
of their similar color. Plane polarizéd light (sample 1.3). Scale same
as A. s : o A ' ‘

{
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mineral. Some (10%) are altered to the extent thati.the twﬂﬂwgianeS'are
difficult te discern and their color is spotted brown under plane pol-

arized light,

56

Carbonate grains have high birefringence (Plate 4b). Most of the (\>

grains'héve a brown alteration color in plane po]ariz§d light. The

avefage size of the carbonate grains (0.09 - 0.11 mm) s approximately
. 4, .

half that of the average grain size for the sand. Car@ohgte cement is

rarely developed. ' | f%

Mica grains (muscovite and biotite) have planar clé@vage'that is

commonly djsrupted'because the grains were bent by overburd;ﬁ pressure.

Because of their platy habit, they may be underrepresented in the point

counts. This.possibility became apparent when the pre—f]ood’sand was
examined under a binocular microscope and micas (shining flecks) were&aﬁf

D3
£y

obserVed in more tHan trace perdentage;

Glauconite was identified by its ‘pleochroic gréeh—ye]]owlbo]or in
pTane po]érized light. The grains also have high birefringence., |

Opaque minera]s‘were obsérved both 7as alteration products (main]y
on volcanic rock fr;gments)'(Plate 3c). and as discrete gra}nsﬂ?'Only
: d1§brete grains were counted. The majority of these grains hania red
rim. Heavy'mingiFTs hayq high positive Fe]jéf §ndrv¢ry'1ow»bir9frin-
gence. | - |

@

The mdnomiﬁgrélic grains (quartz, chert and feldspars) 1ac& over-

gFowths of clay coatings. _However, the more intensely altered rock
\V/v' - - . ‘;
fragments show these features. to some extent. The trace amount of

organic material remaining after toluene extraction engulfs thgfgrains

; (Plate 3a).



Post-flood Sands '

Few differences were observed between pre-flood and post—floéd

sands-and between different quarters of the same core. In cores #1, #2

and #3, most of the grains have a dark brown rim (Plate 4d). The
grains in core #4 are covered with similar rims but to a lesser extent.
‘The increased amount of fines produced resulted in partial 1nauration
of the samples (Plate 5d). |

Carbonate grains are less abundant in the post-flood cores than fn
the pre;f1ood sand. These grains are most abundant in core #4, fol-
“lowed in® decreaswng abundances by cores #2, #3 and then core #1.

/

Carbonate cement is present gn all cores in greater abundance-than
in the pre-flood sand. It is more abundant in cores #2 and #3 than in
cores #1 and #4. The cement appears to bind only a few grains (6
grains maximum observed) together (Plate 5a) and whef present, encloses
“one or more relic carbonate grains that are altered to a dark brown
color and to an opaque miheraT (Plate 5¢). )

The‘coarsening of chert mosaics, obserVed "by the Sedimentology
Research Group (1981), was not observed in any of the pqst-f]ood‘cores:
Two possibilities. may account for vthig discrepancy: (1) two years of
steam f]ood1ng 6e§1mento]ogy Research Group, 1981) a]]owed more time

for the mosaics to coarsen; or (8) the ‘“chert" grains with coarser

mosaics may have been siltstone or sapdstone fragments..
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C. Mineralogy

5

oL B
X-ray Diffraction (XRD)

Data from XRDranalyseﬁ on the whele sand are consistent with the

. n - :‘ ) N
observations made during the petrogr@aphic study. »The XRD patterns

i »

r .“‘)- .
indicate the presence of quartz, -fdlﬂﬁd%r (oligoclase? and ortho-
: - v -
clase?), dolomite, calcite, kaolinite, i1lite or muscoite, and chlor-

ite and/or smectite in all pre- and -flost-flood samples. Tne changes
. § .

that occurred in the sand_‘during the four experiments are listed in

Tab]e“6.' ngrtz and feldspar peak 1nten$it}es'did not change signifi-
cantly betweén'fhembost~f1ood and pre-flood samples because the mine-
rals were 6r1g1n$11y present in grea£ abundances.

Smectite, dolomite and calcite abundances changéé appreciably

during the experiments. ’ The amount of émectite approximately doubled

in all quarters of cores #1, #2 and #3 (Tab1e'6). The smectite content

in core #4 increased by approximately '60% (Figure i@a)h

Dolomite abundance de;}eased in all post-flood samples (Table 6).
The greatest decréése occurred in core #1. The doiomite content in
cores #2 ang #3 decreased in approximately equa]_prodortioﬁs. 0f the
post-flood samples, dolomite is most abundant in the prodﬁction half of

core #4 (samples 4.3 and 4.4; Figure 14b).

Ca]cite"abundance increased in all the post-flood samples relative

to the pre-flood material except for sample 1.4 (Table 6).” The trace

amount of calcite present in the pre-flood sand dpub]ed“in the injec-

tion half (samples 1.1 and 1.2) of core #1.

Calcite qggggance in core #2 -increases to the second quarter
wiyrh b ’ X

“ksample 2.2) and then continua]]y' decreases through* the rest of the

« -
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Table 6. I/I_ values for the minerals  most abundant in the samples as
determined using whole sample XRD. "I refers to the specified peak

he.ight on the diffractogram of the prg-f1ood sand. T is the intens?tg
of the same peak but on. the diffractogram of the specified post-floo

-

sample. I/I_ < 1 shows a decrease in abundgnce, I/I_ > shows and

increase. Feldspars are not included in the table °be;a e of the
problems associated with unit cell variation with solid solutipn. nd =
not determinable. ‘ '

‘Smectite Kaolinite Dolomite Calcite Quartz

(001) (001) (104) (104) (101)

1.1 2. 0.9 0.2 - 1.8 019"
1.2 2.0 ’ 1.0 0.3 2.0 nd
1.3 1.5 0.8 0.1 nd 1.3
1.4 2.3 1.0 nd 1.0 0.7
2.1 2.3 1.0 0.2 1.3 nd
2.2 2.1 1.0 0.3 2.3 nd
2.3 2.5 1.1 0.2 2.0 0.8
2.4 1.9 0.9 0.2 1.5 0.8
3.1 1.9 0.8 0.3 1.2 nd
3.2 2.5 1.1 0.4 1.7 0.7
3.3 1.8 1.0 0.4 2.8 0.7
3.4 2.0 0.9 0.2 1.6 7
4.1 . 1.8 0.7 0.2 2.4 1.0
4.2 2.0 1°] 0.3 - 1.5 0.9
4.3 1.6 1.0 0.6 1.5 1.1
4.4 1.0 0.9 0.7 1.6 1.0
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Figure 14. I/I° values from backpack XRD charts for (a) smectite, (b)
dolomite and (c) calcite. Data from table 6.



core (samples 2.3 and 2.4; Figure‘14c)( The calcite content of core #3
increases gradually to the third quarter (sample 3.3) and then de-

A . ‘ . . . .
creases. Calcite abundance in core #4 1is greatest in the injection

quarter (sample 4.1). > Ay
¢

a

Gravimetric co,
Carhon dioxide 1s 1.7 weight percent qf the pre-flood sand. This

is equal to 3.6 weight percent dolomite (Table 7);

The amount of C02_remaining in cores #1, #2 and #3 1is abproximately

Ay

o
2

equal having decreased to less than 50% of the pre-flood sand (Figpré ‘

a0) . This corresponds to between 1 and 2 weight percent calcite (Téb1e
7). The amaunt of CO2 decreases slightly from the injection quarters
to the,productibn quarters ih cores #1 and #3. Sample 1.4 contaiﬁs the
least amount of €0, (0.21 wt%). In core #2 the amount of CO2 remains
approximate}y.constant throughouf fhe core. 5 |
The CO, eontent bf core #4 has slightly decre;sed%relatiVe to the
pre-flood sand and is approximately double thét of cofeS‘#l, #2 and #3
(Figure 15). CO, content is.greatest in samp]és 4.2 and 4.3 (1.69 and
1.57 wt%, respectively) where abundance has hotAchanged appreciably
relative to the pre-flood materiél. The CO2 abundances in core #4
correspond to between 2.5 and 3.5 weight percent dolomite (Table 7).

4&3%‘ .a ' L

5 @
Clay Mineralogy of the <2 um Fraction

The most abundant c]ay mineral in tﬁe pre-flood sand is -smectite

(65 70%) fo]]owed in decreasing order of abundance by 1111te kaolinite

aﬁ%?%plor1te Tab1e 8). Quartz and feldspar are also abundant in this

@v
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Table 7. Weight percent in all samples wusing gravimetric CO
analysis. The wt% CO, is reca?culated to wt% calcite for cores #1, #
and #3 since calcite 1is the dominant carbonate in those cores
(determined by XRD). Likewise wt% CO2 in the pre-flood material and in
core #4 was recalculated to wt% dolomite because dolomite is present in
greater abundance than calcite. cal=calcit® dol=dolomite.

Sample wti CO, wti cal wt% dol
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Table 8. Relative abundances of <clay minerals in the <2 um size
fract-ion determined using the peak height method (Apppendix 1).
PF = pre-flood sand. :

Kaolinite Illite Smectite Chlorite

i g ' 1
PF 12 16 68 4
1.1 12 39 44 8
1.2 10 23 62 5
1.3 7 14 75 4 Y
1.4 9 36 47 8
2.1 2 32 54 12
2.2 6 15 74 5
2.3 9 18 70 3
2.4 13 34 47 6
o3 5 16 75 4
3.2 6 13 78 , 3
3.3 6 15 74 5
3.4 7 15 74 4
o]
4.1 10 23 59 8
4.2 . 11 24 55 10
4.3 3 25 56 10
4.4 10 23 61 6
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Smect1té 1s the. mén

!o

p]es raﬁang from 45 to 80% The,f%B@ diffraction peak is at 1.50A

W 2 ; “‘t-w Y

‘ rndicating that the xgectdte 15 d10ctahedra1 It s most abundant in

a!

core #3 followed by ¢oF #ngggga #1.and, £0$e§$“ (Figure 16). In cores

#1 and #2. smectlte”1s mds%ﬁ@bundant in the middle port1on of the cores

(1.2, 1.;. 2.2, and 2. 3) Smectite content is evenly d1str1puteq o
throughout cores #3 and #4 (Fig;re 16). -

‘I1lite abundance increased in all cores relative to the pre-filood

+

sand except for core #3 where illite is present in abundan%Fs eqda] to

that of the pre-flood sand (Table 8).

The ratios of smectite:illite for all saﬁp]es. calculated from the
values 1in Tgble 8, are illustrated 1in Figure 17. These two clays are
compared against each other because they are the most abundant (acé@un-ﬁﬁ“
ting for petween 75 and 90% of the clay minera's in all prg—floquand_*g,f
post-flood samples).  The ratios‘ (Figure 17) réflecn the’t?eh@s jpi

smectite content (F1gure 16). L B " '53\,

b

Kaolinite content of cores #1 and #4 did not change re]at1vewto°the

3
%

pre-flood sand. It decreased in cores #2 and #3. A trepd exists«in
. y ' 7 . “;‘ P

core #2 whgre kaolinite abundance increases consistently afbng‘{he@
iﬁjectién path of the core (from sample 2.1 to 2 4) Kao]tn;teafs 50%
less abundant 1n-core #3 than in the pre-flood sand (Tab\e 85

Chlorite conﬁept increased in core #4 relative to the pre fiood

!) »#“ L

material but remained unchanged in core #3. In cores” #1 and #2, abun-

]

dance increased in the outer portions (1.1, 1.4,° Zfl, an¢)3{4)abut;

remained unchanged in the inner portions (Table 8).
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. {
Clay Mlneralogy of the 2-5 um Fractlon , ' / | »
Smectite, 1Tl1te, kao]1n1te, and chTor1te are present in this frac-
t)on of all samples. Quartz and ferspar are. also present.
The ratio of Kaolinite to CilYite decreased in aTT.post-fTood sam-

ples ' relative to the pre-flood sand (Table 9). In core #3, the ratio

_ycbnststent]yrincreases along the injection pa@h \(f#%m;sampTe 3.1 to

a

3.4). A
I;ﬁ~ 1J

SimiTar trends in the smectite:iTTite ratio developed in cores.#i

#2 and core #3. The'ratio 1ncreased Jfrom the 1nJectwon quarter to the

3

th1rd q;gﬁtef qn& then decreases 1n the product1on quarter of each core

-

. 9""‘/ - $osa
( gurgg*i.)v *”*The fma] ‘decrease was not as pronounced in the core #3

P . e
jpre-fTood sand The 1ncrease@was greatest in corq #3. Jwo exceptions

“were ndted Q}% the 1ncrease was not s1gn1f1cant in
’ B .

~The ratio-is‘highest'in core'#3, folrtowed by core #2_,and then core #1

In core #4, the amoung of smectite relative to illite does not change

significantly compared to the hpre—floodb sand. A sTiaht decrease may
exist from sample 4.1 through to sample’ 4.3 (Figure 18).
CTay Mlneralogy of the 5 20 um Fractlon

SmectL&F, illdte, -kaolinite, and chTor1te are present in the 5-20
um fractions of all samples. The amount of quartz and“@ﬁ]dspar present

in this port1on of each sample has‘1ncreased reTat1ye to the two smal-

Jer portidns studied. '
- . * - EE . L R )
"The ratio of kaolinite:il¥ite ‘decreased in.all post-flood samples

- x

reTative tO’the'pre—fTood sand. ‘This decrease was mast pronounced in .

c&res #4 and #2 (Table 9)>7

»

The smect1tb 1]11te rat1o chreased in all- CO&ES reTat1ve to the
s - _

&

B "’6?‘.- .'EE_ e o oa
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Tab]e 9. '(001) peak  intéhsity ratios of smectite to illite
and kaolinite to illite for the 2 5 um and
26 um } act1ons of all samples. Pf = pre ?1008 sand

Sample'/ | 2-5 pm u ~ 5-20 pm
?i4.5/11a.2 I; 2/'1e.2 114.57110.2 I; 2/1ye.2
PF 3.8 1.8 : 3.1 2.7
1.1 3.8 1.5 9.6 2.0
1.2 7.4 o 1.6 5.0 2.0
1.3 8.1 1.5 8.2 1.8
1.4 2.7 2.1 — 3.7 1.0

2.1 5.7 1.2 3.5 - », 1./’

2.2 6.5 1.5 3.3 - 11

2.3 9.4 1.5 8.5 i 1.3
" 2.4 5.6 1.5 4.7 1.5

3.1 6.6 1.1 , 6.9 1.6 ‘
32 9.2 1.4 . 185 1.7,
L33 10.8 1.5 8.4 /1)1\/41
© 394 10.2 1.7 9.0 1.8

4.1 4.8 o 5.3 . 1.0

8.2 4.0 . 1.5 3.7 1.1

4.3 3.1 1.2 2.0, 1.8

4.4 4.0 1.3 2.3 1.3
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of core #2 (samples 2.1 and 2.2) and (2) a-decrease was observed in the

production half of core #4 (sampleé 4.3 and 4.4; Figure 19).

Ty

Scanning Electron Microscopy (SEM)

A number of diagenetic minerals and textures were identified in the

pre-fJood,saHd using SEM. Plate 6 shows the texture 5f the prefflood‘

sand with bituméﬁ (Plate 6a) and without (Plate 6b). Threé'diégenetic
clay minera]s’were 1dent1fied; smectite, illite and kéoTinite (P]afe
6éc, d and e, respectively). K-feldspar overgrthhs, clinoptilolite,
pyrite or, marcasite (g]ate 6f. g and h, respecti?e]y), and calcite
cement were a]§o identified as diagenetic ﬁinerals.
The amount of miref) matter'inkthe.pore‘space'incregsed in coreqﬁé
‘relative to the pre-flood sand (P1a2§ 7). Formation of,smeckite, with

~honeycgmtgggékxturé, analcime, phillipsite and/or ciinopt11o11te, and

respectively). Open pores (P]pfe 7h) are more abunda
. a, " ‘ (:d ) 8 .

il L. & : 3 ,
illitization of feldspars were also noted (Plate 7f, ¢, ‘e and g,
ﬁ core #1 than
v Al N ’ *
Mg the other bitumen-free coress

* Smectjte +.analcime & zeolile (see below) is a common assemblage in

the ¥Wnjectio If of core .#2 (Plate “é; the latter two minerals were’

. o -3 ' ;
not -identified using XRD3y.  1In the . production half of the core, the
3 L ' i S ~
authigenic suite consists fgmainly of smectite with minor amounts of

#

analcime. All three minerals ~are present ih\gpre #2-sand in greater

-abundance than‘i? coge #1 sﬁnd.fn"‘ o

™ e P .
'\‘ ! - 1"5;:;‘05};"’-" . "’b % o
. _ E oo

71

Energy dispersive §péq§?6hetry (EDS) completed on¢&ht'zeolﬁte laths =

: { . : - \ IR
in. core #2 (Plate 8d and f) indicated an abundance of :K. Upon closer

inspection, the laths: were 'observed to haVeAdouble:dFismati; termina-
: N . l& \ N .

b

A ) = .
t19n§ that were split along cleavage planes. These observations are

4
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" Plate 6. Scanning electron micrographs of the pre-flood sand. Scale

bars located below each micrograph.

A. The texture of the .sample with bitumen in place is illustrated.

‘Relief of the grains is Ydetectable ;hrough~theroi1 coatings which are

Jo1ned by 01l br1dges (arrows)

B. The - pre flood material {s relatively clean of coafings. With the
bitumen ‘refiéved, the different . types of grains can be seen including
quartz (Q), feldspar (F), volcanic (V) and shale (S) rock fragments'and
carbonate (C). An important feature to be note%nin this photograph is

i the lack of sample upurat1on

C. Smect1te‘(and p0551b1y ,1]1zte)s coats .qn. ¥he volcanic gra1ns are
common. v -

i ' 1 ' e
. !ﬁ’,‘ oo ) Toa

D. Fibrous‘1]11te'(arroWs ‘Jheﬁ?ohg“ a gratp.frasture. This mineral was f

also observed to br1dge across pores An @s m11ar fash1on

: Q-
“E. Booklets of kaolinite occur as- pore f1111ng mater1a1 , @,f$¢ ﬁ

. ‘V__?_
Lo :

F. K—feldspar overgrowths (KF) developed non- cont1ﬂh§ds]y en a detr1ta1
feldspar grain (F). The smectite also present on the grain inhibited
the full development of the overgrowth (Sedimentology Research Group,
1981). This texture was observed throughout the sample

G. The .character1st1c monoc11n1c symmetry of c11nopt11011te is

illustrated by the coffin-shaped crystals. The lath-shaped crystals are
also clinoptilolite. This zeolite is a common alteration product of

~volcanig sediments (Hay, 1978).

H.'T‘he’,@ter of cubic crystals is authigenic marcasite (or pyrite?).

-







Plate 7. Scanning electron micrographs of post-flood cd¥e #1 sand.
Scale bars are located below each micrograph.

A. General view of core #1 (sample 1.3). The.<38 um fraction doubled
relative to the pre-flood sand enab11ng partial induration of the core
#1 sand. The 'pore spage material has a massive texture. Note the
difference between this micrograph and Plate 6b (approximately the same
scale). ‘
0 /_,/
B. Higher magnification view of the pore-filling material. A honeycomb™”
fabric was formed by smectite -pigles growing perpendicular to grain
surfaces (arrows). This texture d lops a mi¢roporosity whichentraps
the bitumen: this contributes to high residual 011 sat at1on
(Sedimentology Research Group, 1981).

C. Authigenic analcime crystals (arrows) deve]oped in the pdre spaces
only in trace amounts. These crystals, when_.observed, were assocjated
with voicanic fragments and smectite. A quartz grain (Q), c]ean of any
type of coating, Jﬁ present at the bottom of;the mlcrograph
D. Detail of the we11~developed cubic- octohedra] symmetry of the
analcime crystals. The average size of thé" crysta]s is approximately
5 um.. ' . g -

. £°s .
E. The authigenic minerals formed during the experlment can constr1ct

pore-throats. Zeolite crystals (phiflipsite .and/or clinoptilolite) (Z).
are trapped between a quartz grain (Q), .a feldspar grain (F), and a
smectite-covered volkcanic. rock ftagmegk (V). - = - ' T

F. Detail of the honeycomb smectite form grown on & vo]can%c"bbck
fragment. In core #1, this texture is “relatively open because of ‘the
thin nature of the plates. The average width of the plates is less than
5 um. . ;

G. Plagioclase feldspars dissolved along twin planes and partially
altered to illite (arrows). Minor smectite coats developed along the
surfaces. : ' ‘

~ H. An open pore space between a quartz grain and a volcanic rock
fragment.

3 A






Plate 8. Scanning electron micrographs of post-flood core #2 sand.
Scale bars are located below each micrograph.

A. General view of core #2 sand (sample 2.1). The grains are coated to
a much greater extent than the grains in the pre-flood sand, (Plate 6c).
The coatingp do not appear as extensive as those in Plate 7a because
fewer framework grains are present in the micrograph.

B. A tighter honeycomb fabric of smectite. EDS indicated the presence
of Ca, Mg, Na and Fe as probable.interlayer cations.

C. Smectite was abundant and well developed in the injection half of
this core. The individual flakes appear thicker thus filling in the
honeycomb fabric more than the smectite in core #1 (Plate 7b). Analcime
crystals are present (arrows). Small lath-like zeolites (clinoptilolite
or phillipsite) are dispersed throughoyt the honeycomb structure of the
smectite. * % '

D. A higher magni#‘%ation view of the honeycomb smectite texture
indicates that the average width of the flakes is approximately 5 um.
JMis size is larger than the smectite in core #1 (Plate 7f). The
zeolite “laths. are intermeshed in the honeycomb structure. These
zeolites may have been caught in the honeycomb "net" as they passed
through the pore rather than actually forming at the sites they now
occupy. .

E. Volcanic rock fragments are the most common of the framework grains
to be covered with authigenic minerals. The coatings on the volcanic
gment (V) have filled the pore space between that fragment and
grains to the right of it. The coatings include smectite (Sm),
site (laths) (P) and/or clinoptilolite (plates). The presence of
earliery,diagenetic smecéwte prevents “these flood-induced minerals from
cover1ng the enfgre gratn, s .

F. Massive Zéolite- (PRYiFigsite ~or clinoptilo ite) (Z) coatings were
present on volcanic fragments in the injection half of the core. The
prisms are aligned perpendicular to the grain surface allowing for easy
dislogement and subsequent pore clogging. The fact’ that these crystals
can be dislodgedgand transported may account for their coating of other
authigenic material (eg., micrograph d). A large analcime crystal (An)
and a”cluster of large smectite flakes (Sm)- are also present on the
grain surface. . «

6. A K- feldspar grain” is partially d1ssolved (arrows). No authigenic
mineral is evident on the gra1n o o . . -

P
, @ : ~ A

£ ; :
H. A plagioclase grain d1sso1vqﬁ a]ong twip planes and i3 partially
replaced by smegtite and/or‘111ﬁg§? . . : .

)

ABde,
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more characteristic of phillipsite than clikoptilolite (Mumpton and .

Ofmsby. 1976)., Sydénsk '(198;) reported the formation of phillipsite

N
during similar experiments. ,
The major ity of*volcamic rock, fragments in core #2 are coated with
authiigem’c materjk This at‘}ﬁour'jng may have 'prevented' further

solution of theg

B (Séﬂfmento]o%@ike;?ar;h Group., 1981).

Analcime. %wh

formed after %
:&”ﬁ

Albite Y

growths are unique to core #3 (Plate 9). K-feldspar
‘?‘ - ; . . L ~

overgrowths were dissolved (Plate 9g and h). Smectite and’ana]cimeryegt
observed in similar abundances as in core #2 but phillipsite was rarely

observed. Quartz grains in this core were dissolwed more than in any

other core (Plate 9d) .\

Authigenic smectite and analcime are present in core #4. - Analcime

is more abundant in core #4 than in any other core. Authigenic quartz
was also noted (Plate 10g). . o S

»

®

Stable Isotopes of Carbonate Minerals s {

The phe-fIODd dolomite has 3 61805M0w
\ ,

o 13
‘ ?f 24 .4 perm1?l and § C;DB
of 0.0 (Figure 20). A1l post-flood Bolomite samples are ;jgpfficant1y

. ... 18 ‘18 ' . ST
depleted in j O~4§; 0SMOW = 1.7 to 19.0 permillj-relative to the pre~

eé;ﬂood material (Figure 20). :The bost—f]ood calcite 1s extremely.

18, ‘18

depleted in 0 (8 Ogypy = -9.4 to -10.8 permill) relative to both the -

SMOW

, . L o -
pré-flood and post-flood do]omite‘ but only very s]ibht]y depleted in
13 13 o o o

C (8 Cppg = -3.1 to -1.9 permill; Figure -20). ™

- i \
H / \ ' -
oo ’ L e

;resent, occurs on smectite indicating.that analtime °

79
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Plate 9. Scanning electron micrographs of post-flood core #3 sand.
- Scale bars are located below each micrograph. »
v .
A. Genera] view of core #3 material. The scale is approximately equal
to that used <in Plate 6c. ‘

B” Smect1te rims were well developed on volcanic fragments. EDS
indicated Mg, Ca and Fe are present in approximately equal abundances
in the smectite. ’ : I
"C. Smectite (Sm) completely covers ‘a volcanic rock fragment. Analcime
(arrows), as in most «cases, crystallized on the smectite suggesting
that it formed later than thessmectite. Some bitumen®(B) is retained in
the pore space. ’

D. A cluster "of analcime crystals (An) and phillipsite and/or
clinoptilolite laths grow on a quartz grain (Q) 1in the injection
quarter of core #3 (sample 3.1). The quartz grain shows evidence of
solution p1tt1ng by its rougher ‘surface {compared to Plate 7c and e).
&

E. Albite overgrowths (Ab) were noted throughout core #3 (more so than
any other core). Jheir abundance suggests that they formed during the
core flood. The .la 1ike zeolites (phillipsite’) (arrows) are also
present in this corewut in lesser abundance than in core #2.

N .
F. A feldspar grain is covered by different auth1gen1c minerals
including albite overqrowths (Ab), analcime (An), zeolite (Z) and
i1lite (arrows]. , ‘ : - W
- 6. Solution and i11litization of a K-feldspar overgHowth (KF) and: the
host feldspar grain (F). The contact between the overgrowth and the |
host grain also appears to be dissolving. Oveérgrowthjsurfaces are much .
_rougher than those in Plate 6&f. Minor. amounts of §H¥et1te are presentM
on the adjacent grain (arrows) : s 4 .

H. A\ﬂ1gher magnification of -the . overgroth'dbserVed i m1crograph g.
The intense solution pitting on tﬁh facing surfate and the 1nregu1ar1ty
of the upper surface are evident.
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‘;—-.v v { . . R ’ ‘ .
Plate 10. Scanniné/electrdn micrographs of post-flood core #4 sand.
Bitumen semoved from sand after the run using drops of toluene. Scale
bars located below'eachvmicrograph. ‘ '

A. General view of_,;ore #4 sand (samp]é\ 4.4) with similar scale-as

. PTate 6c. The grains are coated mpre than ‘the pge-flood *sande. itumen,

and flnes part1a11y indurate, a cluster of g(ijns e ,

B.- Smect1te (Sm) w1th honeycomb structure\\ has deve]op%d in the
bitumen saturated core. The bitumen (B). that remains in the pore space

‘reflects the texture of the underlying authigenic clay. The average

w1dth of the 1nd1v1dua1 smectite flakes is approx1mate1y 2 um.

‘C Ana1c1me crysta]s (An) were most abundant in this cote. Bitumen (B)

covers these crystals in theg§?rthwegt corner of the mxcrograph

‘D.‘Bltumen covers ana1c1me and lath- 11ke zedtite (clinoptilolite?)

crystals at a pore throat. ¥Fhese fines have Migfated with the bitumen

but have become lodged. As~_a result, the bitumen is retained at the

pore -throat thereby creat1ng\ an even more “effective pore seal by
“cementinig" the fines. S : e

El‘Disso1ution. of a K-feldspar overgrowth (KF) is illustrated by

splution pitting (1arge arrows). Small analcime crystals (small arrows)
have grown on the grain adJacent to the overgrowth ‘ ‘

"F. Irregular texture of smect1te (Sm) honeycomb fabric ingcontact with

authigenic calcite (C). ~"The smectite appears +to parti€lly cover the
calcite. / v , o .

G. Small authieenic'quartz Crysta]s "(Q) " on “‘the §y£faee/0f/5/§giean1c

]

@ L

rock fragment within a grain. cavity. It is ndiépparenq whether these

crystals precipitated during diagenesis or during the core flood.
. : y . .

grains.including quarti,,vo]tanic rock fragments and feldspar. Smaller

analcime crystals -are visible on the "~ framework grains including -

dolomite (D). ' ' _ .

o . e . ) . .
H. Analcife (An) acts as a "cement, partially indurating a number of
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D. Production Fluid Chemistry’ . N o ' | o’

The startﬁng concéntratfons of CO,, Ca, Si, and K. in the injection

‘; f]uids'arei6.3; 0.4, 1.0, and 1.7 ﬁg/kg, respectively. Tﬁe péodugtion

| fluid analysés (Figures 21 to 24) of these species'were‘nét corrgcted

~ Qor‘_the s;\tart‘ing'f ‘conce‘ntrations be“cause “of* the. low 1nitia1‘,val'ues."r”

- TabJes 2-7 t012-10 in Appendix '2.contajn the data that are i]]ustr;ted
in Figures 21 to 24. 9y

i
1

Carbon Dioxide B ‘

"i.The resdjls of th;,’Tota1 Ino?ganic Cérbon (TIC) anélyses for run'
. #1; #2 and #3 production fluids dare ii]ustraged in Figure 21. The

curv}s represent the ,tonéentfation‘ measured 1in each sample plotted

against the volume interyé¢ during which it was co]iécted. The rgsu1ts

for run #4'ére not'.bfesentéd because of problems ehcountered prepér{ng :

these fluids f6r TIp analysis.

‘The-shape.of the CO, E&ncentrafion curves for‘iheofipﬁt three runs
is similar. CO2 concentrat;on rose rapid]y and‘reached a peak béfore
250 ml of fluid wefesinjected through 'fhe, cores. wDuring run #l,vthe
amount of CO2 %n ;o]ﬁtion decreased sharply 'from;thé peak value to é
Tevel betwéen_llOO,and 1300 mg/kg.- o, cqﬁgeﬁt}ation decreqsed;continT

A}

uously from the peak -values during runs #2-and #3 to values below 400
! : . '

mg/kg. The "highest recdrded\Coz- concentrations for runs #1, #2 and #3
were 8625 mg/kg (Figure 2la), 10500 mg/kg (Figure Zib)-and 15200 mg/kg

(Figure 21c), respectively.

-
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Figure 23. Silicon concentration in effluents of (a) run #1, (b) run
#2. (¢) run #3. and (d) run #4. Si saturation was determiged using
Figure 1 of Crerar and Anderson (1971) for neutral) pH at 265 C. R/S =
forced shutdown .and restart. B/p = blow out. E/R = end of run.
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K concentration (mg/kg)

Figure 24. Potassium concentration in éff]uents
#2. (c) run #3, and (d) run
= blow out.
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Calcium

90

The results for C€a, Si, and K concentrations in the production’ﬂ'

flyids are presented in the same format as the €0, results.

The results for,run #1 are "not presented because of measurement
* #

problems. The trends that developed in runs #2, #3 and #4 (Fiqure 22)

were similar to each other. The initial maxima did not exceed. 13 mg/kQq .

and were reached before 0.2 1 of fluid passed through the cores.
‘During run #2, the original maximum was followed by 5 decreasé and

a3 subsequent incfease back to values approximately 12 mg/kg (Figure

22a). . 1 |
Cafcium concentration decreased rapidly after ~the initial high in

runs #3 and #4 to values between 4 and 6 mg/kg (Figure 22b and c).

These values were approximajely stable for the duration of each run.
ey )

Silicon

In all four runs, Si concentration 1increased rapid]y to‘levelg
that weré constant for theu duration ‘of each run (Figure 23). The
levels of constant Si concentration wéré highest for runs #2 (235-255
mg/kg) and #3 (245-250 hg/kg), followed by run #4 (230 mg/kg) and run
#1 (205-215 mg/kg). Concentration values decreased below these levels
only immédiately after forced sbutdowns.
Potassium

The rate of potassium concentration increase was,greatér th;n“the
bther species studged.a Potassium concentrafion was greatest at the

onset of injection during runs #1 and #4, measured at 266 and 520

' mg/kg, respectively (Figure 24). The amount of K in solution in the

X
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. ) : v o ‘ ) N :
production fluids of runs #2 and .#3 increased to a Maximum before 126

ml and 180 ml of injection fluid had been injected, respectively. The
/ N \
maximum concentration reached during run #2 was 124 mg/kg (Figure 24b)
¢ .
and during ruge #3 (Figure 24c) wds 66 mg/kg.

After the initial highs, K concentration decreased rap1dly during
all foltr experiments tg a minimum beforé gradually increasing to a
rglat1vely‘cohstaqt value of 190 mg/kg for run #1, 85 mg/kg for run #2,
63 mg/kg for run #3, and 75 mg/kg for run #4.
M

The pa of run #2 eff]uent’ was measured:at two different injection
volumes. The pH of run #3 and #4 effluent was measured once during the

respective experiments. A1l measured values indicate that.the effluent

was acidic compa}edrto injection fluid pH of 10.9 to 11.0 (Table 10).

. E. Permeability Test Results

2

The permeability of the first three cores to injectiog fluid de-

creased during the course of the experiments (Figure 25). The ﬁérmea—

~

bility of core #4 was ‘ﬁgt determined because it'was bitumen-saturated.

91

The largest reduction occurred 1in. core #2 where the permeability

decreased 98%7. The permeability of core #3 had decreased by 85% when
1t was measured about three-quarters through the run (§eeAAppend1x 1).

"The reduction in core #1 was 50%.
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Table 10. Effluent pH of runs #2, #3 ;and #4 measyred at different l

volumes of fluid injected. ~ A
/
Run # Volume Injected Effluent pH
(m1)
2 820 5.3
2 ~ 3140 6.0 ..
3 2945 5.3
4 2275 5.9
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Figure 25. Pre- and post-flood permeabilities of cores #1, #2 and #3.
The final permeability determination for. core #3 was made after the
second shut down (7274.1 m1). At this point 70% of the total valume of
injection fluids had passed through the core. Values in darcys.



V. DISCUSSION

T A. Mineral Reactions:. |

o

1)

$

Two observatmons 1nd1cate that dolomite- d1ssolved dur1ng the exper1—
ments: (1) it 1s‘ 1ess abundant in the post-flood cores. than in the

1

pre flood sand (FigUre 14b) and” (2) co

, Was produced from the cores

(F1gure 21). Kaolinite is less _abundant 1n.the frper fract1ons of the
post—f]ood cores(relativeutO'theepfe—f1oed sand (Tables 8 and~9) indi-

'cating’that~jt wa§ dissolving. Tyo indirect observations suggestﬂthat

3

quartz was disso]vihg: (1) silica saturation of the production fluids

;f_(Figdre 23) and (2) pitted quartz surfaces (Plate 9).

Three differentﬂ observations’ 1ndicate that ;mectite and calcite
formed dur1ng the” experlm\nts 1First the two m1nera1s are more abun-
dant in the post—f]ood cores thah ib the pre- f1ood sand (F1gure 14).
Second, bdth m1nera1s have authigen1c_é%orpho1og1e§ [ahd occdr‘jn pore
-spaces (P]ates 8b and 5c) |

The th1rd 11ne of evidence indicating that§g§1c1te formed during

o

the. exper1ments 1nvo]ves 1sotope data. ‘Friedman. and O'Jeil (1977)

related the oxygen- 1sotope values of calcite and its cryé a11ization

f]u1d to temperature (T) by:

B
where * a
between ca1c1te and water and T is expressed in k. The value ofa, o
1sydef1ned-by:_

94

o 10%na, = (2.78)10%T 722,89, - .(8)

1,5 18 the oxygen- 1sotope equilibrium fractionation factor *
. hJ N .

=



,aAfB‘é 1000 + &, ,/” (9).
| 1000 + &, .

The 6 0SMow va]ue of the water Q1st111ed to make the 1nJect1on fluids
is -17.0 (F.J. Longstaffe, " personal commun1cat1on) | Nhen the 9B
value ca]cu]ated based ’on that water vaTue 1Sf'used in equat1on 8,
calculated temperatures of format1on for ca1c1te range between 240° ahd |
275°C.  This range corresponds to the exper1ﬁenta1 temperatures. The
) -

ranges of the 513CPD values for dolomite apd calcite are close indica-

ting that dolomite - "was the most pnobeﬁ]e source ef carbonate for

i
'

calcite. ‘ | // A

.5 . " Lo
Based on studies/involving pure mineral mixtigres, Levinson and Vian

- (1966) and Bayliss /and Levinson ,{1971) postulated (unbalanced) reac-

tions (1) and (10)/ respectively.. ¢ ‘
/ o
[ \
/ N
do]om1te + quartz + kao11n1te + H 0 =
A ca+Mgfemect1te + calcite + CO, ().
o/ S ' . , o ’
/ "/"/ . ) » ) P
. ’/ . . i ‘. o ) '
Calcite can;then/Feact in place of dolomite to yield:
' ] /_’/ ‘
I
.|/ calcite + quartz + kaolinite =
. . / . o o . ‘ .
// . Ca-smectite + CO, + H,0 ’ ‘ (10).

The Sed1mento1ogy Research Group (1981) proposed fFeaction (Il) as

A
the mechanism for smectite formation during a steam flood. The. source

of Na' was the injection fluids.



Na' + quartz ¥ kaolinite =
Na-smectite + H,0 + H+t - (11).
."

The balanced versions of these three reactions are given in Chapter 2.

The smectite produced during- the experiments of this study was

‘identified as dioctahedral. - For the purpose of the following

discussion, smectite coﬁposi{ibn 1 :described as either beidellite
(dioctéhedra] smectite with substitut{on in the tetrahedral layer) or
montmorillonite (dioctahédra] smectite with substjfution in the
octahedral layer).

Reactions (1), <1bf‘énd‘(11) were written in terms of simple smec-
t1te compos1t1ons,_1 6. ,,on]y one,’ type of 1nter1ayer catwon It was
determined us1ng EDS that ‘Na < Ca < Mg in the smectites produced dur1ng

(

this study” xBQJd§11$§€'W1th'NéiCang = 1:1:2.5 would be formed by:

2, 5MgCa(CO ) +;32H45104 + 28A1,51,0,(0H), + Na' =

‘ do1om1te <«*rquartz' kaolinite
24Na1/24Ca1/24Mg5/48A1 7/35111/3010(0H), + 1.5CaC0;
-~ _Smectite ‘ * calcite
« 3.5C0, QgﬁﬁH ,0 + W - (12).

Montmorillonitg with Na:Ca:Mg = 0.67;1?2;67 would be formed by:

)

4MgCa(CO,), + 28H,5i0, + 10A1,5i,0,(0H), + Na© =

; ~dolomite quarti kao]ini%e
. . .
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12Na1/12 1/8(A]5/3M91/3)S‘401o

smectite
5.5C02 + 63.5H20 +

LI

While reactions (12) ;nd (13) are

¥

(OH)2 + 2156ac03_+

H+

written

calcite -

9./

(13)"

'in'{he form of solid to

”sq1ldéfransqumations, it isvmore likely that the mechanism is solution

. and reprecipitation (G. Bird,é persona

‘can be Wr1tten as the hsum‘-of Six

:”)ef

prequ1taﬁ1on and one gas evolution.

g
i
f’{?
’: ‘..
w

Mg2+ .

as: ° '?Wf

MgCa(CO,),

»
A

A1,51,05(0H), + 5H,0

510, + 2H,0 -

2+

ca’t ot -

1/8Na* + 1/8Ca*" + 5/16Mg"

3Na, o0, ,.Ma5 . 6AT; 55T

and ' €0, + 2H = H,CO

The. carbon isotope values

likely source of carbon for calcite.

the product side of reaction 14 and the carbonate ion of the reactént

1 commugication)

reactions:

. Reaction (1{:
three dissoclution, £ ,

- The reactions can be described

2+
Ca

= 2H,Si0

H,S1i0,

+ TA1(0H),

11/301e(0H)2

CaCo,

+ 2c0,°

.+ 2AT(OH),

indicated °that dq]omite

+ 11H,510, =

+ 28.5H,0 + H'

(18), /

(19).

is the most

Thérefore, the carboﬁate'ion of



side of reaction 17 are the same. :§ince dolomite is theasnurce(g%
carbonate for calcite, it is also likely that it is the.source of

carbon for C0,. The rapid'évolution of CQz'from\the cores (Figure 21)

[

"1nq1aates that\dpJomité disso]ved quickly. It also appears thét quartz

' ) I . :
dissolved quickly because silica concentration in the effluents rose to "

saturation léve]sfbetnre eight pore volumes (40 hbyrs‘e1apséd time)

were passed through the cores.

B. °
| Inf]nent pH Effects . N o
Carbonate solubilities decrease with increasing bH'(Dréver, 1982)'

This relationship accounts for' a ”number of observations: (wt%)

dolomite, and ca]cite'cement“abundancea are lowest in éore #l_at the"

"

end of the run (Tables ] and.-s). Furthermore, the stable C0, corcén-

X
tration 1evels and Ca contentrat1on are h1gher in the eff]uent of run

#1 than in the eff]uents of 5the other runs (Figures 21 and 22) Thé

t
1n3ect1on fluid. used in run #1 had the 1owest p\\(Table 3) resu1t1ng in

more carbonate dwsso1ut1on and the release ‘of moré\ng\and Ca to Solu- -

t1on than during the other runs. | - o S

Quartz so1ub111ty ~increases with . pH (Busey and Mesmer\\\gill

than run #1 (ngure 23) because the 1n3ect1on fluid pH was higher. 'The
re]at1onsh1p between higher 1n3ectlon f]u1d pH anduhwgher Si satura—
tion in effluents was observed by Reed (1979), ‘Mcgbnristbn et al.
(1981), Sydansk (1982), and Boon et al. (1983).

The effluents of runs #2, #3 and #4 became oversaturated with

98

\\
Silica concentrat1on was h1gher in the eff]uents of runs #2 #3 and #4;

silica because the pH of the‘ f]uid decréasgd as it passed through thev?,

~

core. The éff]uent pH had - df;§bed to between 5.5 and 6.0 befqre four



i
5

P

pore volumes of fluid®were injected (Table 10) However, the ddssolved

s111o§ levels did. not decrease to quﬁf&,»*

(1985) showed that quartz d1ssolut1on fo]lows @ zero-order rate 1aw and
quartz pqec1p1tat1on fo]1ow§ a f1rst—orqgrg;nape law so that the reac-

tion: . : ‘ . : “ ‘

Si0, + 2H,0 +"H,Si0, | (20

‘procequlmore rapidly than the reaction: .
:0\ © H,Si0, ~ Si0, + 2H,0 y (21).
If the cores were longer or the"résidence time of the fluids were in-

creased, then the.precipitation.kinétics would reduce the silica levels

to quartz saturation. However, it s beyond the -scope of, th1s study to

determine how long a core wou]d have to be for silica prec1p1tat1on to

reach equ111brwum.

Silica solubilities were equal in the effluents of rFuns #2 and #3

fy

.even though the f1u1ds.passed‘ througp core_#3 foufatimes faster (Reed
(1979) made similar observations). Silica'saturation was reacpéd with-
Hin five hours (reoidence time .for the fluids in cofe.#Q) indicating
that quartz d1sso]ves rapidly at 265 °c and pH 11. | |

The s111ca saturat1on level also had an effect on thé smectite-

form]ng reactions. As quartz 15' dissolved'(along'with kao]inite and

dolomite), reactions (12) and (13) proceed to thekgadhtﬁy W}th hlgher

. ‘ P N
~silica saturation levels in higher pH so]ut1ons (F1gure 23), reactaons

Var

-{12) and (13) proceed furthér'to the right. This mechan1sm:mayeagcount

for the higher abundances ofbsmoctite,'and calcite and - lowervabundapce

of kaolinite in cores #2 and - #3 compared to” core #1 (Fiqure 14 and

" Table 8).

saturation. Bird and Boon

99
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The observation that phi]]ipﬁite'wqﬁ rare\ in.corg,#l (Platé 7} but

[3

~ common on the volcanic rotk ”fragments. of cpre #2 (plate 8f) can be

attr1buted to h1gher pH. cond1t1ons in run #2 since phillipsite is a

'~ product of the djageneSIs' of vo]canogenic sakpstones by basic fluids
- (Hay, 1966; Sheppard End‘Gude, 1968; and Hay and, Sheppard, 1977);‘ The

mineral is less cpmhdn in fhe production half 8T core #Zythah in the

100

injection half because pH - decreased as the fluids passed through the .

!

core (effluent pH was between 5.5 and 6.0). ‘ I

Potassium concentration in the effluent from each core reached a

. K . &
roughly stable level after approximately 16 pore volumes of fluid were:

injected (40 pore volumes for -run #3; Figure 24) The K levels at the

" “end of runs #2, #3 and #4 were approx1mate]y 50% of the 1eve1 reached

: dur1ng run #1 The h1gher ’K+ concentration 1; run #l‘effluent can be
attrwbuted to two factors. First, the stability of K-feldspar in-
éregses Qith pH (Helgeson gL 'gl., 1969). As K:feldSpan dissolves, K*
igjre1eased to so]ut{on. An increase in-K-feldspar dissolution caused
by 1§Wer PH results in highe} k* concentrations. Secondly,‘K+ that
enters smectite interlayer positions is not carried from the cqré with
the effluent. There 15 more smectite in cores #2 and #3 (Figures 16

and 18) and, therefore,hmore sites for K¥ to enter.
o ’

Three mineralogical trends in core #2 that indicate compositional

changes of the injection fluid as it passed through the core are: (1)

kaolinite abundance in-the <2 uﬁ fraction increases along the injection

path of the”éore'(Table 8); (2) smeciite, in the <2 and 2-5 um frac-

-~

tions, is more abundant in the inner. two portioms than in thetfouter two

portions of the core '(Figures 16 and 19); and (3) calcite abundance

increases_from the first to 'seqpnd quarter and then decreases through



| ‘ 101
the\rest of the core (Figure 1l4c). When ’the'hot caustic solution
entered the core, it was undérsaturated with silica, dolomite and kaol- .
inite and therefore these Qminera1s/‘dfssoTved.' As the fluids passed,
a]ong'the%core, the} became supersafurated with smectite Aha calcite
which‘precipitated. By the time these two minerals crystallized, the
injection fluids had reached the inner portion offthe-core. The smec-
t1te-pr6duc1ng reaction, such as' react1on (12), was closer to equili-
brium in the inner portions of the core result1ng in less d1ssolut1on
of reaetang minerals as shoyn by the increase in kaolinite content.
The décreasee rate of dissolution as the fluids passed through the core
resulted in ardecreased rate of 'precipitafion at the production end of
the core as shown by 1es$er vabundances of smectite and calcite in the
productnon quarter relative to the inner quarters. By the time it had
reached the production :qnarter ,of core #2, fhe 'compdsition of fhe

injection fluid had become similar to the injection f1u1d used in run

#1 (i.e., less reactive because the caustic was consumed) 9 >

C. Flow Rate Effects
The injection<(flow) rate of run #3 was four times greaferbthan run
. #2 (Table 3). Therefore, the time that the fluidswere 1n‘core #3 and

in contact. w1th the grains was four times less than in core #2.

¢

Kaolinite is less abundant in the <2 um fraction of core #3 than in

the other cores (Table 8) and the surfaces of quartz grajns appear~more
pitted in core #3 (Plate 9) than in core #2.
. Smectite is more abundant in core #3 ‘than in any other core (Fig-

‘ureS'lls, 18 and 19) '1ndicat1ng that smeCtitelproducing reactions

occurred to»thehgreatest extent in core #3. As a result, core #3 has



o

. the greatest amount of mat;ria] <20 um 1(Figure 11).  The greater
abundance of smectite in core #3 resulted because 6.9 1 (57.6 PV)'more
fluid péssed through it than core #2 (Tables 3).

Albite pvergrowthé were observed in core #3 (Plate 9) but ;6f'1n
core #2. Injection fluids in coré #3 trave]led tﬁrough a greater dis-
tance of Qhe core before approaching equilibrium because the higher
flow rate used in run #3 resulted in less contact time between the
injection fluids»énd'the core materials. This effectively extended the
pdgtion of core #3 ;haf was at high enough pH for quite to form (Fig-
ure 26). The Sedimentology Research Group (1981) showed that albite is
‘stablé relative to smectite at elevated temperatures (>200°C) and pH.
Boqn et al. (1983) however, did" not observe the formation of albite’
which they attributed to kinetic factors. The temperatures during run
#3 (265°C) were greater thaﬁ ~the temperatures. of the experiments of
Boon et al. (1983) which may account for-the crystallization of albite
during this Study. However, Boon et al. (1983) relied .on XRD, not SEM,
to deterﬁine if albite had formed. Small amounts of albite growth, as

observed in this study, could not normally be detected using XRD.

-

102

Phillipsite was observed in much greater abundance in core #2 than

.in core #3 suggesting that the kinetics of phillipsite crystallization
are slow relagive to run #3 residehce time (5.7 hours) or the linear

velocity of the fluids (4 cm/h').

i . . ' . ' : ,

V = injection rate where effective area = cross-section area of core
effective area : 3 ) porosity + 100

and V = velocity. V.= (20 cm /h)/(18.3 cm” - 0.27) = 4 cm/h.

[}
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Figure 26. Phase relationships as a function of -temperature relative to
the natural lodarathm of the ratio .of the activities of Na .to H .
~Fluid pressure (H,0) is 2MPa. Smectite has a Ca:Na ratio 1:1 and quartz
15 present. As tﬁe pH of the injection fluid n runs #2 and #3
decreases by interaction with the core. the fluid composition moves
from A (pH=11}. through B (pH=8.5) to C (pH=5.7 measured 1n effluent).
Point D represents the composition of the injection .fluid used in run
#1-(pH=6.3). Modified after the Sedimentology Research Group (1981).

103



Boon et al. (1983) maintained that a higher injection rate
decre;ses hydrothermal alteration because of -lower residence times for
the fluids. The stable level of potassium concentration was lowest in
the effluent of the core subjectzd to. the highest flowvrate (core #3;
ngure 24)lbécahse less K-feldspar (and il1lite?) was dissolving per
unit volume of injection fluid..

The interattions that occurredi along core #3 were gimilafdto the
1ntegactions that occurred along core #2 except they were modified by
the higher flow rate. The observations that:

)

(1) §mect1te abundance is high and kaolinite abundance .is low in

N

the <2 um.fraction.théoughout.core #3 (Figure‘16 and Table 8);

and

.

104

(2) smectite abundance in the 2-5§ um fraction increases to the. -

third quarter'and then decreéseQQﬁin the thQUction‘quarter
(Figure 18); and ‘_ a R . - . L \
(3) ca1ci£e abundance' increases to thé third ' quarter ana then
decréasesgin the producfioanuarter (Téb]eHG) : |

indicate that equilibrium between core minerals and fluids was reachéd

at greater distances travelled through core #3 than through core #2.

1
a

—

D. Bitumen Effects

u The~d1fference between runs #2 and #4 is that core #2 was packed
with bitumen-free sanq and core #4 was packed with bitumen—;aturated
sand (Table 3). Therefore, the presence of bftumén‘was‘respon%ible for
the observed)jdfferenﬁes in post-f]bbd core minéralogy’ana effiuent

chemistry between these two runs.



-

The overall smectite content of core #4 is lower and the kaolinite
content in the <2 um fraction is higher than in any other core (Tables

6 dnd 8) indicéting that . smectite-producing reactions occurred to the

least extent in core #4. Overall, core #4 -has the jeast amount ofy

‘material less than 20 um (Figure 11) and the least developed rims on

the framework grains. . o -
The observation that CO, weight percent is greatest in core #4
(FigureJIB) is further evidence of the lack of reactivit; in the bitu-
men-saturated‘core. Petrogfaphy indicated that core #4 had the highest
aandancé of Egrbonate‘(dolomite) grains but the lowest. abundance of
calcite cement. Boon et gal. (1983) also obse}ved & decrease in
dolomite dfssolution wjthtbitbmen present af 200°C.
Sjlica.c06centrati6n in the effluent of run #4 (230 mg/kg) is Tower

,

. than in run #2 (240 mg/kg)- but higher than in run #1 (210 mg/kg; Figure

" 23) 1nd1ca£ing that bitumen decreases the dissolution rate of quartz

less than does a decrease of 4 pH units. Boon: (1977) also observed a

decrease in siltica concentration with bitumen present.

)

Jhe stable level of'K+ conéentration i§ ’]oyer in the effluent of

run #4’%hén in run #2 (Fﬁgure ?4) indiéating that~bitumenbdecreases the
solubglity of Kerldspért'

The bitumen in cgfe #4 limited . the §he;t1te-produc{ng reactions
relative to the bitumen-free cores. The amounts of dolomite and kaol-
~inite are high in this core relative to the other cores (Tables 6 and
8). ~Fhe greatest "amount‘ of smectite in the 2-5 and 5-20 um fractions
occurs in the 1njectjon quarter ’ (Figures 18 and 19) indicating that,

due to the reduction of reactivity between the core and fluids by bitu-

men “"armouring", the reaction ‘front (point of most intense authigenic
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mineral precipitation) was confined to the entrance point of the fluids
into the core The low 6 Osuow value of dhlomite in sample 4.1
(Figure 20) 1nd1cates that dolomite n the 1n3ect1on portlon of core #4
underwent 1sotop1c exchange with' the f1u1ds to a much greater extent

“than did dolomite in thE'reét of the corei o

‘€. Effluent Chemistry

‘Potassium Concentratidns
The hiQh initial values of potassium concenﬂratwon (Figure 24) are

attr1buted tb flushing of dr1111ng fluid reswdue wh1ch apparently was

c0mp1eted after 300 ml (three pore volumes) of f1u1d 1nJected The

bitumen- saturated core had the hlghest 1n1t1a1 K* concentrat1on because

some of the contam1nat10n» was removed from the bitumen—freevcores by
toluene extraction and perhéabjlity tests prior to their respective

runs.

‘Effluent pH was less than influent pH (Table 10) 1nd1cat1ng that

the pH of the injection fluids decreased as they passed through the

" cores. A number of mineral equilibria contr1bute to the reduction in

pH by)ejther consumihg OH™ or producing W . One gype of equi]ibria is
the shectite-prodbcing reaction (reaction 12 or 13) since HY s pro-

duced. QUarti solution lowers pH-(Boon et al., 1983) by: "

106



&

$i0, + 2H,0 = H,Si0, (16)
. " +
,H4S104 = H3510‘ + H : (22)
. 2= +
HyS10, = H Si0L + W' (23).

The pH is also lowered by the production of co,.

F. Permeability Reduction

tabo%atory studies in the past have indicated the potential for
pérmeaSility loss when hot fluids come 'into'contact withAa formation
(Boon, 1977; Perry and Gillott, 1979; Reed, 197;1 Boon and Hitchon,
1983b). McCorristonygi al. (1981) and Boon gt al. (1983) heasured
permeability decreases in packed cores under laboratory core flood
coﬁdipions ani attributed them £o fines dispersion. The Sedimentology
fResearch Group (1981) coﬁpleteq‘a. field study on the effects of steam
flooding the Clearwater Fo;mation and came to the conclusion that the
- process was responsible for a decrease in permeability of the
}esqgvoir. |

One of the main factors in permeabi]ity, decrease during a steam
flood is the p}oduction of smecfite (McCorriston et al., 1981;
Sedimentology keséar;h Group,\1991; Boon et al., 1983). Smectite, when
fully hydrated, can decrease permeability fifty-fold (Waldorf, 1965).

The largest pfrmeabi11ty reduction occurred in the cérFs that had

the greatest increase in smectite content. Cores #2 and #3‘had permea-

bility decreases of 987 and 85% respectively (Figure 25). Smectite.

grew as pore-lining material in these cores by reaction of dolomite,



quartz and ;kaolinite. Smectite size 'ihcreased inl the postvf1ood
;./samp]es since smect1te abundance Jncreased in.'the 2-5 um and - 5-20 um
fract1ons and decreased in the <2 um fract1on (Figures 18, 1Y and 16,
respectwvely). The hbneycomb morpho]ogy “of‘ this authigenic mineral
creates a microporosity . network  that Nreduces permeability by
cohstricting f]bw; :%he fabric is also respons1b1e for retent1on of
' bitumen in the pores (Sed1mentology Research Group, 1981).

As smectjte’hydrates, 1t occupies’ more pore volume, further reduc-
ihg effective pore‘space; Osmotic swelling increasesbinversely with
the square rootvof sa]t concentrat ion (MacEwancahd Wilson, 1980). The
lower salt concentration of the injection fluid used_t% runs #2 and #3
:compared to run5¥i'cou1d have‘ caused an increaseitn osmotic swe]]ihg
;(Eigure 27), thereby contributing to.greater permeability’reduction; 3

‘Mﬁgration of fines and subsequent ‘pore-throat c]ogging (P1ates 7e

| and Bej.‘causes bermeabilitytbreduction '(Muecke; 1979 Sed1mento]ogy
Feséarch Group,11981). Boon et al.. (1983) observed fines d1spers1on in
thefr flow experiment. ‘ } ‘ ;

Ph1111p51te developed to the greatest extent in core #2 (Piate 8).

The rod-1like shape of this m1nera1 appears frag11e (P]ate 8f), allowing

%;LL

: for'1t to be dislodged from host volcanic fragments and accamulate at

pore'throats'(Plate Be). This mechanism may partially account for the
large permeability reduction observed in. core #2 (Figure 25).

The permeability of core #4  was ’not'measured before nor after the
‘ exoeriment because permeabtlities of bitumen:free énd‘bitumen—saturated
cores cannot be compared. However, a number of observations were made
in core #4 that are associated with permeab111ty reduct1on in the other

Y

~cores ‘'including: " the deve]opment of »authlgen1c smectite with its
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Figure 27. The mean 1nter]ayer spacing of montmorillonite 1ncr¢9§es
with,the reciprocal of the square root of NaCl concentration
€ for injection fluid A (run #1) and fluid B (runs. #2, #3 and #4)

" are 4.4 and 6.5. respectively. The lower salt concentration,of the

]atter fiuid is responsible’ foy increased montmorillonite swe111ng
(modified after MacEwan and Wilson. 1980). x = NaCl solution%. o =
Na2504 solutions.

109



. . . . : ‘ 110
: honeycgmb fabric (P]ateilob); and'migratioﬁ of fines (P]ate 10d). The
~ same injection fluid was used in runs #2, #3 and #4 (Table 3), thus the
potentwa] for increased osmotlc swe]11ng exists (Figure 27).

Boon (1977) maintained that- the‘ prec1p1tat1on of" quartz as fluids
~(saturated with 5111ca) move away from the po1nt of injection to lower
temperature areas of the . reservoir. may result in permeéb111ty reduc-
tion. 'This‘mechénism was not ‘obServédlduring‘the core floods because

__isothermal condjtfons prévaj]ed. However, its pbtgntia] for permehéi]-
ity reduction is consi&ered minimai. ‘The~moSf‘siliea-w$s tran;ported'
out of core #3, but the total (5.3l g1j was only 0.7% pf‘the total core
welght (794 g). - | | |

There is a po;sibility that pért;of theipermeabi]ity 9ecrease was -a
resu]t'gf expérimenta1 phqcedurei’ The initial pe;meabi1ifies of cores
#1, #2 and #3 were 3.9, ‘lyaﬂénd B.O:Darcy, reépective]y.. Permeability
reduction was highest‘ﬁﬁ{tﬁg core with the lowestAinitia1’permeabilityf
/However,;the yariatipn in initial pefﬁeabi]%ﬁies is not COnsjdered a
ma jor factar bécausé the initial permeability of core #3 was 1.5 times

. , - /V' ‘
the initial permeability of core #1 yet the final permeability of core.

#3 was lower.

G. Compéri#on fo Diagenetic Environments iwr

Steam f]ood1ng acce]erates and alters the diagenesis of a reservoir
(Hitchon, 1977) and can. be. related to the d1agenes1s of vo]canog§n1c
sandstones and to the shallow diagenesis of.gb]can1cs by h1gh1y alka-
Tine anijvsaliné groundwaters. ‘ |

0 245 g/kgsSi saturation = 0.525 g/kg SlO saturation \ ‘
(0.525 g/])(lO 1 1 injection volume). = 5. %3 g $i0, removed from core
#3.



Galloway (1979) observed four stages of progpessive diagenesis of

arc-derived sandstones. The first two stages occ{rred during the expe-

riments of this study: (1) the formation of pore-Yilling calcite; and

111

(2) the development of c1ay,(hontmori11onite or chlorite) rims. Stages

(3) and (4) (further cementation of and replacement of framework

- grains) did.not occur because of the ﬁport ;?A'ationof the experiments

relative to buria] diagenesis.  Stage (1) May be transient during the
core floods because calcite pro&uced may be consumed with excess kéo]i—
nite°and quartz to produce a Ca—fich smectite as in reaction t3)f

L The diagenesis of volcanoclastic sédimenta“y ‘rocks is compared to
the core floods because the Clearwater. Formation contains up to.23%
volcanic rock fragments (Table 5). Phillipsite, and ther zeo]iteg and

fe]dspars,'form'rather than clay minerals because of high alkali ion to

W ratios (Sheppard and Gude, 1968) ahd Tow magnesium activity (Hay,

1966). Phii]ipsite formed in the 1njecti5n half of core #2 and not in-

the production.haif because solution pH decreased as the f]uias passed

through the core, thereby decreasing thgq]ka’]i—ion:H+ ratio. The lack

of phillipsite in the production hE]f.Qf ‘the core waS not caused by an

increase in magnesium activity: since magnesium ‘concentration was

e '

meached.at low values (<0.2 mg/kg) throughout the run.

L)



VI SUMMARY AND CONCLUSIONS

Four flow experiments using steam condensate were completed at
elevated temperature (265°C) and; pressures (6.2-8.3 MPa) in an auto-

,'clave 1aboratory on material from thg”Cfeafwater Formation of the Cold
3 ) ' -

‘Lake oil sands.  Four parameters were wvaried in;ordeé to detefmingu
fheirkeffect on mineralogical reactions: bH of injectibn‘f1ﬁids (6.5
or'{l);_ $aTinity of injection ' fluids (1400 QEA’SOOQ. mg/inNaC]);;
1njectipn rate (1;2 or 4.8- poré- vo]umes per day); and bitumen present

or absent in the prepared cores.
r ) . s ) ]

- Al four experiments resulted“in the following chahées to the

cores.: -
. g c |
(1) a decrease-in grain size;

- (2) a decrease in dolomite abundance;

(3) a decrease in kéolinjte'qbqndénte in the f1ne}_fractions3
(4) evolution of CO, from thé FOFES;l‘ |

(5) precipffation of smectite ﬁims.oh framewo}k grains.

v(6) precjpitatjon of calcite in the,ppres.spacgs; and

'(7) a reduction in permeability - 7

FurtheFmoré,."the é%f]uent from each core “Wis ;Qpersatuféted with
silica. | | o

Based on the above. observations and £he }oQ 6180>va1ue$ of calcite,
two mass balance equatioﬁsvare proposed'%or‘the mineral réactidns.that

. .

occurred during the core floods:

+

2J5MgCa(C03)2.+ 32H,510, + 28A1,51,0,(0H), + Na' = .
dolbmite © quartz kao11nitg
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20N2, 5,02, /2, M54gA 15551 /5014(0H), + 1.5CaC0;
%ﬁeide]]ite calcite
3.5C0, + 95.5H,0 + H' \ £

and/or

<

: h
. l ‘ . . ‘ v . . +
- 4MgCa(CO,), + 28H,Si0, + 10A1,5i,0,(OH); + Na -

Al

dolomite quartz kéolinite A

51,0,,(0H), + 2.5CaC0, +

12Na, , ,Ca, g (Als Mg, ,5)51,0,,

montmorillonite ' calcite”
| 5.5C0, + 63.5H,0 +H'.
High‘initial _CO2 and Si concentrations  in effluent suggest that the
dissolution kinetics aréirapid;

-l

The pH of the injection fluid had the gréatest effect on the smec-

tite-producing reacfipns; High pH injection fluids resulted in g;eater
disso}ution.of‘quaktz_and pretipitétioﬁj of .smgciite and calcite, The
preseﬁce'of bitumen decréaséd_the .exteht to whieh the reactions océué-
red by armouring‘thg éraihs, Higher- flow rates resulted in greater
- volumes of fluids:passiﬁgfthrédgh a core Qﬁich,caysed greater mineral
dissd]ytfon,ﬁnd"prétjpitationre1ative;t6 tﬁe é]oweraflow rates.

. Reactfons §uch_as tﬁé - two ‘Ijstedv above 7 are most respohsible~for
permeability damage by prohoting Smectite, growth.- Smectiie increases
the amount of material in ‘the pofe_ space and create§ a micrqporbsityQ
network with its authigenic fabrié “that -restricts fIOW'and7fesu1ts in

~higher residual bitumen saturations.

, [ . . \
[ 2 .



A decrease in injection fluid salinity causes smectité~SWéJIing.

-

_‘This behavior decreases _porosity. (and permeability) becéuse‘smectite
occupies more pore space Qg]umé wifh i;éreased hydration.

Migration;of-fjnes qdntfibutes‘fo permeability reduction when the
fines accumulaie_at‘and pfoékvpdfe throats.

The most bermeabiTity damage occurred to the core subjecfed_to the
high pH. low>sah'n1.ty. injection fluid at low flow rates, fo-1’1ow§é by
the core‘subjected to the high phj‘1ow sa]fnity‘injectiontflbid at high
flow rates. The 1eas£‘ damage oq;uffed in' the core‘subjected to the
neutral pH, high salinity injection fluid at -  low flow rates.. The
permeability Qf the bituménfsaturated core was not measured.’ Visual
observations made‘o% thatvcoré.suggestEPatbermeabi]ity decreased to a
lesser‘extent than in the ’pthér éo}es. The;e.ﬁérmeab11ity results
imply that higher f]ow, rates 'Ee4uce_\the effect of permegbiliEy
“reduction caused by high pH injection fluids. a ’

* The d{ssolution and reprecipitation of quariz is not cons.idered to
_be a majof cause of formation damage’in the.C1earwater Formation; The
most . silica transported out of a core during the course of an
experimeﬁt, aﬁdAthéréqué;avai1gble for reprécipitatjon, was.QnTy 0.7%

of the core weight. P .
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VIII. APPENDIX 1: DETAILS OF ANALYTICAL METHODS
A. Hydrometer Aﬁalysis

Hydrometer analysis was used to determine the peaﬁkntage of fine-
grained material in each sample. Between 30 and 50 Qrams of material
from each sample was soaked in 125 ml of a 4% sodium hexametaphosphate
solution for approximately 8 hours to disperse the particles. After the
soaking period, the material was ultrasonically disaggregated to ensure

thorough dispersion of the clay-sized particles. The solution was
placed in a 11 graduated cylinder and diluted with distilled water to
1000 m1 (sample cylinder). -~ A 11 graduated cylinder was filled only

with 125 mi-of 4% sodium hexametaphosphate and~” 750 m) of distilled
water (control cylinder). '

To begin the analysis, the sample cy11nder was ag1tated and the
contents were allowed to settle. Measurements were taken with a hydro-
meter at 0.25, 0.5, 1.0, 2.0, 5.0, 10.0, 15.0, 30.0, 60.0, 120.0,
240.0, 480.0, 1440.0 minutes elapsed time of both the sample and con-
trol cylinders. Temperatures of the solutions in both cylinders were
also recorded. The following <calculations were performed from these
data: ’

(1) The hydrometer readings of the sample cylinder were corrected for
vidriations in temperature and for the density of the sodium
hexametaphosphate solution (temperature corrected sample reading *
minus-control reading);

(2) Calibrated tables were used to convert the corrected sample
hydrometer readings to values of effective depth; o

(3) The maximum particle diameter still in suspension at a S$pecified
time was calculated by multiplying the specific gravity of that
particle (assume 2.65) by the square root effective depth divided
by the specified time; ' .

(4) To calculate the percentage of material still in suspension at a
specified time, the corrected hydrometer reading was divided by the
weight of the sample (determined before addition of sodium hexame-
taphosphate solution). ) :

&

The percentage of material still in suspension represents the per-
centage of sample that is less than the calculated particle size diame-
ter. -Plots were aonstructed consisting of smooth curves drawn through
points of particle size diameter Versus percentage of material still in
suspension. : ‘

In the case of samples 1.1, 1.4, 2.1 and 2.4 a variation of this
method was used because of a sample availability. The fraction from
the catch pan (from wet sieve analysis) was dispersed and analyzed with
a hydrometer by the procedure outlined above. To calculate the percen-
- tages of material finer than the calculated part1c1e size diameter, the
percentages from the hydrometer calculations were multiplied by the
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weight percent of the <38 um fraction (catch pan fraction) determf}ed
in the wet sieve analysis.

B.- Wet Sleve Analy515

Approx1mate1y 100 grams o* sample was weighed to 0.01 g, placed in

a mixtuge of 400 ml H,0 plus 10 ml isopropanol, and boiled. The fgl-

lowing sieves (in U.S. standard size #) were weighed and stacked in
descending order with the largest sieve on top: 18; 25; 35; 45; 60;
80; 120; 170; 230; 325; and 400.' p

The analysis was initiated by transferring the sample to the top
(largest) sieve. The sample was washed through the sieve using a fine
spray of water and a rubber policeman uritil the water leaving the base
of the sieve was clear. The bottom of the sieve was rinsed and the
sieve (with the sample material retained by it) was dried in an oven.
This procedure was repeated for each sieve down through the stack. The
contents of the catch pan were dried with infra-red light.

. L

A1l the sieves and the catch pan were weighed once again. The
amount of material retained by each s1eve wa's calculated by subtracting
the pre-sieving weight from the post-sieving weight. The net weights
were summed and the net weight of each sieve or pan was divided by the
. sum net weight to yield the fractional percentage,of material retained
by each sieve. To obtain the cumulative percentage retaines.by each
sieve, the fractional percentage of that sieve and all larger sieves
were added together.- The value obtained corresponds to percentage of

sample that is coarser than the size of that sieve. To obtain a dis- .

tribution of percentage less tham (the grain size represented by the
sieve), the cumulative percentage ret; 1ned by each sieve was subtracted
from 100%. ’

The last step in the 4ca]culatio was not in keeping with standard
wet sieve calculations but enabled. easier graphical comparison of the
wet sieve data with hydrometer data.

#

- C. Petrographic Study

Because none of the samples (pre- or post-flood) were well-indura-
‘ted, epoxy grain mounts were made. Thin sections were cut from these
mounts. The color of the mounting medium is blue; blue in the thin
section photographs does not represent porosity nor stain. The fact
that some samples appear more porous thap others is a remnant of the
mounting process. All photographs were taken with a Wild MPS 51S Spot
Camera mounted on a Leitz OrthoTux II POL-BK Microscope.

.
o b

D. _Gravimetric €0, Analysis a | S

»

Gravimetric COgp analysis was wused to determine the CO, content
(weight~%) of a sample and, if the type of carbonate preseﬁt”wggxkgggn,
then the weight percent of the carbonate <could be calculated. The
., procedure is based on evolving CO, from the sample with concentrated
HC1 and then trapping the C0, for weight measurement.

[



Five (5) to 10 g ‘of sand were drijed at 110 °C for one ‘hour and then
dessicated. The sand was weighed to the nearest 0.0001 g and placed in

a 100 m) three-necked round bottom flask. Orle neck of the flask was
connected in series with a conden~sr, four successive U-tubes and.a
rotameter. The first U-tube in series was filled with drierite (anhy-
drite), the second and third were ‘filled 3/4 with ascarite (NaOH-
covered asbestos) and 174 with drierite, and the last U-tube was filled
with drierite. A U-tube filled with drierite and ascarite was placed
-on-line before the round bottom flask. N, gas, attached: tp this first
{-tube, was used to purge , the entire syStem and to carry the evolved
gasses through the series of four U-tubes. The two U-tTbe

- ascarite on-line after the flask were weighed before the Wpalysis
—~began. ‘ ' ' ) ’

To start the analysis, 6N HC1 was added to the sand in tpe round
« bottom flask. This resulted a reaction between the acid and the carbo-
~nate in the samp]e : : , o

MCO, + HCT = MC12 + H,0 +C0,,

‘where M represents the cation in the carbonate The water evolved was
trapped by‘the drierite and the CO2 evolved was trapped by the ‘ascar-
ite. . HC1 was added to the sand until gas was ng longer evolved (bub-
bling ceased). At this point, the solution with ‘the sand in the flask
was boiled for 15 minutes.  The two ascarjite tubes were taken off-line
and. weighed to determine the weight increase that occurred 'due to the
following reaction: '

2NaQH: .+ CO, = Na,CO, H20. 4

The we1ght % CO2 in the sand was ca]cu]ated by d1v1d1ng the wetght

increase of the two ascarite-filled U-tubes by the original sand sample

weight. This quot1ent was multiplied by 100 to obtain a percentage
figurEI' : . :

~The. we1ght percent of calcite or dolomite (if it was determined
that either one was present) could be calculated from the weight per-
cent of CO, given that the molecular weights of €O, calcite and dolo-
~mite are 43 01 g/mol, 100 09 g/mol, and 184.4} g/mo? respectively.

(1) calcite  wt% CaCO, = 100.09(wt? CO.)/44.01.
(2) dolomite  wtk MgCalCO,), = 184.41( wgk C0,)/2(44.01)

3 S
E. Backpack X-ray Diffraction Analysis

Backpack diffractograms were obtained - to determine the mineralogy -
of each sample. Two grams of sample were crushed with a mortar and
pestal to pass a #325 sieve.  Non-eriented XRD.samples were then pre-
pared from the powders 50 as to measure the hkl reflections. XRD pat-
terns were obtained w1th a Philips diffractometer using Co KQ radiation
generated at 50 kV and 20 mA with one degree divergent slits and a time
constant of 2. The scan and ‘chart speeds were . 20/min and 600 mm/h,

respectively. Humidity of the chamber was not controlled.

|
A
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F. Clay Mineral Analysis

. The composition and relative abundances of the clay minerals were
determined using the following procedure. Approximately 25 g of sand
was soaked in a 125 ml solution of 4% sodium hexametaphosphate over- -
night. Ultrasonic disaggregatid% was  then wused to ensure that the
clay-size particles were thoroughly dispersed. This solution was
placed in a 11 graduated cylinder or settling column and diluted to
1000 m1 with disﬂj]]ed water:. ‘ ‘

Three size fractions were collected from each sample by gravita-
tional settling (<2um, 2-5 um and 5-20 um) using Stoke's Law to ca
late the settling rate of each size fraction in distilled water. The
settling procedure was repeated three times for each size fraction to
-ensure that all the desired portion was collected. The various size
fractions were then treated with 1% sodium hypochlorite- and heated to
65°C for 48 hours.to destroy-organic material. ‘ :

Two separate aliguots of the Q um fraction were rinsed with dis-
tilled water to, remove the 'sodi hexametaphosphate and the sodium
hypochlorite. 6ne portion was saturated with potasium (2M KC1 solution
for three hours) and the other was saturated with calcium (2M CaCl
"solutione for three hours). These samples were then thoroughly washeé

" of excess potassium or calcium with distilled water and then freeze-
dried. The resulting material was deposited onto a ceramic disc by
suction. This“procedure resulted in the preferred basal orientation of
the clays. The 2-5 um and 5-20 um fractions were rinsed, freeze-dried '
and deposited onto ceramic discs in the Na-saturated form (from the
'sodium hexametdphosphate and the sodium hypochlorjte). XRD patterns
were collected under ~ the same conditions outlined in the preceding
section. : ' Ry

o,

Y oae

e

Less Than 2 um Fraction o _ ' : y o
Since the <2 um fraction contained mostly clay minerals, the sam-

ples underwent a series of XRD treatments following . the method of

Ignasiak et al. (1983) to distinguish the clay minerals present. Each

clay mineral shows characteristic basal reflections for each treatment.

semi-quantitative estimates of clay mineral abundances were pre-
pared using peak heights and appropriate form factors .for clay mineral:!
crystallinities (Don Scafe, gersona] communication). The calculation
"procedure is outlined below. ,

'-(1) A smooth baseline wag drawn beneath "the -first order peaks on the
glycolated and K-5560 C patterns. ‘

(2) Measurements for the kaolinite, illite and montmorillonite peaks
were taken frpm the glycolated pattern.  The peak height was
measured by subtracting the " intensity “of the baseline (or back-
ground) from the intensity the peak. - o

(3)' The measurement for¥the chlorite peak was-taken from the K-550°C
- pattern in the same manner that the other peaks were measured
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(note: the machine settings should ~be the . same when both types
of diffractograms were generated)-. . g A
+ (4) Form factors were calculated as follows: - . RE _ : o

(a) IMlite (10 A clayy was sused as an “internad «standard and

.assigned a form factor of 1. 000 ~

v
Y

(b) Smectite form factor = he1qht of smtct1te peak
e . R § he1ght of illite peak

(c) Chlorite form factor = height of chlérite peak .
3 x height of 1]11te peak

(d) Kao11n1te form factor = hd1qht of ka011n1te peak .
2. 5 X hewght of 11l1te peak
(5) The form factors were summed and the 1nd1v1dua1 form factors were

‘divided by the sum to yield pre]1m1nary relative abundances

¥

w

(6} To account for over lap of the ch%or1te 002 peak on the kao11n1te .
001 peak, the bre11m1nary chlorijte abundance was subtracted from th .-
e pre]1m1nary kaolinijte: abundance. . A1 - of the subsequent ‘
abundances were.summed again and the individual abundances were . d1v .
ided by the new sum. to. y1e1d the re]at1ve abundances of .the c]ay m1‘
nerals present o

Th1s methed is genera]ly reproduc1b]e to w1th1n +10%

Two(Z) 5 and 5-20 pm’ Fract1ons '
~ The 2-5 and 5- -20 um- fractions. were not saturated w1th ca1c1um or
potassium (but with.Na); -the semi- quant1tat1ve method for ca]cu]at1ng-
"relative abundances’ of clay minerals .in. the <2 um fraction was not
used. Instead, the clay mineralogy of these portwons was' characterized:
by smect1te q1lite’ -and kaolinite:illite ratios. ' These rat1os were

“":‘ ca]cu]ated us1ng peak-'intensities from two d1ffractograms

( ) Na-disc maintajned at°54% hum1d1ty (2 -60° 20 range)
(2) Naud1ss heated to 550 C. for one hour and ma1nta1ned at 0% hum1d1ty
(2 -35"-.26 range), S ‘
The 1ntens1ty of the smect ite peak was ca]cu]ated by subtracting
‘ theo1ntens1ty of the 14.4 A peak on the d1ffractogram collected at
"~ 550 °C.from the intensity of .the 15.0 A peak on the d1ffractogram col-
lected -at room temperature R ) a
The intensities of the kao]1n1te and illite peaks equal the 1nten-
sities offthe 7.2 A and 10.2 & peaks, respect1ve1y, on the room temper—
@ture d1ffractogram .

The smectite: 1111te and kaolinite: 1111te ratios were calculated b&
dividing the appropr1ate peak intensities. These 1ntens1t1es were not
: corrected u51ng form factors in the manner used for“the <2 um fraction.



G. Scann1ng E]ectron M1croscopy (SEM)

Scanning e]ectron micrographs were taken "of all the samples (1.e.fb

pre-flood sand without bitumen, pre-flood sand saturated with bitumen,
post—f1ood non-bitumenous‘sandu and post-flood bitumenous sand)

Mounts of bitumen-free sand were made by glu1ng the sand to stubs

with a silver- based paint. Sand samples that had significant -amounts of -

bitumen present were placed in vacuum at 30 C for two days to remove

the light petroleum ends. These samples were then mounted on stubs in
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the same manner as the bitumen-free samples were. All the mounts were -

sputter-coated twice with gold before beini analyzed. The micrographs
~were taken with a Cambridge F250 scanning e€lectron microscope. Energy
dispersive analysis was completed with a Kevex micro-X 7000.

H. Stable Isotope Analysis of Carbonates

The oxygen- and carbon-isotope composition of the carbonates were
determined by reacting crushed ~rock. samples with phosphoric acid
(method after Walters et al., 1972). . The isotope data are given in &
notation with respect to Bellemnitella americana from the Pee Dee Form-

.atloﬁ (PDB) for carbon “(Craig, "1957) and Standard Mean Ocean Water

(SMOW) for oxygen (Craig, 1961). A more detailed treatment of the us @,
of stable '‘isotopes in d1agenet1c - interpretation is given by Longstaffe™

(1983)
I. lPreparatioancggggyre For Fluid Analyses
- Two d1ffefent methods were used tO'.prepare;the production fluid

| 'samp1es for Total Inorganic Carbon (TIC) and Inductively Coupled Argon
P]asma (ICP). The type of method used depended on whether the fluid

samp]e was collected durlng a bitumen-free or b1tumen saturated experi-

ment . ‘ -
. The" .fo]]c! procedure was used for fluid samples collected during,

'h“3b1tumen free experiments. The volume of the production fluid sample
was measured. Recorded volumes of a. 0.1N NaOH and phenolphtha]e1n red

soTut1on were added to. the samples.. This converted all the cof to
bicarbonate by the reaction: :

+

L | €0, + NaOH = HCO,™ + Na'.

* The endpoint of the reaction was reached when the solution turned from 

red to clear. An aliquot (5 ml) was then taken for TIC analysis. The
remaining portion of the solution was. acidified with concentrated
- nitric acid and an aliquot was taken for ICP analysis. The volumes of
NaOH_-and HNO, added to the  Pproduction fluid samples were recorded in
order to detérmine the dilution factors when calculating actual concen-
tration. : :

This method of sample preparation was -altered somewhat to accommo-
date the bitumen. The CO, was extracted from the production fluid

accumulators under vacuum and then trapped in a bubble chamber with the

e
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NaOH solution. An a)équot of the solution in the bubble chamber was
taken for TIC analysis./.It- was  later determined that this method was
faulty.® The fluid remaining in the sample accumulator was acidified
with the concentrated HNO, and sent for ICP analysis. JThe main diffef-
"ence, then, between the two methods of sample preparation is aliquots
for ICP analysis of bitumen-free fluid samples were brought to ba
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(with NaOH) and subsequently acidified whereas the samples.taken fo&{

ICP analysis from the bltumen exper1ment were not taken to basic with

. NaOH . é?\\\_‘~\\~<? .
o \
- J. Total Inorganic CaFbon Analysis - ' ; A

%

The concentration of inorganic carbon in the production fluid sam-

ples was determined using - a Dohrmann DC-80 Autgmated Laboratory Total
Organic Carbon Analyzer complete with a Horiba Model PIR-2000 General
Purpose Infrared Gas Analyzer. All the inorganic carbon was converted
to carbon d1ox1d§ by reaction- with nitric acid (HNO, ) present in a
persulfate ( ) solution. The. amount of carbon d1ox1de generated
could be quan% gat1ve1y determined using an infrared detector (Horiba
_Infrared Gas Analyzer). o ‘ '

¢

)K. Inductively Coub]ed Argon Plasma Ana]ysis'

The cation concentrations of the fluid .samples were determined with

a Bausch and Lomb Model 34000 Inductively Coupled Plasma Spectrometer.
The optical path was 1 m, the grating was 1080 lines/mm and the primary

s1it was 20 um. Operating conditions were (Ed Zacharuk personal commu-

nication):

.incident power - 1200 watts
collant gas flow - 10.5 1/min
nebulizer gas flow -.1 1/min

\\ plasma gas flow - 0.75 1/min
sample uptake - 1.8 ml/1
sampling time - three 10 s integrations
observation height - 14 mm &bove load coil
observation temperature - 6000 K to 8000 K.

The reader ingéferfed to Thompson and Naish (iSB?).for a detailed

discussion of ICP analysis.
L. Permeability Measurements

Permeability measurements were conducted at room temperature with
‘the differential pressure transmitter loop part of the apparatus.
These measurements were ‘based on the expression. of Darcy's Law for
- fluid flow through a porous medium: . : k4

K = nolL
A-dp

[

pérmeabi]ity“(darcyé) ,
fluid viscosity (centipoise)
~flow rate (em/s) '

where: K

n
Q

At
\v

LU ()



L = length of the core (cm)
. A = area of the core base (cm’)
dp = pressure drop across the core (atm).

Because of tne weak concentrations of NaCl and NaOH in the injection
f1u1d§ ‘the value for wviscosity (m) was taken ‘as the viscosity of
distilled water. The value of the "flow rate was the rate-at which the

fluid was injected into the core. This value was changed, during the

.

‘M. - Problems Encountered quina Eyperiments

course of the permeability determination in order to check the repro-
ducibility of the tests (permeability of the cores should have changed
with flow rate). Both L and A were measured directly from each core
after the cores were removed from the apparatus.® The one var1ab1e that
was measured during the permeabiltty tests was the pressure drop across

" the core (dp). The procedure of dp measurement is outlined in Chapter

3.

The permeab111ty of core #4  was not measured because bitumen was
present in the core: The wvalue calculated would have been a relative
permeability. Also, the procedure would have displaced some of the
bitumen from the core, ' : '

£

k During each experiment, pressure conditions became such that the

. eiper1ment had to be shut down (ruska pump and oven turded off). The

fault was_found and repaired.. The experiments were restarted in-the
same manner that they were initially started. :

4;3’7

The cause of the shut down was the same for runs #1 and #2. The

injection line burst due to corrosion fromy the  injection fluids.
Corrosion was a result of fluid vaporization which caused increased
salt concentration in the injection 1line at the point of vaporization.
This burst1ng occurred at 1004.6 ml cumulative fluid injected in the

first experiment and at 1803 1 mT cumulative fluid injected during the -

second exper1ment

The third experiment was ghut down twice because a leak developed ..

in the lead core sleeve. The stainlgss steel-sleeve tore the first
time at 5485.1 ml cumulative fluid injected. . The core was repaired by
molding a teflon sleeve around the torn lead sleeve. The second shut:
down occurred-at 7274.1 ml fluid injected because the feflon sTeeve
broke. The teflon sleeve was replaced w1th another teflon sleeve which
held for the duration of the experiment. However, the permeability pf
the core was  determined - after the second shut down (at 7274,1 m

injected) because uncertainty existed as to whether “major core '

rupture-might occur, thereby eliminating the «possibility of a final
permeability determ1nation. T '

Two different types of problems were encountered dur1ng the fourth

. experiment, the second resulting in a shut down. Tht first problem

occurred at 122.8 m} cumulative fluid injected when produet1on pressure
was lost in one of theé effluent accumulators. This caused - a rapid
escape of the product1on fluids (1nc1uding'bitumen) from the core. The
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accumulator was immediately taken off-line and the pressure was manual-
ly restored. The second shut down occurred at 1648.9 ml cumulative
fluid injected when the injection line burst in.the same manner that it
burst during the first and second experiments. Once again, the line
was replaced and the experiment was restarted and run to its duration.

QN
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Table 2-1. Grain size analysis of the
hydrometer settling. PF =

e

fre-flood sand and core #1 using
pre-flood sand.

wWwornwWO

size
fraction » wt ¢ less than

nm PF 1.1 1.2 1.3 1.4

106 - 20 25 30

76 10 19 22

54 7 16 17

38 6 14

24 ' 12 14

17 . 5 ' _

14 , 12

10 4

7 ' 5.6 9 _ 6.
5 . 3 5.4 8 6.
3 3.5 5 ‘5.
2 2 ‘ 4.
1 4 4.

Table 2-2. Grain size analysis of core

AN

size
fraction wt % less than

um 2.1 2.2 2.3 2.4

103 29 24

74 17 15

52 16 13

37 15 12

23 14

17 12

10 ;10 :
7 3.5 4 11 ¢ 5.0
5 2.6 | 7 9 4.9
3 2.5 6 8 3.4
2 2.3 ' 2.9
L 1.9 7 2.6

#2 using hydrométer settlindig 

i
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Table 2-3. Grain size analysis of core #3 using hydrometer §étt11ng}

9]

size
fraction wt ¢ less than

Mm 3.1 3.2 3.3~ 3.4

100 . 29 26 30 -~ 34

71 18 18 21 -~ 25

51 16 15 ° 16 . 20

36 14 15 - 18 -

23 14 . 17

17 14 . | 16 - N\
13 13 ‘
7 13 12 13 14

b ! : ‘ 13 )
3 12 s

" 1 . -

11 12

Table 2-4. Grain size analysis of core #4 using hydrometer settling.

size -
fraction “wt ¢ less than %’\
Mm , 4.1 4.2 4.3 4.4
103 ] . 28 . 28 28 28
T4 15 15 15 16
53 9 8 11 11
38. 8 7 8 8 :
24 7 6 . ‘
17 7 7 -
14 . 6 b 6
7 5
5 4 5
3 4 4
2 3 3 3 ’
1 PR
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iable 2-5. Grain size analysis by wet gieving. PF = pre-flood sand. )

size
fraction : © wt I less than

um PF 1.1 1.4 2.1 2.4 3.1 3.4 4.1 4.4

1000 99.4 99.8 99.3 99.2 99.1 99.5 99.4 99.5 99.9
710 "98.6 99.4 98.4 98.4 97.7 98.3 98.2 98.5 99.7
500 98.4 99.0 97.7 97.7 9.3 97.4 97.2 97.4 99.4
350 97.0 98.5 96.7 96.8 95.2 96.2 95.8 96.3 99.1
250 83.8° 92.2 88.4 89.1 87.5 87.7 87.2 91.7 95.2
177 45.0 62.6 b56.5 59.0 - 56.9- 57.7 57.0 67.9 72.0
125 . 245 31.8 27.1 29.7 2.5 2%.6 26.9 38.6 40.5
88 10.0 1926 17.2 16.6 15.5 17.6 . 14.2 19.4 21.6
62.5 5.6 12.0 12.0 9.5 9.5 10.5 7.9 9.0 9.8
44 4.6 9.7 10.1 . 7.8 7.8 8.5 6.4 7.0 7.2
38 . 4.1 8.9 9.4 7.3 7.3 7.7 5.8 6.0 6.3

Pa

Mlable 2-6. -Carbonate oxygen and carbon isotope Mvalues for selected
.samples. Values given in permill (parts per thousand).
PF = pre-flood sand. "

Dolomite. - Calcite
18 13 18 13

Sample & Oguoy 8 Cppp & Oguow &  Cppg

PF 24 .4 0.0

1.1 18.8 -0.3 -9.4 -1 9
1.4 -10.8 -3.1
2.1 16.1 -0.6

2.4 13.5 -0.6 . -10.6 -1.9
3.2 19.0 0.4

3.4 14.6 -0.56

4.1 1.7 -1.4

4.3 16.4 - -0.3 B

4.4 17.0 -0.2
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Table 2-7. C‘O2 aﬁ& :;atio-n concentrations in run #1 production fluids.
: Concentration values in mg/kg. nd = below getection limit.
Sample Interval B
ml _of injection . ‘
fluid - €02 Ca Si K S Li Fe B

0.0- 69.6. _ 272 )

69.6- 116.0 2231 12 48 266 143 3.1 137 55
116.0- 143.3 4018 . ,

143.3- 186:1 5126 15 120 163 94 3.8 106 54
186.1+ 212.0 8624 : y ‘
212.0- 260.9 3919 24 189 © 179 55 5.2 57 45
260.9-  288.3 .

288.3- 322.2 . 7370 S

322.2- 540.7 1792 33 188 113 23 3.5 220 23
540.7- 584.5 1313 71171 118 24 3.3 1 13
584.5- 616.3 1909 40 202 116 17 3.6 86 13
616.3- 663.9 1173 | .

663.9- 924.8 846 54 179 114 11 3.4 5 9
924.8- 948.8 711

948.8= 1004.6 .
1004.6- 1047.0 63 12 5. nd .1 1
1047.0- 1164.4 569 46 - 112 60 4 nd 69 2
1164.4- 1497.2 1105 40 208 138 - 6 @ 20 2
1497.2- 1539.2 - 1072 47 217 152 29 1 6 1/
1539.2- 1766.0 1307 - 62 184 174 3 1 13 1
1766.0- 2612.2 : : o g ~
2612.2- 2647.1 1246 33 239 189 3 1 1 1 :
2647.1- 3211.5 -

.



.Table 2-8. (O, and cation concentrations in run #2 production fluids.

\

Concentration values 1n mg/kg. nd = below detection limit.

Sample Interval
- ml of injection

fluid co,. Ca = Si K S Li Fe B
0.0- 45.6 _
45.6- 69.0 536 5.6° 20 58 50 0.3 1
69.0- 100.2 2393 ‘
100.2- 122.9 4962} 10.0 118 124 125 1.2 4 41
122.9- 143.9 ‘
143.9- 164.9 7500 12.0 191 99 89 1.0 3 45
164.9-" 186.7 7040 . ,
186.7- 204.8 8660 8.8 229 70 39 0.7 1 35
204.8- 225.3 . ‘
225.3- 245.8 10500 7.4 225 59 3?2 nd 1 24
245.8- . 255.3 7715 -
255.3- 286.8 : , A
286.8- 307.3 5677 5.7 226 45 21 0.5 nd 10
307.3- 512.9 3182 4.7 242 40 17 0.6 1 5
512.9- 588.6/ 1830 , . ‘
588.6- 677.4 1734 3.7 246 31 12 0.5 <1 1
677.4- 757.5 1348 7.3 193 32 9 0.6 28 1
757.5- 821.4 1786 5.6 235 35 11 0.6 1 1
Y 821.4- 885.8 1804 5.9 227 34 7 0.6 1 1
885.8- 923.6 1496 6.4 .23% 36 8. 0.6 1 -1
~923.6- 1375.8 1190 7.8 236 45 7. 1.0 4 1
'1375.8- 1498.6 '
1498.6- 1535.5 455 11.7 . 246 60 9 1.2 2 1
1535.5- 1635.1 . i
- 1635.1- 1803.1 190 12.2. 257 73 13- 1.3 3 .1
1803.1- 1921.1 , : :
1921.1- 4962.4 276 - 25.3 236 - 85 12 1.7 1 1
1962.4- 2290.5 - ‘
2290.5- 2328.5 337 18.4 225 85 6 2.4 1 1
2328.5- 3260.8 . E ' -

15
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Table 2-9. (0, and cation concentrations in run #3-production fluids.
Concentration values in mg/kg. nd = below detection limit.

| Sample Interval
m] of injection

fluid co,  Ca Si K 'S Li Fe B
0.0-° 39.1 : :
39.1- 59.6 723 8.0 35 32 - 28 nd 4 5
59.6-  78.1 734 , A o
©78.1- 104.0 1210 5.2 21 43 66 0.5 2 .15

104.0- 121.1 . >~ , , o

121.1- 141.6 3260 12.5 77 5% 127 1.0 4 31 8%

141.6- 162.1 4465 ey

162.1- 178.9 6400 12.5 165 66 104 1.0 30 41 e

178.9- 207.1 7760 | R

207.1- 229.3 _ [Tt

229.3- 249.6 12860 7.0 183 59 32°  nd 1 9.+

249.6- 271.2 15196 ’

271.2- 286.0

286.0- 296.0 10433 9.1 217 51 26 nd 2 24

296,0- 316.0 5173

316.0- 500.4 2487 5.8 236 41 23 0.6 17

500.4- 529.0 2933

529.0- 555.1 2383 6.1 237 38 19 0.6 2 2

555.1- 630.5 221¢ 2

630.5- 674.4 1886 4.8 235 35 15 0.6 1 1

674.4- 980.0 1354 ‘ ’

980.8- 1020.4 o
1020.4- 1107.6 924 5.1 245 35 11 0.6 1, 1 5
1107.6- 1529.8 771 5.4 246 . 36 8 0.7 1 1
1529.8- 4390.9 ‘ . e .
4390.9- 4456.1 82 14.2 248 65 15 1 a1
4456.1- 9887.7 ‘ :
9887.7- 9970.4 277 6.0 247 63 3 0.3 a o«

4 | 3

9970:4-10148.



Table 2-10. Cation concentrations in run #4 production fluids. Concen-

Sample Interval
m! -of 'injection

0

~tration values in mg/kg. nd = below detection )imit.

Al

v

fluid Ca Si K S Li Fe B Mg Al
0.0- 12.5 5.0 34 + 520 155 1.0 1. 330 1.7 nd
. 12.5- 439 7.0 39 . 475 265 1.8 12,126 1.7 3.3
43.9-  67.7 S S . ‘
67.7- 122.8 10.4 - 158 108" 100 1.0 4 133 1.2 0.7
122.8- 138.6 ™ . .
138.6- 157.7 7.2 54 2 33 0.2 6 42 2.2 15.4
157.7- 183.6 e y ' , ’
183.6- 260.9 8.7 140 24 38 0.2 1 42 1.8 0.7
- 260.9- 279.7 . , : h
279.7- 385.5 6.6 205 ? 3 0.4 1 66 1.0 1.
.385.5- 751.5 4.8 230 34 23 0.4 nd 22 0.3 0.
7561.5- 1237.1. 4.6 230 42 12 0.6 nd 2 0.4 0.
1237'.1- 1648.9 ~5.0 230 51 7 0.9 <1 1 0.5 n
1648.9- 1656.5 , _ :
11656.5- 1675.7. 7.9 104 47 8 .6 2 .1 1.4 0O
1675.7- 1783.5 o ‘ S
1783.5- 2274.7 4.2 215 82. 3 1.0 1 1 0.4 nd
2274.7- 2742.6 4.5 215 /68 3 0.9 1 1 0.4., .nd
6- 3287.8 4.0 215 © 74 4 0.9 <11 0.4 nd

2742.
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