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e Inrnonocrxou

In classical soil lechanics concepts for grannlar
naterials, a linear uohr failnre envelope is nsnally

assu-ed. The inclination of the failnre envelope depends on

‘M nany factors. anong these nineral characteristics, particle-
| size and shape and ronghness of grains are inportant;iw

Houever, vhen dealing vith a diagenetically altered nateria1_=

as the uc!urray Sandstone, other factors have to. be taken'

Y

into consideration._

©

‘This ’sandstone 'shois' &n - nnnsnal structnre. The'

grains are interlocked in a ball and socket configuration.'tl

. The : absence of cenent is prononnced._ The interlocked.f'

- strnctnre results in shear characteristics never before.T;

«

= recognized in geotechnical engineering.

Very : hign;'" angles bf ‘dinternal friction;

'approrinately 65“degrees; are observed .at  low effective

vnornal stresses. ‘The process of shear is acconpanied by high_

dilatancy ‘at these stresses., At higher effective norsal

3tr°3808: an91es of internal friction of -approxinately 35T.

. degjees ‘are obtained.' This is dne to the ronghness of the

gra‘

foraation of e ondary gnartz on the sand grains afteriﬁ'f

depositif‘ rhese diagenetic 'processes ' resnlt inilfan '
”_verlocting strncture and inpart a psendo-angularity to thei;ff
sand grains.r | oo : SN T

7p1- o q ﬁﬁ"
.

ns. Reasons for _this inclnde solntion and/or 1»the;f,i



D The purposes of this thesis nre to investigate the
;f_i@'fdingenetic nechenisns vhich bronght ebont this particnlnrﬂwm

K ndstrnctnre in tho sand greins.' l\ nodel to sinnlate this'ﬁl

t

 _structure. nnd npon vhich snbseqnent shear tests may be
‘”-certﬁpd ont, is also to be ezniined. centents of the varidns.'

ﬂchepte:s Qf the thesis are san-arized belov.;

:.d\.i‘;n',' Chepter II ytesoﬁts the geotechnicpl properties ofl'”

’nf:the dcunrray Sandstone. s well as sheet strength detn, thin_"’

: sections ond electron licroscopy of the nntnral lnterial aretsy

'~‘exnnined.'ﬁ o PRGN

T,

'”fﬂfalteration of the sand greins are discussed in Chapter III.»"

| ‘E‘Th processes ' dealing ﬂlvith tne“ diaqenetic ' L

'l%A-l correlati Sn. is lade vith the St.,Peter Sandstone on the ;["

.

'nfihasis ef strnctnre nnd strength deta. _'Qi“

2%&*{?5';.{ff?':‘g' In Chepter* Iv the experinental nodel nsed tor

~-‘""1;"fs.i.nu.l.al'l:ta the strnctnre of the' lcnurray Sandstone _is,‘*

iﬁnpresented and discussed.w.f“fi'cf\ o

N AT '/ .
et o

;and discnsséd‘in Chapter v.‘ Thin sections and electron:7f

"flicrOSCOPY 'f4f7tne{ test sanples a:e also presented.i’7

-:”?743, rhe' resnlts f:on the e!perinental testsmare given.”¢df;

?Wwf~t;;ﬂCorre1ntion 1s nade uith the behavionr of randonly jointed»"f:«
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In this thosia. scicntitic-letric units wore used
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rather than SI units (1kg/cl8- 98~1 kPa}-
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01eartator forlation (80 nétnes thick). consisting'

L“‘ 2

ﬁi.aaninc dark groy fﬁs 111£e:ous ailty shalo and 1aninated~

'}Rgpids rorlation' f g%'_?"ffg[.,“;5J;‘5<f j_g'~ i ;ﬁ ,%';_“7“

L Ucuurray rOtlation (0-100 , -etres thick),  $
Eﬂﬁ;;if¢°n’1’ting ot f:esh to brackish vater 1§nt1cn1ar sandstone"
' f gand lalinatad g:ﬁy siltstone with thin interheds of dark>’
 ?9:¢1'”§£oral1a1£9rous beating shale in the 4uppér part, .
.  3?}di§con£orl§B1t vith the Devonian lilestones, confg:nahle,‘

g vt ‘

(stewart, 1963) -
Bt '"zﬂin the", :




Al e S ‘ .
RN ;

cnnsod uby the o post-Cretnceons N comlnpso of Devonian

| fx.linentone: du0~t° selt renovalwtron»tne nnderlying strata.'“““

it In. fact,} vast reserves of salt nnderlie the acunrray area -

':vtth tonnngen conpnrnble to- the ostinated 0il reserves

‘(Cnrrigy, 1959). zztensive outcrops of a pnre 11nestone (95' o

5¥percent cnlciun carbonate), nre nlso preSent in the aren.:

o T l rongh three fold divisiop. of the ucUnrray

 fePornation can be recognized conprising the Upper, niddle
" nnd Lover ueibers (Cnrrigy, 1959). The Upper uenber
"essentinlly consists of tine-gtnined. oil rich guartr sands,
fhorizontnlly bedded. Ihe uiddle uenber consists of nedinn- ,

u"i_grained oil rich sands,‘_ interbedded vith ' lenticular

"isiltstone.{ shale, coal nnd ironstone beds are nlso present.

as vell as’ vegetable rennins and pyrite nodnles. In the .

,bjLover ’uenber, bnsal clnys nnd ahnles are preaent in the‘:

:~?ﬂcoarse-grained 011 rich sands. Some vood, lignite and ‘coal

 may also ne found. ,/-Jj*

The !cunrray Sandstdhe' 1s a frinble sandstonef -

e averaginq about 60 netres in thickness.- It is ' enrly”

~;;Cretaceon§ in age and ﬁontc‘ops along the lower Athnbnsca

Tszghnivsr-,D°P°‘iti°“ 'took pl“ce ;in

fsands na]”’b""

a 1acustr1ne /to aeltaf;; o




observed overlying clonn nhite sands at some ontcrops,'fihe

Qy*whitenoen ie dne to tbe nigk qnnrtz content.

L
A

| . . | | v
Cnrriqy (1971) | illnetrates the”1 signiticant\ L

lfeatnree ot the nclnrrey rornation in terns of qrnin size,if,fﬁ
'3clny content, oil content end by exalination of the aelf_ .
potentinl and resietivity cnrves for the neteriai, Pigure;:t"

(2 2)-

I The grain -size data indicate a fining npvard i
."profile conpled vith an increase in the clay size laterial
_i.Both these properties are reflected in the self potential,i
vacurve. nnxinnl negntive deflection is recorded at the base

.uith" f grndnal return to the shale- line ,‘(clenrwnter

‘Lrorlation) at the top of the unit.

o o The ’Oil content nlso is greeter at the hase.d”
'v}qradnelly decreasing toverd the top. The oil satnration ist;»
‘_picked up hy the resistivity 1og, uhich traces a line

*tshowing laxilun detlection at. the hase and a grednal retnrn .

"Q;fto the hese 1ine nt the top...w_fg__L,,,Qf.mafi’fl

1}!1):1.(:1!1 oil~sand slope, » 111“8trnting “.":t"lyl_é"‘s'e'v_ :'
- f”"““‘ 1’ ‘“"n in l'iane (2.3) L

Carrigy (1955) shovs that the coarse-grnined sandsl_ S

’}re uell graded vhereas the fi ,grained sands are poorly;cf}lﬁ




Other linerals pro:ent inclnde Yeldspars and lica.

'~ﬁf61n1_WAninerala a:a p:osent in linor &nodhts- (abont 2¥g7~‘
:P‘tc‘nt)' ';9Pdﬁl °°n318t f iliite" 'hn kaolinite.':f
 _uont|ori11on1te is vory rare or entitoly ahsent. Boavy1   ”

.fﬁninerals prosent 1nclude garnet, zircon and apatito. ‘fv‘ff"

The natnral oil sand is vater vet uith bitnlen andj*

»o

"fSlall qnounta of gas 'occqpying the‘ interstices, rignre’"

7'veiqht, is pregent 1n the well sorted, clean coarse sands,.”;

e

aVThe variation iu oil oontént can be explained by conconitant

variation in texture Qf the sedilent. R 1;:.
S, i e ‘t*x‘i_ j"f_ ' * ’if:ij ’5

ff(2 l). The laxilnl, anount, ot bitnnen,»'18~19 pnrcent by--~f9

B



»},f"“

 ';banka of th 7
'”‘grninod uand usnally iioa botnoen 28-34 dogreos. !hns the i‘V

{leutonian fl?,h.
e shown that no appreciable qain in strenqth Tesults fro th°A 

fhy thc atoep vélloy valls, rigure (2 3). 81090 angles of 65‘;{73
4091'03 ll! bQ tonnd 1n the tine-grained oil sands along the u

lywahqaca Rivct. rho angle of :epqgo for tune—'

=hiqh sttcngths of the 011 sand lay be appreciatod.

.."

L rhis anolaly poses the quast%%n ot origin ofi'fmfj
‘i.fstrength. bostnlates of this origin include. (Dnsseanlt and
 ' uo:genstern, 1915). " ‘ "W ’”.,‘ ',
;fﬁ(a), cohesion by:bitunen nssuning the bitnnen “to . be an

’wfag p:oposed hy;nowuan (191#). 1t may- be

Tqinteraction of ﬁhe bitunen. llno. bitnlen being a visconS'_"

r-_,[,n.gnm, 14

: rlanot contribnte to long tern strength.

poro tlni&_ st:ess acting shear box

Eovever,“




'ﬂ 'sur£aco of an outcrop thctoto:e, the vateq\

“:floaving thc quartz grains hitulen vet. The

\.

w'lx noted hetoro* thefsund grains» are nater vet

511 avaporate

'tnnenixacdiug

~\

‘l‘as a- hydrdphohic agent,\’youid prevent the iniress of

iR

fjleteoric iator ?t tht slope lﬁrﬁﬁCéi.vQnggf;fwf *{fk}lf

ﬁ‘giwith_gbitnnch and 9as occnpying the interstices. lt the fﬁf‘“




Sy
R ','t'; ‘

rho clay uinotals kaoﬁinito and iliito, sinco‘”

"”fcont:ihutt .pprgcighly t6:’tn cgth tb;ongh clay couontation.

ao-o int-routinq y:oblons 'do ’ariac ‘ regarding -

'”“nouovor,ﬁy

‘~'fkao1inito.r.~ W e T

.‘...“ R e -

| In 51 - recovory lethods “%: bitulon ’ olploy
'ojﬁextraotion th:ough a hot tator process. Ienperatures of
"7:botveen 250‘300°c are used Reaction of kaolinitc with other

3:Iinerals du:ing this process involves the production of'

t lontlorillonito, for exanple,ff‘
(g, Do.lonite . Kaolinite + Quar;tz = Calcite +

i "[nontlorillonito + Co, . f”- il
T and (h). Calcite ¢/ Faolinite. + Quartz. = .
: Auontnorillonite + Bon 0 Co | | L —

Prodaction of 1argo qnantities of -ontnorillonite

;lay he advorse to the hot vater extraction process, (xraners'

, ‘77;gnd ca:rigy, 1974). rrol a geotechnical standpoint, presence_-'

‘:oo'a hott qf ptohlo-s.;j

loninozixionitc in

PRI

However,n at highe: telpcrntnres, lontonorillonite

A

-3@10808 it87 into:

‘layer uater ané:;decroases in ' tolune. S

vould not ho q:poctpa toﬂ_,;;



S : L O
245.1251.3!&!}&!.129!.Qil.§£Iﬂ_§llﬂl!!

8, b : ' f

_ To explain the anonaly betveen high ‘strength .and
lack of cohesion, a‘ series: of shear box tests vere

%

undertaken at the University of Alberta by,u;-Dnsseault. [

Tvelve circnlar'shear'box tests. “on fine-grained_
Coil sand, vhere five cofitained less than 1 percent. bitnlen V

and the relaining seven contained froa 3.8 to 13,2 petcentu

bituaen, revealed the folIoving.

(a), Bxtreme cnrvatnre of the Mohr failure
envelope, Pignre (2 5). At lov effective nornal stresses,v
0.49 kg/cnz (1kg/cn¢- 98.1 kPa), g values of 56- ~61 degrees
vere observed. At higher stresses, 11.4. kg/cn!, -a ﬂ': of 39’

\

degrees vas fonnd. -
(b), The process of shear invariahly shoved high 3
dilatancy, the relative a-onnt of  which decreased as - the

e?fective norsal 1oad increases, Pigure (2. 6).

As seen froa the aohr envelope, a cohesion of zero -

vas - obtained elininating ‘anp significant physical

cenentation as the reason for high strength.

v ’ rhe nohr envelope for granular soxls is not a
straight line if plotted accnratel; - The curvatnre of the
envelope is’ greatest for dense grannlar soils and decreasesf

ﬁ v“asv the soil becones looser.-lovever, extrenegknrvatnre aw -
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shown 1n rignre (2.5?,«has never‘been noted before, toi the
-‘anthor's knovledge. rro- Pignre (2,5), the positiOn of
laxilun curvatnre of the uon: envelope occnrs et a stress
“level ol approxinately 3.0 kg/cnz Colparsion with rigure
(2. 6) also sho-s that at this stress, laxinun cnrvatnre vof.
the dilatancy curve resnlts. Bence at this stress 1evel a

transition in strength behnvionr is recongized: |

{

'The~correlation'of tnese tests vith " the natural"

naterial is obvious, Along the snrface outcrops, vhere the"

effective norlal stresses are. lov, slope angles are in ﬁhe

' sale' range as’ obtained fron, the ﬂohr envelope that is,i;;

approxilately 65 degrees. f'
~ The effects’ of angularity, grading-and'-conpaCtionfi‘
are vell known in the enhancelent of peak friction anqle.?
Acconnting for these, and noting thet the fine-grained oll'_~l
sands are poorly graded, lexiln- values of d' lie in the?]ffi

range 35-03 degrees, vell below that - ohtained in the oilp

sands. }'“-ﬂ,_ oL

'“f:;f It is apparent that Aclassical soil nechanics'flf'
concepts are inadeqnate here and fnrther factors lust be -
taken into consideration. ;‘” o o ,3:1 '_;._"f.,f"m,’

R }iiy As an aid to nnderstanding the strhctnre of the"":

n

: oll sand, a nnlber of thin sectlons of the natnral leterial;"s‘t

:"uere nade, rignres (2,7 and. - 2.8). These revealed an ,'%'




o

.Lintereetinq tebric- ver;vhigh degree of interlock uith a;Q;
‘.ei%nitifent enonnt ﬂj £ grennlar | "interpenetration" L
--."Intez:penet::ation*'r is. need here to denote the effect of thel;
'concavo-convex contacts. uhich seeningly shov -°°9 grain:‘
penetreting the other. ‘ﬁ;=:?t'-tni~«; " R '.' ,5'"1”

' In this exelple of a friahle sandstone, the grain
feggreqating process is entireiy one of physicel interlock,7
vhich holds the grains together ae 1oose pieces ot a jig-sa"

puzzle. The ehsence of cenent is pronounced. s

The high degree ‘of interlock is reflected in the o

fbulk density data,; which yields fignres of in sitn bniki.

| density as high as 2 25 gl/cc. It ves also fonnd thet these

: densities : uonid .fnot7 LQ‘E dnpliceted under leboratorgfj

*

o :conditione hy any colbinetion ot vihretory, tnnping or'

o .
ﬂ,ﬁ:loadinq technigues (bnsseeult amd uorgenstern, 1975,.“;

The interlock ¥henonenon is. also shovn in the"'

.:;udilatancy resnlts~ the process of sheet inVariablya showsfijfr

‘“;high dilatency, rignre (2.6). As the effective norlal loed

'increaees . the“ relati'e dilatency decr&ises.u: ‘This -

g”'denonetratee that the doninent strength developnent process'"

' ':1*1at 1ov etreesee ie one ot high dilatancy ehile at - high

e ﬂit t!b:ic is suppreseed. .

7rstreee, grein trectnre and shear occers since disrnption of:“ffd

."', -

-I“,'

!he nechenisl vhich{g

: “*”ffstructure nnet be doninated by eolntion or redepositon oflféﬁ;

redncee the i 1nter1ocked1?§r'
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AT sssion

This chapter deals vith the diagenetic processes

‘effective in redncing the porosity of nany sandstones. Pirst‘f.'

hovever, terlinology regarding these processes is clarified.
'7Bspecially confnsing is the' ambiguity associated with _

diagonesis and netanorphisn. %: an aid to understanding the

v

"'diagenetic processes vhich occnr : in‘. sandstones,, the K

geochesistry of silica.is exalined.-

’ Ihe next two sections deal vith these diagenetic

processes, nanely pressnre solntion and the developlent of .

'anthiqenic overgrovths. ractors affecting these.processes

'and nechanisls involved in their prodnction are. thoroughly._n%V

4

discnssed. rinally, the inflnence of these processes in,'f

_redncing the porosity of natnral sandstones is exanined.;ww

Particnlar reference is made to the ucuurray and St. Peter

' -Sandstones.‘4

. ¥



i -

3

| !ho 'orn "diagonosis' is collonly nscd 1n th g -

_rgoological litoratnro.r novever, ;”in: thc gootoch_ 

Ca1.

5‘11teraturo, it is seldon nsed. unny variod detinitions layg~"

. be assigned to it (pcttijohn g_t _Ll., 1973) . In this thesu,
" ve restrict its usaqe by the folloving définition-f”'

-

'"¢1agenesis is to inclnde all those chetical
“‘processas vhich eftect the sedi-ént after depositﬂ%m and. up o

- to the lowest grade of lotanorphisn. .

L)

In this contett, we consider sedilent as heing:

.nade up ot detrital linerals, specitically gnartz. BxanploS"'

- of diagenesis would includa aissolution, redeposition find

rcelentation . of the -sedilent. ,There”~is nqx:siﬁple- ihdt;

;“nonarhitrary dividing line betveeh : diagénésis’ _ward;;.f 

.letalorphisn in the pressnre-telperature field. It 1s not“

”3nnnsnal to tind sandstones in vhich there have bee?_

"”;;diagenetic a changas relatad to -oderate pressure 'andvr'

".”telperaturc increases transitional to rocks in which the,l

‘pressnre and talperatnre changes vere sufficiently high that :ﬁ‘

'.'the geologist conventional}y calls thel letancrphic.f_

T In practico, thnre 1s~ nc great difficulty 1n,”

distingnishing hotvaen netanorphic and sedi-entary rocks'“r

"Duhere: the &egroe of -etauorphis- is high or the degree of-*fﬂj:

S



- ;diagoncsil is lov.fon th:;othor hand}%«
| lotalorphic rocks or high-g;adc ﬂiagonetic rocks in vhich :

Vthctc_~nne 1ou-g:;a.urbwm

'Vth'te ia no clea: cut s-pa:atiou.. rhorefore.‘ -ctanorphis-ifv‘M

; ind diagonesis should bo 1d0ntitiod by the typas of }
“‘:proccsaes , prevailing du:ing thuse : tvo}" stugcs _o£' 
J,‘;transfornation ot ptilary a.dilcnts. mhii way 1t vill be
‘ f'ﬂ'.iihlo 1n allbst overy practical cnse to distinguiak fﬁf

? betveen diagenetic ana letalorphic changes. 5v:\;"’

In the diagenetic zone,‘ the sedinents contain, .

- 1ntetstit1aL tlnids as cogtinuous phases vhich can be -oved37

ﬂ-yfqi norlal flov. rhcse tlnids, (lost conl nly aqneonsf1‘
’ diagenetici )

q so1nt1ons) a:e thcroto:e, al-ays involyed 1n th

 ,}:eact1on8, the transport of snbstances be_ng etfected:i

-

‘..throuqh flov' or nornal diffnsion. f Becanse : ot,*fthe‘

N'5 uinterco-lnn1cation and nobility of the interstitial fluidz,'”

“Jopen-Systel :eactions prevail.,"ﬂg*f'

K the diagenesis stops at a depth vhere in all.'

'5 :.,sedilentary rocks the 1ntarconlunicating pore spaces have- “:’i

.ibean closed np by physical (for° exalple, conpaction)

““Qchenical procnsses. In this zone. letunorphisl begins, itsf

' ”7:oactions taking placa in tha solid state or by diffnsian at

:°ij9tain honndaricss !hare are netanorphic reactions of the--‘

B 5‘!;egu111b:1a hetveen solid pha-es prevail-~:'

"f open-systel typo,- for oxalple, letasonatisn. on the’ vholeiyﬂf  :

?_?hovever, 1n neta-orphiai. roactions a:e closed-systel andﬁf'

'fsj;sqlngionsN;grézté;hgkfbunaffhfghepygfgpofphxc}zéﬁeff'



also. rney eonust ot :oimu _of m-,c:.ntm -nlntions

angpontod byff solﬂtionn riloa'od' dnring notAlorphic
transtorlationa. rhey inva:iably colloct 1nw placos uhere. '

through toctonic lovolontl, tractnres uud cavities have
‘1f oponod.‘;_ e T |
R Dn:ing diagenezis, tho 1ntercon-unicating porosity
enahlos tho 1nterstitia1 solntions to punetrate and. flov 5
th:ohgh tho sedilentary rock, &nd thua participate 1n all o
| diagenotic p:ocesses. l knovledgo of tha cheliatry ot these
interstitial solntions or !ornation UQters 13 very inpo:tant
!o: th. conprehension4 of diagenesis. 0n£ortunately, not
enongh inforlation is availablc tegarding the principal
canstituonts 1n theﬂe intora.} Also, since sone _of the
R}hdstonch concerning us afo o:dovician in age, knowledqe of

vater constitnents lay ba putely gnessvork.;novever,. before '

51lieaﬁ(5io,) is h; far the lost abnndant oxido in

tho earthfs c:ust. It accounts for ovor 4a petcent hy weight
ot the arerage sedilent (uason, 19660.,In souﬂ sandstOnes,'
this valne -ay be in excess of. 99 percent. It is also one ‘of

RS the lOSt stable line:als.x;;x'“‘

9eochelistry of silica, nff ”
i the. c:ystallino and

o alo:ph”nsrtorls.;ff



.

!heeonly.cr;atalline lnditioation Q: SiQ._th&t canj;_;_,i

torl dn lov tenperatnre and pressnre environi&nts 1scm-'

| 'qnartz. Both oe-qnartz and the high telperatnre P-quart: are i

the nost collon individnel ninerals 'in sedilente. Tridynite,w j

‘fﬁcristobaiite or coeeite represent crystalline noditicationsg  '

, of sio,, othor than oe- end ﬁ-qnertz, hut are. only of interest-
'f'in higg tenperature »and pressure petrology. They heve;‘
.practically no Signiticance ‘im the area of aedinentolegy.*
"_Crystalline silice ‘{ often appears - kgs ‘ anthigen1c~,
“nicrocrystalline guartz knovn as chalcedony. Snbvarieties ofilr
_ _chalcedony 1nc1nde agate, jasper und carnelten. Chert, one.'
fﬂ~of the most. oollon siliceous rocks, s principally coeposed',f

) of -icrocrystalline quartz° slall to loderete alounts of

. ”gelorphous silica hovever, lay co-exist uith the quertz.: rhe

:T;‘aaorphous end cryqtalline -odifications ere lixed 1n ench e'.

'f‘wey 'hich angests that the latter -ay have been dqrived-

N

i ;,froi ~the a-orphons substrate. sf!&ceous nateriels conposedﬁ

.*?2extrelely snall size end arrenged in a cr'

'1_,Inc1nded as anor'

’ttof elorphous silica are relativelj pure-in siq. The"are {f; o

'disordered state., “This: is evidenceto by t&e lack of a;'

g'characteristic x—ray diffractio:

r. this variety of silica is opa W' 

'ff:s silices ere the different varieties £

'conlonly adopted na-es

' attern.‘one “of the _no_ev"

jhydrated end] de-hydrated silice gels.t silica gless a‘d 'tt}

'ffsiliceous sinters. llso,' a-orphons silica constitutes tre ,;fiv:

'"elgtel relains ot silice-secreting organisns,' such .

tedidlaria and siliceons sponges,' hnndant .i}-e‘57f’
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"Liégiigig;iuxirouleute;e.;irgym, MQ;_m;_r_wggjﬁw‘_:Mf;

4 501ubility cheractorietice of these two different
fforus o£ silica differ coneiderubly. These are shown as a
.fuuctiou of to-perature in rigure (3m1). (Siever,‘ 1962). ,f
| rBrtrepoletion, ot the tenperuture-solubility curves to 50C--

'; indicutos that guurtz vould have a. solubity of 5. 7 perts per‘.
‘elillion (p.p.l.) and euorphoue silice, ubout 60 p p.i Also,h.'
.; the curves eppear to converge at higher tenperetures and
| presulebly vould leet at some. telpereture close to the.
2criticul teuperuture of wuter.g Kennedy(1950), studied the

'1sio, - BOB systel at luch higher teuperetures ‘and pressures,

"u«Ieoberic lines renge -ap. to 1750 bers, et teuperetures in

‘-'\excess of noooc. ne tound the .- effect of telperature and

pressure on silica solubility reintorce eech other end ueke
Leilice uuch uore eoluble at higher teuperaturee " and
;prossures.~ The eftect of te-peruture is -uch greater than

o

that ot pressure.

) .T]l silica vill dissolve K in: strongly ‘ alkulinelvl
solufions.~ Pigure',(3 2),, (xrauskopt, 1959), sﬁous that .
v?aisolubility is essentially independent of pH for velues belowdv
“n.9 0, hut rises ahruptly et higher velues._ Quartz : isf 
' {finsoluble in all ecids except hydrofluoric (Berry and uason,
o 1959{. It hes heen shovn by okauoto,gs el. (1957), that the
fgg et which the soluhility ot silice increaees ebruptly is d~
"'~iudependent of teuperutnre up to 100°c. | \
VﬁlfﬂIu;uaturel,uaters'(pu beloi_S,O),fsilicar-uy'be,of~, |

N ‘\ i Ll B



itvo possible forns, (after Degens, 1965). : : A
B (i), nolecnlarly dispersed - that is, o

as' a true solution,
and (1), in a polynerized or colloidal state. _
A silica solntion sust = be snpersatnrated uith respect to
'aeorphons silica before precipitation of a gel or colloidala
particles (that is,’ alorphons precipitate) can take place{
'Theoretically. it 1; iossible ‘tof, expect : guartz to
. crystallizef froa a solntion supersatnrated with regard to
its'solnbility prodnct. Tnis-houeyer,_is not the case, ‘as -
evidenced by'“theilack of synqenetic gnarti preciéitates'in.
5refent and ancient environnents. In natnre,'this is due to
'the extrene slolness ot the reaction. A long tiee is afgo

' |
t.ne“essary for the conversion of the aeorphons silica

P ]cipitate to gnartz. !oreover, the progressive natnre of

hl change as observed is

Opal——ib chalcedony,ffl —> gnartz. s
Bigh teeperatnres, in - excess o# 150°c,' are :reqnired to‘4
i;produce gnartz in the laboratory, vithin a reasonable tiee.‘
vThe outstandinq characterigtic of alnost all natural vaters-'

_l.iis~ their apparent nndersaturation uith respect to silica,

:W for exaeple_g' |
(a) Rivers and Lakes the ea_drity of rivers and streans
fall into the range fro'
dissolved silica to 35 p.p.n. l very snall nulber range from

1i'.'35--‘75 p p.n. It«is generally found that the silica content ;;

eill be highest in the head-waters of streans that drain

a fev parts per nillioniof_ o



'vgroundnaters, concentrations_nay rise lnch-hiqher,,ndded tov
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onto their liddle and lower conrses,. they"hecone ’nore

diluted by run-off vaters lov in silica. Consequently, the

vsilica content is dininished. _ C

| ‘Lakes nay'haje relatirely-high _concentrations otd
aissolved . silica. This 'is 'particnlarly. true of alkaline
-lakes in vhich due to hiqh pH, solubility of silica lay be
‘much higher (Clarke, 1926). '

(b) Gronndvaters s it is nsnally fonnd in gronndvater

analysis that in the upper gones of fresh vater there /is

v
little silica in solution and the solutions are vastly

"'nndersaturated. (aeents'gtigle, 1952), Houever, in deeper

_thisvis tne‘ rise in tenperatnre' due toi'the geothernal '
sgradient, and in snch cases, saturation oﬁ silica nay occur._
If there is sone change in conditions, say a tenperature
:decrease, precipitation of anorphons si;ica vonld result.

ke, ,oceans ., oceans ‘are: nndersatnrated vith. reSPeCt to

J_plly 1ess than 1 p.p.n. vith a naxinnn of n P p.n. Since

"7ltte great bnlk of the oceans lie vithin a tenperatnre range

’ ”_.'fron 2-50C, and referrinq to riqure (3 1), open sea vaters

vare only sliqhtly nndersatnrated with respect to quartz,

'althongh sonethinq like 1/10 saturated with respect to

‘ falorphons silica. Biochenical action is responsible for

“'keeping the oceans so lor in dissolved silica, for it is

apparent that qnartz precipitation is too slov near 0°c..

from a metamorphic and/or igneous terrain. As streams .travel

ﬁ,9“§-‘ silica. silica _concentrations ‘are very lov,.
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Diatons, radiolaria, siliceous sponges _and othor silice- tﬂe
secreting orgunisns are etficient in extracting silica t:ol'
~solutions undersaturated vith respect to anorphous silica.
drhe diatols can' precipitate silica from solutions even at
| Very low concentrations, 1ess than 1 p.p.l. (Siever, 1962). .
. . : , S ‘ L : f'%w
ﬂaiing‘dealt uhich‘ characteristics of natural waters in.
fterus of concentretions of dissolved silica, the sources of
: silica in solution Are nov exalined' | |
(a) Weathering of silicates : this is the prinary source of
:silica in solution. chelical degradation of these lineralsiif
1by veter solutions results in-varying alounts of Sio. in\
lsolution. Alounts are’ dependent upon clilate, relief and the

ature of the original laterial

- o | _ . . o , .
¢, The silicate ninerals of igneons and letalorphic

'origin, feldspars, anphiholes and pyroxenes, that break dovn ‘

ffrather rapidly under soil for-ing conditions lay be: expected .

7'gf;fresults in substantial guantities of silica in solution. o

to supply the greatest proportion of silica in solution
}F(siever, 1959). Qnartz fron igneous and letalorphic rocks
.and from guertzose sedinents, considering its lov solubility"T
. dand slow rate of solution, probanly»wsupplies_ a “less '3f
significant alount.- . :4 ”'_‘ _d | _‘ S
‘(b)' weathering of Clays the veathering of clay linera184
"provides another source for silica in solution._*It nay be o
:sho'n ' (Siever, . 1962),J that f*the_. trausforlation : 0f~

ﬁv-ont-orillonite into -uscovite, kaolinite and/or illi\e'




'“,:atter death, and cessation of ;

”1:7frevealed

‘ - . ‘ S S gF& {
Jc1ay linoreltsilica roactionn aro aftected by~ pn. Lowerod;

39t

'alxaxanity ‘ qpn1a displacc the lontlorillonite-kaolinite -

reection tovard the production ot kaolinite and ailica.

(c) Therlal 3pr1nq ietors 3 another pource ot silica in»v..

solntion 13 rron ther-al spring vaters. Generally, becauser,

- of the higher telperutnre associated vith snch vatera,_ they

are greatly enriched vith silica. As the waters cool off,

they lay release silica in the a-orphous forn, for exalple,],,

siliceons or opaline ainters.;

4"-"'\

SOIubility ot ailica is greatly increased by rise

" in pressnre and/or telperqtnre.- Deep forlation waterSf"

‘therefore ley be expected to be snpersaturated vith respect )

'_'to silica. uigration npterds of snch mith resulting cooling;o

vonld cause precipitation‘pf silica..,_;_ sl s

/

-(d) Biochelical sonrces dissolution ‘of siliceous organisls'

'1n early dxagenesis of sedilents provides a dajor sonrce of

esilica./These czganisns can extract hnge ,quantities of'o‘ '

"'silica .fro- sea 1uater and, dnring life,, protect their S

v siliceons parts fron dissolvinq 1n the sea Vater. SOle tile

tietabolic processes that

"protect the silica orgenisli‘

rOlriissolntion, the organisns'v



.\ e

-the sedilents._m;ihj

(e) ieter of. Colpection ; reverse oslosis is nsed to explainf,“'

 the increase in concentretion of selts in a brine solution;:

'lbeneath a 'seli-per-enble nelbrnne, rignre (3 3), (Siever,;q

3”1962)‘ As the _selt solution passes throngh ‘ the £1nid,;w“

becones nore concentrated beneath the lenbrnne and 1essl,

iconcentrated above the lelhrane. If the fluid were one s

”':conteining dissolved silice, end the igliaperleable lelbranef‘ :

fteken as a shale bed, then a greater concentration of silica,'

f““vonld huild np below the shale bed, say in a snndstone bed.

”‘Supersatnretion vould occur and precipitation resnlts..lbove'

fthe shale hed, the solntions are nnderseturated and onlyv

lsolntion can take place.

¥ oo

Snch a. lechanisn has been noted in the lahoratorya

(ucxelvey and !ilneo 1960), nnd inplied by deterninations off.

lsnlinities in lodern sedilent interstitial vaters (Siever‘gliﬂ

al., 1961). It is thonght rensonable thet snch ‘a lechaniSl,'

'.Iey 'occnr if the flnid contains dissolved silica, rather

o

iftban dissolved salts..‘

‘of detritel sedilents.~ It is an effective agent of bulki ff7

Pressure solution is 1nportent in the colpactionf"

fmvolnne rednction throngh the gross dissolntion of theis,sf?
'nﬂdettitns.»' Dissolution ‘ tekes place' at. grain centactS-;;f.fa

:”L'Pressure solution is a diegenetic*pxocess.f’e;‘

 The .bnsi_c:»:’,l._de,a’;of 'p_ressnre' solution with.' respect. i

T
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‘-soluble. rhese point contacts dissolve preferentially. The

‘ 'uﬂfdissolntion liberetea ‘&1eeolved sio, to the pore rater. If

' *‘fthe pore vaters ere nndereaturated vith respect tor silicn,

| giand free lOVenent of these vaters c’ﬁ ocenr, then the silica

5.?13 taken out of the gedinent» on the other hand if the

""aters are snpersatnrated and lovelent is confined, the

Alredepoeition ot Igllca wlll occur. This is essentially thei'

'»?nechanis- in the production of authigenic overgrowths.

VoL
Y 3

Pressure solution ;.iéfi chanecterized by  the

,*interpenetration of one grain into another. Qhe resulting

‘fastrnctnre is a prile ceuse of porosity rednction. The natnre

: f the qrain contacts. : rnnging 1 ,.l degrees '%~o§ '
'ffjinterﬁtnetration fro- tengential throngh concevo-convex to"'

u;sutured, rigure (3 a), has heen related 7to. porosity_r

:‘reduction end depth of bnria1,~ (Taylor, 1950).»‘_ ﬁnet

“-increase in the nnnber of contects per grain with depth 1vas -

“fonnd, for exalple, 2 5 contacts per qrain at 3060 feet,

fg;cogpared to 5.2 contacts per qrein at 8506 feet.vln increase

5tron tenqentiel to concafo conrex to sutured contacts vith’f‘~‘
'f ;pdgpth - was. also found.» ﬂo'eter, in Taylor's Stndy the ﬁ;;wg
'Vufsandetones hnd a qnartz content renqing fron 25-65 percentfff

"-and. vere rich in lithic fregnents and other ductiie grains,e:f'

“t;The systenttic increase in qrain contacts was a- result ;@f*ffffl
‘”*defor-etion of sogt fregnents, as vell as solution of gnartszﬁ

’ ”*ffqrains.. rhns reylor's s ndy is net entirely appllcable to ﬁ

Tto qnartz, is that high eftective pressnres ere developed eto’p

}point eontects of grains vhich theretore beco-e more

;"‘ ‘1‘
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pressure solution Versns depth problel, but lerely indicates_

the general trend

Bl

+ Parther evidence of pore Space reduction that is
related to pressure solution is the neasurenent of what

Heald (1956) called"the-'“ninus~ce;ent porosity" ' ;the

porosity' vhich vould be present if a specilen contained no

che-ical celent. uinus~celent porosity leasurenents on lany :

sandstones indicate significant conpactlon that would not be
acconplished 'by sinple nechanical arrangenent of ‘the gralns.

It there&ore nust be due to solution.

Pressure solution features are evident to sone

degree in most. sandstones. Attelpts to classxfy the geonetry

of these features have been nmade by 'Trurnit ' (1968},

'Stylolltes are particular exanples of pressnre»solution

features. A stylolite is a comvnlex interface betueen"tvo

rock-' units which exhiblts . mutual column and socket

interdlgitatlon. The long axes of the colulns and s&ckets_

are perpendicular to the interface and are generally

parallel to one another., The interspace betveen the‘ rock

units separated by a stylolite commonly is characterized by

a thin seam of insoluble residue vhich becale _concentrated

as the rock was dissolved.

Stylolites nay rnngee fron nicrostylolitic grain'
'contacts, a fevw tenths of a nillinetre in anplitude, to- one
/ or two metres in anplitude, (Park and 5chot, 1968). They may:

‘be traced over distances extendiﬁb 50 metres or more.

) e
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Stylolites are found in soue‘snndStones und‘earbonate rocks,

but are most common in limestones.

Some factors which effect pressure solution include':

{(a) Structural Deforlation s Siever (1959), investigatedv

Pennsylvanian Sandstones fron tvo "’ areas believed to have

‘been buried to the same depth but with different degrees of

_structural deforlation. Quartz ~grains - in the 1ntense1y

:
folded sandstones vere highly presolved co-pared to guartz

grains in tbe slightly deforled sendstones. o

In cdnpariSon of samples buried to different

depths with the same degree of structural defornation, he

i

“conclndes that th& effect of structural defornation vas more

pronounced than the ueight of oterburden. o A

“An explanatlon for this lay be dne-eto tbe‘ faet'j

that dd&ing structural deforlatron, tenperatureSt lay be

lncreased due to sheer processes‘ and dOUnwarping of the'

‘strati Selubility vould therefore be increased too. It is P
_1nteresting to recall fron thei experinents, of-'Kennedy;'

‘111950)%' that_ tenpereturex had a -greater effect on gquartz

soiubility than presSure. I
(b) Grain size : aé theorised by weyl (1959),' reduction in .

,volune fron pressure solution varles 1nverse1y vith respect-;d

to the cube of the grain radius. Heald (1956),‘ illustrates"

in the St. Peter Sandstone that por051ty in-a flne-grainedl"'

}bed has nearly been elilinated by pressure solutlon whlle a

/o _;__1,’f;_n: « = ﬁ(”A
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aetres avay in a coarse-gra : ed, considerable

‘pore spafe relains.

| ‘A randol lixing of grain sizes (poor sorting) vill ,
lead to preferential pressnre solution of the finer grains,
<‘accolpanied by a readjustaent of the positions of the Coarse;
;grains. Also ilportant is the grain size variation ir the

direction of the aaxianr prinCipal‘srress,(weyl, 1959);

[

Renton et al.. (1969) shoved throngh experilental"
.‘work' that Eiae-grained sands are more susceptible than-
1coa§se-qrained sands to destrnction of porosity by pressure

“solution and grovth of secondary gnartz. | |

- (c)i Clay, iron oxide or catbonaceous coatings grains vith‘
lla-inae or coats of clq’,“ carbonaceons ‘material, aica or

.1ron oxide, seeaﬂ to’ greatly,tacilitate pressure.solutior‘i,
(Wely, 1959, rnChtbéner, 1967),:x'
In the case of" clay \coatinqs;- one ezplanation

.involves the release of . potassinn ions by illitic clays and -

:.resnltent forlation of an alkaline licroenvironlent hetneen* :

the grains and ‘solution (Thonson,. 1959).' leyl (1959),_~;

| ;-proposed that. pr ri; solntion ﬁfas ftvoured by greater
.;diffusion through t@p Clay particles anong the grains. aeald
'(1956), specalated that the ciag actad as 2 catalyst._ |

I.erbekao s%a Pla’tt (1962),_ ontlined a suuui

.'alkaline licroenvironlenr sitnation as4 !hoason f (1959;.‘f"*

E aorever, in this case, _tm rednct?on of iron sulphide with s
e L ‘ {W" . o EIREA . - e




" the telease'of'Oh-eiOns cansan’tneaincnease5in'aikalinity;

. It is intetesting to note that Siever (1959), in'
his study of ‘the Pennsylvanian sandstonas dia not find anys'

positive correlation betveen clay and pressure aolntion.

\'"\\x\govever, he - vas dealing vith a nore argillaceons (np to 30'

_—

—

. »I,percen{f\elill\\f:fijf?ne: rather than clay coatings ‘on
' grains. S T . ."‘ 3A o A"' P

*ﬁi conside:ably highor. Only adjacent to the shale did the

— .

el

A correlation may: be dravn With stylolites on » this

point. Stylolites vith . thick cla! coatings are Very rare

'uhile' stylolites vith thin clay coatings a afe,‘ colnon_

(Pnchtbaner, 1972) . A reason for this‘nay be dne to the fact‘
that a thick clay coating ot clay will diffnse any solntion
passing throngh it, Pignre (3. 5). On “the other hand, a thinc
coating of clay will tend to. concentrate the flov along a'ii
pa:ticnlar narrov path rhns stylolites having only a, thini--

coating of clay will ‘be nore easily forned.g,

“:(d) | oil, ; gas and other organic inpntities',} it -is

conlonplace to find oil and gas deposits in' sandstones. IAs f‘

shovn by Philipp ; al., (1963), the presence of oil wili
inhibit gnartz diagenesis. rnchtbaner (197&) shovs that the.
percentage of gnattz ovetgrovths in a‘&ater-filled sandstone

conpared 1fto that in ;an oil-satnrated sandstone, is

nnnber of gnartz overgrovths in the oil-satnrated sandstone}_f*

inctease narkedly.,,:»ﬁ~f"

"}‘;4sxeye:,,(nggi‘;bgnogga1ithaf ”the,; solntion . of.
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E ijisgﬁuaﬁifffsffiéa iu poat uators vas' ortrololy slall
"tooproxilotoly“ ﬁ “Pe p.a.) ;horeas in distillod water, .
‘soluhllity is 1“0 .~ Pe p.l. The silplest explanation for the
.:ABOIQIOQSIY lov results is tPat colloidal organic colpounds
. in° the . poat _water were ahsorbod on the free sillca gel a
i gurface and provonted that surface fro- fully saturating the

LA

"lsolutiou.‘

- (e) rolperature : this is an llportant wariahle vheo douling
;vith the dissolution of quartz. ro the Author's kﬁﬁtledge'
there\ is no data relating telperature to quartz diagenesis.,.J
Although .erature data pertaining to deep borehole§ are
;_;knovn (Dapples, ”43591;7 it may ' not be the. temperature at
S ,vhich pressure solution featuros formed. . o
rk; L(f) Age ' thzs‘is another difficult factor to evaluaté.‘ Th%:
. age of tho rock uay have no relationship vith the actual
) - tile the rock was exposed to the physiéo-chenical conditlmﬁ\

'necessary to produce pressure solution. .Vrif», L
!izutunti (1970),_; detorliued, ‘;”b’ . matural

'obsquatlon Qgp experilent, the etfects of hoth te-perature

.‘und age (to ﬂ billion yeurs) on the effects of quartz in

:f;?faupanese rocks. Por deep sea sediuents, it can be concluded(
_'fﬁirfrOI hls gata that aqe and not telperature pluys the lost
o'inportant rolg 1n silica diageneﬂis. Beall and risher (1969)
jstnaiea uloceno s -.y. ) deep dea clastics from a 1oof;ﬂ
- "7¢é5§neut conposition,.;

o notre -axi-ul dopth o£ buriolw Ihelr

hrin terls Of closo tccord vith

‘.'{aizutanti“u;‘ﬂijy‘
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‘,,4 strass lnst bo pasaod across the contact fron 'grain to'.
| grain, ‘while a aolntion fila ia sianltaneonsly aaintainod-
ST\\\Qotvaon the grains 80 that diasolved dons may dit:nsev
| through it to aitaa of lovor stress.- Ivo»"aochanisas :
involving thia concapt bave boan proposed : |
‘(a)i Tho nndorcnttinq aochanisn (Bathurst, 1958) calls for

’ tha estahlishaont of. an irrogular snrface betvoon ‘the’ grains

' at a aicrolevel. SOIution is wisnalized as taken place ovqr

R
only a saall part of the surface at one tile, undercutting

higher rolief portions of the snrface, Pignre (3 6). _
and (b) mhe solution fila mechaniss (ieyl, 1959) calls - for
the aaintenance of a continnons fill of solntion betveen the
grains vhich %i able to snpport shear stress and allov
_ diffnsion of the ions, rignre (3. 7). The aaintenance of ‘the
solntion, i it 1d argued, is iaplied in ‘the force of
i crystallization, noted in 'experiaents. This is the ternv
given to ‘the forco ororted by a grouing crystal vhen‘

constrained.

- - other aechaniaaa have néen ’Qpropdsad;v ‘these
1nc1uae-'7"ia;] »?'T:T”<»~jg*‘i[ﬁ'7** o : ”. -
'ﬁf:"( ) The possibilfty ot aicroanvironaents of high pH at the'

: L contact ot qnartz qrains '“rhoason. 1959)._ neanction ofg l

potassinl in illitic él‘l snrronnding some of the grains nay:

”l‘ resnlt in'”the’ foraati n _o£ potassinn carbonate, a strong‘

SR ror the procoss ot prossarq solntion to. continno,...
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.'“neqin first in the zones of high pH, " If & ﬁ gredien ’,
- decrensing\negnitude redietes fron these zones of clay,
ﬁ-redeposition -ay occur in zoneslof lov PH. " |
nnd (d) Lerheklo nnd Plntt (1962) suggest thnt the presence '
of. carhon and iron compound coatings prosote pressure:

‘solution. This is ceused by a reduction of the iron to

produce iron- sulphide 'and/or iron cetbonate, vith the f_

“subseguent release of ;| -ions. This vill increase the pn of
.the solution at these contact points (as’ in (c)) and thus'

. incrense the’ tendency for qunrtz to dissolve.

"; lny of the nechenisns, (a) - (d), ere difficplt to‘ .
rule out. The £irst nechenisn suffers fron‘the disedvantage
‘ thet it does not explein- the phenolenon of "force ~of

‘vcrystellization' (Becker end Day, 1916, Taher, 1916), uhich

'5:'is essentislly the antithesis of pressure solution. One does

not see evidence of it in these sections. hovever, one light'

K

A’argue that the undercut area is too snnll to be seen.'j'

\

| v aechnnisns (c) end (d) er: local effects. ﬂovever,
fneither one explnins vhy pressnre solntion occurs vhen clay

f'}or cerbon/iron conpounds ere ebsent. lccordinq to Okenoto et ;.

(1957), the solubility ot enorphous silice is incrensedalff

et 71nc beginning f;o- pa 9 0, at 2oooc heginninq fron pH:

”?i[a o. Lenibault (1971), sheved thet nany quartz qrnins in}}f

';sandstones heve Ven enorphons Sioh-coating of about 3y F-ieff

“:tnictness, .ﬁ!&n ney explein et leest pert of the pressure’ 3

‘fsolntien. rhe necessnry pareneters of th?‘ reection ere] fﬁﬁ




'fjwlsoluble than unstressed areas. ;7;:
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"'eie;aEEd:mteieeratere;. lov water lobility, (to prevent'

‘“dissipatien of . the exsolved K-ions or OH -ions), and tile.'

' Preslnre hovever, vonld not be a critical paraneter.

o In lechanisl (b), the aost critical assnlption*
‘1nvolves ‘the lechanical properties of ‘the solvent fill, ‘that

.ciis; the change in thickness of the till with etfectivet

norlal stress. weyl examines two cases s (i), a film

 fthickness indepenaent Aof the:_ettective norsal stress and

(ii), aa' expenentiallxlb decreasing ' stress/thickness

_relatiorship;

His results 1ndicate that in the first case the

It

rate of coapaction is directly proportional to' ‘the average _

' eftective stress and inversely proportional to the sqnare of .

‘.tbe radius of the contact area. The second case shots that

'Tthe rate of coapaction vill increase at a rate slower than‘

“liuear uith the average stress. Needless to say the behavior

ejof ‘such’ thin filps is not well nnderstood. Other iaportant

"‘factors, as- well as thickness are: the rate of diffnsion' in_

'ajand ont of the fila and the teaperature.'

RS »“h.‘ A -

5

ikthat strenger pressure solntion t:is ohservad betleen

»'1qnartz/c1a1/quartz fontacts than at clear quarti/qnartzf
'j'contacts. rhe opposite shonld be erpected since according to

~the 'niecke Principle' : stressed lattice areas .ate ' more

weyl does not adequately explain the observation-
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o Pore‘ volnle‘ is rednced by pressnre eolntion as a
resnlt o: cloaer pncking of qrains. grnin corrosion end
filling of the pores mith ‘cement genereted by presanre
| solntion. Pittenhonse (1971;a), denonstrntes the degree of :
pore space redection to be. expected by solution of grnins nt
points of contact tor several ordered packing nrranqeeents
of spheres. The volnne of cenent vhich could ‘be genereted by ;

pressure solntion uas also estimated,’ since ‘the originel
_porosities -for ordered pncking errangelents of spheres are
,knovn, and pore volnne is celcnlated on ‘the basis ‘of bulk
volune ninns grain 'volnne, then the degree of pore volnne
reduction can be expressed as a fnnction of decrense in bulk
volule, rigure (3.8). The data for this lodel vere obtained ',
following the nethod devised by - Rittenhouse and 40 not
-reflect the added influence of void filling cenent. -Biqure
'(3 8) shots the degree of pore volnne rednction (as a
percent of- oriqinal porosity 1ost), plotted ageiest the bnlk/-
- volume rednction owing to preesure solution for cubic and__
vi-orthorholbic regnlar /packs of spheres,; cnrves 1 end B
'fr(respectively). A tednction of 40 percent in bulk volnne
}fhcanses n 35 to nu percent rednctton in pore Space withont

'?celentetion, depending on the pncking arrnngenent.vg ;1
- ffse'.:ﬁ It bas elso been observed (Dnnnington, 1967), that
i;noticeeble decrense in poroeity hns been fonnd in the -

'4n?innedinte vicinity ot stzlolites.,*f “’f,;‘éP_F;k.?f;

ae weld a“m*ss 1hvolviag gross dissolution,
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prressnre solntion aay play-aksigniricant role in providing a F
;ﬁsonrce of cenent, conlonly knovn as second generation N
cement, Por a high . degree of silica satnration in pore
“solntions, it,is not likely‘that pressnre solution generated
?cenent cOnldatravel far before .being ~precipitated in. . the

: available pore Space. lccordingly, the alount of dissolved

- silica vhich is being produced anst exceed the _renaining

_pore space volule in order for the cenent to be exported-

fron the innediate vicinity.-‘

| Coogan_and aanns ‘(1975); shov the lrelationshipi:l
between bulk fvolnaer rednction and the . ratio_-of'ceaent,
\ generated‘to'the‘renaining pore: volune. a conparison"cias‘
aade for Tegular 'cubic_ and orthorhombic packs of spheres
'raccording to the nethod used’ by Rittenhouse (1971,a). In
addition,. data vere generated for a regular pack .of
Cylinders arrayed so that the ends of the cylinders appeared
..stacked in a cnbic regnlar order. As seen fron Pignre (3 9),
the available pore space exceeds the volnle. of produced
.cenent until a p01nt is reached where the cenent generated
'~(CG), divided by the pore: volnle relaining, egnals nnity.
There the bulk voluae is reduced by an anonnt egual to the
,original porosity.- Indeed, in 'the case of cubic _Land'v%
"orthorhonbic packs of pheres, curves A and B (respectively)
in rigure (3 9), the bulk volnne rednction vonld have to be
.3in ‘excess of that connonly snpposed to 'occnr before‘
:gallochthOnons cenent conld be generated. of conrse, this

'fgassunes local precipitation of. cenent S0 1ong as pore, space =



“is. locnliy ninilnble; In the case . of cnbic pncks offe

‘»cylinders, curve C in Pignre (3.9),~ the originnl porosity‘

(21.5 percent) is lover and the bnlk volnne loss required is

'fnore in keepinq vith nost estinntes of volune rednction.//

w

In Qenernl; rignren-(3;9)"shecs doubt upon fhe

efficlencyfofathe genereluprocess of %éressure 'eolnfion -

Eol generated *celent. 'However, in the expnlsion of vnter trol:7

nuds into stnds, thls process lny be 1nportant..

The association of angnented silica’ : celent

oadjncent to clay beds is a conlon one. Fuchfbaner (1967),

_ showed how qnartz cenentation “in a- Dogger v Sandstone_
' 'increases tovards the shnly largin of the bed and ascribes

‘it to an infiltrntion of water fron the shale 1nto the

\

sandstone.' Because the largest part of vater of colpaction i

1eaves lnddy se&inents relatively early in their diagenetic

<history, it 13;. likely that the source of ~silica

‘snpersntnrnted water is inportant in the early .stages,,of

lsandstone dingenesis (loconorphic stage),_hefore deep hurial

52

has taken place. Pnchtbaner (1972) later recognizes thate,

' 'there vill not he enough cenent prodnced to account for the"f

trenendone volnne of qpartz 'overgrovths present in the

'ancient rock record. COnseqnently, to account for silicaf

5 cenentation and pressure solntion, one nust consider local Win

richenicnl gradients and. resultant large scnle, short distance;uj"

[l[*naterial transfer.i'

,,5'$1nce lt'is.connidereﬁ»tnnrlihe‘lonc_deritedffgggi{rip

.:'QS.
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off;nax‘_uad stress, it is tenpting to suggest that pressurej

Z'solntioniis}{*self-liniting process.

| uuch vork ‘ T licroscopy
to exa-ine the surfacg fqatn({f | Qgrains, (Krinsley f
‘ ' and nargolis,'

b

'Ivo'nain categbries ofwdiaoenet' .surface features”

fhave been ohserved and are connonly associate' The £irst of_;‘
dithese is. a -vavy, etch pattern-: the second is A\vorn low -
'_f.iief solution surface. As older and older sedinents
eraained,' diagenesis tends to becone mOIe pronounced and

aechanical textures are elilinated.A‘

‘The etch pits on guartz have been descrihed by -
‘_Anelinchx f(196“) as heing an expression of. dislocations and :

V_defects vithin the ‘crystal, The size and nulber of the etchm
_e‘pits . has- been tbund to be a function of the relation of thel‘7
Ai.dislocation or defect vithinrthe crystal te the -snrfacer
ihen a spiral dislocation intersects the crystal surface,t'i

c‘the dislocation vill be expressed,‘ after etching, as anffq’

nv:oriented git.' Solution is initiated at the site of the”ﬂﬂ”

jdislocation or defect 'since the quartz is ‘more soluhlev-
.'there. The increased reagtivity is caused by the strain tﬁet,fk

'is_present..ﬂ




COaloscsnce 'ot thh pits 1n tile vould produce a,g
.y 4( S :

“xf,'orn. low :olief solution snrface.u_ f;h ﬁ  )§ run

Pittlan (1972), exalined the points ot cantactff

= qg“bctveeﬂ guartz grainss Be found thei to be sitos ot p:essnre] 

“_;solntion. !hey appcared qs circnlat to ellipsoidal spots”“

‘ *‘f-arking points of contact bevaen visihle gtains and for-1y 5ﬁ
d

‘”'adjacent grains vhich ha

been reloved along a fracturei-]

'

msnrface dutinq salpling.vrha presolved surface varied froqff

arcas that vbre :elativaly slooth to ateas that ccnaisted °fﬁ£

o ridqes_ and knobs vith correaponding fnrrovs and pits. SOnlei

presolved surfaces have a radial er 1inear pattern of ridgesf»'

“3 and furrovs._It is suggested that these fnrrovs qerve toj7

: channel solution into and out of thq presolved area. Rentonﬁjf

: et al. (1969), prodnced sililar r1dqe~£urrov tggtnresﬁ .

*  expe:ilentally.<ﬁ_

The central portions"of a -oderately presolved;'\

o area colnonly conaist ot irragular tidges and knobp vith*

"fjco:rosponding £urtovs and depressions. !he elevatad area ofigf

‘;xii onekk,ﬁin flts 1nto the‘ corresponding depnession of the

"; adjacent iF‘a1n or partner involved in_the pxessure solution;ff

P'-‘°°°s¥~ Pi*tt-"f."'_, f.onnd u fdifficult ta"‘* ,ohtun 2. highn,';'..“:’
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of identical c0nposition pit each other thtongh pressnre

solntion, the snallar grain alvays tends to protrnde into
the larger one ,49afk and Schot, 1968). This is apparently
attribnted to ditferential snrtace energy etfects.-

4 a

Also, if the hardness of gnartz was anisotropic,

inte:penetration ’wonld _more’ readily occur' nnder cettain'

* L

favon:able conditions.

.

aizia_inxhiasnis.g.sxnxgssns o;%’v

P L .@ , _ _
As noted before, silica in solution nay originate'h

>

"ffron a’ variety‘of sources. Conseqnentlz, the precipitation

of silica frou solntion is not an nnteasonable process. gnis

esult fronth e change ‘_in" chelical conditions.

Ptecip tation of silica is therefore a diagenetic process.

¢ e /"'

.;one‘ of the lost connon precipitates is "the

ﬁ'rniaddition of gnargg to detritnl qrains. (whethet this is the‘;

3

R .-6
rN.,

- Anteratitial ?°‘° ‘P“°°-‘ In'the fower cage, the resultioq;?fj

B anorphons fo:n of silica or not is. irrelevant, since 1t Ulll':
'f revert to gnartz vith the passage of tine). ls the anonnt ofﬁ »

| qnartz added to the qrains is inc:eased 1ith1fication of

the aggregate is achieved. continned precipitation resnlts
in a qnartzite textnre prinarly hy velding of one qrain t0“
another as the line bonnda:ies areﬂqggeloped. Tbis is: gnite,f

v

distinet fron the textnre produced in vhich the gtains~tonch o

gne another with tnnqhntial dr point cbntacts, and are.heldl”*

in position hy siiple } oenent‘_gprecipitated ‘“in- %pe?j3f

,“"'textnre“‘shovs slight interiockinq of grains nandg57;hgﬁzﬁi
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aggregateu-iranges ' iu~ degree ‘of friability 1n iuverse"

proportion to the -amount of precipitated overgrouth.n_
S : : C : . .

' Since the alount of the precipitated naterial"is~
sWall even | in concentrated ‘solutions, coatinued
precipitation could not have cole fron a. cloeed syste-:e;
vithout replenishnent of solution. Rather, it nust have coae
A froa a_'steady supply of supersaturated solution floving
threugh the aggregate. As the precipitation ' process:
continues, -' re_ spaces will becoae snallerﬂ%‘the’
peraeability steadily reduced the flov rates di-inished :audrﬁ-
the rate of precipitation sloved Figure (3 9), (Pettijohn

;3 al., 1973). Since the initial perleability and its rate

of decrease ji's ae fnnction of grain size distribution, a ;'

inA
: thearoriéinal grain. They -ay he ffJ

.igulption of ctystal grovth albeit under )

‘e 1,"-"

diﬁﬂﬁtent conditiens fron' that of the origina}j535

?v

?%iner&l that shous this behaviour lost conlonly,ffl




! ) . “ ‘ - N ) o ,‘g ‘. .
in sandstones. uinerals. precipitated ~on substrates of

different lineralogy forl ~epitarial' overgrovthc;‘snchvas-

carhonates on gnertz surfaces or claje on quartz. .
@ - o e I

Ihe precipitation of silica with the 'resnlting
formation of overgrovths is not %silple process. Pittnan
(1972), recognizes tvo types of - incipie‘. overgrovth.‘ (a),
_growths uith poorly defined crystul faces that forn an'
interconnected anastolosing systel over the surtace of the

grain <,nd‘ (b{.' isolnted grovths vith vell detined crystal-

ﬁaces. ‘ .L“ ST - S B R

ORI LI P SN RS
. In" the 1atter, c:ystelg connonly grow until.
contact* is aade vith an overgrovth that nucleated elsevhere’

on the snrtace of the $ost ) grain.ir The forler is‘

/ B
:characteristic -of irregular grovthsf%ith disorderl{ grovthi*

3

T T AR

over the detrital grein. (ﬁ S ',;, T R

L “

The size of prefipiteted crystals is related to'".

rapidity of Jcrystal g ovth and 'natnre of substrete. In,7;

It is freéuen Qy noted #hat an overgrowth stnrts as lany .

tiny grovthsl on the illediate snbstrate. As the crystals
love alnx fron the snhstrnte they get progressively 1arget"
nntil oiﬁy a’ sinqle Iarge crystal grovs, Pignre (3.11). This -

can N?'&scribed té ninor fluctuations in individual cristal '
. A ’

éB ﬁrovtl rates 'hereﬁy tﬁe faster gtowinq cr%ftals overtnke

._rp

1-9!

e .
oK R ]
fe SRR L -:j".'..-

dﬁ ‘h@d-diconpass tk&bSlaller, slover gtoving ones. Por- erhlple,




."'vv' §

e the :qi& ef crystal grovth of gnartz crystals variea vith‘
gé;ellogrpphic direction and is most rapid in. -the
dtrdptlnm df the c-axis.‘ Et\lay ‘also be a- prodndt of’the

'1 of crystal gtonth'ga the . pbre~ space becones,

‘*':x

[ twel} tilled, peg,lﬂhll&t ‘Is ne&uoed, flow ta e of
11n 1: redncgﬁ gndﬁcrzi.ex.gfovth becones slover E. ' the

'.l‘he, prgsence 5& "l.tne bonndaries“ in. detrital3 |

qnart: grdlns epparentlyahas an effect on t&e 1ocatlon of

S

ﬁf‘vﬂ overquit‘s (Pltilan. l972)- The linme bonndary is a surface;éh

".of high density ] dxﬁlocations (crystal defects) vendn‘)

( Y

" consoqnently, the‘ line alonq vhlch this snrface intersects'
VAQ ‘:the snrtace of the qnertz grelp is a line -of relatively high
'i;energ’. ls auch, it is an uhfa;bn:able site for newv crystnl'}
fqrowth. !his ‘was observed by Brnst and Blatt €496u),‘vhere“’“
'1n;tiel'snall grpvths neVer straddled theé line but con-only, :
,'occnrred edjecent to and on both sides of it. P PRI
. L : o P ’n’", R
'ﬂﬁg v’:"b Qnertz ‘overgxowths q?ov into pores in a sdhdstone  l
' nnfil an obstructlon is encounteggc such é. “an 'adjacent
g

“"detrital grain or another‘over onth. h biergtowth loldf

;1tselt against t e §nrface ot ‘an adjecent detrital grain and

&f
L y . f”?»J ﬁ f‘ '& B
L : § 2
S * séidi 8 un&u:t ken by Cecil and Heald (1971),
o b

5:(1$7af'1ndiceté thet coatipgs of chlorité

illite, hena%;te. chert or carbonate ,lay 1nhibit the '

L T o

?}1‘&5‘
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./", '
forlation of quartz ovorgrolths. llthough tiose coatings do;
not aliays étq.'nt fornation of ovorgrov&hc, thoy coanonly;
cause the grovths to forl with nniqna teaturos. ror’ oxalple,.‘
distinctivo hontglass pattotns vere . obscrvad botveen

»~

dotritial qnartz gtains which had thin clay coatings (noald”

‘fand Larese, 197“). -
. ' ‘v

. ; rhe "dnst lino" (that 1s ¢ that line .sopa:atinoff
.‘the 'detrital grain fro- the secondary onla:gonont)
inpoxtant in the rocognization*’t guartz overgrovths in thin R
u.section. !he dust ‘Iine may ba sole ‘type’ of coating on the__
qnartz grain, for oxalple, henatite is coaaon. It lay be a/r
”{soqnence of intsicate voids or.a coabination of iapnritios
vogds. S B.a..exalination (Pittlan, 1972), revoal that~_j

:the contact betwesn overgrovth and nncleus‘ is openjé&rhis"
":-loans that iapnrities la{, at a later period, get betvocﬁ<?f

N

1Atha ovsrgrouth ahd nuclens. SO-etines these' voids. lay ﬂ?“'
Jr

'fillod by liqnid. novevor, secondary gnartz usually infills’f
lany of these Voidg uhich destroys: the dnst line, unlgss' 

}'1lpuritiss are . also presqnt. v

. -. L S
xu S s

, Using :"’ cnrrent ‘jf“ aicroscopy ;; tecinigues,f;
distingnishing detrital guartz gxains fron quartz ceaent ori}j
ovérgrouths ‘;in, lany sandstones is difficnlt,- if notf :

-"ffilpossible. COapare rignre 13 12@ in vhich tbe‘sandstone as;;f
€ A

<,vieuéh in plane-polariiedj“'ight (1e£t) and by cathodo-“;?f
‘:lnlinesence (right). Detrital guartz grains appear t° h'e‘f";
_') (,’,., '. X . L . R &

o sutnred and coacavo-conve




"-lulinescencc tothls thnt thore is extensive secondary

o sites ot fluid inclusions. "

. y ‘ . . L ] ) ) L . .
. s o ' ) o . .
o ke
/ T Co . - - b T

, nOIutiun ‘in// plano-polurizod light. , nouevor | cathodo-‘

.onlnr90|ent lith littlu.or no prossute solution (Pettijohn

.

R

_"cracknd., Speciul prupurution procedures uere used '}to

"<_.the origin of these cracks vas that at one . ting they vere

unl‘lko tho licrocuviticn obsoﬁqd. i!;. pone ctystalline rocks. .

Iho voids, prosuut in ‘aoue dupt lines, ate not,tg

:Sprunt and Brace (1970), obsurved that 20 pencpnt of quartz y?

. \ .
m.grain : hounda:ies. in unstressed iesterly grunite vere '

:_4-‘ E .

'eliuinute cracks produced by sectiouing. SOle Speculation to‘ :
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y e Porosity is perhnps the aost iaportant property ot
o <sandstonds. This is especially trne in the exploration tori
e @
'nev oil and gas reservoirs.e
o ns a general rule, the porosity in coarse-grained

. {;;sands end sandstones decreases considerahly aith . depth &t

hallov. depths and aore slowly nt qrenter depths, In tine-

firained sands and sandstones,-Ttne opposite : is:, trne"’

g§§;§ ﬂrnchthaner,l 197“).{ rignre (3 13) shovs that at depths of;
porosity of lore than AO percent ls rnchtbaner indicates, |

. A.p one expaanntion for this is the higher ronndness of coarse

v a ssnd qrsins by vhich they slide aore easily into narro;sr

positions than tine grains, Jin the: shallov reall _of
aechanical coapection, in ns anch.as the pressnre per grnin’
contact is highqﬁ*in ooerse‘}hnn in fine sands. On the other“ ;
nand, fine-graihéﬁ sandstones are snbject t6 dissolntion
reprecipitntionlfjg%?oassesm at vhigher deptn than coarse
sandstones becan< 2

)

d!gne that a- linear relationship ngtveen* '

chanqe in Void\ ratio and logaritha of etfective norlalfr'”

stress prevgils. lo distinction is>

5000 letres,f coarse-grained sandstones 'vill retain ~a-‘f



v', In the roeln of chelicul conpaction belov a depth
of 1000 letros, rigure“(3.13), pressure aolution is one of”
the nost i-portant -echenlals in conpactiou due to (a),i
reduction of space betveon grains and (b), by 3ceusing the_

,'precipitetion of silica in solution.

Porosity ‘can also be reduced upon loading by
plastic deforletion of ductile grains, Rittenhons"(1971 b),‘r
{'shoued that the greatest reduction in pore spnce is achieved‘J

vhen ductile grains arq preseut in. an orthorhonbic pecking )

ﬂdconfiquration. SR :

‘ Telpereture is- elso an. inportant factori&;t higher -
ptenperetures,_- lover - porosities are ‘senerelizv observng
(uaxwell, 1960). aowever, as both uaxveil and Puchthauer )
"(197u) egree,n ege is the donynant factor influencingg.

porosity. OIder sedilents isually shov lower poroéities. KN

R The ucuurray sedilents are of Ctoteceous ege and
ff'BeVe been 'buried to depths betveen 1000 end 1390 netresA

'?(COrbett, 1955). Pro- rigure (3 13), porosities in the range
dtof 35-“0 percent 'ould be expected in the fine-grnined:
Ii:laterial. Hovever, velues hetaeen 23928 percent are usually}

;'othined (DuSsenult, 1975). !ﬁe reasou for ‘this is two fold.'

:Pressure solution features”end euthigenic guartz overgrovthsf',

. Tifa:e present in the sedilents. Of the two, the 1atter seens;?f

'?ﬁto predoliaate-~ Iu fect, iillials.(1963) connents thet theff:

"i.fyfauthigenic gnartz overqrovths ate elnost univereally presentu;Q

3iifand it inperts'a;pseudo~angu1arity to the rounded qrains.-:»e
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'Observation of overgrowths is difficult in thin sect;on if
plene polarized light is used for illnnination (see before).

Solution eftects fre also apparent in that gquartz
.greiesl shovw - etching, pittinq‘and frosting (compare S.B.u.c
-.[ihOtoiicrographs).'willial's‘ is of the opinion  that theSe |
‘solution .effects occurred after the developlent of the
authigenic overqr!}ths. However, this is contrary to the
‘1inv -held - by Dapples (1959), in uhich he considets‘-
-solution/pitting of quaré& grains to occmr§1n the initial or
depositional stage, before precipitat;on of overgnovths.J:,
‘Krinsley and Donahue (1968), in the exallnation of surfacee
textures of. quartz graims using thel S. B u.,' find that‘
.b'characteristic dieqenetic feetures (solution/pitting) areé‘e
-ore ‘common in older sedilents. Considering the age . of the"
: sedilent, it would therefore be lore reasonable to assnnerf
vthat such features occnrred in the initial depositional
stage.; ﬂovever, ag¢ and depth Of bnrlal are not sufficient

" criteria for’estilating the auount of qrain degradatlon-

. Porosities 1n the 'range of 25 33 percent _are e
'gobteined in the coarser qrained ﬂcnurray sedilents. This o

'**value is in good agpeen&nt vith t%ose }n Flgure (3 13).-

The St. Peter Sandstone‘ is the nost uidespread e

"*[;nqrth Alerican arenaceous depos;t ‘of Ordovician age. It;v

.Toccupies the Upper Hississippi 'alley COVering lost e theﬁ,}g

”gfliddle east of North Alerica. Deposition.of this blanket*'
*ff°deposit vas frol the northeast hy nigrating shore linesif



' V{lguartz. .

(Dapples; 1955).‘-;t“_iec_a snperaatnre sandstone resnlting

L

from its multicycle origin. _

The area covered by this deposit is approxilatpiy

,780 000 sguareksiloaetres. As Ihiel (1935) points out, .it" is,‘
exceedingly variable in thickness, ranging froa a thin layer:

of graihs in easter Hisconsin to a. aaxinun thickness of 150

A

\_\

letres in Illineis. :ﬁ L | )Tf: . \\'.”

v

The rock appears\lassive vith occasional lines of"
' bedding on freshly exposbd surfaces.‘ on eroded surtaces

L hovever, the bedding planes stand out conspicuonsly and\\g
: appearxin sole localities, closely bedded. ' | )

" The St. Peter is a friable sandstone consisting of
'aainly”vhite, well sorted grains of geartz. uany ‘of the f“
d”rains have a pitted or trosted snrface. The sandstone' is
v"po uly graded, nearly 90 percent of the sand is fonnd to be .
| of g,;des that are retained on tﬁe 0.25 to 0.135 ailliaetre.-
"';sieies.‘ The finer and coarser grades are present “but in
'rvery sealh'alonnts. | hH |
N A::J dn' eneral, the larger grains are lore conpletely.
f:.round than theisaaller.~aovever, very few of the grains are -
-iSpheriéal- aany ar oval, kidney or egg shaped. Cheaicalf

'.p"analysis bf tke s‘," Peter shoes qjsentially 100 percentc-*'

'.57';%£,;j?' The porosity dete'ninedrbjifnieipisfiﬁt3"dpercent;~;*‘
~’Jrnea1d (1956) pnts the porosiﬁy in the clay free regions at.
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14 percent. The St. Peter Sandstone has heen hnried to a

.-e'naxilul depth _of approxiaately 760 netres (weyl. 1959).
‘-‘qutting this value on rigure 3. 13) shows on initial

' ~porosity of 37 percent, not nnreasonable for a sand at such .

a shallow depth. Conperison with the - average of ' the tvo

1'tina1 porosities gives a total rednction in porosity of 16

percent, or relatively. 43 percent. ror this _to occur..

’,Iechanis-s other than mechanical coapaction lust he at work..

Again pressure solution and the presence of secondary quartZ'

.account tor this reduction._ This tine, pressure solution-'

seens to be the doninant process.

Houever,' as !hiel - notes, the : occurrence of/.

| '"J-‘gecondary ovex«'ouths undoubtedly has produced a decrease in
n‘ Ltthe ‘porosity of the f fornation. Heald 111ustrates the
p‘y(tinterlocking structure produc!q by pressure 8°1uti°n-,.59‘

';x"fnrther exelplifies his illustrations to shov. the effect of}

e

~‘4‘tings and grain size on pressure sqlntion.

Weyl (1959) uses St. Peter Sandstone to test his

*t"oretical 'nodpl.; uaking certain assnnptions. for exaaple"

*iahout}fthe _thickness of the solution filn, teaperature_

:r-Presaure\
:7 at that tile).
‘:freasonahle.;‘“ae
_{;:correction vhen applief\

“f;porosity very little.-__

'e obtains results thet are geologically
. & ;
vmlso ' discovers _ that the tenperature :

to the St. pete:,. changes the* ]

'ﬂ‘
‘l

_luhility effects on guartz (no data vas- presentp'\



‘any'peans.‘
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comparing the McMurray and St. Peter Sgndstoneq,_,rxessuré'_

- solution appears ‘to be more doninant';n the St. Peter than'
‘the BcHMurray. It seems reasonable to infer thereforé‘ thatTJ

age, not pressure is‘the-lajor factor in the‘occufrencevot-"

pressure solution. -However, age is not the whole story by

.‘ . : />
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SIS A N CHIPI'BR ot

- ,.g,_ xxpnn:tnu'ru. uonm.

| b

("Y ;’ This chepter ptesents the experilents used to

siinlate the strn%ture of the friable sandstone. 'rhe first
section hovever, explains tha Iilitetions and dennds -ade
uP.A

.peet experilental vork to develop pressnre solution or

o .
overgro‘ h feetures. ‘ rncm this, it” is x:ecognized thet en

uternatﬁle R approach -nst be adopted :l.f shuear

r.‘ﬂracte:isq.cs re to he exeii.ned. ' ) ~

,:esi'gn of the

-t ’ f

tppetatns. . ihen vorkinq 3 h such corrosive so.lntions"\fé '

: . rinally.} the (;peritental proced e °§-. o

uring the exper,i.lents, an effort &0 establish ’relative

onsgstoncy of strncture before sheer, is discussed. N
. "'l' . 14 -‘ - T 8 . . R i : 3 '
A




v Pressu:e anlntion feetnres mor gnartz have been
:
delonstrated experiaentally 1n the past. One of the tirst
,experilbnts of this kind vas conducted by siever (1962).‘$t.3?r

At LR
placed under pressure and heeteﬁ"in;a

WW”PetQ:‘d{andstonerlwahf
?Treantion veasel. Petrographic exaninationv‘of the grnins w

&

before ~and after thei‘experilent revealed no fractn“;

“y'

‘575°1“b111t7 Of the solntion atter the experilent vas clo me::ﬂr

'jtbnt of anorphous silica. Tpis inﬁers that ;”ore. Vaterf

'vﬂcoupacting sandstéﬂbs lay reach taturationu,ith resbeet oy 3
. . \ <4 e %‘ '
- enorphous silica even though quartz vas ofﬁginally present.

o faaau wna Renton (1966), shoved that with freely c:l‘rculating"_‘_"

if*solutions,;jvell sorfed coerse sands becane celented fast?S

f=fthanAf&ne-grained sands.wrhis wasv.dge !ﬁk ‘the inflnx “of. \ |

 !icenent 1nﬂb the no:e perleable coarsg?sand. ?iner gr A 4§'f¢;
qp&p 9e-ples hpwever,\xere celented nuch nore rapidly %ggg |

c&e'?'e %and’g vhere the ith,nx

) ‘the» aeue.; Thqpe relationships‘\sgggest }that in hntural

fvcenenting solntions vere

r

sathtonegw coarsétbrained beds;'oulﬂ\beche ceiented faster

”olutions,‘

qtedfjfn the tiue-gnaine
% .




ffwbeds.i This is beceuse gnartz“grdvt

snztace ot the gnartz.

‘ v "‘l DR

lhile studying the°; prOcess .ff. celentation,ﬂ1f

/ ..

- nlong oth_r :hings,?i;,

Tn'ent on the solvent concenfratien. llso, gfowth ratesf~-

Aor” angnlar qrains relative to é;un"

mtgnla: gmins. SIaller angnlar gru:lns were ohse:ud % qrowl‘.]*; =
‘Tl,a precii 1y taster thangthe latger grains. 1180, developlent 3

 '7the coetis.*gthese' results ‘snpport the vgevs expressed in =

F'ﬁghapter III in the secﬁion dealing~vith overgaguthSa,{{g*"'fw'Q

\,

[ " . t ‘_. . o K «/' . o S L
:. p - " s . i . ; "‘, -,
‘ Pressute solution featnres for quartz we;e furthen;g
S . VT
'f{exanined bz Renton.g; a 135 (19@9)u Thex«shoued %that voluneé*f“

rednftion,\ through pressure solption, vas luch grqgter fo;3>gf
fine rether than coarae-grained sand This corrobo:ates teef;;Q
v’ew held by Rnchtbener (1970). Atnhiqh pressures jpreatw”fﬁ‘

N\ \

Vo Nchtbauet Vpostnlates that porosity redtrction of




.‘-

PO

Thq cxpexilents lllnstrated that solutions udre

neceasary for pressure solntion featpres ﬁiiﬁorn. rhis 1ends

ﬂﬁ“c:edihility fb‘-the solﬁnpon-filn -ech;nts-s postulated in
s 3 ,

Mhydroxide, sodiqi fhata *1n brine

‘,aQ;ﬁtiong allu‘v,,duced rell deWelo§e84:¢- tiqn pits on-the

iR S

wains. iity no solution presenf fractnre

( .

. .""‘ “_

tn producing ;
}on the grginJ snrfaceL cannonly\ &he il
s ' [
‘“V;at the ri-s o% the pressure solytion

‘
nov_ftat froui:the S

‘v‘, e‘.




v\ | (' . ' ’/J

It is 1nteresting to note that Renton et al., in a

sunsary of their experilental vork, point out thet;

“llnultaneons pressure solution aﬂd quartz grovth

in sand salplee prodnced aggregates vhich were considerably

stronger than those reaultlng tron cenentation elone.

| _
Conpetency of natural"sandstopes uould therefore

- be related not .only to the alonnt of ceuent but also to the

_extent of acconpanying ptessnre solut;on or overgrovth
. / . 4

. features. : - o - ~ L
" The experilents of Renton et al. and Heald and
4Renton, succeeded in denonstrating some of fhe properties of
a sand aggregate having pressure solution and overgrowthg
vfeatures. Bovever, fhe lechanl31 of fornation ves by no
‘ neane natnrel. In Heald and Renton's exper lents, pressnres
of over 11, 000 p.s.i. conbined vith telpera ures of 350°C.
vere used. In feqt,- Renton et al. used preSSures and
}'tenperetures in excess -of 16 000 p.s.i. and '5000C
.reSPectlvely;' to 1llnstrate these properties. Such extrele
condirions are necessary¢ to speed up; the solnhility
‘processes of gnartr.;lé noted?lh Chepter lII; the solubility '

of gnartz is very low, approxilately 10.p. p.l.\at 200C. i This

vonld mean thet in order for features such as pressnre :

»

lsolntlon and overgrovths to be ohserved naturelly, long

duretions ot tine are necessary._

‘ ngh temperatures and pressnres'neoesgitate the_l’

®
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~

use of _special apparatus. Bxperinenta are usually conductedi‘

- using reaction vessels .or "bonbs" aa they aLe oonnonly

knowvn, Another linitation in this kind of vork is that only_‘

ssall anounts of eand nay be tested, certainly not enough to

‘»

(perforl a shear test._

Therefore, the etfectiveness of " these tests to the

engineer is very linited.‘ Not only is this due to ‘the
vinadequate guantities of uaterial resulting fron such tests,
but also to the high telperatures and pressures that are

"denanded. Tests euch as these reguire strict controls as

‘vell if they are to he conaidered safe, 5pecia1 uetals 'and '
alloys are also neceasary vhich increase conatruction,costs

greatly. It vas therefore felt that\takxng everything into.

consideration,}:an—jalternative experinental approach should

heaadoptedg N

Thonght vas first given to using a softf naterial, o

1ifor example calcite, to illustrate the strength properties.

Vcharacteristic of the friable sandstones. Since different
nineral characteristics. are . evident, results may notfhe
' correlated easily to that of a sand. It vas ‘ felt that the

A’experinents should involve quartz in sone nanner..'

R

‘\naper hy uargolis (1968). Althongh the article dealt. _

4

SOne insight to this problen vas obtained fron the

'frinarily\uith electron nicroscopy, studies‘ ehoved thatav_

.l‘

' deagenetic features 'vere artificially reproduced on guartz_

‘,grains by etching lith hydrofluoric :acid or concentrated o

i



SR e L g
eodinluﬁydroxide solntions.,}tching produced zandon solntion ,
pits ‘over the -surface ot the grain.‘ novever, it vas
tealized, that in order for the ettuctu:e ~o£/ tﬁe frieble
f sandeéone 'to  be reproduced.' solution -ust occur at qrein,f_
- contects. As preesnre neceeeery to produce‘p:e;e;re solutionl;
teaturee vonld not be achieved on ‘the couventional' shear
'box, a_ model which vonld silnlate this strncture vas
developed. ‘This involved nsinq glass beads of relatively"‘
different hardnessee.‘ As the solution {HF or léOﬂ) passed"
over this" assenblage. it vas expected that dissolutioh o£<
the ’sotter beqﬂe voulh occur. This vould.resnlt in tha:
;:\\sqttet beads -olding thelselvea f’aronn& ”their,'-harder.gv
- neighhonrs, \orﬂ converselyr_ ‘the h&rder beeds "peqetrating"'
into the'softer. In this ney it vaa hoped that the structuree ; 
of the £tiab1e/ sandstone, “to aﬂ:}egge extegt, voo;d " be

reprodnoed. N , “ﬁn o L e

'”‘, As lay be expected vith the caee of euch abrasive -
feolutions,' the conventional ‘ hear box was 1nadequete. T

netails of loditication and oth r. experilental apparatns are K

given in the folloving section. S -_-'-W RS

. . . ' ‘ o . Co . '
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P

exposéd to hydrotlnoric acid 'or N concentrated sodiom

) {1 lat‘;ials are teaistaht againat solction vhen |

R hydroxide aolutions, ‘Theee are extreaely eevete reagente.f’

"However, polytetraflnorethylene, more coaaomly knovn»by itsl

!

o

t:aab -nale. Teflon, is coapletely inert to ‘all forae ot ‘BE

and WaoH at teaperatnres up to Ats ‘softening \point,' about'

A
\

3oo- < (aanau_e__al., 1971 yoo

v 1

BE

ls vell asv being inert, it has the advantage of

i

»

relatively easy aachining and aoulding ability.ﬁ Its aain~a'

disadvantage - /hovever, .a:ises froa _ its | deforaatioa .

characterieti;s.‘At high stresses, tor exaaple, at’ those'

achievea on the conventional shear lachine, 1t is slightly;e

coapreseiblez‘ However, ter this particular l case,__ the :

advaatages far,outqgiqh the disadvantages.~;

'5;ihéﬁ body ';‘thej' circular {sgean ‘hex was.i

‘ consirnctea_froa stainless steel. It consisted of threeﬂ_

-
3

3§g &esiga perhitted the shear box to he - used ‘inizithe
Cve R R s '

b cegpentional shear box aach:lne..j~

P
*

separate ,parts vhich could be~ bolted together.: Design-”‘

tclloved‘

-t
] 4

dilensidhe vere slightly larget, rigure (H 1). Bovever, the;iiw

ot " : - K N coe .
..‘_» : o RN Tl St -

f,ﬁ‘.reilon, O 32 cas. thick was pfessure fitted to{

that of the cenventional shear ‘bex%k except.iw'

DI

"the.inslde e£ the shear box.- It vas alse attached to'.'lf

-
. % R
)

horiz&ntal parts of the shear box vtich aove over each otherﬂj.f
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during shcar. Teflon has ono ot fio-louost coo!ticidnt- of

:'f}:uliding £r1ction knovn._ rharoto:o, horizontal o -ovo-ont

'botveon thoac ‘tvo. parts occn::ad vory onlily. A rﬂbbor o-

?

:1ng vaa plach hotvoon theoo parta of tho l box so vhen

<

*holtod down, fornod a flni&-tight soal. looptono rinq- oonld :
not be~usod bocause of tﬁoir roactivity vith tho lolutionl._fkd

y ﬁnert "Viton" jkngs vere used instead..*'u N ?/ L EELQA

_ ,' Tho load cap vas constrnctod fron a téiid ;&ng o}\
';_Tetlon ox?opt for a ietal end piece to vhich lodd conld beﬂi
“attachod. A condniﬂ':aﬂﬁup the iddle and out the ‘side “of

."the load cap. Iuo o-ting aeals'lore attachod to tho lovet _‘“

N

;end -of tho load cap to ensure conpleto fluid-tightness. :

7{ f:' A balc piece, vhich fitted into the shoar hox ~at ‘

1:thc botton;' uas also 'lade fron solid Ieflon. It had a
t

fconduit in jts upper halt vhich could transnit fluig frol

% finside “the ,shear box to the\\outsido.‘ an appropriate>'

‘connecting hole uas drilled in the side of the shear box.-,;. 

The base piece also had donble o-rings for fluid*tightnesa.

Q Porous Astones vere cohstructed fron porous sheets"

;ot Teflon. It vas fonnd that ‘an ordinary porons stone o

-odisiqﬁegrated in the presenoe ot nr. Bouever'initially, the _"‘

';‘porons atone adjactnt to the load cap p:oved unsatiafactory",>f

y

:5ﬁ¥5l811 holos vere d'illed tn the .Teflon fb alleviate the}ff"w

it had a central

~.

eutryﬁg .



‘,ﬂ_ satisfactorily.v ;C_‘ ({_fhfﬂjfﬁ

Conunction vas nado Iro- thehside of tho 1oad cap; -

i@

tc the valvo by leqns ot polyethyloue- tub&ng. rron the 1,

e

of sblntian vas by grayity nlone.‘ Tho tnbingqval also.<

K

R

valve, thd tubing vas nttachod to tho highor raservoir. rlov'

._1 connected tronathe basc pioae to _:ie lover tosetvoir. i o

achonatic ﬂ;agral illustrating tho 1ayout ot the apparatns-;<:

is shovn in rigure (u 2).; Polyethylone is not& colplotely :
’ 1nert to‘ nr. lttar prolonqoc uae, it 13 usually found to
darton duo to the fo:lation of LS tar, (Jande:,gg al., 1971).“

aovcver, inw‘khese experilénts ,.the" tubing ﬂ prgfo:-ed‘“f

n . . : . . . : .
e S B VAS

.~.~:.  - RO

o 901ntion fron the rosertoir. uoncl is a special alloy vhich7 '

prevent rapid corrosion of the letal due to ittack by nr. It5

doea not sosl ‘to. be attectcd in the presence ot laoa.

VAR

A nonel valve vas nsed to adjnst the rate of the ;

7  relies on tho tor.ation of an 1nsolub1e tlnoride 1ayer toi “,

After the apparatns vas set ﬁp, distillad uater |

J

vas pasaec throuyh for -so-o ti-e to ensure no leaks were

"ﬁ presont. !he :oservoit vas than tillo& !itiikhc solntion and,

tho expetilents sta:t"d."’ !hue arc déscrihan :l.n detail i.n

o tho fof”ovingﬁsoction.Ah _,,ifﬂ
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| Before collencing tho experinents, it vae decided_'<

to exeline the solntion propertiee of tho hyd:otlnonic ‘acid 2

\1_and ooncentrated ug‘\nl A hydroxide :olutions.- Small
quantities of the sottev glnss needs vete pleced 1n'

. polyethylcne~ beakers oontnining each of these solntions.'

o Snbsegnent exalination ot tho bends after a period of':
g several deys shoued that the HP. solntion ﬂyd considerahly
rednoed then in size..Thei nornelity of the solution . ¥as -
betveen 0. 3-0 a l._ On the other hand, the naoa solution
=  seeled to have little‘ etteot ‘ on the,, beeds. Gtoss B
diasolntion, as observed vith the ar solntion,‘was not
| fonnd. It Iee thoretore decined thet the experinental -tests
;. vonld he condnctod vith the HP as the dissolving solntion.i

Bolever, of the tvo,. the HF is the lore dangerous to work"

vith.: thfhne cantion ves 7xercised at all tines when the.

solution vns 1n nse-' hends and eyes vere elways vell

i

R
-

Protested. -.~ﬁ“fe'”
'iﬁ.]ﬁ“]' It ves‘ realized qt an earlier stage that Aif the

shear resnlts of the dissolved gless beeds nere to be

"

' beneticial,
:j uould have tojbe achieved. Ln initial set of tests were

the:otore nndottaken to estnPllsh ‘a procednre to be used=

‘relettve consistency tn conditions before shedr .

thronghout the expe:ilent. Sone of the veriehles stnciedfi e

1nc1nd¢d tlon rate"of ,solntion, percentage of differentﬁﬂfq,t

d“"Pfessuto dnrinq d185°1“t°“' Visual



"inspectlon of . tne beads after each test. vag made. These'.
initial tests also aftorded the oppo;rnnlty of testing the »
reliebility of the epparstns vith respect to. leekage. Dnring
these tests, as with the ssin experisental vork, 1eakfge vas
never a probles. Bovever, prohless were enconntered due to .
the 1nadequate disposel of dissolved ' silica - during
'dissolntion. This lss corrected in tvo vsys- first, small
holes vere drilled 1n the yorons stone to‘ accossodste the‘
'vlflov more resdily and secondly, a. layer of 6am disleter herd‘
' gless beeds vere pleced 1n the bottonm of the sheer box,
insedistely(ahove-the porons‘gtonet.rhis sepsrsted:the»heeds-
' that vere nnder"goin‘g‘.;}disso.‘lufion‘_-fros ;he-' surface of the

':“por0031stOne. ’

G

_ ' Becanse of qrednel blocking of the porons stone:
from dissolved silice, snd other things, the flov rate of

“isoletion conld not be kept constsnt throughOut a8 psrticnlar |

". expe:ilent. In the latter steges of the experisent, the flov

"rete vss seen to drop considerebly. It. vas therefore decided
- to lessnre the ssount of solption passing through in terms

,of volnse onlrn,its rate being spproxisated.

.&L‘A‘A

| _‘ !he| test 'conditions finslly JedOpted. vere as
rtollovs"there wes approrisstely an eqnal percentege of uss
v,snd 2-3-- dieseter besds present 1n the shear box before
dissolution, vith a singlh lsyer of Gss dieseter beads
i: plsced on top of the hotton porons stone. Ihe pressure atr

uhich.dissOIntion took plsce vss stsnderdized at 9.2 kg/cs!



Thelnr'solntion, ‘betveen 0~3-0 4 N was passed 3 ’tiles .
"throngh the asselblage of glass beads from a full, 2 litre .

;polyethylene bottle. ' f., o v

| " The 4an beads vere nearly all perfect spheres.
‘"ﬁovever,_ the 2—3-- as vell as the 6ll beads, would be more
'.properly described as spheroid in shape. Some of these beads

- were grossly non-spherical and vere rejected.

o

The nsnal procednre carried ont during any

.(particnlar experinent is sunnarized below.; ‘ : s

Y knovn ~weight of beads were placed in the shear
box. In order. to 'é?tﬁin the 1nost dense ,contignratioﬁ
 possible, 'vibrationi ihs used"(ﬂolubec -anda D'hppolonia,,.
1973). ueasuring‘the remaining volnle‘of'shear ‘box. enabled”

the bulk density, hence porosity, to be calculated. Hovever,

: »‘it vas realized that dne to the confining eftect of the o

”sides of the shear box, this value of porosity vas only an

average valne.

-

hfter the norsal load vas added, distilled water

vas passed through for a short tile to test the equiplent\‘
"aqainst 1eakage. Connection vas then nade to "the HP

3_reservoir and. the solntion passed through for the .desired
54_nnnber of - tines. During this period of the experiment, the
load cap vas observed to deflect dovnvards, by ssall amounts
:hinto the shear hox. ifter dissolntion vas conplete, the‘
»qlass beads vere thoronghly rinsed vith distilled vater. The

.‘ . ﬁd"'. L R4 o g : . - .
L e T - C Tes , C
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new volule of the asselblage vas then neasured. Using the

'correct value of normal .loadﬁk the- dissolved beads vere

sheared undor satureted,conditions.,

tter _the shear test vas colplete, the beads were

,renoved tron the shear box, dried and reveighed. Porosity ~
.conditions after dissolntion could then be calculated. The
.,beads vere then stored avay,' sOIe to be nsed in thev

~_photographic analyses. Some problens were encountered dnring

shear vith the beads lodging in betveen the tvo parts of the

shear box. In these particnlar cases, the test vas stopped

preraturelyr

In the relolded tests, the above procedure was

’A generally folloved.lnovever, after drying and reveighing the'

"dissolved beads,. they vere pnt back into the sheer‘box and

-;sheared aqain, at different porosities,

Table (I) sunlarizes the results ohtained fron the

_ nndistnrhed shear tests. A ﬂypical stress-strain curve  is

given in rigure (u 3). The results fron the relolded tests

are given in Table (11), vith at ical stress-strain curve

i. shovn in rigure (a~4).‘ Resnlts of dilation angle vs,

i.gorizontal displacelent7ere shovn in tigures (4.5 and 4.6).

some- of the beads ‘vere sheared under naturals

cconditions 80 a conparison conld be nadq with tbe dissolved
"tests. !he results of these tests are giVen in Table (III).r;'

rshear vas oorrisd,oot_in saturated condi;ions. As the angle

.
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.‘.

of . intornal friction ror qnartz Seens to be dependent. dn

J

vhethor satnrnted on non-sntdreted conditions are preﬁﬁnfﬁ

'(Proctor and Barton, 197“), | consistency uaqr %&nopte
th:onghont. | i ‘ - L ) ‘"'; '_ .

e

VLU
4 A
i
e
2

5
J‘(fi\

To compare the “confignration of - the asseltlnge |

‘before and after dissolution, ‘thin sections were lnde.,.AJ

'_synthetic Hysol resin and catalyst vas used to Fcelent" the

lheads so that a thin‘_section of the stroctureu,conld _be

ptepared; R

e

Telatign to the natnral oil-sand, -are discnssed in’ the
. o )
',tolloving 'chapter.< Photographic annlyses involved scanning

. The results of the experilental tests, and theirf“

felectron sicroscopy and thin section evaluation, nnd .these |

_are also.discussev in detail,, .
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”f[‘Ih thiq chaptcr. tho roqplt' obtaincd £ron the.~3:f; 

. “"':”-

4

| experimental vork arc discus:cd. rho first soction pro-entsf“j“'w”
nv theao lresnlts and sono corrclatioh with tho lhear strongth,” ;”

data tor the ucﬂurray Sandstono 13 lade. noasons why thcsef

:csults difter qro givon.

o Ihe tbllorinq scction doala vith tho pbotagraphic;

; \analysos (scanning alocf:on nicroscopy and thin s-ctionf f:
data)‘ of tht test salplos bétore and aftcr disaolution. Itlﬁ ,C

1: ahown that tho eftect oﬂ?dissol"'-on 1: to !*DGQCC an’

1ntorlock1nq st:nctu:e. rinally, 80lt\bOIl¢ntl ata pade od‘i';ﬁ

the tilila:iticn hotwecnf tho latorials ’tn}iﬂ

randonly jointed rock._ﬂ7f7“
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»{ Qho Aattcru alvaya shovod grdatc 1;it1a1 volnno increasas

».dﬂariagn-ho;zvmct cosrqspoaéiag stﬁelsnlovels. Ihis»inaicatcs
that tho -t:ncthro il 1nportant dﬂriug the shoq: Proce"'. N
COnsoqnontly, tho govorning ptrcnqth doveloplent proca&s at -
10! st:onlc: il onc ‘ot grtator dilatancy.» At ‘ahigher -
ntrcqgos,, d' rotlocta lino:al characteristics sinCe the
lochanisu of £a11uro ‘is ono or qrain fracture and shepr.f'
rron ran:- (5.2). laxiinn vc:@tcal lovolont at the 1oad cap
(c0lparablo to diiﬁtion) dccrcasos vith increasing stress

];lodol latexial.' A better

‘pcak‘ sheax st:eal, or very .
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| BTN et
(5.#), vhere the nndisturhed g yés, slightly lehs than the |
”reloldod ﬂ' Tahle (II). In this pa:ticula: aet ot tests,
| only Ymn dialoter- boada vere “used; The etfect ot; the . .
" solntion thorefore vus to la:kedly reduce their . weight. mhus“
the porosity uas incroanod to .a valne qreater than if a
coubination ot 3an and nll beada vere used, as vas done in
the rest of the renolded tests.; sheating the conpected
’ 1frelolded beads prodnced a value of di sliqhtly greater than
' the . nndistnrbed resnlt. novever, the porosity at vhich this :
occdrred 1as -over 25 percent less than the undisturbed:
| resnlt.u} i}rigure (5 N, a co-pa:ison vas -ede hetween the;g
' undistnrbed and renolded valuea of ve:tical deflection‘1
(colparahle 'to dilation) of the 1oad cap dnring shear. As
porosity ues_ reduced in the renolded tests, : vertical
: lovelent increnses bnt it ia helon that obtained in the
nndistnrbed test. rypical sttesa-strain 'curves for- the”,-
relblded tests show features described he!ore.,It is also

seen frol the renolded stress-strain resnlts that dilation.

&f”isfless vhon:;olpared uith the nndistnrbed reault. E

Shedrw tests car!iod»ont on the dcnnxray Sandstone' f&-t

;y' be detrilental ,withf-_,.-

eith the type ofﬁﬁig;ﬁ
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strnctnre inherent in the oil sand (Dnsseault, 1975). 'This
rbehavionr vas not observed to any 1arge extent in the -odel

.teate._One reason for. this lay be - dne to the 1ack of

\

-~

structnre in the. model -ateriel vhen conpered to the natnral \\
- oil sand, |

! _vﬂfﬁtrengrh dete,' end : renolced.»reenits Acleariy'

ﬁ indicere"toe infinence of etrocture on'rhe ragnitode‘of,'ﬂ',e

. In 'graoolar -ateriale,, stiac%hré is‘dererlined,hyg asong
‘lother things, shape of grains. diagenetic bfbce;ses 'and/or‘

ilanner of deposition.,ln any case, etructnre exerts the lain

. ifcontrol on strength and detornation properties— As shown hy

TBorovicka (1973), the arranqelent of sand grains before‘
._sheer'-has a direct influence upon thevlagnituee of the

—friction angle. B  :* j f;. o

. . . . Y
| The effect of etrnctnre on strength has alreedy
'fbeen noted. Bouever, since 1itt1e infornation is evailahle
f;gon dofornation characteristics, it is thonght that eone'gi
1:ffcorrelation lay be dravn fron the vork of leunan (1974).1‘ ;
L Bxalination "as ‘nade by leulan of pore voiune SN
H ffcolpreeeibility relationship8 'lf§?‘ a °°n’°1id‘t°d'
.i:fnnconsolidated and friable sandstone.‘Unfortunately he does
'ﬁeenot nnne the sandstonee concerned Bovever, his resulte show
i{ithet e consolidated snndstone behoVes in an elastic ' sanner N
?;fwhereee :a: :5§“Qf unconsolidated or friable sandstone,ifgg
anonelestic behaviour dooinetes. Be 'conclndes that 4n the‘

é;ﬁfcase of en nnconsolidated or friahle sandstone, deforlation i}g':



! e
,

‘characteristics are not aerely porosity dependent and other'l

a

Parﬂiﬁtera'mhave ‘to” be considered." It ‘may- therefore bel“7"

:1specnlated that predicting deforaation characteristics for,:

| ,
friable sandstones in general, lay be difficult.‘

Another geotechnical consideration associated vith' '
" this . type of grain structnre is found in the appraisal of o
. relative density. Relative density is a practical index thatl ‘

is used to determine the strength of a grannlar aaterial.

© ok

' . It lay be: d‘terlined as:

Qnar - e :
. Dr e PN x 1005
' aaax -ﬂain -

vhere, elin = void ratio of 4 oil in densest condi\tion

3 ./_‘.r

Ohax = void ratio of soil in loo?st condition -

and e f = in place void ratio

Depending on the relative density, the valne of f'

' for a: sand aay vary over as lide a range as 27-“5 degrees ;' =

(!rorzaghi and Peck, 1967).;

f\.v;‘“correlated vith Merhnrdell’iip s&‘ure * to ' estinate tﬁ‘_e

aowever.‘ _to obtain a valne of ax or Qain, the -

107

Relative deﬁnsity aay also be.} ER.



v

taipihg or Ieedinq‘ techniquee;,°mhefefore;_ reconrse” ﬁo e

.»relutive denstty es e leeeire of strength in theee type ef””’*"

. [

- sands is inpracticahle. N

; o

- N
./», ,

Cheracteristics of tﬁe ucuu:rny Sandstone seen to‘efff

?fjapply equally Vell to the St., Peter/Sandstoné another?ffi;

lfriable sandstone.‘shean/sttength resnlte of the latter alsof;ijy
eindicate an initial bigh velue ot ﬂ' (epproxiletely 65;f5 f

,:fdegrees) ' which decreases : at higher eftective nornal“’N‘

“Alstresseed Triaxial tosts also confirl this initial high ﬂ"”.

e,value.i Blectron licroscopy reveals a dinpled grein texturen

'Tindicating pressn:e solugion phenonenon lnusseanlt, 1975).

It vonld b€~ eipected frOI‘ the conlentav»before,_ thateq.}f

“efdeforlation cha:acteristics of the ucnurrey “and . St. " Peter

.‘”jSandstones uouldfbe‘difficnlt to predict.\;:ﬁff{,ﬁ:"

Therefore, 'on the basi“fof theee conper&sons, itfff?*J

13 ytentatively sngge;ted”' yJ‘the’ ;nthor that triableff#f:ﬂ




5;2;1.ssnnnins_31:£$:9n_lisnnlsnnz |  ;:';i~ e*wigf‘

In an effort tc clerify the lechenice of theveheefe§fﬁ'

| process, scanning electron ;phatOIicrographa of thelﬁeede:]f}:

hefore end efter diesolntion vo:e -edp.uwj

.‘

As qcntioned 1n Chapter Iv,.

-, 4&1'

vore used' nlt dialeter vith relatively 1 ttle resistance to

EE

types Bf beadsi'*"

aolution :fnd 2-3Il diale"”t high resist#nce beads. Pignres‘f
9;

‘58"5.

510} 1”d1°‘t" ‘that. *“‘ ‘bigh - xesistance bead suffered

little atter heing exposed to the‘s _Q,JOn 1n the dheer box.‘

"l

"fhol these t.b‘type8 before d&ssolntion._ riguref¢ *
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| Tho hoads .photog nphod oOEititoto: .'/ rando-f X
”"soloction -ado tron tll tho louts. novovor, thoy vore chosen
ipatticnlarly so that'co:tain toatnr‘s‘gore diatinct. It 1sf
 :bo1iovod that such foatnrol. on the wholo are 1ndicat1vo og

‘vahat was prosont in tho dioar box aftor dissolution._

Tho genoral o!tect ot dissolution vas to rodnco’-
, tho hoads in size. As -entioned in Chapter Iv, it vas hoped,
 thpt the soft boads wonld -old/the-selves aronnd the hara
.liheads dnrfﬁg the dissolution process. rignres (5 11 - 5.10)
7*show' the Abost oxalplos pt thié lochanisn. Both photographs
;_'shov profile ana 1nc1ined viots!of ditferent boads.x-rhesel
‘.;;boads contain rolatively doop doprossions in uhich the'
ff;hardor boad 15 sndpoo;od ot laking contact. This 13 very
silila: to tho hall and sockot coutiguration aescribed for'
the friablo sandstones. norqyo:, the nochanisns are en:itely

_difforent. nosnlting shear at lov offoctivo nornal stresses_f*

.oqong othe: things, villo'

3 S 16) sho! that‘

DA

rangoionts And difterent_' 4”
ﬂilsolution p:ocess FRS

:4I£ theselfﬁ¢; 

. N . LIV




‘eareas~,reprasent hard contact points, then an interlocking
‘ \

strnctnre vas achieved. rhis spwms to be “the ctse as is
borne out by a colpargion of the strength data hefore and_

after dissolution.

An interesting bead is shotn in Pigure (5;17 -
-5.185.~ This bead shovs“the‘ eftects of shear. Although
dissolution has taken piieﬁ; theitraCtnre surface is_clearly
visiﬂle. Striations on'the'surface'indicate the direction of

shear. This has probably occurred during a high strength

- test.

As a further clarification of‘ ‘the effects-Of
dissolntion, thin sections of the dissolved beads uere nade.

These photographs are discnssed in the folloving section.

,‘ w.un.sam.um

To further clarity the strnctnre present in the
heads hefore shearing, thin sections of the nndissolved and |
'dissolved beads vere lade. San tronhle vas enconntered in

their preparation, mainly" dne to tensile splitting of the
oA
beads and cenent. Hovever, several thin sectiohs were made

and are discnssed helov. The lagnification of all

photographs is approxinately 12.0 tine;y

v .
- rignre (5 19) shous conditions hefore dissolution.'
e rangential contacts prevail betveen the heads. It is.

/\
-.interesting to note hov snall an area of contact there is

-

‘betueen>the beads. Snch a aodel is used in. classical soil ;H'}

P



7weechanice concepts £or qranular aaterials (Rose, 1962). Ihe

e

12

T
reaaining photoqraphs are of the beads after dissolution.

-

‘In Pigure (5 20), the head has been dissolved fros_"

a11 sides. rhe onter beads sit in: depressions caused £t°l<‘1

the dissolqtion process. rigdres (5.21 -,5 23) indicate the_
destroyed and replaced vith concavo-convex or 1ong contacts.,'

'Sandstone._ With these contacts, a greater specific area of,

'tthe bead is»in contact vith its 'neighban. Consequently,

/or the “beatis; T
developed. Ihe result of this is an enhanceaent of _the shear

‘ \the shear lechanisa is one of grain tracture.}:~fv“

shear characteristics vill he ditferent than that of the

;classical grannlar aaterial.-

o .

'lsaae type of structnre, the tangential contacts have been:»ry

| The latter 1s the type of contact prevailing in the ucaurray:f.ff

AS notedﬁ inl Section 75'2,' there was a  great

*!ariatioa‘ in;“ shear characteristics before and atter,

electron licroscopx'data. the ~reason for this is quite~

clear. Dipsolntion has cansed a reeolding to occur 4in soae

stresses. lt higher streSses, strncture is snppressed and'itj

a

An interesting contact is shovn in rigure (5 ZQ).i"’

-. dissolntioa. rroa the above~photographs, as vell as froa the

o B an interlocking strncture has beenf—kf'

-¢ aﬁ&>, dilatancy characteristics at 1ov norlal effective-_.;’

' The bead, atter dissolntion,}Shows vhat can onli be called a',;ffifj



-

. W “ SR
“?unknovn. Hovevor, to thc author': knowlodgo,_ this 13 the:*

| &irst tile a stylolitic contact has avo: been reproduced"
‘artificially. o "‘h'*"'fl“*‘ -




tho b.nucn: ot ‘poo:‘

In rock nochawics.

AN 'f '4" o .
.little 1s knovn about tho lochanicul bohavionn ot IQChm

natctial. Analysis otton alsnlo: a granula: latoriul

»710110'3 traditiOnal soil nochgnics thco:x.
. TRt SE R B K -
o The structure ot a poorly joint-d rock clonoly.‘,
.rosaublqs— that of a friable sandatone, that 13. it 18 lade{fﬁi.f}
S SRRRTI
'up of discrete units or blocks vhich intorlock togather to<jjfyi£
fgive stability.r The cause of the jd nting yay be dne to ai’

I

‘-variety of,eeisons. strcss talease joiﬁis, forlation joints':r'

”Rfflgxnral joints to nane hnt a fev. ao “ver, “in conpa:ing’;ﬁ;}f?

coarse-grnined : ihrble.  ;}
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g
(dpgree_s)v '

o f Bade X X L

. fp"
(degrees)

.. Oh
(kg/cn:)

Eandards el

n (%)

Tl' . -

" TBST
‘NUMBER

.@.1"110..14!'1

i LY R

44.98¢

43.1

0.52

ahands

19

.rl.llmﬁn,lm

T

32,0
31,2

albaad oKX=

40.5
=N

T..l.lT.fll

0.52
0.52
052

s oy

36.801¢"
1 39,95

16
17

.

L 1_]

iJf{‘:",'o". 4

p amer

31,8

el

18
19

.

R

32,0

g —— of

et

e

0.52

-y

|

-7

r :

38,5 32,1

0.45
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i |
¥
|
L

o vy

41.4 33.1

0 “5. :.'._

39,741

=
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> oo of

o o o

=1
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>« o

L e

— e

181,391
1 39,934
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o = -

35.8
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o o of
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) 2-03

a3.58(
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e
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-

-
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'RENOLDED SHEAR RESULTS °

TABLE II.
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; o oz v afe e of

TEST

TETT

. 'l‘ []
(degrees

v
|
) |
4
L)
|
4

'A(ﬁ;groqs

-

Ld
l .
|
A

. Oh
(kg/caz)

o

n(%)

NUNBER

- ., S v - ey we o

1 38

N
v
{
'}

P rlj.",.L

L J
a

1 1§ 0.52

SR 4

384

1.20

".klll

F—1

32.1

l.x'l

b o= of

e of

Vo

BATURAL. SHEAR RESULTS

‘TABLE III.



122

> :@:gmoﬂaunowwwnwmmmnmmnmnumwomnn;munamﬂmnaﬂahanu_mmmww

g

[ 5 mmnumm \\

WP L

vozo»....n avoom wo 3_:3« ..ow.._m m
vo>_03_vc: avoom wo m,._:aom ._au;m <




AP

LOAD. ¢!

BEENT a7 L

‘Hov




.. ! - , _‘ ‘.,.4 S - m, - o . 7 w N . K - ) * .,, r.. R
e .- GYOT TVWEON °Sa °xes (X4/1G) 79KV KOIIVIIG WOWEIXWR . .~ . 7 .
s ers gmmera R IRERR o

DgIIR6 = Wo/BY|




125

- (p *sa XIIS0HO04) SITnST aIaTORTE

v°S TYNOTZ

(%) Ausoiog

m {|nsey , vaf.::__ucb

W w  or . 8E

Sijisey pepjowey.

. G R ¢
B2
)i

. o

. b Vo

5

3

] )
Q.

o

]
~
<t

a2
]
<°
<t

A

ke

“H;

[+]

o (°¢) uonyo4 pu:mu; ;o .a|6uv



126

- _p *sa 11150804) SITNSTY GIATONTE

S TW0STZ

(%) Aisoiog

Sy op

;

ﬁ(l

iinsey peqinsipuny w

&

6€

, | .v
v <

R O @ .0

W
A)

l
S

(oP) uon

4 [ouseu) jo ejBuy -

LA

.

LR .

n "_\ s
Lo
W

\!

\
%)

.



- ’12_7

L@ *sa xa1somOd) sIT0sIE gzaTONEE

9°G FUNSIL

L () Ausosog

AT

e qjwey pepowiey

- fiisoy peqinsipun e . . top

;o

[N

) uoduy puseiyj jo ejpuy

e

ER



o128

,,,,,,

L's @doora

(o) Awsosg -

N

a -

o

SR ‘,mw.,_.45‘»aumomom,wnynannnuSp@ awunam»>,ananonmn\mmnuaawwnnn_A.

. e

o ee

G

oo

‘.
i

g
- e e o v O

W /iuewsnop [oouien

L g

. wawixD



L"V rzsonx 5 s

 omm cnigs anan eronz DISSOLUTION o
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PIGUBE 5.16 T

lml GLASS BEAD APTER DISSOI.UTION

| rzcun,_s 11 |
rnacrnnz oF BEAD . arrnx oxssonnrzon




. FPIGURE. 5,18

FRACTURE OF BEAD AFTER DISSOLUTION

4

_FIGURE 5.19

~ BEAD CONTACTS BEFORE DISSOLUTION

138
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PIGURE 5.20 .

- BEAD CONTACTS AFTER DISSOLUTION

PIGURE 5,21

~ BEAD. CONTACTS AFTER' DISSOLUTION



I“IGURE 5 22

’BEAD CONTACTS Arrza DISSOLUTION

R R

rzsuas 5.23 0.0

”:fﬂazan coaracrs APfiR‘DIssoLUTIQN

N



ncuan 5 2a el e T

STYLOLITIC CGNTACT APTER DISSOLUTIUN ‘
G PLewRE s o
GRAIN _:CONTACTS UPON HEATING THE BARBLE . o




"ﬂ;fsolution and/or anthigenic

\ L co:cmuc nnanxs

ﬂ?ﬂl';’ ‘ xnithia tho-is. an Qxanihation van nad¢ of the,

‘diagqnetic ﬁrqcoascs vh@ch altar arqna¢gons -Ldiucnts after_'

d.poaition."rhe lochanisna ;}ayonaihle' inclndo prossnref
exgrouths.3 Ih08e proco-soa

;“W,Qiﬁcnnse tho aand grains o 1ntorpqnetrate one anothar and. forl'-

' ifan interlockingigftrdctnre.; Tho 3absonce of ceuent is

v"pronnunced. 1fg‘.- o u,f"’- }«'L;],”?sf“ ‘;f,l

Using qlass beads and hydrofluoric acid. a lddei-'

5flateria1 uas devaloped 1n vhich this | struﬁtnre | vas
fsiunlated. Shear strength pa:a-eters atter dissolution vere

f.conparhble to those obtained f:on the ucuurray Sanﬂstone.-

| 'xrhcs‘* ate seen td ditter considerably fro- strength~'j

'ﬁ?f}-atqrials.

’aparaneters nsnally asauued td& conved!ional granular' -

s

'.‘D.
. i

. ”Ralating ¢;  théf;propertles of the ucaurray .

f.];;Sandstone,;tvb‘points of constderaqle inportance energe ;_"




s
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friﬁbié sandstone. It is suggesied thaf friable sandstones
rin,'qenafal have characteristics which differ considerably

from the classical granular saterial.

Q !

¢

The characteristics of the HcMurray Sandstdqe' are
also very similar to that of‘fa rrandoily'Jointed rock.
Ihgrefof@, vith regard tq';valudgion of strength paraaeters

in the latié;, a curved Mohr failureAenvelope wvould seen

El

Y

lore'appropriate. "
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