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ABSTRACT\ ST

basal Bally Rlvar‘ sadsments was undertaken along the Southern and Central Foothulls cf

; ._ " Alberta. Th“"’“s Of the study werb to deduce the deposutnonal envuronment determme L

the dlagenaﬁc pattems of the shndstone llthofactas rplate the dnagcnesus to deposltuonal

enwronrhent and prednct fhe most hkaly subsurche petroleum reservours ,’ _‘ e }-
o ) The Belly Rwar Formatfon ln the study area forms an upward coarsomng sequence
whlch graﬁs from shale at ats base thr.cugh interﬁfatifie‘d shala/s;ndstone anterval to .

' cpaly mudstones_ ccal bcds and scour-basad sandstones Th:s facnes sequence u o -
p o mtarproted is f 1shcrelune deposmonai sottmg ccnssstmg of prodelta marme e i

i ,d'nvnronmeht delu front*(dccasnonally affectad by storm-waves) delta marsh and fluwal

. envs.ronments The sandstqnes ai‘e fme~ to \}erwﬂne—grumd well t0 very weﬂ s@rted

‘: | maturc lqthuc sand;tcnes Thmr dugonesus ls anvgronmant specmc rasuttmg in four basac
; facws—rblatgd dx”agonetuc patterns namely early calclte cementmon of the dtstal bar
sandstoncs cpmpdctlon and authagemc clay cemontaﬁon of stream mouth bar sands

: ’extonsave wthtgemc clay cmnnbon of m cﬁannel sandstones in alt casas dmgmsis
detnmenuﬂx lffected tha rascrvour quanty of'these sands resulting m obsarvabld thm

B v parcent Patrqgrnph.c d:ta shcuV the sands tc bo poor petroleum resérvours in goneral

§ ;‘-‘ mochamcd compactron ahd cccfsronal cementatnon of the crevassa splay sandstones and

: Lnthofacias aqalys:s patrography and dlagenetuc stud} of Upper Cretaceous (Campaman) o

& -

i 5

g but tha n'nst promnsmg fﬁclas are tho strum mouth bar md channel saqu The Belly RIVBE “ ’:'
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1. INTRODUCTION-

A Purpose and Scope of the Study

The purpose of this study was fourfold

\outr:rop'belt of the

Rocky Motrntaln Foothllls southwestern and west-—central Alberta

AR To characterlze the seduments of the Belly Rlver Formatnon in jts,

2. 16 decnpher thelr depositional envuronments T T

3 To mvestlgate the relatlonshnp between deposmonal envnronment and dlageneSls of »

the sqndstone llthofaCIes and

-

4 To reconstruct the charactenstlcs of the western shorellne durmg the retreat of the

°

Cretaceousseaway‘ Co e R ‘
k4 ¢ . - . .

oo

. The dlscovery of shallow oul and natural gas accumulatuons in the Upper Cretaceous )

basal Belly River Sandstone at Pemblna Field in the late 19505 attracted-the. lnterest of only

in surroundmg areas of the central Alberta Plams and Foothllls Exploratlon and drlllmg

‘programs lndlcated that the dlsc0\/ery of such accumulatnons was largely fortuutous

Ry

‘{Oilweek, Oct 26/64) and that the control for these accumulatlons is stratlgraphlc There

was need for a better understandmg of the deposmonal envuronments of these sands.

Followmg studles resulted in diverse mterpretatlons spanmng the gamut of ma lor clastlc

' i deposmonal envuronments floodplam (Shawa and Lee, 1975) coastal\plan

lLerbekmo 1963) delta lLerand and Ollver 1975 Nelson and Glaister, 1975 Mel.\an

'workers w:th the exceptnon of Ogunyoml andl-lllls (1977) and Rosenthal l1982l

' varlablllty ofvthls llthostratlgraphlc unit in dlfferent geographlc areas

‘a few companies until the mld— 1960 whan exploratlon for srmtlar ar:cumulatnons lncreased

: 1971l marglnal marme lOgunyoml and Hl"S 1377l and turbldlte lRosenthal 1982l These _: :

, concentrated thelr studles on smgle sectlons and sugfered from lack of knowledge of the N

The presen't study involved the accesslble gc)Odtoutcrops in- the Foothllls along with '

'thls study can be. used as an exploratwn tool in thePlalns where thls Ilthostratlgraphlc umt

contams hydrocarbons

.o e

' Flgure 1 s'hows the locatlons of the studled outcrop sectlons and Table 1 IS the Ilst o

(4

- some" very llmlted avarlable subsurface core lt is beheved that the knowledge gauned from '_ =

of exammed wetl cores The selectlon ot\the outcrop sectlons was based malnly on . N
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»"-studyarea R AR

access1b|llty and structural sumpllcnty lunfaulted naturel whereas wells were chosen for @

: avaulabnllty of the necessary core. More than one thousand wells in'the |mmed|ate vncmlty

of the outcrdp belt were ekamlned for avallablllty of cores of the Wapnabl/Belly River . -

’ (Brazeaul transrt" ion, but unfortunately only five wells lT able ll were found to have such
B "core This particular lnterval was sought because itis the most controversual part of the -
Belly Rlver (Brazeaul Formatlon with regard to the deposltlonal envrronment The llmlted

' avallable subSurface mformatlon was’ utlluzed along with the outcrop data to arrwe ata

comprehenslve deposmonal anvuronment for the Belly Rlver (Brazeaul sednments in the

fe Methods of Study '

: F-ourteen outcrop sectlons two sectlons located at Jumplngpound) and cores from o

: flve wells form the data base for thus thesls 'l‘he sectlons were measured descrlbed and

: sampled and are the best exposed of the essentlally unfaulted sectlons avallable ‘Each

_sectlon was subdlvuded into llthofaCles on the bases of sedlmentary structures textures :

grain iézf measuremants composltuonal and mlcrofaunal analyses and dlagenetlc studles

‘:, mmeraloglcal comﬁbsmon and paleontology The cores were descrlbed and sampled and s

luke the outcrOp sectwns subdwlded into llthofames Laboratory lnveétlgatnons lncluded

o | One hundred and nmety Slx representatlve sandstone and ten shale/mudstone samples

- were selected for detalled analyses and study Composmonal analysls in thln sectuon was

; achueved by recordmg 600 pomts Wlthln a 6 sq cm gnd dtmzlng an automatlc pomt count

o ‘mechamcal stage A check made after countlng 300 polnts revealed that countlng more
Pthan 600 pomts was unnecessary The necessary data for granulometrlémlyses were
: _also obtalned from thnn sectlons utshzmg a Humphnes mlcrometer eyepuece because all the

. samples are llthlfled A comparnson wlth the data obtalned from the fnrs?’400 grauns \

ot showed that measunng more than 600 gralns was not 1ustlfled The shale and mudstone

| fal d frﬁee any#c:ramunlfers

ks .’samples were soaked in wate; :for several days to cause them to partually break down and 3
o they were then washed through a nest of standard tleves The less than 100 meshe o

. | }A:_‘ fractaons were boﬂed wuth "Sparkleen detergent and water to further mduce shale fallure




e o »
‘ Local litlwofeciefs sequences {local summarieS) were arri\'red' atby 'M'a'rkov cha‘in
analysus The luthofac:tes and their local hthofacles sequences lluthofacnes assemblages) are
given deposltuonal environmental lnterpretatnon by . _ _

‘, 1. ,c0n5|dermg the possrble deposmonal processes that might have guven rise to them,
as mdlceted by the. prlmary sedlmentary structures and textures (baleohydraulnc :
information), . _"‘ '

2? 'cons;denng the lukely envnronments m whnch these processes mlght have- operated

_ 3 . ,comparlng and contrastmg the Iocarluthofacues sequences of thebasal Belly Rlver

‘Formatlon wuth establlshed facues models and by | ‘ '

4. A consndenng avaulable paleontologlcal nnformatmn '

; | , Sandstone samples from the :nferred dlffereht subenwronments were- then

; exammed in greater detell to see if thelr dlagenesns is enwronment specufuc ie. if there'is

) any relatlonshnp between thelr dlegenesns and deposutlonal envnronmeng and if so. to .

further charactenze the dnfferent sendstones Scannlng electron mlcroscopy was carned
“out usmg a Cambndge Stereoscan 150 equnpped with' energy dlSpBI’SlVB unit { Kevex . '
7000) as well as thm sectnon petrogrephy to echleve this ob ;ectlve ] f e o

b



.‘ to about 700 meters m the southern Foothills (Lerbekmo 1961, 1963)

N. STRATIGRAPHY ' I
-1 b ) » ! ! . o \

. AN

A. The Belly River Formation of the Southern and dentral Foothllls of Alberta '

The Belly River Formation in the study area |s oart of an eastward thmnung clastuc

~ wedge that records the. progradatuon of continental condmons associated with the

eastward wuthdrawal of the Lea Park sea during Cretaceous Campaman time (Wllhams and
Burk, 1964 Jeletzky 1971; Stott, 1963 Elsbacher e.’t al., 1974) It represents part of the
easterly progradmg Belly River~Paskapoo molasse (Ensbacher etal 1974, attamnng a .-

th:ckness of about 400 meters in the Plams of southern Alberta and mcreasmg westwards

»
+

In the area of study in the Southern and Central Foothils, the Belly Rrver Formatlon ,

consists of horizontal and cross stratified; light gray to greenish, hth|c fine— to
medsum grained, moderately sorted sandstone’s, dark gray mudstone munor amounts of -
sntstones carbonaceous and bentonitic shales and minor conglomerates Itis

conformable w»th both the underlying Waplabn marlne shale (Jeletzky 197 1;Stott, 1963)

.and wnth the overlymg Bearpaw marine shale, but is dnachronous becommg younger to the -

- east n the Southern Foothills and Plalns the Bearpaw Shale separates, thé-Belly River

, Formatuon from sumllar ybunger continental sedpments (St Mary' s River and Edmonton :

Formatlons) but the’ Bearpaw Shale thlns northward in the Foothills untnl at the Bow River it

does not: reach as far west as the outcrop belt. Therefore thelnabmty to separate the

)

Belly Ruver and Edmonton Formatupns where the sednments thucken farther. north has

B

necessntated the Iumpmg of this contlnental sequence in the Central Foothdls mto the - ?« . "
, Brazeau Fonrnatron (Lerbekmo 1963) Eastward from the Foothnlls Bﬂtyﬂwer str}ata thm
"gracﬁ,nuy under the P!ams where the appearance of the thﬁt Pakowkl rt‘hrme share-gongue
"mé the dustnnctwe Mslk Ruver Sandstone along with other Iutholognc vam’éons*permnt the

dufferentuat:on of four. unlts of formatnonal status wrttﬁn the Piams Beuy RWer Group

(Russell and Landes 1940 Lerbekmo 1963 Teble 2) o aeoes ¢ o ;,;

[ R
\ . X »o"'»

<&
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B. Nomenclature ¢

therature revnews (McLean 1971; lwuagwu, 1878; Iwuagwu and Lerbekmo 1982)
show mconsrstencres amblgumes and duphcatlon of names for this Ilthostratlgraphlc uhlt’ ;
| ‘McLean l197 1) argued for dropping of the term Belly Rlver for the American term Judlth
River for reasons of priority of usage. in the Southern and Central Foothllls as well as in
the West Central Alberta Plains, this lrthoctratlgraphlc unit is undivided and is tradltlonally
called the Belly Rlver Formation, or the Brazeau Formauon in the absence of the Bearpaw
Shale i in the. Central Foothllls Although the wrlter reallzes the nomenclatural problem he

4o N
has no mtentlon to dwell on it becau% s not consequentlal to the present pro. ;ect

Rather, he quI adopt the termlnology_and nomenclature most prevalent amongst geologlsts |

working on the Upper Cretaceous sedlments of the Southern and Central Foothllls of '
“Alberta ~the Belly River Formatlon/Brazeau Formatlon B ‘ : o Ce

Rahmani and Lerbekmo (1975 and McLean (197 1) have aptly summarlzed the

stratlgraphy of this Ilthostratlgraphlc unlt asitis presently known Table 2 modlfled from

, Rahmani and Lerbekmo { 1975) shows the stratlgraphlc units in the study area and thelr .
" lateral correlatlves lequrvalents) in the western Unlted states and the Southern and
North*Central Plains of Alberta lrrespectlve of the dlfferent formatlonal names in varlous
| geographlc areas thls Ilthostratlgraphlcalnterval |s essentially made up of fine- to
, medium- gramed horlzontal and cross~stratlfled sandstones s:ltstones mudstones

shales coal seams and mlnor conglomerates | |

ln the study area, the lower contact of thls unit thh the Waplabl marlne shale lS

'generally gradatlonal and lncludes a transntlonal zone of mterbedded shale ahd very fine .

: 'gralned sandstone whlch is conventlonally known as: the Waplabl transltlon zone Although

_most workers agree that the bulk of Belly Rlver sedlments are contmental (quvual) oplmon

: is dlwded on the deposntlonal envrronments of: the Wapalbl transutlon zone and the basal ' '7

| : --part of the Belly Rlver and Brazeau Formatlons |n the study area The resolutlon of thls

: problem constltutes the rnajor task of the presentprolect ,' '
o _' : :g)r the purpose of thls thes:s théterm basal Belly Rlver (mformal name) IS applled
‘to the lowermost approxumately g 00 meters of the Belly Rlver Formatnon and the T
-underlylng Waplabl transltlon zone lt |s equuvalent to the. Chungo (nghwood) and Nomad

- members of the Belly Fllver Formatloh of the southern Foothllls (Wall and Germundson

: ‘.,/, \=

y



; nsochromty with the Solomon and Chmook sandstones of the north.

, .
1963; Stott 1963) whnch are homotaxnal with me Solomon and Chmook sandstones of the -
central arid northern Footh:lls respectnvely Although itis safe to assume that the Chungo }

sandstone is equ:valent to the nghwood sandstone one would be hesltant to assume its

o



Ill. LITHOFACIES ANALYSIS

.
N
ht)

.-
=

A. thhofacles Deflmtlons and Descnptlons o o \/ k
After careful mspectlon of sectuons (Appendrx A) wnth awareness of, the _ g

varnabmttes within each of the facies, the stratlgraphlc sectlons were subdl\;tded into
hthofames (Flgures 2 3. A facies is a untt of rock d:stmgurshed in the fleld by
hthology sedumentary structures, and orgamc features from ad] jacent facies, both vertlcally '
and Iaterally (deRaaf et al, 1965; Cant and Walker, 1976 Mlddleton 1978,

On the bases of sedxmentary structures textures mmerology and paleontology
mne llthofames are recogmzed and defined in the Be(ly River Formatlon of the study area. 2 -

These are as follows Shale facnes Jnterstrattfted sandstone/ shale facues (Heterohthlc

f“ac1es I, Bloturbated/dlstorted sandstone facies, Hortzontal to Iow-—angle cross stratlf,ted

)\ ,,

B sandstone facies, Coaly mudstone’"fames Interstratufued mudstone/sandstone facues

, (Heterohthtc facies ll), Scourr-based htgh—angle cross—stratlfred sandstone facnes

Load structure based cross— strattfted sandstone facnes and Scoured surface with
mudc(asts facres For the sake of brevnty these hthofames are also given unformal
desngnatlons as AB, C D, E F, G H -and. SS respectlve(y '

o Followvng standard facnes analysls practlces such as that proposed by Cant and

Walker (1976) these h.thofacues will be gtven deposmonal mterpretatlon Iater (Chapter 1V)

. after their facnes sequence has been estabhshed 50 that the Jnterpretatton is based upon

specnftc charactertstlcs as well as OVerall relatlonshlp.ﬂ R o e -
s

Evenly Lammated Flssule Shale Facles (A)

Th:s fac:es consrsts dommantly of dark gray (N3) (and medtum dark gray (N4)) snlty

' shale other shades of gray such as ohve gray (5Y4/ 1-) (tght O|IVB gray (5Y6/ 1, greemsh ‘
gray (BGY6/1) dark greemsh gray (5GY4/ 1, ohve black (5Y2/ 1) and graylsh black WZ) are ‘:_

not uncommon Desptte mtnor color dtfferences sha(es of thus facues are all fissnle

though the ﬁssuhty of an mdlvndual occurrence of thrs facues decreases upward wrth the

mcorporatnon of more sult sued parttcles thereby rendermg rt more mass:ve and
mudstone llke m character It IS carbonaceous sandy and concrettonary (carbonate

°
B PO B

[
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© Interstratified sandstone / mudstone —Facies F

(FLOODPLAIN)

4 Coaly mudstone — Facies E

Ol (MARSH/SWAMP) |

{;‘{‘: v © Gradational to sharp load-structure-based
\;{%u cross-stratified sandstone — Facies H

(CREVASSE SPLAY)

2009 7 Interstroriﬂed‘ mudstone /sandstone — Facies F
S ( FLOODPLAIN)

180+ T . o
) \ ‘ . s

1604 . .
Scdur-bgsed high-angle cross-stratified
. sandstone — Facies G '

o SLAD . (N-CHANNEL )

A}

RS - — a - Scoured Surface-Facies SS

120~W o | (CHANNEL FLOOR)

AR Bioturbated / distorted- sandstone — Facies C -

L&D
W (DELTA FRONT/DISTAL BAR) ‘ °

melress

Horizontal to low-angle cross-stratified
= «» sandstone — Facies D

g “ r " (STREAM MOUTH BAR) .

“ Interstratified sandstone /shale — Facies B

22 SLO .TA FRONT
w2 % {DELTA-SLOPE/DELTA F g )

20—
Evenly laminated fissile shale. — Facies A

(PRODELTA)

Figure 3. Facies. types and 'representation for the Belly’
' River Formation (data from Drywood River section).




concretions) in places 1t has a foraminiferal assemblage dominated by Haplophragmoides

andlmnamrn_ma,as well ad a few Ammobaculites and Eggerella

AN

. _This facies has mostl gradational lower and upper contacts {grading downward to
the less silty marine Wapiabi S ale, and upward to the more sandy facies B but
. / ' .

occasionally to facies H).

a few cases, the upper contacts of this facies are sharp but
non-— scoured and are only & reflection of differences in color and grain size of the
adjacent facies It weathers apeky to rubbly and crops out better than stratugraph:cally

hugher typical Belly River/Braz

dstones and shales of facies E and F. .
\;:} '

by

N

Interstratlfled Sandstone/ShaIe Facles (B) (Heteroltthic Facies I).
Thns facies consjsts of alternatmg strata of \ery fme to fme gramed sandstones
* and shales (Figure 4). The sandstone layers are meduum gray (N5) to medium light gray (N6)
with ocoasxonal medium dark gray (N4), dark gray (N3). olive gray (5Y4/1), Ilght olive gray
- {5Y6/1), light olive gray (5Y5/2) and greenish gray (BGY6/1) vanetles They are horizontally
' ‘parallel laminated, trough cross—laminated, ripple cross—laminated. occasionally |
herringbone cross-laminated and irregularly {indistinctly) cross—laminated. In places
rupples show well preserved surfaces (ripple marks) whereas in others the rtpple marks
- are partially destroyed and coexist wrth a ﬁew non- discrete horlzontal worm burrows and -
, }trarls or are completely destroyed by severe bioturbation These sandstone units range in
thickness from 2 to 40cm (average of 5 to 10cm) with the thicker ones more abundant
upward through the facies occurrence. They are mostly tabular in form though lenticular
| and-irregular shapes are also common, and in some places linsen structures {sand Iensesﬁh
a shale matrix) are obsefyed. They have sha‘rp bases which are due to differences in grain
: _siies bet_vyeen the‘san:d'stones and the alternating shales. There are few instances of
interstratificatio;t‘of bioturb‘ated and non‘—bioturbated rrpple. crbss—l’éminated sand Iayers.
'The sands are carbonaceous and sometnmes the black organuc matter |s concentrated along
lammatlon planes to form carbonaceous Iammae these and occaslonal shale partings show
up the overall lamination of the sands They are falr to poorly sorted (muddy), glauconmc
mncaceoue and occasnonally contain coal and wood fragments and shale clasts. - They are

carbonate cemented, well-indurated, occasmnally concretlonary mostly ﬂaggy to platy -
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Figure 4. Interstratified sandstone/shale facies (B). Location: Unit ;
: 2 of Highwood River section. ' : : -

Ed
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' weatherung though siabby and rubbly weathering in places. ) .
The general sequence of sedlmentary structures in the sandstone Iayers of facies
| Bis dlstlnct and is as follows: groove castdon the soles of the sand beds; horlzonta_l '
_lamination overlying a sharp but non-scqured base mmor trough cross-— lamlnatlon ripple’
cross lammatnon occasional mdnstunct llrregularl cross-— -lamination; an upper surface
showing undulations and interference ripples and horlzontal worm trails and burrows
(Figure 5). There is pronounc'ed repetiti?n of structure types in -def‘i'nite s'e"quences ‘
attributable to repeétitidn of the depositional proces—ses' ; _ : o R
The mterstratlfued shale of facies B is dominantly dark gray (N3) and medium dark
gray (N4) to. oluve gray (5Y4/1), and oct:asmnally greenish black (5GY2/1), gramsh black’
N2), hght olive gray (5Y5/2), medlum gray (N5) light olive gray (5Y6/ 1), dark greemsh gray
(5GY4/ 1) and olive black BY2/1) ltis sitty to shghtly sandy, carbonaceous to very

carbonaceous mrcaceous and concretnonary (carbonate concretnonsl The shale beds .

range in thrckness from 2 to 25cm and decrease in thnckness and |mportance upward

through the’ facues The sand/shale ratio in most occurrences ranges from about 30/70 at

thebaset080120atthetop \ 3 o : e

.

“A few pelecypod shells and fragments !E_I_QULQm;La,J drift wood fragments and '

commmuted plant debrns form the body fOSSll component of thls facnes Honzontal to

) ‘ Asllghtly mclmed worm burrows espemally Bm;Q_cQLalhum (Flgure 6), are common along

beddmg planes and in the upper parts of sand beds. These trace fossils were mainly g

. sedrment feeders; they belong to the Q;unana facies of Sellacher (1967) which mdlcates a ,_)

lrttoral zone to wave base envsronment Some vertical escape burrows passmg through '

the sand beds were observed at the Crowsnest aner {Lundbreck) sectnon

lndnvndual occurrences of thls facies range from 2to 52 meters thnck but most are -

~in the range of 4 to 1-5 meters. They usually show coarsenmg upward characterrstlcs in -

the form of mcrease in the thuckness of sandstone layers, overall sand content graln slze

‘ 'and sortlng (muddy and bnoturbated at the base of some occurrencesl some of the sand -
layers themselves show gradmg from fine to very fme sand and sult (@ type of.-

‘ ‘fmmg upward gradnentl wnthm unduvndual subunits. However, a few occurrences show

_ upward decrease in sand layer thuckness as a reflectlon of llmnted lnput of coarse detmtus

:They mvarlably have a lower gradatlonal contact wrth factes A, and mostly a sharp uppéer ’
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Horwodal worm trails and burrows
coexosrmg w:fh mferference npples

‘-‘_" : - ~ Ripple

QRipple 'cr'os lomination

«Small scale trough -
I’ndm;gv”clm | - cross-lamination
cross- ‘
Horkontol_ e Y Grolded becing
Iammahon ’J - ‘ AP

J-W"‘Lt'f . U -
Sk)'p bose mfh groove cas!s g o

tFigure Sa.

Schemahc generahzed sequence of sed1mentary structures
typ1ea1 of sandstone beds of fac1es B ’

’

Cen, N

FRRE IR

‘Fig'u're-_'Sb., ’_Example of the sequence of sedlmentary structures in the IR
' ‘sandstonies ‘of facies B, . Note ‘the - sharp base’ (arrow) between "
- ‘the shale (Sh) and the sandstone (Sd) hohzonta'l '(amnatmn?

AM), 1ow ang]e cross lammatzon x) and rlpp’le cross-

= lammatwn (RX)-. Locartion. Umt.7“of Drywood section,

~ L, .

* RIS A
. 1 . . . I3
, . .



Figure 5¢.

 Examp1e of sequence of sedjmentary structures in the‘,7
sandstones of facies B.- Note the sharp base (arrow).

to the sandstone layer (sd), horizontal 1aminat1on

. (H), small scale Tow-angle cross-lamination (X)
- and ripple cross-lamination {RX). Black organ1c .

-+ _concentrations accentuated the 1am1nat1ons

Location Un1t 1 of Lundbreck sect1on
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B contact wnth facies D. H or G Most of the sharp upper contacts with facues DandHare’
non- scoured and are due to dlfferences in gram size, whereas those wuth facies G are

: scoured However some of the upper contacts of facies B are gradatlonal to facues C.

BloturbatedIDlstorted Sandstone Facles (C)

_ Thus facies consnsts of very fine- .and fme— gralned lught gray lN7) and medium hght
gray lN6) to light ol|ve gray (5Y6/1) sandstones whose primary sedlmentary structures are
partially or completely dlsturbed by elther penecontemporaneous deformatlon or
bioturbation or both (Fugure 7) Followmg the definition proposed by Dott and Howard
' (1962) and used by Coleman and Gagllano (1965) the term dlstorted is used here in a
‘purely descrlptlve sense, denotxng all dlsturbed stratnflcatlon regardless of causal agent or \'
.agents. The sands are in general well sortéd though in few places are muddy espemally at
bases of occurrences occasionally.they are pebbly with mud and‘ chert clasts and gram
sizes up 10 medlum sand They are carbonaceous wuth commlnuted plant debrls and coal
fragments and are mlcaceOus Slump structures, ball and piliaw structures, load casts
turbated features, contarted lamunatlon (especually near tops of occurrences) and
- bloturbatlon characterlze these sands A!though most of the primary sedrmentary ' ’/ ‘
. structures are dlsturbed and at times completely destroyed some of the sands still show.

some pramary structures in the form of farnt thlck bedding to graded beddmg anq
.horlzontaLparallel lamlnatlon in thenr basal portlons and trough cross—lammatlon mlnor .
trough cross-— beddmg npple cross-—lamlnatlon and rlpple marks (lnterference rlpplesl
ome places there are mtumate assocuatnons of distorted and undeformed layers whereas( :
in. other cases there is lnterstratnflcatlon of completely bloturbated homogemzed sand
,-y'layers and non-= bloturbated horlzontal Iamlnated and rlpple cross- lamlnated layers of 5to -
v 30cm thlckness lFlgure 8) These non—b:oturbated sand layers show honzontal worm
_ trails on thelr soles and tops and a few very thm medlum dark gray (N4l to olive gray -
‘ (5Y4,4 1) carbonaceous shale partmgs and black carbonaceous lam1nae They are mostly
,lentlcular if form though tabular shapes are common '
| lnduv;dual occurrences range in thlckness from 1.5 to 19 meters and may. represent

smgle eplsodes of deposutlon ora series of deposmonal eplsodes whose deposnts are

I
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‘Figure 7a. ,Bioturbated.sandstone‘of'fécies C: note the complete

’

~destruction. of bedding.” Location: Unit 10 of

O]dﬁan,River section.

v

Figure 7b. vDﬁstortedvsandstone_of facies C; note the near

horizonta]-fo]d axis of the‘intraformafionalv
recunbert fold. Location: Base of unit 7 of Trap-

Creek section.

20"
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" Figure 7c. Deformed bedding common in vféci;e;s c sandstones. . Hammer for .
. -scale.  Location: Within unit’/ of Trap: Creek sectjon. -
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1 terStbatification’of bi6£urba£éd homdgenizéd{(T)'and»'

~bioturbated (N) sandstone layers-of facies C. Note"
Indstones. Location: Unit 6 of Lundbreéck section.

_ N

rmed bedding (arrow® at right which is common in facies

-



‘Figure: 8b,
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. f v
. .a"“‘)",
M.

g

Interstrat1f1cat1on of b1oturbated homogen1zed ( )”and

" non- bioturbated (N) horizontal laminated sandstone 1ayers of
- facies C. Note shallow scouring and troughing, and -
,-concentrat1on of carbonaceous mater1a1 (arrowg
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vFigure 8c. Interstratification of‘b-i‘oturbéted‘ homogenized shaly .,
. ’Safnds,to_ne lgyer (1) -and ‘noh’-_vbiot'ur,ba‘t.e’d_ low-angle '
pl"ana,r‘, tabular cro\s_é}étratified: sandstone layer (N)
of facies C. Hammer for scale. Loca 1oh:‘,U"n1'.t 6
of Lundbreck s;e.'c;tio'n.“ | ' *
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superimposed The thinner (approximately 2 meters thick) occurrences show
fining-upward characteristics and grading. sharp (sometimes scoured) lower contacts,
usually gradational upper contacts and lenticular form Preserved and recognizable
sedimentary structures in these thinner occurrences are t'rough cross-lamination, ripple

cross—lamination and a few low—angle cross—bedding in sets of 10 to 30cm thickness

. These represent single episodes of deposition The thicker occurrences (3 to 19 meters)

are made up of superimposed subunits each of which, like the thinner occurrences, shows

grading and fining-upward size gradient, becoming muddy (poorly sorted) in its upper

portion. However, some of the subunits show coarsening-upward characteristics, being

muddy and bioturbated in their basal portion. and better sorted and pebbly at the top with
mud and chert clasts of up to 2.5cm maximum dimension; {e.g, unit 7 of the Trap Creek
section]. In other words, there are two levels of coarsenmg upward in some of these
N /
occurrences the usual coarsemng upward In the :orm of thicker sand layers upward in the
’occurrence, and increase in grain size and socting upward within the subgnlts Some qf
the sandstones are concretionary, especially at their top  Some have sharp, at times
shaliow scoured, lower«x:ontaets, though a few are gradational; usually gradational upper
contacts with facies D or\\B; weathering is fal_a‘ggy to slabby

The fossil assemb'age inciudes [poceramus fragmehts, Ammonites (Baculites) and

hi ratlium. |
itis pertinent to note Athat this facies is very variable in texture and sedimentary

structures, and that these are areflection of a combined effect of sedimentation

processes and syndeposmonal deformation. Therefore, facies C does not strictly

D
represent a sedimentation unit, but a combination of sednmentatlon and s?indeposmonal

i
deformation. .The main d:fferences between thls fames (C) and facies B are;

-1 more bioturbation in facies C than in facies B;

$ L . . L
2. preponderance of syndepositional deformation structures in facies C; and

3 presence of a significant proportion of shale in facies B.
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Morizontal to low-angle Cross-strati‘fied Sandstone Facies (D).

This facies 1s composed of light olive gray (5Y6/ 1) to medium light gray (N6). very
- fine~ and fine—grained horizontal to low—angle cross-stratified 'sahdstones Thicknesses
range from 0.5 to 19.5 meters, with most of them in the range of 2 to 6 meters They are
mostly grossly lenticular and are in turn made up of lenticular horizontal lamina sets and
low-angle cross-lamina and cross-bed sets of 2 to 50cm (usually 5 to 15¢cm) thickness
separated by very thin carbonaceous shale partings. Most of the individual sand layers are
characterized by sharp bases with ér without sole marks and incipient loadfcasts,
horizontal lamination, low—angle trough cfoss—bedding and cross-lamination, abundant e
ripple cross—lamination, ripple marks {(mostly IingL;oid ripptes) and occasional hurﬁmocky
cross-bedding and planar cross-lamination (Figure'S). . Some of these sands are also
"graded. Horizontal worm trails are common on the soles and tops of these sands: a few
beds show ball and pillow structure‘é and contorted lamination, which is restricted to their
bases Interstratification of bioturbated and non-bioturbated sand layers with a few
vertical escape worm burrows were observed in some instances, especially at the bases
of the facies. The bioturbated sand layers are indicative of slow rates of deposition
whergé% the non—bioturbated layers with only a few vertical escape burrows indicate high
rates of deposition Although some 6f'the thicker occurrences of this facies show
coarsening—upwafd characteristics in the form of increases in the thickness of the sand
layers and grain size (up to medium sand size) up through }he occurrence, most show
fining~upward characteristics ig the form of decrease in sand béd thickness. But
individual sand layers within both coarsening—upward and fining—upward occurrences
typically show fin'ffg-upward size gradient, and are sometimes graded as well. In other
words, there is an internaﬂi fining—upward characteristic of the sand Iayérs irrespective of
whether the entire occurrence is fining—upward br »not. They are usually poorly sorted.
{muddy) in their upper portions, and at times pebbly (with chert and mud clasts) at 'theif A
bases. The sandstones are carbonaceous with abundant black plant debris on the
lamination planes, and with fossil wood fragmer;ts; and impressi_o;us: also they are sparsely
pyritic, micaceous..and usually calcite cemented ¢
The common sequence of sedimentary structures in the individual fining upward

sand layers is: sharp base with or without sole marks; horizontal paraliel lamination;

.



Figure 9a.
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Horizontal to Tow-angle cross-stratified sandstone facies (D).
Note: 1) the lenticular form of the sand layers (arrows),
2) increase in sand layer thickness from bottom.(right) to

top (left), 3) sharp bases to the individual sand layers,
4) decrease to complete absence of shale partings (S)

"upward. Geologist is scale. Location: General view of

Unit 9 of Trap Creek section.
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{

Figure 9b. ;Closeup of fig. 9a above.: Note the 1ent1cu1ar form of the sand
) - layers (arrows), and sequence of sedimentary structures as
follows: sharp base, massive to horizontal bedding (M), Tow.

- angle medium-to large scale cross- strat1f1cat1on (X), ball and
p1110w structure. (P? : .

~ -~

~ o~y

.



' Figure 9c.

'S

- Figure 9d.
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Horizontal bedding (M) fol]owed by 1ow ang]e cross bedd1ng

(X) of facies D. Location:. Approximately 12 5 m above

base of Un1t 9 of Trap Creek section.

~Interstrat1f1cat1on of clean hor1zonta1 1am1nated and
ripple cross-laminated sandstone (X) and bioturbated-
shaly sandstone (T) layers of facies D. . Location: Unit.
2 of Lundbreck sect1on / Lo S



30

Figure Je. Symetrical straight crested ripples on the upper surface of  ©
.k a-sandstone bed of facies D. Location: Approxlmately 1 %\ :

above base of Un1f{2/of Trap Creek section.

0

“Figure 9f.. Interference rxpples on a bedd1ng plane of fac1es D.
' sandstone. Arrow indicates direction of the lee- s1de

*  of ripple. Location: ‘Approximately 1'm be]ow top of
Unit 9 of Trap Creek section.
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' low angle smali- scale trough cross—bedding and trough cross— lamination: rlpple

~

Ccross— lamlnatlon indistinct (1rrevylar) cross-— lamlnatlon and rlpple marks at the top of beds
(Figure 10) Most of the sand layers of the thlcker coarsenmg upward occurrences have
dtstorted horlzontal- laminated and loaded basal portions but well preserved small- to. ‘

!
mednum scale low angle trough cross—bedded and cross lamnnated tops they’ display a

tabular formin outcrop in contrast to the lent|cular sand layers of the upward fining -

' occurrences‘ They are usually coarser gramed (mednum to fine sand) with chert and mud

clasts scattered throughout their lower portions or concentrated along deflmte bands of 3

- "to Bem ‘hnckness better sorted and have shallow— scoured lower contacts The fossil

assemblage of this facres mcludes an Ammomte LB_agume_s) Bhuo_c_qname non= dlscrete '

horuzontal burrows and trails and a few vertlcal escape burrows.

Most of the occurrences have sharp, non— scoured or- gradatuonal lower contacts

_ ' and gradatuonal upper contacts with facies B, C. or E*though scoured lower contacts are

common among the coarser medium- grained sandstones
‘ ‘ !

3

3 Coaly Mudstone Facies (El

Thrs facues consnsts of coaly and carbonaceous olive gray (5Y4/ 1) to dark greemsh

. gray l5GY4/ 1), and light olive gray (5Y6/1) to greemsh gray (5GY6/1) mudstones These

are silt and clay slzed non-—flssrle massive rocks characterized by blocky and |rregular
fractures Individual mudstones range from 0. 5 to 19 0 meters thnck but are mostly in the .
range of 1510 10 meters, exhibit Ientucular or tabular formin outcrop and weather -

rubbly. They arg-sandy, and’in few lnstances thh sand for?ns |rregular lumps"..lenses and’

- very thm layers (15cm maxumum) The mudstone lS concretnonary toward the top, wnth

carbonate and iron oxide concretlons of up to 30cm maximum dlameter Occasuonally
s

very thin coal beds (2 to 4cm thick) are encountered especually near the less sandy tops

- “However, most of the time- the carbonaceous plant materlal is. dussemmated throughout the .
‘ mudstone gnvmg it a darker color: lmedlum dark gray (N4) to dark gray (N3)l and a more [
- fissile shaly character in contrast, lughtenmg of color to greemsh gray l5GY/ ‘l) and llght L
" olive gray (5Y6/ 1)is common inthe soapy feelmg bentonltlc varletles Fossd wood

fragments carbonized rootlets and coal fragments are the mann evrdence of orgamc
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3. Strmghr crested Symmerr/ca/ and
mrer/erence rlpples

4. Ripple cross - lamination

3. Small to medivm scale
~trough cross-bedding and
cross- /ammahon ,

. | — ar——— 2Honzonfa/beddmgand

/am nanon :

N E Sﬁarp.base‘ M'Ih or wiMf So/é marlrs '

F1gure 10a. SchematTc 1dea11zed sequence of sed1mentary structures
: typ1ca1 of sandstone beds : of facies D ' '

. —

2.'?igure-165;, Sequence of sedlmentary structures common W1th1n -

P sandstone ‘beds of facies D. Note the sharp base (arrow) ,
intimate assoc1at1on of small sca]e trough cross 1am1nat1on -

..+ (X), ripple-cross- lam1nat1on (RX) hor1zonta1 1am1nat1on to

v ,.”massrve_bedd1ng (M) and ripples ( ).

o f LocetiOn'- Un1t 4 of Lundbreck SECtlon
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actlvuty as the mudstone is rarely bioturbated.

lnduvndual occwrences have gradational lower contacts with facies D. G, or H
whereas their upper contacts wlth facaes/G of H are scoured and often irregular due to
\soft sediment-‘deformation prevalent in the more concretionary upper parts; as well,
gradational upper contacts w'ith facies F are not uncommon. |

o

[

]nterstratified Mudstone/Sandstone Feeies (F).
This facies is composedlof interbedded very-fine and fine-‘grained sandstones

‘ and carbonaceous mudstones {Figure 11). Smgle occurrences range from 1 to 23 meters

‘th.ck w|th most in the range of 1'to lO meters.

‘ The mudstones are olive gray BY4/1) to dark greenlsh gray (5GY4/ 1) and medlum
.dark gray (N4) t0 dark gray (N3), though light olive gray (5Y6/1) and greenlsh gray (5GY6/1) .-
are also common. They occur in beds of 10 to 50cm and constitute 40 to 80 percent of
~an indivldual facies occurrence. .They are sandy (poorly sorted), bentonitic, concretionary
'~ and occasionally very carbonaceous to coalyWit‘h coal beds up to 10cm thick with
carbonuzed rootlets The mudstones are generally massive and structureless though
occas:onally sllghtly fissile w:tlfa darkenlng in color due to increase in carbonaceous
matter. They weather blocky to rubbly and are in most respects slmllar to mudstones of -
facnesv-E‘ : '

The interstratlf'ied sandstone |ayers are 40m to 0.75 meter thick, but mostly in the
' range of 5 to 30cm They are horizontal paral‘el laminated, trough cross—laminated and
: rlpple crossT lamlnated occasronally planar crdss-lammated wavy lamlnated and
L contorted laminated. They are charactenzed by sharp bases WhICh may or may not be
loaded, and are lentlcular or tabular in form In most cases especually in the thunner (less
Athan 30cm thick) tabular sand layers, the sharp bases are due to differences jn graln size
) and color between the sand layers and the' mterstratlfned mudstones they rarely show
mcrplent load casts Wthh are common on the. thicker (greater than 30cm thlck) lenticular -
a vsand layers. Some of these thlcker Ientlcular sandstones also show very shallow - F)
" scourmg In some mstances however the sand components do not form distinct layers

‘rather they form |rregular to lensold sand masses chaotically dlstrlbuted_ within the -
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X 3 ‘.

S

Figuré 1la. Interstratified mudstone/sandstone facies (F). Note
sharp, loaded upper contact with facies H (arrow) to
the right. Location: Unit 13 of. Sheep River section.

- : T N o
Figure 11b. Interstratified mudstone/sandstone facies (F). .Closeup

of figure 11a above. Note the'loaded-base (arrow) of the -
iandstone layer. Locdtion: Unit 13 of .Sheep River section-

)



Figure 1lc. Ripple cross-lamination common in facies F sandstones.
' Double arrows show axes of the ripples. Location: Top
sandstone layer of Unit 22 -of Trap Creek section.-

Figure 11d. ‘Asymmetrical ripple marks on top. of the top sandstone
layer of Unit 22 of Trap-Creek section.(Fig. 11c). Note
horizontal worm trails that have been.partially replaced
by calcite (arrow). ) .

‘
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A

" Scour-based H-i'gh-angl'e Cross-stratified San'dstone Facies (G).

. than 10 degrees but mostly between 10 and 20 degrees) trough cross— bedded and

mudstone, resultlng in a sort of linsen structure or Ient;cutar beddlng e sand Ienses na.

mudstone mat § dstone layers are mednum gray (N5) to dark greenssh gray

(5GY4/1). and " : (5Y6/ N o greenish gray (5GY6/ 1), though other shades of
gray are com oorly sorted (muddy) carbonaceous with abundant plant

i biach Inae micaceous, occasmnally concretxonary and fme upward
. B ‘ »

o od fragments and lmpressmns and oysters found in one of the

he Drywood Rrver section constitute the fossnl component of this

e

.

most of the occurrences are homogeneous with respect t‘o\the

h e mudstone and sandstone components, some show a - "‘\

N

distribution]

_coarsening—iilllard characteristic in the form of increase in the sand content and\sand

. 3 9 3\
layer thicknes ,tnll a few occurrences exhnbnt some overall fining- upward
characteristic; ',_g sandier in the basal portions of the units than at théir tops where they

bly into facies E; these are probably more distal to the source ot thex o

- coarse sedlment mput than the upward coarsenung settlngs Gradatlonal basal contacts

with facnes GorH usual though sharp non- scoured lower contacts with facnes E are

common. Sharf n scoured upper contacts with facnes GorHis the rule but

occasionally f ) grades into facies E.

Thrs factes con5|sts of scour—based, medlum to Iarge scale h|gh angle (greater

PLs

g crosé‘—lamlnated planar cross= bedded and cross—|am|nated and rlpple cross— Iammated

~sandstones; and occasmnally massive sandstones (anure 12) Indlt'ndual occurrences

}

range from 'I to 30 meters thlck but are’ mostly in the range of 2 to 10 meters, and are

Ientlcular in form Cross-bed and cross-— Iamma sets rangmg from 0 1 to 06 meter thnck

- and mostly wedge shaped are stacked on top of each other. In most cases, sets of
h Cross- strata are separated by scours (upto 20¢m deep) mto Ientlcular cosets (subumts)

B These cosets range from 0 75 t0 2.5 meters and average 1. 5 meters (Flgure 13). In a few |

i R . o.



‘Figure'ﬂz.

Scour-based high-angle“trbss—;tratified SAndstOné facies (G);
Note 'the scouring (SS) into facies E, minor shallow scouring’

. {channelling) within facies G, and Tenticular shape of ‘the’

facies:G sandstone. Geo]og1st in foreground for sca]e.‘
Location: James’ Rlver sectlon
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~Figure 13. Multistorey chamnel sandstone with shallow minor channels.
' © (scours, S) within facies G sandstone. Note the’ TEntlcular
form of ‘each subunit and the trough cross- bedding (x) -
revealed by weathering of an otherwise massive to th1ck bedded
sandstone Locatwn Umt 10 of Shgep Rwer sect1on

Qe ) \ L 3
. .- ]
. : .

B_}.
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.
instances, however occurrences consist only of single upward fining units Horizonta!

lamination, ripple cross-lamination and rippled surfaces are common N the finer

uppermost portions. whiereas occa3|onally planar cross-stratification consisting mostly of

single to a few |solated sets are sandwiched within the main bogy of the unit Load casts.
flute casts, and pseudonodules are not uncommon in some of the thick multsple cosets

The definition of the cross-beds and cross—bed sets is variable from one
occurrence to another and even within the same occurrence. It is dependent on the
presence or absence of darker finer partings in the form of dark gray carbonaceous shale
partings and black carbonaceous laminae In some instances it I1s very clear whereas in
others 1t is faint, especxany in the basal portiohs of some occurrences, giving the casual
observer the impression that the sandstone 1s completely massuve In most case, however,
the cross—bed sets are separated by dark gray carbonaceous shale partings, and some of
the individual cross—beds show nternal Iamlnation,thereby further improving their
definition There is usually a decrease in the scale of the sedimentary structuree from
base to top of each coset (subunitl. but not necessarily from bottom to top of the whole
unit Hence. the cross—bed set thickness in most occurrences 1s similar, and decreases
upward usually only in the uppermost coset

The general sequence of sedimentary structures in a coset of strata typical of this
facies 1s coarse to peobly, massive to faintly horizontal bedding and poorly defined trough
cross—bedding overlying a scouredfsurface, well defined traugh cr;ss—bedding and
cross-lamination, occasional planar Cross= stratification, ripple cross-lamination, and

-

rtpple marks. t't_;,ﬁ\

The sands are light gray (N7) to medtu@‘gray (N5), and light olive gray (5Y6/1) to
greenish gray (5GY6/ 1) and dark greenish gray (5GY4/1), medium- to fine—grained, and
occasionally coarse_—grained. They are otten pebbly with chert and mudclast pebbles of

15 cm maximum dimension. The pebbles are usually concentrated at the bases of the

occurrences, on the scour surfaces and shallow channels that separate the cosets, and at« «

bases of troughs, but are 'sometimes scattered throughout the basal rﬁ’assxve to crudely

) hornzontal and CFoss-Beddegi O 5 meter. In a few instances. mud "and chert pebble

conglomerattc ‘sandstones 20 to 30 cm thick, and thmneﬁ\matrtx supported
conglomerates, were observed They are moderate to well sorted, carbonaceous with

&
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communited plant debrls/and coal fragments. micaceous, and mostly kaolinite cemented,
Grain size and sorting shghtly decrease upward in each coset, but decrease signficantly in
the uppermost, usually poorly sorted. coset of most occurrences Thus'there IS an
obvious fining upward size gradient in the uppermost coset of the multiplé coset
occurrences, and .m the single coset occurrences But within the cosets of multiple coset
occurrences, funrné upward size gradient 1s less distinct and at times non-existent, still,
each coset Is separated from the next by a thin (usually less than 15 cm) finer olive gray
{(5Y4/1) to dark greenish gray (5GY4/1) shale or mudstone parting As a general rule.
therefore, there are two levels of fining upward of grain size namely
1. a subtle fining upward within ea::h coset of beds (subunit), and
2 amore obvious one fgf each entire occurrence (unit) \

‘The lower contacts are invariably scoured into facies E, and are occasionally
assoclated with incipient load casts, large fossit wood fragménts and )/mpressions, and
pseudonodules resulting from the foundering of sand layers into facies E mudstones
Their Upper contacts are usually gradatipnal, the coarse— to medium-grained well sorted

sands grading through the muddy, often very carbonaceous and concretionary sands of

the uppermost cosets to facies E or F

Load-structure-based Cross -stratified Sandstone Facies (H).

This facies comprises load-structure—based, small- to medium-scale
cross-stratified sandstones (Figure 14). Overall shape 1s |enticulaf or tabular ranging in
thickness from 0.2 to 5.5 meters, but mostly in the range of 0.5 to 2.0 meters Trough
cross—bedding and cross—iamination, ripple cross—laminatioﬁ, plus occasional horizontal
and massive bedding characterize these sands. Occu;'rences are made up of single or
multlple depositional units. The thicker (greater than 075 meter) lenticular units are
composed of horizontal be s and wedge—shaped cross—bed and cross— lamina sets of 0 1
to 0.5 meter thickness sepprated by carbonaceous shale partings. In these thicker sand
layers, cross—bed ‘and cr ss—{!‘amina set thicknesses decrease upward with an increase in
their frequency and in arbdna‘ceou; shale partings. THe thinner tabular (less than 0.75

meter} sand layers consist of horizontal lamina sets, and trough- and ripple cross—lamina
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(H).
n.

Figure l4a. Load-structure-based crdss-sfratified,sandétbne facies
Location: Unit 4 of Sheep River (Turner Valley) sectio

Typical base of facies H sandstone; note the large load cast
and the crumpling of the underlying very carbonaceous
mudstone of facies E. Location: Unit 6 of Sheep River

section/

Figure 14b.
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sets of 0 1 to 0.25 meter thickness separated by many carbonaceous shale and mudstone
partings In most Instances, however, these thinner varieties are superlmposed to forma
thickness of up to 4 metérs, just as a couple of the thicker lenticular varieties are
. 5uper|mpo$ed to forrh thicknesses of up to 5 meters The thicker varieties have.avgrveater’
_ téndency to occur "sn"xgly with individual thicknesses of up to 1.5 meters on the average
Contorted lamination, wavy to irregular lammations, flow structures, and large load césts.
are ;/ery common in the basal Pfortlons of the sandstones. though they are most
sﬂpectacular in the thicker lenticular ones
The general sequence of sedimentéry structures in the thicker tenticular sand layers
is as follows: loaded base in the form of unduiatmg structures mnvolving the sand and the
underlying carbonaceous mudstone or shale, and Iargé load casts that in some cases have
diameters.of up-to 0.3 meter (Figure 14). horizontal bedding and Ian:nnatn'on, trough
cross— beddmg and cross—lamination. ripple cross— lamunatlon and ripple marks The
sequence in the thinner sand layers is loaded base in the form of undulatm‘g\structures and
numerous small load casts, horizontal lamination. ripple cross~lammat|on and a few “trough
cross—laminations, rubple marks It is pertinent to note that in some of the occurrences
with thin tabular sand layers. the individual sands have sharp non-scoured bases which are
| due to Bram size and color contrasts between thém and the underlying mudstones, bLAni
show numerous flow structures In some other cases, the sand layers are very much
deforrﬁed into irregularly laminated lumpy masses
The sands are medium light gray (N6) to dark gray (N3). and greenish gray (5GY6/1)
to.dark greenish gray (5GY4/1), fine- to very tine grained, occasvonally medium—grained
and pebbly with mudclast pebbles. They are poorly sorted (muddy) carbonaceous,
micaceous and concretionary. especially near their tops They show fining upward size
gradient especially in the thicker Ientncular ones, in some instances two or more upward -
fining lehticular. sand Iayers are superimposed on each other with about a 30 cm thick olive
gray (5Y4/1) ;:arbonaceous mudstone between them.
Large fossil wood fragments and impressions, corhmir_mted plant debris, black
organic_léminae, coal fragments, rootlets and horizontal t'rails. on the upper surfaceé of the

sands are very common in this facies The facies usually has sharp non-scoured loaded

bases and grada’tiorial upper contacts with facies E or F. Deépitga thickness and geometric
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variations of the individual sand layers within this facies. all occprrences,are characterized

~

by

1 loaded base

2 firing upward gram size and decreasing scale of cross strata wuthm the sand layers
{subunits),

3 poor sorting. and

4 slgnifncant numbers of flow structures

Scoured Surface Facies (SS).

Thus facies consusts of mudclast- strewn erosional surfaces that are mvarlably
‘overlam by the high- angle cross-stratified sandstones of facnes G (Figure 15). They
. occur at the bases of facies G, as well as within it Thé maximum depth of erosion -
. observed at the base of facies G was 20 meters; most Is bétween 1.0 ahq 1.5 meters
Overlying the erosion surface, the mlxture of pelable—sized ‘r‘nudclasts and_coarse—grained,
massive to fantly 'horizontally bedded sandstone'reaches a maximurﬁ of 20 cm. The minor
scoured surfaces within facues Gare shallower in depth usually less than 10 cm, and
contain thinner deposits of mudclasts and coarse— gramed masswe to faintly horrzontally
bedded sandstone.

&

B. Facies Sequence: Markov Chain Analysis

Because some of the lithofacies defined in.the field are liable to various
interpretatiorl'e whén treated singly and in isolation lWalker, 1979), there is a need to
incorporate their preferred stratigraphic seqqence of‘oecurrencevin' their irlwterpretatlonl
This l/vas achieved by subjecting the lithefacies data of the fourteen-measured and
descrlbed stratngraphlc sections of the Belly River Formation to embedded Markov chaln
analysis. The data of each stratlgraphlc sectlon were analyzed separately and then pooled

and analyzed together. .
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Figure 15. P]ah‘view of scoured surface with mudclasts (facies SS).
jLocation: Base of Unit 11 of Trap Creek section.

! r/ Al . N . !
[ ; ‘
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The rationale behind Markov chain analysis, especially as it is applied to
stratigraphic studies, has been aptly expounded by Seiley (1870). Muall (1873), Cant and

Walker ll976) and Walker (1979 g a1 lier papers on Markov chamn analysis mclude those

of Anderson and Goodman (1957), Bllhngsley t 96 1), Krumbein {1967, 1968) Krumbein
and Dacey (1969), Dacey and Krumbein (1870) and Gmgerrch (1969). among others. - Selley

\ {1870) described the technLque of Markov chain analysis and appled it to -four studies of’

sequence in sediments. He found that the probabilityl of one Iitholoéy overlying another in

a section is a function of their frequency fie. the number of times that they occur) and the
‘memory’ of the deposmonal process Based on these studies, he. as well as Miall l1973)

- and Walker (1879}, demanstrated that certaln sedimentary success»on_s such as the coal
rneasure cyclothems and fluvial fining;‘u‘pward cycles were lald down under the control of’
Markovian processes. A Markovian process is one 'in which ‘the probability of the process
being in a given state at a particular time may be,deduced from.knoyvledge of the |
immediate preceding state’ (Harloaugh;and Bonham'—Carten l97/0. p.98lf g |

Markov chain analys‘is therefore'h’elps to describe the'stratigraphlc svucc'esslon and

“hence the depositional process statlstucally jn essence it consnsts of:

' 1. erectlon of a transmon count matrlx (a two dmensnonal array of all possible vertical

| Iltholognc transmons) . o

tabulation of- transition probability. matrix,

tabulation of independent trial probability matrix,

erection of dlfference matrnx and

o, b W N

ThIS .analytical technlque helps to condense the stratugraphlc sectlon into a
manageable sn;e i.e, it results inthe s:mpllfncatnon of the stratngraphlc sectlon and the .
facies relatlonshlps It brings out the essentlals of the section, detects cyclncnty if, present '
and allows comparlson of the section with estabhshed facnes models. It helps to
understand the vertlcal arrangement of facies in a sequence in an attempt to dlagnose
environments lSelIey 1970, p 558). In other words, it flnally leads to a detalled and ‘

LS

accurate interpretation of a sequence of lithologies (stratugraphnc successlon) in terms of

depositional processes and en\)ironmentsi

a test of significance of the resultlng difference matrlx lSeIley 1970 Walker 1979) o
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in summary, Markov chain-analysis objectively defines relationships in sediments,
and detects facies transitions 'which occur more often than one would expect were they
interbedded with one another at random. It is these transitions which are mostly
considered when interpreting the sedimentary environments and ,processes responsib_le
for the strata-studied (Selley, 1970) '

The approach\used in the present study incorporates elements of those of Selley
(1970), Miall (1873), Gmgench (1969, Cant and Walker (1976), Walker (1979). Moore
(1979), and Hein (1979) Three matrlces (observed transition probability, random
probability and»dlfference probability) were ,calcul_ated from the transition coun; matrix
using the following formulae. | |
1 Pij - fij/Si |

"~ where Pij is the observed transition probability of i being followed by .
fijis the number of transitions of i to j. Siis the raw total (Miall. 1973).
2 nj= nj/N ni | | |
where rij is the random probabmty of transmon frOm facnes 1to facnes j
ni and nj are the number of occurrences of facues ' and j respectively, and
. _ N is the total number of occurrencesv of all facies (Walker, 1979)
This :formula is preferred to Miall's (1973) formula (rij = Sj/t-si) because most of the
stratigr_apnic sections of the oresent study contain covered intervals.
3 dij = Pij-rij | |
B "~ where dij ns the dif ference between'observed probability (Pij) and the
random probabmty (rij) (Mlall 1973 Cant and Walkér, 1976
Walker, 19791 |
' The transition ¢ount matrix records the observed and tallied upward tr ansmons of
the fac:es ie., the raw facies sequence the observed probabuhty matrix records the
probabnhties of.the observed transitions whereas the random probability matrix records '
the probabllmes assumnng the fac:es were in a random}sequence i.e., assumlng the same
| abundance of facies but in a random sequence. The drfference matrix shows the
; observed miinus random probaballty values it hlghhghts those facnes transitions that have a
: hrgher or lower probability of occ_unng than if the sequence were random (Cant and-

Walker, 1976) - :



.‘ The transition count rnatrices, calculated observed transitod; probabiirty mafruces,
random probability matrices and difference matrices. as well as the resultant Facies
bReIatnonshup Diagrams (F.R.Ds) {Appendix B) for the individual stratigraphic sections were
constrdcted . A composite transition cofint matrix is derived by combining all the transition
counts from the fourteen stratigraphic sections (Teble 3). Itrecords a total of 406
\ transitions, and 434 states (Table 4}, The data of this combined transition count matrix
were subjected to Markov Chain analysts in a manner s:mllar to those of the |Wual
stratigraphic sections above Tables 5, 6 7. show the calculated obse%/ed transition
-probability matrix, random probablhty matrix, and dif ference matrix reSpeCtlver

Chi—-square statistic, after Billingsley (196 1), was applied to test the hypothesis that

either the successive facies are the results of an independent (random) process or, if not
resulting from an independent process, they could form a Markov chain. Chi—square value
of 5‘7'6 7 is significant at the 99.5 percent confidence !eve! (Table 7b). indicating that the .
interbedded constituent facies of'the basal Belly River seduence follow a Markovian rather
than random order. Their'depoeition is ther‘efor'e Markovian. i.e., due to a process with a
memory . . - | )

The dlfference matrix (Table 7) shows which transitions occur more, and which
occur less frequently than if the facies were in a random sequence. In.other.words. it
shows some values are relatively hign—positive (trengitidns mutch more comr‘non than if
facies were randdm) and others are ‘high—negativé‘(\transitions much less comrnon than

"random). The relatively hig.n—positive values of the difference matrix 1s used to draw a
simplified facies'relationship_ diagram (F R.D) (Figure 16) that shows the transitions that
occur more rrequently than randorn This ‘is in essence an id‘ea'lized/generalized facies.
sequence (preferred facnes sequence) and therefore a local summary for the Belly Rlver ;
Format;on of the study area - Al study of the md:v:dquFRDs (Appendux B) and the
composrte FRD (Figure 16) shows:

1. that the individual FRDs are similar to one another and to the composite FRD,
2. that the composite FRD shows two distinct major facies assemblages represented
E by (a) A.B.C.D and (b} SS, G, F.HE; and four minor facies associations represented by
ABCD SS; G and FHE and

-3 that most ‘of the FRDs of the mdnvudual strat»graphuc secnons (See Appendrx B)
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Table 4. Summary statistics of the number of occurrences of the different hthofacies
in all the fourteen stratigraphic sections combined.

Lithofacies Total number of accurrences /

-

I o ™mmOoOO ® >

- U i ]
’ 27
| 12
22 _ .
55
72
g2
| | ‘39 | |
ss | ) g8 |
Total occﬁfrrences (states),of the various.
434

facies
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Figure 16a. Composite simplified facies relationship diagram for the
basal Belly River Formation. Diagram is based on transitions
that occur more commonly than random and show only
transitions whose observed-minus-predicted (random)
transition probabilities exceed 0.05. Thin, dashed arrows
show probabilities in the range 0.05 to 0.10; thin unfroken
arrows, 0.10 to 0.30;,thick arrows,>0.3. Numbers above or
beside the arrows indicate the number of transitiens
observed. Four facies associations have been retogn1zed
interpreted and c1rc1ed on the diagram.
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.
similarly show two broad facies assemblages and four minor facies associations

These two major facies assemblages and the four minor factes associations will be given

environmental interpretation in Chapter 1V



V. FACIES AND FACIES SEQUENCE : DEPOSITIONAL ENVIRONMENTAL
INTERPRETATION

Having defined the nine lithofacies and established their prefefred sequence, t1s now
appropriate to proceed with an interpretation of therr depositional environments This
entaxils the interpretation of the individual FRDs (Appendix B) and the composite FRD (Figure
16) along with the mterprétaﬂon of individual ithofacies based on therr dominant physical
(hithology. sedimentary structures and textures) and biological features. as well as
comparison with possibte recent analogs The resultant overall interpretation is finally
compared with well ddcumented tacies moaels to bdttress the inferred deposttional
interpretation
. Most of thé individual FRDs and the composite FRD show two major facies
assemblages
(@) a basal assemblage made up of facies A B. C and D. and
{b) an upper assémblage of faciesE. F. G. Hand SS These two'rma)or hthofacvéé
assembléges repfesent two major depositional environments. namely

1 Deltaic (margmal—marme).» and
2 Continental (fluvial channel and its fiood plain} environments

in other words, the basal association (A, B. C, D) 1s interpreted as deltaic (delta front),

whEreas the upper assemblage (E F. G. H. SS)1s fluvial in origin - To put the above

environments and therr subsequent subenvironments into proper perspective and avoid
ambiguities ordinarily associated with terminologies, | have adopted the subenvironmental

definitions of Coleman and Gaghano (1965) (Figure 17) as foliows

1 Shelf environment: an environment of slow accumulation of fine muds generally

removed from areas of deltaic progradation and-usually less than 120 meters water
depth.

2. Prodelta environment: the area of deposition of clays, associated with a specific

prograding delta'system; it is transitional into the shelf environment.

3. Delta Front environment a complgx of associated subenvironments in an advancing
locus of active deposition of a prograding fluVi%l dominated delta This consists of
the following subenvironments: | - ‘ '

(a) Distal bar —the seaward margin of .the advancing delta front cémplex with high

57



DELTA FRONT
SUBENVIRONMENTS

E Distal Bar
Distributary Mouth Bar

Ej Channel
!Zﬂ Subaqueous Levee
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Figure 17. Delta front subenvironments (
1965).
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sedimentation rates. and current and wave processes.
(b) Distributary Mouth bar - an area of shoaling associated with the seaward terminus
of a channel mouth with an aCCUmuIatnon rate higher than in any other delta front
enwronment The sedlments are constantly subjected to reworkvng by stream
currents and waves generated in open water beyond the channe! mouth
c Distributary chanh{el-' ; lower extension of the trunk system which accomodates
and directs a portnon of the dlschatrge. and transported sediment from the parent .
river system. It broadens, shoals; bifurcates, ‘and loses its identity within the delta
front especially as‘ the stream mouth'bar 1s approached
4 - Marsh environment: low tract of periqdically inundated land supporting non—woody
grasses, reeds. and rushes: |ts.surface'approx|mates mean high tide level and could
be fresh, brack‘ish or salt
5 Swamp environment low, flat areas periodically covered or saturated with water and
supporting.a cover of woody vegetation with dr without an ondergrowth of shrubs,
mostly developed in fresh _V\;ater basins of the upper delta. though smaller patches
are common in small isolated bas‘msbmthin the active delta 4
6 lnterdlstributary/Bay environment arees of shallow open water (rarefy exceedmg 35
meters n depth) within the active delta which may be completely surrounded by
marsh or dustrlbutary levees. but whuch more often are partially open to the sea or
connected to 1t by tidal channels A
The silty shale facies (A) 1s preferentially overiain by the d}nterstr.ati‘fted '
sandstone/shale facies (B), though oocasionally overlain by the load~structure—based
cross—stratified sandstone facies (H).' Considering its overall stratigraph‘ic position, the
presence of carbonaceous detritus. very little bioturbation, and the presence of a shallow
marine foraminiferal suite dominated by lj_aglgmjgmiqgg and Trochammina . with only a
few Egge_eﬂa and __rn_Qb_a;_u[m this facies is mterpreted asa prodelta to shallow
marine shelf deposit The foraminiferal assemblage mducates deposmon in water depth of
about 80 meters of estuarine nature, and therefore places the basal Belly River sediments
in the inner shelf (25-80 m) to outer shelf (80-180 m) enwronments {Stelck.CR., 1982:
personal communication). It is pertment to recall that Ogunyomu and Hulls( 1977}, who

studled the more marune equivalent.of the basal Belly River beds (Foremost Formation)
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further east in the Milk River area recorded a similar mlcrofaunal assemblage dominated by v
[jﬂQ_QQh_ﬁQﬂlQ_d_Qs and Trochammina They lf’nerpreted the associated beds as of |
mar ginal-marine shoreline origin

The interstratified sandstOne/shale facies (B) generally overles facies A and
therefore ts more continental than facies A The interstratified sandstone/shale facies is |
mterpreted as deposits of the lower delta front (distal bar) to nearshore environment with
a considerable marine process influence The fluvial system flushes abundant clay to fine
sand onto the delta front These fine sediments in all probability are rewgrked by marine

processes of a moderate wave energy The sedimentary structures (sharp base,

s
v N

. horizontal lamination, minor trough cross—lamination followed by ripple cross—-lamination
and interference ripples) and the textural variation within the sand layers {grading of some -
of the sands resulting in internal fining upward) indicate the formation of the sandstone
beds of this facies by single deposltlonal eplsodes related to a waning current  Storm
waves are env:saged to be responSIble for the suspensvon transportatlon and deposmon
of these sedlments That storm wave currents ar: capable of reworkung fluvially flushed
in clay to tine sand has been documented by Ager {1973), Goldring and Brudges (1873),
Kelling and Muliin (1975), Kumar and Sanders (1976), Hayes (1967), Reineck et al (1967)
and Gadow and Reineck l1969) Coleman ‘and Gagliano's (1965) study of the modern
Mississippi delta sedlments also documents a similar lithology (laminated snlts and clays) and
suite of sedlmentary structures for the dlstal bar environment Vos (1977l in his study of
Upper Devonian and Lower Carbomferous deposits of the Tlndot}f Basin, southern
Morocco, described a facies similar to fac»es B of the present study and mterpreted it to
be storm wave formed. He attrxbuted the sandstone beds to starm wave surge CUrrents
rndnvndual beds probably recordlng a smgle event of storm turbule&wnth resuspensnon
of sand—sued materlal from the shelf floor After resuspensnon at maximum storm wave
venergy settllng of the suspended material results in grading observed in some of the
sandstone beds and wave surge CUrrents cause rlpple cross= lamlnatlon He also pointed
, out that since deposmon probably’ occurs as wave surge velocities decrease, sedimentary
‘structures record a wanlng current, whereas the upward decrease.in the thickness of finer
-gralned mterbedded shale through the faCles as well as the upward mcrease in abundance

AN

of thlcker sandstone beds lndlcate a shallowung envnronment These two conclusions are
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equally applicable to facies B of the p‘resent study The approach of the distributary
mouth also results in the sand layers becoming thicker at the expense of the interbedded
shale layers. whereas the pronounced repetition of structure types in a definite sequence
ts attributed to a repetition of the depositional processes of fluvial currents and wave
reworking Coleman and Gagliano (1965) observed this type of repetition of sequences
of structures in the distal bar environment of the Mussnsmppn'Rlver delta and attributed it to
depositnonal processes ‘whuch vary in intensnty anvd are repeated periodically. these result in
structure types repeated‘agarn and again in the same order
A turbidity current mechanism of ‘deposition for tacies B 1s discounted on the basts
| of - |
1 absertce of deep water ‘foramm'nfers in the interbedded shalesi :
2 pre;ence of alow diversity faurta due to low salinity of the water,
3 limited amount of bioturbation, also due to fow salimty of the water |rt the- delta front
environment, -
-4 : dorﬁtnance'of laminated plant debr:s in the sand layers and disseminated
carbonaceous material n the associated shales. ©
>5 p;edominance of trough- and.ripple cross—laminations,
6.  presence of sngniﬁcaot numoers of starved rnpples, and
7 the mimicing of some turbidite characteristics by storm reworked deltdic depojits
(Nelson, 1982) o | |
Nelson (1982) states that the graded sand Iayers off the modern Yukon delta are deposns
of storm surges in a shallow shelf environment He proposes that they are the product of |
storm-associated bottom currents combined with storm-wave hquefactlon processes
(Clukey et al, 1980}, and do not requure s:gmfucam change in water depth or generation of
dens:ty currents to produce a sequence of turb|dlte like deposits-over a flat shallow
shelf as opposed to the turbidity current mterpretatson of Hamblin and Walker (1979) It
is pertment to note that there is a strang s:mﬂaruty in sed:mentary structure sequence and
textures between facies B of the present study and the shallow-water, graded, . g
_storm-sand beds-of Nelson (1882). | believe the depositional setting and processes that
operated during basal Belry River time may have b_een similar to those operating off the

- modern Yukon River delta
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The blotur’?ated ang dlstorted sandstone facies (C) usually overlles facies B and
underlles factes D The bioturbated and distorted sandstone facres 1S INterpreted as an
upper delta front/distal bar deoosrt Deformed bedding in the form of load casts. ball and
- pillow structures. siumped structu'res and contorted lamination prevalent in the upper
' portlbns of the facies are :ndrcatlve of rapid sedimentation (Reineck 1961, Allen. l9Q3.
Walker, 11963,‘Mckee, 1965) The presence of Ln_o;ggamu_s . Bacubtes and Rhizocorallium
indicate a shallow marune environment The preserved minor trough cross*beddung and
' cross- Iammatnon probably reflect stronger currents during flood stages The
anterstratrfncatlon of bioturbated and non-bioturbated sandstone beds m this facles Is an
indication of fluctuatrng rates of sediment influx - the bioturbated.sandstone beds
represent occasional oeriods.of s-loyv‘deposrtion rates and the absence of strong
reworkmg by waves and currents. whereas the non- bloturbated and often deformed beds
represent rapid deposition Ball and prllow structdres are rheomorphuc syndeposmonal
deformation features WhtCh result from the sudden deposition of sand over a
-hydro~plastlc muddy layer (Vos, 1977)

The‘su\milarity of this facies to the sediments of the delta front sequences as
documented'by Coleman and Gagliano (1965) in a recent delta, Erxleben (1973) and VoAs
(1977} in ancient deltas and its stratngraphnc position in the measured sections, support a
delta front |nterpretatron The main differences between the environment of deposmon
of this facies and that of the interstratified sandstone/shale facies (B) are
(a) the greater effectiveness of the marine processes In rewor_klng the sedlments of facies
B, and . | . |
. (b} the possrble proxrmlty of facies C ta the axis of sediment input resultmg N its
deformed characterlstncs ‘ -

- The stratigraphic pOSItIOn lithology (moderately to well sorted sandstone with only
occasnohal shaly sandstone), and suite of sedimentary structures of facnes D strongly
suggest its deposmon in the stream mouth bar env:ronment It has the coarsest srze grade
of the detrltal lens that represents the delta front environment, and the individual beds are
thicker than any other beds of the d& front deposit, faithfully recordnng the approach of
~the 'main sedlment sources ldxstrlbutarles) and the resultant shoaling of the environment

This is |n accord with observations from mogarn delta fronts’&olerﬁan and Gagllano

@-
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(1964) noted that the bulk of coarse deposition takes place within the immediate vicimty of
the distributary mouths of the active delta front of the Mississippi River delta Facies D 1s
usually underlamn by tacies B or C, occaStcnally by facies H The suite of sedimentary
structures, consnstvmg of horizontal bedding and lamination, trough cross-bedding and
cross—lamination. ripple cross-lamination. and occasional wedge—.shaped cross-bedding.
hummocky cross—bedding and herringbone lcross—lammat:on, attest to the dynamic r'waturey
of its environment of deposition with both current and wave processes The occastonal
thin layers of quartz and chert pebble conglomérate, concentrations of fnudclasts n
definite horizons and grading of some of the sand beds are evidence of storm wave
activity, especially during delta lobe abandonment and reworking Similar-characteristics
‘have béen noted in studueé of modern stream mouth bar sedlments (Coleman and Gagliano,
1965, Nelson. 1982) The variation in the‘th«ckness of this facies as recorded in different
st{atographuc secti.ons 1s a reflection of the fateral proximity or reﬁwoteness of the section
“ to a sediment source (distributary channel)
) ‘The coaly and carbonaceous mudstone facies (E) is interpreted as marsh and
" swamp deposit on account of its stratigraphic position (usually‘ overlying facies D.Hor G),
high organic ‘content, and similarity to modern delta marsh deposits (Coleman and Gaghano,
1965. Gould, 1970) The abundance of plant debris in the form of thin coal beds and
fragments, disseminated plant debris, carbonized rootlets and fossil wood fragments
' shows tHxs facies is a shoreline to continental deposit. The seaward margin of the deltaic
plain remains at or near sea lgvel 4durmg most of del?aic sedimentation and i1s covered by
mersh and swarﬁp 'vegetatuon During floods, these environments receive large volumes
of the fine Constutuents (silt and clay) carried across the levees The combined
accumulatnons of the organic remains of the iuxuriant marsh and swamp vegetatnon and the
floods of fine inorganic detritus account for the considerable thickness of marsh deposits
(Gould 19701, The lowest facies E occurrence in a.strat:graphnc sectuon invariably overhes -
facies D and therefore may represent the delta abandonment facnes that forms the
essentially non-detrital top sediments of a normal delta sequence (Coleman and

Gagliano, 1964), whereas the higher occurrences of this facies are likély to be fresh water

backswamp deposits’ of the fluvial environment.
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The mterstratifsevd mudstone/sandstone facies (F) is interpreted as a flood plain
deposut The term flood plain deposit is used here as a general one to denote the
sediments deposnted during overbank flow. this results n muddy sediments & well as
abundant sand deposition (Reineck and Singh, 1975. p.252. Friedman and Sanders, 1978
p.220) This is equivalent to Allerp's (1965) undivided top—stratum deposits They
characterize rivers that shift therr position rapidly and therefore do not have
well-developed natural levees and fiood basins (Remneck and Singh, 1975) Leopold and
Wolman {1957) noted that In rivers with rapidly changlng channels, velocities of overbank
flows are rather rapid, and very commonly current velocities of up to 40 or 50 cm/sec
are achieved Thé result 1s that overbank _floodnﬁg deposits consist of mud and sand, and
cannot be dif ferentiated easily from similar looking levee and crevasse splay deposits

The FRDs. generalized and individual ones alike, show facies F dccurrmg most
consistently above facies G {scour—based high angle cross~s\ratif|ed sandstone) and
occastonally above facies E {coaly mudstone facies) and followed by the scoured surface
facies (SS) The alternation of ﬁorizontal‘aad cross—laminated fine- to very fine~ graned
sandstones with carbonaceous mudstone suggests vertical accretion in the ovzzrbank area
of a fluvial system (Cant and Walker,1976). The muqétone'layers‘are the resuit bf
deposition from suspension whereas the cross-stratified sands require some form of
traction tr’anspértanon‘producmg lower flow regime bedforms such as ripples. The .

. presence of gr0ugh cross—bedding and cross—lamination and occasional planar
cross—lamination are due to unusually high stage overbank flooding resulting in higher than
normal current velocities; in contrast, thehload features observeﬁﬁr fhe@%icker sandstone
layers (>0.3 mgter) are due to rapid deposition of sand on hydroplastic mud during this
unusually high stage overbank flooding Some of these thicker sandstone layers can in ‘. ‘

' fact be crevagge splay deposns in tr‘1e normal finer flood plain mudstones (Reineck and

~Singh, 197@248) (See also facies H interpretation for more detailed discussion). The
: éouplet of a basal sandstqne and an upper mudstone may represent a single ﬂoodlng

| -episode or just a part of such an event. in other words, more than one coarser and one

finer unit may be deposited during a s'inéle flood event, inc:;icating fluctuations during the

flood (Reineck and Singh, 1875) The assemblage of sedimentary structures, texfure and

. ) g
- general lithology of this facies is yery similar to that documentated in modern flood plain

»
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deposits such as those of Blgeqn Creek. Colorado (Mckee et al.. 1967). and the Indus River
{Mckee, 1966)
‘ Stratigraphic position (invariably above facies SS). predomnance of trough

cross—bedding,which results from unidirectional migration of dunes. occasional planar

o ' cross—bedding which is a product of movement of I‘arger bedforms (sand waves) and
abundant carbonized plant debris in the forr.n‘ of fossil iogs, strongly suggest the
d-eposmon of facies.G within an active channel (Leopold and Wc;man, 1957, Allen. 1963,
1864, 1870. (_Zant and Walker, 1976, AJacbfso‘n,~1976, 19'78; Walker and Cant, 1979, Blatt
etal. 1972; Collinson, 1978, Reineck and Singh. 1975. Friedman arid Sanders, 1978) It
represents the lateral accretion component of the fluvial deposits of th2 Belly River

’

Formation ™

-

Although deta:led and exténsnve scientific résearch has been carried 6ut on modern
streams (Fisk, 1944, 1947, Sundborg. 1956; Bernérd and Major, 1963; Bernard et al..
1970: Bluck, 197 1: Jackson. 18976, 1978; Shepherd, 1976; etc.) with the aim of
establishing the relatlonéhlp between channel pattern and-sediment characteristics, a
consensus has not been reached  The geologic application of these studies in deciphering
the channel patterns of ancient fl\tjvial systems based on their sediment characteristics is
therefore fraught with problems. (A more detailed discussion of this topic 1s deferred to

"('Zhapter V). But considering the éredominance of trough cross-bedding in facies G
/ (Harms et al, 1963), the high diversity of the paleocurrent data (Chapter V), the distinct
separation of the relatively coarse—graiﬁed bedioad deposits of the channel and the
relatively ‘fine~gramed overbank deposits, the overall dominance of the fine component
" {mudstones) (Friedman and Sanders, 1978, p.219) of the studied sections, and the ‘
undifferentiated nature of the flood plain (overbank) deposits, the writer is inclined to
interpret the the channel pattern of the lower Belly River streams as a'variety of
meandering river pattern with relatively rabidly shifting channels.

The load—based eross-stratified sandstone (H) facies is interpreted as a crevasse

" “splay deposit. A.crevasse splay is a breach in the “natural levee” fesulting in the. formation
of a system of distributary channels on the levee slope when water escapes througH the .
, ‘ low section (Greg?ry and Walliﬁg, 1977, p.263). . Although the adoption of this

terminology (crevasse splay) may appear to contradict the usage of .the term flood plain in

) ¥



thehrnterp‘retatlon of facies F above, it1s used here to desrgnete a probable origin for
discrete thicker. flood plain sand layers In other words, these thicker overbank sand
Iéyers may be only better developed members of the interstratified sand laYers of facies F

The texture (very fine- to fine—-grained. poorly to moderavteiy softed sapdstones).
sedimentary structures, stratlgrephlc position (usually sandwiched between finer muddy
sediments of the flood pleln’proper factes F and E), and the thin ‘average thickness
{approximately 1.0 m) form the bases for acrevasse splay interpretation for this facies
The loaded bases of the sand layers are indicative of the sudden dumplng of the sand on
the underlying finer grained mudstones of tacies £ and F during crevassmg, whereas the .
smali—-scale cross\—beddung and cross-lamination indicate the presence of lower-flow. ~-
regime bedforms (ripples) during deposition The deformed internal nature of some of the’
layers resulted from the interplay among the depostting currefili the substrate over which !
the current moved, and the sediment being deposited (Friedman and Sanders, 1978,
p.234). and the high sedimentation rate, which does not allow adequate time for
compaction of the sands and the attendant escape of the entrapped ﬂuids

Alth0ugh the characteristics of moderr‘&revasse splays are not adequately
documented the few criteria for their recognition given by Coleman (1969) for the |
modern Brahmaputra River, and the compilations by Reineck and Singh {1975), Collinson
(1978, and Friedman and Sanders (1 978) are similar to those observed in facies H off. the
present study and therefore buttress the aboé)ﬁj_ interpr“etati‘on. |

The scoured surface 'f'aC|es (SS) represents the erosiion and establishment of an
active channel followed by the deposition of the cﬁ%mel lag*(a Iining of the chanr:el floor
. with pebbie stzed mudclasts) this in turn is followed by the other& channel coarse

deposits. ltis t" ¢ fluvial channel floor. The subordmate shallower scoured surfaces -

within muttistory facies G are minor truncapon surfaces o_f“ the channel deposit resulting |
from periodic increases in velocify\‘during floods, During‘these flood periods, some of
the finer graihed top portion of the previous in-channel deposit is ero‘d‘e“d before the |
' re—establishment of another de‘po's‘itional phase. This orocess hag been do umented in the
modern meandermg Brazos River by Bernard etal, (1970) {
Based on the hthologuc sequence and associations (Figure 16) sedlmentary

structures and 1extures of the individual lithofacies, biological features,«and a comparison
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of the overall lithology with deposits of modern envaronmenté (fa.mes models) (see

C’hapter Vv for a detailed discussion one can conclude

1 The Belly River Formation in the study area represents the deposit of a
progradational shoreline which grades from a marine deltaic environment to a
continental fluvial environment, 1t clearly forms a characteristic coarsening-upward
sequence -

2 The basal assemblage of A B, C. and D facies represents the deposits of the delta
front environment and s equNalent to the portion of this lithostratigraphic unit
“traditionally known as the basal Belly River Sandstone

3 The basal Belly River delta was a wave-influenced. river-d9m|nated one

4 The lithofacies assemblage consisting of SS. G. E. F and H represents the continental
fI;Jvual environment. with facies SS as the channet floor. G as the |n~channé| depostt.
-and facies E, F and H as the overbank deposits (see Chapter V for a more detailed
éuscussion)

Based on the Markov diagram (Fig 16) ahd taking into consideration average
thickness of each facies, a local facies model (Fig 16b) is erected and sums up the writer's
environmental interpretation of the basal Belly River Formation This local facies modet
compares favorably with the idealized deltaic sequences compiled by Selley (1970) and

Miall (1979) and therefore corroborates the inferred deltaic~ fiuvial origin of the basal

Belly River Formation in the study area- 2



V. DEPOSITIONAL HISTORY AND PALECSVGEOGRAPHY OF THE WESTERN ALBERTA
SHORELINE DURING BELLY RIVER- TIME.

A. Sedimentation History

The general characteristics of deltaic sediments compiled by Miall (1979) were
used as a basis of comparison in the interpretation of the ithofacies of the present study.
especially for the the basal assemblage of A B. C and D According to Mhall (1979)

1 Deltaic deposits tend to be thick

2 They contain a considerable volume of sand and/or silt

3 Coal beds are commonly present

4 The faunal corffent of mterbedded units may mdacaté marine, brackish, and fresh

" water depositional environments

5 The sedimentary structurles indicate shallow water deposition by traction- rather
than turbidity currents, and

6 They show a traceable gradation into finer—grained clastic deposits of offshore
origin.

Whereas the general lithology and seqﬁence of the Belly River Formation of the
study area compare very closely with those of a generalized deltaic déposnt as outhined by
Miall (1879). which corroborates a deltaic interpretation, the establishment of the delta
type for the basal Belly River delta/deltas is more problematic. Wo?kers on both modern
and ancient deltas acknowledge these problems which stem from the variable nature of
the factors which influence and control deltalc sedxmentatnon These factors include
among others river regime, coastal processes, structural behavior, and climate (Morgan,
1970. Coleman and Wright, 1975 Galloway, 1975). But these difficulties have not
déterred workers in the field of deltaicsedimenta_tion from making attempts at
classification of deltas, as shown by Coleman (1975), Coleman and Wright (1975),

Galloway (1975), and Scott and Fisher (1969), while still realnzmg that no two deltas are

identical (Selley. 1979). .
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Delta Type
Having established a deltaic origin for the basal Belly River sediments in tr;1e
southern and central Foothills of Alberta, an attempt is made 1o decipher the nature of its
depositional hsst‘ory and therefore reconstruct the paleogeography of the western
shoreline during Belly River time As has been stated by Selley (1979), no two deltas are
identical and therefore 1t is not to be expected that the depositional history.of the Belly
River delta system would be 1dentical to that of any single modern delta After areview of
: .
available delta classifications and models (Coleman and Wright, 1975, Galloway. 1975). the
writer decided to adopt the classification ot Galloway (1975, Figure 18)n the present
study This classification 1s based on the relative strengths of the fluvial and marmne
processes In the depocenter, and therefore reflects the variations irf transportation
vp'atterns on the delta ‘The establishment of the delta type for the basal Belly River hinges
on the comparison of the deltiac sediments of the pres;ent study with the specift¢
characteristics of the threeiend—members‘of the deltaic facies mc;dels of Galloxfxvay
(197‘5) Studies of modern deltaic sediments and their resultant facies models reveal that
no one delta model could be formulated to be used as a basis for predicting vertical
sequences In all ancient deltas, hence the formulation of the six—fold facies model of
Coleman and Wright (1975), and the three-fold facies models of Galloway (1975) and
Scott and Fisher (1969) Mall (1979). in his summary of the state of the art of delta
classification and models, stated that there are at least three distinct delta models or
“norms” to ﬁhoo_sé from in interpreting antient rocks, and that many deltas are
combinatnons 81‘ all three. Al defta, classifications, however, regognize and emphasize the
interplay of fluvial and coastal marine procésses, since they mostly determine the
" distribution of the sediments within the depositional basin, and hence fhe delta typé. ’
A study of the FRDs (facies relationship diagrams), indiv_idual and composite alike
'and the raw stratigraphic columns, show that the Belly River sediments forma
characteristic cpérsening—upward sequence. Also the basal assemblage of lithofacies A,
B. C. and D of most stratigraphic sections shows repeated coarsening-upward cycles. .
“Each complete coérsening—upward cycle in this basal assemblage commences with an .
T’evenly‘lami'hagt‘ed fissile shale (A) of prodelta origin which grades upward into interstratified

sandstones and shales (B). These sandstones are essentially horizontally— and
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Figure 18. Suspected position of Belly River delta on a
schematic diagram illustrating the threefold division
of deltas into fluvial-dominated, wave-dominated, and
tide-dominated types (after Galloway, Fig. 3, in ’
Broussard, 1975). S
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» contain conslderable amounts of distributary mouth sheet sand..
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Cross-— lamlnated The interstratified sandstones and shales grade up through bloturbated
and dlstorted sandstones (C) to horizontal and low= angle cros§ stratified sandstones (D),
though the interstratified sandstones and shales do in some cases grade directly into the
_horlzontal and low-angle cross—stratlfled sandstones. thereby bypassing the bioturbated
and distorted sandstones . The low-angle cross-stratified sandstones, which are
interpreted as dlstrlbutary mouth sheet sands, form the coarsest member of the cycle
They are characterized by trough ‘and plahar cr ossbeds, and ripple marks. The top of the
cycleis formed by delta marsh sediments of coal and coaly r'nudstones, pbut in some cases
by channel sands These are akin to the sediment characteristics which Miall (1979 stated
are lndlcatlve of river— domlhated deltas. it is in situations where wave and tnzdal processes
are overpowered by fluvial processes that the clearly characterlstlo coarsening-upward
cycles as observed in the present study are developed The presence of sharp non—scour
based graded sandstone layers and hummocky cross—bedding in some of the facies B
sandstones indicate some influence of wave activity in the basal Belly River delta system
As alogical corollary, the basal Belly River deltais interpreted as a wave—influenced
river—domlnated one: it is simitar to Galloway's (1975} fluvial-dominated wave~ -modified
deltas. ‘ :
y N
Having establlshed the fluvxal ~dominated nature of the basal Belly river delta, one is
left with two possible alternatlves regarding 1ts geometry (Galloway 1975) These
alternatives are:
1. Elongate

2. / Lobate.

8, Consaderlng that:

1 All the measured stratlgraphlc sections in the southern portion of the study area -

-2 Thereisa basal sandstone (the basal Belly River sandstone) in most of the boreholes

that penetrated this Ilthostratlgraphlc unit in the immediate VlOlnlty of the Foothllls (as
sho’wn by electrlc logs), attesting to the 'lateral contlnulty of this baSal sandstorte, ‘
3. There are wave ‘formed structures in this basal sandstone and therefore there is
‘posSlble wave. redlstrlbutlon of the distributary mouth bars into sheet sands
the writer suspects a lobate shape for the basal Belly R‘iver deltas N

!
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The thickness of basal Belly River deltaic sednments\ (subaqueoué deposits —
,Ii;hofa@es A B, C.and Diranges from 37 to 165 meters (Table 8 Appendix A) . The
occurrence of these subaqueous lithofacies are confined to the basal portion ofollr.neasurjed
stratigraphic sections They do not recur in the hiéher portions of the sections
Considering the thinness , relative position, an.d\wndeSpread nature of the subaddadﬂs
~deltaic lithofacies (A, B.C and D). one can conclude that \
1~ Structural effects were minirhal during the deposition of Belly River sediments,
2. ﬁéte of sediment supply was high énd therefore the fluvial processes overpowered
marine processes and subsidence; :
3 the depositional basin was rélatively shallow, and most of the deposition took place
at or above sea—level (hen'c‘e the thinness of the subaqueous deltarc lithofacties. and
the preponderance. of sluib‘aerial lithofacies of the upper Belly River Formation),
4 i The w;despread occurrence of the suigaqueous lithofacies was miainly aue to the
frequent choking of the channet outlets in the delta front regidn by;its own sediment
load resulting in a complex of laterally shifting chapnelé. _ Theéé in turn resulted in a
complex of laterally displaced and overlapping delta lobes which record the
pronounced effect of the river regime during 'progradétion. The process envisaged
h’er{ngs similar to that which was oper_atir)g in the Recent Misé‘.ilssippi delta, resulting in B
the formation of subdeltas anclj partially 6ver|apping lobes (Coleman and Gaglianb.
1964; Kolb and Van'Lopik, 196é), but modified by o@enéﬁelwave -activity (Figure
: . s LV
19). . | R A *jfr? .
Channel Pattern
The channel pattern of the Belly River system is i’n‘fe‘rr'ed to be meandering based
on the sediment characteristics (grain size, ‘sedimentan./ structures, \}ertical facies
sequence) and paleocurrent data [w'ithhdue regard for the problems of determining chantel
pattern from sediment characteristics (Allen, 1963, 1964, 1‘97‘0; Bluck, 197 1; Leopold 3&%
and Wolman, 1957; Shepherd, 1976; Rust, 1978, 1979; Bernard and Major, 196 3.3k o

_ demonstrates the controversy over channel pattern and sediment characteristic

{1978) pointed out the inapprdpriatenéés of.assuming close correspondence between
L o o . v o )

o
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Table 8 Total thickness of facies A B, C. and D (the subagueous “deltic

hithofacies) in the various. sections

Section . Thickness (meters)
Drywood‘ River ‘ 165.1

Crowsnest River (Lundbreck). 743

Ofdmah River 877

Highwood River 910

T’ra'p" Creek . 65. Tf '

Sheep River (Turner Valley)

Jumpingpound (A} 210

Jumpingpound  (B) 210

Bow River (Morley) | e 37

Littie Red Deer River ' 254 .
- South Burnt Timber (.Zreek 18.0

James River 84.4

Ram River. | ' ) 47.3

Cripple Creek : 116.4% :]

»" Assumes that the covered intervals in the lower portion of the section are

-

of delta front origin.

LR

’
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Figur.é 19. The-éeven partially overlapping lobes of the Mississippi
deTta which have developed during the last 5000 years
(from Kolb and Van Lopik, Fig. 2, in_Shirley, 1_966);
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channel pattern and hthofacies, and summarized the state of the art of meandering stream
research He outlined the characteristics (criteria) which lead to better determinations of

the channel pattern of ancient meandering streams These characteristics include

1, Fining-upward cycles of gramn size and sedimentary structures,

2.  Presence of ap;preciable thickness of the fine member,

3 Presence df only small amounts of gravel (large clasts) in the coarse member.,
4 Large dispersion of current indicators (often greater than 180 degrees).

Presence of exhumed meander belt in proper sections),

® o

Great continuity of sand and gravel beds (in the coarse member) with little lateral
change in texture.

However, Jacksoh (1978) points out that with the exception of the presence of a '
exhumed meander: belt (whnch consists of the aﬁcretlonary ridge—and-swale topography).
all the other criteria are inconclusive, since some of them may be lacking in some
meand“;r'mg streams whereas others may be present in non—meandering streams as well
This raises the philosophit questions of necessi{y and-sufficiency “

“There are at least four meandering stream lithofacies models (vxjhnch form a
continuum) to consider in'the mterpretatidp of ancient fluvial déposits These are ' the
standard finmg—upwar& cycle {Allen, 18963, 1970), Endrick River mod.él (Bluck, 1971).
Lower Wabash River model (Jackson, 1976) and Rio Puerco River model (Shepherd,
1976). Whereas the writer appr%iates the problems of inferring.a galeochannel»patiern
frbm sédimentological characteristics of ancient depos'its, he favors avmeandering ;pétte:rn
for‘the Belly River c;hannel for the following reasons -

1. _A high'sus'perided Aload/’bed load ratio in the Belly RAi'ver sediments of the study'érea
_as shown by high proportions of mudsfor{és in all the measured stratigraphic
sections (Appendix A). Fine materials (si‘lt— and c_l_éy) serve 'as'col'wes‘ive' bank materials
and therefore tend tor reduce the rate of channel migration (Lebbold énd‘Wolr‘nan;

1957; Friedman and Sanders, 1978, p.228). ’ » ‘
T2 S’ir'nilar'ityv of facies F (Heterolithic facieé I of thé ‘present study to Jackson's (1976)
V ~ upper Heterolithié facies (homogeneqqé éénd—'m-ud, and sand Ie‘ns in mud). |
’é . The fact that whereas it has been décu%gnted'thatmear‘\mng streams can be

characterized by mud to gravel éize grades (Jackson, 19_78), the deposits of braided

.
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streams consist mo-stly of sand and g‘ravelv muds are subordinate or absent This
absence of shales generally distinguishes the ancient deposits of braided streams
from those of meandering streams (Friedman and Sanders. 1978. p 2 19)‘

4 The large dispersion in paleocurrent directions (Table 9. Figure 20} A study of Table
9 and Figure 20 shows that there is a large d:spersnon between the sectrons as well
as within them  This Is in accord with a meandering stream current pattern (Jackson,
1978) |

After comparison of the above outlined meandering stream characteristics of the

Belly River system with the above listed four available meandering stream Iithofacfles

models. the writer believes that the hasal Belly River channel pattern fits most closely with

Allen's (1963, 1970)»fihing—upward modeli and Jackson's (1976) Lower Wabash River

model It also falls withingackson's_ {1 97.8) class of sand-bed streamsn\_/vlth modest

thickness of fine member characterized by upward fining ot coarse member Thts s

*basically a lithofacies classification of mean:iering streams based on textural attributes of
grain size and sedimentary struc(?tures. The streams in question therefore were sand-bed

meandermg streams ‘ .

. Wlthm the upper portion of the Belly River Formation there are repeated
'sequences or cycles. Each cycle commences with the scoured surface {SS) whuch can be
regarded as the, fundamental boundary between cycles. The scoured surface therefore
divides the stratigraphic sections unto similar cycles which ndeally gfon&st of 500ured
surface (SS), high-angle cross—stratnfled sandstone (G) and interstratified "" “‘
mudstone/sandstone (F), or Ioad—structure—hased cross—.stratified sandstohe,(H) and coaly'

mudstone {E), The upper portion of the Belly River Formation therefore clearly shows a

cyclic pattern of sed;mentatuon typica f flu%l s stems
K Y

B 4

B. Paléo’geography'_ "( o P , , [
Thé use of the composite Fa'cigs Retationship Diagr‘am .(Figure 16) as a local model-
| wnth Wthh each mdnvndual stratigraphic seCtion is compared reveals some mterestmg |
dlfferences These differences are espemally obvious !Q the basal subaqueous deltauc
portion of Ilthofames A B, C. and D. Whereas some ofithe stratigraphuc sections §how% .

- {arge percentage of this basal subaqueous deltaic portion, others barely contain it. This is

. o,
N B e
. N
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o ~ well demonstrated when one compares the Drywood R_uver. Bow River and Cripple Creek
sections (Figure 21 Whereas’« the Drywood River section shows ten facies transitions 7
w\ith'm this mter\ral, the Bow River and Cripple Creek sections show only five and three _
transitions respectively: When this nschsidered in terms of the geographic positions of

| these se-ctlonsr,,one may conglude that the transition of the Wapiabi maring, shale to the
Belly River Formation was more abrupt in the north than in the south  One may also
conclude' | A o . ' |
1 That the western pateoshoreline in basal Belly River time was variable from south to
north as shown by the variation in the nature of the transitional beds (lithofacnes A B
C. and D) of the measured sections; and
o 2 That the retreat ‘olf the Cretaceous seaway during basal Belly River time probably

began in the north and was more rapid in the north than in the south

i \

Provenance of Belly River Sadiments ¢
\ .
The detrital composmon of the basai Belly Rlver sandstones (see Chapter V1)

. mdncates that the source terrain was composed of sedumentary metamorphnc plutonic.
and volcanic rocks The abundance of sedimentary rock fragments (over 40 percent of
the essentnal detntal components) in the form of mudrock fragments, carbonates. and

" chert mdacate a major contr:button by the sednmentary rocks in the’ source area . The

\preSence of rounded and subrounded quartz chert and zircon grains is a further mdlcahon ‘
of contrlbutuon of detrntus by a sednmentary terram The varlatlon in the proportionh of
some of the sedrmentary components especually the carbonate fractnon us an indication of
the variability within the source area, or that there v;ere a number of source areadgw th -

different composut:ons Most of the 'sections in the southern Foothnlls show sugr;nfucant

x

( proportuons of detratal carbonate whereas most of those of the central Foothills show but-
atrace of it Thisis probably due to dufferences in the source areas of the southe\\ and

*  central sections, and not simply a variation within a single source terrain (see paleoc rent
data) . ‘ ST S0
© . . : o .
‘The presence of metamorphic rock fragments in:the form of argillites,

3

metasiltstone, and low—grade. schists tquartz, micas, chiorite, albite), Quartzite rock .-

: . _ '
fragments (potycrystalline mega-quartz), strongly undulose metamorphic quartz grains,

. *
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chlorate and epidote grams especnally |n the central Foothills sections, show the presence
of metamorphlc rocks in the source terrain of the basal Belly River sediments. The
presence df volcanlc rock fragments wuth characterustlc trachytic texturre detrital quartz
grains with weli~ developed non diagenetic t:rystal faces and zoned plaguOclase feldspars
show some contribution of detritus by euther 8 volcanic terraun or contemporaneous .
volcamsm or both .The presence of bentonntes and bentonitic shales in-the basal Belly
River sediments is a dnrect evndence of contemporaneous volcanlsm durmg basal belly P
Ruver tnme | '
Plutonic rock fragments quartz orthoclase micas), abundant- common quartz
grains, fresh orthoclase feldspar micas. 8 few mlcrocllne feldspar orystals and oqcasuonal
tourmallne crystals mdlcate some contrlbutlon of detritus by plutonnc igneous terrams

The locatuon of the source area/areas of the basal Belly River seduments based on~

' their mlneraloglcal composmon is more dlfflcult than lts |¢entlf|catlon Consndermg the

regnonal paleogeography of the Upper Cretaceous of North Amenca the location of '
terrains with comparable lithologic assemblage to those mdncated by the detrutal -
:compOSltuon of basal Belly River sandstone he in the ‘west: half of the compass and in all

' probabullty fall wrthun the Cordlllera ‘ T z ,\ )

During Late Cretaceous time: the interior. of western Canada was occupled by a
broad epelrlc sea conner:tmg the Gulf ‘of Mexico in the south with the Arctlc Ocean in the
north (Wnlllams and Burk/ 1964) lt was bordered on the west by the tectonic hlghlanBs _
upllfted by thle Columbrén orogeny {the Cordlllera) and on the east by the low lymg Canadlan ;,

) Shleld lnvarlably the uplufted hlghlands in the west shed enormous amounts of clastlc

_ detntus to the western margln of thus epncontmental sea, rasulting |n 8 sertes of
“. : fregressuons of the shorellne and deposntuon of a thuck sedlment plle of which the Belly |

o ‘aner Formation is a part qulIlams and Burke; 1964 Wenmer 1960 Nelson and Glalster

. 19751 Thns series of regressuons was punctuated by mingr transgressnons of the sea, but
the@ is no ev:dence to show the penetratlon of the sea as far west as the present day '
| Foothllls lFegure 22) dunng Belly Rwer tume lWlllnams and Burk, l964 Ogunyoml and Hllls,
l977) o

The {ate Precambnan Belt Series and Musslsslppuan and Pennsylvaman formattons of

. Western Canada -have been suggested by Ogunyomn and Halls (1977) and Rapson (1965l as

% R

T
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the llkely sources of the besal Belly Rlver sedlmentefy detrrtus They elso suggested that :

c},

younger sedlmentery fOrmetlons such as Pekowku/Weplebl could have contrnbuted some
of the detrltel mudrock fragmente Lerbekmo (1963l end’Ogunyoml and HI"S l1977l elso -
belleve thet the metamorphosed pheses of the Belt Series'in cOntect wuth Mesozouc |

mtrusrves is the source of the meternorphtc rnetenel present in Belly Rwer seduments The

Belt Sehes is expoeed m western Montene northern idaho and southeestern Brmsh

C°|umb" (Oguﬁnwm' and Hills. 1977) and could ave been exposed during Campanian time,, -
Contemporeneous Creteceous volcenlc rocks of west centrel Montana as well es older -
volcenuc rocks eppeer to heve contnbuted detrltus to the B 11 Fllver sedlments especuelly o

- to those of the' southern Foothills (Lerbekmo 1963) Lerbekmo ergued that, on the besls 1"5‘;“:

of prevelence of bentowtes in the Upper Creteceous Alberta sediments end e grmn snze %‘“”l
study of one of the bentonltes in the Drywood Rwer eectlon the volceno contrlbutlng to .
the southern Belly Rlver sedlments could heve exlsted wrthln 100 mules of the Drywood
’ Flly)er sectlon snd would now. be covered Qy the overthrust belt of the Present Rocky ,?
Mountelns Ogunyomu end HI"S (l§77) who worked on the Foremost end Olclmen -
) Formetlons of Mulk Rlver area further eest,\belueved thet the Creteceous Elkhorn Mounteln
volcemcs in west-centrel Montena probebly supplled most of the volcemc detrltus The |
location of the volcenlc ;source eree for the centrel Foothllls Belly River. eedlments is less
certeln ee volcenlc rocks of Creteceous age ere rere ln Bl’ltlsh Columble (Lerhekmo 1963l
. The writer thinks it llkely thet volcenuc centers slmller to thet posmleted by Lerbekmo -
: ‘:- (1963l for the southern Belly Rlver sedlments in the overthrust belt of the Rocky e ‘
| Mountelns could heve exlsted m the reglon of the cent\el end northern Rocky Mountems o e
Thus suggestnon is supported by slgnlflcent propo}uons end mdeed an lncreese in the T
proportlon of the volcenlc rock fregments m the undstones of the centrel Foothlll
: : sectrons es reveeled by the preeent study lsee Chepter V ll Rehmenl end Lerbekmo11975l
elso steted thet contemporeneous volcenlern in Bntush Columb:e end western Montene
supplled lerge volumes of detrltus durmg Lete Creteceous tlme RN R :
" A Although most workers on Belly Rlver sedlments egree on the scerclty or rerlty of
| mlcroclme feldsper ln Belly Rlver sendetones end therefore doubt en lnterpretetlon L

Tevorlng a mejor bethollthlc contrlbutlon there lS enough lndlrect evrdence to. belleve thet

plutonuc lgneous terrams contr;butedlo the besel Belly Rlver .,Sedlments Thl; lncludes
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; .‘:11 : ;'the reelmtaon thet orthomase rether then microclmb is the norrnel potash feldspar of
o ~"sorne betnomhs for exemple the Coasx Renge bethohth of southern Brmsh Columb:a N
B : '.(K%QMCTeggert 1961 es c;ted by Lerbekmo 1963) S *3, " f .
2 ‘ -compereble radnometnc K/Ar eges of T10 Ms and 107 Ma for the Nelson betholuth
o orthoclese end Belly Rlver sengstone orthoclese,»respectwely The ciose ,
. correspondence of the age of the Belly Raver sandstone wuth that of the Nelson o ;"
=3 5 ‘betholuth ortnoclese conwnced f.gerbekmo (1963) to fevor en mterpretetaon of orsgln :
. . “from e Mesozouc betholithrc pluton for theie,y Ruv ”'orthoclese Thns therefore

| .. e ) ‘strongly suggests conmbutnon of detrttus by plutonic rodi 5 to the besa| Belly River | '
8 - L ,sediments despate the ebsence or scerony of rmcrochne feIdsper Lerbek’rno (19%3) '
: h : _i-fevored the. Neison bethohth of south—cenxrel Bntrs{Columble NQ\:G Ideho ' |
hethohth as the mem western Mesozolc plutons that ccmtnbuted to Belly River -
. sedrments for the followmg reesons (e) both heve orthoclese epperently dommatmg '
| : mucroclme. end sn the Neleon bethcwi{h at Ieest thes orthoclese is lergely s‘o‘dac with
"'??fsmeller tnen normel optuc engle end (b) the ldeho betholuth has pheses pertuculerly rich o
e f in ellenute A Q ' - S '
Rt k Rehrﬂenn end Lerbekmo (1975) besed on thenr K—Ar detes f detntel hornblende
’ also belleve thet the Mesozoic crystelhne rocks of thefnorthern Ormnece geentnchne |

\

. ' : (Cessier Mountems) were me;or contrnbutors to the Upper Creteceous sedrments Nelson '

o b' end Glelster (1 975) fevor the Centrel Cordullere of sbuth-centrel Brmsh Columbne es 2

o 5 mejor conmbutor of besel Belly aner'ﬂclestlcs, besad on detnul composmon enetys:s end S

o = .‘,"sorne peleocurrent dete from the besel Betly Rwer sendstone exposure et Trep Creek o

| It ls pertunent to note thet Rehmem end Lerbekmo (1975) who carried out e more ’ k
o B :reguonel study of the provenance of the Upper Creuceous sednments in the southern e

R ,f,centret and nortnern Foothms of A%berte beeed on heevy mrnerel enetysns recoqmzed andjj';

{.emphesized the contrabutuon of detrrtus to the Belly Rwer dﬂp "monei erea bY d'W'b""V"' -
fprovrnces to the north/northwest of the studY ‘f" in B"t"h C°'umb" tthe “m’m o .' | :
k Cordillere - Omnnece ooenticlme) They beheve thet the Proteroeuc end Lower Cembr ""‘ - DAL
= : f:.‘clestlc s .d'm.nwy rocks (g g Aten Group) end the Upp‘r Peleeozorc eugoosynchnet rocks_.l.,‘_r": .

i *"-'fsuch es the Cerbomferous*ﬁermnen Ceche Creek Group equivelents in centrel Britnsh

R Columbuen contnbuted most of tne sedrmentery demtus Tne low- to hugh~qrede | Lo
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metemdrphlc rocks found along the length of the Omlneca geantl&hhe of th,e veastern
Cordillera (Monger and Hutchlson 1971 as Clted by Rahmani and Lerbekmo 1875),
probsbly contrlbuted most of.the metamorphlc det/ tus. They also belleve that

- contemporaneous volcsnlsm in British Columbia and probably western Montana as'well as '

. older volcanlcs in the lntertor of Brmsh Columble made an appr ciable contnbutnon to the :
terrlgenous detrltel clestlcs of the Belly River Group They sug ested thst l.ate Cretaceous
volcemcs (rhyollte rhyodamte end dacite ash~flow and ignimbri te) in the western v
Coqdlllera in Brmsh Columble mey well heve contrlbuted the bulk of the' VOlCIﬂIC ‘material !

to the Upper Creuceous sedlmeht’s

- N ¢

« . oo S W T ' - o \
/"eleocurrent Anelyels end the Dleperul Pettem of Besel Belly Rlver Sedlmente
| Although there,ls consldereble edreement -on the udentnf:catlon and locetlon of
posslble source terrems of the basal Belly Rlver sedlments besed on comperetlve studles - &
of the llght end heeVy~mlneral essembleges lLerbekmo 1963 Flehmem and Lerbekmo
1975 McLean 1871; Oguhyorru and Hllls 1977 Nelson end Glenster 1975l the questlon c
of dlSpersal pettern ls controversuel Pert of the problem erlses from the reletlvely llmlted v
ature of the study ereas concentretlon of the stuhles in: southern Alberts end ' K :
| southwestern Sasketchwen and the exlstence of poeslble source rocks in the south west _
end north of the Belly Rlver deposntlonel besln The only exceptlon to llmlted study areas ls o
the reglonal study by Rahmenl end Lerbekmo 11975) Whlch embreced most of the
| geogrephnc erees covered by the other euthors end therefol'e hes the edventege of
- vnewnng the problems ‘af provenence and dlspe /sel of the Belly Rlver sedlments reglonelly
especuelly Wlth regerd to the, south centrel and northern Foothllls el T
- ln the present regloml study, peleocurrent meuurements were rnade at fourteen
S ‘;{E outcrop eectnons (Frgure 20l Dlrectloml structures meesured were cross stretlflcetton
(medlum end lerge scele trough cross~beddmgl and e few sole merks |n the form of flute > N | .
- .‘ i_cests tFlgure 23) Thepeleocurrent meesurements (Tebte 9 Fugure 20) show ;het tr%rt
o 'dnreotlons were reth\er verreble across the study eree dunfng basel Belly Rtver deposltvon

T A study of the peleocurrent dete (T eble 9 Flgure 20) reve_ﬂ

v thet mos?“of the strptngrephnc

Y sectrons south of Bow Rlver indlcate a dommant north to smfh trensport dlrectlon _The

¥ : ‘:'only gxceptions to thls ere th ’ crowsnast Rlver (?_undbrec}l/end Trep Creek sectlons wuth




.."~F51:wre‘;;23 Flute casts on the sole of Unit S high angl rd_ss#strqt;i‘fied
L sandstone facies (G) at Morley : Sﬁ U

L S o C @
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‘ dominant south to north transport airection. ‘The sectﬁts northiof the B'ow’iver,. on the’
other hand show a dominant south to north (mostl.y southeast to northwest) transport
direction, wrth the exception of the James RI(\VBF sectnon WTCh shows a dommant north to

- south direction like the southerh sectrons L s

0

A southeast to northwest transport direction indicated by the paleocurrent data of .

most of the nor'thern sectlons seems anomalous when consndered in the light of the
overall paleogeography of. North America durmg the Uriper Cretaceous and Early Tertuary
' tnme Qut when one conmders the fact that most stream deposrts show cross-— beddtng _
var1ance of up to80 or 120 degrees and that in deltas and httoral deposits cross—bedding
-“is @ven more variable, commonly lyung wothm a3 180 to 220 degree sector (Jungst 1938
.as cutecJ by. Potter and F'ettu ;ohrt 1877, p. 109) one reahzes how dangerOus rehance on
paleocwrent data for d:spersal pattern can be Potter and Pettu john (19'77 p. 103 110)in
their dnscussnon of the prlnclples of mterpretatuon of cross- beddmg data and mference of
paleoslope empheslzed the lmportance of mtegratung a cross—beddlng study w:th other _
geologcc evndence such as lateral venaﬁ}lons nn gram size, fOrmetnon thnckess and
© proportion of marine sedument and so on .They recommend the eveluatlon of the

dnrect»on of sedlment transport mdncated by the sed:mentary structures elong wath other

avetleble charecterustlcs of the depostt They stated that in most cases there is a good .

agreement between cross-beddnng dnrectnon end these othﬁ sedlmentary propertnes

" whereas | m some other cases agreerhent is Ieckmg o

H

The writer. dnscounts the hkehhood of LR generel southeast to northWest transport o |

dlrectton as nndnceted by the eveuleble cross~beddmg dnrectnons in most of. the northern

sectuons on the bISIS of the known paleogeography of western North Amenca durnng

baeel Beily River tume He thmks this durectlon could be a locel phenomenon reflectmg |

some local structure in the besnn or its |mmed|ete vucumty rather them generel peleoslope '
~ effect, or a reﬂectaon of buas in outcrop pattern effectnng exposure of meesureble

cross-stratrfvcatnon As Potter and Pettn john( 1977 p. 11 1) heve eptly suggested a

’ quahtatwe eppreuset of: peleocurrent deta rather then 2 more precnse statistncel eveluatuon is .

5
more reelrstuc The wnter mfers ama jor north to south transport durectuon durmq besel

Belly Rwer deposmon Mtnor south to north end weSt to east drsperse|s, especraﬂy in the

southern Foothulls of Alberte are. elso mdscated Thls is besed on L
<
. ‘ E ", ,‘ * ’ ".:A

iy

—



,

)
~ | .
- D

1. the detntal composmon of the basal Belly River sandstone and its snmuaruty to most
/-of the rocks of the Omnn’?:aa eantrchne A :

2 the more marine nature of the southern sections. . _ d

-3 themore abrupt nature of the Wapuabu/BeIly Ruver Formataon transmon of the
‘\\northern stratugraphlc sections, and D - . g R

4 the dommant north to&outh transport direction undlcated by the cross“bed data of

fal

the southern sectrons o - B e

This’ dnrectnon is in accord with some of the earlrer paleocurrent nnferences for Belly Rwer
v

sednments such as those of Wlllnams and Burk (1964) Rahmani and Lerbekmo (1975} and

. Shawaand Lee (1975) But itis at variance thh the paleogurrent dnrectlon mferred for the

“Belly River sedtments by McLean 1 871, Ogunyomu and Hills (1977) Nelson end Glanster
{1975), and Dodson (197 1 ). These authors inferred 8 domunent south to north/ ortheast

peleocurrent durectson for Belly aner sedlments Their stud»es, however, hav‘:)two main

| . SR i
hmltatlons : B . R : 4" S

| 1." they are confmed to the southern portu\on of Belly River deposlts and therefore
overemphastzed the south to north component of the peleocurrent data a ciose ’
;bok atﬁtheur paleocurrent data shows wgmﬂcant proportuon of thetr
- measurements also mdlcate a north to south transport darectaon, o ’
| 2. some of these studies lack detanled mformatlon rom actal measurements of
o derCtIOhal structures and therefore based their aleocurrent dnrectngw solely or
_mainly on the sumnlanty of the detntal composmon of the Beuy Rwer sednments to‘ ;
those of a possrbte provenance o .

From the foregomg dnscusslon a,more general pncture of provenance and

dnspersat patterh for the basel Belly Ruver Formatnon only emerges when one consrders all

T avanlable evndenee,;from both the present st&dy and prewously publushed data These

Sl '

' nnclude : IR -
SR f , detntal composmon of the basal Belly Rrver sandstones
2 regional paleocurrent data ' ' ' '

L

: vrnorthern stratagraphuc sectnons

-, “,.
RN
AN (3

N -

Lo 3 the more. abrupt nature of the Wapnabn/BeNy River Format:on transmon of the { -

- 4. . the more marme nature of the southern sectnons mdncattnga Ionger perlod ?f marune

e VoL
T ST



»

"

o condmons/r95|denCy in thg south durmg basal Belly Rwer deposntfon
5. the greater thsckness of recogmzable Belly Rwer sediments or their equwa ntin the -

south I800 m (Lerbokmo 1963) as compared to 250 m. of the lower Brazeau _ ‘_
' Formataon (Beuy R:ver Formatnon equtvalent) of the northern Foothnus (Rahmam and '

Lerbokmq 1975)), j N R o .
6. raduometnc age detérmihatuons of Lerbekmo (1963) and Fﬁhmam and Lerbekmo
_“975) . m .:: ) “' . ' o . ,‘ , ;

7 . the %oneral tectomc evolu%oof the Western Canadsan Cordnllara o

j The above c%\suderatuons favor & rnljor north to- southi sodument transport direction wrth

_ possnble muhor east to wost and south to north transport dvrectnons durmg basal Belly

" Rlver deposmon 3 . _ ” e o

o m summary wrth mcrusod toctomc upl:ft m'the Cordnllera durmg Mnddle Campaman
: time and tho consoquent wvthdrawal of the Wapwb:/Lea Park sea, many rwars contrabuted ‘

" detntps to thu shorellne of thns Uppor Cramceous epu:ontmental sea flowung mostly from
tho north/nortt{wes't to south/southust Thns resuitad in the formatuon of a senes of .
deltas that cé(\stitute the basal Bpﬂy Rwar doltmc doposrt In aIl probabmty some of the '.“ i
o nvcrs ﬁiso/flowed dtroctly ustward from the rnsmg mcestral Rocky Mountams

Contmuoé shoroune progndatnon ina souwsouthust dlroctron rosutted in the deposmon




VI MINERALOGICAL COMPOSITION AND CLASSIFICATION
B . > ) ‘ ) (- . . . . ‘
' S | o o I I
. Classnflcatlon E o R ‘ . - e .
The basal Be-ly Rlver sandstone in the study area is composed mamly of rock
__fragrnents (38— 90%) quartz (2 44%) and feldspars (7- 34%l averagmg 531, 25.4 and

- 218% respectlvely (Table 10) Al thir tyBy\alysed samples are ClaSSlfled as hthlc o & :

) sandstone accordnng 10 the scheme of Chen { 1968) angure 24) Two observatlons are. _

-

worth notmg . o SN R ‘, T -'/ L
1. Alithe samples are‘low in quartz content whnch rarely exceeds 40 percent of the

oy

essentlal components o '_ R T s
. 2 There is some mterenwronmental lluthofacres) varnatlon among the samples with the :
',,_,_/ ¢ - coarser fames G samples being racher in quartz and chert grains, whereas the

fmer gramed facaes P and H samples, and some facres B and D samples are rnch in*

N

‘ : volcamc and mudrock fragments There is, however some cemposmonal overlap

.

between facnes G and some of the “coarser" (fine gralned vanety) facies H A

sandstones - - oo

R Y

Thts vanatlon in detntal composmon appears to be graln srze related v@uch m turnis * 1 .

' related to the deposmonal envnronment

. : o . ) . . o A { K ’ E ’ . \ PN B L v
‘,Ouarstz- L Ty B

Y

On the bases of the type and amount of mclus:ons crystal outlme and extmctnoﬁ
,char,acter four quasn—genetlc types of quartz as defmed by Folk (]959l plus quartz:te
(polycrystalllne quartz) grams were rdentnt” ed |n the samples (T able 1 l) The most »

‘- abundant type observed lS "common" quartz Whlch makes up from 1 to 36% of the rock
: and averages 17 ‘l% 1ti |s characterlzed by |rregular outlme a few mcluSIons m the for}n of
". bubbles and only moderately undulose extlnctuon lPIate 1A, B) These charactenstlcs arev/.'-‘ = ‘. | o

. Yy
R suggestwe of plutomc ongm but the possnblluty of other ongms such as metamorphnq: and

L

5 "-_‘vem cannot be ruled out (Folk 1959 Blatt et al 1980 Iwuagwu and Lerbekmo 1982)

The second most abundant quartz type |s the schlstose metamorphrc varrety lt.' X

,"makes up from lest than 1 to 8% of the sampte and averages 3 4% Strong undulose L
L f.extunctuon and mclus»ons of metamorphlc n'llnerals such as mncas charactenze these quartz . b |

TR

g
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Platel Photcmlcrographs of thln sectlons of baeal Belly Rlvar nndstonea

Cbannel sandstone shownng "common quartz (q). polycrystalllne quartz (pq),
‘ ) carbonate rock fragment lcf) rnudrock fragment (m), detntal chlorlte (cl) and
_ ~corrensute pore. filling cement larrbwsl Plane Ilght X40.
_ Same as A, but between crossed polarlzers X40
. Fragmental volcamc quartk lq) wuthout many nnclusnons benng partlally replaced by
'} ) calcnte cement (cl giving a sawtooth contact detrutal carbonate fragment (ch

Crossed polarlzers X40. - ° o v "’ |

" Quartzite lpq) rock fragment wrth lncluslons of mica; metamorphlc quartz lmq) and A

._:mudrock fragmentlm) Plane llght X40 \ S

»Same #s O, but between crossed polarnzers X40

: -Unaltered potassac feldspar (o) wuth Carlsbad‘twmnmg mudrOck fragment {m).

‘ Crossed polarlzers X40 o ST E . R !
Partlally altered l'mCl’OClll'\Q feldspar (mll. common quartz (q) chert rock fragment (chl'_‘ B |
vif.rand pore (P) crossed polarlzers X40. e T 2 . '..'_f.‘

Volcamc rock fragment Wlth feldspar rnucrohtes vy partually altered plagloclase

. feldspar showmg polysynthetlc twmmng lpf) chert rock:fragment (ch) Crossed

LY
L e .

Pblarlzers X40 t f R

L L
A )

S






101

. érains o o » v-n | ‘
| Sedumentary quartz (up to 2%) 1s next in abundance,, averagmg 0 3%. Quartz grams
' mcluded in thns varlety are charactenzed by apprecua‘ble roundmg but as Thnel (1940)
- 1 jsho‘wed quartz grams of mednum sand s;ze requnre much transport to produce hotrceable
' roundmg hehce tha,apparent counts of up: to 2% gre aimost eertamly too low It is likely
that many fnrst cyele sednmentary guartz gralns have been mnstakenly mcluded in other
‘vanetles O f L .
o B . Ouartz rdentnfned as volcanlc in orlgm is the least abundant of the quartz types (less.
" .than 1% in al cases) and averages 0. 1% gis charactarlzed by one or more i
well*developed nondnagenetnc crystal faces and a Iack ef mclusuons In the case of
ﬁ' } . - fragmented volcamc quartz gralgs wnthout preserved crystal faces the absence of 1 |
o o tnclusrons (Plate 1C) alone wa‘é used 8s. abasns for rdentnfacatuon '
s o Quartztte rock fragments (polycrystalhne quartz grame) form up to 12% of the ' :
o sandktones and average 4.6%. The mdavudual quartz érystals wnthm the COMPOSItG gram o
’ 'show strong undulose extnnctnon characternstnc of metamorphuc quartz The presence of

g "metamorphlo?anlnerals such s muscovite 1s afeo common within the grams (Plate 1A, B D ) ‘

A : &g NG
N ."",“Feldepare ‘ S 4,‘(‘.,_ R A K

The feldspars were classlfned lnto thasslc and plagloclase types (T able 12) To
L }obammtnte The potasanc feldspars are commonly fresh in. appearance (Plate 1F) and o
\ \ Fconstntute Iess than 1 to more that 8% of tha detntal grams averaggq_.* 5% They are

O ’moatly orthoclase though & few mucroclme crystals were observed (Plate 1G) The
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. fragments are the most plentiful of the sq;jiment‘ary rock fragments constituting an
o average of 27% lncluded are essentlally all fme detrltal smcate rocks of silt and clay sizes

: (Plate 1A B E F 2A Bl Carbonate rock fragments are the second most abundant and
average 7. 7% of the sandstone They are flne—gramed llmestone dolomnte or slderltlc i
'.fragments as well as coarse smgle crystals (Plate 2C, D, E) Chert fragments ~ o
S (cryptocrystallnne SIllCBOUS rock fragments) average 6.7% of the sandstones (Plate lH 2A
.’B). Both colorless and pale brown vanetles are common Lol - .
- Low-grade metamorphnc rock fragments in the form of argnlhte anﬁletaslltstone '

' \'are abundant in. all\samples and average 6.5%: Arglllute a metamorphlc equlvalent of

) 'mudrock is charactenzed by slight recrystalluzatlon of fme phyllosmcates mto coarser T

‘ ‘metamorphnc minerals such as serlcute and 3 falrly homogeneous texture Metasultstone

' the metamorphlc equ;valent of svltstone consrsts essentnally of snlthuze quartz gratns and
. 'mlcas (Plate 2C oL o ST S & ' e
| ane——granned srl:cnc volcamc rock fragments average 5 3% ‘of the sandstones _
S -Many are characterlzed by the presence of al )gned plagtoclase feldspar mlcrolttes glvmg
rthem a trachytlc texture (Plate . R '_ S | o
o Carbonaceous and other opaque matenals of uncertam afflnlty are present in . |
almost al .the samples but do not constltute a slgmfrcant proportuon (less than 1 2% .

) average) Some of the carbonaceous materlals show some cell structures and are very

N llkely carbomzed Ieaf and stem fragments

v.VarletallAccessory Mmerals . e . RS :' f’ o

BIOtlte muscowte chlorlte 1|rcon epndote glaucomte apatlte and tourmalme form

‘ ‘the vanetal and accessory mmeral sulte recogmzed in thm sectlon Bnot;te and chlorlte are -

/‘

) ',the most prevalent averaglng l% each of the detrltal composltlon of the sandstone The '

buotate grams are mostly brown to reddush brownr ln color and are pr bably :n part

. lron-—nch metamorphlc varletles Muscowte occurs in nearly al sa; ples but rarely g LR

: 'OOnstttutes O 5% of the sandstones "Glauconlte ldeep green and llght green

', B .mlcrocrystalhneﬁelletsl zlrcon epudote apatlte and tourmalme were sparlngly

' ;“encountered lnsome sammes RN RO i




Plate 2 (F Photomlcrographs of thin sections of basal Belly River sandstone.

LA Mudrock fragment (m), polycrystallme quartz pa) chert rock fragment (ch), and

' kaolinite cement completely pluggmg a pore (k). Plane hght X40 N
B, SameasA, but between crossed polarlzers X40. - ‘
| | Metas:ltstone (ms) coarse gralned compos:te dolomrte rock fragment (d) partnally
leached volcanic rock fragment with: mtrapartncle porosnty (v) and pantally leached \
mudrock fragment (m). Plane ltght. X40." o T

o - Same as C but between crossed polarizers. X40. o
o Carbonate rock fragment (cfl probably of algal orngnn or algal affected Note alsoa -
. suderlte nch mudrock fragment (m. and calcite replacement cement (cl: calcite - o
replaces the mterstmal matrlx between (m) ang (cf) Plane hght X40 o
F. Kaohmte pore fnll k), calc:te pore full {c) and quartz: overgrowth (qo). Note also thin ,

I ‘clay hmng (arrow) and sugnlftcant proportlon of detr:tal quartz {q) which characternzes
v channel sandstones Plane lrght X64 | ' °
_ G. Same asF, ‘but between crossed polanzers X64 »
H B 'Flbrous corrensnte cement (cql occludmg a pore Note also’ common" quartz Plane -

i hght X200,
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The general uneven distribution of t}'\ese varietal and accessory mineré!s isa
reflection of differences in provenance of the detritus, depositional'environment and the
hydraulic sorting of the sediments. Zircon and apatite are most common in sanﬁpte# from
sections s’p‘uth of Bow River, whereas e_pidofe and tourmaline were only observed in
samples from Bow River and sections north of it. This is\'d,ue to 'differencés in the
provenance aﬁd dispersal pattern 6f the southern and northern section sédirﬁents.' The
micas (biotite, muscovite) and\ o;hiorite are most abundant in the crévas_#e spla'y and stream
mouth bar sandstones and are due to some hydraulic sorting of the sediﬁentsf There is a

‘preferential settiing out of these micas in the quneter deposmona! milieu of delta front and
crevasse splay. On the other hand ‘glauconite was only observed in lower delta front,
stream mouth bar'and some crevasse splay sandstones, wuth the dgep green_ variety most
common in the lower delta front and stream mbuth bar §ahdst6nes. The restriction 6f this
mineral to these sandstones is due to the chemistry- of the deposmonal environment. |

Marine watars usually produce deeper colored glaubomte than brackish to fresh waters.

L » '
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Vil. TEXTURE,;‘GRANULOMETNC ANALYSIS
ANL pabiads

A Size Frequency Dlstrlbutlon ,

The raw data obtained from the graln size analyses using thin sections and a
Humphries' micrometer eyepiece are presented in Appendix C. The resulits of these
analyses were plotted as cumulative curves using a probab_ili_ty scale ordinate to‘sh0w the
size frequehcy d‘istribution of the sample’s (Figure 25 and Appendix D). These B
log—probability plots show the percentage frequency greater than a particular value an‘d |
facilitate visual comparison of the samples The cumulative frequency‘percent—pr\obability
is believed to be meaningful with regard to deposmonal processes (Visher, 1968) and will
be discussed ln greater detail later. The raw data were also plotted*as bar graphs
(histograms) which represent frequency by @:se further characterize the samples

and aid their visual comparison (Figure 26 and Appendix E).

‘Parameters

From the cumulative curves, descrlpttve statlstlcal measures of average size lmode,
median, graphlc mean) and sorting or uniformity (inclusive graphic standard devuatlon) were
‘ obtained Folk s (1959) formulae were used for the computation of these graphic
~ statistics. Arithmetio means and standard deviations were also computed for these
samples by the method of moments llwuagwu 1979\ The calculated thin secuon
- statistics were converted to their. sieve equuvalent values by usmg Adams' (1977) formulae.
) Table 14 summarlzes these denved and converted descrlptlve statlstlcal
‘ parameters The samples have Sleve median dlameters that range from 2.2 phi to 4. 7 phl '
. (0.22mm to 0 O4mm) (flne sand to coarse sult) Sleve mcluswe graphlc standard dewatlons
" of 0. 15 phl to 0. 65 phl were computed for the samples, though most are in the range of
0 20 phl to 0.50 phi: Accordlng to Folk s (1959l classification scale for sorting, these |
" samples are very ‘well sorted (standard deviation under 0.35 phl) to well-sorted (standard

' dt-:‘watlon_;= 035 to 050 phl).. The samples are therefore characterlzed;as fme—to very

fine—grained, well to very well sorted sandstones and coarse siltstones. '
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: Textural Mlturity A | ‘ _ _ '

. As a corollary to the sortlng of these samples thls sandstone umt is ClaSSlled as

' texturally mature since with-the exceptlon of one. sample alt the Standard deviations are

~ under 0.50 phl and the detrital grains are still not rounded (F-’olk 1858). (Se.e followmg for

' the dlscusslon of roundnessl itis pertment to note that size sorting is dependent on
various factors whose mdwudual effects are dlfflcult to assess. Such factors include size
range of avallable partlcles current charactertstlcs type of deposmon and rate of 5upply

: of detrltus compared with effucnency of the sortlng agent {Folk, 1959l

‘B Other Texturel Attrlbutes _
‘ The textural attrnbutes of shape and fabnc were also studled in the c0urse of the
5 granulometruc analysns Roundness, an element of shape was studted by wsual comparison
of gralns wnth standard lmages of grams of kno,wn roundness. Accordmg to: Power s
' l1953l scale of roundness the grains are very angular especlally in the very fine— gramed
vcrevasse splay sandstones to subrounded in the' coarser fluvual channel sandstones these .‘ |
B E correspond to Folk s(1955l rho values of 0 to 4, Experlmental S’tUdeS mdlcate that
. roundness is related to-the degree of abraslon or wear suffered by thepartlcle durmg
transport and therefore should’ be related to the type andleng‘th of transport or l’,BWOl’klng‘ B
a (Blatt et'al; 1972, p.65). The \iery angular character of most of the facles FandH - o
| sandstones is a reflectlon of their suspenslon mode of transport in Wthh the grams are
| provnded with a cushuonlng effect by the transportlng medlum {water) and therefore are ) ‘.
" less abraded The more rounded lsubroundedl nature of the coarser’ facnes G sandstones
| is due to sugmflcant abrasnon that results from the grams rubbmg agalnst one another
‘ "durmg transport (attrltlon effectl The better rou 1d|ng of the facves G samples therefore A
B mdlcﬁtes tractlon and saltatlon modes. of transpo 't for these. DlSt:uSSlon-of _the fabric of )

B _these samples |s deferred till Chapter Vlll
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C. Paleohydrau,lies Interpretatlon of the Grain Size Curves

As Folk (1 959l has aptly stated, it is dlfflcult to deduce precuse mformatlon abth,

-any/all of the factors that mfluence size sortmg of sediments. However the followmg is

an attempt to deduce what the current characteristics, mechamsms of transportand

- deposmon and rate of suppply of detrltus were like. durmg the deposmon of these sands

and snts it lS an, attempt to reconstruct from the grain Slze dlstrlbutlon the phySlcal forces

'Vthat produoed these sandstones and siltstones.

An mspeotlon of the cumulatlve frequenCy curves of the studled samples (Figure

25 and Appendlx D) shows that

1. “Most of the curves contaln two or three more or less stra‘lg_ht_line 'segments )

' lsubdlwslons) o
2 Most of the samples have brealcs in slope at abaut

A break eXlsts between 2 and 3 phl .

4 phi; in some cases a second

_—31 The segment of the curve above the 4 phl break Wthh represents the percent of silt

' and clay present ina sample is qmte varlable It ranges from less than 1 to 62

o 'percent

4. Most of the samples have maxu’num gram dlameter of about 2 phl (. 25mm) ie.

around the medlum/fme sand boundary only a few. samples have 2 maxlmum gram )

dlameter of 1 ph| (. 5mm) or gréater, e, coarse s

 The- problem of predlctmg the competenee of fi

andsxze IS

ows., or.of mferrmg the propertles o

of a flow from the largest size of partlcle ina glven sedimentary deposlt is of mterest..to

, both geologlsts and engmeers (Blatt et al 1972 P 90 Vlsher 1969). Shlelds (1936, as

. cned by Blatt et al 1972) provnded a tairly sumpllfled reasonably satlsfactory solutlon to

: .the problem he related the gram slze ldlameter) to shear stress (tangentlal torce per unut

| -area of surfacel among other thmgs For sand and gravel the crltlcal shear stress is

-roughly proportlonal to quartz SlZe (Blatt etal, 1972 p

g1 Usmg Shields' diagram. and

- ‘ con5|dermg that the average maxlmum dlameter of the basal Belly Rlver sandstones is.

- 0 5mm and that these grams are bf quartz composltlon

' shear stress for lnltlatlon of movement of the coarsest grains. is. only about 3 dynes/sq

the reqwred crltncal bottom

cmora shear velomty of l 73cm/sec. Thls translates to a crltlcal velocnty of about

2Qcm/ sec for grams of about 0. 5mm ln the older H;ulstrom dlagram which expresses |

. -

; a



competency in terms of a critical velocity: The above fugures should at best be regarded
as apprOxlmatlons smce rlpples and other |rregularltles on the bed cause local variations in
: .shear stress and consequently reduce the average bottom shear stress needed to start
movement of the grams In the reglon of gram snzes smaller than sand snzes flner snzes
: requure larger velocmes for movement espemally if they are more cohescve than sand
Blatteta, 1972,p.9094. = Vi ’

The similarity within groups of log—probability curves'(consistency of the positlon -
“of inflection pomts slopes of the segments etc) 7uggest meamngful relatuonshnps o
regarding the deposltlonal process and possnbly envaronments of the studned samples
, Studles in hydraulscs of stream transport (fluid mechamlcs conc‘eptsl have established the 5
three modes of sedlment transport as traction (slldmg and rollmg) saltatnon and |

uspensnon and relate gram size distribution of the resultlant deposltls to thelr mode of

transport and deposltlon Moss. 1962 1963 as cited by Vlsher 1969l lf one accepts the
concept that- each méde of transport is capable of generatlng a specsflc type of deposut it

is- reasonable to suggest that each segment of alog- probabllnty curve (subpopulatlonl

S represents a deposlt froma specnfic transport/deposmon mechanlsm But the .

_ f Wthh part of the curve (segment) represents which mechanlsm

"on and saltation. mechamgms is somewhat ccn 3ectural and needs more
;atory data. However Vusher 11969) attempted to relate the subpopulatnons
.S|ble transport mechamsms to specmc deposltlonal envnronments He states -
H's of. mflectron (breaks in slope) dnvude the samples into subpopulatuons each

.‘ represents a dlfferent sedlment transport mechanlsm ’Ihese mechamsms are "
. the deposmonal envzronments He further classsfued the log-rprobablllty curves e
"- n thenr overall shape mto specvfuc envrronments such as shaIIOw manne beach
{f ary’ channel fluvual channel and turbnd’:ty current Whereas 1 agree with Vlsher s

v suggestlon that each segment of a log~probablhty curve may represent a SPGlelC-

"f tr, :‘ port supplementary mformatlon is probably necessary to confldently relate

: unformatlon m mfer the dommance of a gnven transportatnon/depo 'ltron processes |n a

L gnven deposutnonal envuronment A further use can be. made of suc textural mformatlon in

the charactenzatmn of the dlfferent sandstone lnthofacres of the present study Thns
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allows the application of knowledge gained froma .widespread outcrop study to the

domain of the subsurface where only a limited data base is available. . See Chapter X for

more detalled discussion of the poss:ble use of textural mformatlon in the subsurface

Based on the above data and dtscussmn one can conclude that

1 Facnes B.D.F and the very fine varvety of H sandstones were deposuted mamly from

* ‘suspension, saltatron and traction bemg subordmate hence theur h:gh percentages of
fine fractron ‘f’ . _
2. - The tacies G- sandstones and some of the coarser facres H sandstones were mamly

B transported and deposuted by a process or processes other than suspens:

by saltatlon and tractron mechanusms hence theur Iow contents of fme frac \on.
3. The very well to weII sorted nature of facaes B D, F and some H sandstones are due
" to hydraullc sortmg of the sedlment durlng transportatnon prlor to deposmon '

'.whereas the weII sorted nature of the facies. G sandstones is due to wmnowmg of

the sednments in their deposmonal milieu by relatnvely strong currents

T

', ‘D Textural Characterlzatlon of Basal Belly Rlver Sandstone Lrthofacles : . .

Cger

A further textural charactenzatton and refunement of basai Belly Rtver sandstone ‘

_ Iuthofacles mvolves amore detaﬂed examlnatlon and. classrfucatron of their Iog—probabnluty ’
curvgs and hustograms Study of these reveals mterestlng groupmgs of curves and

' hlstc@us whlch correspond to definite hthofames Two mam groups of Iog probablhty E

©

CUFVBS are common namely

1 A group w1th hlgh percentage of fme fractnon (15 to 62 percent fmer than 4 phl) and |

2, A group wrth low percentage of fme fractnon (generally Iess than 5 percent fmer o

than 4 phl)

E The group with hlgh percentage of fme fractlon is further dMs:bIe mto two (a) those with .

“ two pomts of mﬂectnon one at about 4 phl and the other between 2 and 3 phi; thus group :

mostly charactenzes the facnes B and D sandstones/b) those wuth only one point of '

’ ‘-'|nflect|on at about 4 phl thus 1s characterlstlc of the facres F and H sandstones Lakew»se
B the group with. Iow percentage of fine fractton is drv:snble mto two (a) those wuth a sungle ’
- 'pomt of mﬂectlon at about 4 phl and (b) those that have no conspncuous pomt of mflectnon

o and plot essentnally asa stralght hne T hese two |ast classes of curves charactenze the

.
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facies G sandstones.

E. Tektural Summary'

In summary, a detalled textural analys:s of basa! Belly RIVEI’ sandstone ﬁfhofacnes
reveals some dlfferences among them These include differences in overall shape of the
log—probablhty curves, symmetry/asymmetry of the hlstograms, sor,tlng and percentage
of the fme fractnon (less than 4 phi). -

1 Facnes Band D samples generate log- probabullty curves that tend to have three’ g
segments\l!lg. 2B5A), whereas the facies F and H samples usually have two segment ‘

“curves (Fig. 258B). Facies G samples‘ on the other hand, generate either two segment
Iog probablllty curves or curves witholt any point of inflection at all (Fig. 25C, D).

. Although facnes F and H samples generate two segment cumulatlve curves like facies '
G samples facies F and H mvarlably do not-contain grains Iarger than 1 phi; only
facies G samples contain such grains and on the average have the largest median

| d:ameter | '

- 2. These d”lfferences in size gradmg are also easnly duscernable from their hlstograms :

{Fig. 26) Facnes B.D F and H samples are usually negatlvely skewed {with coarse tall);f

facies Gsamples are elther symmetrlcal or positively’ skewed (wnth flne tail). |

However, some of the coarser facies H samples which are very likely channel

portions of crevasse splays tend to mimic the facues G histograms by bemg elther :

symmetrlcal or posmvely skewed i :

3 The' amount of fine fraction present in some of the llthOfaCIBS appears 10 be
dlagnostlc Facies G samples mvarlably contain less than 5 percent of fine fraction,
‘whereas facues B. D, F and H usually contain ssgnlflcant amounts of fines’ (Flg 27

R Table 14). Fames B and D samples contain 5 to 62 percent of these flnes facies F

land H samples contam 1 to 58 percent of fines but mostly in the range of 15 to 30%

- ~The occasnonal low-f|ne fractlon varlety of facues H does not however contam e

_': gralns up to l phl lts largest gralns average 2 0 phl A | o 4 .
4 " Faeles B and D samples have sieve. medlan slzes of 3. 3 4.7 ph| whereas facnes G |

samp'les have ‘sieve medlan dlameters of 2 2 3 8 ph: Facnes F and H samples on the "~

o hand have medlan s;zes in between the extremes’ represented by facnes B and D, and

K
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facies G. They have sieve median sizes of 2.8-4.7 phi.

5.. . The sieve inclusive graphic standard devuanon values range from 0.15~0 .43 phi for
- facies B and D samples through 0.18-0. 49 phi for facies F and H samples to
0.31-0. 50 pha for fac:es G samples. Facces B and D samples are on the average the
best sorted whereas facies G samples are the most poorly sorted. The data for
facies F and H samples are, as usual, in betweeen the two extremes.

A plot of the sieve median duameter versus saeve mclusuve graphic standard devuatnon

shows that the finest sampiles, ‘mostly facies B and D samples are the best sorted,

whereas the coarsest samples, mostly facies G saniples, are the most poorly sorted.-

Sorting improves with decrease in median diameter,-probably reflecting a single dominant

deposistional mechanism, likely sus;;ension. The poorer sorting of the coarser samples is

indicative of operation of rrﬁofg than a single transpo;t/dep‘ositional mechanism.

C e

Wy



Vill. DIAGENESIS

| Most of the diagenetic features observed in the present study are similar to those -

~ described by lwuagWu {1979), lwuagwu and Lerbekmo (1981,1982) However,

differences exist in the magnltude of the various diagenetic processes in the different

Vsand'stone iithofacies of the present study. The net effect of diaoenesis_gin all cases is the

reduction of the initial porosity and probably permeability of thels-e sandstaones. Diagenetic

processes responsible for pore space reduction in these sandstones can be divided into
three categories: mechanical'compaction, authigenic cementation, ane {o a less extent
replacement. The fourth diagenetic process of solutlon has resulted in the enhancement

. of porosity of some of the llthofaaes by the dlssolutlon of some of the volcanic and
mudrock fragments, as well as feldspars, resulting in moldic secondary porosity.

The type and magnitude of diagenetic alterations are to a large extent dependent on.
particle size and mineralogical composition of the detrital components, the depositional
environment and the posldeposltional temperalure, pressure, hydrologic and chemical
regimes of the diagenetic en&)ironr_nent (Krumbein, 1942; Mankiewicz and Steidtmann,

- 1979). Some of the diagenetic processes and effects are more prominent in some
lithofacles than in others. In the presen’t study, a detailed study.of the dlagenetic features
in the various sandstone lithofacies shows a variation in diagen\e}i’c patterns. 'Theee
variations are strongly related to the texture and mineralogic compo'sition. The particle '

. size and.ﬁorting of the«detrit‘el components as well as-the mineralogy are to a lerge extent

different in the different Ii‘tho’ch_ies {see Chapters Vi and V. For example, whereas

facies B, D, F and some H samples are very—_fine grained and rich ln volcenic and rnuclr_ock'
fragment.s, facies G samples are coarser (fine— to medium gra_ined)-and rich in quartz and.
chert frﬁgmemts. ‘These variations in texture and detrital composition are dependent on
the depositional processes and environments. The partlcle size and detri{al coniposi»tion,
and therefore mdlrectly the depositional env:ronment controlled the dlagenetlc hlstory of
the sandstones by determmmg the type of diagenetic process or processes and the

" degree to which they operated in the basal Belly River Sandstone. C

" Four broad facies related diagenetic patterns are observed in the present‘stud_y. v

These ‘a_re:v o Coe o

_ e Early calcite cementation of facies B sandstones.
i - ) ’.

124.
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2.  Compaction and authigenic clay cementation of facies D sandstones.

3. Mechanical compactian, and occasional cementation (calcite and authigenic slaysl of
facles F and H sandstones. »

4  Extensive authigenic clay cementation of facies G sandstones. N

A. Diagenesis of Facies B Sandstones ’ v

A Lithofacies B sandstones (distal bar sandstones} are.characterized by calcite

pladgging of their original porosity T)he ‘open” packlng (low packlng prOxlmltyl of the

grains (appearing to "float” |n a groundmass of calcite cement {Plate 7A, B)) and the absence’

of other types of cement or grain alteratlon in these samples |nd|cate the early origin of

calcite czmentatlon in these sands. lt is very Ilkely that the cementmg caicite had a local

source, possrbly in the detrital compo_nents, since some of the facnes B sandstones contain

considerable amounts of‘very fine~grained carbonate rock fra‘gments and sinéle crystals

of calcit® and dolomnte Only in'a few’ lnstances were some of the dstrital components ‘

partially replaced by the cementmg calcne the grams appear to have been sealed in the

calcite cement early in their duagene_tlc history and wlthout much subsequent diagenetic

alteration.

B. Diagenesls of Facies D Sandstones . ‘ o , \ :
" Stream mouth bar samples are characteriaed by co'ns'iderable met':h‘anical ‘
compactlon and authlgemc clay cementation (Plate 3C.D: 7E, Fl An evaluation of theit
‘ cement—*free porosity (Fig. 28) shows values of 10 to 25 peccent whnch mdlcate
: consnderable mechanical compactnon ln most cases they have moderate (30 to 50
percent) packing proxumlty Clay cementation is the next diagenetic process that affected
‘stream mouﬂw bar samples Clay cements account for as much as l 1 percent of some of
| the samples but range down to 3 percent T able 15). In some cases however calcute ‘
- cement tends to be more abundant than clay cement and the dlagenetlc pattern tends to
mimic that of facnes B sandstone (Plate 7C, D) However other dlffarences exist between
these calcite cemented facies D samples and, facaes B sample;s in that these facues D
samples have, closer packvng than facues B samples and there is also.a coexlstence of their .

calcite. cement wath c0n5|derable authugemc clay. Inthese facaes D samples too, the calcute ) :
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Plate

3. Photomicrographs of thin sections and SEM phdtomlcrographs of basal

n

- Belly River sandstone.’

A
B.

Same as plate 2,H, but between crossed po_larizers. X200.

Photomicrograph showing. par‘aoenetic sequence of the cements. Chlorite rim
cement (arrow) followed by corrensnte (co) wh:ch is in turn followed by kaolinite (k).
Note sarme remaining unoccluded pore lp). Plane light X2850.

Subsurface sample of a stream mouth bar 'sandstone with extens:ve development of

vauthigenic clay f{ac). cement Note also a shghtly recrystallized mudrock fragment (m)
and secondary pore (p)- resultmg from the solutuon of 3 detrntal grain of which a

-remnant (r)is stull present "Plane hght X64

Same as C, but between crossed polanzers X64.

) SEM photomucrograph showmg the relatnonshup of a detrital gram (g) and pore fill

~ submicroscopic pores, e, (’pt X3500. _

Fcorrensnte (Co) in a channel sandstone from outcrop Note also the submacroscopuc

*

porostty of the corrensite, . g. (p)

"Higher magmfucat:on of a part of E showmg exclusively the COfanSltB cement

Note the.honey-comb (bOx-—hke) »structur_e, stubby nature of the plates, a_nd

submlcroscop«c pores

A SEM photomacrograph showung relat:onshup between a detrital quartz grain (q) and

corrensite (Co) pore filler. Note the wispy nature of the corrensite in this location.

x100.. . -

Hig‘her-magnification of- part of G shlowingionty“the c"orrensite’ cement; note the |

\ -
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- The very fine—grained volcanic rock fragments of these samples are partially to

131

cement is mostly replacement caicite as indicated by detectable detrital component ghosts.

(Plate 2E). ' ’ .

..

The identification of the authigenic clag minerals is by thin section petrography.
scanning glectron m'icr'oscopy and elemental spectral analysis. Based on optical data, the
autmgenic clay cement consists mainty of kaolin group mineral though illite/montm'orillonite
mixed-layer clay and chlorite are common (Plate 4EF.CG; 6A) They occur as pore fillings,
as well as pore linings and coatings. ,':»; -

- Simple solution is the latest qiag‘enetic process which affected facies D samples.
B o |

_ completely dissolved resulting in moldic secondary poroslty (Plate 7EF; 8E).

C. Diagenesis of Facies F and H Sandstones 4
Mechanical cdmpaction is the most important diagenetic process that affectec’i'
facies F and H sandstones: The mechanically. labile. components (’especially shale:
wfragmentsl are squeezed between the more physically stable components ar‘yd into the
former pores resultmg ina pseudomatrnx rich texture (Plate 8A B.H. The“se samples are

characterized by high packing proximity, _usually in excess of 70 percent. and low

cement-free porosity (Fig. 28). In the fine-grained variety of facies H, thin linings and

. coatings of illite/montmorillonite, and calcite pore fillings are common (Plate 8C,D; 5A B;

6C).

D. Diagenesis of Facles G Sandstones »
Fac:es G samples are characterlzed by extensove development of authlgemc clay '
-cements whrch in some cases are accornpamed by considerable calcite cement (Plate
2F.GH; 3A, B) Clay cements range from less than 2 percent in the calcite=rich facnes G
samples to more than 16 percent in the exclusn/ely authngemc clay cemented samples

(Table-15). The authlgemc clays are mostly kaolin group mineral and )

' chlonte/montmonllomte mlxed Iayer clay (Plate 3E F.GH; 4A; 5C,D). Chlorite is present as

.pore Ilnmgs and coatings, th0ugh in small amounts (Plate 48 5El Itis pale green in co/@r
‘Kaohn and chlorlte/montmorlllomte mnxed—layer clay occur mamly as pore flllmgs kaolln is

charactenzed by flrs.t order grey blrefrlngence {Plate 2@; 3D) and pseudohexagonal crystal



&

/
Pvlata 4. SEM bhotor’nicro‘graphs‘ of authigenic clays of the basali Belly River
sandstone. | ' ‘
A Kaolinite pére_filiing c‘emeni frqhﬂ a channel sandstone. Outcfop.
B. Chlarite pore fill cement from a channel séndstone. Outcrop. Note submicroscopic
F;ores, eﬂg., p) _ ‘ " \
l||ite/montrnorilfonite (IM) cement bridging apore '(pl
D. Higher magmflcatnon of C. Note the submucroscopsc pores (p)
Illnte/montmonuome (|M) and kaohnste k) occbrrlng in the same pore of 3 sub5urface
bstream mouth bar sandstone.
R Hngher magmfncatuon of a part of E, showing excluswely the kaolxmte cement (k)
G Higher mag,nlflcatlon of part of E, showmg t.he lihte/montmorullomte cement (IM)
H. | ‘ llhte/montmormomte from’a crevasse splay §andstone Note the honey comb

structure, and s,ubmncroscopuc pores, e.g. (p) Outcrop sample
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Plate 5. SEM photomicrograph and spectral profiles of authigenic clays of the basal " | - '

‘Belly Ri\)er ‘sandstone.

A llite/montmorillonite cement from crevasse splay. Higher magnification of plate 4,H. |

,'Outcrop .sarr.wple_._: .

Co_i'npositiénal zlsectrum of ;'(illi_te/'mpnt;rﬁo’ril|onite cement).
. Compgsitional speé‘trum of 3f:-"'(<'-:"o'rrensité). \
\Compositioh'al_s,pectrum} 'of 3H (corrensite).,

Combos‘itional spectrum-of 48 (chlorite).

Mmoo o w0

Compositional sp’e'ctrum'of iIlite/mon’tmorillonite7ixed léyer':clay-.f_rom a surface

channel sandstone.
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Plate 6. Compoéition of authigenic clay cements of basal Belly River sandstone as

displayed by the energy-dispersive X -ray spectrometer.

A .

Compositional spectrum of 4G (illite/montmorillonite, and chiorite), from a

&
" subsurface sample of a stream mouth bar sandstone.

Compositional spectrum of kaolinite cement from a subsurface sample of a channel
sandstone.
Compositional spectrum of ilhite/montmorillonite clay from an outcrop sample of a

crevasse splay sandstone.



SSERERTY

Sy N

LR

NI

CTSSEC

4

46

84

WGs18REV 40




outhne (Plate 4A), whereas chlorite/montmorilionite i1s characterized by a greenish yellow
coler. shghtly tigher birefringence (first order yellow). fibrous texture under petrographic
microscope (Plate 2H; 3A,B) and box-like (honéy—comb) texture under the SEM (Plate
3EF.GH. 5CD |

"In most cases all three authigenic clays (kaoln, chlorite/montmorilionite
mixed-layer clay and chlorite) coexist in a single pore (Plate 3B) Therr sequence of
occurence is as follows
1 a thin chiorite lining/coating,
2 fibrous chiorite/montmorillonite pére—fillmg, and finally
3 random . poorly crystalline kaolin group mineral
In some cases. the authigenic mineral suite completely occludes the pore (Plate 2F G.H;
3A). whereas in others a portion of the pore remains open (Plate 3B) When calcite
cement occﬁrs wifh the authigenic clay minerats. it is the la_st'por.e—fillmg 1t 1s kikdly that
sore of the calcite cement of the facies G samples i‘s a replacement of earlier<lay
cements, Stable isotope studies of the Belly River séndst‘ones by Longstaffe (1983)

indicate early diagenetic origin of the chlorite cements from connate fluids, and later orign

-~
a

of the kaolinite and calcite cements from fluids containing a significant fraction of
‘meteoric water. This isotope information supports the diagenetic sequence arrived at by

textural considerations-of the cements.

E. Discussion

From the foregoing observations, the diagenesis of the.basal Belly River
sandstones in the study area has been accomplished by mechanical compaction, authigenic
cementation, replacement and solution. The primary textural and detrital composition
variations which are functions of depositional environments controlled the typé ahd
degree of diageﬁesis of the different lithofacies. Because of this relationship between
primary textufe, detrital composition and depositional environment of the basal Belly River
~ sandstones, if is possible to achieve some degree of predictability of diagenetic patterns
and therefore of reservoir quality of the dif ferent lithofécies. In bth_er words, the

diagenetic pattern is related to depositional environment
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Mechanical compagction and deformation of softer detrital grains along with

- authigenesis (cementation) are the two main diagenetic processes responsible for loss of
intergranular porosity In the basal Belly River sandstone. Mudrock and volcanic rock
fragments, as well as micas. have all been sub;ected to mechanical compaction and
deformation in all the sandstone facies but most drastically In the very~ fine grained
matrix -~ rioh samples In these samples, mechanical compaction and deformation of detrital
grams are the main or sole processes responsible for the occlusion of the primary
Intergranular por osity Ag-a consequence, they have high packmg proximity in the]tange of
70-90 percent and are devoid of secondary cement and porosity. -,

With the exception of the very calcareous facies B sandstope samples (with less

than 10 percent packing proximity), rnost of the studied samples are medium to closely
packed with 30 to 90 percent pac\king proximity. An evaluation of cement—free porosity
shows a maximum of 29 percent (Fig. 28) which 1s far less than the estimated average
initial porosity of 40 percent for sandstones {Pryor. 1968} This cement-free porosity
value therefore gives a compaction factor of at least 10 percen&efore the initiation of
cementation. Mechanical compaction, like other diagenetic processes, affected the
different sandstone lithofacies of the basal Belly River Formation to varying degrees. The
very fine-grained sandstones of facies F and H are the most affected, most of them have
packing proximity values of 50 percent and above. Most of the facies B. D and G samples
areless affected by mechanical compaction The least affected very calcareous facies B
.and D samples have very "open" packing (low packing proximity); this “open” packing
texture is partly due to replacement of some of the detrital components by secondary
caicite (Plate 2E). In all cases, however the overall effect of mechanical compaction is the
reduction of initial porosity and permeability, as in facies D and G. or complete obliteration
of porosny and permeability as in facues F and H. Mechanical compaction has the most
irreversible damaging effect on poros:ty and permeability as it forms a permanent and .
effective seal to subsequent diagenetic alterations by shutting of f all circulation of pore
fluids fairly early in the diagenetic history of the samplesi ‘Most diagenstic changes that

* take place in a sedimentary rock, such‘as cementation and dissolution result from

reactions between moving aqueous solutions and the rock itself, and the ability of the rock

- to transmit these fluids governs the rate and intensity of diagenesis {Blatt, et al, 1972,
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p.323-373) A hinderance to circulation of pore fluids by any diagenetic process. such as
mechanical compaction, prevents further textural and compositional changes in the rock
(MankleWicz and Steidtmann, 1979); hence the virtual absence of cements and secondary
moldic porosity in facies F and very fine-grained facies H samples of the present study
Chemical cements constitute a significant proportlon of most of the damples, '-

_averaging 135 percent of the total rock and ranging up to 29 percent’in some samples
(Table 15). Six types of cement are recognized and include carbonate, authigenlc clays
(phyllosilicates). silica. ‘felds‘par, iron oxide and zeolite The most common types are.
authigenic clays, “carbonate and silica; feldspar iron o*ide and zeolite are less abundant

‘ (Table 15) and in all cases constitute less than 0.5 percent of the sample.

Caicite pore fill cement averages 89 percent of all studned samples and ranges
widely from‘sample to sampie, from 0 to over 27 percent_ It is present in all sandstone
facies but is most abundant in facies-B, D and the fi}ne—grained variety of faciesH It~
occurs in the form of coarse rnosaic sparite, though Chemlcal staining of the carbonate |
cement wlth Alizarin red S shows .the 'calcite to be ferroan. It "isvusually the last pore filler
| following authigenic clay‘pore linings and fillings, whenever these other phases are
present. o |

Authlgemc clay cement constltutes a significant proportion of some of the
samples, ranging fromless than 1 percent to over 16 percent It averages 4 4 percent
over all the studied samples but is most abundant in facies. G and some fac»es D samples_
Monommerahc as well as mlxed layer type are present7 although the most common| - \\ _

varieties are kaolnn chlonte/montmornllonqte chlortte and ulhte/montmonllomte Theyv

. occu@n a varuety of habits nncludmg well- crystalhzed fiakes. and plates orlented \ |
perpendlcular to thelr substrates as in the case of flbrous chlorlte/montmonllomte (Llate ‘\\ ,

3A B.E.F.G H) and some kaolmlte unornented mncrocrystalllne aggregates as m the case of .

most of the kaolinite (Plate 2F G: 3B; 4Fl and as clay coats and hmngs that have partlcles \

unornented relatlve to the substrate as |n the |ll|te/montmor|llon|te and chlorlte nms (Plate

2F). Kaohmte is very abundant in facies G and some facies.D samples and in all casefs

occurs as elther euhedral or subhedral pore flllmg Rarély the kaolmlte is pale green but in

most cases it is colorless, clear and uniform in appearance makmg it easy to ndentlfy and

differentiate from detrital matrlx under-the petrographlc microscope.

»
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Chlorite/montmorillonite on the other hand usually has a greenish tirlge toitandis
characterized by fibrous texture under a petrographic microscope. It too, like the
kaolinite. is abundant in facies G and occurs mostly as pore-filling cement rAluthigen{c
chlorite cement, though common in facies D and G samples as pare iinings and coatings, is
on the whole quantitati‘vely insignificant. It is characterized by very low birefringence; but
rarely exhibits its characterlstuc rosette form Elemental spectral analysis confirms its ~
" presence in some pf the samples (Plate SE). It s usually early and separates the “
chiorite/montmorillonite of facies G from framework grains. lite/montmorillonite, like
chiorite, occurs mainly as pore-linings and coatings. though in some cases it forms_ bridges
across large pores lP-late 4D.G) Itis common in facies D and the fine-grained variety of
facies H, and is characterized by bright birefringence (first order yeliow), and irregular |
lath-like projeétions as seenin the SEM (Plate 5Al Quantltatlvely, itis insignifiéant in all
cases. '
' Silica cement 1 present in minor amounts and in ail Cases less than 1 percent (Table
15). ltis present p'r.imarily a‘s :quartz and "chert” overgrowths. The quartz overgrowths
are ‘uleally delimited from the detr‘it-al nuclei by some "dustlines” which are, in reality. |
largely minute liquid inclusions, whereas the ' chert overgrowths occur as coarser cleaner
cryptocrystallme aggregates on détrltal chert grams they at tumes fl" mlcro fractures in
the detrital grains. - ’
| Authlgenlc feldspar cemenit is observed in few samples, mostly facies H samples
and in all instances is less than 0.5 percent (Table 15). It occurs as aggregates of minute
laths of felalspar and possibly represents recfyslallized clay matrix;»
| " Iron oxide cement occars as a reddish brown to dark brown coating on some of
the larger 'quarti and chert grains, but.amounts to less than 0.5 percent. In some cases, it
masks the color of the matrix giving it a brownish color, whereas in the case of clay
cements it colors them light greenlsh brown for example, kaolinite of: sample S6-3- 36
 Zeolite pore—flll cement is common in most of the fme to medium grained facies
G (channel sandstones) and D (stream %outh bar) samples but is volumetncally insignificant.
A coarsq pseudohexagonal hablt; lack of colqr, g‘o‘od cleavage, negative relief (lower than
quartz) and low birefringence (first order _greyl-chal'ac:terize' this zeolite, which is probably .

heulandite’

CoRy
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Replacement of detrital components is restricted to feldspars and very

fine~grained volcanlc and mudrock fragments it is most prevalent m the

~ calgitercemented samples. lrr?ectlve of therr hthofacres and lnvolves the replacement

of the lablle detntal components such as feldspars and very fine- gralned rock fragments |

by calcite. In the case of an mcompletely replaced detrital component such as a feldspar -
' LY
grain, a worm- -eaten appearance is lmparted to itPlate 1G). In the case of a completely

_calcite replaced graln the only indication of the orlglnal grain lS a tell tale boundary

between the ghost and the cementlng/replacmg calcite, Wthh 1S usually marked by dark

brown ssderlte blebs and iron oxide concentratlons The replacmg calcite is usually

observed as a smgle large crystal Few Jnstances of calcite replacement of the more
resrstant grams eg. quartz were observed In these instances, the replacement is"
plecemeal with a complex irregular crystal outllne to the remnant quartz graln (Plate 10);
the replacmg calcute merges lmperceptlbly wnth the calcite cement wnthout a delimiting
boundary. ' ‘ ' k

. SOIUtlon unllke the above dlscussed dlagenetnc processes, tends to restore and .
enhance the porosity and permeablllty of the sandstones. Selectlve solutlon of some of
the very fing—grained volcanic and mudrock fragments and feldspars is common in fac:es

Dand G samples ahd accounts for a sugmflcant proportlon of theur porosnty Complete ‘

dlssolutlon and leachlng of some of the unstable detrital components of these samples

‘results in m0|d|C secondary porosny (Plate 7EF; 8F, G ln the case of partlal dlssolutlon of

the detrital grain, mtrapartlcle porosuty is developed (Plate 7GH; 8B); thirs is common in the

volcanic and mudrock fragments

tis noteworthy that the general duagenetlc features and sequence observed in the

I

' present study are akin to those reported by Galloway (1974) and Burns and Ethrldge

’(1979l The early calcite cementatlon of the faCles B sandstones corresponds very well to:
Galloway (1974) and Burns and Ethrldge (1979) stage 1 calcute poreflll cement Wthh they

lnterpreted to form Iocally very early inthe burlal hlstory of the sandstone The chlorlte

.- and llllte/montmorlllonlte rlm Cements of facies G, D, andH respectlvely correspond to
- their stage 2 authlgemc clay coats and nms Whlch they lnterpreted to have formed as
- depth of burial lncreased and higher temperatures and presSure became the controlllng

. factors in the geochemlcal enwronment The chlonte/montmorlllonlte kaollnlte zeollte B
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Plate 7. Photomicrdgraphs of thin sections 'of basaereII’y River sandstone.

A

F -"Same asE butbetween crossedpolarnzers X4O L h

. General texture ‘of distal bar sandstone Nots the general absence of pores and

s:gmfacant development of calctte cement (c). Outcrop sample Plane- ltght X40

‘Same as A, but between crossed polanzers The calcxte cement {c) stands out’

because of its bright blrefrmgence Xa0.

General texture of. stream mouth. bar sandstone Note the presence of constderable

calcite (c) cement as well as authngemc clay (arrows) Note also plagtoclase feldspar .

(pf) volcannc rock fragment (v), mudrock fragment (D, carbonate rock fragment (cf)

, and asmall remnant quartz gram (q) engulfed by replacmg calcite cement (c) This. A

sample is shghtly coarser and better sorted than the sample shown in VA Outcrop

sample Plane Itght X40
]

Same as C, but between crossed polaruzers it shows better the replacement of the .
‘ quartz grain {q) by calcute cement.{c).

~ Geperal- characternstncs of stream mouth bar sandstone Note the general absence

.. of.calcite cement and extenstve deveiopment_of authigenic clay (arrows). lvery ftne v
gr-ained voicanic rock fra'gments with intraparticle pores (v); intergeanular' pores (pl.

“and mudrock fragment (rn) Plane light. X40.

General t:haractenstncs of. channel sandstone Note.its coarser gram suze abundance )

of quartz (q) polycrystalhne quartz pa). chert (Ch) and authtgennc clays (corrensnte

. 'and kaollntte ) {arrows). Note also detrital chtorite (cl),. mudrock fragments (m) and
carbonate fragment =) Outcrop sample Plane ltght. X40.

' Same as G, but between crossed polaruzers X40.






Plate 8. Photomicrographs of thin sections of basal Belly River sandstones. k]

A

General textural characteristics of a very fine grained crevasse splay sandstone
(Fac:es FL. Note the domnnance -of mudrock fragments {(m), angularity of the more

resistant fragments such as quartz (q). general poot sorting of the sand, little

distinction between clay matrix and squeezed mudrock fragments and complete

absence offrecognizable cement and porosity. Outcrop sample Plane light X40.

-Same as A, but between crossed polarizers.
General textUral characteristics of a fine gramed crevasse splay sandstone (Facies H.

Note the domunance of mudrock fragments (m) as in A and B, but better sortmg and

some ’replacement cement (arrow). Note also the general absence of porosity.
Outcrop sample Plane light X40 ‘
Same as C, but between crossed polarlzers Calcite cement (arrow) is marked by its

high b;refrmgenca X40.

' Photomicrograph showing the general characteristics of a typical subsurface stream

mouth bar. Note the extensive leaching of the fine grained volcanic rock fragments
(V) resulting in moldic porosity (p). Plane light. VX4O. |

Photomicrograph showing tne general characteristics of a typacal subsurface
cha‘nnei sandstone. Note the-prasence of- intergranular pore (p). common Quartz (q)
chert (Ch), microcline feldspar {mi), mudrock fragment {m} and ltaolinite cement {k),

Plane light X40.

, Same as F. but between crossed polarnzers X40.

Photomncrograph showung general charactensttc of a typncal subsurface crevasse

splay sandstone. Note the dommance of mudrock fragment {ml. angularlty of the

. resistant quartz, eg. (q). and general absence of recognizable cement and pores.

- Crossed. polarizers. X40. (Plate 7A-H and 8A-H are of the same magnification,

X40, so as to aid.visual comparison of the thin sectnons)
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" and late stage calcite pore filling cements of facies G samples correspond to their stage 3

of diagenetic events (well-crystallized phyllosilicate or zeolite cements). The only

dif ference between the diagenetic stages observed in the present study and those of '
Burns and Ethridge is that in the basat Belly River sandstone, the well—crystallized
phyllosilicate (corrensite) and zeolite (heulandite?) coexist, whereas in the Umpqua
Formation studied by Burns and Ethridge these cements are mutually exclusive.

The presence af zeolite cement in both the outcrop and subsurface samples of the
basal Belly River sandstone indicates that the sediments were subjected to purial
{(maximum) depths sufficient to encounter temperatures and pressures necessary for*
zeolite facies development (Coombs, 1961, Lerbekmo, 1963; Turner, 1968; Burns and
Ethrldge 18979). A second inference that stems from the above is that the presence of
zeollte in the basal Belly River sandstone along with other authigenie minerals (corrensnte !
:lhte/montmonllomte, chiorite and calcite) indicates that the total diagenesis of this

sandstone is not simply a present day‘ groundwater effect; it supports Lerbekmo's (1963).

-conclusion that the Belly River sandstone diagenesisvis within the zeolite facies range. The

, sm:larnty of dlagenetnc assemblages in the surface and sub5urface samples in the study

area mdncates that these diagenetic mlneral assemblages are rather stable under both
surface and subsurface conditions. As a logvcal corollary to the above, it indicates that the '
present day phy;sio—chemical conditions have not. su'bstantially affect-ed the rock ' This_ ,
therefore helps to predict the most likely exploration targets based on the primary -
deposmonal textural characterlstlcs lSee Chapter X for a-more detalled dlscusswn)

In summary, the duagenetlc features observed in the basal Belly aner férmétton
include phyllosullcate calcite, silica, iron-oxide and zeolite cements compacted and '
deformed fine- gramed rock fragments some replacement fabrics; and solution of detntal
grains. The phy sil cate cements occur in three varletles clay coats and rims on detr:tal
framework grains, fibrous corrensnte pore flllnngs and unorlented kaollmte aggregate
pore-fillings. Based on petrographlc observatlons the general prder of. formatlon

(paragenesus) of the diagenetic features in facn_es GandD samples is mterpreted as

follows:

1. Some mechamcal compactnon

. lopment of chiorite and nllute/mommorulldmte clay coats and iron oxide

s
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rims around framework grains,
3. Precipitation of radiating and fibrous pore-fill corrensite, and unorlented aggregates
- of kaolinite; precipitation ,of silica overgrowths may follow the iron oxide rim ,
cement, | |

4 . Precipitation of calcite.cement in the center of pores not completely filled by
corrensite or kaolinite; in some cases however, stage 3 is absent and the second
stage clay coats and iron oxide rims are directly followed by calcite precipitation,

fand fmally ‘

8 Zeollte formation in the presence of volcanic rock fragments where some remaining
mtergranular porossty coupled w:th long resudence time allows migration of
formatlon fluids under adequate temperature and pressure conditions; zeollte is the
last pore filler wherever it occurs. '

The paragenesns of the authlgenlc cements in tames G and D sandstones (ln chronologrcal

order) is: lron oxide, quartz, chlorlte/montmorlllonlte or |lI|te/montmorullon|te kaolin group

mineral, calcite and zeolite. T,hus sequence is simmilar to a portion of the dlagenetlc
sequence observed by Walgenwit etal, (1981) for the sandstones of the Belly River

Formation. In facies F and the very fine—grained variety of facies H, the presence of large

' amounts of detrital matrix, reduced porosity and mechanical compaction preclude the
evelopment o-f'p‘ore—.'fill corrensite and kaolinite cement Early* calcite cementation is
mmon m the fine— gramed varlety of facies H; in facnes B sandstones early. calcute

e mentat,lon and complete loss of prlmary mtergranular poroslty is the rule.

F. Reservoir Quality. | |
A plot of framework cement and observed porosnty values of the stud:ed samples ,

.

is's own in Flg 29(T able 16). It shows ' ‘

1 A cluster 6f all the fames F and H samples lcrevasse splay sands) close to zero

"porosatylme " SR

2. | That alf faCIes G and D sarnples have poros:ty values above 'K percent but Iess than 5.

/

'Percent - IR jo Lo o

- s

The nference from the above obsecvatlons is that the basal Belly Rlver sandstone isa trght

res rvo:r but when one consrders the subm:;:roscoplo porosnty of its authlgemc clays. it
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becomes somewhat 'more interesting as a possible petroley#h reservoir  Whereas poor
sorting, resulting in the presénce of substantial am?unts of detrital mairix, and the
«presence of soft lithic fragments which under com}aa‘étio‘n formed pseudbmatrnx,
eliminated pores in facies F and H samples and whereas ear'ly caléite cementation occluded -
pores of facies B samples, facies G and D séndstones had their pores partially filled by
relatively less damaging authigenic clays. - The authigenic clays characteristically have
submicrascopic porosity (Plate 3E,F.G H; 4D,F.G.H) which in most cases is about 50
percent of their bulk 'volu_me (lwuagwu, 1879; lwuagWu and \Lerbekmo, 1981). When one
considérs that only facies G and D samples have .obser-va'ble thin iection porosity of 1105
percent, and that some of the faéies GandD samples have authigenic clay content of up to
16 percent (4.4 percent average), the total porosity of these samples may be double the
observed value, thereby ihcrea‘sing their reservoir quality. Based on these observations.
facies G and D sandstones (channel and strgam mouth bar sands) are believed to be the
best exploration targets since they are the most porous and probably most permeable\
basal Belly River sands. But, the presence of these authigenic clays may cause some
undesirable formation damage due to: (a) swelling of the mixed-layer illite/montmorillonite
and corrensite clays, (b} migration of kaolinite "booklets” within th; pore system. and (é)

secondary mineral brecipitatio'n, such as gelatinous ferric hydroxide [Fe(OH),] from chlorite

(Almon and Davies. 1981. lwuagwu-and Lerbekmo, 1881)



IX. SUBSURFACE DATA FROM THE BASAL BELLY RIVER FORMATION IN THE STUDY
AREA. S

A search of more than 1000 wells east of the outcrop sections (west of Range 22 W4M

in the south, and Range 5 W5M n the north), turned up only five wells with cores of the

Bell; River Formation. Of these, only three wells had more than 10 feet of continuously
_recovered full diameter core (Table 1), and only one well (3-36-40-3W5) cored the basdl
Belly River/Wapiabi transition This scarcity of core of Belly River sediments results from

the fact that many of tr;e Belly River tests were drilled as Cardium zone commitments and

reached total depth another 1,000 f'eet below the basal Belly River (Oilweek, Octob:ar '
- 26/64) N ‘ |
o The core from well 3-36-40-9W5 was slabbed and polished for detailed study.
whereas the study of the othér two wells (4-27-40-8W5 gnd 12-31-40-8W5) was
done on uhslabbed core . Following slabbing and 'polishing of the core from well
3-36-40-9W5, the core slabs were photographed (Plate 9) and logged (Figs. 30, 31
The unslabbed core from— wells 4-27-+40-8W5 and 12—3 1-40-8W5 was also logged
and described (Fig$.32,3,3) Major depositional units (lithofacies) were recognized and
designated i‘n accordance with those described earlier from the outcrop (Fig. 3, Chapter HI).
Regogﬁition of individual units Awas based on Iifhoiogy (texture, sedirhentary structure
associations), and g!epos.itional ehvironment was inferr:d by. considering lithologic
characteristics, vertical sequence and ¢comparison with the local facies mode! (Fig. 16b.
Chapter 1V). N -

‘ Figs' 30, 32 and 33'show electric log characteristics, facies dgscription and

dépositio,nél envi:oﬂ{néntal interpretation of the studied cores. Core depths are indicated
on thé e}ectrAica.l logé; only minor depth adjustments were made to match the lithology

{cores) with the electrical log responses.

‘A. Core ;:Iesc'ripti_on (Iithéfaci‘es) R

Of th'é niﬁe lithofacies recognized in ‘0utcrop, only six are present in the studied
cores. These include: '
1 Interstratified sandstone/shale [Facies B),

2. Hor,i;bntal to fow angle cross-stratified sandstone (Facies D),

183 \ o



Plate 8. Photographs of core slab typical of the basal Bé)ly River Formation. (Well:

3-36-40-9W5).

A

i

Photograph shows coaly mudstone (M) (Facies E) at base and scour- based
high—-angle cross-stratified sandstone (FaCIes G). Note sharp (probably scoured)
contact (arrow) between coaly mudstone and Facies G; cross-— beddmg (C)in fac:es
G. 51der|te pebble P, carbomzed root)et (R)-in facies E. and mudclast strewn scoured
surface at the base of one of the channel sands (doubte arrow)

Photograph shows muddy deformed/)oaded facnes H sandstone at base which
grades into overlying coaly ‘mudstone (M) (Facies E) Note flow structurelload
structure {L) near base of the sand

Photograph shows facies H sandstone sandwnched within facies E. Note flow

structure (pencil tip) within the sandstone and a 4 cm thick coal (arrow) at top of

' coaly mudstone. Note also the loaded base (L) of the sand. wavy to hor:zontal

»
lamlnatnon and ripple-to trough cross= )ammatnon of the sandstone and

incorporation of shale clasts (Sh).
Similar. to C with facies H sandstone sandwiched within coaly rnudstone.- Note
sxderlte concret:on (arrow) above which isa syndepos)ttonal flow structure {L).

Honzontal to low—angle.cross- stratified sandstone (Facies D) Note shallow sc0ur
e

~ (small arrow). mudclast=rich layer (boid arrow) and shale parting, which characterize

'

facxes o sandstone

Photograph shows mostly interstratified sandstone/ shale (Facies B) and horizontal to

" low angle cross stratified sandstone (Fac»es D) at top. Note sharp non— -scoured

base tarrow) of- facies D sandstone on underlymg facies B, and minor scour and

_tr'uncat)on_(ST) of laminae ‘within facies D.
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Coaly mudstone (Facies E),
Load-structure—based cross-stratified sandstone (Facies H),

Scour—based high-angle cross—stratified éandstone (Facies G) and

o O bW

Scoured surface (Facies SS)
Interstratified sandstone/shale (Facies B} °

This facies consists of interbedded very fine~grained sandstone and shale (Plate:
gF) The sands are laminated and ripple cross-laminated in sets of 0.5to 4 cm  The shale
1s dark gray, carbonaceous and sandy. It has a gradational lower contact with facies A

(marine Wapiabi Shale) -

:Horizontal to low-angle cross-strétified sandstone (Facies D)

Horizontal bedding and lamination. and low angle cross-stratification characterize
this facies (Plate 9E) - Mnor shéllow scours (Plate 9F.E) and mudclast riéh layers (Plate 9E),
and thin carbonéceous and éhate partings‘ére common in this facies The sand 1s very
fine~to fine—graned (oécasnonally medium grained), some sand layers are graded (fining
upward into shale partings! It has gradational lower an;i upper contacts with facies B and

E respectively.

Coaly mudstone {Facies E) _

This factes comprises coaiy and carbonaceous mudstone (Plate 8B.C,D). Itis sandy
and concretionary (with%siderite concretions and nodules, e.g.. Plate 8D} " 1t occasionally
becorﬁes very carbonaceous and even contains thin coal beds (maximum thickness of

about 4 cm) {Plate 3C). 'Car-bo.nized rootlets (Plate 9A) are common.’

Scour based high-angle cross-stratified sandstone (Facles G)

. Thxs facies consists of scour— based hlgh angle cross— stratified sandstones (Plate ‘
BA. Itis occasionally pebbly, massive and faintly hornzontal bedded; mostly trough
cross}_—bedded.' Most of the siderite, chert and mudclast pebbles (Plate 9A) are .

concentrated at the bases of the individual sedimentation ynits (channel deposits), though

. ‘some of the pebbles are scattered within the units themselves. The scour-based
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sedimentation units are stacked one on top of the other to form a multistory unit It 1s fine
to medrum grained, occasionally coarse grained. well sorted and mostly authigenic clay

cemented '

- Load-structure-based cross-s“tratified sandstone (Facies H)

Fus facies comprises Ioa\d—structere—based muddy sandstones (Plate 98.C.D),
usually encased mn faenes E It1s characterized by loaded, syndepositionally deformed
bases that pass upward to less deformed massive to faintly horizontal and wavy laminated.
and indistinctly trough and ripple cross-laminated intervals Flow structure (Plate SC,
eencul tip), black carbonaceous laminae. shale breaks and mudclasts are common. Itis very '
’ ’

fine—to medium~—grained. poorly sorted (muddy} and carbonaceous (contains abundant

/
disseminated-plant material and coal fragments).

Scoured surface (Facies SS)
This consists of erosional surfaces strewn with mudclasts and chert pebbles (Plate

.

gA). It usually forms the erosional base of facies G sandstones.

" B. Mechanical log characteristics -

A study of available mechanical logs of the above-mentioned wells shows that
1. The basal Bellyl River sediments have characteristic recognizabie I'ogrresbp‘onses, and
2. Most of the lithofacies cen be-recognized on mechanical logs (Fige. 30,32.33)
The basal Belly River sandsfone' units usually show as nega@gde@ctiens ffom the shale
" base-line on the spohtaneous potential curve, though their deflection are rieduc‘ed where
they contain calcite—cemehted zones, mudstene and siltstbne Ienses' or shaly p;rtin'gs. ‘The
two lowest sandstone units, part or all of WhICh are cored are usually easily recogmzable
onS ogs though in some cases t‘we lower of the two. (the basal upward coarsemng
sandy sequence) does not show up. €. g well 12-31—40—8W5 (Fig.33). This may be due
to channel down-~cutting, thereby erodmg the basal saws squ!en channel swnchmg mto a-
shallow bay, or tight calcite cementatnon of the sands. The writer ?avors an mterpretatlon
of calcite cementation for the non— mdlcatuon of the basal upward coarsenlng sandy

sequence in some of these SP— logs for the followmg reasons: +
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l
1 lln all instances there 1s a 50-60 feet sedment interval (as indicated by the SP-log)
l’:)etween the Waplabl/Belly River contact and the first obvious flnrng -upward channel
$and
2 ’ There are/some'relatively more resistive zones within this 50-60 feet interval as
indicat&ooy the resistivity log (Fig 33}
Therefore, caution must be exercised in interpreting this entire basal interval as shale or
mudstlon.e‘ rather than the usual shale/sandstone interstratification The sandstone units are

usually indicated on resistivity logs as relatively more resistive beds than the mudstones

and shales On the gamma ray log, the sandstone units show up as Jow gamma ray counts,
whereJlas on the neutron log, they are indicated as high neutron counts; the mudstone and
shaie units, on the other hand, show up on the gamma ray and neutron logs as’high gamma
and low neutron counts r'espectiv_ely (Fig.31). .
' Mechanical logs of the basal Belly River sediments show that they develop .
recogmizablie characteristic log patterns and therefore can be easily mapped in the
subsuriface where mechanical logs and cores are available The lower gradational contact
of the Belly River Formation with the Wapiabi strata, the basal upward coarsening sandy
seouer ce. and the scour -based upward fining channel sandstone units seen in cores are .
well reflected in the mechanical Iogs

In summary, in core the rock sequence clearly_coarsens upwards, commencing at
the base with dark g_ray sha’les and sandy sh'ales, and passing through interstratified shale
and sandstone to hOrizonta'l and low angle ‘cro.ss-Stratified sandstones caphped by coaly .-
mudstaone. This basal sequence. passes'upwards rapidly into a scour—based maseive to

thick b4=dded and distinctly high angle cross— bedded and cross Iammated sands which, in

turn, grlade upward into mterstratlfled carbOnaceous mudstone and very fine grained -

. sandstones.. There is a gradua_l and continuous upward coarsening trend. However, in

detail several shaly and muddy intervals tend to break this overall coarsening upward
progre ssion. The five lithofacies recogmzed in cores reflect a shoreline (littoral)
deposmonal setting which includes shallow marine. (prodeltal delta front delta marsh and
contingntal fluvual envnronments These. Iuthologlc characterlstvcs (facues and sequence) are
recognizable on the avallable mechamcalv logs (electrical, gamma ray—neutron). The basic

vertical sequence of facies encountered in all the cored wells compares very favorably




163

Y

~  with the local facies model for the basal Belly River Formation (Fig 16b).

~



X. COMPARATIVE EVALUATION OF OUTCROP AND SUBSURFA\QE DATA : POSSIBLE
APPLICATION OF OUTCROP INFORMATION TO SUBSYRFACE EXPLORATION OF THE
| BASAL BELLY RIVER SANDSTONE RESERVOIR.
This chapter considers the posstbility of recognition of the different sénd\stone lithofacies
at various levels ~ outcrop. full diameter core. sidewalt core and dr!ll—buttlngé A
compartson of outcrop and subsurface data from the basal Belly River Formation shows
good agreement and therefore indicates a poésnble extensnor-m of the local facies mode!
(Fig 16b} into the subsurface |t é-lso indicates the possibility of recogmition ot the
dif ferent sandstone !lihofaﬁcies at various scales - outcrop‘, core and drill-cuttings
Lithofacies analysis of fourteen outcrop sections resuited in the recognition of
nine ithofacies (Fig 3) and erection of a Io‘ca! facies modet (Fig 16b) Belly River cores
~from wells east of the outcrop belt (Fig 30.32 33) compare favorably V;/Ith this local
facies mode! Both (local model and subsurfacé data) in essence consist of an upward
coarsening sequence which grades from prodelta marine shale through delta front
shale/sandstone interbeds to fluvial channel sandstones and coaly mudstoﬁes But
because most of the earlier wells (drilled in the 1960s), and even some of the recent ones,
~ that penetrated the Belly River Formation did nof core the Belly River Formation mterv\al,
the local model would have limited applucéﬂon‘ in the subsurface if it re.qunred core To
overcome this prablem and enhance the ut:hty of the model, detailed thin section
petrography was carried out with the aim of dernnn%information that can help identify the
different facies even at the drill-cutting level.
9Samples firom known outcrop séndsthe facies and environments as well as those
from the subsur-face were selected for comparative petrographic analysis Grain size
analyses resulted in the generation and recognition of log—probability curves, sieve median
size ahd sorting characteristics of distal bar/stream mouth bar. .crevasse splay and thannei
sands irrespective of their present surfac.e or subsurface bosition (Fig. 34,35). Distat bar
and stream mouth bar sapds g';e characterized by two or three segment log—probability
curves, high fine f:raction (5-62%), 3.3—-4.7 phi {0.1-0.04 mm) sieve median diameter and
very well sorting (with sieve inclusive graphic standard deviation values of 0.15-0.43 phil
The creva\sse splay sands are’charactérized by two segment log—probability cﬁ}ves,

N

modest fine fraction (mostly in the range of 15-30%), 2:8-4.7 phi (0.14-0.04 mm) sieve

164
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median diameter and very well to well sorting (with sieve inclusfve graphic standard
deviation values of 0 18-049 phi} The channel sandstones. on the other hand, exhibit two -
or one segment log-probability curves. very low fine fraction value (always less than 5%].

22-38phi{0.22-007 mm) sieve median diameter and are well to moderately well sorted

(with sieve inclusive graphic standard deviation values of 0.31-0.65 phi)  Only channel

sandstones have grain diameters greater than 1.0 phi (0.5 mm}. the fine grained variety of

'_ crevasse-splay sandstones which have low fine fraction rarely have grains up to 6.5 mm

With the exception of channel sandstones, most samples-have maximum grain diameter of
2.0 phi (0.25 mim) (medium/fine sand boundary).

Detrital composition analysis show that distal bar and stream mouth bar sandstones
are rich in volcanic and mudrock fr.agments (Plate 7E.F, 8E), and that crevasse splay sands
are rich in mudrock fragments (Plate 8A B,C,D H); the channel sandstdnes are rich in quartz
and chert fragments (Plate 7G,H. 8F.G) These variations in detrital composition are gramn
size dependent (Chapters VI, VII)

The dominant diagenetic processes and features are also different for the
gene P !

« different sandstone facies Distal bars are characterized by early calcite cementation,

whereas stream mouth bar sandstones underwent considerable compaction before
\ . .

_ authigenic clay cementation; kaolinite and calcite are the main pbre fillers, with

Ty

Y

illite/montmorillonite and chlorite as subordinates. Mechanical cbmpaction,and complete
loss of porosity characterize crevasse splay sands; occasionél carbonate pore filling and
illite/montmorillonite pore lining are present in the fine grained variefy of facies H.
Authi"genic clay cementation with kaolinite and chlorite/montmorillonite cém'ents and
occasional calcite cément forrﬁ the diagenetic featurés of facies G sandstones (Chapter
VI, ’(

Based on the above generalities, a nine—point check list (Table 17) results wﬁich, if‘
used judiciously, allows identification of the éandstone lithofacies at various levels. The
table consists of the dominant sedimentary structures, grain size distribution curves,
percent finer than 4 phi (fine tail), sieve median size, sieve inclusive graphic standa;"kc; ’

deviatiph {sorting), relative abundant detrital component, dominant diagenetic features and

processes, dominant cements and presence or absence of porosity in the different

" sandstone facies.
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. {
In summary, on the basis of facies sequence, variations in detrital composition,
texture, sedimentary structures and diagenests, the sandstone lithofacies of the basal Belly
River Formation can be dif ferentiated at various scales — namely outcrop. full diameter

core | sidewall core and drili-cuttings
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, XI. SUMMARY AND CONCLUSIONS

Lithofacies and petrographic anaiyses of the basal Beily River Formation in the Southern

-

1

and Central Foothills of Alberta show that

‘This lithostratigraphic unit forms a coarsenng—upward sequence c0mmehcnng at the
base with dark gray shales and sandy shales, and passing through interbedded shale
and sandstone to horizontal and low—angle cross—stratified sandstones capped by
coaly mudstone or scoured into by fluvial channels

it represents the deposit of a progradational shoreline which grades from a marine

deltaic environment to a continental fluvial environment

The basal Belly River delta(s) was wave-influenced but river ~dominated and the

-

channel pattern of the Belly River fluvial system was meandering .

o ‘
‘The western paleoshoreline was variable in character from south to north and the

retreat of the seaway at this time probably began in the north and was more rapid

. there than in the south.

ay

The source area of the Belly River sediments lie to the west, probably within the
Cordiliera and the major sediment dispersal was from north 3 south

Although all the 'sandstone lithofacies of the basal Belly River are lithic in

’ ]
composition, there are some interenvironmental variation amongst them with the

coarser channel sandstones being richer in quartz and chert gra‘iAns, whereas the
finer—grained crevasse Iéplay, distal bar and stream mouth bar sa nes arerich in
volcanic and mudrock f:gments. This variation in detrital cronmappears to be
grain size relatgd which in turn is related to the depositional environment

Texturally', they are fine—to very fine—grained, well to very well sorted mature

sahdstones. .

-~
-

The diagenesis of the sandssones is environment specific; it has been accomplished
by compaction, authigenesis, replacement and solution, and is within the zeolite
. . P ’ -

facies range.

* Four broad facies related‘diégenetic patterns are observed in the basal Bé|ly River

sandstones. These are: (i) Early calcite cementation of the distal bar sandstones. (i)

. A .
Compaction and authigenic clay cementation of ‘stream mouth bar sandstones. (i) ~

Mechanical compaction, and occasional cementation (Calcite and authigenic cléys), of

s
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the crevasse splay sandstones. and (iv) Extensive authigenic clay cementation of the
channel sandstones

Present day physico-chemical conditi'ons h'ave né:t substantially affected the Belly
River sediments in outcrop and therefore it is possible to predict the most likely
subsurface exploration targets based on outcrop information

The channel and stream mouth bar sandstones are the most porous (1 to 5 percent
observable thin section porosity, and 2 to 10 percent total porosity) and probably
the most permeable lithofacies, and therefore the best petroi’eum resevoir.

The different Belly River sandstone Iitho‘facies, irrespective of their present day
position, can be differentiated at various levels - outcrop, core and drili-cuttings -
based on facies sequence, variations in detrital composition, texture, sedimentary

structures and diagenesis.
o
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APPENDIX B: FACIES RELATIONSHIP DIAGRAMS (FRDS) FOR THE INDIVIDUAL
STRATIGRAPHIC SECTIONS.

Diagrams afe based on transitions that occur more commonly than random and show only
transitions whose observed-minus—predicted (random) transition probabilities exceed
0.05. Thin, dashed arrows show probabilities in the range 0.05 to 0.10; thin unbroken
arrows, 0.1 to 0.30; thick arrows. >0.30. Numbers above or beside the arrows indicate
the actual differen;:e probability values Four facies associations have been interpreted

and circied on the diagrams.
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APPENDIX C

Data sheet for -the grain suq analyses (us:ng Humphries' Micrometer Eyepnece

and the Counter Unit).

Grain size
{Phi)

1.875
2.375
- 2.625
2.875
3.125
3.375
3625
- 3.875
4.125
4.375

Grain size
{Phi)

1,625
1.875
2.125
. 2.375
2625
, | 2875
3125 °
3.375

3625 -

3875
4125
4375

Sample D1
Number Percent
of grams ' of grains
1 0.167
5 0.833
5 0.833
24 4.000
77 12.833
115 19.167
133 22.167
107 .. 17833
77 - 12833
56 o 9333
Sample D2
Number .. Percent
of grains of grains
1 0167
3 0500
11 1.833
27 . - 4500
. 54 _ 9.000
98 . 16.333
114 18.000
" . 18.500
gs 14.167
48 8.000
32 .- 5333
16 - 2667
SN
199, .

Cumulative
percept

0.167
-1.000
1.833
5.833
18.667
37.833
-60.000
- 77.833
90.667
100.000

Cumuiative
percent

L0187
0667
2500
7.000

. 16.000

32.333

51.333 -

69.833

84.000

92.000

97.333 -

100.000



g 200
' < e
Sample D158
Grain size  Number Percent * Cumulative
{Phi) of grains of grains - . percent
2375 N . 0167 0167
2625 4 ~ 0.667 0.833
2875 ‘ .15 2.500 3333
3125 . 30 5000 8333
3375 L 58 - 9.833 18.167
3.625 = 103 - - 17.167 ‘ 35333
3875 - 129 21.500 56.833
4.125 125 . 20.833 77667
4375 134 22.333 100.000
=~ %
" Sample D178 ’

Grain size * " Number Percent . Cumulative
(Phi) . of grains of grains - .  percent
2.125 1 . 0.167 0.167
2375 . 1 0.167 - 0.333
2625 , 11 1.833 - 2.167
2.875 o , 27 - 45Q0 6.667
3125 7 55 8.1 .~ 15833
3375 C 92 . 18333 31.167
13625 . o137 22833 54.000
3875 o129 L . 21500 ., . 75500
4125 - 89 Lo .14.833 90.333
4375 o, 58. \. . 9667 . 100.000°



Grain size

(Phi.-

2375
2625

- 2.875

3.125%
3375
. 3625

3875 -

4125
4375

Grain size
(Phi)

1.875
2425
2375

2625

2875

3125 -

3.37%

3.625

3875
- 4125

4375

Sample D18

Numperv
of grains

, Sam‘ple D23

Number

* of grains

3
16
24
46
86
115
105
- 76
~ 79

28

.22

]

o

Percent
of grains

0.167
1.333
- 3.000
8.167

14667

25:333
18.667

17.167°

11500

‘Percent
of grains

0500
" 2667,

4.000

7.667

14333

19.167

17500

12.667
13167
4867
3667

o
201

Cumulative
percent

6.167

1.500

4500
- 12667
27.333
52.667
71.333
88.500
100.000

Cumulative
percent

.0:500
3167
7.167
14.833
29.167
48.333
65.833
/78500
91667
96.333
100.000



Grain size .

- {Phi)

1625
. 1875
2125

2.375
2625
. 2875
3.125
3.375
3625

3.875:

4.125
4.375

Grain size
(Phi)

0.625
0.875
1.125
1.375
1.625
1.875
" 2125
-2.375
2625
2.875

3125
3.375

3.625
3.875
4.125

Sample D24B .

» Number
of _grains

Sample 'D26B

Number

of grains

€

Percent
of grains

0.167
0.333
1.167
©.833
. 5667
14.167
20.500
19.000
17.167
9667

6.167

3167

Percent

. of gramns

0.167
0.167
- 0.167
1.500
4833
11.500 -
15.000
21.167
16.333.
'11.667
- 8000
4.833

2167 -

1.333

. 70167

202

Cumulative -
percent

o.%.7 . -
..0.900
1.697 -
4500
10:167
24333
44 833
7 83.833 .
. 81.000 -
0.667
96.833
100.000

[

Cumulative.
percent

0.167
0.333
0.500
. 2.000 -
6.833
18.333
33.333
54.5Q0°
70.833
82.500
91.500
-96.333
98500 .
99.833

~ 100.000
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;-
y
»
Sample D27(ii)

Grain size L Number Percent . Cumulative
{Phi) of grains of grains® percent
1.125 2 " 0.333 0333
1.375 - 6 5 1.000. 1.333
1.625 21 ' 3500 ' .4.833
1.875 ‘ .. 58 9.667 ) 14500
212% , 85 - .14.67 28.664~

2.375 96 16.000 446
2625 110 . 18.333 63.000
2875 -85 . ’ 14.167 - 77.167
3125 - 58 o 9.667 86.833
3375 _ .32 5.333 °82.167
3.625 28 4667 96.833.
3875 .14 _ 2.333 | - 99.167
4125 3 - 0.500 ‘ . 99.667
4.375 2 ' 0.333 1100.000
A , .
| . Sample D30B -

Grain size , Number ' ' Percent . " Cumulative .

o (Phi) of grains : . of grains - . percent
1.375 ‘ 3 "0.500 . ' 0.500
1.625 16 © 2667 - . 3167
1.875% . 48 8.000 - 11.167
2.125 . 66 . 11.000 . - 22167
2.375 o 106 17.667 . 39.833
2.62% R P 18667 . * - 58500
2.875 - 89 14.833" 73.333
3125 . 85 14167 . 87800 .
3.375 S 41 : . 6833 94.333 : .
3625 18 : .3000 . 97:333
3.875 . ~ 14 . ..2333 98.667

4125 2 0333 . 100,000

. . . N N
° . o . .
o .

PR ‘ o
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¢

Grain size
(Phi)

1.125 -

1.375

1.625

1.875
2.125
2.375
2625
2875
3.125
3.37%
3.625

3.875 °
4.125

'Grmnvsué'
{Phi) -

0.625

0.875

1125
1.375

- 1.625
-+ 1.875
. 2125

2.375 .

2.625
- 2.875
3.125
3.375

-3.625 .
4125 -

. Sample D34B

Number Percent
of grains of grains
1 0.167
2 0.333
13 ‘ 2.167
48 - 8.000
105 17.500
124 - 20667
112 18667
82 . 13667
49 ’ 8.167
37 ) 6.167
;. 13 " 2167
10 ~ ’ - 1667
4 . - 0.667
»
Sample D378 ..
Number . Percent
of graing of grains
15 . 2500
20 . 3.333
.30 . 5.000-
58 . 9667
g82” T 13.667
103 - 17.167
g2 " #, 15.333
73 12.167
46 « 7.667
42 . 7.000
22 3.667
-1 © . 1833
5 - - 0.833

1 : - 0.167

204

Cumulative
pereent

0.167
0.500
2.667
10.667
28.167

48833

67500
81.167
89.333
95.500

. 97.667
99333

100.000

Cumulative
percent

2.500
5.833
10.833
20.500
- 34.1867
51.333

“\/ )

66.667 -

- 78.833

'86.500 -
93500 -

97.167
99.000

99.833"

" 100.000

I

ol
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Grain size
{Phi)

2375
2625
2875
3125
3375
3625
3875
4125
4375

\Grmn size
' {Phi)

2125
2375
. 2625
2875
3.125
3.375
3625
3.875
4125
4375

Sample D47

Number
of grains

2
4
17
40
86
125
121
106
99

Sample D48B

Numberi

of grains'
3
2
]
19
25
68
121
121
1
121

Percent
of grans

0.333
0667
2833
6667
14333
20833
20167
17667

16500 -
L)

Percent
of "grains

0500
0.333
1500
3167
4167
11.333
20167
20.167
18.500
20.167

o7

2205

Cumulative
percent

0.333
1.000
3.833
10500
24 833
45.667
65 833
83.500
100.000

Cumulative
percent

0.500
. 0833
2333
5500
9.667
21.000
41167
61.333
79.833
100.000



Grain size
{Phi)

2625
2.875
3.12%
3.375
3.625
3875
4125
4375

~
’

Grain size
(Phi}

1.875
2625
2875
3.125
3.375
3625
3875
4125
4375

Sample OR3B

Number
of grains

1

7
13
40
56
86
134

253 -

Sample OR3

Number

‘of grains

1

3
"
28
56
84
126
143
149

Percent
of grains

0167
1167
2167
6.667
9.333
16.000
22333
42167

Percent
of grains

0.167
0.500
1.833
4667
9.333
14.000
21.000
23.833
24833

206

Cumulative
percent

0167
1.333
3500
10.167
19.500
35500
57.833
100.000
5

Cumulative
percent

0.167
0.667
2500
7.167
16.500
30800
51.500
75.333
100.167



Grain size
{Phi)

2.875
3.125
3375
3625
3875
4125
4375

Grain size
Phi)

2.375

2625

2875
" 3125
3375
3625
3875
4125
4375

Sample OR4T

Number
of grains

1

8
23
36
86
139
307

Percent
of grains

0.167
1.333
3.833
6.000
14.333
23.167
51.167

Sample OR5B \\‘n 

Number
of grains

P —
QOO —

91
131
136
170

Percent
of grains

0.167
0.833
1.333
3.000
6.667
15.167
21.833
22.667
28333

>

¢

207

Cumulative
percent

0.167
1500
5333
11.333
25667
48833
100.000

Cumulative
percent

0.167
+ 1.000
2.333
5.333
12.000
27.167
48.000
71667
100.000



Grain size
{Phi)

2625
2875
3125
3375
3625
3875

4125

4375

Grain size

{Phi}

2.375
1 2.875
3125
3375
3.625
3875
4125
4.375

Ty

Sample OR5T

Number
of grains

3

9
23
50
66
96
114
239

L3

) Sample OR6B

Number
of grains

1

5
11
31
67
105
127
253

1

Percent
of grains

0500
1500
3.833
8.333

11.000

16.000

19.000

39.833

Percent
of grains

0.167
0.833
1.833
'5.167
11.167
17.500 -
21.167
42.167

G

208

Cumulative
percent

0.500
2.000
5833
14.167
25.167
41167
60.167
100.000

Cumulative
percent

0.167.
1.000
2.833
8.000
19.167
36.667
57.833
100.000



Grain size
(Phi)

2.125
2.375
2625
2875
3125
3.375
3625
3.875
4.125
4:375

Grain size
{Phi)

2.125.
2.375.

2.625
- 2.875

3125

3.375
3625
3875
4.125
4375

Sample OR6T
Number’ Percent
of grains of grains
1 0.167
2 ] 0.333
(4 . 0.667
0 1.667
20 3.333
54 - 8.000
93 15.500
105 17.500
121 20.167
190 31.667

+Sample .OR8B

Number Percent
,of grains » of grains
1 0:167

2 0.333

6 1.000

7 1.167

17 _ 2.833
'371 t 6.167

65 10.833

108 - - 18000
134 22333

223 . 37.167

209

Cumulative
percent

0.167
0500
1167
2833
6.167
15167
30.667
48167
68.333 .
100.000

Cumulative.
percent

0.167

0.500
1500
2667
5.500.
11.667
22500
40500
62.833

100.000



Grain size
\(Phi)

2.125
2.375
2625
2.875
- 3125
3375

3625

3.875
4.125
4375

Grain size

(Phi)

2.125
2.375
2.625
2.875
3.125
3375
3.625
3875
4.125
4.375

| e
. Sample ORS8T

Number
of grains

Sample OR10B

4

5
16
a1

64
89.

124
110
70
77

Number
of grains

1
1
6

14
38
65 -

107
121

S 117

o
-

L

130

Percent
. of grains

.0.667
0.833
2.667
6.833
10.667
,14.833
20.667
18333
11.667
12.833

Percent

-of grains..

0.167
0.167
1.000
2333
6.333
10.833
17.833
20.167
19.500
21.667

1
5

210 °

/
Cumul ive
percent

0667
1500
4.167
.11.000
©21.667
36500
57.167
75.500
87.167
100.000

Cdmulative
percent

0.167

0.333

1.333
- 3.667
10.000
20,833
38667
58833
78.333
100.000 -



'Gfmn.sue
(Phi)

2125

2.375
2.625
2.875
3.125
3.375
3625

3875

4,125
4.375

Grain size

{Phi)

1.625
2,125
\ 2.375
2625

2875 -
3125

3375

-3.625 .

3.875
4.125
4.375

Sample OR10T

Number;
of grains

7
10

.27

56
. 92

93

113
85
53

- 64

Sample OR11B

e

Percent
of grains

"J1.167

' 1.667
4500
9.333
16.333

15.500 -

18.833

- 14.167
8.833.
‘10667

Percent

of . grains

.0.167 -

0.333

-+ 1.833

3500
12.000

1 16.167

21.667
20.000

16.333 -

4.667
4.333

211

Cumulative

percent

1.167

7533

16.667
32.000
- 47500
66.333
80.500
89.333
100.000

Cumulative

percent

0.167

0.500

. 2333

5833 -

117.833
-34.000

55.667

- 75.667
-*91.000

- 95.667
00.000

s



'Grain size
T {Phi)

2.125 ¢

2.375
- 2625
2.875

3125
3375 -

3.625
3.875

4125 -

4375

Grain size

~(Phi)

+
1.875
2.125
- 2375
2.625
2.875
3.125
.-3.37%
3625

3.875 .

4125
4375

Sample OR11T

Number
of grains

2
12
31
82

107
116
106
. 85
33
26

Sample OR12B

Number
of grains
2

6

14

34 -

69
97
136
92
79
44
27

Percent
of grains

0.333
-+ 2000
5.167
- 13.667
17.833
18.333
17.667
14.167

5500 ~

4333

Percent

of grains

0.333
1.000
2.333

5667 .

11.500
16.167

22667

16.333
13.167
7.333

4500

212

<

Cumulative
percent

0.333

2.333
- 7500
21.167
-39.000
58.333
76.000
90.167
895.667
100.000 -

Cumubﬁvé
percent

0.333
1.333
3667
9.333

20,833
37.000
59.667
75.000
88.167
95.500
100.000



)

Grain size
(Phi}

1375
1.625
1.875
2.125
2.375

-2.625
2.875

3125

3.375
3625
3.875
4125
4375

- G_ra'ir'm _ size
{Phi)

1875
2125

2.375

2625
2875
. 3125
13375
3625
3.875

4.125 .

4375

Sample OR127

Number
of grains

4
8

32.

79
101
112
79
64
50
- 33
22

9

7

-Samyple

Number
of grains

14

34

45 -

111
124
- 88

76,

44
- 35
12

17

”~ Percent
of grains

0667
1.333
5.333
13.167
16.833
18.667
13.167
10.667
8.333
5500
3667
1500
1167

OR14B1

Percent.

. of grains

2.333

5667
7.600 -
18500 .
20.667 .

14667

5833

2000
2833,

12667 -
7333

213

Cumulative

Y

percent

0.667
2.000
7.333
20500
37.333
56.000
69 167

79833

88.167

93667

1

97.333

98833 - -

00.000

D, -

Cumuiative

percent -

2333

8.000
156.500
34.000
54.667
69.333
82.000

- 89.333

1

95.167
97.167
00.000
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Sample OR14T1

!

Grain size ' Number Percent " Cumulative
(Phi) of grains of grains percent
2625 2 ) 0.333 0.333
2875 A ) 1.000 ‘ 1.333
3.125 . 10 1.667 3.060
3.375 : 21 3500 6.500

- 3625 : 47 7.833 14.333

- 3.875 100 ' 16.667 31.000
4125 134 22.333 ' 53.333

14375 ' 280 - ' 46.667 100.000

Sample OR14B2

Grain size . Number Percent * Cumuiative
_ (Phi) of grains of grains . percent
> 1.125 3 ’ 0500 0500

1.375 , 5 0.833 : 1.333
1.625 . ) 1" 1.833 3.167
1.875 35 5.833 : 8.000
2.125 48 . - 8.000 o 17.000
2.375 88 14.833 31.833
2625 _ : 91 15.167 47.000
2.875 100 16.667 ' 63.667
3.125 ‘ 76 12.667 76.333
3.375 . : 63 : 10.500. - 86.833
3625 ° 37 ' 6.167 93.000
3875 _ 25 4167 + 97.167
4125 8 1.333 ' 98.500

Al

4.375 ) . 1.500 100.000



Grain size
(Phi

1.125
a 1375
1.625
. 1.875
2125
2375
2625
2875
3.125
3375
3625
-3.875

4125

" 4375

Gram size
{(Phi)

1.125
1.375
1.625
1.875
2.125
2.375
2625
2.875
3125
3375
3625

412
4.37

3875 -

Sample OR14B3

Number Percent
of grains of grains
3 -0.500
3 ' 0.500
27 4500
40 6.667
90 - ~ 15.000
g8 16333 -
121 - 20.167
86 ‘ 14.333
65 -~ 10.833
29 - 4833
22 . 3667
10 1.667
<5 - 0.833
1 0.167

Sample OR14T3

Number - Percent
of grains of grains
1 0.167

2 0.333.

17 2.833

40 : 6.667

77 12.833

92 15.333
106 - 17.667
95 ©15.833

61 10.167

53 8833

30 '5.000

16 2667

5 0.833

5 . 0.833

.\

215

Cumulative
percent

\ 0500
", 1000 .
+ 5500
12167

27.167

43500
63667
78.000
88.833
83667
97.333
899.000
99.833
100.000

Cumulative
percent

0.167
. 0500

3.333
10.000
22.833
38.167
55.833
71.6867
81.833
90.667
85.667
98.333
98.167
100.000



. Grain size

(Phi)

1.125
1.375
1.625
1.875
2.125
2.37%
2.625
2.875
3.125
3375
3625
3875
4125
4375

s rwwwen

Sarﬁple M3

Number * percent
of grains of grains
3 d500

2 0.333

4 0.667

3 0.500

7 1.167

21 : 3590

37 6.167

51 & 8500

76 12667

g3 15.500

g1 15.167

86 - 14333

59 9.833

67 11.167

~
Sample M5 .

Number & Percent
of grains - ., of grains -
a4 0667

12. 2.000

33 5.500
N ‘ 11.833 -
70 ‘ 11.667

117 g 19500
114 ' 18.000
86 14.333

49 ' 8.167

44 | 7.333

216

" Cumulative.
percent

-0.500
0.833
1.500
2.000
3.167

6.667 -

12.833
21.333
34.00

43850

64.667
79.000 -
88.833
100.000

. Cumulative

percent

0.667

2.667
8167
20.000 "
31.667
51.167
70.167
84500
92,667
100.000



- Grain size

(Phi)

0.875
1.125
1.375
1.625
1.875
2125
2.375
2.625
2.875
3125
3.375
3.625
3.875
4.125

Grain size
{Phi)

2.375
2625
2.875

3.125 .

3.375
3.625
3.875
4125

4375

N

Sample M6

Number-

ef grains

4
9
21
62
91
109
82
86

63 -

37
17
12
3
4

"Sample M8

Number

-of grains

2
5
34
B9
118
109

105 -

79
- b4

&?5

Percent

of grains - °

0.667
1500
3500
10.333
15.167
18.167

13.667

14.333
10500
6.167
2.833
2.000
0.500
0.667

Percent
of _grains

0.333
0.833
5.667
9.833
18.667

18.167

17.500
13.167
8.000
3667

2167

217

Cumulative
_percent

0.667
2.167
5.667
16.000
31.167
49.333
63.000
77.333

87.833

84.000
96.833
98.833
99.333
100.000

Cumufative
percent

0.333
1.167
6.833
16.667

. 36333
- 54,500
72.000
85.167
94.167
97.833
100.000



. QGrain size

(Phi)

1.125
1.875
2.125
2.375
2.625
2.875
3.125
3.375
3625
3.875
4125
4.375

*

Grain size
{(Phi)

1.625
1.875
2.125
2.375
. 2625
2.875
3.125
3375

. 3625

3.875
4125
4375

Sample M10

Number
of grains

Sample M12

Number
of grains

Percent
of grains

0.167
0.167
1.000
2500
4167
7667
12667
18833
16.000
15.833
11.167
'9.833

Percent .

of grains

0.333
1.667
3667
11.000
©14.500
18.833
15.000
14.333

11.167

4.667
3.167
167

218

Cumulative
percent

0.167

0.333
1.333
3833

8.000 ,

15.667
28.333
47.167
63.167
79.000
80.167
100.000

Cumulative
percent

0.333
2.000
5.667
16.667
31.167
50.000
65.000
79.333
90.500
95.167
98.333
100.000



al
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Sample M14
'Grain size Number Percent Cumulative
(Phi) of grains of grans percent
2.37% 1 0167 0167
2625 6 1.000 1167
2.875% 24 ‘ 4000 5167
3125 41 6.833 12.000
3.375 100 16667 28.667
3625 122 20.333 49.000
3.875 129 21500 70500
4125 84 14 000 84 500
4375 93 15500 . 100.000

jox

Sample M15
Grain size Number Percent Cumulative
{Phi) a of grans of grains percent
2.375 1 0.167 ‘ 0167
2.625 . 7 1.167 1333
2875 27 4500 5.833
3.125 48 8.000 13833
3.375 71 11.833 25667
3625 120 20000 45667
3875 120 20.000 65667
4125 , 109 ’ 18.167 83833
4375 97 16.167 100.000



Grain size
(Phi)

1125
1.37%
1625
1.875
2125
2375
2625
2875
3125
3375
3625
3875
4125
4375

a

., 2

Grain size
(Phi)

1125
1375
1625
1875
2,125
2375
2625
2875

3125 .

3375
3625
3875
4125

Sampie M188B
Number "~ Percent
of grains of grains
1 0167
1 - 0.167
10 } 1667
28 4667
67 11.167
90 15.000
83 16500
106 17667
88 14667
57 9500
31 . 5167
16 2667
4 j 0.667
2 . 0.333
Sample M21B
Number Percent
of grains of grains
2 0.333
9 1500
24 ' . 4.000
61 10167 .
Q113 18.833 -
S 134 T 22333
94 15.667
80 13.333
41 6.833
20 3.333
13 ‘ 2167
7 1.167
2 ' 0.333

220

Cumuilative
percent

0167
0.333
2000
6667
17833
$32.833
49333
67000
81667
91167
96.333
93000
99667
100.000

Cumulative
percent

0.333

1833
5.833
16.000
34833
57.167
72.833
86.167
93.000
96.333
98500
99,667

100.000



Grain size
{Phi)

1125
1.375
1.625
1875
2.125
2.375
2625
2.875
3125
3.375
3.625
3875
4125
4375

Grain size
(Phi)

10625
0.875
1.125
1.375
1.625
1.875
2.125
2.375
2,625
2875
3.125
3.375
3625
3.875
4.125

Sample M21T
Number Percent
of gramns of grains
1 0167
3 0500
13 2.167
39 , 6.500
71 - 11.833
126 21.000
139 23.167
93 © 16500
56 9.333
29 4833
12 . 2000
8~ 1.333
2 0.333
2 0.333
Sample M22B
Number Percent
of grains of grains
5 0.833
2 0.333
11 ©1.833
53 : 8.833
8% - 14.167
118 19.667
114 19.000
78 13.000
63 10.500
38 6.333
18 ‘ 3.000
8 1.333
4 0.667
2 0.333
1 0.167

221

Cumulative
percent

0.167

0.667

2.833

9.333.
21167
42167
65 333
81.833
91167
96.000
98000
99.333
99.667
100.000

~ Cumulative
percent

0.833
1167
3000
11.833
26.000
45667
64.667
77667
88.167
94500
97.500
98.833
* 99500
99833
100.000



Grain size *

{Phi)

1.875 .

2125
2.375
2625
2.875
3.125
3375

3625 -

3875
4125
4.375

Grain size
(Phi}

1.875
2125
2.375
2625
2.875
3.12%
3375
3625
3.875
4125
4375

2
\i

(
Sample M22T

Number _ Percent
of grains of " grains
/. 3 0.500
-/ 14 2.333
30 _ 5.000
. 865 10.833
86 16.000
122 20.333
121 20.167
66 11.000
40 6.667
24 4000
19 3167

Sample M24B l\

\\
Number Percent
of grains of grains
1 0.167
4 0667
5 0.833
38 6.333
84 14.000
103 17.167
152 25333
a8 16.333
69 . 11500
28 4667
18 3.000

222

Cumulative

percent

0.500
2.833
7.833
18.667
34.667
55.000
75.167
86.167
92.833
86.833
100.000

Cumulative
percent

0.167
0.833
1.667
8.000
22.000
39.167
64.500
80.833.
92.333
87.000
100.000
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Sample M268B

Grain size Number Percent Cumutative
(Phi) ~ of grains . of grains percent

1.375 7 1.167 1.167
1.625 26 4333 5500
- 1.875 67 11.167 16.667
2125 106 17.667 34.333
2.375 2127 21.167 55.500
2625 101 16.833 ' 72.333
2875 : 84 14000 - 86.333
3125 : 42 7.000 93.333
3.375 23 3.833 97.167
3625 13 2167 89.333
3875 3 0.500 99.833
4125 1 0.167 100.000
< * !Q

Sample M26T
Grain. size Number Percent Cumulative
(Phi) . of grains of grains percent
0625 1 0.167 0.167
1.125 5 0.833 1.000
1.375 - 8 1.333 2333
1625 60 10.000 12.333
1.875 . 108 18.167 30.500
2125 . 131 21.833 52.333
2.375 110 '18.333 70.667
2625 84 14.000 84.667
2875 51 8500 93.167
3.125 - 19 3.167 96.333
3375 ' 12 2.000 88.333
3.625 5 0.833 99.167

3.875 2 0.333 99500
4125 -3 0.500 100.000



{

Grain size
{Phi)

1.125
1.375
1.625
1.875
2,125
2375
2.625
. 2.875
) 3.125
3.375
3.625
3.875
4.125
4375

Grain size
{(Phi)

1.625
1.875
2.125
2.375
2.625
2.875
3.125
3.375
3.625
3875
4125
4.375

Sample M30B
Number Percent
of grains . of grains
3 0.500
1" ©1.833
a0 6.667
83 ,156.500
118 19.667
110 18.333
87 : 14.500
62 10.333
37 -6.167
21 - 3500
11 - 1.833
' 5 0.833
1 ' 0.167
1 0.167
Sample M30T
Number - Percent
of grains ' of grains
5 . 0.833
. 15 2.500
81 ' 13.500
120 20.000 °
130 ‘ 21687
117 18500
58 9.667
38 6.333
19 : 3167
15 ' 2.500
1 0.167 -

1 0187,

224

Cumulatiyé
percent

0500
2333

9000
24500
- 44.167
62.500
77.000
87.333.
93500
97.000
98833
99667
99.833
100.000

Cumulative‘
percent

0.833
3333
16.833
36833 ¢
58.500
78.000
87.667
94.000
87.167
99.667
99.833

100.000

f

2



Grain sige
{Phi)

1.875
2.125

! 2375
2625

2875
% 3125

3375.

3625
3.875
o 4125
4.375

R

° ' Grain size
‘ (Phi)

2125
2.375
2.625
2.875

3.125"

3.375
3625

3.875

4.125
4375

o
Sample S4/3-36

Number Percent

of grains: of grains
3 0.500
7 1.167
21 3500
3% . 5.833
66 - . 11.000
82 . 13.667
g4 15.667
107 - 17.833
89 14.833
39 6.500

56. 9.333

Sample S6/3-36

Number Percent,
of grains of grains
6 . 1000

20 3333
41 6.833
83 13.833
113 18.833
107 17.833
105 17.500

67 ' - 11187

33 5500

25 . - 41867

225 -

Cumulative
percent

0.500
1.667
5.167
11.000
22.000
35.667
51.333

69.167 =

84.000
90.500
99.833

Cumulative
~ percent

1.000
4333

11.167

25.000
43833
61.667
79.167
90.333
95.833
100.000

g
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N Sampb S10/3-36

Grain size Number Percent Cumulative
(Phi) of grains of grains percent
0.625% 9 1500
0.875 ~ 7 1.167
1.125 12. 2.000
1.375 9 1.500 : :
1.625 20 3.333 9500
1.875 22 3667 . 13.167
2.125 41, 6.833 , 20.000
2.375 ) 54 E - 8.000 28.000
2625 ‘ 77 o 12.833 41833
2.875 . 76 12.667 54 500
3.125 69 11.500 66.000
3.375 - 59 8.833 - 75.833
'3.625 . 65 ' 10.833 ‘ 86.667
3.875 ' 38 H5500 93.167.
4125 22 , 3667 96.833

4375 18 3167 100.000 -

" Sample S11/3-36

Grain size Number Percent , Cumulative
(Phi) of grains of grains percent
1.375 ' : 1 0.167 - 0167
1.625 2 ,0.333 0500
1.875 - _ 0.167 - 0667
R.125 1 0.167 0.833
2375 : 13 2,167 v 3.000
2525 36 6.000 9,000
+ 2875 4 . 48 8000 - - 17.000
3.125 Y104 . - ¥7.333 ' 34.333
3375 108 ' 18.000 52.333
3625 - 124 20.667 . 73.000

- 3.875 : : 74 12,333 85.333
4125 ' 53 8.833 - 94.167

4375 . 35 5833 } 100.000



Grain size
' (Phi)

2375
2625
2875
3125
3375
3625
3875
4.125
4375

Grain size
{Phi)

- 0625
0.875
1.125

. 1.375
1625
1.875
2.125

2375
2.625
2.875
3.125
3.375
3625

3875
4.125
4.375

Sample S 18/3-36

Number -

. of grains

2
6
33

58.

71
95
114
95
126

Sample S21/3-36

Number

of grains .

Percent
of grains

0.333
1.000
5.500
9667
11.833
16.833
19.000
15.833
21.000

Percent
of grains

0.333
0.333
1.000
2.000
4.000

8333°

13.500

17.000

14.000
14.333
10.000
8.167
3667
* 2.000
0.167
0.167

227

Cumulative
percent

0.333

1.333

6.833
16.500
28.333
44167 -
63.167
78.000
100.000

Cumudative
percent

0.333
0.667
1.667
3.667
7.667
17.000
30500
47500
61500
75.833
85.833
94.000
- 97.667
99.667
99833
100.000



| APPENDIX D: CUMULATIVE CURVES OF THE ANALYSED SAMPLES.
_—

228



229

0
n WP
R X 3
N3
)
“at
»wp

é

L g
L X d

.
w *r
»}
ol
("1 8
wt

-1

CUILATIVE FREQUENCY OLRVE (2

L R d




230

L3

) J
GRAIN €IZE PHD
CUMULATIVE FREQUENCY CRVE —0268

-}

)

i

”E
oo b
m
-t

t A d

:

" '!+

é

] T zrrryvzc = . - :
1 AT ¢
-
v/ll‘ . ®
f
T.mm
' x 'EEEEEEE - - =




231

e N

-
-l
nl
-}
0

n P
nh
"}
L2 d

“l
s}
o
e
.
t
t

]
"}
-}
[}
.

" ™
""
-t
T3S
e o
” b
™)
1
€
z

i
r
.at\uw i
338 3 2 g ryEIRE = - :
S ADNIORS -
il
(208
SN L —— —
3 w )
, ~— g1
v // - .
. L rm
C
- .
$t 32 3 P REIETETRE = - K
3 ADNIORIS

—



FREQUENCY 3

B 2s832%8 32

32 1323828

I)l

v

-t

]

Fi
3 58323 3 8

1

. Fi
3 25823 2 2

) T

232

v




FREQUENCY %

Tt & 33 ¢

Y

3 25833 2

L e e —

t

10}

3
-

FREQUENCY 3

FREQUENCY 3

233

IA
!‘
)
| ]
]
!

90 }
P
L1 1
L
/
-
g /
nl /
b / 1
10 p /
[J3 ;
T b
b
e
A
"':—'*;—””T’\’T‘b_r_—ﬁ‘r_“l



FRELENCY 3

. 3 3 £t £ 38 3 s 3 8 33

FREQUENCY 3

2 3 t33 3t 8 1 %8

FREQINCY 3

2 3 z 333 3L t ¢t ¢t

3

s 2 3183833 T &t 33

234

1

9.1
-1




235

»

CUMAATIVE FREQUENCY CLRYVE -ORID

-4

s TT 132 traisrRcE = :
1 ADNITORIS
r —
—_ @
— g
- .
1 -
! —~ m
.
~ -
Imm
s 1§83 313 zrrzyiron ¢ 3
£ ADNI TS

P
T e
~ -
'S T8¢ 3 8 3T r3ETRE -
1 AN
vl;y’vl
r:d/-/ -
)
~=
S
e N IM
te
s 4 4 4 a4 i & T
'S $8 3 3 3 2sER3RCE <
1 ADNIOS

CUMAATIVE FREQUENCY QLRVE ~ORIT



236

b
-}
-l
“t

»r

o

-}

.t

n ot
é

]S
b
-
-}

”

™)

4

QUITAATIVE FREQUENCY QURVE ~TRW81

p-- R
i -
/v..
s 2’ 3 & 3 ZPSBYRE = o w - z
1 ANIORIS
1
. -
[
//l .
//
////
-
'3 8 3 3 3 RPRIRBRYR & % o o o 3

GRAON SIZE PWD

CUMLATIVE FREGUENCY QLRVE -CRI4T!

GIN §IZE PHD

<



237

-

LB

n WP
b
L]

B

[ 2
»}
N d

te b

t
GRIN SIZE D

CUMAATIVE FREQUENCY QRYVE -(RWTI

L2

-}

- )b

w )
™}
-

é.’
-}
”}
o

¥ \\
\\\\\\\
b—
—_— ;
/‘, -
e
/,
/-// -
~u
I S Gy P S S S S SR G S a—ad T
g g8 3 8 3 2REBYREB = - - 3
1 ADNFTONS
///J// -
~
~ -
.
-
-
s §£8 3 8 rgsrT s = - - 3

GRAIN SIZE PHD

CUMULATIVE FREQUENCY ORVE -10



238

P

w}

-}

-}
w
g

vo b
13
LA d
- P

»t
o)
ey

w wl

wh
"l
-»r
-}
-»p
op

;

1

-}
-l
wl
.-}

- w}

é

A
“l
L 2d
-y
t 23
”n e
"}
[*33
L B3
m WP
»
")
B -y
-l
»np
o
e



239

t
GRRIN SIZE PYD

CUTARTIVE
FREOUENCY
ARk e

-
b

-}
-
m}
-}

w e
£ Y 3
wl
-}

W ep
»w}
("33
wr
et
-}
3

w o}
v
~13
w)
» b
o

éu}

<

w}
-}
-}
13
w
reb
-}
(24
- r
-}
»}
n}
n}
w}
w ®r
”}
[ 33
" 13
“p
»}
bl

P




240

£

[

-}
13

:

b
-l

» |
o}

-t

-t
-p

n W

»}
- P

»}
-}

-t
o}
wr

L2
-}
33

w P
nt
ot
-t
wl
»p
o}
(L]
.
t
'
[

- }
s
.
M s 3 T 2 FETERINE = - «- 3
1 ADNITRIS
/r/ -
-
-



241

T8 8 3 3 rzarsce =
t AOTORS
-
$3 3 3 sz E = i
£ ANGOMS

»»»»»

b

-}

wl

-}
w ol
§

"p
]S
. )
-
LR Y

(124
e},
(3 4
o1

B

(133



242

—— ~— ——r

B R R Sk R R B e s
.
|

- /4/4 "
/ tmw
i

s

1 -
GRAIN SIZE PHD

QIUAATIVE FREGUENCY OURVE-S/3-36

4

o
|
,f
-

22 % 8 3 2 E8XPRE 2 . .~ - z
X AN
'/!
—— .
.
. . .
/// -
/ -
°
DN o 1-
' $F ¢ & & £ 2 TR TR S 2 e oo~ g
u»Qde.wmm

GRAIN SIZE PHD
QUMULATIVE FREQUENCY CURVE-S4/3-36



i -
GRAIN STZE P

t

t
GRAON STZE D )
DUMULATIVE FREQUENCY CURVE-SB/3-36

-

G DG U S p T

$ PERST R B



“t

APPENDIX E: HISTOGRAMS OF THE ANALYSED SAMPLES.
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