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o C o R BN
DUnng the. Cretaceous the Alberta part of the West’ern Canada Sedumentary Basnn

aubsnded due to loadmg by tectomo drwmg forces (an easterly migrating fold and thrust

beItS and aedlmentary fill.  Thet crustal subsldence of the undeformed (Plains) area of the "

Alberta Basin due to tectomc forces ¢an be est:mated by accountmg for changes in the

thuckness'arfd Ioad of the Cretaceous sedimentary column, o /

, Thissrequires the use of burial histories, quantitative reconstructlons of thef
cofhpactnon of the Cretaceous sedlmentary column in the basin. Compactlon can be
estumated by |nterpolatmg acurve between assumed mutnal,(deposutronal) porosities and the
average in-situ porosrtles of !m:ﬁvadual layers in the column- (as measured by sonlc logs).
Since the actual burlal.h\story otjany layer in the co’lumn can never be known precrsely,

probable maximum and mn i wm burmaﬂnpactuon) curves were dBSCI'IbGd The changes

_g the mammum aﬁd minimum thnckness and maximum and minimum’ Ioad of the column

~ over time’'were then estimated from these burlal curves. These changes in tirn, were

f{,

used to calculate and map the-total subsldence and isostatic tectonuc subsndence inthe

basnn over certain mtervals (from Aptian to the middle Campaman) o
These subsudence maps were superimposed on rsopach maps (where available) o(
the same intervals, Over the Mannville Group mterval (Aptlan and early Albian) the ' -

subsidence maps and |sopach maps have basucally the same patterns However, the maps. -

show that estumates of subsidence based on present compacted thlcknesses of the Upper ‘

o and Lower Mannv:lle Groups are too low. Subsldence was h|ghest‘ m the west and Ny

- northwest areas of the basin during these times. Followmg deposltlon of the mamlyr‘

contlnent{ Mannvnlle Group, the basin was completely fiooded and thick shales of the

_ o
- Colorado Group and Lea Park Formatlon were deposlted Maps cO)élng these times (late . :

Albian to middle _Campanian) show “definite dlscrepancnes between isppach patterns afd
cGI.c‘ulath osubsu'lence patterns. Subsudence magnltudes estimated-from the isopach maps

are agam too Iow Devaatuons in patterns between isopach map contours and subsldence

correctnng for(the cumul‘\tLe effect of compaction can these d:screpancres be seen. Th

‘ \ ' Tiv K

map. oontours are espeolally pronour/ced in the southern and central basln areas Only by ’

{



show the tendency of the subeidence map contours to bulge eeetwarde croulng the

asopach map»contours reletlvely hugher subsudence rates existed in those erees in th,e past

¢

than are-indicated on present (compacted) isopachs. A
) It is.concluded that the actuel,,structural developmeht of the beem has 9een masked
by Cate Cretecbou?. to Paleogene sedlment loading and subsequent compectiom The maps

reveel only the Iarge-scale basin structures increasing the studL well coverege mey reveal

afficient small- scale structures that are po longer observable on present csopech meps

&
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L | = LINTRODUCTION
n
A. PURPOSE OF STUDY ,
© . . The purpose of this study was to ‘détermine the magnitudes and patterns of. total
and tectonic subsidence in the West Alberta Basin (Fig. 1) during the Cretaceous Period.
The West Albesta Basin is the Alberta portion of the Festern Canada Sedimentary Basin. In
this study the West Alberta Basin will be referred to simplyas the Alberta Basin. Total
subsudence is the downward movement of the lithosphere underlymg the basin. Tectomc
: subsldence is the negattve vertical movement of the lithosphere causecl by "drlvmg forces
i.e. loads other than sednments and bodles of water covering the basin (Watts and Ryan
.1976‘). Maps of the changes in total and tectonic subsidence. reveal the large-scale '
| structUral development of the Alberta Bas-in‘.. o . |
B. METHOD A , |
blany recent papers on: the development of sedumentary basins dlSCUSSBd practical
methods of calculatmg total and tectonic subsidence (Watts and Ryan, 1976 Steckler and
‘Watts, 1978; Sclater and Christie, 1980 Brunet and Le Pichon, 1982 Bond and K’anlnz
198‘34 Guidish et a/" 1984 .Sawyer, 1985). They all pointed out that by far the most
mﬁrtant factor -in these caICulatlons is the reconstructlon of the depositional history of (

sediments in a basin. lnformatlon from the sedimentary record can be used to deduce k
‘changes in the vertical motton of the lithosphere underlying a basin. - .
Therefore, the key to analyzmg the subsidence history of the Alberta Basin durmg
the Cretaceous is to estlmate the deposntlonal and burial htstorles of the Cretaceous
sedlments The burial htstory of a sedimentary layer isa quantltatlve descnptton of the
thuckness and densuty changes in this layer due to burial by-overlying sedlments and
‘ chemlcal compactlon Accountmg for the effects of compaction is extremely lmportant In
a study of the subsldence of the Parls Basm Brunet and Le Pichon (1982) found that the
compactlon correctton was as great as one-quarter the tectonic subsndence In the Alberta
Basm shales, which are espectally susceptible to compactlon, make upa large amount of
- the total volume of Cretaceous sediments. Therefore, it is important to estimate their

i

burial histories, as well as the burial histories of the other lithologies. The tectonic and

i
[



' hlstorues \) : ,
: * The authors cited previously ali used basicaily the same method of correcting for
compaction. This method consists of plotting the porosities of\sediments against the
-presant depth of burial. Past thicknesses of sedlmentary layers gre estlmated by shdmg
:.theae’(ayers up the poroslty-depth curve. The decompaction met od used in this study is *
descrlbed in detail in Chapter 3. The basnc similarity between this method and the methods .
' of previous authors is that the present porosities of r:g\s inthe b sm were used to |
. estimate thlqkness and denslty changes. The method used \'1 this study however, is a
modnfncatnon of a decompactlon procedure developed by Perrver and Quiblier (1974); it.
guvee the evolutlon in thickness and denslty of a sedimentary -column with respect to tlme,
father than depth. The advantages of this method are duscussed in Chapter 3.
| 'I'he decompaction method used in thus study was computer-based in order to
" handie \he Iarge amoUnts of mformatmn and the necessary calculatnons The mput data
were: well Iog sonic transnt times (used td calculate porosltles) estimated shaﬁ volume,
from gamma-ray logs; estimated ages of major formatton'fops and marker horizons, and
. the present thickriesses of these formatlons In totalwover 38,000 m of sonic log data
from 43 wells Fig. 1) were used Thns mformatnon was processed wuth the FORTRAN
program COMP given in Appendux 1. The results for each well, the burual -hnstorues and

* tectonic histories, are given in Appendix 2. Complete discubsion and presentation of these

E °

- * . ) \ °
The study area is shown in Figure. Y. ﬁ'he ‘wells studied were chosen to give fairly

results are contained in Chapters 5and 6. |,
. S 4

unlform coverage of the basin. Information |s net avallable from the deepest part of the
basin, in the west, because this area was deformed during the Tertiary Penod Because of
the deformation, sumple deco_mpactlon methods may not apply. Sonlc / garnma-ray Iogs are /
available for the interval from the Lower Mannville‘Group to the Belly River _Group'(Fig. 1)
only in the westernmost Wells. Because of erosigh duringt the 1"ertiary Per'ig,d, and ‘because
the upper sectidns of most wells are cased, sohic Iog data are available oniy up to the Lea~

 Park Formation in the central area and ohly up to the Lower Colorado Group in the -
’ . ' ) '

northeast area.
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C. OVERVIEW OF THE ALBERTA BASIN
This section gives a brief review of recent Qeas about the development of the

basin. The basin history is diicussed in detail, with reapectto the resulits of this study, in

Chapter 6. ‘ T
The tectomcs of the Waestern Canada Sedlmentary Basin are relat}d to the
evolutlon of the We‘te,rn Cordillera. Models of the evolutlon of the Ceréllera have been
proposed by Price (1973, 1981), Dickinson (198 1), Monger et a/. (1982), and Chamberlain
and Lambert (1985). Features common to these models are a lower to mid-Jurassic series -
of island 'arcs which amalgamated wlth easternmost unlts of 'Terrrane 1 of Monger et a/ ‘
i 1982) in mid-Jurassic time. Subsequently, these amalgamated units converged with the
North Amerlcan craton telescoping the mtervemng mlogeoclme eventually producing the
Rocky Mountams This convergence resulted in thrusting Wthh loaded the craton and
x »vcreated an |sostatlcally lnduced depressuon a foredeep trough which mlgratad ahead of
'the overthrust belt in a northeasterly dlrectubn (Pruce 1973, 1981].
~ The foredeep trough fllled with clastic wedge deposits shed from the adjacent
Cordillera ’Ac‘tually the Alberta Basin records a series of auch foredeeps. As deformation
progressed generally from west to east across the orogeryn Brmsh Columbla the
vyestern sides of successive foredeeps were d:sturbed Older foredeep deposlts as well
‘as underlylng mnogeocllnal sedlments were thrust to the east and later eroded (Bally et a/.,
1966 Beaumont, 1981; Jordan 1981}, Sp the main. depocentre of the basin migrated
eastward over time, extendlng the area affeoted by the load of the thrust and fold belt.
. Price (1973, 1980) estimated the amount of isostatic subsidence under the .
) southern Canadian Rocky Mountams by constructlng restored cross-sections using the
transition between the Upper Jurasslc Fernie Group and the Upper Jurassic to Lower
"Cretaceous Kootenay Group as the datum. The approximate amount of subsidence since
the deformation of supracrustal rocks began ithe difference between the depth o the
~ basement in thé late Juraeaic, fromz restored sections. and the present depth) is about 8
km under the Western Rockies and about2 km under the western Interior Plains (Price,
973 | |
V According to Stott (1982), three main clastic wedges were deposited in the basin. |

. ) I J .
-The Upper Jurassic to Lower Crataceous wedge (which is absent from the study area) and



the Lower to Upper 'Cretaceous wedge correspond t of the Columbieh Qrooeny
' while the Late Cretaceous sediments correspond to ge eerly stages of the Leremnde
Orogeny The rates of sedimentation in the depressuon e good indicators of

’ penecontemporeneous changes in direction end mtenstty of deformation in the Cordtllere
(Price, 1973; Stott, 1984) | ‘ f e

in determmmg Cretaceous sedimentation patterns (Williams and Burk, 1964 Stel ' :

1975). These features ar"i‘the Peace River and Sweetgrass Arches, whnch act es

have been reactivated in the Cretaceous due to Ioedmg in the Cordillera.

Another important factor in the developrnent of the Alherta Basin was eustatic sea’
.level variation. The entire basin was flooded periodically from the Albian to the
Maastrichtian (Caldwell, 1984) The sedlmentary record in the deeper (western) parts of
. the basin carries the record of both reglonal tectomsm {crustal loading) 8'19 e_ustatlc sea
level changes,‘bUt the effects of sea Ie\rei changes are rpasked by the I'arger effects of . -
tectonic subsidence (Jeletzky, 1978'/;4 C;Idwell, 1984). Howeyer, sea level changes played
a greater role in determihihg the volume ehd distribution of sediment in the easterly areas
of the basin; the areas Qarthest:away from the supracrustal loads (Beaumont, 1981;
Caldwell, 1984). ' | | | |
Lastly development of the Alberta Basin was constrained by the mechemcel and
thermal properties of the underlyqng Ilthosphere (Beaumont, 198 1; Beaumont et &/ .,
1982). Beaumont ( 1981), Jordan (1981) and Royden and Karner (1984) used theoretical
models to descrihe the formation of foreland basins; the basic idea of these modeis is that
flexure, the Iateralqtransmission of bending stresses ih a Iithosoh_eric plate, is controlied by
certain geophysical parameters: the elastic thickness and flexural rigidity of the plate at |
any given time; the temperature distribution in the plate; the tendency of ’the plate to

undergo viscous deformation (to sag) over time. Beaumont et a/. (1982) concluded that the

N\,
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capable of subsiding (transmmmg bending stresses) over a broad srea. \
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H. SUBSIDENCE CALCULATIONS

A. TOTAL SUBSIDENCE AND ISOSTATIC TECTONIC SUBSIDENCE
' Watts and Ryan (1876) pointed out that the maximum thickness of sediments T2

that, based on isostasy, can accumulate in a water-filled depression is given byﬁ

TZ=WwPm-Pw)/(Pm-Ps} ' (1),
where W is the initial water depth of the depréssion, Pw is the density of sea water (1030
kg/rﬁ’). Pm is the density of the mantie (3300 kg/m?), and Ps is the average sediment
density (2400 kg/n;’). According to this equation the maximum thickness of sodim’\t(
possible in the depression is only about 2.5 times the water depth. ngevar as an @
- example, there'¥xg many hundreds of metres of Cretaceous sedumen'ary rock in-the
Alberta Basin, much of which was deposnted in continental to shallow marine (<100 m
water depth) environments (Jeletzky, 1978). Similar obsefvations led Watts and Ryan
(1.976) to conclude that there must be some "driving force" that causes subsidence to
exceed the amount produced solely by sediment loading.

The method of calculatmg tectonic subsidence used in this study is basically similar
to the method introduced by Watts and Ryan (1976) and Stecklor and Watts (1978). It
consists of analyzing subsidence by constructing schematic columns which balance the
changes in sediment thicknesgand density,"water depths, and sea level changes, at
different locations and times in ;Iwe basin. ‘

Figure 2 shows two columns, each at the same location, indicating tt;e loads in the

“basin at the times T,and T,, W is the water depth, DSL is the sea level chanée TZ is the.
tota| thickness of the Cretaceous sedlmentary column (corrected for compaction), and His
the thickness of the I:thosphere and overlyung f’ully-compacted muogeoclmal scdnments {it |

- was assumed that the Paleozoic rocks underwent minor, residual compaction during the

Cretaceous). The average total subsidence iZ) of the basin between T,\and T,is

°
Z=W,"W,+TZ,-TZ,-DSL (2).
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Figure 2: Schematic cross section throuqh the basin illustrating s/vasidence calculati’on(
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Assuming local isostatic squilibrium, the symbols L, and L, on Figure 2 rﬂ)rnom

the tectonic loads ncting on the lithosphere producing subsidence beyond that due to lo
chanou in sediment and water loads. The change in the toctonic load OL=L, L, )w}‘

calculated by balancing the supracrustal loads

W, sPWag+ TWT, +HAPCHg+ZWPmug+L, = W,sPweg+TWT, +HePcug+L,+DL  (3)
. . ,

DL=(W,-W,Pwag+TWT,-TWT,+ZePmeg  (4).

TWT is the load of the Cretaceous sediments in Pascals (N/m?). The average isostatic
tectonic subsidence (ZTl) created by the tectonic load change is

ZTI=DL/Pivivg ~ (5).

IThe thickness and density (H and Pc) of the lithosphere an& c;vorlying sedime;m are

assumed to be constant. If this assumptiqn‘is wrong DL will be

overestimated / undefestimatad. ; _
in fact, Equations 1. 3, 4, and 5 are not strictly' éorrect because they da not take

into aécount the flex‘ural response of the li’t)‘wosphere. This is discussed in a fbilowing

section. / |

’ ;
B. WATER DEPTHS AND SEA LEVEL CHANGES

The previéus equations require at least an appréximate knowledge of the average
water depths W, and W,. The stratigraphy of the basin is not known well enough to 'bo
able to define a specific depth of deposition for the formations in each study well.

~ The solution to this problerp is to QIcuIate subsidence only.over periods of tm
when similar environments of depositio; existed. Jeletzky (1978, Fig. 7) produced a graph
of inferred depthé of deposition for the Cretaceous in t’i)o Alberta-Liard Trough ('the
- foredeep trough immediately adjacent to the Rocky Mountains). These depths were based
on‘ paleoenviro"nmgptal analysgs of the predominant lithofacies in the trough at any

particular time. Atcording to Jeletzky (1978), water depth fluctustions were much larger



Fmger(1983) Putnam and Pedskalny (1983), Walker ( 1983) Burden(1984) Caldwell

: l R . + 10
| over some mtervals than others For. example the Lower Mannvalle Grpup was deposited
! at or above sea level whule the Second White Specks shale was deposltéd |n over 200 m -
: of vJater Therefore the uncertamty in subsldence wull be large ifitis calculated over the
mterval from the Lower Mannvnlle to the Second Whlte Specks The uncertalnty wnll be .

less if subsndence is calculated over the Lower Mannvnlle interval. There probably were

I3 ;aons in water depth over the Lower Mannwlle ldue for example to changes
- rn sedlmen supply), but these should be small. So over intervals of slmrlar deposntlonal ‘,
env:ronments Equatlon 2 can be snmpllﬁed to ' o
2=T2,-12,DSL. 6.
. L . 1 % ) oo .
? Flgure 3 shows the specnflc mtervals usedi in thls study The ages are based on - o+
mformetlon in Chapter 4.The three’:olumns Marked with- X s represent three broad
' vcategorles of deposmonal envnronrrlents Column 3 mcludes contmental to transutlonal
i marme enwronments Column 2 mcludes shallow marme (shallow nermcl envnroqments
| Column t mcludes deep nentnc to bathyal envnronments Thns flgure was prepared with
i .._envnronmental and sedlntentologlcal mterpretatnons from vanous sources Wlllnams (1963),
. Jeletzky 11971 \\l 978) Williams and Stelck (1975) Ogunyom| and Hills (1977), Speelman
- ag\d Hilis { 1980) McLean and Wall l1981) Meijer Drees and Mhyr (1981), Putnam ( 1982),-
)
»_‘.(1984) Chrlstopher (1984) lwuagwu and Lerbekmo {1984), Stott ( 1 984) Taylor and
ﬁWalker (1984), Van Hulteln and Smith (1984). o '

’ Refe{'rlhg to Fugure 2 ot can be seen that in order to calculate Z, the sea level

change lDSL) must be known In reahty it is difficylt to separate tectonic subsudence from

= eustatlc sea level changes Increases in elther quant:ty will result in a deeper basm and

'~ allow more sedlments to be preserved below base level. Equation 6 must be modlfled to

calculate the comblned effects of the tectomc load plus sea level change

I

o - Z4DSL=TZTZ, ().
, . - : co ) i Lk o » . L
© Equation 4 must also be modified,‘sinéce_“z and DSL, individually, are unknown

-
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ZWPmwg-DL=TWT,-TWT,  (8)..

-~
[}

This equation gives the average total load change minus the tectonic load change. Equation:

5 is also modified to give

ZTl+DSLaz+DsL1f((z«Pm~g-q;L),/Pmng] (9).

]

Thns,glves the isostatic tectomc subsndence plus sea level change P -
~The previous three equatnons are based on the assumption that'W2 W,=0. Fugure 2,
however indicates an increase in sea level (According to Vail et a/. (1 977) there was a
general rise in sea level throughout the Cretaceous Period.) The water depth difference
| could still be zero if sedimentation kept pace with the rising sea level, and rislng base level.
‘ 'However the change in sea level would have to be Iarger than the uncertainty inwater
depth dlfferences in order to be slgmfucant ' _
Jeletzky (1978) sald that it i impossible to separate the changes in tectonic
subs;dence from changes in sea level in the Alberta Basin.. However Caldwell (1984)
pointed out that Jeletzky (1978) based his opinion on evudence from the westernmost part
~ of the basm where the tectonic forces were the strongest.-ln the eastern parts ofthe - .
basm sedimentation was due mainly to changes i in sea level SO that area of thebasin could
carry a record of those changes (Caldwell, 1984) Slnce that portlon of the basin is
: unhkely to feel the effects of thrust loads, ZTI=0. Therefore DSL can be roughly
estlmated using Equation 9. However the err\ors due to assummg no difference in water
depth {i.e. no difference in Ioadmg by sea water) and in assummg a scmple isostatic model
for the Ilthosphere may overshadow the estimated value of DSL. _
Actually since major changes in DSL should be recorded in the sedlmentary
column at each well'in thus study, Z+DSL and ZT I+DSL will have to be corrected by the,
same amount at each well. Therefore when" consndermg subsldence DSL can be lgnored as .

a basin-wide "constant” (Guidish et a/ 1884).
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C. REGIONAL COMPENSATION: LITHOSPHERIC FLEXURE ‘
_ Equation 9 can be re-written as - '
ZT+DSL={Z+DSLIHTWT,-TWT,)/ Pmwg.

14

n fact thls equation is hot quute correct because it assumes complete Iocel compensatlon

of surface loads. Ylf thls waere the case no foreland basin could form (Beaumont, 198 1). As

ter 1, the earth’s hthosphere cqmpensates for surface loads by
flexung over a broad area. Equation 9 must be modnfued to remove not only local sedlment.

} ~
e Ioads but surrounding sediment Ioads as well I .

™~ . 1 ‘ N

 ZTF+DSL=(Z+DSLI-OITWT,-TWT,)/Pmwg]  (10).

The symbol ()] represents the flexural response functnon of the hthosphere (Watts et a8/,
1982). In this way the subsldence gue to thrust Igads or other tectonic loads (suchas a
change in the density of the IlthOSphere) are isolated (Watts and Ryan, 1976; Bond and
- Kominz, 1984). - - ‘ L
, The flexural response of the Ilthosphere canbe approxlmated by simple-
-~ two- dlmenslonal models. Hetenyi (1974) gave a solution for an elastic beam toaded by a
rectangular Icad. the deflectum&:f the beam u:tder the centre of the Ipad {c) as
- o ° o

© Ye=(q/kiM1-EXP(-IxaCOS(val)  (11),
- trvhere ais the half Width of the load, | is the fiexural paremeter, qis the load. and k-is ’the

 buoyant response of the substratum. In this study
Iks(TWT,-TWT,)/ Prigig
’q TWT, ) r@
Equation 11 predicts a curve with a decreasmg amplltude of deflection w:th mcreasmg

dnstance from the load (Hetenyi, 1974). The first part of the equation (q/k}is equavalent to.

“the subsidence produced by a local loading model. In fact, if the crust under the. basin is



-

. faulted the strength of the Iithesphere is red'eced ‘and lqcal qempensation.ca'n occur (Watts

and Ryen 1976) The eecond part of Equatuon 1~1 modifies the first part; it descnbes the

| 'subsldence (deflectnon) under the centre of the load (c) of a beam with a flexural parameter
l. The flexural parsmeter determines the shape of the deflection (Walcott, 1970). Typucal

values of | range between 70 to 100 kmi (T urcotte, 1980). I

From Equation 11, it can be seen that

(@) Yc=q/k and @=1 when a=n%pi/ 24 (n=1,3,5,...). /

" (b) Yc<q/k and <1 when a<n#pi/2# (h=1,3,5,...).

| ) Yexq/k and ©>1 yvhen 3wpi/2#1>a<pi/ 2#.
. lnl case (c) Equatien 1is refuted.T However, depending on the value of I, dnder ‘Ierge loads
the a plltude of the deflect;on stabilizes at the local value (q/k). |
To summarize, subsudence in smaller basins is mhrbnted by flexure (i there is no
faultmg) because the bending strength supports the Ioad However sedimentary basins can |
‘,subsnde usostetlcally if the basin is considerably Ionger than the flexural parameter |
Ny urcotte 1980). This means that for relatively broad sediment loads Equatnon 9isa f:urly ’,
good estimate of Equatnon 10. Therefore, the flexural tectomc subsndence (ZTFj she.
.usually be between the total average subsidence and the nsostattc tectomc subsndence

Stated another way
0<®<or=1 (12).

It must be stressed that the prevrous conclusion is based on certam assumptoons
‘about the sediment load distribution. Equation 11.is a: two-dlmensmnal approxlmatton ofa
. three-dlmens'onel problem It is assumed that the sediment load is constant in the direction
' perpendlcular to the section of the two- dlmensuonal model i.e. the basin approxlmates a “ -
long linear trough (Nadal 1963) (Nor is the sedlment Ioad ever perfectly rectangular in

N shape ) Also, there is uncertainty about the previous sedlment Ioad dlstnbutlons in the
o
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basin slnce the western area is deformed and over moat of the basin, large amounts of»
_ Upper Cretaceous sedlments have been eroded (Beaumont 1981). . li'
An even more lmportant problem, from the point @ view of flexural modelling, is
" that the exact geophyslcal propertles of the llthosphere in the, geologlc past are unknown
or at least uncertain (Beaumont 1981). The flexural parameter is guven by :

J

I={(Pmwg)/ 4%D] 3,

&,
A (l\ladal 1965) Where D is the flexural rigidity, or resistance to bending of the llthosphere
" This variable controls the size of the depressuon When D is very large | approaches zero
* and the depression is small; but when D is very small I becomes very Iarge and
| compensation is local, so the depresslon is'narrow and deep'(Watts and Ryan, 1976).
| Aotua’lly', the problem is more complicated than this. Watts etal. (1982) gave an’
excellent re(riew of Ilthospherlc flexure theories. They pointed out that most recent _
: stUdjes of basins have used sither a viscoelastic or an ,elastic model of the lithosphere.. Ina
| v'iscoelastic“‘model the elastic thickness of the lithosphere lthat portion of the lithosphere
: that bends elastically) and the flexural rigidity:appear to decrease over time; the
hthosphere becomes less l’lgld wuth age. In elastlc models, the elastlc thickness and
~ flexural rigidity are constant. The elastic thlckness can, however, mcrease if the
llthosphere was heated and is in the process of cooling. Watts et al.(1982) concluded that
elastic models were suntable for explammg the development of sedlmentary besms Jordan
- 4981}, ina study of foreland basnn development in the western United States, agreed.
However, Beaumont ( 198 1) preferred a vnscoelastldmodel for the Alberta Basin.
a , The object of thls study was not to explaun basin subsidence using a complex
. geophyslcal model, but to observe by l’econstructlng sedlment burial histories, the range
and distribution of _subsldence in the study area. Though Equation 9 is an * _ .
oversimplificatior), the assumption expressed in Equation 12 still makes it possible to
deflne approxlmate values of tectonlc subsndence without makmg other: (possrbly |

mlstaken) assumptions about the mechanlcal behaviour of the. llthosphere

E
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% Wil THE DECOMPACTION METHOD
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A. THICKNESS ANﬂ DENSITY CHANGES IN SEDIMENTARY ROCKS

This sectron exammes the two mam geological processes that result in thlckness

RS

" (TZ)and Ioad (TWT ) changes in the sedlmentary column: physrcal and chemncal compactron
* This examination is necessary in order to lncorpor?te these procésses into a quantitative
model that can be used to estimate the'burial hlstones of sediments in the basm and the
tectonlc history of the basin‘itself. Subsrdgnce rates based'on present thrcknesses and

|
densities of sediments will be far too low.

Physica >emp-ctlon . \ o~

. L N .
Physical'com actiorris‘the reduction of pore volume'in a rock solely by closer
p P

y packmg of grains, deformatlon of grams and expulsnon of pore flulds in response to
higher overburden Ioads (Rreke and Chilingarian, 1974). Compaction results in decreased
thickness and mcreased density of sedimentary rock layers. R . ¢ -

' Rubey and Hubber't (1959) showed that the overburden load {the combrned vertucal
stresses of overlylng rock and ﬂUIdS) at a glven depth in a sedimentary column is _‘
supported in part by the rock grains and in part by the pore flund They called these two ' \
components of stress the effective stress and the pore pressure The effectrve stress is

_the dufference between the overburden load and the pore pressure. Thns stress is what

" actually compacts a sedrment the amount of compactuon is measured by the| porosuty of
 the sediment (Rubey and Hubbert, 1959) 4 _
Porosrty is commonly observed to decrease wrth mcreasmg depth of burial |

- ~toverburden |oad) But this is not always the case. Normal or hydrostatic, pore pressure |s
‘the pressure at a given depth under a free-standing column of water. The occurrence of
abnormal pore pressure (greater than hydrostatic) and, therefore, higher than normal
.porosity (undercompactnon) occurs in deep areas of sedimentary basins where the rates of

k sedrmentatlon were high (Magara 1978) If loading i is rapnd compactlon may be delayed

because the pore fluid cannot escape fast enough and will carry a greater portuon of the

load (Rubey and Hubbert, 1959). So, compaction may continue even after overburden

loading has ended, in a disequilibrjurn situation. However, according to Magara (1978)’

16
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. "If the fluid pressure is hydrost’atic;, the level of compaction, which isa
function of the effective stress, will not change under the COnstant overburden
'_Ioad not even for n'Il"IOl'\S of years in the future, because equllnpnum has
already been reached.” - 3
“"Tha snmple uniaxial compaction model where the surfaces of equal et)fectwe stress are
more or less horizontal, surfaces of equal hydraulic potential will be horizontal (Chapman
. 1983). In normally-pressured shales the hydrauhc potentlal decreéasgs vertlcally upward
50 this is the usual dnrectuon of flow, although flow patterns are more comphcated in
overpressured areas (Magara, 1978). in alternatmg shale and sandstone or siltstone layers,
flunds will move from the more compactabie shales to the more permeable sand beds
above or below, and then move laterally thrdugh those beds (Chapman 1983). Perq\eable
.‘ 'beds with surface connectlons whether outcrops or unconformltnes are the best paths
(Magara 1978) Accordmg to Chapman (]983) shales mterbedded between such
permeable beds often show lower porosutaes then thick srfle sequences at the same
" depth. If a thick shale lies between two permeable beds, the edges are more compacted -
“ and have lower fluid pressures than the center (Chapman, 1983)

, Magara ( 1978) pointed outa number of differences between Rubey and Hubbert's
(1959) compactuon model and actual subsf}kface conditions. For example permeability
decreases with deeper burial and subsurface flow is compllcated by interfering water
paths This results in lmpeded fluid drainage at depth. He also concluded that .
overpressurlng is caused primarily by compactian combined with the lack of a permeable
bed or path (i.e. an unconformity) for fluid dramag_e, a high rate of sedlmentatuon, anda
thick accumulation of sediments. Overpressuring of Cretaceous rocks in the Alberta B)asi‘n
may be lower now than in the past because uplift and erosion of the basin resulted ina
decr'e/ase in temperature of pore ﬂ%ids followed by minor expansion of the pore spaces.

Magara (1978} discounted the effect of lateral tectonic stresses on compaction of
Cretaceous shales in Alberta. He examined hydrofracturin'g data (fractUre pressure is a
measure of horlzontal tectomc pressure) and found that the present tectonic pressure in
the Alberta Foothalls is no greater than in other areas of the province. The sonic travel

\tnmes of Cretaceous shales do decrease towards the foothills, but this is du_e% deeper

maximum burial (Magara, 1978). In another study, Sarmiento (196 1) compared the increase
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in well iog velocities of Cretaceous sandstones in Wyoming with Cretaceous sandstones in

Alberta. He found that the veloc:ty gradient in the Cretaceous Wyoming sandstones was
lower than in the Alberta sandstones and attributed this to greater tectonlsm in Wyomlng

Removal of overburden Ioad due to erosion will result only in small mcreases in the
bulk volume of underlying sediments (Magera, 1978). In order for Iarge increases to occur,
fluid must be forced back into the‘pores. This is often accomplished in reservoir

‘f)racturing operations, but the artificially produced pressures greatly exceed natural

L pressures (Chilingarian and Wolf, 1975). Most of the small increases in bulk density are

N

due to the recovery of elastic grain deformations (Chilingarian and Wolf, 1975).
Chilingarian ahd Wolf (1875) concluded that compactvon of uncemented sands at loads of
21,000 kPa or less is wevers:ble " _

Another factor in the physical compaction of rocks is the susceptibility of
different Iitr;zl?géés to effective stress. The grain contacts in mudstone are simpler than
those in sandstone and the grains are weaker‘,' therefore mudstones or shales are more

responsive to changes in overburden load than sandstones (Magara, 1978). The amount of

* compaction in shales can therefore be related to overburden pressure and, more

practically, depth (except for undercompacted rocks) (Magara, 1978). Compaction of clays

(which consist of packets of flat gra’ins) results in increasing'parallelism of the grains

" (Magara, 1978} ‘Accordmg to Hunt (1979}, this depends on the deposmonal orientation

and the composmon of the grains. Smectites, for example, show poor particle
orientation, as do clays with large amounts of silt and carbonate minerals, which reduce
paraliel orientation _(Hdnt, 1979‘). Clay mineralogy also plays a role in compaction of
mudrocks since smectite-illite layered clays and smectitic clays contain more water than

|II|tae. g_r}d kaolinitic clays and impede compaction (Blatt et a/., 1980). At great depths

‘elestl:_‘ deformation of the clay particles themselves occurs (Anstey, 1977). Clay minerals

have very great surface areas compared to sands and absorb a great deal of water on
their surfaces (Chnlunganan and Wolf, 1975). The rest of the pore spaces are filled with
free water which can be easny removed during compaction. Bound water |s usually
removed or released only in the very late (hlgh pressure) stages of compactuon

(Chilingarian ¢ end Wolf, 1975) ,
14
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Initially, sand compaction results from more efficient packing, grain sliding, and
rotation and compression of soft minerals (clay, mica) (Chilingarian snd Wolfr 19785). In
uncemented quartz sands, physical compaction results in thickness decreases o‘f only
| areund 10 to '15 per cent (Blatt et a/., 1980). According to Chilingarian and Wolf (1975,
‘sand compaction depends on the original porosity and packing, gram shepe roundness,
sphencuty composition, and size. They found that

"Waell-sorted, rounded well-packed, clean quartz sands do not compact readily
Aexcept when the applied loads are sufficient to break the sand grains. The load
necessary to crush or ¥racture grains is not as high as one might expect,
because pressures upon c‘ontact points may be considerably amplified abeve
the average load pressure by mechanlcal advantage.” ‘
Brlttle minerals such as feldspar wuth sharp irregular grams will shatter readily. Arkosic
sands were found to compact readily, partly because of gram angularity (Chilingarian and
- Wolf, 1975). 'Also fine-graiﬁed ductile particles like shale and mica deform easily et low

pressures and increase sand compressibility (Blatt et a/., 1880).

Chemical compaction

The sug ject of chemical cempaction is very broad. This study is not petrologic in
nature:‘ the idea of this saction is simply to 'point out that there are numerous other .
processes ofher than simple mechanical compaction that can reduce perosity in
sedimentar.y rocks. ‘

| vChemicaI compaction, as defined by Bond and Kominz (1984), who studied

compaction of Paleozoic sediments ir1 the Canadian Rocky Mountains, is the reduction of
por‘e volume in-a rock solely by cementation, pressure solution, recrystallization, and
. mineral transformatiens.

in general, six factors control the chemical compaction of sandstones. These are:
the chemical composiﬁon of the sediment-and pore fiuid, the rate of flow of the fluid,
. time, temperature, and the effective pressure gradient (Stephenson, 1977; Selley. 1978).
The problem with tr.ying‘ to develop a methematical model of sandstone compaction is that

these interdependent factors are difficult to quantify. Also, it may not be possible to

| determine the magnitudes of some of these far:tors, such as the‘pressure and geothermal

t . Y
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pradients, because of dplift and erosion in the basin. It i; therefore necessary Ito make
some generalizations roga}ding chemical compaction in order to estirqato changes in the *
" thickness and density (Ioad) of the Cretaceous sedimentary column. | -
The n‘iain goﬁralizution .tﬁat can be made is that saﬁas‘ton‘e porosity dccreases_with
depth (though thofe are exceptions to this). This is because an 'inéraiae in depth implies ;n
increase in‘ age, nn.incronq in p:'essure, and an ihcrease in temperature (Stephonson,
1877). Age is important sinég cementation dapénds on the rate of flow of‘ the
cement-carrying pore fluids (Blat}, 1959). Also, flow rates are generally lower at greater
depths (Blatt, 1979). With depth, effective pressure increases at quartz grain contacts,
and as a result the silica dissolves, rﬁ'oves’“to areas of lower pressure, and is precipitgtfed
on grains as overdfdwths (Hays, 1979). K&wbrmal‘pore pressure may preserve pc;rosit'y
by reducing the effective stress at grain cc;ntacts, thereby decreasing the amount of
pressure solution (Selley, 1978). The forma;iéﬁ iof queartz overgrowths increases with
greater effective pressure, but it a_l;o depends on m'témperature and éhemistry of the
pore fluids (Blatt et a/., 1980). Higher temperntu?q result in increases in diaéenetic . /
processes (Selley, 1978). This is"particu'larW‘tmportant in mineralogically unstable ‘
sand;_tones where, with increasing temperatura,l feldspars and mafic grains are broken
down to fofm authigenic clays which qn,:gdgce porosity (Selley;, 1978).
, “ However, exceptions to npgative porosity gradients do occur. Porosity can
actually be increased by moving ﬂuids that dissolve unstable authigenic or detrital grains
(Biatt ot a/., 1980). Also, as noted before, abnormal pore pres_sﬁres caﬁ reduce p» essure
solution. With regard to secondary pbrosity, Hays (1979) stated o
"In the most favorable case, porosity may actually increase with dépth, or more '
likely, thé slope of the porosity-depth curve may. simbly steepen, but continue
| to deéline. At even greater depths, secondary poroéity Will be destroyed by
compaction and cementation, but probably not as high a rate as primary
porosity was destroyed, because most of the chemically and mechanically
* unstable grains had already reacted during earlier diagenesis, and because of
Bridg@ng and keystone relations between rigid grains that developed iduring :

initial compaction.”



. From a study of the Cardium Formation and Viking Formation sandstones in ke

Alberta Basin, as and Oliver {1978} found that the development of secondary

© porosity was i d impomnt'l‘ocally in the Cardnum sandstones whoro aidorito cement was
. dissolved. Otherwise, increasing burial depth for both formations was accompanied by
steady po (Q}sity loss duse first to mechanical then to chemical compaction.

As discussed before, most shales lose (pore) water through physical compactuon
However, the transformatnon of smectitic shales to mixed layer smectite/illite clays '
results in the loss of bound water (Hunt, 1979; Plumely, 1980). At temperatures of 104’
Cto 110’ C, the smectite structure is converted to the illite structure hy the loss of

_interlayer water and the fixing okf potassium (Plumely, 1980). Plumely (1980)‘ believed that
the total fluid plus solid volume remain ‘constant, but as the clay structure collapses the -
increased pore fluid yolume takes up a greater part of the total stress and the pore '

. pressure increases. Gradually, th‘g clay c;qm\gacts and the pore fluid is oXpullnd. The
presence of bound water in smectitic clays also results in slower compaction than in other

-clays (Hunt, 1979).- The interlayer (bound) water is not included in the porosity but in the
grain volume'- it becoines‘part of the pbre volume when relaase& ' making up from 5 to 10
per cent of the bulk volume (Hunt, 1979) Chapman (1983) pomted out that overpressuring
of shales may not always be caused by the smectnte to illite transformatmn because. .
often, overpressuring occurs in depths shallower than the clay-mineral diagenesis depths
(1800-2400 metres) suggested by Powers (1967). Magara (1978) agreed but pounted out
that if abnormal pressures already existed (caused, for example by machamcal ‘
compaction) clay transformations could could increase those pressures. Agmn, such things
are difficult to fit into a mathematical model. ’

Magara (1978) believed that, for the most pa;'t, shale compagtion is governed by
depth of burial (in normaily pressured sections). Chapman (1983) concurred: _

' "Mudstone compaction, like other sediment compaction, involves chemical and

_ physicochemical processes as well as the phys?cal, but thase e not

suffic;iently well understood yet for general rules to be formulated. In cohfining

ourselves to the physical processes. hovae that these are ‘
sufficient to explain the observed and deduCed effects and that it is a valuabla -

~ even esseqtial - simplification.”




SUMIT‘.W ‘ '

\'J
From the provloul dmcuniom ot physical and chemical compactuon a numbor of

conclusions can.be mndo, n puroly mechanical compaction the amount of solid material g

(detrital grains) remaing cdmtint but the bulk volume (solida plun pore fiuids) decreases
_due to Bss of pore fluids. ln purely chemical compaction tho bulk volume is constant, but

the ratio of soluds to pore ﬂyad generally increases with depth. These two generalizations

sre useful because ;\oy dofiﬁq the wdrst-;uo limjts for a quant_it;tive compaction model

(Bond and Kominz, 1984). - .
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8. POROSITY cvuces WITH TIME AND DEPTH

Burial Paths

-

If porB:ity measurements of sedimentary rocks are graphed with respect to depth

the result is a profile of decreasing porosity with increasing depth of burial. Magara

(198 1) pointed out that this is a éfatic picture of the prese ‘ orosity in the.subsurface. A
curve drawn through the porosity valdes indicates a\trend of Hecreasing pbrosity {and
increasing doﬁsity) with pres;m burial depth, but this Bu\rve may not necessarily represent
the actual burial path of these rocks. As discussed in the\ previous two sections, the
qocruse in porosity with depth is causéd by a complege"corﬁbinatipn of physical and
chemical processas.'Time, especislly, is an important flactor because it increases the
.Fhances of subjecting the rockge chemical processes,y and incréases the duration ?f the
processes.

An example of the dif ference between a pordsity-depth plot for a shale column
and the possnblq burial hnstcprues of any layer in a column ns shown in Figure 4, which is
adapted from Magara (1980) and Plumely (1980). The shiale layer Ais undercompacted.
The solid line connecting the porosity values does not represent the burial history of this _
layer bocaﬁse it is unlikely that a shale would follow a normal compaction_trend and then
| | 'suddenly rebound and increase in pérosity (Magara, 1981). The buriai path of the layer

, could be representsd by any one of the three lines mdu:ated Yin the forst path, compaction
proceeds normllly until the shale is suddenly sealed and compactnon is impeded. In the
second path, compaction is slightly inhibited compared to the normal trend. in the third

J
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path, compaction is normal, but the initial porcsity is higher then in the other paths.
The process of working out the burial paths in a column of ‘sediment becomes

complioatod if.the column is composad of mixed utholom hvon. since the oompuction

. behavisur of any snngle lsyer of sediment depends aiso on the properties and behaviour of
all the surrounding layers. Chlpman (1983) and Magars (1978) pointed out that s shele layer
surrounded by 8andstone, at a given depth, may be slightly ovorprnlund In the centre, % -

i

r

but normally pressured at the top and bottom. This is because the sandstone (sssuming it i
fairly permeable and normally, prossured).lcts as a conduit for fluid movement during
compactnon (Chapman, 1983) The burial path of the center of the shale wiil be sluqhtly
Staeper than the path for the top and bottom of the layer. (This assumes thatother . ~
oomplucatnons have not arisen such as cementing of the sandstone.)

_ Evenin homogengous lithologies there can be differances in compactuon
behaviour. chapman (1983), in discussing shale porosity- dapth plots, notod thlt

“We cannot assume that a mudstone unit would have one hustory—of-bunal
/ curve; it is much more likely that the very top and bottom would have a hittory
much like these curves, but that the centre’s would be very dif ferent because

' oore-water expulsion from the centre Would have boen retarded.”
Magara (1978) plotted the log of Cretaceous shale sonic travel times against depth and @
» found that, over shallow to intermediate intervals (900-2400 m). the dsta points foll ona
. line with slope C. There was cons»derable scatter in the points, but gepgrally C. m&easod
as the rate of burial decreased. He, thought that slower sedimentation rates allowed more .
time for the flat shale grains to become more effici isntly layered. Magara (1978) found’ thaj./
the slope of the normal compaction trend, the burial path, can change from well to well
within a sedimentary basin. ' ,/ \

Sclater and Christie (1980) examined the compaction histqry of sedm'\ y rocks

.in the North Sea, where the sednmentary cotumn ,onmtro( mixed layers of different
lithologies (sandstone shale, shaly sandstone and chalk). They reallzed that a smgte :
porosnty-depth relation could not describe the @history of the ontlre column (ina g.von weu
sectlon) because of the different burial historiés of the Ilthologves comprising the layors in M
the column. So they constructed' porosity-depth plots foresch separate luthology,

proposing that any given Iayor in the column followed the particular burial path for hya%



I

Figure 4;:'i5'9r‘orsity-dept}1 p’bbr a column of shale .

v
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| of ﬁ?‘lt“llthology ‘But such plots show consuderable scatter of ponnts (Magara ( 1 976 1978)
‘ vthls a'Jb)i ‘
e

i maylge slightly dufferent (or conslderably dnfferent dependlng on the degree of scatter)

uﬁk ,
g#stlng that even fo? layers bf the same lithology. the burlal paths

; Perrier and Qulbller (1974) suggested that for purposes of estlmatlng burial

; hlstor‘les it can be ) §ssumed that the shallow portuon of the burlal path of a given layer of

ancient sedlmentary rock should be snmular to the burial path of a column of recent |

(homogeneous) sedlment of the same llthology Bt if this partucular Iayer was burled ina

mixed column of sedlments its compactuon history may be quite different from the

‘ behav:our ina homogeneous column. (because of all the mterdependent processes that

- could occur). Compactlon is not only a function of burial depth but also of the - '

charactenstlos of the sedlment in whuch the layer is buried. In addition, lt is often dlfflcult .

- to fund thousands or eVen hundreds of metres of recent sedlment of a partlculgr lithology

in order to-define the poros:ty at a given depth {Perrier and Qulbllern 1974; Bond and ;
Kominz, 1980) Fhe burlal path of a Iayer of sediment reflects a change in porosity with B
depth and age (Age and depth are not necessarily Imearly related either:) The burial path

. may not be smooth because large gaps in sedimentation, or erosion of part*of the column

may result in periodic cessatlon of loading and compactlon Sedlmentary rocks below an

'unconformlty could have undergone some ‘compaction by a load that was later rernoved If

they were overpressured the rocks may have compacted slowly under thenr own welght

| (Magara 1978). '

B So far, we have discussed only the p'hysical aspects of burial paths, but chemical '
prooesses such as cementation and growth »o'f authlgenlc minerals in sandstone may also
reduce porosmes and permeabul:tles Permeablllty decreases compllcate the mlgratnon of.

':flunds necessary for compactlon (Magara 1978) So the chemucal compactlon of a glven v. |

“:'layer depends on, and i in turn mfluences the chemlcal and physncal compaction of
surroundmg Iayers _ | ‘ '

It may be lmpossib’le to know the exact - ir:af history of any particula’r 'sedimentary ’
laver Thm sectlon examlnatlons could be helpful in |dent|fy|ng some of the processes that

- oct.urred but such questlons as the initial porosuty of the layer, and the amouﬁt and rate of

compactlon at any t” ime may still be unanswerable

. & . I
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, Burial curves : A )j\ ‘
o This section discusses mathematical descriptions of burial paths, burial curves.

| Athy (1 930) observed that the porosity of Mudstones decreases exponentially with -

depth (2)
| Q=0MEXPI-C*z) (13).

“Later authors most notably Rubey and Hubbert (1959) and Magara (1972 ‘1978) applied
. this equatuon in shale compaction studles Maxant { 1980) applied a number of
. density-depth functuonsto Cretaceous shale density measurements m the Alberta Basin.
From among linear, ex'ponential, hyperbolic, parabolic, and fourth degree polynomial |
-tunctions, Maxant (1980) found the best fit with Athy's exponential function’. Magara
| (1978) found that in the Gulf Coast area (normal) shale poros’ity‘ showed an exponential
decrease with depth over a depth_ inter\'/al'of 21 00 m. Sciater and Christie.(1980) found an
exponential relationship for normally-pressured ‘shal.e in the North Sea Basin. There was
considerable scatter in their porosity-depth piots, whlch they attributed to dlfferences in.
silt content of the shale and to shght overpressuring.
" Selley (1978) found that the porosity-depth relatnonshlp of sandstones from the
1=:‘N¢f1h ‘Sea Basin appear to be Imear rather than exponentlal Thomas and Ohver (1979)
' __found that\the decrease of porosity with depth of Viking Formatlon sandstones in Alberta
was essentlally Imear@ut with scattered high porosmes at shallow depths On the other
| ‘ hand, 'they found no dlstmct trenc for Cardlum Formatlon sandstones However Sclater
and Chnstue & 980) found that the decrease ih sandstone porossty,wnh depth could be
i'expressed by an exponentnal curve. Bond and, Kominz (1984) also sub’borted an

exponentnal curve for sandstones, -as dld Perrler and Quiblier (1974, Fig. 5). Sarmlento

LS (19}1) found that the log velocmes of sandstones decreasé exponentially wnth depth. Thls k

» could be seen: both in yOunger and oldar (more consohdated) sandstones He found that the |
r_ate of deorease was considerably ngher in youn (more uncongsohdated) sandstones In
consolidsted sandstenes po'rosity and travel tirne are hnearly,grelated accordmg to the
tlme-average equatlon (Asqwth 1982) Beanng in mind that a correction factor must be
applned to the*unconsohdated g'ocks it still appears that the behawour of Sarmlento s

[ 4
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i samples is closer to exponential than linear .
| Porosity- depth trends are rarely s’mooth and well defined. Maxant (1980) found
' 'that Upper Mennv:lle Group densities increase regularly wrth purial depth and that the
i average density of the Upper Mennvnlle mcreases towards the Foothills. For the Lower

Coloradp Group the data were scattered and there was no obvious dependence of densrty
on depth. For the interval from the base of the Fish Scales to the First White Speckshe
Aﬁfound the same 'result. Oddly enough, for the Second White Specks:to Fir:st Whlte'Specks
" interval, he found that the density actually decreased with‘depth. So, even in thick- shale
- formations (the base of the Fish Scales to the Second White Specks and the Secorid
White Specks to First White Sper:ks) no dependence of density on depth was found.
Maxant (1980) concluded that | .t | B SN
"ThlS demonstrates that even thick rock sequences may depart signifrcantly .
from a normal" density for a particular depth, and that sometimes depth or
Iithological cohtpqsition are nhot decnsive factors in controllmg densuty
The porosity-depth plots mated by Magara (1972, 1978) while still showmg
considerable scatter, usually do. show a trend of decreasing shale porosity with depth
Perhaps this is because Magara plotted the points over larger depth intervals Still, this
scatter indicates a difference in compaction even in layers wrth the same Iithology
A major factor controlling the burial (compaction) history of a layer is the initial
porosrty of the layer the, sterting point on the burial path/ curve The p!\ is that the
initial porosuty is never known The range of porosrggs@f recently depo sand bodies
is fairly wide, depending on the environment of deposnt@n grain size, and style of packing
(Pryor, 1973). The deposrtional porosities of sandstones mcrease with better_ sortlng, '
increasing grain size, looser p?cking, and lower clay contentl Mudroclss also have a wide
“range of initial porosities (Rieke and Chilingarian,,1974). | -
In the pres'ant’bstudy, aburial curve is a curve extrapolated from the present (in-situ)’ f
- porosity of any layer to the initial porosity of that layer-. Each layer in a column of a
sediments may have started out with a slightly different initial porosity and may have had a
slightly difterent history, but generally should follow a s‘imilar"fun‘ction. It is a simplification
to assume that the burial path of a given layer of sediment can be described by a single

smooth curve. In some cases, the history may not be represented by a single curve but,
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rather by a series of curves. For example, in any column gaps in sedlmentatuon and

-

, perlods of erosion occur in cases like this, sedlmentatlon and compaction are not smooth

- functions of either depth or tlme but there is no choice but to extrapolate across the «

-

"rough spots”. N \ N .

<

Even though itis not posslble to defme the precise burial path itis possuble to

define certam limits of the burlal hlstory an "envelope” contamung numerous pos5|ble burial =

curves/paths Th|s was how Bond and Kominz (1984) determined the maximum and
mmamum effects of hoth chemical and physlcal compactnon in order to/decompact
‘_c:?nns of old (Paleozolc) and severely compacted sednmentary rocks. They surveyed the

' Iv rature for their compaction-curve Inmlts i.e. maxlmum and mlmmum initial porosmes and
maxumum and minimum exponential curve constants (C). They assumed that the maximum
mstnai poroslty coupled With the max:mum c represented the max:mum possuble change in

thnckness and density, which was due to mechartical compaction:and purely local graln

. eolutlon and reprec:pltatxon (conservatlon of initial grain volume, wnth reduction ¢ of pore

"volume) Therefore the minimum initial porosnty coupled with the minimum constant C
_represented the mummum possible thange in densnty For the minimurn thickness and
densnty change they assumed that all lithologies except shale were uncompactable all

, ‘other Iuthologles were assumed to have undergone porosnty reductlons and densuty ‘
nncreases solely by ‘the addition of cement fr‘om an external source (conservation of mmal
thlckness lncrease ‘ln total solid volume) but remained equal to thelr present thlckness

| Bond end Komlnz (1 984) adm|tted thus is a highly unlikely lower hmnt consnderung the great
‘amount of cement needed to fill the pore spaces.

0

- C. DECOMPACTION METHODS

' Decompaction ‘
Decompactnon isa quantltatave method of reconstructmg the thnckness and densuty

history of a sedlmentary rock layer (Conybeare 1967 Perner and Quiblier, 1974; Sclater P |
-and Christie, 1980) The present m-sntu porosity of a sedlmentary rock indicates the
maximum compactlon state of the rock and, therefore, can be used to determine its

original thickness and density (Magara, 1978). This assumes that compaotion is a purely

N



| mechanical process ipvoi\}ing the volume reduction of a layer of sedlmem through L
expulsion of pore fluids. As Bond and Kominz (1984) pointed out, \anothe‘r\ alternative is to
assume that porosity reduction was»aocomplished soleiy by cementation with no‘ohange in
thickness. - )
” , | The literature contains many examples of decompaction methods. The simplest

' way to estimate the ori»gina!‘ thickness‘of a sediment is to multiply thepresent thickness by
some compaction factor (Perrier and Quiblier, 1974). Magara (197 8j pointed out that the
total ,volome of fiuid lost (compaction) since the deposition of a sedimentary layer can be‘
estirhated simply by assuming no change in the grain volume. Tr)e initial volume of -
sediments (V,) can also be estimated using thiseq‘u.ationv

‘ ‘ [ g |

- VHI-Q)EV -0,
where Q, is the initial porosity, 'end O is the final‘_porosity.uHowever. this cannot be used to’
produce 8 cont;nuous /estima't.e of thickness change over time, so burial rlnistofy-curves;
;/vhich show the reduction of porosity with depth were developed (Perrier and Quiblier,
1974). The burial hlstory curves should be constructed from information in wells in the
area of study. Composnte or ideal burial curves, such as those used by Conybeare (1967),
indicate the general trend of compactlon (progressnvely smaller amounts of compaction
Nvith depth of burial) but are not specmc to the area of study. .
In'the followmg sect'ons of this study, the burial history of Cretace0us rocks in
‘ Alberta will be estimated. Tﬁe burial hlstory is calculated in two parts. In the first part, itis -
assumed that the total amount of sohds in any layer has remained constant over time. In the
second part, it is eseumed that, for sandstones, the total thickness has remained corystant; ,
buf the fotal'amOUnt of solids has increaséd due to cementation. '
Constant grain volume o R ‘ . v
The fundamental assumptlon in the method of constant grain volume is that, as the
sediment is compressed and the porosity redgced, the volume of mineral grains remains

the same. If a relationship between poroeify and depth of burial can be established, and the

. solid volume (or solid height; in ong dimension) of a specific layer of sediment is known,
. , b :

AY
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then the total volume (or thickness) of that layer at any depth can be calculated (Conybeare,

1967; Perrier and Quiblier, 1974). Given an equation relating porosity and depth (such as

Equation’13), snd assuming that the Solid gram height is constant the solid grain height in a

given Iayer where the top of the layer is A and the bottom of the layer is depth B (for an

exponentuel function) is v

B :
HS= j; [1-EXP(-Cwz)ldz = (14)

M
'a

(Perrier and Quiblier, 1974). To find the total thickness of this Iayer B A) at any partucular

depth {B), the previous equation is expanded to give
B-A=HS+(D,/CI# [EXP(-C#BI-EXP(-CwA)l, .

which is solv’e"‘d numerically for A (Sclater and Christie, 1980). See Figure 5.

Sorﬁetimes, in the case of erosion (Fig. 5) or if logs were hot run, porosity- depth
equations are unavatlable It is best to.use the present m-sntu porosmes if posslble
because they mdncatevthe maximum level of compactnon of the rocks but the next best
. ﬁ\lng is 10 resort to composite curves based on the porosity-depth behavuour of recent
sediments of fairly pure hthologies_. Bond and Kominz (1984) and Perrier and Quiblier
(19')4) pointed out that it is often difficult to find thick deposits of homogenous recent
| sediments. |

Porosuty-depth curves of mudrocks are thought to be rehable mdncators af the
_ compactaon history under overburden stress Rubey and Hubbert 1959 Magara, 1978), _
'Poroeuty-depth curves of clesn sandstones may not be so fehable because of the effect .
of cementation. Such plots reflect the present burial condntuons (Magara, 1981).

_ Thereis still the question of how to unravel the compaction behaviour of mixed
sedintent layers. In wells consisting of layers of different lithologies,’ Sclater and Christie
(1980) simply moved the layers up to shallower depths on the porésity-depth curves

, corresponding to the lithology of the layer. This procedure rney be reas'pnable in a column
~ of uniform lithology where al tfte sediments behave according to a single least-squares
curve, but when the sediments are mixed together, they may net follow the same curve.
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We know from examples that a shale unit deposrted between two sandstone units and a
shale unit deposited in a column of shale behave differently (Chapman, 1983). The center
of the second shale may be partially overpressured The rate of compaction may have
been different, over time, in-adjacent sandstones and shaly sandstones Evena smgle shale
'curve may not apply to all shale layers in a column. '

/
Variable grain volume \

The assumption qf constant grain volume isa mmphfncatlon of a complex process. -
Perrier-and Quiblier (1874) and Bond and Kominz (1984 rightly pointed out that the
thickness and densuty changes in sedimentary rocks are not due solely to mechanical .
compaction, the simple squeeznng out of mterstmal water and rearrangement of’ grams In
fact, pore space may increase or decrease: granns may be partnally dissolved and the ‘
dissolved matenal may reprecipitate locally or maybe carrled away. Also, cements that are
not local in origin;’may ﬁrec’loitate around the grains so that the solid volume may not be E
constant. J - | '

For the minimum thickness and density change in'sandstone, Bond and Kominz _
(1984) aseumed that the total thickness of sandstones‘had not changed and that the densitv
~ increase was due solely ta the precipitation of cement from an external source. | o
Calculating the amount of solids (detrutal grains and cement) at any depth is snmllar to
N calculating the solid 'grain height. The porosity at any depth is known from a

porosity- depth curve, and the thickness (the distance between BandAin Eq_uation‘ 14)is
t constant. So the increase in HS with depth can be caiculated fr m Equation 14. An '
assumed initial grain heught (detrital grains) subtracted from HS gives the amount of cement‘ ’

at any depth: However, |t must also be assumed that the ongmal amount of dptntal grains is
constant and that cementation increases with depth; it is dufflcult to model a procees . -
"wher.eby the porosity increases with depth. i,, o S o .
Estimating thlck’(e:: ;hanges over time | B ‘ - ’ " ’j 'f ;
So far, tl;nckn sS changes have been duscussed only with respect to depth of

burlal Perrler énd Quiblier {T9Y4), however developed a useful method of calculatlng the
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incremental layers of the entire geologic column in an area. Porosity logs {sonic, density)
were used.to measure the amount of solid matter in a gnven Iaver within a suge (a gwen
mterval of sednment bounded by dated. horizons). Their use of the term stage is
unfortunate because it can be confused with the stratngraphic term. In this study, the word
interval is used instead. The term ir\terval could refer to a geologic formation,..the interval
between two stratigraphic rrwarkers. or a stage in the true sense (e.g. Coﬁwiacilh Stage).
Perrier and Quiblier (1974) divided each interval into a number of layers i(th)ay called them
slices) which represent a certain fraction of the (constant) solid matter and time in tr\e
interval. The presem\selid grain height vis then compared with porosity depth curves for
recently deposited sediments in order to reconstruct the thickness of the layer during the
early stages of compaction (i.e. using Equatien 14). This ’was eone for the first five steps‘
of compactlon then a stralght line.was mterpolated from the last initial step to the present
. ~jthlckness of the layer. - ‘ ’ , , '
- They also pqmted out that the amount of solid material (grains) in a given layer gives
a better idea ef the actual arrweunt of sedimentation because it is independent of
compaction, whereas the total thickness is not. The simplest way to estimate the average (( 7
rate of solid grain height sedimentation for an interval is to assume that the rate for each
lithology in an interval is comparable The time represented by any layer is the solud height
of the layer divided by the average total sedumentatlon rate of the mterval Thls is a
sumphflcatlon because a continuous section of sedament probably does not have a Imear
time scale wnth respect to depth. However the smaller the stage, the better the age
estimate of each layer in the stage. Perrier and Quiblier (1'974) suggested estimating layer
duration times by assuming a rat'io between tr;e sedimentary rates for every different
lithology in the irfterval..For example the sednmentatuon rate of shale could be assumed to
be half as much as sandstone, whnch is not necessanly true. |

The ma jor drawback of Perrier and Quiblier's decompaction method is that a linear
mterpolatnon is useghbetween the furst few calculated mutual thicknesses and the final
thlcknesses of the Iayers They admn that the actual compactson hIStOFy is probably
non-linear. In the follownng section it wull be seen that if the relationship between porosuty
and depth is exponential (and there is n\wuch evidence lfor this) then the compaction
behaviour of a layer over time is non-li‘r;ear. ‘

. )
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Another dludvenuge of

A od is the need for a poresity-depth curve (and
methematlcel reletiomhip) for recent sé dnments of similar |ithology as those in the layers
being studied. Perrier and Quiblier pointed out that curves for recent sediments are not
siways availsble, especially curves of pure lithologies, since sediment layers are often
mixed. in cases like this it is necessary.to resort to e schematic or composite curve (i.e.
‘Conybeare, 1967; Gretener and Labute, | 1969) which may have a different siope and initial
porosity from the sediments in the area of study. | ‘

As discussed in the method of volumes, the change in thickness of a layer of a
particular lithology is calculated from the porosity curve of that lithology. Again, this may
‘be a reasonable approximation in .intervaTs\of'hZ)mogenous lithology, but the evidence .
shows that when lithologies are mixed, the behaviour is different from that in & single
homogeneous column. So curve'e of recently deposited homogeneous lithologies provide
only an epprm;imete duide for the decompaction of a mixed column. '

Even if porosityfdepth information is available locally, it may not be"complete‘
bec_aese of surface erosion. Also, there‘ is considérable scatter of points around empirical
porosity-depth. c‘urves {Maxant, 1980) due to variatiens in silt ahd sand content, and slight

| overpressuring. A simple, smooth curve may ther.efore’ be geologically unrealisfic.

A third drawback‘to Perrier and Ouiblier's (1974) method is technical. Calculating
initial thicknesses from recently deposited sediments (for a given numbercof steps),
summing the thicknesses for those steps, calculating the slope of the interpolation line,
summing all the slice thicknesses at specific times in the history of the basin: all these
steps lead to a very cumbersome algorithm. Even if it is to be solved with a computer, the :
* longer and more cumbersome the algorithm, the greater the chehce for error, and the

more inefficient and expensnve the computer program.

Fmally, the advantages of their method are that the present, in-situ porosity of the

.rock is used; the porosity can be estimated at any time without worrying about the depth
of burial, and it can be used to extrapolate the compaction history across small
unéonformities (assuming that compaction of the column continues during the gap under

its own weight and the weight of sediment later.erdded) (Perrier and Quiblier, 1974).

a
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Q. A BURIAL-TIME DEPEQDENT COMPACTION MODEL
| individual burial paths for sach layer . _
One possible way to estimate the compaction hostory of a udimenury column i is to
assume that each individual layer in the column has its own buriel peth in the case of a
column of ndeelly homogeneous Iayers, each layer would have exectly the same burial path.
The initial porosity would be the same gnd the rate of water loss, the rate of udirnentetion
{loading), and the rate of any chemical procees would be the same for each layer. In this
| ideal case, a single porosity-depth curve could be.used to restore the thickness of a0y
layer at any given depth. In reality. each layer may have a slightly different path. The
problem is how to determine a mathematical function to estimate ths burial curve for each
" layer.
| The endpoints of the buriei curve‘}or ar:; layer are the initial porosity / thickness |
and the present porosuty/tmckness The present average in-situ porosity for sny layer can
be calculated from geophysical well logs. The problem in Western Canada is that the
considerable amount of .erosion during the Tertiary removed the record of the near
surface porosities. Essentially; the top part of the burial path is missing. gvmif it stil .
existed, the surface porosities may not be representative of the initial°porosities of each
sedimentary layer below. ’ i
Attempts have been made to mathematically reconstruct the thickness of
- sedimentary rocks removed by analyzing shale porosities. (Maxant (1 980) and Magara
(1976, 1978)). The method consists of- plotting the shale porosit L Jdenslty, or sonic
travel time) against depth onh semi-log paper and then extrapolatmg the normal compaction
“trend to an average_ surface porosity (Magara, 1976, used .62). The method is subjective ‘
{for example, in choosino the points that define the so called normal compaction trend) and
the results are questionable. Estimates of erosion by Hacquebard (1977), Nurkowsku |
(1984) Hitchon (1984), and England and Bustin (1985), based on coal rank, are
considerably greater than both Magara's (1976) and Mexant s (1980} estimates, but
agreement has not been reached on maximum values.\Maixirnum estirnetes range from 3

km (Hitchon, 1984) to 9 km (England and Bustin, 1985).
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If each layer in a ndumenury column had a different buriat p:th then itis likely that
tm eurfece peroeltiu of esch Ieyer may have been different eloo Pryor (1973) found that
the eurfece poroeitin of recent sand bodiee ranged from .56 to 17. This is compareble
to the velun presented in Perrier snd Oulblier (1974, Fig. ;J)‘ Rieke and Chilingarian
(1874, Fig. 55) gave a graph of poroait:es versus depth of shalee, from various souroes.

Botﬁ of these grephe sbbw a great deal of scatter of the porosity points, but from the
depositional surface to about 1 metre beiow the surface, the observed porosities for
shales ali fail within the range .85 to .60. Sclater and Christie (1980) simply assumed that
with increasing sand content, the water in pore spaces in the shales would be displaced by
the sand grains. So, for shaly sendstone (50% shale) the surface porosity would be
halfway between sha{e and sandstone. In this study. the surface porosities of shaly
ssndstones are assumed to range from .71 t0.39 (Sclater and Christie used .56). The
surface porosities used in this study, generally, have higher maximum velues and cover a
broader range of values than those in Bond and Kommz (1984). ‘

The precnse ‘initial (surface) porosity of any given layer is unknown, but it is Inkely

~ that the values fall somewhere between the ranges above. So now, maximum and minimum
' buml curves for each layer can be constructed by extrapolating the respective surface :

‘porosities for the lithology of a layer to the present in-situ porosr!y of that layer. This

procedure resuits in two curves forming an envelgpe that §hould contain the true burial

~path/ curve. See Figure 6, (Derivation of the equation for these curves follows in the next

section). _

Coitis possible that a particular Iayer within a column had a surface porosity hlgher or
lower than the values used here. However, this will not make much difference to the
decompaction estimate for the entire column. The use of maxlmum and minimum curves

pesslrmstlcally assumes, for the maximum case, that v ery layer in the column started out

with the highest mutnal porosity in
started out with the lowest mitnal porosity in the range. Itis un%ehle that each layer in

ange, and, for the minimum case, that every layer .

the column followed enher the Ximum or minimum curve. It is more likely that the -

distribution of initial porosities will be fairly random. -

L4

. N . L .
Perrier and Quiblier (1974, Fig. 5) gave a similar graph, again, from numerous sources.“,\
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" The actual burial path ’should'be'\betWeen the maximum and minimqlm curves, biit the
actual path may not be as smooth as these curves. There' may have been some’ |, .
: perturbatlons m the bunal hlstory ofa glven layer which resulted in changes in the porosity
gradlent but these can nc; he foreseen; only the burlal path envelope can be described.

v).‘ There remains the possibility that, at one time in lts hlstory a layer may have

. crossed outsude the boundary of the envelope (as it exlsts today) and later moved back

| inside. For this to oceur there would have to be a fanrly sudden change in the porosny
gradlent Most plots of porosity versus depth generally show a gradual change wuth depth

" (even though there can be scattermg of |nts) Sharp, sudden changes in slope are usually
not seen lapart from the bumps caused by overpressured zones) (see Perrier and Qunbller |

(1974), Fig. 6, Rieke and Chilingarian (1974, Fig. 55).  * ,

A burlal chQ/e is snmply a way of extrapolatnng between the present porosnty and
some surface porosnty As slch, it can accommodate overpressured and normally

' pressured sections. The path of the overpressured sectlon should fall w1th|n the range of

L the envelope Since. these sectuons may have Ieaked the present porosmes may have

\'decreased sllghtly since the tlme‘of maxlmum burlal (Magara 678) Stlll the upper part of
" the. envelope should sufflce to desc;nbe the early burial history. . -
' Now that the burial path or, at least, the limits of the burlal path have been -

. deflned the maxlmum and mlmmum burlal curves must be descrlbed mathematically for

o each layer in a column of sedlmentary rock Th:s can be done elther by descnbmg porosuty
as a function of burial depth or as a functlon of bunal tlme Developmg a porosnty depth
functlon requures )mowledge of the | maxnmum depth of burial of each layer As mentloned
prevuously thls is unknown because of Tertlary erosmn However, a porosnty burial time

e

function can be developed and has certain advantages.over burial depth methods.

a4

The poroslty burlal tlme equatlon ‘ }

’ Flgure 7 shows a column of sedlment composed of |deally homo%peous Iayers

‘ where each layer has the same’ burnal path as that described by the exponential burial » :-‘y
curve. Thns curve shows the behavnour of a layer as lt is progress:vely buried under other

" | layers that behave m exactly the same way with depth The porosnty-bunal time equatlon is

’derlved from the equatuon for the SDIld gram height, HS (Equation 14)

- ‘\g:
L - i | O R
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Introducing this-into Eqdation (16) gives

- Or, solving for C#R,

/ - o | | | IR | ' 40
,HS=<J (1-O(2))dz,
Y0 =
where T is the initial thiekness e,f the layer. This can be expa‘nded'to'

 HS=T+{@4/ CHEXP(-C#T)-1] ~ (15).

H

of

Assummg a constant average solid grain height sedlmentatlon rate (R=HS/t) for each layer

in the column -

Y .
H .

' £={T+(0,/ CHEXP(-CHTIH, /CII/R  (16)

® The porosity-depth equation (Equation 13) can also be written as

W

-CuT=LN(O)-LN(D,).

1=, *EXPILNIO)-LN(O,) -0, +LN(D,)-LN(D)]/ CR.

Y

O

c»h=m°~EXP(LN(®)-LN(®o» -O+LN@,-LNOI/t (17
, o * -

At greater depths (and tnmes) the burual curve gradually flattens. The por05|ty does
not change greatly over the’ thuckness ef the Iayer by the time itis fanrly well compacted
(see anure 7) The average total poros:ty of the layer (which is very close'to the porosnty

,aﬁh? bottom of the layer) after a consderable perlod pf compactuon |s

v . . -
e, . ot

. . A '3 -;: W‘W
Oi=PTHEHS) / PTHK,

)
a0

-
&%,

\a . o ?.q L e B v ‘ |
where PTHK_ls %m present average layer thlckness Ideally the layer should be
N . \ . -
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mfmntesnmally thln In practice, the compacted Ieyers have a finite thnckness in this study an {

"\ arbitrary thickness of ten feet was chosen. The reason why thns thsckness was chosen ‘and

the way in which the average in-situ porosities were calculated are discussed in Chapter 4.

' The symbol TBOT stands for the time at which compactlon (physncal or chemical)
ceased. Since the end points of the compaction curve @, and @', and the time t (TBOT) are
known, Equatuon 17 can be solved for C#R, which is constant for the éurve in anure 7.

Rearrangnng Equatlon 17 makes it possuble to calculate the porosny at any given -

"

time along the burial curve. The porosnty-burlal time equatlan ls

L

0= EXP[O,*EX‘P(LN(Q) LN

. %),5\

(q,» -Q,*LN(O,-tuCHR]  (18).

'é.,’

) ) o &Y g :
E, N i ke A .
For any porosity-burial time curve, ne%ﬁd‘ho«’ R have to be constant, but the product of
s
these two varlables does have to be constant Equatnon 18 gives curves like those in

: Flgure 6. L

As discussed before in'reality the burial paths of each Iayer in a column of

sediment may differ: the porosuty of any partlcular layer at different depths may be -

f?

erent from that of adjacent layers. This is the real behawour with respect to depth, of

layers. Figure 7 represents the ideal behavnour of.any one layer. The depth scale on
re 7 does not refer to the actual depth of burial in nature. To make this distinction, it
sbeen labelled "ap'pare'nt depth.” The-apparentdepth is only used relatively to calculate

- -the thickness of a layer at any time. It should be noticed that the time scale is non-hnear If

'the tum\; scale'was linear, the curve would resemble those in Frgure 6. -
In reality, 0., is unkown for any glven Ieyer So for each/layer consustmg of one of
“the three predomlnant hthologoes (shale, sandstone and shaly sandstone), the maximum
. and minimum ?Jrface porosmes are used instead. Equatlon 17 is then solved for the
maximum and mlnlmum values of C#R (correspondmg to, respectwely the maxlmum and
minimum initial porosmes). The exact porosity at‘an‘y tlme-ns unknown, but 1t should fall
between the maxirnum'and minimum curves (maximurn and minimum C#R's) which are

mterpolated from the maxnmum and minimum initial porosmes to the present porosnty of

the layer



Layer deposltlon tlmee and ages of li‘yers -~
In order to calculate the maximum and mummur%onstants (C*R) of the
porosnty-burlal time equatlon itis necessary to know tl‘ie present age of the top and ‘
bottom of each layer in the sedimentary column represented by sectaon of awell log. In
) 'thls study approximate ages were assighed to formatuon tops and markers ldentnfled in
. well logs. This is discussed in detail in Chapter 4. e | '
A subroutlhe in the program COMP calculates the present age at the top of each
" Iayer within a dated interval (formatlon or stage) and the tlme represented by each layer
(PDT) wstl:rn\that interval When calculatmg the age of each layer a'linear time scale over
each formation or stage i$ assumed. The average rate of solid grain height deposmon
(ARTOT) for each formation or stage in the column is snmply the sum of the solid gram
heights for each llthology in the interval (HSTOT) dnwded by the duratlon (|n millions of

years} of the interval

| R ARTOT=HSTOT/(ABS-ATS). .

" ABS and ATS are the age of the bottom and tep of the mterval respectuvely The average
-tlme of deposutnon of each layer (PDT) m mllkons of years, of a partlcular interval was

calculated by dlvndmg the solid grain helgkt (l-'l‘S) of each layer in the interval by ARTOT

PDT%HS/ARTOT. e A

. The present age of the top of any layer is calculated by subtractmg the present age @
at the top of the mterval (ATS) minus the average times-of deposltnon of each layer (PDT)
;between the top of the lnteryal and the layer of interest. The present age of the top of the
megt re‘eently deposited layer in.any interval, M, is ATSll\}I). The pres‘ent age of the top ot ‘

. the next (older) _laye’r is

AGE(M, 2)=ATS(M+PDT(V, 1)

.~ The present age of the top of the following interyals is



' CoC ‘ AGE(M, J=AGE(M,J-1)+PDT(M.J-1),

“.

wherd J is the total number of layers in interval M. The present age of the-bottom of any

layer (TBOT) is simply

TBOT=AGE+PDT.

The porosity O’ and age TBOT define the coordlnates of one end point of the
porosnty burial time curve. ) R

In order to solve Equation 17 for the constant C*R itis necessary to know the
time between deposmon and maximum compactlon of the layer. For reasons to be

discussed in Chapter 4, 30 Ma appears to best represent the time of maxnmum burial anti

hence, maximum phy5|cal compactlon in the Alberta Basin. Chemical compactnon

(ceg:\nentatnon) is assumed to have continued up to the present day. In the case of physical

‘compaction, tis TBOT-30 Ma. In the casfe of chemical compaction, tis simply TBOT.

Now that the constants C#R and the initial porosities are known, the porosity at any

time along the burial curve can be calculated. In the program COMP (Appendix 1) these
times are represented by the variable TVK. Durmg computer modellmg of porosuty and
thlckness\ohanges over tlme a number of sutuatlons can occur. ‘See Figure 8. In the first
SItuatlon AGE+PDT (= TBOT) is less than or equal to TMK. Obvnously the thickness of the
Iayer at th|s time is zero because it has not been deposited yet. In the next case AGE is

greater than TMK Two new vanables must be introduced here The variables TS and BS.

stand for the age or duratnon of burial, of the top and bottom of the layer, respectlvely at

the time of mterest TMK Here, TS is AGE-TMK and BS is TBOT-TIVK. In some situations,

however, TBOT may | be greater than TMK while AGE is less than or equal to TMK, since TS

cannot be negative it must be zero.
‘In modellmg the’ deposmon and compactnon of a sedumentary caﬂﬁ\lt ‘may be of

interest to know ‘the thickness of the column at a time that happens to fall in the middle of

a layer. At thns tnme the layer i is stnll bemg deposuted but that portuon of the iayer that has

2 f’been depos:ted so far has compacted under its own welght In this case TS= 0 and

BS TBOT-TMK.

v
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SWUATION ONE: AGE+PDT<=TMK
~ ==-= _;' ______ "'TAGE
I ' . I
'HS (not deposited) E
]
hX | : }
R JAGE+PDT
- TMK
_ SITUATlON‘TWO: AGE>TMK .
o ) T TMK
TS ' S
— - AbE—Y S
. - . Bs|
| HS , |
AGE+PDT — ‘L.Q_\

_ SITUATION THREE: AGE+PDT>TMK, AGE<=TMK

'] 3
" E (not deposited) | . :
[HS ‘ TS =0 cmmmmprme TMK
[ o7 'BS ~
AGE+PDT—%—
Y

Figure 8: Procedure for modelling iayer deposition.
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lt was stated prevuously that netther C nor R had to be known mdwndually‘ However,

ol o

-in the case of a partnally deposuted layer |t is necassary to know the solid grmn haaght

. deposatedat tume TMK. In order to get around this- problem it |s best to solve Equation 17 ~

for C, assummg that R for the layer is simply HS/PDT (whlch is equal to ARTOT)

and BS) algng the-maymum and minimurh burial curves can \be’calculated. Seangure 7. .
Calculatlng thickness and load changes; Part 1 ‘

The simplest way to calculate the thickness of a Iayer when the pbrpsntnes at the
top and bottom of the Iayer are known is as follows Smce Cis known, from the

porosnty depth curve, it<can be used in tRe porosvty-burlal time’ equatnon (see Flg 7) For

[

-
>

the upper porosity - L o

©,=Q,#EXP(-C¥T,),

and for the lower porosity

Q,=QMEXP(-C%T,),
'where ‘T,.and T, are apparent depths for thd lpyar .and are used only in arelative sense.

_The thnckness of the slice (T HCK) is T,- T,- Réwrmng the porosity-apparent depth equations

L

v AN(O,-LNID,)=-C¥T,, | '
and
L LNIO,-LNIDg)=-CHT,., -_

. and
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. i

THCK= T,-T,=ILNIQJ-LNO,-LNIDJ+LNID,)/C  (18).

The equation is simpler to solve in thi§ fdrm, and ‘fs not raduced~any further. .T_he'
porosity-burial time equation is solved for LN(O)-LNID,).

Solving the porosity-bgriél time equation reqdires‘ finding the root of the equation.
This c;m be done with a simple iteration process but results in an extremely inefficient
©.computer ;;rogram. A better way of finding the root is by uéing Newton's method

(Swokowski, 1975). This met'héd consists of using tangents to a function to solve for (

successively better approximations of the root. The basic _equaiion is

y=x-[F(x)/F{x)],

where x is the first estimate of the root and y is the (first) resulting approximétion. For
successive approxima’tiohs Y replaced by y.

The porosity-burial time equation can be rewritten as
. ‘

LN(@)-LNID,)=D* EXPILN(O)-LN(D,))-@,-t*CHR.

Let
x=LN(O)-LN(D,)
N
and ‘,
' I
B B=-0,-t*C#R,
then ' , ‘ .

g x=Q#EXP(x)+B.
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Now find the root of this equation (i.e. the value of x such that F(x) is zero). Let

Fix}=x-QMEXP(x)-B=0.

and
F'ix)=1-QMEXP(x),
sothat g
S ‘
|  y=x-Ix-OMEXP(x)-B]/ [ 1-DMEXP{x)].

i

Again, x is the first estirftate an& y is the first approximation. The procedure is carried out |
for the top (t=TS) and ﬁfbnom (f‘—"»‘BS) of each layer. The values LN(®,)-LN(D,) and
LN(O,)-LND,) are put irf Equation 19. '®

L

The in-situ vertical compressive stress or load of this layer is

S=Pbwwg#Z,

* i

where Pbw is the average bulk water-saturated density (Rgbey and Hubbert, 1959). The

bulk water-saturated density is
Pbw=Pf+@+(1-OPg

. where Pg and Pf are the grain and fluid d‘ensitias, respectively (Sélatar and Christie, 1980).
,The‘ fluid density was taken to be 1030 kg/ m’ and the grain densities for shale, sandstone
and shaly\sandéton’e were t;kan as 2720 kg/m* {(Magara, 1978), 2650 kg/m? and 2685
kg/m? (Sclater and Christie, 1980) respectively. ‘

The bulk \;Vater-satu}'ated density is depth-dependent because the porosiiy is "
related to depth. The porosity-depth'gradient within each layer was considerably higher -

' when the layer was Freshly deposited. So the equation for stress for the layer is
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' X Far Ta
' S=gePgw T (1-O(z)dz+guPie T @ i2)dz.
' ' 1 1

The spparent dep;ths“ of the top and bottom of the layer are T, and T,. The strasé is then
S=guPguHS+geP (D, / CHEXP(-CT)) -(Q,/ CHEXP(-CT))].

"Since
~

THCK=HS+(D,/ CHEXP(-CoT,)-EXP(-C%T,)]
then
S=gHHSHPg-Pf)+Pf«THCKI,

where g is 9.81 m/s? and S is in Pascals (N/m?).

In calculating the thickness of sediments in the basin, the column of sediments was
split into intervals bound by dated surfac.es, and these intervals were further divided into
ia'yers. During deposition, each la.yer compacted under its own weight and the weight of
the layers above it, but thére is still a net inc;'ea;e iﬁ the thickness of the colurhn becaﬁse
of further deposition (Perrier and Quiblief, 1974). Each interval gradually increases in
thickness (STZ) and stress (STWT) during deposition; then the s;agb gradually begins to
decrease in thickness and 'stress' over time. Examples are given in Chapter 5. The history

of any interval (STZ and STWT) is simply thq combined history of each layer in the interval.
!As a layer decreases in thickness, the stress at the base of the layer also decreases
because of the expulsion of pore water. The maiimum thickness/ stress was calculated *
using the maximum initial porosities and the minimum thickness / stress was calculated
using the minimum initial porosities. |

The maximum and minimum total subsidence estimates (Chapter 2) were calculated
by taking the difference between the maximum and minimum cumulative thncknesses (T2),

for tho maxwum and mummum subsldence estnmates, respectnvely



Analyses of the thickness and stress changes in older units lke the Nikanassin
Formatnon and Fernie Group show that the magnitudes and ratee of change re very small.
‘See Appendlx 2 (well 1). in the tectomc anelyses it was assumed that H the thickness of
the lithosphere and overlying "uncompact»ble" Paleozoic (and Trisssic) sediments would .
remain constant, so these results are encouragmg The rates of change in older beds g
below should be even smaller. Aiso, errors inH should be smaller over shorter periods of
time. Mossop (1972) examuned dufferqgtlal compaction in the Redwater reef and estimated
that compactton of the framework of the reef was about 13 per cent. So there is
evidence to suggest that the Paleczoic carbonates as Weli as interleyered nhlles
{McCrossan, 1961) do cohpact to some. degree Howaever, 13 per cent is st"Tl a fairly
small figure. McCrossan (196 1) believed that draping of Cretaceous marker horizons over
Devonian reefs below was evidenge of post-PaIeezonc compactlcw Devonian lretoe _
shale in Alb8rta, but he did not indicate the magn'itude of compaction or, more importantly,
the rate of eompacinn. Salt collapse is a major phenomenoq in the Devonian of eastern
Alberta, but again the rate of colizpse is unknown. It is reasonable to assume that the rotes
of compaction irw Paleozoic rocks were small relative to thicfmess increases due to

sedimentation and thickness decreases due to compaction in the Alberta foredeep.
» N , ’

&

Calculating thickness and loed ch-nges, Part 2

So far, it was assumed that HS remained constant for all Iuthologues In the
discussion of chem}cal compactlon, however, it became apparent that ceme_ntatnon IS an
important factor in reducing porosity in sandstones. In their decompection method, Bond _
end Kominz (1984) decided that in the worst-case scerrario for sandstone compaction the
thickness change is zero and the decrease in porosity (and resultant increase in density)is
brought about solely by the premprtatnon of cement from an external source.

The program COMP first calculates the thlckness changes of all three lithologies,

. based on the assumptron that HS remains constant. In the second part of the program, the
maximum and minimum thickness changes are based on constant HS for ehales and shaly
‘svandstenes, and constant total thickness PTHK, but varieble HS, for sandstones. it was

a‘ssun’igd that only sandstone layers contailning less than about 33% shale were cemented.

AssurLing‘_that'a sandstone layer r\as not changed in thickness, the original solid grain height

v
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can be estimated based on the maximum #nd minimum porosities of the layer

© HSO=PTHK(1-0,). SR
. This is done in turn for the maximum porosity (.56) and the minimum porosit;‘.%’?). For
shale and shaly sandstones the solid grain height calculated in the first part was used. Now,
howaever, the total solid grain height will change because of the new sand grain heught
estimates (for the maxlmum and minimum cases) The raé’s of sohd daun height
dcposmon AGE, and PDT were also recaiculsted. '

In Part it was assumed that compaction ceas'ed when loading stopped around 30 :
Ma. Since, except for pressure solution, éementatton is independent of stress, itis"
assumed that cementation continued until the present day. The form of the poros:ty burial
time curve is logarithmic and describes a smooth decrease in cementation and pgros:ty~ '
with increasing &epth‘and tir,he. in reality, the' chénge may not be as smoogh as indicated,
but it should fall within the max / min envelope. It is assumed that poros'ity does not
increase with depth. ’ \ .

If the present porosity of a sandstone is greater than the minimum initial porosity " -
(.17}, then it is assumed that no compaction has taken place, for the mlmmum case. ln most

cases, the present porosity is less than or close to this.value (. 17). So, any mterpolated'

porosity-time line would be vurtually vertical. Therefore, any changg in thickness or den ;
over small time intervals would be negllgnble Any attempts at modellmg porosnty‘nncréase”w
with depth are hindered by not knowing which equation (iinear, exponential) bést SR
expresses this change. . L L

Figure 9 illustrates thé basic idea of the constaht total thickne
for sandstone. This diagram shows the Sands;ene;consistiné of three c::rrirf
fluid HW, pore filling cement HC, and detrital grains HSO. To simplify the cal
program models the situation as if there were only two components pore ¢ ':, £
‘pore fluid. So 0 is the ratio of pore fluig to pore flund and cement: 5 A
_PCW"(PTH(-HT)/ (PTHK-HSO). Refernng to Figure 9, HT is the total solid heiéﬁi ﬂQgHSO *

and HW is the helght of the pore fluid, Cementatlon is dssumed to be concu e;\ﬁvgth i-._,' '




PCW
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»

(the ratio of pore fluid to pore fiuid and cement)
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Figure 9: Procedure for modeliing sandstone cementstion.
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}j\fi‘ret, and then slows do_wn. The detrital gr‘a_in height (HSO) is assumed to be const’g@i’t:

v over tnme

’ The object is-to estlmate the amount of cement and po#e fluid at any time. Thls car?

\,

" be accompllshed with the poros:ty-bunal time ‘equation (E}quetuon 18). In the two’

component system lflund/cementl Qo"‘l 0 SO Equatuon 17 réduces to ‘ R

- > " a : ‘4 (4 o v ‘\
o ‘ ' » C#R=[0-1.0-LN(D))/ t. . ‘

ul

i o v , 1 ‘
Where 045 PCW and t ls TBOT. The constant C*R |s then calculated and then Newton s

| ‘method is used fo soLXe the follownng equations

. . * 3 ) ’ R - ) L ‘J“ v.
| | *,=LN(D,)=0,- 1.0-t,*C*R | '
3 " oo : s o . , . . s ‘ . . k ) o . i.". l
-~ and o o . o RN » \y . o
N ‘ o X;=LNID,}=0,- 1.0-t,4C#R. '

s 6 - .
- - : o
E . . - : < B L

_Referring to Figure 9, t,=TS and 1,=BS. The‘amount of cement at the time BS can be

" estimated by applylng the equatlon for the area of a trapezond to ‘estimate- the area under

v

' thb porosuty-lapparent) depth curve

. . ‘ .
N . 5 pd - Y
" [ ‘ . ;
' N .
o . J .

e T T HCSIHWACY 21M2-EXPUx,-EXPiX, )L, N

& \ - o._

" where HWAC |s the hen&h of water and cement HWAC is assumed to be constant for the |
I e N

5

layer\,\only the ratlo of cement to wdﬂar mcreases Therefo:e the amount of pore water |s
the dlffer"ence between HWAC and HC The load of the Iayer (in; kPa) is snmply

L wT=eB1mis &(l—lSO'@ZGBg kg'/m3+HW*1,030 kg¥m? +HC*2685 kg/m?)/ 1000.

LA -

~ v -t ;

. o The cement is assumed‘}be a m|xture of equal q‘uantmes of quartz (2650 kg/ m’)

' shale (2720 kg/ m’l and calcite (2710 kg/ m’l T‘he thlcknesses and stresses are summed
up as before. The only comphcatlon occurs in the case of partlally deposuted Iayers where

o lBS-.TS)J PDT is'less than one. 3. This factor'is multiplied by_ the present.thlckness (PTH_K) to -



layer, where the pore space is completely replaced with cemen®

in Appendlx 2. . /.

. ! . .
™ . * ' : ) '

get the thickness at the time of interest (THCK). It is also multlplned by HSO to get the

partlal solid gram henght at the time of interest. . -

These galculatlons are then repeated for the. mmrmym surface porostty ( 17) case.

4

In this case densnty increases over time are smaller sunce there is less orngnnal pore space
i, | e | o :

These calculations give the minimum expected change i

or a sandstone

czhay

~ greater for the constant HS ‘celculatilons because much larger i:nitial bulk densities were

. . R X : ' w N )
assumed. Also, water loss must be completed by 30 Ma. So, overali, porosity decreases

due to physical\ compaction are greater than those due to chemical compaction, in this .

model.

E. SUMMARY
j,NOW if the presertt porosity, solid grain height, hthology and age of a partlcular

sedmentary Iayer are known, it is possuble to estnmate the range of changes in thickness

‘and density of that layer over tlme Summmg the histories for ‘each layer in a given interval

glves the burial history of that interval (STZ anq‘ STWT) and summmg the histories for each

mterval in a cojumn gives the history of that celumn the changes m TZ and TWT whxch are

‘ requured in order to estimate the tectonlc hastory (Chapter ‘l)

The results of the deco paqtnon pro#ram COMP for the wells in Figure 1 are listed =

ke f

i

The next chapter degt§ with the parr/meters needed for eaLIctJIating thickness and o0

- density changes, namely estlmated interval ages, time of maxlmum burial, Ilthologles

po‘?&smes and solid gram he;ghts o

» o
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o . IV.STRATIGRAPHY -
A.NUMERICAL AGE ESTIMATES . o %

- Method and time scale ' ' s ‘ o .
S - Since”the decompaction method is‘time dependent, it is.necessa’ry to estirnate the'.
! numerical ages of the Cretaceous and (where present) Jurassic formations encountered in
each well. The drilled depths to each formation are lrstee in the Alberta E.R.C.B». Catalogue ‘
of Wells. FOrmations that were not listed (or were Ilsted at depths that appeared doub"tful)

.were picked by comparing the section of interest with the same section in logs from
» iy y o

’ . . ‘

‘adjacent wells.
The numencal ages of Cretaceous stage boundarles were taken from the time
' scale of b-larland etal. (1982) T?' based thelr ages on averages from numerous
world-W|de radnometrlc age de ermmatlons Numerucal ages from other references, such \
“as Kauffman (1977) or Obradovnch and Cobban (1975), were not used because of thair
reliance on smgle scattered age determinations. In most cases, however the Cretaceous
stage dates of Kauffman (1977) are W|th|n 2 m.y. of those in Harland et al.(1982). The '
only exceptnons are the Albian and Upper Campaman Also, Kauffman (1977) made no
numerical age estlmates for ghe Aptlan and Barremian stages ' '
The ages of the substage boundarles were estnmated by assuming equal tnme
" interval§ for the upper mlddle and. lower substages Wthh is the approach used by
~ Kauffmann (1977, p 83- 84) Kauffman (1977) set up his time scale by assuming equal |
intervals for faunal zones when mterpolatlng between Cretaceous K/ Ar dates from ashes
and bentomtes in those zonecs ThE nhmerous problems mvolxl'%n trymg to da‘te faunal ‘
| zones have been dlscussed a: length by Jeletzky (1978). He observed that equal stage and -

o : zone calculatnons start with hlghly uncertamK/Ar ages and that too much faith is placed in

¥

these ages Also, the faun used as zonal mdlces may have extremely <:llfferentCﬁ

’ evolutlonary rates. so the zones may not be Bqual in duratnon lJeletzky 1978) Actually,
vfor most stages (except the upper Campaman’and the Alblan) the calculated substage ages
usmg the dates of Harlan et a/ (1982) are wuthm 2 m.y. of those in Kauffman (1 877). The

substages as calculated rom the tlme scale of Harland et al. (1982) are assumed to be

\ 2 ) Db

1



-

A}

more accurate than Kauffman (1977). - - \

The ages of formation tops that do not cof"respond to stage or substage
" boundaries had to be estnmated The time scale of Harland et 8/. (1982) was superimposed
on that of Kauffman (1877) which contains the stratugraphy and main zonal indices of the
Western Interlor Cretaceous basm ‘Bearing in mind the observations of Jeletzky (1978)
the ages of some of the formation tops were estlmated by assumlng equal mtarvals for
the zones in that particular stage. The ages were. rounded off to t.he nearest mnlhon years

The diachronous nature of some fOrmatnons wall aiso result in maccuracaes in. ,
numerlcal ages Kauffman (1977) stated that the time span of faunal zones in the Waestern
Intenor Basm averages 0.25 to 0 33m. y. It must be noted, however that some of- his e

zones may range much hngher Through the Cenomanian to Santoman stages, the Iength of "

each substage averages about 1 m. y:. assummg equal interval substages Fig. 11). The

| Lower Santonian is the Iongest substage at 1.5 m.y.. but it consists of ‘only one zone the

Scaph/tes depressus mollusc zone; Kauffman(1977 p. 83)) This i |s exceptuonally Iong

most of the zones are closer to Kauffman 3 (1977) estlmate So lf a formatnon ise

dlachronous and crosses only a few zones the numencal aga of the formation shOuld be
accurate to within a couple of mllllon years accurate enough for thls study This also
depends on distahce, since over large distances (greater Western Canada) 8 formatron may
be dlachronous but over Iesser dlstances (the width of Alberta) it may appear TN
synchronous _ C " S . .

_ In summary, there are certam to be.errors in the numerlcal ages due to inaccuracies’
in datung and due to the diachronous nature of some formatnons but the dates should t,e %

2 m.y. in most cases and even 1 m. y in some cases Exceptuons to thus are the

~ uncertainties in dating the mid- Alblan unconformlty and the Jurasslc formations. Except

for the Cardium Formatuon all ages were taken only tethe néarest million years
Drfferences of Iess than a million years, should not have a great effect on the
decompactron program. The time scale of Harland et a/ (1982) is not the ultrmate auth}orn;y
and erI in all hkelr)'\ood be revnsed in the future Thuckness results can be updated 8i ply

by entermg the new dates into the welrflles and runmngathem through COMP Also itii ; is not

]
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lnter\d'l are calculated ssuming average HS sedlmentatuon rates, which may not match the
actual rates. ‘
« R
The time sca?s used in this study are shown in Flgure 11 (the Cretaceousl and
Figure 10 (the Juras ic). Age determmatuons for the Cretaceous are dlscussed in more
detall than the Jurasslc because of their greater lmportance to this study. '

I

JJ]'aaslc and Early Cretaceous formstions ' -~

\l . '

!

.q,
\‘.

The ages of the Jurasslc formations were estnmated using the Geotectonlc

Corra\atlon Chart for Western Canada in' Douglas et a/ (1970) which was updated with

: recent geochronologlc data from Harland et al. (1982) The Jurassnc formatlons were

| da'ted and decompacted to see.if it was ‘reasonable to assun{e that pre- Cretaceous beds

. contain a ndmber of

compacted negllglbly durlng the Cretaceous\and Tertnary The Jurassic was not mcluded in
the dlscussmn of tectomc subsldence because Jurassic rocks are present in relat:vely few
wells in thls study (only-those close to the Foothills Belt), they have been eroded, and they

o ré&eqUences 'lhese gaps in sedimentation mean that the loading -
hnstory was *hot smi¥oth, therefore, reconstructed thickness estimates will be rough. For
example burlal paths had to be extrapolated across an unconformnty spanhmg the
Tnthoman to Barremuan stages (148 Ma tb 120 Ma). ’

‘ The NOrdegg Format:on (the lowermost formatlon in the Fémle Group) was dated,
but not decompacted It was aasumed to be lncompactable becaus\e of its age and because,
it comprlses ll%estone and calcareOUs shale (Douglas et a/.,1970), a mlxture that is _ o
.generally less compactable than a noncalcareous shale (McCrossan, 196 0. ‘

The table of format:ons and ages for the Jurassic used in thls study is shown in
Flgure 10 Thcs flgure isa moduflcatuon of the Geotectonic Correlatlcn Chart of Douglas
ot al., l1970l w:th numencal ages taken frem Harland et a/. (1982). The formatlons are.
those that are commonly recogmzed from logs by the E.R. C B. Fugure 10 gives the
,maxlmum age spans of Jurasslc formatuons in the Alberta Foothills (where they attain their

maxnmum thncknessesl as mdncated iff Douglas‘et al.(1970). The Jurassnc thins to the east

. due to erosndn so the age spans’ there will be lower than shown on Figure.10. Therefore,

walculated average sedumentatnon rates will be too high in the western Plains.  —
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" Figure 1.1: Cretaceous st;ati‘g’r’ubﬁ%gknm for the Albgrta Plains. (References in text) .
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Cretaceous formetlons | R / |
4 Figure 1 shw the Cretaceous formatuo'nd numerlcal ages used in this study
lnformatnon for Flgure 11 was complled from sources discussed in the followmg

sections. ) -' R

The Mannville Group , .
- Rudkm {1964) mdlcates that the LoWer Mannville Group of the Alberte Plelns
ranges in age from latest Neocomlen to earliest Albian. The Cadomin Formatlon and
the Cutbél\( %endstone appear to be sli 9htly older than the rest of the basal Mennvulle
(Rudkm 1964). Stott (1 982 beheves'thgt the Bullhead Group (Gething Formation and
| Cadomm Conglomerate) in the*Peace’ hﬂier area ranges from Barremian to Early
Albnan in age He thinks these sedlmehts formed an alluvial-deltaic complex that
prograded northwards to the sea in Berremlan to Aptlan tlme There is some recent
faunal evndence that indicates the uppef Bullhead Group is Early Albian in age (Stott
- (1982)in Caldwell (]984)) but the rest of the Gething end the Cedomln are dated on
| 'the basis of floral remems, as Berremlan and Aptian lCeldweIl 1984).
~ Caldwell (1984) thinks it is possrble that the entire Gethlng Formatlon was
deposited rapldly in the earliest Alblen time. This opinion is based on bedding -
relatlonshlps and has not been verified by faunal evidence. Caldwell states
"Whereas itis clear that the Bullhead Group is younger than Hauterivien
and older than mnd‘EarIy Albuan it is equally clear that its preclse age .
" within this span is unknown.”
l’reviously, Caldwell et al.(1978) had stated k :
"The Gething is dated as Barremian, Aptian and possibly earliest Albien.”
- But accordmg to Caldwell (1984)
“Thus, although there is no reason why the Gething Formatlon should not
be in part of Aptlan age; there does not seem to be, at present, any
compellmg paleontologlcal evudence for dating eny part of the formatlon o
as older than early, Alblan Certainly a Barremian to Early Albuen age seems
| _ increasingly unlikely.” % '
;. Burden (1984) on the contrary identified pollen and spore essembleges that renge

,ﬁfrom Barremnian to. Aptian |nghe lower McMurray Formation and Deville Formation .
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(lowermost Mannvilie). He believed that iﬂ:—;ssemblage zone was probably Early
Barremisn i in age. According to Burden { l 984), the lower McMurray on the
Stoepbank River m northaastern Alborta may even be Late Vaiangmian or Hautenvuan
in age. Burdan (1984, p. 250) dlscusud the history of floral-based age
determinations of the Mannville Group in Alberta. Most recent reports put the base
of the Lower Mannville Formation (in the central Plains of Alberta) somewhere

~ between the Lowor Aptian and Upper Barremian stages iBurden} 1984, Fig. 2).

.Assuming the Upper Barremian.substage lies between 121 Ma and 119 Ma,
then the estimated age of the baso of the Mannvillo is about 120 Ma. This is an’
average age: the Lower Aptlan to Upper Barremlan mterval ranges from 121 to 117
Ma, so the ages of the Lower Mannville Group formations (Gething, McMurray,
Deville) should not vary greatly from 120 Ma.

In the central Alberta Plams the Lower Mannville consists of the McMurray
and Deville Formations (Mclean and wall, 198 1). A unit known as the Ostracod Zone
occurs ip the upper part of the McMurray and is usad as the boundary of the Upper
and Lower Mannville (Fmger 1983). A correlative unit known as the Calcareous
Member oceurs in the upper part of the Gladstone Farmation (Lower Blairmore) of
southern Alberta (T. aylor and Walker, 1984; Mclean and Wall, 1981). The precise age
of -the Ostracod Zone is uncertam _Finger (1 983) siates that |t was facies controlled,

" andas such it is pggslbly 'more or less dlachronous across the \A/bmn Aptian

boundary.” Mclean and Wall {198 1) concluded, from studies in the central foothills,
that An age slightly older than late Early Albian seems pr'obable, although an Aptian ;
age cannot be ruled out..." Burden (1984) decided, from his palynological studies,
that the EIIers}ie and Calcareous Members were Aptian to éarliest Albian in age. |
Mclean and Wall (1981, Table 1.) correlate the top. of the Lower Mannville with the

_top of the Gething, McMurray, and Gladstone Formations, and th'o top of the
Ostracod Zore. _ |

The estimated age of the top of the Lower Mannville used in thus study is 113

Ma the Albian-Aptian boundary accordlng to Harland et a/. (1982). % .

dg%g‘l

F
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Upper Mannvllle Group to Lower Colorado Group c o
Deposmon of the Mannvilie contmued until arOund mid-Albian time when the

sea retreated from Alberta (Caidwell 6t a/ ., 1978) The retreat is marked by an

"‘unconformlty the top of the Upper Mannvulle (Grand Rapids Formetton) in the

[

. River Formation) near' Peace River town is late Middle Albian (Caldwell et a/., 1978)

Athabasca Rlver dlstrll:t is Middle Albian, whlle the top of the Uppor Mannville (Peace
The Boreal sea advanogd southward again in early late Albian times, and deposition of
the Joli Fou Formation‘ began (Caldwell et a/ l978l According to Stelck and
Kramers (1980), the duratlon of the hiatus between the Upper Mannvulle and the
overlying Joli Fou Formatnon is uncertain. They have documented the ogcurrence of
an ammonite of Lower #lbian age from the Grand Raplds Formation in northeastern
Alberta ‘lStelck and Kraréers, 1980). They also mdloated that the top of the Grand -
Rapids IS slightly older in central Alberta than m the Lower Athabasca River ares. The
Grand Raplds (Upper Mannville) can, therefore, be no yomnger than 108 Ma. This is

- also the age used for the Spirit Flnver Formation (Steick and Kramers, 1980, Flg 3).

| The age of the Joli Fou' Forrnatlon is believed to be earliest Late Albian
because it contains the bivalve /noceramus comancheanus (Caldwell et al., 1978).

Also, Mclean (1982) mentions that the Ma Butte Formation of the southern Alberta -

- Foothills contains Middle to Late Albian flora. Mclean and Wall (1981) correlate the

Ma Butte Fm., approxumately with the Joli Fou Formatlon and the lower part of the
Bow Island Formation |n the Alberta Plains. The bottom of the Joli Fou Formation .
should therefore, lie close to the boundary of the Upper Albian substage (Caldwaell,
1984 Fig. 8) ‘The approx1mate age, to the nearest million year, should be 103 Ma.
" Therefare, the duration of the hlatus in central Alberta, at most, is about §
m.y. ThlS is close to the duration estimated by Weimer (1984, p 10) for the eastern
section of his dlagrammatlc cross section of the Western Interlor Cretaceous Basm
(U.S.A.). Weimer (1984) also atteripted to date Cretaceous formations and - \
oncpnformities. Unfortunetely, he used a modified version of Obradovich and _
Cobben's (1975) time scale, which is different from the one used in this study. He

also mdlcates an mcrease m the duratlon of the hiatus from east to west

E'

'(approxlmately 5 m.y. to approxlmately 10m.y.) wnth the Mannville Group equwalent
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.bevelled down to the McMurray aoui\)aient in the east. In contrast, in Alberta the
ian uinconformity decreaaes‘ in duration and is younger (‘stratigraph’ically higner) in
the Pyace River Plains than in the central and southern Alberta Plains (Caldwell ot /.,
1978, Fig. 2 to 4). In the Peace River Plaths, the Iower Shaftesbury Formation
correlates with beds in the Hasler F, ion of the Peace River Foothills (Stott, !
1982 in Caldwell, 1984). According to Caldwell (1984) .
"There is no obvioos ‘correlative of the Pelican or Viking Formation in the
Rocky Mountain Foothills or the immediately adjacent Plains.”
This means that the the Paddy Member, which is older than the Shaftesbury and-
Hasler Formations (according to Stott, 1982), cannot be correlated with the younger '
Pelican (Viking) Formation as was done by Mclean and Wall {1981). The nor’t/hern end |
"of Fig. 3 in Caldwell et a/. (1978) runs between wells 1 and 2 (of this study) in the
Peace River Piams Here, the unconformity truncates the Middle Aibian Boulder Creek
Member (Upper Commotion Forma_tion) (Caldwell et a/., 1978; Caidweli, 1984) which:
correlatss with the Paddy and Cadotte Members o_f/the Peace River Formation,
containing foraminifera beionging to the Ammobaculites sp. zone. The overlying
Cruiser and Hasler Formations contain foraminifera belonging to the Miliammina
mani tobens/s zone (which is immedlateiy.abqve the. Haplophrang/des gigas zone)
(Caldwell et &/ ., 1978) Stott (in Caidwell 1984, Fig. 8) indicates that | in the Peace
River Plgins the unconformity (between the Shaftesbury Formatlon and the Paddy
Member ) includes most of upper Middle Albian and some of I6wer Upper Alblan
time. The unconformity shouid roughly, span from 105 to 102 Ma, in the Peace
River plains In wells 1 and 2, the hiatus was estimated to be slightly Iower
stratigraphicaily In these wells it was assumed to span from 103 to 106 Ma (Fig.
SRR N ' _

A:numerical age for the Viking Formation was not determinedi.;ecause of its
proximity to the Joli Foy Formation. Melion (1967) placed both the Viking and e‘._ioli .
. Fou Formations in the Hap/ophragmoides gigas ‘f'or'aminiferal zone. In-this study, -

dates are taken to the nearest million years, and it is diffiouit to resolve the datee of -
.both formations in this zone, which may only be around 1 m.y. Iong or thickness

reconstructions of layers in the Lower Colorado Group (from the Albian
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unconformity to the base of the Fish Scale Zone), the formations were trntqd'a'l s

t
'

smgle unit. ' '

ACcordmg to Stelck and \(Armstrong (1981), the baso of tho Figh Scale Markar
Bed does not fall directly on the Albisn-Cenomanian boundary in Alberta, as is
commonly assumed. They found that it lies between the latest Upper Alblan
Neogastrap/ ites maclearni and Neogastrop/ ites americanus zones at Fort St. John
B.C. and is approximately synchronous all the way across Alberta into tho Lethbridge
area. The approxamate age of the base of the Fish Scales is taken as ge Ma, or

sllghtly older than the Albtan-Cenomaman boundary which is 97.5 Ma according to
Harland et a/. (1982).

- Upper Colorado Group

The next major formation identifiable on well logs is the Second White

- Speckled Shale. This shale contains the early Turonian foraminifer Hedbergel//a

loetterlei and is correlated with the Bridge Creek Lamestone Member and the
Fairport Chalk Member of the Western Internor United States (Caldwell et a/., 1978).
These ynits are later Upper Cenomaman to mid-Middle Turonian in age (see Kauffman,

1977, p. 82); Therefore, the age of the top of the Second White Speckled Shale is

“about 90 Ma and the bottom is roughly 91 Ma. The bottom of the Second White

*Specks is difficult to separate from the rest.of the Colorado Shale and was not used

as a depth-time "marker" ‘ ‘
The next datable formatlon is the Cardium Formation. Caldwaell et a/. (1978)
placed the top of the Cardium between the 7. rochammina sp.'and the v
Pseudoclavulina sp. foraminiferal zones. ‘The boundary between these zones is
close to the Coniaciah ~Turonian bodndéry which is 88.5 Ma according to Harland
et al. §1982). The depositional edge of the Cardium Formation disappears towards
eastern Alberta, but Cardium equivalents can be t;aééd in some areas using 169
sngnatures » | ’ |
According to Caldwell et a/. (1978) the top of the First White Specklad
Shale (the top of the Colorado Group) occurs between the top of the: '

Globigeri nelloides sp. zéne and the base of the Trochammma rlbstonansls zone,
"~ on the Campaman-Santonm boundary (83 Ma) “They state thaf%e First White

«



Speckied Shale i. correletl:le with-"...some of the middie and upper perts ef the ¢ “";.'- .
Smoky Hil Shde Member of the Nlobrere " This is approximately mud-Milee St
Santonian to Iowermost Cempmlm (so0 Kauffman 1977), or npproximately 83 Ma

to 85 Ma. But the base of this shale is difficult to ndentify on Ioge Jeletzky (197 1)
believes that thd boundmee of the First White Speckied Shale are strongly ; "
diachronous, b\h Caldwell a2 a/. (1978) do not indicate that this s so, at least in |

Alberta. Accordlna to Caidwell et /. (1978), the Greenhorn lithofacies appears in the

early Turonian ir‘\f Cemde butin the Iete Cenomanian in the U.S. Likewise, the Niobrara

is Santonien in Capada’, but earliest Ceniaeian in the U.S. They indicate that the top of

the First White Specks is seperatee from the Pakowki Formation by a discohforrhi?y

or pareconformity ‘n Saskatchewsan and Manitoba.

' Post Colorado SuperGroup ‘
| The Lower Campaman Milk River Formatuon is present only in southern
Alberte andis equwalent to the lower Lea Park Formation in central Alberta (Meu jer
Drees and‘ Mhyr, 198 1). Accordmg to Williams and Baedsgaard (1975), the top of
the Milk Ri\ver' Formation corresponds to the bese of the Baculites obtusus zone. ‘
- Based on aeven-interval faunal zones'in Kauffman (1977, p. 83, the age is _ebout, 80
" Ma. Using thé same method, the age of the top of the Upper anian Pakowki
Formation, or base 9f\ the Bacu/iteSQi/be'(\t/ zone (Williams and Baadsgaard, 1 975),
is epproximtely 78 Ma. The Pakowki Formation is the upper mer’nberef the Wapiabi
Group in the north central Plains and is correlated with the top of fhe Lea Park
Formation (Caldwell et a/., 1978; Jeletzky, 1971). -

| Williams and Baadsgaard (1975) place the top of 'tlje Judith River Formation
(Belly River Group) in southern Alberta below the Bacu/ites compress:'/e zone (Upper
Cempemen) According to Caldwell et a/. (1978) the top is between the Baculites
COMpressus end the £ xite/oceras jenneyi molluscan zones. Uslng the even interval
method and Kauffman's (1977 p. 83) chart , the age, to the nearest million year, is
75 Ma. ‘ o ® '
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~ Tertiary: Time of mexlmm‘ burial’
¢ .‘Acoordmg to Teylor ot nl nee&g,m Lgpor Cnucewl roek. of the Atberta

Pl;ins were covered by thlck deposm of P‘eleocene sediments (Raskapoo and Por;uplne

Hills Formations) ehed from the Rocky Mountains during the first of two Leremlde pulun

Theee sediments must have re&ed thuclihesees greater than 1500 m in the Porcupine
Hills area of so,uthwe‘itern Alberta (Taylor et a/., 1964). A eecond Laramide puise from
Eocene to Oligocgne time deposited thick alluvial gravels, which rest unconformebly on”
the Paskapoo (Elsbecher etal. 1974; Teylor er a/ 1964). \
/N%{-Q!'l‘? Oligocene time regional upllfts occurred in the mountains and edjacent
‘ ,plams According to Bally et a/. (19686)

'flt appears that both mountains and plaing were nearly bise-levelled after

.8

' PO . o . : .
Only a fraction of fie great amount of Paleogene sediments that blanketed the plajns
remains today (Tay s ét al 1864) Nurkowski {1 984) estnmqtes that at leest 180 m of

Ollgocene conglomentes have been eroded from the tops of the Cypress Hills in the last

."’

. ‘30 mulllon years ‘Tne eros:on estimate of England and Bustin ( 1 985) for the Plains are even

iy

) greetervlup‘ f 8 kml Hacquebard (1977) discussed the coallf.lcatlon history of Mannville

' coals and used tl'fa mld-Ohgocene as the time of maxlmum burial depth of these coals

Nurkcvislsl ﬂ984l also belleved that thls represénts the tlme of maxumum burlal of plams ‘

w“ » t K R .
P C A é’ L S IRIREN ’ - E .
g, coals Wy » 'é ) ;. _ ;'; . .

lHl’tchoh ( 98Al belnelIed that tbe second Leramude pulse in the Early Eooene

y resulted in Iaer wndesoread eros-oh of thg Paleocene sediments and that this-tjme must

. represeﬁt the tllne gf maxlmum burial. Hla ignores the fact that large amounts of Peleogene

‘ sedm‘lents could' }‘ql/e provnded addltlonal sediment load. ,
. ‘)ﬂ‘ TaYlor at*al (1964) and Bally et a/. (1966) lgamted that since sometlme in the
Ollgocene the Alberta Plams have Leen ina state of uplift and erosion. No slgmflcem

sedlmenf Ioad Whlch may have compacted older sediment, has since been added \(hlle v

part of the Palqocene sedlments were eroded, reducmg the load for a tume the addition of

Eocene snd Clllgocene sodlments lalso eroded later) could have been slmmcent in

j’_: mcreesing the overbunfen loed lsolated Mtocene and Phocena fluvnel gravels, reworked

o ~
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| changes (r .. cementatlon) up to the present day.

o glven Iayer. extrapolated to the Tertnary wzll |

Lo because the welght of prevuously eroded sedime

'sedlments T e e

o

. Tnerefore compactlon is assumed 16 have ended around mid- Oligocene tnme

'labout 30 Ma) The tlme of maxumunﬂ:ompactlon may not’ be the same all over the Plalns
, P but lt is assumed herethat the porosutles and thuoknesses of rocks m the Basin are |
X g essentnally the ‘same- today as they were 30 mllllon years*ego Thls refegs to shaly

E sedlmdhts only As dlscussed in Chapter 2, sandstones;nay have undergone\?emucal

v

Uncertalntles in thlckness estlmates ansmg from error in choosnng a maxlmuﬁ')

burlal time should be neghglble for shaly seduments From the discussion of burnal curves it
was shown that the greatest porosuty and thlckness changes (reductlonsl occur early in the

hustory of a layer Bunal curves tend to flatten wnth age. and depth So the eurves of any L

’ come fanrly flat that is the porosny will not '

change greatly Thl$ is especrally true((or the mmlmum curve, whlch is always flatter than

: . ) : 2 : . e
themaxlmumcurve R S TR N

&-“ N N . . ,' : : “‘ . R A .,’
ln Alberta the effect of Plelstocene glacultlon on qompactlcm is msngmflcant )
s probably exceeds that ef the gIacvers :

(Magara, 1976 Maxant 1980) In addltlon glacual ice is less than half as: dense as, most

@ - : *-n.

Coples of SOhIC/ gamma-ray logs from E. R C.B files’ were used these are marked o

\

ln non-metrlc umts The Iocat:ons of the wells frdm Wthh the sonlc logs were taken are

]
¢

shOWn on anure oot

» .

C®

af L The SOnlc lcg traces were dlgltlzed for each well and. stored on magnetlc tape for

future use The logs were dlgmzed usmg the Tex{onlx dlgltlzmg table at the Department

S of Geology and transferred to the Umversuty\of Aberta’s Anldahl 58§0 computer

The ectual number of data pomts dlgltrzed vaned for each log But averaged about

N three poMs ;Ser ten feet of Iog depth Usually, only the ma;or peaks o the log traces o

o . N\ A .
At : Q' L [ . - . ) N T N
* : \' R \) ,-."‘, E o - . "". 'N’_ i1 ; ,.,‘ . E’“
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igitized, The number of pomts dngmzed depended on the fluctuat ons of the log -

- Often especrally in thlck shale or mudrock, sectuons the Iog traces were fairly flat
: TW became peaked in sandy shale sectrons The reason for dngitlzing from peak~to:peak

" ‘wasin order to capture the major changes of the Iog traces and alsoin order to estimate’

the sonic travel trmes between peak§‘by usnng a Ilnear mterpolatlon method.

' peterml'n'lng Ilth‘ologles . e " - B

__All the logs had a scale of linch= 100 ft so for the sake of convenience, they

were spllt into ten foot mtervals (the smallest marked interval). Each ten foot interval was

treated asas gglehggnogenous layer and assugned to one of three broad llthologucal

: groups base&on the pre mmant lithology in the mterval as determmed from the

\

‘v ( . # . ' . .
gamma-ray Ioﬁ S R SIS e “u}/’
~ The gamma-ray Iog is basrcally an mdrcator of shale content and tan he used to ﬂﬁ

estlmate the volume of shale in the layer (Asquuth 1882). Asqulth { 1982 p. 91 and p. 103) °

gives equatnons for calculatvng the volume of shale, but they have to be applled wnth

R drscretlo% then glauconitic, mlcaceous or arkosic sandstones can resemble shale or

mudrock on a gamma-ray log fAIso organnc marlne shales have hugher radroactuve content
(and hlgher gamn'\a-ray readnngs) than contmental shales (Hellander 1983) In thick shale
rsectlons the gamma-ray count can mcrease wrth depth dusto compactuon and hence

mcreased denslty of graduoactwe elements Thns can be confused -with llthologlcal changes
.y - }’

The shale yolume t:teabﬁ“l er wasr
‘ i‘r 9‘ - ,ﬁ

, whatever mformatlon was avarlable-m the ltﬁture about that partrcular formatron Layers

contammg Iess than 30. per c!nt shale were classed as sandstg\\e/La/yers cbntalnmg from

Sl istnmated usmg the g mma-ray log and

S
30 to- 60 per cent shale were classed as shaly sandstone Layers contalnmg more than 60_

pej cent shale were classed as shale or mudrock ) 5 ‘ R _
It was necessary to know the Everage luthology of the layer in order to have an

estnmate of the matnx translt tlme f e porosuty calulatrons it was also necessary to

“kniow: the lithology in order tO %}lgn a\maxrmum and minimum mltlal porosnty for the layer o

(as dnscussed in Chapter 2) o ) SRR S “-M SR
wowra Ty

ERTRE
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Determlnlng poro ities ‘ ,
Rock poro ities can be measured usmg various logs, but m this study sonic Iogs j J
' were used becaua they are the most common log avallable Formatlon-densnty Iogs and
- Neutron Iogs are i ffected toa grd’ater degree.aby hole conditions and are less reliable
than sonic logs lMagara, 1978l Sonlc Iogs automatncally ‘compensate for hole rugosity,
but can be affected by very rough holes. .The result is that the sonic transut (or travel) times
e fm’ume it takes for a compresslonal acoustic wave to travel ‘one foot of formatlon) are
~ too hlgh lHellander 19831 The depth of lnvestlgatlon of the sonic log is very shallow the .
wave penetrates Only}:ﬂfew mches into the formatuon WhICh usually has been flushed by
| drlllmg fluid. The presence of unflushed gas and onl in the formatnbn adjacent to the
v borehole results in sonlc-derlved porosmes that are too hlgh l‘Asqulth 1982). N?Iagara

A\l

g (1978) pomted out that shale in'the formation: can become hydrated by the drlllmg mud if

lthe hole was open for a Iong time before belng logged Thls results m shale trenslt t es
land calculated porosntles) that are too high (Magara 1978) Transnt tnmes will also b |

| ‘hlgher in poorly consolldated luncemented) rocks and rocks with low effectlve stresses‘

' i“(Hellander 1983). The best &ay to correct the sonic- denved porosity.is b\( comparlson

_ wuth other poroslty logs but i in most wells the sonic log was thﬁonly available porosity*

log Reslstlvrty logs were avallable buit they- often do not gnve very good results,

partlcularly in shaly rocks (Magara 1978) ' ‘ ., L C Q;r-

Magara (1976) calculated a relatlonshlp for porosnty and sonic tranelt tlme T -

_ rom sonlc and denslty log: measurements of Gretaceous shales in Alberta o
?‘ 0=.00466%TT-:317. «
A .. L . : - - L ' ) . . ) - /

_ Thls equatlon i’ based on a shale matnx densnty of 2 72 g/ cc and on water den'slty of

‘10\29/cc(Magara 1976 - R
v " The porosnty oL)dstones and shaly san tones can be found by. usmg an

‘ Aextended form of the tlme-average equatlon (Anstey, 1977, *p 2-45) 'Thls'equatuon
‘ ;P'-\essumes that the time requu'ed for a sonic. wave to pass through a rock is-equal to the sum

: 0?‘ the travel times’ through each com;(onent of the rock fluid (sand gralns cement, and

_ shale grams lAnstey 1977) The travel times for the sandstone midtriA and the fluud were .
. ®

i . o v i . BT -

Ll
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where TTlog is the travel time from the sonic log. |

e | i ® e - 69 -
. , \ R

v

taken as 5-5‘5 microsec/.ft. .and 200 microsec/ ft‘ 'respectively The matrix tlma of
Cretaceous shalés in Alberta is around 68 mtcrosec/ ft lMagara 197Bl,lln a shaly o
' sandstone, composed of half shale and half sandstone, the matrix. tlme is elséut 62
mlcrosec / ft These matrix tlmes are entered in the tlme average eﬁuatlon .

v . o

. . . . J

O=(TTiog-TTmatrix)/ (TTfluid-TTmatrix),
‘® "

- . .

.

Calculating solid grain halghts . . o -

Since the sohic logs were digitized from peak-to-peak, and the travel times were
converted to porosltles the line mterpolated betWeen any two data peaks is analoFous to -
a porossty depth curve for that lnterval The depth mterval may. be only a few feet, or it

may be breater than ten feet dependmg dn the flucteatnons of the log. trace The’ SOlld

: graln height over that mterval may be estnmated by usmg the equatuon fon the area of

trapezoid

-

boundary The total solid gram helght of each Iayer was calculated

hiaw2-0,@,). *
o

- Where D,-D1 is the depth mterval afd ¢, and 0, are the upper and IoWe‘rvporOfsiti‘\es ofthe

mterval . q T Lo ‘,

Often the dlgntlzed pomts dld not fall or the. boundaries of the layer However the

N decompactlon program COMP automatlcally draws a straight line between every two data

ponnts a% nterpolates the sonlc travel ttme at any boundarues that might fall between the

-

points. In thrs way, travel tlmes can be é‘stlmated as layer boundane at each stage
mmmg up the solid- |

kS
gram helght between each two porosuty pomts in the layer Some Iayers have only two

points, (one at each boundary) whlle othelgs have more.

Y

The average porosny of each layer was calculated by dlwdmg the. dlfference

‘between the SOlld graln helght ai;d the present thlckness of the Iayer by the present
-thlckness (usuaﬂ'?en feet). Thls was assumpd to be the average porostty of compactable

’ . .
, ¥
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|lVOrl‘ m the mud-Ohgocene Mest of the roeks in the basm are falrly well compacted. The

. poroaitles ap Iow (usuelly less than 15 per cent) and wpl not vary greatly over ten foot

- mtervals in the shale sectlons Peaks in. the sonic trace do occur especnally in shaly - 4

sandstones and sandstone\s but the average porositaes of adjacent layers are similar.

Sonic Iogs are often useéd for correlatmg formatlons in the subsurface While ‘

~ details may vary, the sonic log signatures are often traceable over feurly large dlstances A
”change inTT of 10 mac;osec/ ft. in a shale (using Magara’s (1976) equation) results in only

| about a 5 per cent change in porosity. So if the Iog traces are: 10. mucrosec/ft then HS
" will be similar in adjacent wells Excludmg major Ilthologlcal and thickness changes the -

solid grain height of a formatnon should also be similar across the subsurface. In the area

. P @
of study the dip of the Cretaceous forma'oons is very gentle sO drnlled tthknesses Should

PR

. “ equalstratagraph:c thldﬂleﬁses B .’ ' ' ‘. o . v



- V.MODELRESULTS '~ o
A. INTERPRETATION OF THICKNESS AND LOAD'CHANGES ¥

4
.

© Cumulative thickness and stress | ' - " S -

The curpo’se of th&‘decompaction program described in Ehapter 3 was to estimate

, the faximum and minimum cumulatlve thlckness (TZ) and load (TWT ) of a gnven column of
_sediment at certain tlmes Subsndence rates £re then Calculated on the basis of the

*" changes i in the maximum thickness/ stress and changes in th mnmum thnckness/stress

*

{
Qver certain time intervals. This section dlscusses the burial hnstory reeults ylth e;a ples 5

from wells 16 and 37 g “'

’

d:'nd thdn.gradually cOnverge and meet. att e present thlckness The rlght hand
por e o
in thlckness is not entlrely smooth This i is because the curve is the sum of the max / mm

» .
f these graphs, whepe deposmon exceeds cornpactlon resultlng in a net increase

curves for individual layers. The lack of smoothness is due to’fferent assurned initial

’ porosmes for Iayers of dlfferent llthologles On a smaller scalqg.the interval thlckness

<

grap\Qs resemble the: cumula‘t;ve thickness graphs The ,mexnmum interval thickne'ss curve

3

‘has.a steeper rate of i increase over the mterval of deposltlon and a ste‘g;er rate of ;
decrease over the compactlonal mterval t:empared to. the mnnumum curve A constant

averagqﬂ§%dqnemon rate Was assumed f'Er each of these mtervals, SO the mtel‘val

-

L
VY

thuckngss has & faurly even lncrease In reahty the actual curve may have been even less

‘smooth ¢

g » . . o

2 Smce the rate of decrease in %23“}' decreases over tlme the rate. of thlckness
decrease declnne\s over tlme in Flgures 14 and 15. ln fact, thlc‘hesschanges over » '
e relatNelyqshort perl“ods of tl lca 5 m Y. ) %speclally in the older portnons of thecuwe.

~ o . [
9w S .,*. . o et . L )



B, Y
LIS
.

s .

P .
P8,
. ".> -
. L F'
o

¢

AR

P T

- 4

. o N ’ \ '

80 85, 90 95 100 705 A1iee 115 120
. o ., . Ma R ‘ o .

-
~—~ W
’

Ve

v

guré 12: Cumulative thickness curves for well 16 (constant solid geain height) . ) _




1

cuomuatvBsTRESS MPa) S

25

0.51

3.51

3.0/

2ol

1.54

L g

o

i
R

Y

S

85

g5 100
' - ¥ Ma

Figure 13: Cumulative stress curves f

P

#

N

] N\
105 110 115 120

&,

well 16 (constant solid grain height! . -

U.MANN 5 e

"

&

Whagy



120  p— - - e + - - —t—
: 0 10 20 30 400 50 60 70. 80 - 90
. . INTERVAL THICKNESS m o
Figuro 14: htorval thlcknoss for the Lowor Mamvallo Group at well 16
(constant grain height). - '
Y q



75,

80}

851

- 954

100t

105}

* . ' . .
\ |
[ "‘,. .
% . ”
-
¥ ‘v(
/
. »
T 1
\_ e |
. | o
“ ' ‘
‘ !
" I |
_ | T, \,
\ \ ' \ v N
\ AN
| _
I SR
150 175 200 225 250 27% 300\3/2_5\
|NTERVAL THlCKNESS {rmy) . C 7 O

-Figure 15: Interval thickness curves for mwpper' Mannville Group at well 16
gur(constant grain solid grain height) . . o o

-



. o
" L
a8y

- 90;
951¢ . K

‘) /o - 5‘."3 i

LA B
100y -~ #
‘:*Mqu‘)
105; -
R A
1
110

118

78

\
* 5
#
A
Poo Y
&
i -
.
{ '
M .
3
)
X
.
M
. @ .
L . -
RS -

\h

X

)
o

50 100_

.- sandstone rm hoiw

180 200 _ 250

300 350 400 450 500 550
INTERVAL smess (kPa) < :

: anuro 16: Interval :u-oss cu'\m for the Lower Mannville égoup at well 37 (vanable

g



|

77

are relatively small. So thickness decreases in older beds appesr to hpvc less effect on ‘

the net thickness changes of the entire column over. yomﬁor intorvmy Th&puviout
assumptaon (Chapter 3) of an apparently unoompacul?lo layer of Paloozolc sediments

"

appears tenable on these grounds. (With the possible: oxcoption of rapid (?) occurroncu

such as salt coljapse or dissolution)

Assuming an average HS sednmentatcon rate and a study decrease in thickncu

over time, the actuakpath or curve for any interval should be somewhere between the

maximum and minimum |M curves (STZ), and subparaliel to these curves. If the burial

path of the nexi‘sadfment mterv}l is also somewhere between its max/min ixtorval paths,

then the actual cumula 've path

“w/

It must be jstres:séd that

used as error bars. Borf and Kominz ) also made this clear, with resssct to théir

resuits. To paraphrase them, the actual patﬁ of thickness changes may lie alond the
maximum curve or the mir{

to both. It is unlukely to lie exactly on enther the maxlmum or minimum path because the

3 dustrubutuon of surface porosmes in modern selﬁhents is fairly wide and random (Pryor,

ranges botween the maximum and minimum curves cannotbe -

ill be subparallel to the sum of the max /min Intorval paths.

i

um curve, or on a curve between thom whuch is nearly. parallel

1973). So the calculated thicknesses and stresites ('IZZ and TWT) sre deliberately too high

ar}d too low for the maximum and minimum casos, respectively. A’,ssummg extreme limits

- ¥waves a certain leaway or margin for natural varihti"oﬁ's in sediment compaction.

4
Figures 14 and 15 illustrate this |dea Over the interval 108 Ma to 113 Ma the

_ maximum and minfmum changes m%c;kneés af the Uppor Mannville (}oup are 307 4m

and 182.4m, respectnvely with the attual change bei gw(awhere botwoerwhcse
‘g’w1ssmmd30m

f)gures Likewise for the Lower Mannville Group which

-~

r the ma |mum and mlnlmum cases respectlvely The maxlm’am total /aszsiﬁonca rato i8 -

“the cr}\ge in the maximum thuckness over the mterval 108 to 113 Ma:
TZ,0" TZ,,,—290 5 m. The chang: in the mnmmum thuckness ss’ 1 79 4 m. So the actual total

subsndence is somewhere in thé\range 290 5 m ta\179 Am.itis wrong to assuma that

"

the maximum and mummum changes were 307.4 m -3.0/m=304.6 m and 1824 m m 16. 9

m=165.5m because itis unlukely that the actual path\ccm'esponded exactly to the
(o
maximurmor minimum curVe iti is even mora unukdl%ﬁm the actual ptth wduid corro

to the maximum curve for one mterval andto the mlmm curvo for tho nex%t untorv
‘5, ’b" - 'i . . s

s . . T ¢ !.~

T [ ‘\-.‘r ; v_\/'

My, e

nd%
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. v/ce veru. 'l’hle would result jn an (rmpoulble) quirpum tﬂicknese change over the given
lntervel. b\n eleo would result in undereetlmeteh of the total wckneu during later perlode
ln‘the colummhuetpry The objectis to calculate the ct\enge in the maximum and mlnlmum ‘

/ B B
- .

thlckneeees & the maximum and minimum thickness chenges

Fugure 12 is the result of consistently eumming up the maximum end minimum layer
4 thicknesses over time to achieve a continucus thickness evolution. There is a general. -
Jincrease, over time, in the limits betwien the maximum and minimum curves. This |
\\ - u‘divergence is ceueed by assuming a high mexumum initial poroslty (especially for shales)
| over periods of relatively high HS sednmentataon rates. ) '
Co’netent vereue ve'rl'eble grain height : 3 .

The differences between the resuits for gonstant and verleble solrd thicknesses

Gl .

Were very slight (Appendlx 2). Nevertheless, two tectonic history tables were celculated
for sach well, ope for'constent and one for variable HS. For the. tectomc hnstOry estumates
i m Pert |, itwas eee\hll that the greun height for ell‘hﬁhelogles was co,nstant For Part I, it t

wes eseumed thet tl‘ grem helght ofall sandstones was‘varleble is was! applied
conslstently for sach ihterval in the column There was no n‘nxmg 2; rbsults lHS constant '
d\for ‘one interval, venable for the next), even though this could result in larger and smaller
N- )ft'“cknen Overvug interval of study the results fron”'t elther tectomc hlstory "
S::Ie-whlch gave the hlghest maximum and lo st minimum changes were used to defme

#

limits of subsndence over that mtervel The burial histories and tectomc hnstones ¢

usuming varisble ee@ne grain helght arein Appendux 2. . . A
Normelly for constant HS the maximum stress values are hngher than the mmnmurn

velues beceuse of the greater (assumed) porosities and buik densmes HbWevér assumlng
verueble\“emdstone HS, the mmumum stress cen'be lerger than the maxnmum stress in
“ - lumns, with large amounts of sendstcne This has to do wuth the initial poros:ty » " -
Nsumpuon lf Q.- 17, little or no cement i |s needed to reduce the poroslty of 8 layer to its
o gorosrty At 0,=.56 there is more cemgtﬂ;io depos:t and the rate ofcementatcon .
& opqrnonne faster.In the' model aniugly ;pdmxmn stregs v;iglcatch up Vl(l#t;,l g
by ‘u m Pw=1 0’3Q’k9hn’) .s'repucad by cernenthcenv=2690 kg/nl»)

| x-nplyef mns, ln well 37.is shown in Fuqure 16

o ! e
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In well 37 the' llthology of tha Lower M-rnvma Gr&p was lmarprated is 1oox

“sandstons. The interval micknelellndﬂrn!) um\nmweenm eumnqlpm »e

similer to well 16. For varlable eandatone grain helght ofm’ thare la no ehan&a ln
thncknees after depoeitlon (The aaaun:lbtlon that eandatonea arb lncompactabla raeulta ln :
lower retee of change in thickneea for lntorvale with lsrge amounte of eendatona)

b However tha interval atrese ‘for variable sandstone grain h"ﬂht is Q’-"“" because ‘t

~ Compsctional subsidence

. cur\/és decrease Generally HS sedumentetlon was extremely Iow in theee cases.

-, : pr&o SS,
’ would be- o0
would not be cepable of preeetvmg great thccknesees Negatwe tohl sdwdence foguree

. mcreaees rather thah decreeees, over tinre, illustrating that wlth a hlgnar assumed

porosity, the rate of cementatuon must be faster. Even 80, the constant oram height
column stlll undergoes qreater stress changes because the water-fulled bulk volume is
much Ierger

)
L
L 3

Another thing that ehould be explained is the tendency forv sorne curnu]ative burial
history curves to decrease in thickness over certajn periods. This can be sean an ?lé(wa'

12 over the Second White Specks to beee of the FJSh Scales mterval Here compectlon

;exceeds sedimentation, resultmg in a net decrease in cumulatnve thickness. Thue decrease «

ig due to 4 combination of low HS sedimentatiors rates and high mntnal,poroeltnee (it only

T appears in shale sections). Thl3 phenomenon was not observed in all {wells 'l’here sre, |

however, some wells in which both the maximum and minimum cumuletlve thickness /,(’4 \

L} Flgure 12 is turned upside down it resembles Perrier end Quiblier's (1974)

: was elther a basemenf uphft orsee bottom subsrdence (deepenmg weterl / ould' as thoy ‘

suggested reflect an ectual event, rather than solely belng the fault o6+ - llng ‘
\ summg §,constent sedirient supply to a marine baf h, the ub;ldono eas
iKY presermgmoresedom H‘mshthebwn atornearbasalaval

i

Y



80,

may aiso be mterpreted as stable areas nelther submdlng or rlslng If the total supsadenc)e :
ratesgare low or negatnve then the ZTI rates can also be negatlve S o ,/
Actually, in a snmple umaxnal compactlon model (Chapter 3) compactlonel o~ /
subsudence should not qccur since there is no increase in the effective stress (Rubey and
Hubbert 1959) ln reality compectlon is much more compllcated and stress equullbrlum IS .
llkély to }pccur gradually over tlme and depth rather than 1nstantaneously as is assumed nn‘
. sumple models (Magara.. 1978) ;\ ‘
Unconformltres“‘- o | L R S
A final thmg to cons:der is the problem of gaps in the sednmentary column, Perruer
. and Quibliet (1974) sumplﬁassumed that- compactlon of a given column oontlnued overa |
gap under its own welght InFigure 14l the maximum and mammum thu;kness curves wer%
.. extrapolated across the Lower Albian L‘mconformlty If cornpactuon was delayed ecross
thls gap the result in aSSummg gredual compactnon will be an underestimated total
thlckness especnally in the maxlmum case. There w»ll be less error for the mmumum case
smce the thickness curve is generally tlatter; so comipaction across the hiatus in Ioadlng is
minor in Figure 15 {the Upper Mannville) the. amount‘of sediment eroded is unknown, but .

-

the preserved sedrments must have undergone compactuon below the removed load.

- There may have begp a dglay until the previous overburden load was exceeded (Magara

1978) and then compaction resumed. Agam the maxlmum thlcknessmay be

underestlmated _ . ‘
Smce these CUrves flatten thh tnme the error in thuckness changes will be

Inegllgnble over later ‘ntervals

/-/ S

B. MAPPING THERESULTS .~ . . S
N [

The results of this study were mapped over the intdrvals lndlcated in Flgure 3.The
followmg maps were- produced present total thlckness present total graun thlcl&\ess N

' _maximum and mlmmum total subsndence rates, and maxlmum and mmlmum tectomo rates
. = _ ~

The present total thlckness maps were contoured usmg well log thlcknesses plus

| mformatlon from maps in Rudkin {1 964) and Wllllams and Burk (1964)., - s

! .
5.



- ) . The total subsndence and |sostattc tectonic subsidence values were used to
stlmate avarage subsidence rates The Iargest maxlmum values and |owest minimum
‘ . valuas from either the tectomc hrstory for constant HS or variable HS were duvuded by the
T . duratron of the mterval of mterest to get the\average/hlgh and low rates. These\ﬁgures o
were plotted oh the maps of the study area and\«ery Ioosely contoured so that the general
© pattern of varnatlon in maxlmum and minimum rates would stand o,jt) In this way, reglons of
" more or Iess the same rates could bhe more cleaﬁly dlstungulshed The true rate should then
. fall between the rates on these n‘faps The subsrdence maps Were suberlmwed on the

lpresent total thuckness maps for the respectnve mterval In this way

o -

A
varnataons in general p rns of these maps can be- een more easily .Strictly speaking, the

, ,subsudence maps are. rﬁaps of

\ - eustatic sea Ievel change wfbe felt asm W|de th subsudence patterns should not vary

e o, "/

mumanerally |gnored :

Some of. the dated study mtewvals were subgdivided to examlne subsndence changes

for these "sub-mtervals " Instead the subssdende d : o'se sub- mtervals is based on

,,av*e sedlmentatnon rates {HS) rates for the w\hole stage. ,
. - o Detanled dlscuss;c/)n of the maps along with the subsudence htstory (basm hlstory

from other sources) i is contamed in Chapter 6. 1 o

‘// S .
... Reliability of mu’its e ‘ o . 3
_ In mterpretmg the results, consnderatlon must be gwen to the m'eamng of the ‘
f:guress There/cs no wiy of calculatmg exact quantltites whethar they are subsudence
rates, or reoonstructed _thncknesses or stress‘es. T,hevnumbers onﬂthe subsldencmtvs -
- maps holdf"sig‘nificance' efly as themost-likely limits of subside‘nj:ebase_d on the "best-fit"

" ages (Ct pter 4. mostlli'l‘gely maximum amninimum,surface porosities (Chapterwp).'

, physncal compactuon ceased at 30 Ma. The initial porosity, the end point of il the ‘

cjsmpactnon curvas was dehberately overestnmated (and underestnmated) in order to

Vs

Saht thnckness \

mpaged and parallels or .,

)

J sndent:e plus sea Zevel change Howaever, since a major o

B

‘average. sedimentation rates, and the assumption of gradual, steady oompaction which; for

e
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o - . , . . . M L
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defme the Iargest likely envelope for changes m aubsldeppe ‘
The actual rate of basement movement probably lles between the maximum 2 and
. the munlmum ZT values. Even if an exact. quantity cannot be eetabllahed ‘the-basic patterne
. of subsldence can be seen on the subsidence maps The values on the maps should be r
used ina seml-quantltatlve. way. The difference between the maximum and mlmmum Z and
ZTl values mdlcate the uncertalnty m these values Generally, the smaller the dlfferences,
the better the subsndence estimates. On Flgure 12, with respect to cumulatlve thickness. -
: estnmates the uncertainty is Iowest during the Lower Mannwlle and much hlgher in the
thnck shale sections of the Upper Colorado X _ -
mng to account for flextlre (m a sense trylng to reduce the size of the range : o.
between Zmax and ZTImin)’ could actually result in greater uncertamty because of the
assumptlons that have to be made about the gaophysncal propertles of the Ilthosphere In
effect a flexural model would remove the! reglonal trend from the results over a. gnven ’
‘lnterval and leave behmd local varlatlons Sawyer { 1985)vused both flexural and lsostatlc
models ina study of the tectonic subsidence of the U. s. Atlantlc Margm ‘He found that the oy
flexural result removed the Iong wavelength component of sedlment Ioadmg whlle the
local loadmg model removed equal amounts of the Iong and short wavelengths However
the general appearance of h|s results (plotted asa curve), i.e. the changes in slope etc
‘were slmular Therefore a flexural model would not improve the accuracy of. the S
subsndence rates af\d would likely result in slmnlar subsuience contour patterns
‘ The next largest error, after errors in the thlckness change of the sedimentary
. column, is in water depth changes. Total subsldence and sea level change is glven by

| ' i -

Z+DSL=DW+DTZ.

K

\ec‘tdnic subsidence pl‘us sea level change is given by ' l_" _

. - . c
S -

. ZT|+DSL=DW*le-Pwl/»Pm'+DTZ'DTWT /Pmwg.

a
o ~.

‘ Assuming Pm‘=3300 kg M{and Pw=1030 kg/m?, then for,example, over ab m.y._
©interval, if the long®erm change inwater depth is 10 m the r\ate/o%:hange is 2 m/Ma for Z

A3

»



‘/
and 1 38 m/Ma for ZTI For 25 m, the change is 12.6 m/Ma for Z and 3 44 m/Ma for
¥all For‘jo m, 25 m/Ma and 6. 88 m/Ma. So changes Iess than 50 mare actually Iower )

L "‘“than the. ranga between maxlmum and mlnimum subsidencé Fates In the maps In Chapter 6 :

BN
- Small errors in water depth changes are ovarsﬂudo\\vv;iby uncertainties in the thucknesses

of the sodnmantqry column and can be ignored.
St
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.. VI.BASINHISTORY

ThIS chapter brmgs together the results of this study. with p?evuoualy publlshed

nformatlon about history of the Alberta Basin. , " : S

Regional Geologlcal Hletory

e This section dlgusses the general hlstory of the basin during deposition of the

i

t

. Lower Mannville Group (Gethnn. and McMurray Formatlons) L o

Oeposmon during the Lower Mannvllle tlme followed a perlod of uplift

o pedlmentatuon and mclsement of the Plains by northwesterly flowmg ruvers lMcLean

1977; Elsbacher 1981). The topogaphy of the sub-Cretaceous erosnonal surface o

 consisted of rlng%O‘f resustant MlsS|s5|pplan and Devonian carbonates which extended

Jfrom northeastern Brlt}sh Columbia to Alberta and Saskatchewan lWllllams 1963). The

relnef on this surface was. between 100 and 200 m (Wl||l8m5\1 963). -The Lower Mannvrlle

X

is absent or thin over the’ ndges (Ruljkin, 1964). Putnany (1983) pointed out that dlseolutlon

of the Devonian Elk Pqint and Duperoyv Formations in eastern Alberta created depressions

that cohtrolled/'edimentation as wéll. So, topography played a major role, in determining '

" the dlstrubutlon and thlckness of the Lower Mannw\lle (Fludkm 1964; Jardme 1974)

Contmental sedlmentatuon was dommant in the study area durlng this time (Rudkln
1964). The Mannvnlle Group was deposuted in rivers, lakes, and swamps, on W|de RS

floodplams that were very close to sea level (V{lnms "1963). Filling of the river yalleys '

| _was due to the the gradual rise in base level resditing from southward transgression of the

| bfreal sea. (w-ulins, 1963; McLean and Wall, 1981). To the north and northwest, the

rivers became estuaries qulllarns 1963) Accordmg to Rudkln (1964) the facies of the
Lower Mannvnlle change from south to north gradlng from nonmarme to mlxed marine and
.nonmarme to marine. The MoMurl'ay Formation makes up the Lower Mannvulle of central

+ and northeastern Alberta. Curragy and Krarhers (1973), recogmzed fluvial, estuarme-deltalc

.and brackish water-marine |£Of8€l95 in the McMurray. The Gething Formation lplus, to the

a
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for weet. the Cadcmin Conglomd(etel makes up the Lower Mannvilie in northwest Alberta.
The Gethlng Formatlon is dommantly alluvlal-deltelc lCaldwell etal., 1978l The Gethlnb

: formed an epormous delta ln the Peece Rlver erea. where it attelned lts maxlmum thlck\ness

lCaldwell 1984, Stott, 1984) These delta depoelts grade northwerds into the marine bed

deposlted lnMptlen boreal eea lStott 1984). - '

Accordlng to geldwell et 8/.(1978), the Boreal sea may have transgressed as far

: south as northeestern British Columbla by Aptlan time, Eut it proba"bly did not reach the

-

study area. The boreal sea,.as recorded in the Gething Formation, only came s far south '

as Peace River (Stott, 1984)’ Williams and Steick (1975) su’ggested that the Aptian

t flooding of the Gulf of Mexlco and lower Mackenzie Rlver valley areas represented '

eusutlc séa lovel{lse o ‘ : E . ’ t

~

S ¥
This perlg’)d was also marked by major tectomc movements The basal

conglomerat of the Blan Group ,the Cadomin; is a pedlment deposit, resultmg from

uplift of the mi '“ranges of the. Rocky Mountains in early Cretaceous:time (Schulteis and

Mount]oy, 1978; McLean 1977) “According to Rudkm (1964), the general westerly T "

.-} increase in the thlckness of the Lower Mannville along the front of the Cordlllere and

BSP\CISHY in the' Peac@rver ares, mdlcates greater subsldence there. Celdwell l1984) says

that the deposmon of g /eat thlcknesses (>750 m) of Gethung sediments over a relatlvely

horttime (Aptlan-earllést Alblan ?) |mplles a sudden tectoni¢ upllft of the Cordlllera with

bsequent eroslon end rapld deposition. The Peace River Arch remained collapsed over

//and Burk, 1964; Steick, 1975). | D

Ouring this time, sediments came into the basin f'r'om the south (U.S. western

— mterlor) via northwesterly flownng rivers; from the east (the emergelnt Canadian Shield);

rom the west lthe Bt mterlor) (Rudkin, 19 4; Jardlne 1974). Taylor and Walker
l1984l examined the dispersal patterns of Cretadgous sediments and concluded that

\ B
- .during the ear y.Cr Jetaceous even durmg perlods f rel tlvely high clastlc lnflux the

peleocurrents were‘allgned subparallel rather than perpendlcular to the Cprdlllera

is time, in fact the to& of the arch fulled with McMurray and Gethmg sandstoﬁ;s (Wllllams

Al this mdlcates a northwest trend of paleoslopes dral ge. and sedlment s

thickening, rdther than a slrﬁple thlckenlng trend perpendlcular to -] Corduller as
modelled by Beaymont (1981).” |

A



' seen on Fugure 17. but the trend indicates a locus to the northwest.
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The present total thickneg {TOT) and present solid thickness (HSTOT) Fig. 17) |

retlect the compllcattons of the sub- Cretaceode eurfece The TOT map was cou’npleted

with mformatron from Rudkin (1964) it shows»a general thlckermg toWards the west and
north, but with considerable variations due to topoqraphuc effects. Becauee of the
consnderable depth of burial, compactlon of the Lower Mannwille is severe. The HSTOT
map is basically the same as the TOT map, except in the central ‘region where the HSTOT
values are slughtly lower, reflectmg fairly low porosity values This map shows the preeent .
solid thnckness Reconstructed solid thicknesses, based on a surface porosity of 586 for
sandstones are a bit larger (Appendix 2). The locus of maximum sedlmentatlon cannot be
© Stott (1 984) estnmated that the sedimentation rate of the Lower Blanrmore in the
Foothills was between 100 to 125 m/ Me This is considerably higher than the fngures for

~

this study area.. . "

Total Subsidence 2 ‘ ' o o

The basic patterns of the present total thickness (TOT) and th;toul subsidence (Z) -
maps are similar (an 18) Subsudence increases from the southeast to the northwest,
following the pattern of sedument dlspersal parallel to the Cordrllera However, the lows
and highs in the central area correspond to topographrcal hnghs and Iows 80 they may hot

reflect true subsudence : /.

Since this is the first mterval over which the thlcknesses were reconstructed Zis

essentially the estnmated thlckness of freshly deposuted Lower Mannvnlle % diments

 (divided by 7) For ‘example, the Lower Mannville is presently 129.5 m thick at well 3.

‘ However the reconstructed thickness estimates range from 280 m to 196 m.

The highs from the maximum and minimum maps range from 40 to 28 m/ Ma (wells

1, 2, and 7). The lows are around 3 m/Ma (well 43). The difference between maxlmum and

minimum values for the same well range from 13 to 1 m/Ma and ave{age around 10

) m/ Ma. Thns is fauriy low;-the differences tend to increase over later intervals.

(
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Teotonlo Subdldenoo @m ” L \
Bmcauy, the ZTI maps, Figure 19. are just 8 subdused versfon of the Z maps. The
hnghe from the rnaxamum anid mmimum maps range from 20 to om/ Ma The lows are

around ‘I m/Ma. Differences between meximum and minlrnum values renge from 9'to 0

m/ Ma, but, moet avereqe leee than L] rg/ M'i Deeper areas of the pasin, the west and

: northwest probably experlenced greeter subsudence These maps reinforce Lhe idea of a

. 188 1) Topogi'ephy still dete\mlned the pattern of sedimentation to some extent with
A thncker 'deposits occupymg the valleys, and hlgher sand/shale ratlos on the rudges (Rudkm

B. EARLY ALBIAN (113-108 Ma)

‘ Glauconltlc and Wabiskaw Members the Clearwater and Moosebar Formatlons and the |

3 low mf{.Pnce River‘gistrict. The creatlon of a regional low in that area wesprdpably due
ol

to thrdewoad emplaceht%t and arisein bue level, as noted before Any ZTl vaiue Ie\

M ct 31‘ topography/\

where estimates renge from 20 to 10 m/Ma.

Regionai Goologlcal Hlstory ‘

L ' ,

This section deals with the Upper Mannville Group ‘and its correlatnves in the Plams /

Ay

These mclude from oldest,to youngest the Ostracod or Calcereous Zone the Bluesky, _

Grand Rapndsjormatnon (Upper Spirit Ruver Formatvon)

. As wuth the Lower Mannville draunege of the mtenor Pldirs was towards the

\ -
pN 5

northwest along a subdued version of the sub- Cretaceous surface (McLean and Wall

R

. 1964) The structure of the Mannv:lle in eastern Alberta was controlled in part by’

~ differential compactuon over relief on the sub-Cretaceous surface, and in part to collapse

due to dissolution of the Devonian EIk Point evaporites (which occurred during 'an_d_aqfter |
Mannwille time) (Jardine, 1974; Putnam, 1982).

The most important event in the basnn durmg this mterval was a major manne .

invasion of the Alberta Plams whnch began in the early lower Albuan the Clearwater | .

transgresenon (Jétetzky 1971 Caldwell ,1984). This was the flrst ma jOI’ mundatnon of the |
basin sunce the deposition of the Kaotenay Group ar‘Nukanassm Formatnon in the latest

L
cot
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Jumole-urlmt Crmcooun (Stott 1884) Finger (1883) stated that ?c Ontucod Zonc v
...marks the initial subsidence of tho Waestern Canada Basin wlich - -
subuquomty led to the nouhward tunogrualon of the Moodebar-Clear water

3
RN 3

o -boreal sea.. C _
~ The Ostracod Zono represents a series of marginal-marine faciosTdsm;rinc to lacustrine)
which migrated south, ahesd of the borul ses (Mcl.un and Wali, 1991 Finger, 1983).
Stolck (1878) bollovu that the Pneo River Arch may have blocked the transgrucion of

. - the boreal sea throum the early DAIbian, But by the earliest Middie Albian the ses crossed
" the srch and moved into the Athabasca srea. The boro'al ses movod southward along the
urly Cretaceous drainage systems down to sround 52°N (McLun and Wall, 1981).
Stott( 1984) and Taylor and Walker (1884) beliaved that the sea may have moved wnh
farther south, possibly into-Southeastern Alberta and Montana. ’
Caldwell (1984) suggested that during latest Gething time marine tongues

surroundod a chain of islands which were 2 paleogeographsc expression of the foreland
bulge an upluft that occurs adjacent to 8 Iithosphmc downwarping (Beaumont, 1981).
When the tectonic loads were removed (sroded to form late Gething sediments), and/or _
sea-level increased, the ’l:;}aﬂd: submerged. Whatever the cause, thé Clearwater' ses |

. despened and drowned the topography in Alberta. Open marine conditions expanded
across the Prairies as far south as North Dakota (McLean and Wall, 1981; Caidwell, 1984)..
The sea was still fairly shallow, probably not exceeding 100 m in the northwest Foothills
‘McLean and Wal, 1981) R S

Tho m withdrew quickly, leavmg sandy nonmar\gsadcments of the Grand Rapids

“and Spirit River Formations (Calcwell, 1984). The probable c?tfsr of the regressn.'sﬁ is

~ thought to be a major influx of northward encroaching sedlment resultmg f\om increased

» \

tectonic mqvements in western and southwestern Alberta in the lower to middie Upper
MamviL,oNullims, 1983; Caldwell, 1984).
Caidwell (1984) stated that it is uncertain what controlled the Clearwater
transgr/euive-rogresswe couplet (althOugh it appears that Cordilleran uplift may. have aided
. o fact h a W f '
- y ssion), but the fact that such a de srea beyond the orcdaep was affected

a

sugoom oustltnc control.



Huicrou tramqrution which on!y rolchod thc Pm Rlvor rel ,
prevailed in gontrnnnd southern Alberta (Cddwolt 1984 Stott, 1984) Huicrou
‘regression ia marked by a djsconformity ac;rou thc top of the Grand Rapldl and Pom
 River Formations (Caldweli et #/., 1978). '
Akcording to Rudkin (1964) the loci of maximum tubl&donco lnd udimomnian
were slong the Cordilleran forodnp Stott (1984) utimatod that the udlmonutiqn rate in
‘ the Foothills area during the Upper Blairmore was from 15010 175 m/Ma; mln this is
considerably higher than in the study arga. The present thickhonv map (Fig. 20) shows a
" distinct thickening trend to the west and northwest. Tho HSTOT map shows's similar trend,
but the thicknesse: olowcrbyround!bm Tmmpog'tphyn-notnpronmw:m 4
was in the Lower Mannwille.

? The discrepancies between mo:gT and HSTOT maps are good oxlmp\h: of ‘how
compaction can obscure the record of subsidence. For ingtance, the pr‘s;nt thiqkniun
in wells 16 end 35 (B4° N, $10° W and 114° N, 50" W) are aimost squal 160.3m versus -
159.1m. Judgmg from these figures it would appedr that the total subc ce.in both .,

Qvells,was sbout equal. However, thq compactnon sufferad by, udlmoms m well 35 was
greater, 8o the reconstructed thickriesses (especially since well 35 containg a lot of shale)
are grester, as are the estimates of subsidence (86 to 56 m/Ma for well 35 versus 58 to

. 36 m/Ma for well 16). . |

Total. Subsidcnoo (z)

_ ’ The subsidence over this interval is consnderably ‘higher thm for the Lower
Mannvnlle The foredeep trough appears to have expanded eastward. For tho most part,

' there is parall;lnsrﬁ between the Z maps and the TOT maps (Fig. 21). Subs:doncc is lowest
in the southeast. It increases rapodly towards the Cordillera in the west, and to the Peace
River ;nroa in the northwest, indi&:ating probabie loading by thrust sheets. B

~ The htghs from the maximum and minimum maps range from 124 to 84 m/Ma (wolt
1). The lows range from 18 to 11-m/Ma (well 39). The difference between maximum and :
minimum values ranges from 40 to 6 m/Ma, and averages somd 20 m/Ma These
dnfferences increase towards the northwest, where the udimonts sre thacker B
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Tectonlcsubaldence l).. ‘ 'w : o | S

b
‘ Agam the ZT| map& (Flg 22) resemble the TOT map The resolutlon was not good ‘%
enough to be able to clontour at [ es than 10 m/Ma mtervals SO there is less detail on the
ZTI map_s Tectomc Ioadmg is ihdicated in the northwest Loadmg apparently mtluenced the
southwest area as well A broad central shelf extends from the southeast to the central/ (
area, and i |s characterlzed py Inttle varlatlon in subsldence rates ‘
| The hughs from the maxnmum and mummum maps range from 56 to 27 m/Ma (wells , = i
B and 2). The lows range from 9 to 4m/Ma (well 39). The difference between maxrmum
. and minimum vailesfor the same ‘well range from 30 to 4m/ Ma and average around 15
m/ Ma leferences mcrease to the northvvest 2 yoo 0 N | r—"“ ’

C.LATE ALBIAN (103-88Ma) - -

N - Sy
) \ . . o L

Regional Geological History '
Thls section deals with the Lower Colorado Group: the Joli Fou Formatlon the

i. . v|k|ng Formatlon and Bow Island Formattoﬁ\apd the Lower Colorado shale up to the base

" S of the Fish Scales Zone

© The Fou Formatlon and the Vnknng Formatlon represent the: transgressuve and
regressuve ;g:;es respectwely of the so- called K.owa-Skull Creek Marine Cycle .
| .(Caldwell 1984) The mlddle Alblan (Gastrop/ itesy sea reached th*‘» parallel and was
' »lfollowed in the late Albian, by the Neogastrap/\/?ed sea Wthh transgressed across. the
J_ 'western mtenor of the Umted States eventually connectmg wnth the gulflan sea to form -
; | the Western Interior seaway (Jeletzky 1971; C:étvell et a/ 1978). Thls transgressnon is
lbelleved to have been a global vent and possnbly represents a eustatlc sea level increase -
. .(Kauffman 1977 Caldwell 1984). The seaway developed durmg a perlod of qulescence
fm the CordllleralPorter et a/ 1982) Jeletzky { 1978) mdlcated mmor flucwatnon of water
| -depth i in the foredeep, with average depths rarfgmg from 50 to 100 m. '

The development of the seaway i$ marked by shales of the Joli Fou Formatnon

: whach contaln chert pebble conglomerates at the ba e, and dlsCOnformably overly the

s Manhvulle Group (Rudkln 19!‘4 Caldwell et a/., 197 ) Accordmg to Stelck and Armstrong

(‘1 98 1, the Lower Colorado is transgress:ve from thelains to the Foothnlls, and pinches

. . o . ‘ —~
. LA . D . . o . . .
o ) . : s .
- S ; .o : B Y
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' .‘ .Armstrong 1981). Marine deposltlon took place. over Westernkanada except in the

’ foothills more shale to the north south and east-northea_

. outbefors reaching the central foothulls As the Lower Colorado Group was. belng

fdeposited under marine condmons on the Planns, the Upper Blairmore, the equwalent :

nonmarine facies, was belng deposlted in the southern Foothills (Rudkin, 1964; Stelck angl-

€,

l Crowanest Pass area Wthh remained as. a topographlc high untnl lflooded in the Turonlan

‘

(Rudkln 1964). ‘
The absence of sandstone in the eastern portlon of the basln mdlcates that the -

\

‘shield was flooded and no. longer acting as a source of sednments {Rudkin, 1964) There ;

are sandstones to the west (which thin and grade to,,slltstones eastwards) undlcatlng some ,

'Cordlllerap upllfts, and attendant foredesp subsldence (Rudkln 1964). Followung total

floodlng in the late Albign, there was a mlnor regressnon represented by \the bar

sandstones of the Vlkmg Formatlon Wthh extend across the central area of the basln

(Stott, 1984) Wave action and southeasterly Ocean currents wnnnowed and carrled sand -
' from a ma )or delta in the Peace Fllver area (dralmng the B. C mtenor) over the basnn to.

- form these bars (Rudkm 1964). Thes bq:: not form sheets but rathar lenses Wthh

’ '{'}he basic

represent dlscrete pulses of sedlmentatlon i the basin (Caldwell, .‘l 984
_ central aregand ad;at:ent to the

Ilthofacles pattern is more sand and shaly sand in

The end of this mterval is marked by the Neogastraplltes ‘ v'n‘a, vvhich also
delin'eate the top of the Lower Cretaceous (Rudkm 1964). The Late Albla |
very beglnmng of an even greater transgresslon the Greenhorn transgresslon In
eastern Canadian Plains there is a hiatus , and some Late Alblan to Early Cenomanlan sectlon
is- mnsslng (Caldwell, 1984). However sedlmentatlon was continuous in the foredeep area.
Expansuon of the Greenhorn sea may have been curtalled in Late Albian time, in some
areas resultmg in nondeposltnon and/ or eroslon '

The TOT ‘map (Fig. 23) shows a thlckenmg trend in the very southeast corner C

Rudkln a 964) lndlcates a maximum |sopach of around 2’1 3min north-central Montana

N There is also a thickening trend to the northwest the Peace River area and northeastern

B.C.. where a maxlmum of 608 m was lndlcated by Rudkln (1964). The lnterestlng thlng
about the TOT map is that the thlck%ng trends in Alberta are parallel to the present strike
of the Cordlllera rather than perpendlcular Another mterestnng feature is the shelf-like

\

AN
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. area of lower thlcknesses in north-centrel Alberta Thls area dlwdes the be;in int two BT
sub*basms, one to the northwest and one to the southeast T o —/ »
o, “ - 'Thereis a subtle dlfference between the TOT and HSTOT contour patterns (Fig.

23). In the central and southeastern regrons the trend of thnckennng is generelly towards |
the south rather than the southeast, as is the case on the TQT map. 'Fhe ratio of HSTOT |
values to TOT values also increases in thns dnrectnon Since this interval is blSICI"V sha!e. .
vreasonable explanatnon for this trend is compactaon A heavy influx of sediment in the
Upper Cretaceous, following the trend of the present Foothms from approxumately 53'N
1 16 W to somewhere around southeest Alberta, could have caused this compectnon
While the TOT and HSTOT patterns are somewhat sumllar ln the eestern pens of Alberta,
T~ there is a distinct bunchmg together of TOT contour patterns in the west-central to
) sbuth-central areaﬁ A wedge of sedlments shed over the western Plains, and i mcreasnng in
thncknes\s to the south, could cause compactlon of underlymg sedlments and create this
 pattern. \\ - S e
It can be seen that the present thickness over an interval i is not necessarily the
: subsudence over the interval. For example well 20 (53" N, 1 13 W) and 30(51°N, 114 W)
have the same present total thickness (98.1 m), but well 30 has a greater solid grain height
(89 6m versus 77.7 m). The expected reconstruoted thickness should therefore be
‘ greater in well 30 as should the total subsrdence However, because of the compactnon

~ of underlymg sedlments subsidence is actually greater at well 20 I

Total Subsidence (2) L
It must be pointed out that this interval follows an unconformity. In the ntooel, v |
" during the time gap sediments were assumed to continue to compact under their own -
weight ahd} ende'r the \')veight of sediments'r_emoyed.during the gap. If ther_e was some .
. deley in compaction' which later resun‘ted' then compaction of lower intervals may be
 slightly underestnmated (subsndence may. have been‘greater). Errors may also arise from
uncertamtres in dating the duration of the gap
' The h;gh Z values range from 110 to 60 m/Ma, and the lows range from 20 to 16
m/Ma (an 24). The well-to-well dlfferencbs range from 50 to 6m/Ma, and everege

1

. around 20 m/Ma.

I
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- reglon of the basin. Whereas the TOT map contours ‘hav

' ' ! ! N “'. N N
B R B ‘, 99
' ‘ a 1

The ¥4 minimum map (lf'lg 24) ahows the aame eneral pattern es the TOT map
However, the Z maximum map does vary from the TOT\map, espeonally ln the central
an easterly strike, the Z
maximum contours actually cross the TOT contdurs (the 0 and 60 m/Ma contour l;nes
run from north to south). in the northwest and southeast, the Z patterns are similar to the

TOT pattern It could be argued that this dufference in patterns ns due to extrapolatnng

| across the time gap However, the devnatuon between TOT an HSTOT patterns supports

‘the idea that the Z/TOT map differences are;due to compac on.

BT

 Tectonic Subsidence (ZTI)

" The hlghest ZTl values range from B0to 28 m/ Ma and the Iowest ZTl flgures ‘

range from 10 to em/ Ma The maxlmum to minimum dlfferences range from 30 to 4

A r'gr'llMa and average around 10 to 15 m/ Ma. -

The minimum 2T patterns (Fig. 25) are snmllar to the totakbsldence pattern There

" is a broad west-central area with little variation in subsidence (values range between 10

. and 20m/ Ma) A shelf with low rates is present here as el

The ZTl maximum contours cross the TOT map com{)urs running almost

‘ north-south in the central area. Agam to the north and south the rates mcrease in

agreement with thuckenmg onthe TOTmap. . ’

South of Calgary there are rapid i increases in both Z and ZTI rates, as lndlcated by
the closer spacmg of the contpl" ltnes ‘The shelf-like region rnentaoned before extends -
along the trend of the Cordlllera'down to Calgary, on the ZTI max / min maps. .

~ The increase m Z and ZT | towards the northwest could regresent crustal loadmg in

northeastern B.C. The i uncrease m Z and ZT| towards the southeast is harder to explam

" since the i increase is away from the Cordillera. Actually, the distribution of Viking '

Formation sandstones shown in Stott (1884) more or less parallels the shelf-like region on
the Z and ZTI rnaps Perhaps the ocean, encroachnng from the east and south, depressed
the llthosphere in the south and central area. The shelf could represent an area of

shallower water that did not undergo as much subsudence
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~-D. LATEST ALBIAN TO EARLY TURONIAN (88-90 Ma)

/
———

Reglonel Geologiocal Hletery
This section deals with part of the Upper Colerado Group, between the Beoe of the

Fish Scales Zone and the Second White Speckted Shale. : : ' \

" Caldwell et a/. (1978) suggested (on the basis of distribution of foraminifer\e{ a

: zones) that the Fish Scales bed may indicate brief emergence in places across ttte»sot\lthern ‘

| part of the beeln Rudkin (1964) suggested that the Fish Scales could be a lage deposit

from s period of elow deposmon He thouqht that the interbedded sand (coarsening to the

west) and mueeing perts of the Cpnomaman could heve been due to local emergence or

tlgh energy, shallow water environments. Morejvmcejgrjmecgenaejms inthe fact

' thet eerly Cenomanian ammonites have not been Iocated in the western interior and'may be
,,abeent (Caldwaell ot a/., 1978)

Areas to the west were uplifted in the early Late Cenomanian, and unrooflng of the
Ommece batholith provnded sediments for the Dunvégan Formatlon in the Peace River area
(Wllhems and Stelck 1975; Caldwell et al., 1978). This represents only a mmor\regressuve
phase of the Greenhorn transgressuon (Jeletzky, 1971; Caldwell 1984) The upllfts had no
_ effect oon the rest of the Plains region (Jeletzky, 1971). o

The early Cenomeman was a time of total flooding of the Plains, and even, partnelly,
the Foothnlls area (Jeletzky, 1971 Stott, 1984). The iower Turonian transgression, an
extension of the late Cenomanian transgressron covered the western Interior- reach;ng
depths as great as 300 m and. stretchmg farther west than the present day Rocky
Mountains (Jeletzky, 197 1) The peak of the transgression of the Greenhorn sea i marked
by the Second Whlte Specks, Ilmy shale and marl produced dunng penodlc influxee.Qf
warm gulfian waters (Williams and Stelck, 1975). '

The TOT map (Fig. 26) for the interval 98-90 Ma was prepared with additional
.information from Williams and Burk (1964), as were the rest of the TOT maps for the | »
Upper Cretaceous. Basically, the HSTOT and TOT maps show the same pattern (though the
HSTOT magnitudes are slightly lower): a northerly deposutlonal strike. Thickening is from
east to west and approsaches a maximum of: 1000 m Cenortheastern B.C. (Williams and

Burk, 1964). In the south, a 75 m contour swings to eaSt,'and another 75 m contour

_remr

o3



mﬂ«a and averag&between 10 to 5 m/ Ma. ‘Taking mtwcount what

"7 s

B
R o [

-

indicstes a thin srea that could be an expression of the Bow Island Ar,ch‘(wmlum #nd Burk,
1964). Subsidence was examined over three intervals: 98-80 Ma,'98-81 Ma; snd 61-90
Ma. Since the results for 98-91 Ma were aimost cxactiy the same as the results for 98-50

- they were not mapped.

‘T'otq Subsidence (Z) ' .

'

The resmts fqr the mtervcl 98-90 Ml are discussed first. For the first time,
nagatlve subsldence figures begin to appear on the subsidence maps in the south and
east-central areas. The total subsidence highs rnngc—kqp«sf to /Ma, and the lows
range from 5 to -9 m/Ma. The maximum and minimum dnffcronccs range from 20to 1

M
history of the basin at thct time, the negative numbers could be mterpretcd as\:ﬁlnm or as
periods of deepening, whan sedimentation was slow and may have been exceeded by .- -

compaction. They could also mean an underestimate of surface porosities, since they

~ appear on the Z minimum map (Fig. 27)

The TOT contours generally parallel the Z contours.'Exceptions are tha 10 and 20

.m/Ma minimum contours and the 20 and 30 maximum contours. These have a northerly

strike-in the central region. but rotate to a nomgacf strike in the coutharn region. Perhaps
this is a reflection of. previous pattern changes' in the area during the Lower Colorado. Due
to the, scarce coverage it'is hard to be Ssure about the exact extcnt of this featurs.

| The analysis over the mterval 91-90 Ma was based on an average HS sodnmentatuon ’
rate for the greater interval, 98-90 Ma, which may not necessarnly apply for the smaller
interval. However the rasolts turned out to be basically the same as the resuits for the

98-90 Ma interval (see Flg 291

Tectonic Subsidence (ZTI) .

The ZT| maps (Fig. 28) are similar in pattern to the Z maps and the TOT map. A
major pattorn difference (a feature less well 'develooed but still present on the Z maps)
appears in the south. There is an easterly trending low between the SandOm/ Ma
contours on the maximum map and the 0.and -5 m/ Ma on the minimum map. This bwcally

emphasuzes that the rocks are thmner over this area, perhaps owmg to a regional high. This

—
e g -
i
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. has changed since Low& Colorado time, when this lar'u recorded the highest amounts of
subsidence. Subsidence is higher in the west and northwest, indicating poasible oading in
thou sreas.

Overall, the himl rmgo from 40 to 28 m/ Ma, and the lows rnnga from-1t0-10
m/Ma Differences between maximums and minimums range from 15 to O, and average
sround 5 m/Mes. ‘ _ !

* Over the interval 91-90 Ma (Fig. 30): 8 similar pattern can be seen in the south,
aithough the mlnimum vnlun are somowmt smalier than 'the minimum values over the
98-80 Ma ont!rval ' . : R : \ Lo -

_ E. EARLY TURONIAN TO EARLIEST CAMPANIAN (90-83 Ma)
, Ve < ,

Thas interval covers tho rest of the Upper Colorado Group. including the Cardium

R-gloml Goologloll Hi.tory

" Férmation. q
The Greenhorn sea continued to occupy the basin until regression in the mid'-’fb
lste Turonian {WMS andBurk, 1964; Jeletzky, 1971). A strong regression is marked
siong the Wb”sf;rn margin of the-basin by the Cardium Formation, which was derived from
o a western source, as indicatad by the increasing thickness . and sand content, and the
change io brackish water (including cosl-bearing facies) in that direcfion’ (Jeletzky, '1 g71).
According to 'Walke'r' (1983), during Csrdium deposition sediment was dispersed
from tho northwest to the southegst in water depths greater about 50 m, in the
western margin of the basin. The strike of the Cordiliera at that time is believed to have
: 'bcen the same as the present strike (Stott, 1934) Western uphfts sedimentary input. and
a lowering of sea level probably csused eastward migration of the western shorehne
(Jclot:ky, 197—1 ; Williams and Steick, 1975). Caldwell et a/. (1978) indicated that deposits
of this abe we m‘ass‘mg in inid~$ask;tchawan and the First White Specks disconformably
overly the Socond White Specks. In fact, they suggested ghat the top of the First Whlte
‘Spocks is a disconformity o a paraconformity. They reasbned that the regressive
. deposits of the Greenhorn ses, and Niobrara sea sre missing over the eastern Plains
" because of ". ..relatively sudden withdrawals of the Gulflan waters
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. The Greenhorn re*gression was followed irnmediately by the Niobrara
transgression from the Coniacian to mid-Santonian (Jeletzky, 197 1. This transgression -
Wwas even greater than the Greenhorn it saw the Widespread deposition of limy shale, the
First White Speckled Shale, across the Plains and into the Foothills, overstepping the early
Turonian shoreline (Jeletzky,’ 197 1). Open marine conditions {(with water depths exceeQr{
300 m) prevailed in the basin from the ConiaCian to earliest Campanian (Jeletzky, 1971

" Chalk deposition in the basin indicates a reduction in the amount of’ clastic input except
for the Medicme Hat Sandstone in the south and the Badheart Formation which
represents a-minor regression in the northwest during the earliest Santonian (Jeletzky,

19711, S R .
' Jeletzky (197 lvl'stated that the beginning of the Campanian-'Maastrichtian i

i
P
R

‘ regression started in the iate Santonian along the Foothills The regresSion was caused by aL

ma ;or uplift along the Foothills that developed south of 49 N and moved northward The
uplift produced the sands of the Chungo/Member in the Foothills. The phungo Member

merges with the Milk River Formation on the Plains andthe Lower Belly River Formation in

| thesouthern- ‘Foothill’s. (Stott 1984). This was the first of a series ot puises that eventually

" led to permanent uplift of the basin above sea level (Jeletzky, 197 1). At this time the sea ’

. was still present in Saskatchewan and Manitoba (Jeletzky 1971). N

‘Williams and Burk (1964) pomted out that there is a change in the “up.asitional -

strike from north to northwest between the Second White Specks and First White Specks
intervals Williams and Burk (1964) suggest that that parallellsm between the Iatest

' . Colorado isopach patterns and the present structural trend of the Cordillera implies

mid-Colorado development of Laramide tectonism Over this time the basin had more or -

less. the same shape as Stelck s (1975) Wast. Alberta Basin (Fig ), which approxima‘tes

S the outline of the post-Colorado formations which Ioaded (i.e. compacted) the area. The

TOT an@;lSTOT maps {Fig. 3 l) differ in magnitude but not pattern Both thicken to the '

\

west and southwest

Cs

Total Subeldence (Z) A , : |
For the interval 90- 83 Ma, the differences in the contour patterns between the .

TOT map and the Z . maps are noticeable espeCially on the Z maximum map. Followed from _



I , . ‘ . : o

| - I o o \.\11‘_2'

northwest to southeast, the Z contours cross the TOT contours and bulge *the east and
_northeast. In a sense, the area of high subs'dence is eatended across the central and
southern basin over a wnder area than would be expected slmply from observlng the TQT
. map. In the. northwest part of the basin the Z and TOT contOurs are more or less parallel. _
" The bulge is more noticeable on the z maxlrnum map than the Z munlmum map. |
The highs range from 108 to'9‘l m/Ma, and the lows range from8to 7 m/Ma
Dufferencés between maximum and mummum values range from 20 to 1 m/Ma, and

average 10 m/Ma (falrly low)." Two wells (25 and 31) gave rather hlgh figures, which made

lnterpretattons around them difficult.

-

The same pattern although with sllghtly Iower magmtudes can be $een on the V4
maps for the mterval 90-85 Ma.-

The analyses for the mterval 85 83 Ma gave some peculiar results There isno TOT'

map to compare the results with because the bottom of the First White Specks is dlfflcult '

to ldentlfy on well logs. Instead the bottom was deflned on the basis of estlmated age l85
Ma) and an average HS sedimentation rate for the greater interval. The most pecullar
features of the Z and ZTI maps are the northwesterly thmnmg trend , the islands or curls in
the central reglon and the low rates in the southwest (thmmng ?) More points are needed
E to better defme the contours in the central- region.
Tectonic Subsidence (ZTI)

The same pattern descrlbed above for the 90-83 Ma mterval map holds true for
the yall maps (Fig. 33}, only the magmtuda; are smaller. )

Overall, the highs range from 52 to 35 m/Ma, and the lows are around 3 m/Ma.
The differences between maximum and mlnlmum values range from 20 to O m/Mea, and
average around 7 m/ Ma ) )

* Again, similar patterns are seen over the mterval 90 85 Ma (Fig. 35), but the -

magnitudes are lower. The same is true for the 85-83 Ma ZTI patterns

The bulge in the central and southern reglon that is so promanent on the 90 -83 Ma

Zand ZTI maps may be the result of the cumulatuve compactnon correction for the large

‘overburden increase in the central and southern basm in Belly Rlver and Paskapoo time.

i
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F. EARLIEST TO MIDDLE CAMPANIAN (83-78 Ma)
chloml G-ologloal History . _
‘As wn montnoned provuously aregression bogm in the southern :Z;m Foothilis.

sround iste Santor)ian tumc, as marked in the Foothills (in the early Campanisriby the -

. nearshore Chungo Member sandstones, which merge into the Milk River Formation on.the

‘S'Eutgcgn PIainsf(JoIetzky. 1971; Stott, 1884). ‘Dopoﬂtion of the Milk River Formation, snd

parts‘ of the Belly River Group, was probably above sea leve, as indicated by coal beds

(Wulliirhs and Burk, 1964), Tho Claggett sea still occupied the central and northorn sresof

the basin, as recorded by shales of the PaRowki Formation, which intcrﬂnqcrs with the

‘Milk River Formation 10 the east (Jeletzky, 187 1), o , ya
- *Northeasterly mngra’ﬂon of the Milk Rivar shoreline indicates an uplift somewhere

to the south (Williagns and Burk, 1964). The Sweetgrass Arch app;vs to have had an

/effect on ‘deppsitlgn of the Milk River Formation (Stelck, 1975). The arcI:h splits the

formation in two; with thicker deposits on elther sude of the :rch Also, the arch acted as a

1

high and winnowed the sediment, distributing sands to the north (Steick, 1946).

L

In the early Campaman the basin underwent an extensive transgression, advancing
;cross the near shore deposuts of the Chungo Member and Milk RIVOI’:OI'MIOFIS
deposmng the Lea Park Formation shales (Williams and Burk 1964, Jeletzky, 1971). The
anlk River delta preven‘ted the sea from crossing southern Alberta into Montana ( }dwall
et a/., 1978). Also, a northwestern shorellne in northeastern B.C. suggests uplift in that
area (Jeletzky, 1971). The Lea Park transgressnon was short-lived. it was terminated by
tecfonic mo;/ements which aIeVate‘d‘ the entire western orogen and caused the shoreline to
retreat to eastern parts of the Plains (Jeletzky, 197 1; Stott, 1984). The Belly River deitaic
-complexes began to grow in ea'ly Late Campanian as coarse-gramed clastics poured from 7
the COI’dI"era into the sea (Caldwell etal., 1978). By Late Campanoan the ses had been
driven mto Saskatchewan, endmg thq sécond ldst marme incursion mto the basin.
The TOT map (Fig. 38) for this interval, 83-78 Ma, (Lea Park) turned out to be quits
‘complicated, and because of the sparseness of points the contaurs are sketchy. Willisms
and Buik (1964) only contoured the Milk River lntarval not the entire Lea Park\nwval 80

there is no pubhshed map to compare with anure 38. The general trend of the mnp( is



i
1

o » g R :
towards thickening inthe s°utheast and thinning towards the northwest This may reflect .
o the begmnmg of upluft in the Cordlllera Generally the HSTOT map parallels the TOT map -
- TOT maps were also constructed for the Pakowkl (80 78 Ma) and Milk River .
. (83 80 Ma) Formations, whnch are present only in'southegn Alberta “The Mllk Rlver map
(an 4%) was pr’bpared wuth additional mjormatlonrfrom Wlllnams and Bufi (1964). It shows
/'the Mllk River Formatlon  generally thlckemng to the southwest The HSTOT contour’s for
the Mllk Rlver.(F‘g.’ 41) are offset and have a,more southeasterly strlke than'the TOT .
‘cont’o‘urs the result of greater‘compactlon in the southwest The Pakowlti TOT map (Fig.
44) mducates eesterly thlckemng in the dlrectlon of the Lea Park sea. Thlcknesses for thus

' map were only avallable in southern Alberta wells.

B N{rom Subsidence @ l _ S : AR
L , o In some ways the Z gap for the;total Lea Park interval (83- 78 Ma) shows a greater
o resernblance to the Zand ZTi maps of the Upper Colorado (90~ 85 Ma) than to the Lea F(ark
- TOT map. 'Well .26 (52 N, 1 13° w) gave rather high rates , but the other wells alrmdlcate a
general decrease to the west and northwest . . .
nghs range from 59 to 48 m/Ma, and lows range from -4 to -25 m/ Ma The Iows
reflect areas of lower sedlmentatlon rates over possubly upln‘ted areas. tllfferences '
between maxlmums and mlnlmums are low, averaglng less than 10 m/ Ma. .
_ Subsidence maps were also prepared for the |ntervals,83 80 Ma angd 80 78 Ma..
_ The present thlcknesses of these intervals had to be approxumated in the northern area,

= _where the Mllk River and Pakowki Formatlons are not observable on logs The Milk River-Z-

: "(Flg 42) maps mcrease to ‘he northeast except for alocal mgh in the southwest corner.

' ‘ ‘The pattern has a strlke sumllar to the present day ﬁlllera The Pakowki Zf (Flg 45) maps
have two lobes WhICh enclose negatlve values One Iobe is in the northwest trending to
the southwest and the other is in the southwest trendmg northeast They appear to

represent two areas (perhgps upllfts) whnch had low sedlmentatlon rates

L 3 .
' Tectonlc Subsudence m //Nﬂ ot ‘
0 For thwfth; highs range from 29 t0 19 m/ Ma, and the lows range |

from 12to -26 m/Ma. Differences b\tween maximum and mnmmum values range hom

oy
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14 t? anﬁaverage around 10 m/Ma. The ZTI patterns (Flg 40) are basrcally the sarne as
the Zﬁjpétt : ‘

!

The Mulk Ruver ZT 1 maps (an 43) are aiso- very similar to the Mulk Ruver Z maps
il - On the Pakbwku ZT1 maps (Fig. 46), the bulges , noted onthe Z. maps have ‘.
| . coalesced to form a shelf of negatuve numbers, adjacent to the Cordillera. Agam thus
could be due to water depths decreasmg to the»west during Pakowki time because of -an |

uplift to the west, or srmply dower sedlmentatuon rates.

G. MIDDLE TO LATE CAMPANIAN (78-75 Ma)
‘ The Belly River Group is mtssmg from much of the Plalns It can only be studied in
, the subsurfaﬁe from well Iogs taken from the very western part of the basun Mg . )
‘The Belly Rlver Group is a very thlck wedge of. alluwal sedlments that marks the ’
regress|on to the east of the Lea Park sea (Wulhams and Burk, 1964) These sedrments '
‘were deposrted at, or near sea Ievel so they give a good estlmate of the subsidence of
the basin during the early Laramide Orogeny (Wulluams and Stelck 1975 Stott, 1984). ln
the southern Nberta Plains, the Lower Belly Rlver Group (Foremost Formatlon) marks the
transrtron bet &een the 'shallow marine Pakowkc Formatron belov\/%nd the nonmarme .
o Oldman Formatuon above (Ogunyomn and Hills, 1977). In. the western Plams the basal Belly
. _\R:ver represents an upward coarsening shorellne envnronment {lwuagwu and Lerbekmo
1984). Accordlng to Ogunyomu and Hills {1977) the source area o¢ the Foremost and »
- Oldman Formations was somewhere to the southwest in Montana Detrutus was carried by
’ rlvers and deltas to the northeast followmg the northeasterly regressnon of the Lea Park
sea (Ogunyoml and Hills, 1977) y . g
The area of maxrmum sedrmentatlon first occurred in the south in Foremost time,’
and then shlfted to the north durlng Oldman tume (Williams and Burk, 964) Belly Fhver
.‘vdeltas spread as far north as the Peace River Arch (Steick, 1975). So} tn addition to belng
| younger in the east, itis also younger i the north (Caldwell etal., 1978)
' The thickhesses on the TOT map are- too scarce tobe cortoured buta westward
thlckemng trend can still be seen. The HSTOT/TOT ratlo for the BeITy Rrver Group is qurte

- high. This rndrcates that a consuderable foad of sedrments must have been deposited Iater :

&
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Totel and Tectonioc Snbelden&e

Figures 48 and 49 record the hiqheet aubsldence rates yet, for the etudv area.
Unfortunately, the points are too scarce to indicate my strange o anomalous patterns. .

The basic pattern is, as with the TOT and HSTOT meps, anincreass from sast to west.

H. SUMMARY A

The Aptian was characteci 'ed'by. fairly low total subsidence rates in the‘study sree. ‘
. The only regions which undm/er\: any significant tectonic subsidence were in the
| northwaest .-Sedimentatiore in the rest of tﬁe basin was probably coritrolled by 'topog'raphy.

Total subsidence during the early Albian was -generally more than double that during
the Aptian. Tectonic subsndence 0 was greatest ad ;acont to the preunt trend of the
Cordullera and in the Peace River srea (40 to 20 m/ Ma) Thns refiects the effects of
tectomq loading adjacent to thus area, and probably the effects of sea Ievel changes (the
Clearwater transgression). |

"During the Late Albign the basin was split into two regibns by'a sheif-like area

~ northwest of Edmonton. In central Alberta, the total subsider)co;\)llﬁes decrease from east
to west, toward this shelf, in&icating possible shallowing of the Lower Colorado sea over
this feature. To the northwestf in the lower Peace River area, the total subsidence and
tectonic subsidence values increase, probably due to distant thrust vloads The inerease in
subsidence values (highs from 60.to 26 m/Ma) to the southeast cannot be explained by
thrust loads. It was probably due to the increase in sea Ievel‘m\j’ . |

From the latest Albian to early Turonian the total and tectopic subsidence patterns
have a northerly strike, oblique to the present trendb of the Cordillera. Tectonic subsidence
values increase fairly rapudly from east to west in the central region (reachmg rtughs of 40
to. 28 m/Ma), which probably ‘hd4eetes deformation in the Cordillera. However the
southern area of the basin appears not to have been affected by this. Instead, the low, and
negative, subsidence values seem to i'nd’icate a high area during this time. A

From the early Turoman to earliest Campanuan the subsidence patterns spread out
from a locus of subsndence along the west-central and southwest area of the basin,

pbssibly indicating loading west of this area in the Cordillera: The total and tectomc

subsidence values are comparable with the last interval (highs range from 52 to 35 m/Ma).
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\

Durmg the earliest to mlddle Campaman mterval the subsudence patterns as -

.ot L

observed over the early Turonlan to earllest Campaman are reversed and generally lowen.
Areas of negatlve subsudence bppear ad jacent to the present trend of the Cordulera
. while deeper areas appeat in the northeast. This could be mterpreted as the Lea Park sea
onlappmg the upllfted western /199 of the basin.

Fmally, in the muddle to ‘late Campanlan the hnghest subs:dence rates appear Wh|le
mformatlon is sparse, subsvdencd’appeers to parallel the present structure of the '.

Cord{lera and the high subsidénce rates lmply conssderable proxumate tectomc loadmg
N .. a ) ‘ ‘



. g
VIl: CONCLUSIONS . .

4 The results of thls study show that estlmated magmtudes of subsidence based on
present compacted sedument thucknesses in the Alberta Basm will be far too low. ‘Also,
over certain intervals, such as the Colorado Group (late Albian to earliest Campanian) and
’the lLea Park Formation learliest to middle Campanlan) there is a definite discrepartcyll N
. between the present (compacted) lsdpach patterns and the maxlmum and mmlmum )
subsidence contour patterns. In some mstances the dlscrepancles are greater than others -
Substantually mcreasmg the well eoverage would make the dlscrepanmes more dlstmct and
could very well reveal smaller scale compactlon~re|ated structures not evident i in these
results | | | , _ | ‘ |
- The pattern varlatlons dlscussed above are due to the fact that the present
thlckness and geometry of sedlments m the Alberta Basm are the result of the continuous
‘compaotlon evolution (burial history) of the entire Cretaceous column. Lithology also plays '
alargerolein compactlon, most of the observed pattern discrepancies occur over
dominantly shale intervals. . | ” ’

_ The effects of compactuon are most pronounced in the central and southern reguon
"of the basm The decompactlon method developed in this study essentially removed the
: ‘ma jOl’ compactlon effects brought ori by loading by the intervals of interest (the Mannvnlle
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A: APPENDIX 1 L ,, |
‘i’his appendix containg the decompaction program CﬂMP Comments are included,

so the program is oelf—oxplmtory For the input file, depths shoul%be in feet, ages in
millions of years, and sonic transit times in microsec/ ft. An example offhe input file (well
file) follows COMP.

o
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31 CONTInUL ' !
20 MIEg(NM)ey lx
30 ConNtimue
14
€ Coloutate the time of dSeposition of each layer (P"l
C and the age at "l. tep of wach layer ull)
¢ -
00 200 l-l !0. . .
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o NaNsim, )
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100 Ceontinut ] ) -
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L) 8
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210 ContImve
- AVSAYS (1) '
130 . 8 31320 ks 1,29 v



U T aearay. mmm eoto 218, | - —— 149

nq conrinug . . .
138 MYPEK-Y. . . . ‘% : ’ : .

[ . : .
€ Careviate uoo tuounau and sthess o¢ each tayer : . N

’ 'TnD censtant grain height,. i o :

{ .
n-lnm) k .
00 102 KaNTP, 42 v , /
M BMK (K ), ) . ‘
1P (YK, 68.A8) GOTO 101 N
4

* 4 . o »
< . . . : . .o
oo 103 . . 1 : C
. v .
PTPTHK (M, ) . . o . .
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. CALL TS®S(BS, TROT, Yl'l lc ™) . ' »
' + CALL 7”'(" VIOY.IIDC R, PP, PT N, Ali . . .
[4 .
‘E When \ai, c.\eulnu max. vgiues. wnop l.l!. caliculate min. v.lu.c - \
00 108 Lw®1,2 . v
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P
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TAL M, KIeBTI(L, M, K)STHE .

CBTWY (L, M, K e TWT (L, N, novn L ',.A Y )
- 4 5 CONTINUE . ‘
83 CONTINUE ) i R |
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. wnu,u)-mu.nonwtu ", K) o : R S N
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v 284 Por ‘lﬂﬂltlh. ‘.y.f‘l "Il' are .II\".‘ te be unoo-on'o
) I8 HBORNTYeX

288 : : HCuo.0

267 . ) HWE THCK - N30 —_—
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> ' DINENSION D(3000), TT{3000%, ft(:ooo) sl

. Dtlet)mdtl) . ’ :
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. S 1 PORMAY(* *,/,.0K, TECTOMIE HISTORY vn vnlnu [T R - ’ .
P : . ouu WRIRHT /7, 0K, 88¢" =),/ . :
VIR DK : > , R

2 wmivels.3) ;o
A PORMAT(: ‘.7, 0%, " TECTOWIC nuro-v ,roR comsTant:, CoL . . 5
AN nEiouT:, AU IR o (S

4 ﬂl'l(l o) .
] 'OINAT(I! -JOTY SUBSID AND TGYAL * TECTOMN

. « ‘18087 TEETY . .
waivkis, ¢) : : : o
o - 0 PORMATIOR, 'TIME! TIMEZ *SRA LEV CNG(m) LOAD (KilePs) -,
o . v AND SEA LEY CHE (®)') - : i
11 , - 00 & K1, 14, .
S a8 .
asa

- .

'A . o

e AREI . Kl .
* € Subreutine PORNSITY uses uvnn-- sathed to seive the o -
o . : ow.ﬂy time - pquation. . !
R B U N nnuuuu v, e R,A,X)
i o "n.n ° ore




:n;o.a-‘ ‘ S A - \ B | 182

an .
) "1 BesRmNOI-TeCen ‘ ‘ ' ,
- XSALOG!. &) A '
. 00 2 Int, 28 . A :
Atax . :
Aex. ((N-RHOIomUP(X) n/u-nnn-nnnn ‘
1P (ABSIXT-X) . LE.).§-08) SOYO ‘ . .
. 1 convTINUG ' Be : .
3 conrimue . . .
. RETURN '
ano . )
¢ / , ;
L ] 5 e .
, t ‘ '
o i
! .
‘ ‘
WELLO1.  BULPETRO ETAL WAPITI 6:11-58-aWs '
) $Fa249.3 TMAXE140.0 TMINGEO.0 ) :
™ Yor. sov. s ass : ‘ :
wral 2883.0  3206.0 Y3.0 83.0 ) v . )
coLo .. ,
caRD .
aws . \ '
srsc " .
cor
: SPRTA : . L
T gRTH ) - :
NIK . , ..
P "' I.L t
LDEPTH .
. 2871.778 .
J ! © .
-
2 \
1
. e
' Lt °
1 : S
. ]
2 v,
1 -
1 ' N
il 1 !
N 1 4 ‘
: )\ . [
00000 _900000000.000 L] o
0 R



S ‘ o e . ‘ . : i a ' - C
o L o 183

(wﬁ [ I . I {
‘A . . . . ' .
" B.APPENDIX 2 / ‘ ' . : ,

;‘ " This sectw? contams tl\e)results from the 43 wellsusedi ln this study The results
ere glven in two parts fOl’ each well: part I, which assymes CQnstant gram height; and part
: . N, which assume/s varlable sandstone grain heaght Under the section headmg "PART Ik
3 " VARIABLE SS GRAIN HEIGHT", the solid grain heights for sandstone and the total graln
b “ heights are calculated on the basis of the indicated assumﬁd initial sandstone porosity.

- lntervals contammg no’ sandstong are not shown in section headmg but they are included in

the calculatlons of the burial histories.
33 ; Complete results are only given for wells 1, 16.8nd 87 because they were used to(’

2 .»', illusfrate various udeas in the text lnterval histories werg not prmted out for the other

"
(B

Lo . N
Wells . T ‘ ‘ o ’
v o ,
-‘?'I L Note that for the burlal and tecton\lc hlstorles theg Vvalugs for the -maximym burial

curves are on the left ang the values for the minimum burlal curves are on the right.
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3870.0 3001.7
3108.8 3835.8
2873.1 20)7.4
1083.3 t480.8
1107.0 . 732.1

0180.0 8072.0
3.7 .

4
7
L4
3
14
12783.9123 [
12087.3184040.2
13100.8134888.1
194003.013718.3
3803.912004.3

[ d

7

®

&

3

[

[




(1}

LI 1 ]
- @

thBuOosPrven

Y TSR SN S I

[1I3{}

.....-......:

-—oOB e

E}
e008 .3
4038.08
80080
0003 .8
0043 .8
0008 .0
18016
07.3
e 88728

‘7 aamm
— 2378.3
) ’ 33700
$3683.3
2388 .0
3300.0
330e.3
23000
3403.3
36000 .3
1.8
8 3432.0
30880
2831.3
3638.0

COPVPO IV OO NN RO OO PUEN I

4007.7

158



[ 3
a2

W BB wwww
D L Ry
A il T T Y

- -

P R L R R R

b SO

T

-9/ 191.% 134,80 282Y.8

TEECTONIC NIBTORY PiR 'lllllkl 88 SRAlN Nllll'

CINTERV.(Ma) YOV SUSSIS AND TOTAL - TECTeN
vimay nnn s s ) L0AD (niver
se.8 8.
»,83.0 v8. .
83.0 so.¢
8.0 3.0

ll. T YECYem B

180

e



ity B -
P

Y Ve0e0p-Im. /r Ty TN 16816
R “.:o.uno: H4 ":\ P . o o
Lo A S TS N, i e Co \\* ) : (AN ' u‘
Pav 1) qomstaNt sadin NEISNY . e . ‘ R
®%0s0enonsasrtancnnnsersssree ' . . .
P00NAY o488 (Na) SOLID SaAlN NEIGNTYY . .
L] uv‘“ L 111 SNALE/0NVR8/8ARDS/ .
[ ‘86,8 89 - 1'4 . o
[ ] ' . W
® »
ne
Ty ; . j 5M%
:::'I ' .(\e,\‘
3 RN
an .
| ' .
OUALAL NISTORY POR CONSTANT GAAIN NEIONT .

P00 00000080000 0ap0p00sttPLsRROsRERTEE

TINgG guuulATIVE THISK SUNVLATIVE STANSS
{he 08 "l

) n me .
® 1088.0.9008.3 O .
[ 4 [ 28 ]
[ [}
[ [ ,
. ' -
(4 ] ~
L4 []
L4 t [ ]
° |{| 1
. 1918.8
. [
: :dl.:
* e
® 1118.0
1088 .%"
1910.9
880.0
]
[ ]

e ®ttacscsncesserscnncnns

. SN :
1878RY. (ua) VOV u:uu AND  TOTAL - TECTON [808Y YECYS& SUBSID
A [ TTIRY any s:n LEY Cug (m)
SR 0.

v CuBi(m} LOAD (hileP
te. 288
...
43.
[




- . ,.¥‘

- wed. AMGES €01 ERGNONY Y-D-04
L] ..l....“ L ] L 1]

-

pelesses "'!sy, 4

ult 11/ VARIABLE 88 88AIN NRIONY '

LA AR RN L LYY T Y Y TY YT N W

'u“'lll 11Y.08
Oh _1BYRAY PORONIYY
wei

SURIAL WISTEAY Poa VARIADLE 88 BAALN uBISNY

L R R A

a ‘TImMe emunu mise lel'l'l llllll
) 1:.' in sstres. " hitela )

- .- -

,\
- wee

9304.5 i ze03 ¢ |
ln..l‘.-. ‘_Il‘ll.l 4

o
“ vlevo-ic,
', e

onees o.‘-'...-vhno.l.n-olo-

' gurdiiv (mad’ yor susbie Tergt - vectres
n.q 1 s’ sma m‘cuun -:fmu:::
‘\m. it ises.

1378,

l#‘ﬁ' '.l Ullllltl Il tnu Illlﬂ' PN

ll”' TOCYOR BUBSID

.

AND S84 L8V Cne

1t

. 162



SRR Cowtte T L b . 163

SEUNSYS), OXVE BTAL GUNSEY 0-28-08-Sews |

.. ‘ S8 GLPLEISOINISRINIDINSRRIIRSRASNTS ‘ .
oo L L) e : . . y
/MY 81 gNSTART SNAIN NEIENT, o co .
,ota--o-‘q----.,-.----o \ :
) Alb HEISNTS (mf. mATE N8 ™miex . .
s/iny SANDE/TOTAL  SED(m/Na)  YOT(m) ‘ "'\( - ‘
8.4 87,7 . 18880 1838 . : M .
: ) o.9 03.¢ 18,806 UIS.8! . .
.0 0.0 af.0 - 45.38 8.0 o o
193.8 0.0 0.0 182.2 3.7 - 318.8 . L .
[ .8 5.3.78.1 TR 0.8 )
199.6° 30.6.796.0 193:¥%:348, .7 304.8 : .
. 150.0 3. 2.8 1.b 8.1 8.4 53.% .
" ¥ oRAIN WEPENY v tar
' sURlaL N1S . consTany :
Tt ewsuLativa - ~
o (e) L in met o : -
- vs.0 . '
y - ) \/ .
[ ‘ ' y .
o ” .
. - ‘
1
-
1)
LA . IO ‘ < :
i .
v : * )
V. M . . e A
L k r .
N N i
. A .
Ha s : ) SRR
e o ¥
e . " - o
u:.: o S “
1He.e . ; B \
RN ] 3 Q. .
T118.0% - . s .
L1190 : . ~ R
1%0.0" :
‘o ' ) S v
CYRCYONIE WIKTORY AR CONBTANT SAALN NEIENT - T
: ...vn.'.........‘.. Seseioveiessronsnensan , : Lu : (S
s i S % L PR
INTEORY. (Me) S10 ANS: TOTAL % TECTSN ISGST YHNCTON SUSSID k , K
I IR v ENS(m) LOAD {Ni1ePa) ' AND. SBALEY CNHS im o
o’ . 19, 233 .’ [T I3 T P S AN
’ 1703, L T g . \
Y Lt A Y !
N
N
. (’ * A .
A BN i \'
: aE ,
’ .‘b. ! K
. 5 LS
. © N )



.« N v .

. SR T

apesin . N , -
N R . ) S o b
A eant 11: vamians RAIW NEIENY. ) ». ) .
o SPeBaspestenn s BeOsssERNsRS OO T N "
¢S venmaTION Jwiv.es  wess I.‘ RATE W : L '
a shIurEmy peAesITY - S8h(n/ug) ‘ oo o Ll
- orac - Tecnee - ".a ‘D00 " 1. a1 » - ‘ , S ‘
‘ SRR I LT SER T MR T 31 = .
HANN .50 e ey . 301 - .
- HANN o.17e 130.1 K868 . TRe. ) I » -
seTH e.s08 4.0 81.8 Ve
MY . e.1ve 7.6 ea.p s.a2
. R A ] 2 ‘ . } .
BURTAL WISTERY FOR vaRiaRLE uﬁuu‘num )
B E R P iRl
M : T
TIME  CUMULATIVE THICK EonuLATIvE ‘sramss , .
(Ma) ¢h matres. nkivep
. ' .
4
3 .
° N .
.3
.
.8 Lo
‘s : ;
\
. . ‘
. . ;
'
. . b
' 38 ] e
17583.0°10080.8 . o C
110871 382272 ' : o
18232.6 v6439.8 . . Voo
183763 138078 : S o
0 187867 . . 3
RRIIEE ‘
2 LY
i
| :
’ T
v w7 2
e ,
- te Lo
. -
N s
- Yov sussio aWp YOTAL - TECTew 18087 TRCTON SUSEID ‘
(BRA.LEY CHEIm) LBAD (k1 WD SSA LUV €
e
. o
' | 133 J N
.@ 38,0 233. ' \
s130°0 ss8a : ‘
120 0 1832 ; s,
. P ‘ .
: . ¢
P ¢ . .



! T R . T

o iveae-tows o ‘ ‘ 165

I L e Y N I L T T T T T Y Y o e

FOANATION 'ANE u.». SOLED SRAIN WEIGHYS (B) RATE MB  YMIER |

"n luveny " Ton n Yo  SHALB/SHYSR/SANDS/TOTAL 8BMim/Ma) TOY(m) : :
ey - B0 - A8 8 08 0.0 48,3 . 19,83 - a8l .. | I e
i - : 199.7 .
. .'. ', | . 7 -
181,79 ' N .
8e.1
283.8 ) .
7.0 - . }
TINg  cuwmuLhrive rwick cu-uunu;unn :
{Ma) ¢n metnes, in itep ' . ’ : .
1780 1901.3 1198.1 . [ o .
] L] o . : . . Co ! '
L * '
< ] * .
%
: .
o .
.
. . : . !
r
. .
g
e .
B S
k]
i
-8 <
' . N
, .
<y ' . .
. imTany. (ar ToY suesis Am  Teral - Tacrom isesT vacrow sussi1p ) e
SrIMEl Tin (k16Pa) " AND SEA LEV CHE (m) L OO
. 16 E 12, W, L *
a3, [T YR
23’ 33! ) .
I P T DU Ly
32 8., 3
4. 1] '
8. 18.
1118, [ )
se3. 142,
.88, so
s, e .
268, . e <
T 3.
. /
.: ‘\
£l



S S 168

o N . . . H *
. ’ N
88 SRAIN nElBNY . ‘ : -
-..-.----o-----.o-.--tu..-oo--- .V)«
‘ ' . " et : ’ i
'unvu& INIY. 88 1! uluv ‘MATS ul‘ o L o LN . R S
l"llh 0.. SIYY . e I4 . LY m“f‘ ' ' '
e e.000 : .
uu o. 1% n.v e, s ,“»
' e.80¢ 8.8
¢ 0.t1d 101 . ;
Hann o.580 28.3 2 » ¢ ¢
HANG e. 1%, 3.1 33 s i
SETn 0.800 s.0
TN o.170 1.8 . . .
SVAlaL nunn POR VARIANLE o8 un- ugsany - - ’ .
....I...I.-......-.....-.... w
- )
v
, .
t - '
N
S
.
@& , ¢
» e . »
» ‘
199.0 o o
1s.e wom b . .
193. @ . o
1160 ) 'S .
1189 ’ . -
110.0 ’ ;
1"7.e
118. 0 t . !
i1e.e
1300 ; -~ ,
T TECTONIC WISTOAY m vamiasie it ng1gHY ' i . :
acesepncannas ’ sevmremoane . . : -
- . v Cw
lll. AND  TYTAL + YRCTOMN 1S0ST TECTON BUBSID ’ : ) L
). AND SEA LBY CHS (@) : s
13, ., R,
v ::t , A}
- .
127 .
.8, .
(I :
(1 PR 4
3. :
© 189,
se. - .




LTS
o8.0

..
",

[ JYY TY9r TTYY

< BURSAL NISTORY POR COMSTANT GRAIN WRIGNT

LI TR P R Y P TR T Y TR eupig

e GWLA"'I Vlltl cwvunu sTasEss
lul " ae ()

et w -

*vesnavssssrssscPperadrrasececaansds

TicYonIe nivugn comrany uig:)nunv

.IITIIV.,(MD " ey SUBELS AND TOTAL °.|'I¢70l
RLLA) )

TIiNg) Tinaz Ill Lav: Glll.)
‘ l:.. - 78.0 s
83,8 %8 0

SBRAY SWAN WELLE. 18.9; ,
' sovesssbeseese .uuu’bnoouuuu-’ . v
A LY
PARY 1. SONSTANY SAAs seny ;
.iooouc.ldha’ll..vao.u oove
roANAYION A ( ang \un
o8 TATBRY a'mm i
W o
toLe 0.: .0
cARS .8 ;
twe 3.8
awsc 8.0
nann 3.4
[ 131 ] 3.3

v
RN

1508y TRETY
AND SE& "LaY
2g:

0.
4




WELLIS. BNELL PONDRRAY
P08L08S0000800008088000s0008000 00000 e

i

»

)

BWAK NILLS 13700 0wy

PARY I VARIABLE 88 SRAIN NEBGWY

LA A AR ARSI R R IR R E LT NN L R

POANATION

..

ok lnveRY
(S

1H17.88 . wg
u‘og : ™" u?‘

0.8 ()
e.170  qe. 0
0.000 0.8
e.1%¢ L1y
0,080 [
o.170 (]
p.880 &0
. 170 8.0
o.500 1.0
e.170 5.8
0.880 19.2
0.170-R, a4¢'a

nev
i»)

b
[ )

"
0
[

SURIAL NIBTORY FOR vanmiapll g8 iIAl\ Neleny

A A R R Y TR Y L TR T R it

Ting
(L

CunyLaTIVE TK
in me
1288.0
:Il

_JRETONIC WisTory Pen v

ecectrecsciansssrovenssen

INTERY . (Ma)
[}

TieeR1
.0
83.0
3.0
8.8
0.8
0.0

TiMay
[

tres .

2.7

&

LY LY Y

s 4

; 0200 II«BUOUBOIBNNUS:
.

&3

187 SURSIN anb . ¢

SEA LBV Cus{m)
8. [

8K  OUMULAYIVE JYRR
R TR

,‘4. "
ARIASLE 82

LOAD

wsee moan ey

®tAL - YSCYem
8AD (hiVe

®
’
3
..
1
13
3
7







B
CALSTAN NONRW 13- n-n\lr' ‘. - - . 1" ‘
ssob " ’

8000000000000 anasitsnntne v Joe
St R Sohm e '

PARY 13 ¥ Il.ll .' .lll. I..'.‘ it

sssensuals "'7"""""""'f

. uses unn h ; )
‘ ) : tw/Mea) N ”
r I } . ‘ ;
Jre. e . i -~
- 0.08 =
v.80.

e T . ’ ’
30. 00 | ' s . M
ge.72 ] -
3 » . X

unl e snain nluuv : ) T i

suRlAL 'xv‘n re J

' ATIvE THiEK w .
Jime k' f uk}nl’ -

g ee, : s

: -0,
LY
i o
[ :"
i .% ‘44%340
-
. . .
]
.
1) L4
a R . i o
. v
S SRAIN WEIGNT . " -
cessemenmenann ) 4 . .
TeTAL - YECTON 18087 vacTON SUSSIp
“LOAD (MitePa)  AMD 3gA LEV CNS (m)
ses .. TR ‘1. 14,
21319, 2034, 88, 4.
2007. - .2638. T ..
437 3%0. TS 10.
2078, ases. . . ae 1
Ssae. 4371, . ‘1. 108 .
2800 . 1773, .. .
4377. 0027 TH ge.
8478, 8237 DT 2 2. ‘ o
.tn' 1210, ”,. n.. ' . i
- ! . <.



. M

wiLieY, ' GaAMEl
LI T T Y T T

“PART 11 GRNSTAST SRALN WEieNY

(AL LT Y PTRTT T ETY FT Y "

VORNMATION ABE (Mo
Ol Isteay vor lovvuu

98,0 8,0
:a ‘0

AL0 HETBNTS (0
::uuunuuv“
.8 878 ?

L.
I I eI

(A X3 T YY1

av eda GQ.I'A!' sRAlN NEIENT

o.-nf"--;-......--.-..-----'-

TOTAL - 1.’:1.. :lotv TRCTON SUNSID

- Leap (nlO'H LINY Pare cus
. 1831 2.
*te. -l.

MJL
oY im?
13¢.0

"

A7



© PORMAT I oN

/ N . .

I ' » ""
~WBLLAY ., - ghuneg EYAL BERLAND §-13:80-34ws
B LTIt T e T e L L T L LT I I

PART [1: VARIABLE 83 SRAIN NEIGNY

L I Y L AR T T T

1R1Y.88

o fuTeay
w»

1 - 0.8
rae r " elyve

SURIAL NisgpRY '“ VARIASLE B85 GRAIN NEISHT

."""""""""'"""""“'P""""'-

Tine Gmll‘ IR Ymjex

¢ \
(aiaLs araees

>
Youowua-

‘.‘H..'. :l..-.‘”“..ﬁﬂ_.n—.U.I..'.—..O‘...‘..U

8
3

" [ *

" .2 .

1 K .

1] '

" T /

4 K}

™" .8 .

(o] .f

' : .

' .Y
]

TECTONIC NISTERY Ppa '“llltl (13 “l ﬂl".ﬂ' :

-----.......--..........--..A...---;b-.u----.

mveny. ime) TOT ByasSI® AND TOTAL - TECTON 18087 7.".' sus .
'l.l' 'lln sEa ABY ChEim) L:==.(hlloiol
hi 3 24 . .

18

o

172

2



“ YECYONIC WISTORY POR CONSTANY GRAIN NEISNHY

,-ocltl.--...,..o-l.o..onicvoocl‘-...-.--

TINAY TINER SUA LBY Chgim)
b4 ”%.0 L} ‘308

-
P BN-0OOO®
-e

[ ]

WELL 80.0 6 (N.0. & soctows) o T : 173
...7.......‘........;. .'*.'...'..f'.'.. ) N

PART 11 SERSTANY emAln waISNY : ;)

L Y Iy I T Iy . ) : ¢

PORMATION ASR (Mo}
08 INTORY TOP ROTYON
[ L] e 78.0

” "
(14 8. %.
[1]1Y] [1d E .4
SAND .0
e L] 0.0
arse [ 1] 1s.0
[ L] 104.9. ..o \
[T L '} 6.1
ran " .0
DURIAL NIBSTORY POR SONSTANT GRAIN NEZONT ) i

®encsnsroncovansssntriessssoersasssentan

SunviLaTIve vaisn  chwLATIVE sTauss
n hitels. s

J-

s . .
8828.2 00488.3 4
7107.7 889Y.¢ . - .
006 . .

o
]
3030.3 2033
S730.7 840.¢
2387.1 B1Me.8
"8013.1_ 1081.3 oot Chorg

YT 1968.3 ), 1980, 2

STYERV.(Ma) YOV JUBSIS ANS TYeraL - '.ll"l
[l L8AD (k.l:..)

¥




- L 1747
!222.'.':.:.2.1‘.‘.".‘;.22"“ 1934444+ SN ) ’ ‘ 0

- T

AT 11, vaniasie 88 saals weiswt

--.-n-.;.-an..uu-.--o-.....--.-o- ’

]
PORMATION INIT.88 'MESE NeTRY t ’
o INTANY PORABITY (m) im) : .
" 10
"
rsc b
orsc .
nANN | . ;
ey
T
110
BURTAL NISTORY POR VARIABLE 88 SRAIN NEIQNY . . .
l’i.h..ll.0...-..-.-..0--.-.!.-..ll‘..t.lll w
LY
TINE CUMULATIVE THIOK GQUMULATIVE Jraens .
M "esres. in hited .
1802.8 1013.¢ ’ . o
1730 \ .
A
. ~
4 t
14
. ) -
.
138887 olo|n.a - ;
.
) [ ]
L] [
t . .
108.0 3
' 3
11.0 M . .
1 ® | i ) \
1] ] ]
1 [ J ]
178, 0 ] , , -
1} [ ] 1 :
] [ ) L hi "
118.0 .
1"e.e
] [ J J

° 7SCTONIC MISTORY FOR VARIABL GRALIN NRIGNTY

D R R LT R

un’v\mﬁ ™Y sussip
riMg

Q.':l - 'l‘ﬂll

ll.l S8A LBV Ql.l.)
“"e, 28




. g‘"iﬂuﬂbuugﬁn:o 0—00 3..'!:22:!!'.'! e : o S R ‘.

ANT GRAIE WEIgny

-o"byocptoa e0ses0ssarssssa,

20004 .dg SOL 1D sRAIN ug1enTS in) pavs ue ™ien
u lﬂlﬂ .nvuu ln:un:: [] : tn/ne) ;::c.;
.

o

. ; .
T
SARS

"
orss
Nane
(134
RN

OURIAL NISTOAY FOR SENSTANY aa

Smssossqreisvnarsssorertianvanes

Tin8 lmunr, ™igs !muvud sTaass . .
Ne) n aitels. 3
1900.0 ' mu. ?
o 18840 20008

0‘.,0';.00'....

13480
28889
13009 , .
10802 ¢ ‘ . . . ,

sa-uuvennsee

188438.0 1048¢0.3

19701, 100328

0844 .6 . .

1 0t3s.0 ’ . &
- 927%3.

. %, 1] [
. 0.0 - V.0 1.8
}uvuu uuvpn FOR CoNSTANTY gmAlN wEIgnT

-.-.----.---.o-----.--

. X
. .
3 - . -,

SUTEAVY. (Ne) Yo Ullll ANy Y TECTON SUBSID
Yingy vings s ENgtm) 8 LEY NG (m) vt
".0 1.0 ol 3 .. LA
. . @ s -9®. *
-13. 8. .
8. as. .
q o o
. e x4 +
TR T " v .
a8, 376 . S ,
. 818, ‘ese. ; /
(LI 118, *
38Y. ev. k
ot’t. 3 I3 . .
233, 18
5 J - - ’ . hd 1)
L4 .



-

%

reCremit llll“' '.l l‘.l“tl 88 GRAIN Np3SNY ’

PANT 11: VARIABLE S8 BAAIN NEIBNY

..u-------o...o..-‘--..-..-oooo-c .

SANATION InIT. 088 NETE 3] ¢
'“IO"I' '.ﬂ. :h . .. .z: :i‘ “ ” M1 .
1 288.8°

[ L] O.HO i

(14 ¢.800 P

[ 4 e.1% . ' ‘

[ ¢. 000

e EAND 0. 1%

‘ 0.880

[ & '

one ®.

arsec . . -

[ 1] o, . .

MANN ' o, ' ]

o o.

[ 1348 ] .

AN .. ?

(41} .

‘a

.“lll NISTOAY FOR VARIAGLE 88 “lll Nllll'

..-.-u................................
o
v

®oee0c0eeesvsssooe

.-o-f»---q..-...------.,....-.o-.---o.--c-.aoo :

*
INTIAY.(Ma) TBT SUBSIS Aus’ YoJAL -+ THCY 1sesy vECTON unu.
nun nuu S$8A LBY ﬂum) L840 nul» AN® gga-L8Y g... t®)
v . . 843 - 187, CrY.

.




PARY 1: coNaYANY

LT R R e s R

PORMATION ARE (Me) BOLIS SRATN . N

RATE M8 mTmicn
SR LNVEAY - TOF SOTYEN SNALE/BNY
[ 1] v 78.0

[t
coLs *
cany

. s
srsc ) e
ANy ’

) o 113.e -
LRANE. " 313.0 130.0
, :

BURIAL NISTORY PeR CONSTANY SRAIN NEISHT

4eecevscersnanic st e r oo vmsssenodenns

v

TINE CUNULATIVE THICK CUMULATIVE BTRESS
iMa) 0 metres . th RilePs ’
78, [ ]

‘TECTINIC MisYeRY Fem ¢

ves cectrvrcesdntann
” .

IKZZ (Ma) TOY 'SUBBID AND TATAL - VECTGM JSOSY TECTEN SUBSID

. TIME2 SEA CHG(m) LOAD thitela) 0. SEA LAY £HG (m}
"™.0 : [ 208, . 100

RN T30 -8.
RYTH 18,




PARY 151 VARIABLE 88 GAAIN NE)EWY

Poecsvesrpnrencnrnvsrcsbssssonns

T'ronmAYION 18IT.88

A WBSS MBYEY malE N8
o _18YEAY P ‘ =) 0en(m/ie )
) : 1".13
nann .
nanN 30.02
. - .
’ SURIAL NISTORY POA VARIABLE 85 BRAIN NEIGHTY

LA R A A Al A R N Y]

TIME  Cum tive Turex CUMULATIVE STRESS
" res. ] .

23 .
¢ 33:848.8 .
23174.8

1 .

123322
1138¢.3
10183.0

* sesccccncsnsssnsranacsne

CINTERY. (Mo ) »  YevaL - vectew
TipY TiNgs Y

1

15087 TECTON SusslD
AND SEA LEY CHG (m)
. ;.

2



PART §: CONSTANY SRALN NEIONT

R R

FORMATION AGE (he) seLis RATE we
SR _INTEBAYV TOP BOTTON BNHA\R [
[ L3 7M. %.0 .
»
-t
CARD
o
®
1) [ J
. L]

BURIAL MISTONY PBR CONSTANT GRAIN NRIGNT ' )

L R R

CUNULATIVE THIEK: cwuunvu Statss
in metren. in kiter .
1871.2 1198, [ 14
.6 117, 2

28227.2

0 B384, z ' -
[] \
'S L
s
-8
]
.3
-9
.8
282.8_ ThR.8
8.2 IR0 1 ,
‘887.7. 868.3
T3} 7.1 .
-
[
2 7 .
3
[}
’ .
H T,
]
]
-3
I3
' ’
3
|
.Y
.2
?
7 v
°
[ - €
.0
.8
-3 o
.8 .
.
°
"lﬁf.llc nisveav '.l CONSTANTY IIAII illlnt
/....,...................-...
' .
INTERY. (Ma) TST SUBSID aND *uvu R I1S0SY TECTON SUBSID
Ting

YINEZ SEA. L LAND BEA I.l' CHE (m) &
‘76. 0 ¥ 8.

° -
88.0 83.0
0.6 ss.0
90.0 81.0
91.0 se.0 .
9s.0 o1.0 4
193.0 91.0

.

°

.

Y

N



, - “ 'y ' oo
. ! . -,
* L * . 1‘?0
WELO1Y. TiPce gYAL P ' T Y T,
(LI I T Y] L ] o } N '
) BT Y . - % . R - . ai
“osar 13 vansker , o ’
Sbevsonosnnvsns - N . r\_ f
: 'S
reaanarion
o:.uvnv L g
! ‘ 3 Ty, \ v
& .
' g 08 -
w s2les R .
4] 13.% .
orsc 1e.43 : %
nANN 19.33 . .
nany - - 22.28 . S
T BURIAL ‘NISTORY PeR vaniadLe 8% n:lh nsleny
AR A L O R XY T i X
\ . . - : - Lt
TINE CUNULATIVG THICKN-CUMULATIVE STRESS . - Vo
;:al "« res . in kitePs., - . ‘V ™ .

t108.8 208130.7
23088

1t nigTeay rea VARIADLE 88 SRAIN NEISHY

INTERY {Ma) TOT SUBSIR ANE' TOTAL - YECTONW ISSST TECTON SUSBIO . -
viNgy ¥ SEA LBV n:u» L unl-"; AND BEA LBV CHE (m) ™
.o . uia : 1. s




) —
\’ i ‘ ’ . \‘. ~

rHHHAEH RHRRNH IS :

PART 1: CONSTANT SRAIN WEISWY o ‘ ' . .

LETRY P

4%cnsensssacnnnianse 1

roaMATI®N - ASE (ma) SOLID GRAIN NEIBHTS (m) THiex
o 1NTENY 18P satYem . anss/vetar e
A 78.0 -03.0 186.¢ )
coLe 3.0 80.0 .
cano . °
orsc
SROAP,
([ ] 4
SURIAL NISTORY FOR CONSYANT BAAIW NEIGHT °
, . ;
. { '
\ f
OIIOY:
108488, .
‘108364.8 Y
10088 .1 o
.
]
Q. }
.
/’1 .
TECTONIC NHISY G.ﬂl?l.“llll tlll'» oo '

BYERY. (Ma) 7" svesie l-l

ToTAL
M8 TIME2 LEY CHS(m)
.1.

- TRCYON I00ST TECYON SUBSIO
(kitePs AND S8A LBY CNHE (@)
.173e, ITH 3.

48T,
3722

.

°
°
°
°
[ ]
[
[
[ ]
A\ J
[ ]
[ ]
L]




IW.00U8 100 PLAEID QUSOY B+)isBi-2ows
lllll‘l’."....‘ o8030800000000000
- A

v

PARY E1: VARIADLE B GRaIN NEIGNY

L Y Ty Ty Y P

1
S i
[ ]
u.v‘l’
13.88 °
:;.u
0.384
19.10

PORMATION 1NIT.BB
S NOLU

TORAIN NEIBNT

. MPPIISLOPELILIISILIRFIOIRIOIIOONINOLCEOISGERIRIPEIRTRATSR

TINE CUNULATIVE THICK _GUMULATIVE STARSS
" metres (LT ..

o810
a1y
S1018.8 .
18171 1103.3

11028 g18.8

L 881.8 se3.e
.0 o0

"\nn VARIABLE $3 SRAIN WEISMY

teesencrscscncncssnvenonna

SUSSID ANR TYOTAL - TRETON
Lay :ll.(,-) [] iRitels)
..

18087 TECTON SUSSID
AND 88A LEY CHE (m)
4. 3.

a8,
..
9.

BLE

/1



-uss-oa. WINOPALL RADWAY 15-33:-80-gows
(1] esee .l'.il'..‘l.u...ll.'.l.. .

CUBARY 1 comsTANY SNAlE (I T}

sesesrnssvennteratoasnsrnncee N

iR

?ll!l'l.. [
] Tt im)
[

IIIII NEIANTS (w)
/8nv8 8/

b
l..

SURIAL NISTORY POR CONSYVANY .l‘ll LIEE 1 24

LR s A . .
’

TCTIME CUMUMATIVE THIEK cwutul" l'llll
(lub in metres. i)
3 ®

N

-t s -
[ XY 1 N Y]
(22X T XN X J

cecscesscsssasnsvsose, 4scssctcanssacnas

TECYOW sUBSID

INTERY. (Ma) YOT SUSSID AND YeTAL - rECYSN 1
" Lav eNs (w)

1881 nuu SEA LEK CHB(m) LOAD (nI} AND
3 o3 .

.0, 81, 1 29
IR 138, 3010, . Y.

24, 9, LTTY 18, .
7. 13. 1. 8.

.o ° 83.. 0. 1 -ve, 6.
103.¢ .0 88, 21, e 138, 0.
103.0 .0 230 143, - 3 . . / 128, ° es.

+ 113.0 103.0 . 233. G008 . ., 4388, - 108, 0.
130.0 108.0 823.¥ 3 8381 . [ 31 208 .- s, ,
#180.9 113.0 148 . C e, 2eas . 1830 7. 0.



?“'lz WINDP AL lﬂm' ]
ssse e

20w
SEN80000008B00000 sonsspess

PARY S VARIADLE 08 GAAIN NBIGNY
evessveenmnasenrressernsessasannal ) . ,

N8B0 NETEY ARATE NS
(1} 1®) 088 im/Me)
)

2 881 in.ey
28 eer a3
2600 1120 834
i ared -
285 a3le w
a1 e 2 H
svnige BisTear ren VARLANLE 68 GaAlN WEIENT -
R D secscsavssen , .
"Yime  cumuravive mwex | Lative srasss
‘. (] . B

(Ma) W metres. .
3.0 [ ] 7”9

" \
n; -
1130 .

1s.e \\\
116.0

"e.e |

180

1170 )

1e.0

1e .0 .

1se.0

TOCTONIC NISTORY POR VARIABLE 85 SRAIN NEISHT

L R R R i

TECTEN BUNSIS

\I.Yll'.(Uli TOT SUBSIP AND TQYAL - TECTEN IS0
" Tings s [§ [LART 14 LBY CcuS (m)

JeNe

HH I HHEERH S .. 1eas.
¢

'




WELLOVE. "MIRAS DOUMTNE Y0-18:88¢18Wh°
803008000080 nBR OSBRSS JIITIT1] s

PART §: CONBYANTY GaAlN

smssesetsirtesnnernan

voamayion a

Y a5 m) “aars we
+ 0R_INVR
Y I

TAL  SBOn/Ne)
.1 V.88

we [ ] 4.0
srst 1 .08
e 190.0 113 TNy 2 ci1v.e8
113.0 150.0 3.8°% k] e.03

Iuilltcffliihl FOR CONSYANRY SRAIN-nEIENTY
see s ....I.I.I.I.t...l...-...l.l'll..!o
TINE CUNULATIVE THIEKs CUNULATIVE STRENS .
(Ba) ¢n setres. ] t1ePa

.

L ]

L d

.0

.0

.8

.0

L

N .

)

f.“_'.*,.‘.“‘.”‘ -'” -

N

TRCTONIC NIBSTOAY POR CONSTANT SRAlN ngiany

LR R R R T T R S i

B1 TINES 88A LEV CNE(m) LOAD
.o 83,0 e, .

.o 8h.0 179, 133,
23s.

3230
3072

Al

INTOAY. (M) YITY SUBSID AND TOTAL - TRCYON 185687 YRCTON SuSSID
4 intlola)
273, .

“

™iea
At (m)




PARY lh '“lllll []] \’l‘l. waiany

Y P T Yy (XXX TR T YT

PORMAYION IPIT.08 l“l wever nave ne
06 _JOTEAY  SDAMNITY im) i) [ 1
(14 1] (1] 2.9 880

R
orse N 12.20
sARAP ”". K]
saopP 0.3 e 198,
1.9. & ] ®.v
1+ © 2.8 6.3 oo,

'
<

tecesewesssrensensns

’IUQlll Ill'lﬂ' reos 'MICKI “ SRAIN nEtENt’

'lﬂl cmunn .THied
n @e

TN
. 818.0
.0
°
] .9
680.8 '
- 483.0 'y
6801 ot
e90.0 .Y
e ]
6.3 v
430.6 307.)
e1Y.3 .
a1s.0 '
878.0. .
238 s
298.9 "
. .4
3 .3
. . .4
' ® R
tie.e .e .3
1"i.e e ‘e
tis. e ‘e .8
118.9 K ‘3
140 .4 i
ke . ..
1e:e .2 ..
1"y e 1y e
1ne.e -1 s
"e.e . .,
i10.0 o0 ‘o

VECYONIC NISTRAY FOR vars

INTRAY. (Na) 'l' SVBSID ANG TOYAL - TECTYeM

Ting i~ 7ing intlerg)
6.0 as3.0 ass.
[ 2330,

Jors.

n/np)

SEEARN L CER TR

cmuv:u STRESS
N




£

) aggﬂg‘“ﬂgg WASYE 19+ 3880 toWe

PARTY 1. SONBTANT SAAIN NEIGENY

o e

LU LI T I R PO P T Y T

LA AL A R T T T T T Y T II

v . POAMATION AGE (ne)
= o luvsay ¢
coLe

swe
¢ Brag
' enear 1]
nen ]

SURIAL MIBTRAY Pen €

L R

TIME CunwLATIVE THICK
" :.:P.l.

INYERY. (na).
TingY vimg
1]

‘RATE W8 it

SOLID BRAIN NOIEBNTY tm)
SRALE/SUYSE/0A Y0%im)

nO8/70Y4AL
(3]
0.3
3.9 -
0.4
2.3

ANy

cscccsene

tu:u 1v8 Bvasss
]

TOV SUBSID AND TOYAL - TRCTON 18087V TECTON BUBS1ID
S8A LAV CNEi(m) EERY I 2Y) ANG S8A LEY CNE (m)
3 J. 16 . 13.

1800 . 88, 3s.
2073 0. .
123 ..
"3 - 28
3848 . 10
2033. 144
Jeoas 130
! 4101 . 178




B | SN : o4 188
. - :

* tows
L LITT 1]

WRLLesS. NIKAS o

PARY (1), VYAMIASLE 86 SRaln nEieNY !

0--.-.-0.-.---o-o.c-.-.t-oo-c.-‘-

fll‘
ﬂl ey
T onpar

1 3.07 -
!l L} ll t .7 .
”
¢
OURTAL NISTOAY FOR VARIANLE 68 SAAIN HEISHY

R R L Y P i

TING CUULATIVE Tuaen cmunu svasss I .
ine) In :‘!P L . .

8 ' ,
[
1N
"0 .
0.0 "
8.0 * .
1] m :
.0 .
.0 \
[T :
"0 -
199.0
101.0
108.0
1e8.0 '
108.0 '
100.0
1e.o N
1.0 1 .
115.0 " x
118.0 o, 3 X
Va0 b4 .
118.0 ... * ‘ i
1160.0 "
1Y [T b
118.0 .
118.0 . '
120.0 e.0
YECTIONIE WIBTORY FOR VAR IANLE 88 SRAIN nEiany .
--.ollc.--ccn.-.-o.-.----n.-.l..-n "
INTERV (Ma) YOT SUBAIS AND YOTAL - TECTON ISOSY veCTew sussID .
TINGY TIMEZ 384 LEY CHBIN) LOAD InilePa) AND S8A LEY CNE (m)
s 3. 3. 17, V3.
1T 2.
190, ..
3. 2. '
-9, .. Sy N
282 .3, ' N
203 ss. 3\
228 se.
308 8. o \
1 LEEEY B "
. .



u P}

; PR d SR o - . . - : . .
ra - . . +
CWELAEYE.  B.A.GPUTENGW 1388008 1w H . :
-:o 0000000000000 850000000800000 R
. ! R '
PARY 11 SONATANY NMAIN weieny * . .
A R T I L T T I e aeieey . !
ToRNALION AR (me) S84 10 BASIN HBIGNTS (m) aAve s .
R LHTERY. 140 SOVYON- SHALE/GNYES/BA0D8/10VAL, S8R In/Ne) .
e 1 e 5.8 e .6 "51.8, . ' - -
= HPRE R g
3. ; .. -
waNh D‘..‘u 3 0.0
Lsane . e .2 -
GUATAL NISYORY PoA GONBTANY SAAIN WRIGNY . '
----a-.to--n.--..---‘.a--..-.oo-o------. N
TING  QUNULATIVE YHISK CUNULATIVE BYAgES ¢ ¢ -—
(Na) ¢ In wetrps . . in RitelPa, )
s ot TR ,
8.0 }
.0
.0
' 8v.e -
[T
8.0
%0 .
1 .
1 : ¢
", ] - N
.0 ] a .
9. [ ]
[ [
[ 3 . .
[ ..
. .8 - .
o’ '] ™
' s ,
3. 1
| N ] ' i
198, .
:0: N .8
K] )
BRI . [ i . '
1] [ [
(511 . ..
e, N .9 .
" K] N 3 . o .
31 N s4r.8- @80 3 '
"y, .8 830.8  eo0t.s
N .8 413.2  280.3
"e. .3 218.6 100, . A
‘1800 .0 0.0 e.0 s i
N ¥
. B
FORNATION TINE FOAM SR INT POAN R I1NTEA N . . -
R ThveRY (o) THICK smi STRESS (mPa) N M .
[{ 1Y} .
.
1
] .
1
]
[
.8 '
/ s . '
.3 . .
.
.o
.4
.3 .
. ..
.3 .
.1
.8 .
3 T
\ S
N
.1
orse ' X
.8
.3
.7
.2
.8
: [}
.0
M .
.8
3
.3
) - .
]
3 ‘
.3
I3
L€
[ U] o
[ [
3 .® ,
. .2
3 .2
. .
1 .2 s
» .0
] -7 >
2 .8




.

i \ .

‘

\
@ ¥
I
”

i ' N
“

R
2873.8
1773.0

TOT SUBSID AND
SRA LBY CHG(m)
. 18

®AD (WilePa)  AND S8A
L T 4—\\\\_-$:/}
. o 83

* TECTON  1808T THCYQN SUBSIO

BV CNG (m).

14
\
b
R
~
{
LY
4
.
S e
.
&
P
s -



! 4

! .
. .A.SPUTINGW 13C-3-80-1we
$osssenserscsecevseasencssen

PART 111 VARIABLE 83 SRAIM HE1ENY

>

NS8S NESTEY RAYE M8
() SED(m/Me)

[ 17.71

.2 218

. 2.9 3.7¢

L 8.1.;38.4 °  q.08

SURIAL WISTERY Fea vn-nni;uﬁkikulnlu NESGHY

“nececseccneeretscatiionsrancosbgeannassess

R YN

OPRBOEOHN el IUPE -

STARSS (nPe)

(Ma)  THIEK (m)
83.0, 182.7 188.4 24s0.8

2
.0 ]
] 1
.Y i | 2
t .3 4
[} .® [ ]
- 3 .0 []
. [ .4 ?
] R ] [
L ] 3
8.8 .8 [ ]
.Y 2 ]
.0 2 N
.4 . 8
.0 [ ?
‘e 1 [
:. 0 ) s
e : ?
1 .3 [
.e .8 k4
* . .8 [}
.2 . [
.. .3 [
] -2 °
. . []
.2 i | ]
jnanm
.0 .2 .0
.0 .? .4
N .0 .4 []
N} .3 .8
o} '3 )
& .8 .8
[3 .0 .8
.0 .8 ]
N J - .8 I
.0 .3 .2 N
. ) .2 N
@ .8 .8 . ]
L3 N .0 .4
.0 .Y .8 .8
N X .8 °
[ ] s
N [ °
[
°
.
[
‘ L 3
.®
.®
.0
.o
H .®
. .o
[
R 1"i.e
17,0

B

TIME. PORM OR INT, 7OAM OR ieran

¢

N

~

191

iR



INTERY. (Ms )

101 Svasie ANS
SEA LEY CMB(m)
18,

TovaL
LBAD

383

MISTOAY FOR VARIABLE B8 BRAIN NEIEMT

LA R N N L T T Y Tt

- TRCTON
IhitePe)

18,

%0.

1.

~ 44,
128.

~ 1%,
140.

188,

\

.

18087 TRCTON SUBSID
ANS B0A LEY CHE (m)
-8,



L L 3 | - . R ‘1‘93

WELLSIT?. MO TEXACO BRA2R 10
S8 seevRIeBERNRLLIGIB RIS

. - . . . )

PART 3: CONGTANT GRAIN NEIENT ,

cancssne : .
PORMATION (M) SOLIO WRAIN HBIENTS (M) RATE wS ~  THICK

R tuTERY SOTYTOM SNALE/SHUYES/BANBS/TOTAL 88 ) TeT(m)

[1) 78.0 Y2.0 S0 % '1\7.8 8.3 3ES.0 3. B

e .9 9 0.0

coLo .8 . .0

canp . @ N3 .

ws ) .3 /

arsc .2 N
nANN .9 R ) .

LMANN .® [ |

aReK .0 °

ran .9 . ».0

SURIAL WISTORY FOR CONSTANY SAAIN WEIGNT : !

S settittetti i itiusreitcessocassnsigeos - ; )
: i I
Ting  comuLative THICK CumuLaTivE STRESS /
{Ma). in metres. Y tn niloPa, . : '
° 2080.1 17348 ] | §
19008.2 ll!’.“l ;
17740 s.0 . i ' .
. ! ) _—
| )
1
[ . .
s [ .
-8 ‘
.3
] .
[] " '
' v L
i
AN
4.8 o
QICVOIIC.QIIVOCV FOR CONSTANY BRAIN NEIGNY
INTERY . (Ma) TYOT SUBSID AND . YOTAL - TECTON 1B8ST TECTON BSUBSID
TIME) TIMEZ. SEA LEY CHG(m) L® (NitePa) AND BEA LEV CHEG (m)
74.0 v5.0 481, 200, . 182. T2,
‘80,0 .0 18. . c1a. -8 N
.9 .0 «88 . =18
o .0 i3’ “19. .
° .0 26 . R 1N :
[ ] .0 . 7. 182. ) £ .
.o .o a& 3. i
.0 .Q 3.
.0 .0 167. "y,
.0 N ] 216 146
N ) as. L28. .
.0 .0 198 100.
.0 .0 273 7. ‘
o ] -9 74 7. !




) ) . .
. . .

LI D
L

8 85 GRAIN HEISHT ' . {
*aéobsescanansnve L hY

PONMAYION INIT.89 - NSEB  NSTET RAvE NS . : PR
OR SNTERY POARBITY (m) [1 B (m/ ' j
LI

1.37 - ' .
BURIAL HISTORY POR YARIADAR 8B SRAIM ull_l""’

LR R L R R R L R L L E T it et '

(Ma) tn metres. in nt

TiNg G“Utl'l'l TNICK  CUMULATIVE sTRasS
ra

7.0 1987.2 1721, '
1038

L] ;l;lut . | » o \

aviscsea

R R T T L LR ey

INTERY.(Ma)  TOY BUBSID am TOTAL - TECTON  1sosT 'ltfﬂﬂ(luilli

. B8A LRV CHGImI® LOAD (Kilera) AND SEA LEV CHE (m) v
e - 'il:- T8 0. . UL '
17, .




. -
PARTY 1: CONSTANT SRAIN WEISHT

R

PORMATION
oM JuTERY

BURIAL NISTOAY POR CONSTANY [

seeeesrecersencecniman,

Tike

13,0

ASE (Me) -

™ paTTIN
7. [

173.¢
188.0

°

LATIVE THiEK
stres.

S e e

0N ETAL PRMDINA. Y- o
LETL T P Y TS P T

seLID enAlN NEIBHTS (W)

SHALE/BNYSS/

18]

ssvovsemw

oo

v, sTRESS
8.

207839
27001.9
200808
263078
230174

3338.3

? [
%20

TECTONTIC MISTORY POR CONSTANT-SRAIN NEIBNY

P

INTERY: (Ma)

TIMEY TIMR2

1.0

TOT SUBSIO AND  TOTAL - TECTON 15087 YECTEN sus
S8A LBY Cche( [}

)

LoAD
]

¢
T84

[
AND, 884 LEY CHE (m)
3 4.

N

..



. ) ') : »-v‘. v L - “
v e

| , 196
setAcEen STai Peweins < , .

PARY 11 vaRlaRL

e®sscsevrservrnss

PORMATION 1NIY.88 RATE ws ' o .
o0 1UTERV Pensiivy.

i ll:l-nub

el R L R I

© :‘:’ 'UIILOVIVI mien GU.UL.'I'I OYRESS ‘ v s )
-840

\

sssssssnsve

1678RAY. (Na) YOV SWES)
TING! TINGS . 884 LAV ¢
7.0 8.0 108.

®  TVOYAL - vacvew ll.l' Yl".l l"lll.
)} Loas (llll'l) - ANS BEA LBY CN »)
- T 4382 s44,
88,
11086,
2038

1080
190.0 1130



/ . v

WHLLEIS. SARVRY BpOaS .Yll lllll |‘|l " lm . . 197
SBE020000000003R000000000RR00RRRNRdN

;

PARY 1: CONSTANY SRAAIN NERIGNT

4  eesesmvcevegeusebsnvrecesanse

F‘lMTl.l ABE (M) « BOLID SRAIN WEIBN! I is)  RATE wB.
OR INTBRY TOP QOTTION BSNALE/GNYSS/SANBS/TOTAL [ 1]
108

s ”. 7.0 9.0 44.% 15e.9
[0 7. 3.0 1.0 od.s ‘
_coLe 3.0 .80.8 104.8 o

caRg [T ) "
aws .9

g
[ 2]
orsc .9
nANN 13.0
[ 1 22 ] 1%0.0 3.0

, X .
. . . )
RY FOR CONSTANY CGRAIN NEIGHT

.---.-------..---.---.--o...----.--.

CWUL!'I'I THICK CunuLATIvVE I'II!I -7
in metras. 0 n l“."- . .
1807.2 |’ll .

1480.8 1Y

TRCTOMIC WIBYOAY POR CONSTANT GRALIN NIIIN!

1808Y TECTON suUGSBID !

INTEAY. (Ma) TOY SUBSID AND Y
Eagl 3] SEA AND S84 LEY CH8 (m)
a9, .

By CuBim) L®




i

WELLOI0. GARVEY GASS BYAL OOLEN 1-13-47.30ws
G000000000000000000000000000000000%000000

PARY 11 VARIABLE 88 SAAIN NEIONMT,

®fseserrenescsernsseensssensacans

\.

PORNATYION
o0 juveay
o ¢

SURIAL KIS

Ingv.08 nese
rORGSSTY
[ 4

LA 1 XY ¥ Ve

Y POR VARIARLE B85 SAAIN NEBIGNY

L A R R A

L 2 2 T

- -

PR g Sy

L L T R g
L X X1 )

:

1
150.0

SUNULATIVE THiCx ¢
in mate ]

uu::nu'uuu i

'vpcvo-nc HISTORY FOR VARIADLE 86 SRAIN NEISMY

AL R L L L T T T T T S ettt
P

INYBAV. (Ma) TOT SUBEIS AND TEYAL - TeCYN )
TING! VINES BRA LEV CHG(m) L0AS intters) AND SEBA LY C
18.0 8.0 3 23 a%e, 1. a0
0.6 Y%8.0 B ..
8.6 5.0 18,
3.0 s.
13.
133,
148 .
¥,
se.
19
.
(1]
7

198



oo} svaL Nivvean 1e-13.a0-29we ‘ o ¥ S 199
L AIITTTIITY YT ...l.l....'l.....I!ll.l!'l =

/,’\vnv 1: CONSTANTY BRAIN NELONY . \

SesesresevsIsEsLsERsRananne

PORNATION ARE (Ne)
[ L] 1NTRAY  YoP DOTYTOM
(14 7.0 [

3 3 ~—y

RATE w8 ™ign §

i im/Me
28 .07
14.¢0

SURiaL ll.'.i' ron G.Il"l'

Sesssvssssassasreanas

Ting GUﬂULA'lVl VIIGI GUIULIiIVI STARSS
iNa t n aitePs.

1 . e
18600.9 ’ : ‘ .
13800.9

TECTONIC NIGTOAY FOR CONSTANY shaln lll.l'

Setsssmnsr st resctnncsnnasscnrsentnscacnae

INTERY.(MB) 10T SUBSIO AND  TOTAL - TECYON I80SY YeCYem 8 10
vime YIII’ lll’LI! CHBim) LOAD (ntle
.. 7. 13

=)

sesne.
3737,




soss 'll atre 0 -2wWe

“ul“
. LTI TTY 1

PABTY 11: VARIABLE 80 GNAIN wEISNHY

®¢st0srsssrpeescctsrsssegrsnnoaty

AATE we
880in/Ma)
28.03

sniaL .ll'..' POR VARIADLE 88 BAAIN nEseny

AR ET R LR TR LY TR Y Y ssecssesnssns

[]
189787
¥ivs.0
12878, :

L2 T T T TSR

Semsvesr

e n oo m--.
g g
LA L T T Y I
(IX XYY TYYY

.TECTONIC WISYSRY POR vaRia AN nEignY

ll'.l' (Me) .78Y suBslp D TOTAL - TgCTeM
" (L I LAY CHB(m) LOAD (NilePa)
. .. 32.

1420,
188 . 4083 .
138. 3932,
7. 838.
368 sese
303.
4.
118
20
143
179
330

1808Y vaCYSN suBssie

AND SEA LBY CNE

9.
se.
..
".
the.
I




WILLORI. QUINTANA PUNES WAYY LARE 7.4
OII....O..CO.'..Q..lll'.'.'.l.l.'...

PARY 1, .GONSTANY SAAIN NEIANY !

i *seercsncrvansvconsnsonssnes

SOLI0 shalN wE} RATE H8
l.llll’ﬂ' 8784
130.8 (4

LLIIL Y ™Y

SURIAL WisTER

Stesssoncsbae

N TANTY GRAIN NEIENT

L . N

TING CUMULATIVE THIEK CUNULATIVE BYageS
in setres. In Ritelg, .

21044. 0
20032. 9
10021.2

19004.3

TYECTONIC NISTORY POA CONBTANTY CRALIN NEISHTY

SNt ectceccntrtctncottncnctcnctrnresestana

JRTERY.(Ma) TOT BUSSIP AND TOTAL - racren

TINEY TiNEZ S8A LBV CHO(m) )
80.0 vs.0 . [ 2] 23.
3.0 75.0
03.¢ g0.0
48.0 3.0
» .0 au.0

»~

AL
10%¢m)
100. 8
"

201



) ' . ' ‘ 202

WELLO81. ovINTANA Puege WAYY LAKE V.4
000000080 000000000000 sesssersnsen

- PAAT 181 VAR)AGLE 88 saals neigny . K

fRossotcvracrsrsrerevasntesnnsane

PORNATION 1N1Y.00

y
NS8O MEYET MAYE ns : s
([ ] in)

o® NrTex S8 im/Me) B . .
HANN .80 .
[ L0 0.8
LNaNn 3.0
Luany 3.a0

\

SURIAL NISTOAY POR vaRARLS 88 SRAIN NElENTY

AR AL T TR T Y D P S D

CUUiLaY) I ve THICK GCWIULATIVE sTaRss .
+ th @etre in ailePe. )
g0

L X ]

.’-“.”..’.‘..U

.

>

TECTONIC wisYeay Pea VARIASLE 88 saalN

A A Al L T R Pttt

Javgay. (me) - 707 BORSIN ans TovaL 8Y TECYON BUBSI® + .
\ {1 B0A LOY CuBim) Leap ANG SEA LBY CHE (m) .
. 3. 3. L
It (3 - "
.. s
. 2 -
182, (3]
9. 148, .
®. 3. 1
1. ",
181, 0, .
189 ”.
"e. .. .
140, ’s. /
2. ...




nesny -l~ Ry
nuu--ncununounnnnunuu

L

PART I: gONSTANY SRAlN l.l.l'

---oo-t-.--oc'--....-t--uql'o

PORNATION ASE iMa) ..Ll. Al ﬂll.l'l ia)  Aave us
Oh INTERY YOP eeTTON SNALE/S a8 /e ll.!.ll"
soLe 3.0 .0 80 .4 1.

i 2.3 l.
arsc T "

nang 199 v.08

[ 1] s.0 t B

-
..o......-v-..-..---

TING . Cumviative 'Il‘l GU‘UL"I" [A{T]Y] N
n wetre ’ 11004,

ORAIN NEIGNTY

®toccesavesecanas

Yor o

ll'll' (Ma)

A1 ] 1 L0AD (kilePa) AND 08a LSV Cug
4460, 283, I 1
3088, 2186,
8, 2017,

it
"ovie
1149

AN  TOTAL - TECTON. 1S08T -TECTON SVRSID

"

203



‘ Cq : S
vany 1§ uni S5 SAAIN NEIGNT . . - °
"'.i.'. --0}.0..-‘c-a.o-'Q.....--oo {

) QIMMATION JNIT 88  WEES NBTAY mATE W ‘ o i e
[ L1173 i..:.l'rc( ] SBd(a/ug) LT . .
nalN 1.1 a0 e i . L
: 83 ‘ . ] o . .
i ,
' v I &£ .
. ."’:
”
B
~ A
i ' : . . 5 - .
TIME cumviatsva THICK CuMULATIVE unu . i o ’ {
(Ma) o0 metres. . in kivels. v . . ' o~ ’
L] [ 1] . v .
g
A . " '
o
< 4
. "
+ Y,
e L i
: it
W
! P
¢
’ ,
v ! . , .
K] Y :
' ’
o : . .
"y .8 .
’ .8
' e $
' ™ .
" .o -
' .
' .
A e.e
Jecromic nisveny son- vun sdain NEIsuY.
..-..-....-.-.;--./-.-- .-.....-oa---..
nvn - TECTON - 1S08Y YECYON SUBNID .
, 0AS (NitePa) AN SE4°LEY NS (m) -
. . . :
Hh sz " : i
128, 7", : .
-.. 5 . )
-33. Vil
143, es.
.. eyl
I T 23
'3 3
. s, .




waLLeas .
Sepevsenss

PARY . CONSTANY GRAIN NEISNY h !

‘.ln"l.l l'l,ll" SOLID GRAIM NIIIN'I (m)
SR INTERY TOPF BOTYOM SHALE/SNYRS/8A BS/TOYAL
coLe " 3 ® B ‘0.4
‘qws

| 1414 103,
MANMN 103.0 113.@ ‘

LMANY t13.0 130.90 0.0

TIME CUMULATIVE THICK |
(na) in metres.

* -
.®
.0
.
'3 ' .
.
1100
111.0 .
1130, .
113.0 .
174 0 .
118.0 .
1100 . > . .
117.0 . 17.0 R o
118.0 .8 ,
119.0 6.3
130.0 e.0 ) - /
L C NISTORY FOA CONSTANT GRAIN HEIGHT - . s

LR R L L T LT Sty
N v

INTRRY.(Ma) TOY SUBSIP® ihﬂ ‘TOTAL - TECTON 180BY YRCYRN SUDSID
TINE1 YINEZ S8A LEVY CNE(m) .LOAD (5!‘ ) AND SEA LEY CNE (m)
a8 L) TIe, 23,

® 83.0 .. 18.
e 8.0 136 [T 27.
@ 83.0 178. - 12 8s.
.0 s0. % -3. 1.
0 81.0 . .27 3. is.
o #1.0 247, 188 .
0. 98.0 274 180 e,
.0 108.0 137, (I .
.0 tes.0 . .. ..
.0 113.0 3. 20. 1.

208



. ) | .
i

e mval m:uum.nu 10-3

ssssisevsssivee

wiLiess. aw
sevevesssne

':
hAlN wEiEHY

Peenesssacrass

PARTY )1

'ﬂnll'lil l“l' WSS . NETBY RATE N8
[ 1]

SR JNTEAY renss] (Y] (w)
(L1} 0.00¢ 0.4 7.2
NANN .17 .

LNANN - 0.080
tMawn: . 170
\

BURIAL NIBTORY Fon

o 55 snarmilfhgieny

®orernsecanadrasnns

Ting HIcK :um"nulu sTRESS
ra

e mNsaew

OB vovays
“BUP RO ICPOIYN IO UM

TRCTONIC lll"l' '.l VARIABLE 88 SRAIN NEISNT

---.-...-.-.--..- secersccsccssncrras

Il'll' (Ma) -~ YoV 8

4”7;

10 AND TOTAL - YRCTON I808Y TECYoN suBsiO
SBA LBV CHR(m) LOAD (nilePa) AND SEA LEY. CHE
23.

.8, 3s. . s10. 1.
18513, 7e. 37.
1234, 0. .2,
.. -3.
173, -30. 13.
3378, ITe .r.
1803 188, vo.
LTI 132, se.
3027, 148, .3
..

206



BYAL RICINUS 7-30-38:Yws
(LTI LI PP P TT YT I

wiLiLe

PARY 1: CONBTANY BRAIN MEIGNT ' )

PORMATION
R InvEAY
[ L}

share TONYS ymt
A/ 8taL
203.9

..‘
2848 44 40
130. ¢ 3.8

148.3 18.20
%0.4 4 .
1309 21
8.9 ",
23.8 o.a8
SURIAL WISTSRY Pea .
B .
S TIME  CUMULATIVE TP uuuunu sTaEss
(M t1e
. Vo8 . ,
1927.2, 181 .
1702.8 un a 32807
' .
‘

LA A X N NN § RVE")

- -
CE LY YR XYY ¥ Y

~

L 1084 .8
30.0, s38. ‘ [ 11 ] [ 11 )

'I!I:IIC NisST

-
0000000CP0CCGOOOPOOOCOD

A\ '.l CONBTANY ShAlN ngIGHY

AWTERY. (Ma] TAT SUBSID AND TOTAL - TRCTONM
vuul TINEZ 88A LEBY CHCim) LIAI thive
75.0 718 . ese, 8.
a0.0

CTRCTON BUBBID
LEY CHE (m)
b




weLLOBs . llIGAlll sralL !l‘lnul 7-30-30-7Ws
‘Ii.lllon'l.'.oq.'llia..-occocnnat-. sene -
4
PARY 11: vaALANAE 98 SRAIN .
*rsesesesonene }
PORMATION i NESE  NETOT  RAYE N8
Oh JuvaRY ron Y (w) =) .lu-luu
" $.1 100.8 93, 4
:I 108.0 238 .9
[
arsc
"wse
(L] 3 .
NANN ' 29.63 . .
(Y 7Y [] 10.73
L\sann 12.08
(4 0.3 .
!:'= e.43
BURIAL NIBSYERY Pon YARIABLE B8 BRAIN HEIEHY - . . , ' . 4
"esemestercrrnrrencsrosorscssncocneProacnns .
Ting GUNULA'IVI YNIGK CUNULATIVE sTRass
iNa) Oa |etray M .
1.0
7.0
7.0 .
7.0
. v
luu p
3048t .1 $Y873.4
30168.0 20343 . ¢ s
27038 .8 3
‘ -
4
[}
2
.
14
|
By \J
[ N
[ ]
.0
[
% I
% [ ] i .
3
[
]
1 'y
I
. , N
. !
TEETONIC NiISTORY . f o hd

IIYII' (Ma)  TOT SUBSID amp TOTAL - TVECTON 18087 TacTvow suUss1D
';Il! S8A L8v GN:(.D LOAD (kiters) AND
. 8880 .




WELLOES.  NONESTRAD I'Vll sun llll. L X3 1
"Sesesecssisseseseseises

“sol1n smain EIENTE () maTE e itk
unuu;' ’ s / 1ot in)
]

CONSTANTY GRALN NIIC“Y : ) ¢

A R s

VIMNE CUMULATIVE THICK GUﬂULl'IVI sTasss o ‘
(Ma) in mesros. in hive

78.0
78.0
77

' St

10488 .4

10018.3 .

.l!l.. '
3

TECTONIC MISTORY PoR

ceccsevcnsban

AlN NEIGNTY
‘ INTERY. (Ma) TOT SUDSID AND TOTAL - TECTON  180ST TECTON SUBSID
ATine L L)

SBA LEV CHEim) LBAD (nilePa)
. 780, 5873,
1238 .

® of =

”




W

WELLISS. NONESTEAD PAYNE SUN INNIS 3 - W
oaouo.cuuuucnouu

PARY 11: vaRlABLE 88 uufi .Illll|

L eeBsbbecrsssbItsssesesvaenbonnan

PORMATION 1N1Y ll uess
lg.lIVICV" (4] 14/

LaanN

IUIIAL NIBTORY POR van LE 8% SRALN n%uuv . L.

AR R A R L T LT T A I AP

"I.I C“ULI'I'O mien Glﬂﬂtl'l'l l'lhll
(M8) in wotres " kitels.
:lll 0

..ll.;;..;l..J?..

CRASH NEISNTY

eeesessscnace

TOCTORIC WIBTORY POR VaRIADLE

----.--..--.---..o-u.-...-.-.

ZINTERY . (Ma) 13887 TECYOM SUSSID

?l.ll TiNgs 8 v-Chue(m) [ AND SEA LEY CNE (m)
. 8. .. 7. 2.
$. 10.
-17. I'.
,l.
172.
201 .
e.

210



WELLEBS. uMB BL
¢scssvenceser

PARY 3

ropMATION
N AutERy

2

SHALE/BNYSS /S
28.9

ldllll WISTORY PR CONSTANY SRAIN MEIGNY

SePeseccacscrrnunsrnctontentstetasatrenn

TiMg
()
78.0
70 .0
7.0

in metres.

[ ]
i ]
.3
3
.8
.0
TECTHNIC NISTORY P

........-..-.....

‘ INTERY. (Ma)
/'lﬂll Timg2

A 4
[
°
[
)
e
.o
]
[ ]
[ ]
°
[ ]
.®

TO0Y BUSSID aND
SEA LERY CNOim)

‘CUMULATIVE THICK CUNULATIVE srasss

" lil.'

.8

..

1

]

3

1

N}

.1

..

.8

1

. 3

.0 °.0
IN NRIGHT

measccncacosvanen

TOTAL - TECTOM
LOAD (NilePa)
200 . 8047. ese3.
.
177,
108.
(I
33

SOL10 SRALN ﬂllll’l

18081 YECTON SussiD
AND SEA LAV CNG (m)
130. ..

‘

e



WBLLORS. KNS SLNGAA V-3-38
9800000000000 000000000 0

PARY 11 vARIAD

' avsssssvrseenve

AlE NEtont

sseessaccns

PORNATION 1MITY.88 NESS  NBTET AATR Ms
o8 JNTERY PBA [} 8P im/Ma)
[ 4 47.%¢

LA B X X E'RPVY WS
L2 1 X Y ¥ YO ey

SURIAL HIBYSAY FoR VARIABLE B8 sdain wareny ¢

L N N T T T T P it

CUNULATIVE ThIEK CUﬂULl'IVI’IV!IIIA
(1] in hiteda )

94101.8 32280.3
23348.0,31020.3
23862.37307% .4
31138.8 19

L4 1.8

R VARIAGLE 35 SAAlN wiRlgNY

INTRRY. iMa) ¥8T SUSSID AND TeTAy - TECTON 1808Y TECTRM SV
. ) andp

81 TIMES B8A LEV CHEI(m) LBAD (xile e
.0 8.0 . . &

0.0 vYs.0
3.0 e.0
83.06 00.0

20
kd




213

4 17
ssusnesace

T 1t EONSTANY SRAIE NRIGMY

SeslesosavrenstRtsetnanmon

MATION  ABE (We) SeLl2 amain wEisuys )

NI TERTT JOITen  guaie/ssuvasss

v ’ (3

coLe " .

cans * o

aws * e

arse M I ) .. .
Maun ) * 24.8 23

Luawn 113.¢ 130.0 .8 L ]

BURLAL NIBTORY FON CONSTANT GRAIN WEISNT

AR e R R R T T T R aine

TING CumuLATIVE THiER CU'ULA'I'I SYRNSS
(Ma) in metres. ’
7.0 o84, ¢

»

(AL XX R Y BN Y XY 'R INVE F ey

TECromicC CONSTANT SRALY” NEIGNT
ll'll' (Ma) SUBSID AND TYOTAL - TERCTAN 1SeST TECTON suBsID
LEY CHBim) LOAD (hiVePa) AND SRA L8V ¢ -)
1. 43, "o 1141, .
1. . sas. 2997 3393
$1Y, 2300, 3182, 38.
3. [ 1] 8. ‘.
38e. 133,
414, 187,
8.
4.
1"y,
7. "
a8 .
3. N
Y.




041834178

"iiieny. [}
LAALLL LU I Y Y P YT Y T

speecesesessevIEY

PAAT 1. VARIABLE 86 GAAIN NEIgNY

Brevvccctrcrasurronencanentauniay

PORMATION INIY.08 [ ] 1]
08 TRy (] "

LY T Y P e

SUALAL NIBYORY Foa Ganlasie o8 “ll. “lllil'

#Pesecssacsesscavencensssons esee

SUNULATIVE Yeigx lu.ll'l'l stasss
In metres.

l
]
1]

o
181380
17447, 8

- oW
LA L LT L T X ¥ XY Prrrypsey

LA L TN T T ¥ ¥ YNy i

VARIABLE 885 SRAIN NElENT

¢ VIG'OIIC nisveay
.s

.

INTARY. (Mo} TOY BUBSID aAND TovaL . acren II.IV TECTON BV
“TINGY TINGZ 08A LEBY CHEim) LOAS (ke
4.0 N 0o . .

3. 0
“ 83, ree, 3

-

Y

214



218

PARY I RONSTANY BNALN NEIOWY

Ssvsecacussnas
o

PORMATYION BOLID GRAIR WBIGNTYS (m)
oa _InTRRY 141 SHALE/BNYS8/84N08/T0TAL . "
P 8.6  40.1 H.0 2.3 110.3
coLe [ 0.9 . o.9 1
e . 08,0 . .0 Be
T . 2.3 1.
108.0 113.0 8.3 8.1
113.0 150.0 3.0 19.8 '
GURIAL NISTORY POR CONBTARTY GRAIN WEIONT .
CUMULATIVE THIER GCUNULATIVE STRESS
A nilede. , .
"
N t
. .
L
“
_ g
.0 'S ‘
TECTSNIC NISTORY Pon CONSTANTY GaAIN NEIBNTY " N

INTEAY. (Ma) YOY BUBSID

© TECTON 1888Y YECYaw sussip)
TINE) TINES S8A LRV Cn
s0.0 [

thitlela) AND SEA LEY CHE (m)
[ 1388 . -13. 5
3307
2128,
1818




s A . 218

PARY i vanjal

Sseevesscs s

POANATION INLTY. 08 NES0  NBTOY RAYE W
“‘.II'IIU ’..: 1'Y @ . (@) lll!l‘:‘l

27.0 104.0 0.
80.8 197.0 28.07 .
1.3 7.0 19.3 .
* 8.8 .Y "w.s

3.6 80.3 11.88 \ ;
2.0 08.0 R :
1.0 6.4 8.00
14.9 3.8 3.00
SURIAL NISTOAY POR VARLABLE 08 SRAIN NEIONTY * o : .

A P

TING  SUMULATIVE THISK CUNULATIVE STASSS
N2}, Vn meyres. ' []
"w.e 088

3
.
I3 .
.0

100.0 .

LI s08.

108, 0 240,

103.0 170.

1080 180, o

198. 0 189,

1900 ",

11,0 0,

g0 .,

11350 3.

t14.0 2.

1180 2.

196.0 2.

"y e Y.

8.0 ‘g0.83 ,

190.0 ", ’

150.9 e.0 .

TECYONIC NISYORY ¢

NEleny

crbaes
reraL - 'lé‘l 18887 YECTON BuSEiD
AND S84 LBY CHE (m)
-1s. 1.

INTERY. (M)  TRYT SUBSID
" 384 Lav cus

.. .
a3,
3.

"



’ .
wELLe8e .

PART §1 SONBYANY BDRAIN

swmevsnnce

e

‘POAMATION ASE (Ma)
n'uun TP BOYTON
.\

OAL BEIBAS BYAL
-nn-oouc-o-oo-tuol-oqno YT YTTY

8 ¥-19.

naieny

@
sSeWBascsenessrevens '

Illll I.lll llllﬂ“ Al AATE ue mign
1?‘lll.ﬂ‘lll.l. .'Q\ IIII.II" r'.".l
.40

"m.e .0 "y, 1000
coie . 83,0 se.9 e 1.8
] -7 se.e es.e 3.0 ‘
srac o 10%.0 1.0 .
nane 198.0 1130 0.2
waEe - 1i1m.e 1200 2.0 '
PURIAL NIBYSAY FOR CONSTANT 08AIN WESOMY

CUNULATIVE THIEN . Suuviative evasss .
o .

“

[ E XY T X NY JI'F )

€ NISYPAY FOA CONSTANY SRAIN waieny Q.
Metescsessncscronacentnttsanncctconcan
- .

-iMa) YOV SUBSIP AND TOta. - TECYON 19657 TRCIOn svesio
'lll’ S&A LRV CuE(m) l.A' (li‘..o) 1 AND sEA Y CHe (m)

\ 92 180 o. !
’ll. lll.. ‘SQI.
148 . 3441, 3888
o8 . 0gs. Y,
120, 3013
177, 4008 .

113.0 108. .
136.6 108.0
180. 0 lll.l_




Ll .

\ WNlsAS BTAL
senssosrensces

¢

PANT 11: VARIASLE S5 RAIN WRIBNT -

L S L TR Y s poo -

FOANATION 1NIV.08 HESS NSTRY “maTe

Ok INYEAY 17y 1mt

T
[T

-

BURIAL WISTOAY POR VaRIANLE 38

esrereaseclecsenccccccrnttiicnrcrananios

: TING - CUNULATIVE THICK. Elﬂull'l'l IVIIII
. tugt 1 4

78,0

7.0

2N, o
1730 . YV
?

ONINUI® S

TRETINYC HIIYOIV 4 L} 'llll

L L R R

- JNTERY. (Ma) . TEY SUBSI0 AND ‘ TOTAL - TECTON lun TEETON SUBSID . o
B8A LEV CuBi(m) LBAD (nilePa) . . AND. IIA LEY CHEG . (m) | :
: 133, 22, 2. ’ 40, L :
. 138 vu. 108, o Lt
: . 117, [T o C .

. 0. N i L
. LLoven LI

. . 31, Y. P
. °. 3
. -3, [} K
. 188 (1] .
. 179, I3 "

(30 se. 37 . .
" . s e ‘\ .
14 10 °
- "



l-"..ll'l
by % W t
i )

'AI" ‘I‘#G.Il?ll' SRATN NE lllﬂ

.---.-..;...-----...--.

canbyebs ‘Y& am o 2

IN NE1BNYS 1m) nave "s. ™Tiex

'.Ullll'l.ﬂ I.I.ID
SHALE/BNY. .ll:lﬂll'ﬂ'll e
.8 88 ‘.: :l’l."v

lOl 0. 113,
113.0 120.0

.

SURIAL WISTORY . . - .

CumuLaTive THIEK CUMULATIVE SYARES ‘ ’ .
res 7 tn kidlera.

adors. o

307

ll.l.i
1377.0

1200.1 2
EIIIEE 2 :
28 ‘
20131, a

. -,
28403 8 - . .
24947.4

R L]
l’gi P B
Ed 4 2

L
TRCTONIC NISTOAY POR CONSTANY

P

;dl'll' (Ma) "TOT SURSID AND ToTal - TECTYON  ISOSY YRCYON SUBSID
IME) TIME2 SEA LEY CHGIM)  LOAD {nilePa) . anp s LEY CHE
78.0 47, 273. 8807, 803, :

.0 -87. .10, ITH
78.0 4.
0.0 .e. .
R b
. .. .
. 882 [
0. 24
8.0 81, 178
103.0 1. 318
103.0 8. 137
113.0. 108. 238
120.0 108 302
120.0 113, TH



f

vany 11

PORMATION
R JuvERY
"

.l'.’“'
880 (m/Ma}
83.83

SURIAL WISTORY POR VARIABLE 83 8 AR, NEIENT

L R R T T T T LT - ety

TIME CUMULATIVE THICK CUMULATIVE STRESS
: 1eda.

(Ma)  in ' metres. in ni
78.0 1800.3 14778
1

130328 .8

123298

119389

t1400.0

10808.3

10430.0
.

S e e a e ia s
L X T Wiy

sussIo ams  veTaL
333,  gv1. e13

18, -t -433,

3390.3 o
142.7
©.0

RIABLE B8 BRAIN NEIGNT

®recsmscorsencennnassin

- Yl:'gi

SEA LBV -CHE(m) LOAD (NilePa)
1. 483

1S08Y TRCTYOW sSUBSID
BSRA LRY CNg

(m)

-

220



. .
WELLIZY . PANCA

PART ): CONSTANT SRALN NEIGNT

LR R RY AL N T AR i

PORMATION AGE (Ma) selle
TTOM  SNALE

.3

..0

774

.0 308.9

sws 0.0 8. 1.0

1 0.0 103. 5.1

. A 108.0 113. s.0

AN 113.0 t20. 0.0

LR T XL Y 1Y Y PYY YT Y WY Py Y Spy iy ar e

AN PCP BTRATHMMGAL Are
SRS OO NNINGNNENNEISNSNIN BRSNS

tesmencmnsnnavsonn

[TIIY N

Suomuw

o-‘uo.'—'n_.n-.-uu..boo

o emmsann.

CUNVLATIVE THICK CUNULATIVE STARSS
. in nilers,

318081

201881

i

TECTYONIC NISTORY POR CONSTANY SRAIN NERIGMY

L R R R R L L L T L i asiring

VAL IRITT
1.0 8.

INTERAY. (Ms) 70T BUSSIOD AND YOTYAL -
SiA 13 in

racy
iie

4w
sse o

RAYE NS
8D im/pte)
3.

18087 TRCYON sUBSIg
AND 358a LEV t::

132
“%0.

THIEK
Tatim)
30,

(1]

§ e .

221



wELLO3Y. PANC
T T YYYTTY])

T RARY L8: VARIABLE BS SAAIN NE1ENT

-op..------.-.-.---o..---.o-o-.o‘. ! v

PORMATION INIY.S8 WESS WETOT RATE ws
o INTEAY PoRe e ‘ s
"

®.1%

BURIAL MISTYERY Pen vaa
“rcrsgESateveererannes
7

.
.

.8
.8

.0
.0 . .
.8 t '
. ’ ,

¢ 4

3 . v

] ] =

.

] I 2

. 08630 )
A 881.3 .
. .

P LBOINCETPEONREONND <

3 2l . .
.0 e.0 e. 0 o.0

“TECTONIC KISTORY POR VARIANLE 85 SRAIN WE1GNT

P i A I

o1 sussio awp ".1‘{ - YECTON 1308T YECYOM SuBS1D
S8A LEY CHB(m) LOAD (hitoPa) AND SEA LEY CME (m}
308, 4 .

+

222



L

T dmse e a ve gy, - ‘223

PARY 1. CONBTANY BRAIN NEISW : : .

®esseccrssessnonnnn -

SOLID SRAIN MEISNTL (m) mate N8 INlEK

PORMATION A
[ ] ] SHYBE/BANDS /TOTAL SEDI®/NE)  YOTim)
[ .

1 . °.6 31.7 31.¢ 18.0 )
. 80.0 83.0 s0.8 0.0 '68.9 .08
3.0 90.0 a4.Y ".n
0.0 03,0 4.2 s.33
08.0 103.0 86,y 20. 37 , ' s
108.0 113.0 .3 17.34
113.0 13%0.0 0.0 3.93
’
CUMULATIVE THICK CUMULATIVE STAESS .
in metres. tn kivrers,
$943.1 p0s.3 20821.8 17004.3 R
1137.2 0830 29320.6 17381.2 ¢

1138.4 §32.3 20080.2 1087 .
193.0 . ] .
k) .

Uw-9ssmo

=} .

TECTONIC MISTORY FOR COMSTANY GRAIN NEISHY

LR R R L R R R

INTEAV. (Ma) TOT SUBSID AND TOTAL - YRCYON 180BY TaCYow SuUBSID
TIME) TIMEZ SEA LEY CNGim) LOAD (m) L AND B8A LAY CNG (@)

1.0 1. a2 3. . 1.
7.0 [THERT 1 13.
80.0 0. 't
83.0 129, 't 1721, o T
.0 3es. 313,
Y a33. 308 1370,/ . s008.
° 13. 1., 193 23,
1M1, 148, 1182, 1204,
308, 279 s884. 8478, .
277.  1e3. saas. 3374
° 190. 114 3287, 2823, .
130.0 108.0 263, 164, 4217, 3333
130.0 113.0 TR 1. s20. 701.




!

WELLIDS. JORALS BY AL Ve 8-11+83¢ 18w
. L[]

9000800000000 0000000 00 A
PARY 11 vamjasie il aaa) l;t"
FORMATION INiT.S N8BS NETET AATE N8

s80im/Na)

R _JNTERY PO
. [ 12,07

- COL0 o.1%
[

Lsany e.17%

SURIAL WIBSTORY POR VARIADLE 85 SRAIN WEIONY

®eoosesessnmsssnnsssnrrsnsvesnsencaBonmenne

TING CoiL
(Ma) ¢
b

CUNULATIVE BTARSS
4 TePa.

LA R L EE T T PN T 3 SRy s

« TECTONIC MiISTEAY POR

mesemsccscrsnasen

SRALIN NEIBNT

’ll'll!.lﬂ.) YOT Bussio
vingy 7: 1 ss [J

TOVAL - TECTON 1S08T TRCYON SUNSID
LOAD (nttoPa)  AND SEA. LAY CNG (m)
377. age. .1 3.

2614 .



v

: | ! 228

PART ): COBSTANY BAAIN WEISNY . 1

Geccscncnncssressnbssensannan

FORMATION ASE (Ma)
OR 18TRRY YOR TioM
raR: ?

.
coLo
ws
arsc
MANN
(L7 % 1)

BURIAL WISTBRAY FOR CONSTANY GRAIN HEIGNY

L e X L R L L L T T e

' / .
TING CUNULATIVE THICK CUMULATIVE "I!ll . v
(Ma) n metres. n &ty L)

TRCYONIC MIBTY

INTRRY. (ma) TOTAL - TECTON ISOST TACYON SUBSID . ) '

TINGY YIME2 SEA LEY CHG(m) LBAD (nilePa) AND SBA LEY CNE (m)
. 1,




) «
WELLe33. wAlNOCe Cass
(1) (1 1)

SAAIN WEIENT ',

“ersoersecnsans’

PARY L1

FORNATION 1NIT.88 HEBS NBTEY AATE NS
SR JINYERY  PRASSITY (m) =) sEd(n/Ma}
PN o.080 .8 $1.93
®.1% O 3
¢.000 .

[ J
e.17

BURIAL NISTOAY PER VARIAGLE 83 GRAIN NEISNY

LA R T W

TINE CUNULAYIVE THICK 'cumunlvi ‘sTREss
(e} in wetres. n RitePa.
]

TSCTONIC WisTORY

sesresscscencenna

TOTAL - TECYSNM lll." TYRCTON BUDSID
LOAD (niters) c ANO SEA LEV CNG (w)
L ‘18 13.
28 8.

NTARY. (Ma)
nay vin

2733 .
233
Se0.

[

226



CONBTANT GRAIN NEISNT

L R

. PORMATION ASR

SURIAL NISTORY PR |

A R T L T T i

GUﬂULlYIVI THICK CumuLAY
] ]

®
©
]
. @
..
[
[
®

LE L X X ¥ JF RN X 3
®ooseecvecno0o000gecn0e

L R Ry

- -
"0 -
Cx

TECTOWIC MisTORY

®ssacessscscnan “ecmerecarcncscnsnne

o | 227

rTien :

ToVim)

120.3 ’
128. @

3
'
s
s
7
1

18087 THCTON SusBdp

S8A LAY CHC(m)

L.AD (hl\l'.'

AND SEA LBY CHG (m)




”

4

sARTY 1}

s
-

RATE Mo
Sibim/na )
20

170

SURIAL NISTIPRY POR VARIAGLE 58 SAALN NETEM?

esecessratisocirnetsrnssttavsecteraBecnmane

TIMNE CUNULATIVE THICK CUNVLATIVE STRESS
M8) tm pesres. . A
[ ] .0
hJ

LL X T T Y ¥ TV

'.......-.'...-...U’..U.....—ﬂ“‘...

]

1

[

3.0

4.0

0.7

33.3

2.0

4.8

7.9

3.2

s.8

4.6

..0 ®.0 o.0
TaCTONIC nisTORY P VARLaAS In NgIenNY

®edsvanss s - esercencans

.

3
v

SEA LBV CHEIN) LBAD (hiltePa)
[1 28 17, 1004, 3072,
233. ' 3802, 4218
198 1904, .
se.

WTERV.(Ma) TOY BUESID AND TOTAL - TECTON 1388 TECTEN BUNESID
ANd 884 LBY CHE (m)

228



WELAODS. uTEECAN l' aL !tulllltﬂ 0-!0-"'.'“
Gsvensssecsvesenee esnnes

PARY

-o--oo.--

OGNS TANY GRAIN W8
sasdosonsnnsnvnse
N

AR (Me) SOLID GRAIN NEIENTS im)
™ adtTOM .Nltllln'lllllllll'l'll
7.6 %8.0 177 e,

SURIAL NISTYOAY WOR CONEYANY SRAIN NEISHY >

Secretecmntcseedrrouanetsancnarnensannens
. e
TIME CUMULATIVE THNICH . CUMULATIVE BYRESS
in metres. R in aitels.
2380.% 17%4.Y 420834
1671.3 ¢ ]

owe
4.savuenven

©00000000000000000000000008
D T T T T Y T Y YT X P TV S A S R

LA AR X L RE 2 XX ERE'Y )
PUNLIOUNROO OIS

/'ltilllt NISTOAY POR CONSTANT GRAIN HEIGNT

®ssbaserocrnssentosetssssncrrotosnnannane

INTRAY. (Ma) TOT SUBSID AND f.'At > TECTON l!ll' TECTYON BUBSID
TIMEY TINEZ: 884 LEV CuE(m) v ¢

4.0 8.0 700 e,
[ ] e 8.
[ 132.
[ ] 1

[ ]

[ ]

°

°
[ ] .
[ ] 348 .
. ° 238,
113.0 tes.0 170
120.0 100.0 303.
[ 24



LLOBS. UTRNGAN BY A1 CLAREBSNOLN 8-30-12: Jews
D OSI00008000000000000000000000000080080000080000

PARTY 15 VARIASLE 68 SRAIN NEIeNY

LA EEE R Y R P T T I YN .

NETOT RAYE Ns
. Ne

S8 SRAIN NEIONY

. | ]
CUNULATIVE SYREeS

, TING SUWNLATIVE THIeK
™ " nirePe.

17709

1762,
18008 .
1030
1830

TOUIC WIBTORY FOR vamiaBLE 83 SRAIN NElEN

b R T iy

l&‘.l'.l.ll

TINE1 Timey
4.0 ve.0
0.0 ¥

[ A

o 80.0
o 83.0
s 08.0
e 683.0
* 00.0
e 0t.0

) o 0v.e
105.0 88.0
113.0 108 .0
150.0 108 .0
130.0 113.0

-88.
1.
37.
[
238.
287,
-2

179,
183.
218,
134,

9.

18087 vECYON BUNSID
ANS 384 L8V
3.

Chg (m)
183.
“17.

230



' i ¥

4 ‘ o 23
4. SANNER BT AL IRONSP Y.0-13-3'ws .
I.Ql.IQO.....l.O.l‘.l.'lll.ll.!‘l...l.i.

TANTY Shaln nglaNY . '

esecsoncasnne

PARY 1 ¢

Tesssnnne

PORNATION ABE (Mo} B8LID GRALN NBISHTE tm) ™ies
R InTRAY ¥ SHALE/SNVYES/8ANDS/TRTAL ™t im)
P AR 1 e. ]
[ ] ]
coLe ' '
CAn® ]
ws
arsc 186,
[ LY . . "y, \
LMaNN "s. .

BURIAL NISTOAY POR CONSTANT SRAIN NEIGHY
.o ..

LA R R R R I S

CUMULATIVE THICK CUNMULATIVE BTRRSS
t in hitaPs.
30085.6 203401.2
n

-
*
L3}
Ld

T Y TN P PP A R A A A A I I I,

SUNBIUIGN-wDRBERO

TRECTRNIC NISTORY FOR COMSTANY GRAIN NEIGNTY

A A L R R L L T R E T e

ANTRRY. (M8)  TOY SUBRID AND TevAL - TECTBN 180ST TRCYOM SV
Timg) vims 884 | CHB(m)  LBAD (Y AND 88A L8Y CHS
ve.0 ..




. oo L 232

. v ; . .
PART J5: VARIABLE 83 SRAIN “ll."
sereccrcnstsctcanttet sttt srevrnan < .

- \ -

PORMATION INIT.BS  NSSS \ ) v
on JEYEAY PeASSITY
EOR PN e %80
- v : .
srsc - 880 ) '
© ersc \ @110 101 .
. nann e.880 .
. seany e 170 . .
. B ‘
uuuuc WISTORY FOR VARTAOLE 88 SRAIN NEIGHT .
B R TR Y R it
. ; .
TINE  CUMULATIVE THICK COMULATIYE, STRESS R L.
in metres. I th kiter s
.1 19%4.2 2897 : -
7 1N
S . . i
22 \ -4
23882 .8 314031 .
83.0 307608 *
. A
.
. ' * '
12032.2 11782, 0
,V2807.8 1vaet.2
.
' ]

[y
‘2101 .
_1e8.4 .
0.0 L '
TECYONIC WISTOAY FOR VYARIAGLE S8 BRAIN NEJENT ST oL
..--- --o-.n. *Pemeosoeaesn LY - .’ , M - !
- - | . - H 3
- lnnv Me) TOT BUBSID AND  YOTAL - TECTON “1808T YECTON Sussip el '
' ME2  SEA LBV CHG(m)  LBAD (NilePal  aND SEA LEY CHG (m) ) R
380, .8 : o
. . 18.
R TR 5 .~
Y : . ' : o
198 ‘ . .
A8y, oo
" 8. > A
2e.
133
, . s :
! o )
0 q "
) g
s
. [}
, &




WELLEZT. ABKLAND NAYS
vessnes sassssnsas

. PARYT '1: COMSTANY GRAIN NEIGNY

FORMATION ABE (Mo SOLID SAAlN ullnn!l 1m) RATE M8 ™ick
OR. INTEAY TGP BSOTTOM SHALE/SM III(-/I.) TeYim)
PAK 7.0 s0.0 v

a "a 3.0
coLo 10.0
aws .0
arsc 163.0
MANN ©8.0.113.0 . 2
LMANN t13.0 120.0 . . 0.0 18.2

-

BURLAL NISTORY POR CONSTANT SRAAIN MRIGNTY

e A

TIME  CUMULATIVE THICK GU‘ULAYIVI sTRESS
| 3h]

(Ma)  in metres. " o
* 7.0 4 2330 2
J3147 .2
1083 .4
23872 .0

22188 .1
21339 .23
20137 .2
19024 .2

vVINI on int{ romn OR INTER

?f& =) J BTREISS (nPa)

UA1381.8 11348
' 781.3 e0a4.7

‘23364.1 3000
3480.8 17001
2898.7 27373

2883.0 10830
S 1820.9 11801

70771

.8
81.0 836.4 403.7
83.0 :8485.9 422.0

128.3 118.8
120,23 118.3
132.4 130.3
21.0 136.0 12338
140.0 134.8

©3.203.1 4867.8 #333.8 g R
N 7’.0 230.¢ SOQ.g 4808.2 4390.3

233



.0 234

owe
L

L X X} LARE L X E 1 % 1% TVR R Y Ny

P AR AR O - AU AW IEOR e

3w .

AN 4
. .

-

2000 00 0090 0050 04 00 00 08 56 05 99 80

oAk

ettt i1 3.2 )

- -
LEX 11}

oe
ﬂ.....-.Uu..“'f..‘...uﬂnQ.-d.-l‘uo
'

Tecvenic & ;vonv FOR CONSTANY

o.---;---\.-.‘4-.--u--.----‘.-n-
Y

-,

INYREV.iMa) TOT SUSHFID ano TOTAL - TYECTON 18087 THCTOM Susslo
" ving2 sga Lav LOAD (hivePa). ARD 885 LAY CHG. (m!}
8.0 . “388 . . 2. RN
972, T ese. 22
1814 18, 32’
2313. [ 1 42,
823 200. BR LN

200. | 188,

3. 4. ) N
-33. I DO ' : X )
208 . 14, B - :

360, 13,
130 0.
1.8 .es,

(L PR




| ' ' 4 ‘ . . 235
Bt IR S I

PARY 11: VARIADLE S5 SRAIN NEIGHY s . : ‘

reRMATION RAYE N8

Il.(.lﬂ.l ’
\)

Iniv.ss (2 11]
LA B |

MANN
LMANN
LMANY

wass-anoas
B LB YO B Y-

L8 08 SRALN NEISHTY

u-......-....-..y-....-4..

TINE CUMULATIVE THIEK ' :unuslvlvl sTaass o !
(M8) in megres. » .

7.0 1332.8 1040.8
70.0 1336.2 1030.8
s0.0 . 1281.0 1918.23

[]

] i1
E . .
v I
1]
-0
.0
8
- » . ’
. T .
.8
.t . . -
N
.8
s o
3
1
s
.0
N |
.0
i
.0
L3
. L
FORM OR INT PFORM OR INTER :
THICK (m) STRASS (nP
9.3 1183.4 1136 . '
32.0 845.2 90d .
. 5
"t N
RN ] 130T 3237.7 3088.0
Cy 5 142.2 3380.6 2000.28
80.8 234.4 145.8 3883.9% 2730.0
81.0 1960.6 112.8 3789.4 3037.3 ,
83.0 1351 85.8 17XI.2 1131.0 ‘
. ) , ) ) AT '
ersc’ ‘

;* i‘.d.‘“.'. LA A X X' X R X3
-

L X FVERY Y PAYVY Prere

csvua




236

s 7
Y
.
N -
i
.
,
*
Lmany
1.3 2 R
1.3 3
2.3 2 .
I :
2.3 32
21.3 3 ‘ o
21.3 ¢ ,
. 11.3 12
2.3 3
2.3 2
3.3 3 ‘
, 21.3 29,
1.3 '3
21.3 2y,
2.3 2.
21.3 31, .
211.3 2%,
1.3 21,
1.3 21.3
31.3 21.3
1.3 21.3 . . :
21.3 2.3 B
.3 av.3 ) :
13 213 B
2).3% 213 .
21.3 31.3°) ,
1.3 21.3 o
31.3° 21.3 .
21.3 $1.3 fy
1.3 11.3 . -
31.3 31.3 ;
21.3 2123
' .3 8.3 .
1.2 1.2 .
13.2 133 .
. Y 8.t
81 e
3.6 3.0

*
4

TOCTONIC HISTORY POR VARIABLE

LR N

AUIBRY.(Ma) TOT SUESID AND  TOTAL - TRCYON  1S08Y TECTON SUBSID
L4

1 timal LEV-CHuBim) LOAD thiloPa) AND BBA LEBY CHG (@) '
? 101, 700, RS T 0. R
. ‘1708 . ' -81. 33. -
. 1828 -17. 32
2332 8. a3
s87s. T~ 3263. "
. 203. © 100, B

N 3. ..
-38. 2.
217, 1e1.

238. 113,
[T T s2.
t40. s,

.. .. '




vR wienl

P T-i8- 120w

PARY ): CONSTANT SAAIN MRISHY

Tescecnvrecnassmnsansesonsen e

FORMATY I 0N
oA INTERRY
PAK

“a
coLe
Iws

arsc
NANN
LaNn
BAW -

BURIAL WISTBAY FPar ©

ASt (e}
Tor

17%.0 182

TECTONIC NISTYORY FOR

R R I

INTRRY . (Me
TINEY YiME

©cooceoeoo00000

TOT SURSID AND TOTAL - TmRETON

W0TTON

covooodo

CUMULATIVE THICK
in matfres.

: 1087 .
1283.8 1028.8
1279.0

..Q;'..OQ“.Q-.DUU—.-0....&..0.0-‘.-‘~.—.

SO8LID GRAIN HBIENTS
INM-III“'IIII:.III?.VAL SEbim/ue)
. S.

STANT SRAIN NEIGNY

mesrrissecseemuanane

CUMULAYIVE STRESS

in hilePa.
334908.90 2989).3
128812.8 ]

193183
18322.3
17337.8
183328
148 10.3

CONSTANT QRAIN HEIGNY

S§A LAY CNGim) LOAD (kitePal

3744
2223
1783.
K2l LN
8843,

(™) RAYI us mice

' .

13087 YECTON BUNSID
AND S84 LEV CHE m)
-1




WELALODE. OVE WINNIFRED 7-18-13-9we
SN0 UIINIINNLOINRAIUIIROINIIBROIIGSTS

T 11: VARSAULE §5 SRAIN WEIGNY
(LT

®ecomorccnscsvrsnnsrrnse evaw

WBSS  NETET maAtS Mg

\
PORMATYION INIT.S
(o} - SBSIm/ne)
-8 n.e

oh InTERY Pom
PAK [ 4
PAK

r

SURIAL NISTORY POR VARIANLE S5 BAAlTWN neigny

R L R T T TR e
. L]

TING CUNULATIVE TNIEK CuMULATIVE STRERS

tn setres. + ]

1288.2 1087.0

1368.3 1037.8

)
1
1
2

8.3
‘TECTONIC WISTORY FOR VARIABLE S8 SRAIN NEIGHY

M AR R I T
. - '

NTIGRY.(Ma) TOT SUESID AND TOTAL - TECYON 1208T YecTow sussIp
SEA LEY CNE(m}  LOAD (KilePa) AND SEA LBV CHC n)

. 1823, -8, 18.

. [ LB

38

1M8Y Yiug2
se.0 7

130.0 1040
13

@)

238




“v1eawe ! ' . 239

PART 1: COMZTANY SRALN NE1ONT

*eerccnrsestenanrsnasrancanan

PORMATION AGE (Ms) ' soLiD smal

GNYS tm) RATE w3 mick

SR INYEAY TOP QOTYOM SHALR/SMYS SUdim/Ms)  YOY(m)
PaK 8.0 so0.0 .0 §.1 .31 1829
80.0 83.0 1.0 80.12 IO.:l \
3.4 0.0 137.3 18.4 231.81 ]
0.0 b8.0 & 1.30 .
103.0 18.89 .3
193.0 s.88 ]
.0 2.23 N !
189.0 ’. o 0 M "
182.0 N

BURIAL HISTORY POR SONSTANY

cecseroctanasrronsreunnn

CUMULATIVE BTaESS
in Ritobs. o
[ ]

as.s K . )
168%0.2 ) .
14380.8 “‘
L]
. y
.
\
.
+
2287.4 .
TTECTYENIC KISTORY FPOR COMBIANT SRAIN NEIGHT L.
: ' .

INTERY. (Ma) YOV SUBSID AND TOTAL - TECYOM 1808T TACTON BUSSID
IME) TINEZ S8A LAV CHE

LOAD (NilePa) -AMD SRA LEY CHG (m)
8.0 100. 138 1332, 3877, . .
144, 203 az8. . .
3. 110, . !
1478, . :

104 .. N
.0
120.0 108.0 .37

130.0 t13.0




PARY 11: vaRlASLE 88

®evesecsansnervenne

cece

RATL ns
8D im/Ma)

' POAMAYION
on 1nYERY
PaK

8 THICK CUMULATIVE STAESS
tn KidePs.

21073.7 20011.7 . ’
20848.8 18787.8
h "

Vedoaoue

(X ]
(3]
[ 3]
(34
2
[}

3e

e Rl R ey

- o 0 00 B
A A X1 ¥ X ¥ RF PP pram

St tereestrtate sttt inncencrtmnennans

IC NisTOAY Fon 'llllll; 88 SAAIN HEISNHTY

INTEAY. (Ma) vor sussip AND .YOTAL - ‘TaCcTOM 1808Y vgcvon suss1p
TiMEY TiNET s8A LEv CHE(m) L8AD (nitePa) AND S84 LEY CHE (m)
0.0 ve a.

1 2047 2078 . 30. 8.
3330. 4389 . . 10 7.
1388 1My, 30,

1478 42,

]

240



TELoas, we rin mines 1e-autsaewe ' 241

«

PARYT 3: CONSTANT SRAIN ﬂlli“'

D R

POANATYION
OR (WYEaY
PAR
Py .
coLo
aws
8rsc
Mann
LMANN
ik

I NE1ENTY

-qaoo-

IUIIAL‘ NIBSTORY PR CONSYANY

ceesrehitmnicr mensmnas

TING  CUsuULAY IVE T™HiCR :uuuunu l'llll
L1l . An metr in Ritery,
\=70l. .

88018
1330’9 !

18048

TECTONIC RISTORY FOR COMSTANT SRAIN MEIENT

R R A T R R S A it

.
INYERY .(M8) TOY SUBSID ANO TOTAL - TVECTYON 18087 TECTON BUBSID
Tingy YinE2 lll LEY CHE (m) LOAB (nilePa) ANO BEA LEV CHNG W)

- 800 mM.0 2. .3, 42, ~a8. 18
’ 128 3381, asze. -23. 10
129 3382 Coxy, 26 .
11 1309 1. 43,
3e0 233, 138
ey, 208, .
.. -3 V.o, ,
3a. -ve. -8, ‘ ‘
3e. 146, 194 '
° ‘208 . 236, 120
.0 201, . ] 18 : ,
120.0 v0s.0 .y . 100 :
120.0 113.0 ss. . . 1. : \
, 3



242

PARY 11: vARIABLE SAAIN NBIANTY
.

sessssecsonvnssa

RATE S
SR (w/na)
1410 Y

~
PURIAL WISTOAY POA VAAIABLE 885 SRAIY NRISNY .
IR PP P it ibidntabd bbb
CUNULATIVE THIEK CUMULATIVE BYRESS
in kitlep .
M r
170303 . ‘
190808 . ,
184100 J
\ ///
#

RIABLE 83 SRAIN NEIGNY

LR R I

TOT AUBSIP AND TYOTAL - vECTON 18887 TRECYOM lUlllD'
B8A LEY CNBim) LOAD 4nilals) AN G4 LEY CHE (m)
-82. ). 9 4

o4,




WeLLedY. aQulY '.'ll.‘ulll 10-38-3-1ws
28880t mnsesssessessnar

PARY 1. CONSTANY BaAlN N

SURIAL MISTORY POR CONSTANY SRAIN neisny

e

TINE CUMULATIVE THiex CUNVLATIVE sTRESS
[ in métres. LLERTITN

1306.4 1932.9
"t

]
] []
[] .3
1 .8
.0 .0 .9
.Y N} .9
.3 .4 .3
NS N °
1 .8 N .
1 ’ .4 .0 °
] .Y .0 1
Y ] A [ ]
] £ 3
] N ) 2
) ] .2
3 [ 1 .8
[ . ’ .8
] .. ] [] .0
1 3.7 30.4 s1a.1 .0
1 2.8 g8 80e.3 a0

TRCTONIC NISTORY POR CONSTANT GRAIN L1238 )3

R R A

INTERV.iMa) YOTY sussip
TINGY! TIME: S8a LAY €W
83.0 s0.0 .
6. 3.0 138 .

L ] 5.0 80 .
[ ] [ ] 3.
[ ] ] 2.
“ e ° <38 .
103 ] 3448
103 [ ) 380
113.0 1080 238
120.0 108.90 488
120.0 113.0 1”1

8 vevaL - rEcTOM
L

QOLID GAAIN NEIGNTS (m)
BNALE/BNYSS/5ANBS/T0TAL
3.8

RATE N
80 n/na)
33.9¢

1808Y TRCTEN BV

aNd

S6A LBV Cne

Taice
T8t Im)

14
L]
)
142. 4
-0
[}

243



WELLOAY. AGUIT TOTAL "waNNER
LA T L Y P Y P YY) osve

PART 11 vARTABLE B8

“secesssrae

NEIBnT

PORNATION 1t N8BS NHETATY AMATE ws .
] 880 in/ng!

[ "

[

arse

arse

SURIAL NESTERY POR VARIANLE 88 SRAIN nglany

R A A LT L L PR PR i bt ey . .
' .
CUMVLATIVE TNICK CUMVLATIVE®STASSS
(L] at'.l> tn aive
\: 9.0 1331.8 s
3
I

18080.3 14034 0 )
182620
1ate

vy

TECTONIC NISTORY -FPOR vamiASLE 88 gna

P4t ercecrrerrrncrrsrrnncertcacnsnnnes

TNTEAY. (Ma’  YOY BUBSID anp

TovAL
LTINE) YINEZ 68a LBV Cn )
a3 [ ] .

18087 vécvew sussid
AR 394 LBV CHE (m)
: . te.

)




PRS2

¥

T TinG CunuiLATIve

B

Eu8 BLatx v Youeowe
(LI YR TYLY Y SEsensens

T ): CONSTANY gmalN NEISNY

L R R R

PORMATION AGE (o)
oA 1mTBAVY Ve
"

caLe
Sws

SOLID SRAlN ﬂllbﬂ'l
SNAL v

SURIAL NisTORY Pon €

fecssssnmcenvsuprnen

TANT GAALN NEISNT

Tigx
4

cecepeacssssssssos

TECYONRIC

NT SRAI® NBISNY

mPesevesrsnanss

INTRRY, INa) YO 3UBS 10 A.% TOTAL - TvECYeM

2 SEA LAY CHBImMI  LOAD (mhilePs)

o *he. 100 . 1088,
.0 100. - . 1888
° 8. 102
.0 ans. T
.0 2. ..
=, ss.
3713,
..
147,
180

v

18087 TECTYON suBsiD
ta)

AND S84 LEVY CNEG

e

248



| ' SR | 26

%

R
P ;
- - P
; Y .
4 " 1 . .
PORMATION INIT.BS  MBSE  WETOT . RATE WS . e by
OR INTRRY Olnxl" . : 8P im/oa) /
e o .85%0 I ‘e 4 -
- . .. 10 | .
B :. y v
2_. : .
20.8
[ ] 1.3
' 1.8
. 1.0 , :
[ ] x 1
° z;ﬁ 4L =
o.1%0 - 1.4 .
; } .y : . s
SURIAL NISTORS.PEA VARIABLE ‘
Al b.l-.-I---I.--IO.'I‘...'....I'. .
TINE CUMULATIVE THICK, SMMULATIVE SThess , - e
" megras - i L1 : i
; L0 1081 e
- e
. A,
N v _?l
' v P
[ ]
.3
.3 L.
- ,l) . .
- 9, v ~ s
ok .t N -7
+ .0
! R4 v
, o v . o
O
e
.7 o R , J
N . S
.8 1 ;
‘s e v
$.0 ’
.3 v
-3 i T
. :1' ) - ; /
.t /,f
[ ] , ‘
130. 0 .3 L
TECTONIC WISTOAY POR VARIANLE'SS GRAIN NEIGHT | Lo Y a —
e LT TR I Sy oo * . i : , o g . o
BYBRY.(Ma) VBT SUBSID AND TOTALN- VECTON 1S08T . TECTYON SUNELD : Y .
INEY TIMER 684 LBY CHGia) Lz:h (R4YoPa)  AND SNA LEY CNC (m/f ’ .
3 L [ N 3 N $3. - 2370, 4 -4, . 28 f
1o~ 18 @ 8 3.
18y, .
a::.s 144, ‘ v -
-,
308, I
280. ;
119, - . R
131, o~ el
. ‘14, : :
A . S ,
; ¢ e .- ,



mamammnanm i 247

PART I: CONSTANY SRAIN NEIGHY

0
!
R R L T T T LT TR i ubgid ‘ el

. -
r
,
FORMATION ASR (Ma) BOLID BRAIN MRIGNTS (m) RATE w8 ™miek b,
-8R INTEAY TOP BOTTOM SNALE/SNYSS/SANDS/TOTAL n/mail VOVimi !
Pak T °. 0.0 ] 02
" . 23 .12 -
coiLo % 21,08 -
: . .38 -
arsc 1 30.80
YT 1.8 . 8.4
LMANNY Q.0 1.8
3 113 12.32
saw 0.0 * F.es
¢ sunial HISTORY'FOR CONSTANT GRAIN NEIGNTY : B
Pesseenctetottacecranersarniocarnsveanea .
N # .

CUMULATIVE THICK CUMULATIVE STRESS ‘ ) v .

in metres . n nivera: o

"1383.3
1330.4
1280.%
13838
12348
12230
118423

11843

1142

23140.2
8.3

212.3 2873.3 - : .
1783.8 $t9.7 |

380 i .
¥

t10.8
© YaCTOMIC *IGTOIV FOR CONSTANT

*tecsnbdevnnacsonbonrn

v, B

. [
INTRRY . (Ma) - TOYAL - TECYOM . 1s0SY TRCYON SuBsS1iO
“YIMEY TIMRZ SEA LEY CNCim) LOAD (nilePa) AND 5EA LEY CNC (m)

80.0 7a.0 102 130 23234, 28179, 33 . K N
a3.0 13.0 . 3028 13 7. . .
1892, Veoh. [ ’ R
1377, 1397 27. :
.083. n:/;. 187 ..
. 8340, 8388, . .
318, 283. ° ne .
1304, 2148, °23. o
oon.. 238Y, 7708 - 280. ° ., e
288 . 002, L LI . 308, .
Y. 2103 1837, ... $o !
3. 2800, 1878, .. ” _
t30.0 113.0 - ". T pa3. t0. '
f P -~
j ' ‘
' f - .
i r’ % <



.\. o e - ’ 248

WELLO4S. gNE PC
'‘sscosbavssess

D ‘ L

sesese csnccsase

NETRT mATE WS e

88D (m/Ma) *
. 34.73 : It .
1
. o
1.83 X
033 - .
13,00 .
1.74 (
a3
. t
SURIAL NISTOAY FOR VARIASLE 88 SRAIN NEIGNT
sessasstanonsnienaenneennre.
TINE CUNULATIVE-YWICK EUMULATIVE STRESS C o
(Ma})  n measres.: I kilePa, -~ M
o . 1334.1 1132.8 .,
288.98
k]
-4
i ' , .
o \
¥y
' i + -
[ .
[
.
. 3 -
. .
.
» .
L4 )
Y
.
1e.0
11,0
113.0 .
1130
Tie.0 "
18,0
1980 )
1 [ ] ¢ )
198.0
1100 )
‘1809 S f .
“Aucrontc wisreny SRAIN WEIGHY .
serccensenns CEE TR e ) .

SUBBID ANP TOTAL - TECTON 130ST .TRCYEN sussip
L8Y Cus LOAD (niVgPe) AND SEA LEY CHE (m)
. L3

2081, 2e13, 8. R
H 3 .

Al

JNTEAY. (ks)




