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ABSTRACT

The 07 43B pool is in the northeastern part of the
Pierson field located in southwestern Manitoba. This pool is
situated within the subcrop of Mississippian ML-3a beds which
constitute the producing zone. The MC-3a beds can be
correlated with beds in the adjacent Waskada area of
southwestern Mani taoba.

In the studu area, the MC-3a2 beds represent a carbonate
tidal flat complex. Four lithofacies have been identified.
These are: algal, vadolite, bioclastic grainztone and
peloidal grainstone facies. Except for the vadolite facies,
all other facies refer to depositional environments. The
vadolite is likely to have formed from subserial exposure in
a strandline environment during early diagenesis.

Diagenetic alteration has been broadlu divided into
early and late. The early diagenesis is characterized
principallu bu biological diagenesis, formation of vadolite,
and calcite cementation. The late stage of diagenesis
includes dolomitization, anhudritization, the formation of
other authigernic minerals, compaction, pressure solution,
fracturing, and leaching. @& relative chronology of these
events has been reconstructed which, in general, shows
considerable overlap of the diagenetic processes,

The development of porosity is not true facies
selective. Late diagenetic processes have been inferred fo

control the preservation of primary porosity as well as the



development of leached porosity and minor intercrustalline
porositu. However, facies with higher primary porosity (e.g,
vadolite) are more likely to show higher porosituy
development, and consequently represent the principal
reservolr facies. 0il has been found in the traps of
primarily structural origing this is true with the limitation
of updip and/or lateral facies change involving porositu

development.

ii
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CHAPTER 1

INTRODUCTION

1.1 Location

The Pierson oil field is situated in the extremé
southwest corner of the Province of Manitoba luing about 23
km north of the Canadian - United States border, and about ¢
km east of Manitoba - Saskatchewan border (Fig. 1). It is
located within Townships Z and 2, Ranges 28 and 2% LFM.

The 07 43B pool (also known as MC-3aB pool), is the
largest of the Pierson field pools, and ic located in the
northeastern part of the field. This pool, confined to
Township 3 and Ranges 28 and 2% WPM, is within the
Mississippian MC-3a subcrop (Fig. 2). The discovery well of
this pool at‘13—17—3—28 W1 was drilled by King Resources Ltd.

and Partners in 1965,

1.2 Purpose of Study

The purpose of this study is to provide a geoclogic
assessment of the producing interval MC-3a beds, in the 07
43B pool, Pierson field. The objectives were to:

1. Illustrate the stratigraphic relationships of the

MC-3a beds.

Z, Describe the trapping mechanisms of hudrocarbon.

2. Identify the depositional facies.

4. Document the sequence of diagenetic events.

9. Explain the development of porosity.
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Fig. 1 Location map of the study area. (After Pool
Location Map, Petroleum Branch, Department of

Energy and Mines, Manitoba, 1983).
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Fig. 2 Mission Canuon subcrop-southwestern Manitoba

{(After Halabura, 1%84)
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1.3 Methods of Study

&all available cores of studied pool were examined and
sampled. These are: 1-18-3-28 W1 (17.98 m>, 3-20-2-28 LI
(10.47 m», 2-13-3-2% Wl (7.47 m)>, 14-13-3-2%9 Wi (8.12 m) and
15-13-2-2%2 W1 (7.9Z m>. Geophysical logs from the wells
were axlso examined.

Stratigraphic and structural data were presented in the
form of cross-sections, structure contour maps and isopach
map .

To study the sedimentary petrography polished
representative slabs from the drill cores were examined both
parallel and perpendicular to the stratification under a
binocular microscope. @& total of 144 thin sections were
prepared from the rock plaquettes cut both parallel and
perpendicular to stratification from the slabs, and stained
with élazarin Red 8. The thin sections were studied under a
Leitz Wetzlar SM-LUX-POL microscope and lithologic logs were
prepared from the obtained data. Fhotomicrographs of
prepared thin sections and polished core slabs as well as
photographs of polished core =labs were taken to document the
data.

Porosity and permeability data from core analusis were
available for two studied drilled cores. For the rest of the
cores estimation of porosity was carried cut microscopically.

Toe show the interrelationships of various parameters

responsible for the development of porositu a correlation



matrix was prepared using data from the section below the
altered zone in 1-18-3-28 W1 well. The determinations of
amount of dolomite rhombs and anhudrite as well as dolomite
rhomb size was carried out microscopically. The mean and the
standard deviation of dolomite rhomb size were calculated on
the bBasis of measurements of twenty randomlu selected

dolomite crystals along the long diagonals of the rhombs.

1.4 Previous Work

McCabe (1959} in his regional stratigraphic study first
covered the Pierson area. Later McCabe (1943) discussed the
stratigraphic and structural factors responsible for the il
accumulation in the MC-2a beds in the Pierson field. These
works were published before the discovery of the 07 43 pool.
Ghazar (1972) undertook a reconnaissance study to evaluate
the hudrocarbon potential in the Pierson area. The onluy
other work is a detailed stratigraphic and sedimentological
study of the MC-2 Member in this area by Halabura (1%84).
These studies provided specific information relevant to the
present study.

Previous studies of the Mission Cangon sequence In
adjoining areas gave rise to a number of different
predictions regarding the porosity development. Gerhard et
al. (1978) suggested that permeability of the Frobisher-
6lida beds producing in the Glenburn field {(northeastern
Williston Basin), North Dakota is associated with eaflg

diagenetic strandline vadose pisclite. This ccocated-grain



facies was previously regarded as oolite formed in agitated
water of submarine shoals on a platform edge far away
basinward from the shoreline. Elliot (1982) and McCulloch-
Smith (1984) working on the Hass field (northeastern
Williston Basin), North Dakota and the Woodnorth field,
southwestern Manitoba respectively concluded that maost
porosity was secondary or secondarily enlarged and resulted
from leaching of calecite during later diagenezis. Lindsau
(1982), Lindsay and Roth (1?82), and Lindsau and Kendall
{1984, quoted by Elliot, 1982), in their study on Little
Knife field (central Williston Basin), North Dakota related
the development of porositu to early diagenetic anhudrite
replacement of skeletal fragments followed by dolomitization
of the muddy matrix, and late diagenetic anhudrite leaching.
These contrasting scenarios may reflect either regional
differences or different interpretations of zimilar processes

due to lack of sufficient data.

1.9 Regional Geology

Southwestern Manitoba constitutes the northeastern
carner of the Williston Basin (Fig. 3. The Williston Basin
encompasses an area of about 140,934 sq. km with its centre
in northwestern North Dakota (McCabe, 195%).

The Williston Basin may be defined as an autogeosuncline
of Kay (1951) or an intracratonic basin of Krumbein and Sloss
(1951> (Laird, 1953&).

It had been tectonically active from Ordovician to



Fig. 3 - Outline map of the Williston Basin (After McCabe

1959 .
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Cretsceous time and, hence, was the principal feature
governing the pattern of sedimentation in this region during
this time McCabe, 1971).

Two gross lithologic sequences are present in
southwestern Manitoba:

1. The lower Paleozoic sequences composed almost

entirely of carbonate rocks.

Z. The upper Mesozoic and Cenczolce sequences

consisting mainly of shale and sandstone.
These two szequences are separated by a pronounced angular
unconformitu (Fig. 4) which results in the burial of the
entire Mississippian sustem as well as the upper part of the
Devonian beneath the overlapping Mesozoic strata.
Consequently, an irregular series of northwest trending
subcrop belts developed beneath the Jurassic strata.

The Mississippian system in southwestern Manitoba
consists of four formations. These are, from bottom to top:
Eakken, Lodgepcle, Mission Canygon, and Charles Formations
{(Fig. 3».

The Bakken Formation consists of two highly radiocactive
black shales separated by grey variegated calcareous
csandstones, siltstones or dolomites, and conformably overlies
upper Devonian strata (Ghazar, 1978). This formation is one
of the three significant source rocks for hudrocarbon in the
Williston Basin (Williams, 1974).

The Lodgepole Formation rests conformably on the Bakken

Formation, and is composed of argillaceous, cherty,
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Fig. 4 Cross-section - southwestern Manitoba. (after

McCabe, 19463).
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Fig. S Mississippian Correlation and Nomenclature Chart.

(After McCabe, 195%).
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Bicclastic limestone with interbedded siltu shalesz (Ghazar,
1978,

The Mission Candon Formation overlies the Lodgepole
Formation conformably. It is composed of bioclastic,
oclitic, and algal limestores with intercalations of’thin But
fairly persistent siltu dolomites (Ghazar, 1978).

Conformably resting on the Misszion Canuon Formation is a
sequence of anhydrite, dolomite, and red and green shales of
Charles Formation (Ghazar, 1972,

These Mississippian strata are unconformably overlain by

Jurassic émaranth red beds.

1.6 Stratigraphy of the Study drea

The Mission Candon Formation has been divided intoc three
members (McCabe, 1959). These are, in the ascending order,
MC-1, MC-Z2, and MC-3 Members.

Ghazar (1978) described the MC-1 Member as consisting of
denze, chertu, crincidal limestones in the Basal part through
finely granular chalky limestone to oolitic and algal zones
in the upper part.

The overluing MC-Z Member is composed of anhudrite and
argillaceous, microcrystalline algal dolomite (Ghazar, 1978).

According to Ghazar (1978, the succeeding MC-3 Member
is a dense cherty, crinoidal limestone in the basal part to
porous oolitic finely comminuted crincidal limestione in the
upper part. The Pierson field produces from MC-3 Member.

The MC-32 Member has been further subdivided into lower
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(MC-3a> and upper (MC-3b) intervals with MC-3 marker bed
separating them (Halabura, 1984>. The producing horizons of
the 07 43B pool have been found in the MC-2a beds.

Fig. é6 (Back Pocket)d shows correlation of Mission Canuyon

Formation between the Pierson and Waskada areas.

1.7 Hydrocarbon Traps of the Study érea

Three styles of hudrocarbon trapping, namely,
structural-topographic, truncation and facies traps have been
found in the study area, and each of these is described

below.

1.7.1 Structural-Topographic Traps

The Mississippian erosion surface is characterized by
"highe" or "noses” (Fig. 7 and Fig. 1) representing primarily
the sites of oil accumulation.

Local thivning of Jurassic red beds (Fig. &) depicting
topographic "highs" is somewhat coincidental with these
structures. However, a remarkable resemblance between
structure contours on the Mississippian erosion surface and
on the top of MC-Z marker has been observed (Fig. 7).

McCabe (1959} suggested that these "highs" on the
Mississippian erosion surface are structural, and originated
for the most part subsequent to the period of erosion, and
prior to, or contemporanecus with, red beds deposition.
élternatively, they may represent principally topographic

"highs", created by the differential erosion during the
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Fig. 7 Structure contour map (in meters) on Mississippian

erosion surface. (After Halabura, 1984).
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Fig. 8 Isopach map (in meters) of the Lower amaranth

Formation. <(After Halabura, 1984).
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farmation of the unconformity surface, that kept a noticeabl

"memory" of the structures formed earlier.

1.7.2 Truncation Traps

The studied reservoir rocks were truncated bu the
Mississzippian erosion surface, and developed a dolomitized

and anhudritized altered zone as a caprock immediate

fo]

g bhelow

the urnconformitu.

However, the distribution of oil accumulations suggest

i

that the traps are primarily structural rather than

truncational.

1.7.3 Facies Traps

Rapid facies changes from reservoir rocks to non-
reservoir rocks, both updip [Fig. 10 (Back Pockeit’l and

la

it
1<
-3
o
Yt

[Fig. i1 (Back Pocket)l, have been cbzerved ino
control the oil accumulation in the structural traps.

Ir light of the above discussion, it iz believed that
the traps are primarily structural; this is true with the
iimitation of facies changes responsible for distributing

porosity and permeability.

10
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Fig. ¢ Structure contour map (in meters? on top of MC-2

marker. (After Halabura, 1984).
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CHAPTER 2
DEPOSITIONAL ENVIRONMENT

2.1 Description of Lithofacies

Four lithofacies have been recognized in ﬁC—3a rocks in
the study area. These are:

1. Stromatolite/cryptalgal laminite/pseudostromata.

Z. Vadolite.

3. Bioclastic grainstone.

4. Peloidal grainstone.

Except for vadolite facies which is of earlu diagenetic
origin due to subaerial exposure, all others refer to

depositional environment.

Z.1.1 Stromatolite/Cryptalgal Laminite/Pseudostromata

Facies
This facies comprises the main rock type of the study
area. @ll rocks of this facies are algal in origin and have
been subdivided into three subfacies depending on the growth
form of algae:
1. Stromatolite: It is characterized by organic
structures produced by algae.
Z. Cruptalgal laminite: It exhibits algal growth in
the form of laminae.
3. Pseudostromata: This rock tupe is defined in the
sense of Wolf (19653) as the product of crustose

algae growths: irregular dense patches of granuloid
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algal micrite with some detritus. It iz a =zedi-

in

mentary term, and not a paleobotanical one.

Z.1.1.1 Siromatolite Subfacies

This subfacies is of somewhat restricted development
Being recocgnized in 2 ocut of & studied wells., This rock tupe
is composed of stromaiclites with infilled sedimented micrite
{Flate 1. The stromatclite is mainly LLHE tupe of Logan =t
1. (19443, i.e., laterzily linked hemispheroids (FPlate 1-&2.

SE tupe (Logan et al. 1%284) character - stacked hemi=sphercids

i

ate i-B; Z3.

et

-~ has also been found Iin this facies (F

.,

Thizs rock tupe iz characterized by irregular fenestirae
throughout the matrix (Plate 1-B) as well as lamincid

faneztrae between ztromatolitic laminae (Plate Z3-57. It maug

be ter

=3

ned as an algal mat lofrite as it is characterized by
development of fenestrae (Platez 1-E; Z-&) zs well aszs sheet

cracks (Flates 3-B; 4-&)>. This bkiomat i= 3 produci of the

or

rowth of blue—-green algae (Plate 4-BY, probably girvanells

i

gl
i

W
o
o

& D837,

P

Often pocketsz of peloids are found to be entrapped in
the mat (Plate 5-B). @&lthough fossils are scarce, small
amounts of bkioclastiz of ostracod, dasuclad, foram (Flate &-a%

angd brachiopod (Plate 46-B) have been lidentified. é&nocther

minor component of this facies is klue green algal grains

Usually thizs rock type is buff colaored.
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Z2.1.1.2 Cryptalgal Laminite Subfacies

This subfacies constitutes the principal algal rock

type. This rock tupe is composed of mainly micrite and algsal

18]

peloids bounded by blue-green algae (Flate 7-4d.
In well defined sections the algal laminze are
represented by planar as well as irregular anastomocsing
fabric with the former tupe being predominant (Plate 73,

Thiz facies is characterized by laminocid fernestrae (Flate

w
2]

a7 .
Like the Stromatclitic facies, i1t alsoc contains a minor
amount of bicclasts-ostracod, foram, dasyclad, codiacesn

algas, gastropod, brachicpod, echincderm az well as blue-

[Ia]
hi

green algal grains.

Upward in the zection thizs subfaciez sometimes becoames

n

enriched in terrigeneous argillaceocus components.

Thiz rock tupe is inferred to be the principal

iTs

gepositional facies of the dolomitized and anhudritized

gal

...-n

altered zone as suggested by the vaguely preserved crupta

laminae in the latiter (FPlate &-F). Normallu (%t is cream

|
71
4]

colared, But in the altered zone it azsumes a grey Buff color

characterizstic of that zonhe.

Z.1.1.2 Pseudostromata Subfacies

Macroscopicallu, this subfacies looks like a mudstone
havivig well-defined fernestrae (Flate 9-8) and =heet cracks
(Plate %-B asz well as vertical desiccation cracks (Plate 10-

&), The abundance of blue-green algal filaments and renalic
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ctructures (Plate 10-B) speaks for the origin due %to crustose
algal growth. Microscopically, it is composed of dence
patches of granuloid algal micrite.

Like cther algal rock tupes the bioclasts constitute a
minor amount and are: ostracod, dasyclad, foram and blue-
green algal grains. This rock is bioturbated by mainly
vertical burrows (Plate 11). Usually it is buff to buff

white colaored.

2.1.2 Vadolite Facies

Thic facies (Flate 12) has not developed throughout the
study area. It occurs in three wells, and contributes to the
dolomitized and anhudritized altered zone in one well. This
facies is composed of vadoids ranging from microscopic
microid (peloid size) to pisclite size (up to 1 cmx (Plate
1Z-BY. The vadose origin of the coated grains of this facies
and hernice the name vadoids are justified bu:

{. Occurences of vadose crust and inverse-graded

grains (FPlate 1ZJ.
Z. Broken grains due to desiccation fracturing

(Plate 13-80.

03

Flatternied grains and polugonal fitting among them
(Plates 13-B; 14-A3.

4., Sharing of the outer laminae, and continuation of
outer laminae into the surrounding sediment
(Flate 14-B).

5. Perched inclusions in the grains (Plate 15-A).



29

&. Multistage grains (Plates 12-B; 14-4).

7. Downward thickening of the outer laminae
(Plate 15-4.

2. Vertical asummetru of the grains (Flates 13-B; 14-8A;
15-B).

?. Microstalactitic cement (Flate 16).

10. Continuation of radiaxial spar to form the cement
(Plate 17-AJ.

Normally this rock tupe is buff greu to buff white
colored, but in the altered zone it assumes a grew buff color
characteristic of that zone. The two extreme tupes of
vadoias are: marine vadoid having radial fabric composed of
alternating micrite and radiaxial spar layers, and micritic
caliche vadoids (Plates 17-B; 18-&). @&ll gradations between
them occur with the predominance of marine vadoid tupe (Plate
18-4). The nucleii of the vadoids are vsuallu broken vadoids

{Plate 13-B) and obscure micritic bodies (Plate 18-B:.

Z.1.2 Bioclastic Grainstone Facies

This facies is of very restricted development and is
found in only one well., It is composed of bBlue-green algal
grains (Plates 2Z-B; 2Z3-A) (e.qg. girvanella) (Plate Z3-B),
forams (Plate 23-&), dasuclads (Plate 2Z3-B), echincdermal
fragments (Plates 22-B; 23-A), and bryozoa (Plate Z4-a). @
very minor amount is comprised of brachiopods, red algae
(Plate 24-B) and rugose corals (Plate 25-4). It is usually

buff to greuy buff colored (Plate Z5-E).
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2.1.4 Peloidal Grainstone Facies

The peloids may be categorized into fecal pellets,
pseudopelletoids (rounded and sorted carbonate mud reworked
by water current?, and micritized, rounded and abraded
bioclasts (Plate 26-A4). The bioclasts include echinodermal
fraaments, dasyclads and forams. The patchy distribution of
the open space structure in this grainstone facies may be
suggestive of trapping of the grains by algal crusts (Flugel,
1982). This facies is of restricted development being found

in two wells. It is grey buff to tan colored (Plate 24-B).

2.2 Interpretation of Lithofacies

Z2.Z2.1 Stromatolite/Cryptalqal Laminite/Pseudostromata Facies

Z2.2.1.1 Stromatolite Subfacies

Stromatolites are organcsedimentara structures formed by
binding of fine calcareous mud and silt, detrital grains, and
tests of micro-organismsz in a sticky algal sheath (Logan et
al., 1944>,

Modern stromatolites characteristically develop in the
intertidal or near-tidal zone. UWhen stromatolite terrain is
inundated, fine grained sediments in suspension are Bbound
into laminae by algae. The formation of a stromatolite is a
function of location, exposure and tidal amplitude. Theze
factors give rise to a number of different tupes (Logan et
al., 1244),

Type LLH - laterally linked hemispheroids - is typical
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of protected intertidal mudflat where wave action is slight,
(Logan et al., 1964, which normally coincides with the
littoral zone and periodically extends into the supralittoral
zone. @according to Logan et al. (1944), this tupe results
from one or a combination of the following factors:

1. Lateral growith expansion.

Z. Growth over pre-existing irregularities.

(4}

Relief created by rapid growth in the highs and
inhibition of growth in depressions.

4, Gas-evolution under algal mat.

Tupe SH - stacked hemisphercids - is characteristic of
intertidal headlands (Logan et al., 1%44). This tupe
develops in the exposed intertidal mudflats where scouring of
wave action and other interacting factors inhibkit continucous
growth of algal mats.

The majoritu of the stromatolitic structures are
compound, i.e., having changed with uértical growth from one
tupe to ancother with a2 change of depositional environment.

The stromatolites of the study area correspond to LLH-SH
tupe. This compound type has its modern analogs (e.q., Shark
Bay, Western éustralial.

It magy be inferred that the depositional environment of
the stromatolites in the study area fluctuated between
protected intertidal flats and exposed intertidal mudflats
characterized by wave action. The former environment
probably periodically extended into supralittoral zone as

suggested by the presence of desiccation cracks in the LLH
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tupe as well,

During storm tides interstructural depressions of the
stromatolites are likely to be subjected to sedimentation.
The observed predominance of micrite infilling the
interstructural area as well as inhibiting the growth of the
etructure may be attributed to storms or unusuallu high
tides. This also explains the presence of subtidal broken

brachiopod bioclaste in the rock.

2.2.1.2 Cryptalgal Laminite Subfacies

This rock tupe is a product of blue-green algal binding
on the tidal flats during the time of inundation. The
lamiviae resulted from micragrading or alternation of peloidal
and micritic lauers.

fAccording to Wilson (1975, p. &%) this faries is
characteristic of tidal ponds. The veru minor amount of
broken subtidal bioclasts (e.g., Brachiocpod, echinoderm)
found in the rock tupe may be explained by having been
brought to the depositional site during storms or unusually

high tide=s.

2.2.1.3 Pseudostromata Subfacies

Wolf (1945) reported the occurrence of this rock type in
the space between distinctlu shaped algal colomies.

The bicturbation characteristic of this rock tupe is
Believed to be the reason why it is devoid of organosedi-

mentary structures typical of algal mats. The ubiquitous
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vertical association with stromatolite [Fig. 1Z (Back
Pocket)] is suggestive of the fact that this rock tdpe iz &

homogenized prodi

’1
0]

ct of parent stromatolites as a result of

[

thorough Eiocturbation.

Z2.2.2 Vadolite Facies

The vertical asscciation of this facies [
Pocket); 131 with the algal facies, and, more importantly,
the observed graxdaticonal contact between these facies (Flatles
19; Z0-8) point to the fact that the parent sediment was of

al

i
ns

facies. PRioclasts such as ostracods, forams,
astropods and dasuclads, have been found to form the nucleil
of zome vadoids (Platez Z0-B3 213 ZZ-&0, but these are verw

rare. 1In line with the above interpretation regarding the

origin of this facies, these rare bicclast nucleil mag Be the

et
|’,u

ones that were itrapped in the origina
Normallu the vadoids are composed of accreticnaryg growth

of alternating laminae of micrite and radiaxial spar. The

radial fabric vadoid ss well as the radiaxial fabric of

microstal;

IJ.!

ctitic cement point to an environment of formaitlion
whoze modern analog is the coniatoclite terrain of Purser and
Loreauw (1972, In this environment vadoids form by
precipitation from ang shallow huperszaline water in a

peritidal environment. The fracturing found in the va dolds

N

mag have Been caused, az pointed out by éssereto and Folk
{19803, by desiccation. These fracturing episodes alternated

with vadoid growth (Perut, 19825,
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Fig. 13 Panel diagram constructed from the present study

showing lithofacies changes.
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On the other hand, Esteban (1%74) suggested that
micritic vadoids are of caliche origin. However, this
postulation has met with objections because of the fact that
at least some "caliche vadoids" sensu Ezteban have been
reported from vadose marine environment (e.q., Burgess,
19835,

Subaerial exposure together with flushing with fresh
water is required for vadose compaction of carbonate
sediments (Clark, 1720, quoted by Peryt, 1%982). according to
Peryt (1983), the characteristic feature of this compaction
is marked downward intensitu, and fitting of the flattened
uadoias as a result of dissolution of the vadoid due to their
uristable mineralogu (i.e., aragonite and high-Mg calcited.

In the Persian Gulf area recent vadoids composed of aragonite
and high-Mg calcite form when hypersaline groundwater is
pulled up by capillary pressure, but no vadose compaction has
been reported, mainly because of absence of freshwater
flushing (Peryt, 1983).

It is proposed that the vadoid formation terrain in the
study area is a marine vadose one with some freshwater vadose
characteristics, since, in a generally hupersaline
environment attacks of freshwater ﬁan happen (Peryt, 1983),
giving rise to the schizohaline environment of Folk and Land

(1975).

Z.2.2 Bioclastic Grainstone Facies

Cyanophycean and dasycladacean algae are
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characteristically found in restricted environments (Wilson,
1975, p. 74>,

The presence of Cuanophycean algal grains as the major
constituent of the grainstone facies as well as the presence
of dasdcladacean and forams lead to the inference thaf this
facies developed on a restricted marine shoal. The
cccurrence of echinodermal fragments as a visible minority
and the existence of small amounts of bioclasts comprised of
bruczoa, brachiopod and rugose coral may be explained by
their transportation into the depositional site during
storms. It iz noteworthy to mention, however, that the
presence of echinodermata, brachiopoda and Bruozoa in the
restricted environment in the Persian Gulf hazs Bbeen reported

by Hughes Clarke and Keij (1973).

2.2.4 Peloidal Grainstone Facies

This rock tupe develops on the restricted marine shoals
characterized by moderate water movement (Flugel, 1982,
p. 407>. The echinodermal bioclasts found in this facies rmay
be transported intc the depositional s=ite during timez of
storms. However, again it should be noted that Hunohes Clarke
and Keilj (1972) reported the presence of echinodermata in

restricted environments ivw the Persian Gulf.

2.2 Summary of Depositional Environment

The rocks of the study area fall within the "facies of

restricted circulation on marine platform® of Wilson (1975,
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p. Z28). This parallel-to-shore facies belt includes
csedimentz in the whole complex of carbonate tidal flat
environments including tidal channels, cut-off lagoons, and
coastzxl ponds with restricted circulation.

Lobue (1928Z2), while appreciating the appiicabilitg of
Walther’=s Law on a large =c:

uceh as for br

in

18]
bt
14
n

w

nsgressive and

n

regressive ssguences, suggesied that eaech parallel-to-shore
belt, particularly the zupratidal and intertidal, is

characterized by microfacies that migrate paraliel to the

[y

e}
+h

overal trend the facies beit. In fact, in modern
carbonate environments of the intertidal zone, lithofacies
cocur roughly perpendicular to the shoreline rather than
parallel to 1t (Bhinn et al., 1%¥49). This model of a tidal
flat complex is also applicable to the rocks of the =study
ares.

The zstudy area is characterized by the lithofacies
Faving extremsly variable distribution and thickness [Figs.
12 (Back Focket); 12]. Consequently, detziled correlation
becomes difficult., The thick algal facies, which has been
found in all =tudied drill cores, constitutes the maln rock
tupe of the inferred tidal flat complex. Other facies show
thin and sparse development.

The variabilitw of distribution and thickne=zs of the
lithofaciesz is indicatlive of the ephemeral nature of the
environment. Lobue (1%$8Z) related this ephemerality to:

1. Verwu active tidsl chanmels.

2. Very shallow depositional slope.



39

These two facrtors would allow smxll fFluctuations in relative

sea level to cause extenszive phusiographic changes locally

giving rise to a dynamic deposziticnal sustem in the =tudy

area.



40

CHaFTER 2

DIAGENESIS

3.1 Introduction

Two points of view exist among geoclogists in defining
the term "diagenesis" (Larsewn & Chillinger, 1%&47). One
school defines diagenesis as embracing all phusicochemical,
biochemical and physical processes that modify sediments at
low temperature and pressure characteristic of near-surface
environment during the time span between initial deposition
and lithification. The other view regards diagenesis as
incorporating all processes including postlithification ones
that change sediments up to the point of the commencement of
me tamorphism. In the present studyg the latter sense of the
term has been takemn.

Major diagenetic processes ogperative in the studg area

are presented in the following sections.

2.2 Biological Diagenesis

Boring endolithic algae and fungi, and burrowing
organisms are instrumental in bringing about biological
diagenesis. The resulting features are micritization and

sparmicritization, and burrows respectively.

3.2.1 Micritization

Microorganisms such as endclithic algae and fungi,

especially in tidal zones, bore mainly into the surface of
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bioclasts. The resulting empty tiny boreholes are infilled
by micritic aragonite and high-magnesian calcite after the
death of the organisms. The exact process of this infilling
is not known. @According to Bathurst (1974, p. 3642
sedimentation intoc those boreholes (& pm diameter) is
unlikely, and hence precipitation is probably the mechanism.
The precipitation of micritic aragonite or high-magrnesian
calcite in the micro-—tube is believed to occur in a special
phusico~chemical environment characterized bu zea water
enriched in organic compounds released during bacterial
decomposition of algae or fungi. Micritization can also
occur by micrite calcification of the organisms responsible
for boring (Kobluck and Risk, 1%77) as well az borewall
alterations caused by recrustallization (Windwall, 1%268;
Kendall and Skipwith, 1%&9).

The above phenomenon, known as micritization, is
probably temperature-dependent (Gunatilaka, 197&5. It is
presently taking place in marine phreatic zone (Longman,
19803 .

Micritization takez place centripetallu. Micrite
coatings around the grains results from incomplete
micritization (Bathurst, 19&&), whereas completelu micritized
grains possess no traces of skeletal microstructure and may
become rounded or subrounded to be called peloids (Swinchatt,
1965, In the study area this process mainly gave rise to

completely micritized bioclasts.,
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3.2.2 Sparmicritization

Kahle (1977) first described an earlu diagenetic procezs
in detail whereby sparry calcite cement is converted into
micrite by degrading recrustallization, and co}ned the term
sparmicritization for it.

@ccording to Kahle, minor sparmicritization is caused by
micrite calcification of endolithic algae or fungi, or by
micrite precipitation intoc the empty Borings after the death
of the organisms. Most sparmicritization, however, occurs as
a result of micritization bu Borewsall alteration. It is a
dissoclution-precipitation phenomenon whereby dissolution of
sparrg calcite cement takes place with concamitant
precipitation of micrite. The regquisites for such
sparmicritization are:

1. Slow but steady flow of groundwater.,

Z. Groundwater enriched in organic matter released by

the bacterial decomposition of algae or fungi.
fAccording to Kahkle (1977>, sparmicritization can occur
in vadose as well as in marine diagenetic environments and is
more common than previously realized Becauze of:
1. Small size of algal and fungal endoliths.
Z. The endoliths were believed to he restricted to
allochems (e.g. Bathurst, 1944).

In the study area, sparmicritization i=s cbhserved in the
algal facies, and is believed to have taken place in the
vadose zone as equant calecite filling fenestrae and

desiccation voids has been sparmicritized (Plate Z7-&).
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3.2.3 Burrowing

Burrows are only observed in the pseudostromata
subfacies. Burrowing is an early diagenetic process that
homogenizes the sediments, and is caused by mud-eating and
grazing organisms (e.g., worms, mollusks) in tﬁeir search for
food and protection.

In the drill cores, tubular sediment filled structures
differing in color from the adjacent sediment were
interpreted as burrows (Plate 11-4). These burrows show
orientations which are dominantly vertical (Plate 11-B),
tupical for burrows that develop in partly lithified
intertidal sediments, as opposed to horizontal orientations
characteristically found in subtidal sediments (?reg in

Perkins, 1971, quoted by Wilson, 1975, p. 84).

3.3 Chemical Diagenesis

Chemical diagenesis incorporates the majorituy of
diagenetic processes observed in the MC-3a beds. These
processes are: calcite cementation, neomorphism, formation of
dolomite, anhudrite, and other authigenic minerals, leaching,

and pressure solution.

3.3.1 Calcite Cementation
Cementation is the formation of new crystals into pre-

existing voids of any origin.
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In the study area, calcite cement, which is of early
diagenetic origin (see section-3.3.1.3), has been observed to
be one of the porosity reducers as well as the principal
contributor to lithification. The latter attribute is
responsible for preservation of some primaruy porosity in view
of the fact that otherwise the rock-framework would have
collapsed giving rise to non-porous rocks under burial
conditions. In the study area cements precipitated from both

marine water and freshwater have bBeen obszerved.

3.3.1.1 Marine Cement

Fibrous aragonite (later neomorphosed into radiaxial
calcite) and high-Mg micritic cement (later neomorphosed into
micritic calcite cement) are the two tupes of marine cements.

Radiaxial calcite cements (Plates 14-B; 27-B; 28-4) have
been observed in the vadolite facies and bicclastic
grainstone facies. These inclusion-rich cements are
characterized bu bladed morphologu, alignment of C-axis
perpendicular to the pore-boundary, and undulose extinction.
Theze cements are believed to represent a neomorphic
alteration product of a fibrous precursor (Kendall & Tucker,
1973>. The precursors were aragonite fibres (Assereto and
Folk, 1976) which had been subjected to aggrading
recrystallization in hypersaline waters (Kahle, 1974). Theze
cements have been interpreted to correspond to different
subenvironments:

1. Marine phreatic, and
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Z. Marine vadose.
The high-Mg micritic calecite, however, has formed in the

vadose marine zone and is found only in the vadolite facies.

3.3.1.1.1 Marine Phreatic Cement

This cement is found only in bioclastic grainstone
forming a minor percentage of the oaverall cement component of
the facies. The phreatic origin is inferred by the uniform
{isopachous) distribution around the porewall (Plate Z8-42.

It occurs in the intraparticle pores of the bioclasts,
e.q., bruozoa, foraminifera. The cause of the paucitu of
this cement may be explained by:

1. Later freshwater leaching which leawves only the

smaller intraparticle pores (Plate ZB-4), andsor

2. Water chemistiru of the precipitating fluid having

inhibitors (Longman, 1980).

2.32.1.1.2 Vadose Marine Cement
Vadose marine cement developed only in the vadolite
facies., @s discussed in szsection Z2.Z2.2Z2, the vadolite facies

is principallu formed in vadose marine environment, this
facies formed mainlu by the accretionary growth of
alternating laminae of high-Mg micritic calcite (later
recrustallized into micritic calcite), and sparru laminae of
fibrous aragonite (later inverted inte radiaxial calcite)

(Plate 17-d&).

In the vadolite facies radiaxial calcite mozaic has also
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been found forming microstalactitic cement (Plate 16).

3.3.1.2 Freshwater Cement
3.3.1.2.1 Freshwater Vadose Cement

The main vadose cement type is the meniscus cement of
Dunham (19271)>. It developed only in the bioclastic
grainstone facies (Plate 2Z-B; 28-B) and is characterized by
patchy habit of uneven cementation, as opposed to
isopachous/even cementation characteristic of the phreatic
zone. The cement preferentially developed in small-scale
pores as opposed to easily drained large ones. Grain contact
cement is abundant, and shows pore rounding character,
especially in the well—developed small-scale pore areas.

The cements are composed of blocky, rather than acicular
crustals (Plate 29). This is in agreement with the
morphology of the vadose cement produced in a simulated
environment in the laboratory by Thorstenson et al. (1971),
Freshwater vadose cements are characteristically composed of
blunted cryustals due to the fact that the water-air interface
causes undernourishment of the crystal tips (Dunham, 1971).
In the study area, however, the céménts show sharp crystal
faces. If vadose cement is placed in the phreatic zone
euhedral crystal faces will form on the previously blunted
crystal (Dunham, 1971)>. Accordingly, it is likely that the
observed sharp termination of the vadose cement grew in the
succeeding phreatic zone.

The other tupe of freshwater vadose cement is micritic
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calcite which forms part of the vadolite facies (Platesz 17-B;
18-A4). This cement is capable of forming as a result of

rapid precipitation in this environment (Folk, 1974).

3.2.1.2.2 8Syntaxial DOvergrowth

Suntaxial overgrowth is commonly found in the bioclastic
grainstone facies characteristically developed around
echinodermal fraagments (Plates ZZ-B; 29). This cement is
tupical of freshwater phreatic environment. Suntaxial
overgrowth, where present, fills large proportions of the
pores — which is suggestive of its faster growth. The rapid
rate of growth of this cement is mainly due to the large
crustal nucleus (echinodermal fragment? around which it

precipitates in optical continuity (Longman, 1%9280).

.2.1.2.2 Eguant Cement

Equant cement developed mainly in the fenestrae and
desiccation cracks of the stromatolite and pseudostromata
subfacies (Plate 30-4). A minor amount of it is also found
in the bioclastic grainstone facies. This pore filling
cement shows coarsening toward the centre of the pore (Plate
30-8) which is characteristic of early freshwater phreatic

diagenesis (Longman, 1980).

2.3.1.2 Timing of Cementation

~11 the calcite cements observed in the study area are

products of earlu diagenesis before burial. In the
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bioclastic grainstone facies the meniscus cement is found to
be enclosed by suntaxial overgrowths which, in turn, are
enclosed by equant calcite cement (Plate 2%). Hence, the
meniscus cement is inferred to ke first to precipitate,
followed by syntaxial overgrowth, and finally equant calcite.
No break has been obzerwved in this freshwater cement
stratigraphy.

The marine phreatic cement, however, is leached and then
overlain by equant calcite cement (Plate 30-B). This
observed break in the cement stratigraphy with marine
phreatic cement below and freshwater cement above is
suggeétive of earlier growth of the former.

The marine vadose cement as well as freshwater vadose
micritic cement forming the vadolite facies presumakly

developed early in the diagenetic historuy.

2.2.2 Neomorphism

Folk (1945, p. 21) defined neomorphism as:
"1l transformation between one mineral and itzelf
or a polumorph - whether inversion or recrystalli-
zation, whether the new crystals are larger or
smaller or simply differ in shape from the previous
ones."
& number of neomorphic changes are identified in the studu
area.
Borewall alteration associated with micritization is a

neomorphic process that occurred immediately after deposition
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wher the sediments were still in the marine phreatic
environment. With the advent of freshwater phreatic
environment, inversion of aragonite that survived leaching,
and recrystallization of high-magnesian calcite gave rise to
calcite az the neomorphic preduct,

as the freshwater phreatic environment continued some
micrite suffered aggrading neomorphism. This aggrading
neomorphism is sparse, and developed mainly in the algal
grains converting the micrite calcified algal filament intc
micraspar (4 - 10 um) with some pseudospar (> 10 pm) (Plate
3-A). However, all bruczoan fragments that are present as a
minor component of bioclastic grainstone are converted into
microspar with some pseudospar due to this aggrading
neomorphism (Plate Z4-4).

Borewxll alteration associated with sparmicritization
observed in the algal facies (Plate 27-a) ic inferred to be
due to degrading neomaorphism which converts equant calcite
cement into micrite. This is believed to have occurred in
the freshwater vadose environment succeeding the frechwater
phreatic one earlu in the diagenetic history.

fAggrading neomorphism of early marine fibrous aragonite
cement in a hypersaline environment brought about thke
formation of radiaxial calecite cement (Flate Z7-B). The
precise time of the agarading neomorphism Qiving rise to
radiaxial calcite is not documented in the literature.
Kendall and Tucker (1973>, on petrographic grounds, suspected

that this transformation "ococurred at some (perhaps
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considerable) time after burial of the sediment®,

3.3.3 Formation of Dolomite and énhydrite

3.3.3.1 Formation of Altered Zone

The altered Zone, i.e., the zone of complete dolbmiti—
zation with anhydrite bands, occurs where the Mississippian
subcrop is overlain by Jurassic Watrous Red Beds or
evaporites (Kendall, 1975). This zone developed immediately
below the Mississippian unconformity which constitutes an
effective caprock that can be readily identified on logs by a
low sonice reading C(interval transit time, 4T) as well as a
high resistivity kick immediately below the Jurassic émaranth
Red Beds.

Fuller (1956a, b), Fuzesy (1980, 1964), Martin (1944)
and Miller (1972) believed that the altered zone is
genetically related to the Mississippian unconformity
(Fig.-144a). However, Kendall (1975) considers their
hypothesis inadequate as it fails to explain the thickness
pattern of the altered zone as well as the development of the
zone under Watrous cover only.

McCabe (195%) found that there exists an inverse
relationship in southwestern Manitoba between the altered
zone thickness and the thickness of Jurassic Amaranth Red
Beds. This relationship is observed to be valid in the study
area. The same relationship has been observed by McCamis
(1958, quoted by Kendall, 1975) in the Mississippian subecrop

region of neighboring Saskatchewan. He also noted that the
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Diagramatic north-south sections through south-
eastern Saskatchewan illustrating various
hypotheses suggested for the origin of the

altered zone. (From Kendall, 1975).

Stability fields of gupsum and anhudrite at
101.3 KPa total pressure. (From Berner, 1971,

after Hardie, 1967).

Stability fields of gupsum (G) and anhudrite (&)
as a function of temperature and pressure. The
G-A curves with negative slope correspond to
cases where pressure on the solutes is litho-
static and that on the surrounding water is
hydrostatic. The G-A curves with positive slope
is for the pure lithostatic situation. The
geothermal gradient is Grand Saline Dome, Texas.
(From Berner, 1971, after McDonald, 1953, and

Hardie, 1987).
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altered zone was absent beyond the limit of Watrous
Formation. McCamis postulated that the formation of the
altered zone postdated the deposition of red beds. It
occurred contemporaneous with Upper Watrous (Watrous
Evaporite) deposition when Mgt+ and CaSUq—rich>brine'
percolated through the red beds into the uppermost
Mississippian carbonates (Fig.-14B).
Kendall (1973) gave the points against the downward
percolation hypothesis of Berg (1936 and McCamis (1958):
i. Watrous Red Beds are not permeable enough for
the downward percolation of brine suggested for
alteration.
Z. Downward percolation of brine would have
converted the uppermost Mississippian
carbonates into an impermeable superficial
layer which would prevent further alteration.
3. The thick altered zone in the Broadview area
(McCamis’ study areal) reflects contact with
brine derived from below rather than from above.
Kendall (1975 himself developed a hypothesis for the
formation of this altered zone (Fig.-14C). #According to this
hupothesis groundwater carrying the ions required for the
formation of the altered zone originated during or after the
Watrous deposition in the more central portion of the
Williston Basin. These groundwaters were driven out by
compaction and were forced bu the impermeable Watrous red

beds to flow northward beneath the Mississippian
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vnconformity.

These groundwaters trapped within the nor thward thinning
Mississippian sediments between upper overstepping Watrous
red beds and the lower impermeable Bakkan Formation gave rize
to thicker altered zones.

Kendall’s (1975) hupothesis seems to be most logical in
dealing with the genesis of altered zones in the
Missizsippian subcrop region of Willizton Basin. However, in
view of the fact that in southwestern Manitoba red beds are
quite porous (Hansen, Persomal Communication, 1984), the
hupothesis of percolation of hupersaline brine from above 1is
believed to be a major component for the formation of the
altered zone in the study area.

The presence of irregular patchesz, blebs and stringers
of dolomite in anhudrite bands (Flate 21y, the occurrence of
replacement anhudrite (Plate 2Z-8&), and the fracture
infilling of anhydrite (Plate 22-B) in the dolomitic matrix
clearly demcnstrate that dolomitization pre-dated
anhudritization.

=
o

2.2.%.2 Types of Dolomite
In the study area dolomite may be divided into two
categories:
1. Microcrystalline dolomite:
Microcrustalline dolomite is observed in all

facies below the altered zone. It developed

ac diffuse small scale patches within the
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microcrystalline calcite forming both micritized
grains (Plate Z1-B) and carbonate mud (Plate
33-A) as well as an intimate mixture with
microcrustalline calcite (Plate 3I3-E2.
Crystalline dolomite:

Dirty dolomite rhombe:

These finely to medium crystalline rhombs are
characterized by inclusions of black inscluble
residue as much as 204 of the crystals and
appear brownish under microscope (Flate Z24-43.
The extincition is not sharp; some rhombs show
dizscernible zoning with no apparent change in
dirtiness (Plate 34). Xenotopic to hypidioctopic
tight interlock of these rhombs (Plate 34-40
that resulted from the advancement of dolomiti-
zation bevond the point of crustal inhibition,
constitute the altered zone. These crystalline
dolomites alsc cccur constituting part of
scattered clusters of rhombs (Plate 33-A) as
well as dispersed individuals in the matrix of
microcrystalline calcite with some small-scale
patches of microcrystalline dolomite in the
section below the altered zone (FPlate 34-Bi.
Here the rhombs assume euhedral shape (Plate
34-B). However, the guantity of this tupe
decreases with the increase in depth below

the altered zone.
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B. Limpid dolomite rhombs:
In the sections below the altered zone, clear
white sparry limpid dolomite rhombs occur as do
the dirty ones (Plate 35-B). The quantitg of
these crustalline dolomite, however, increases
with the increase in the depth below the
altered zone.

c. Incipient dolomite rhombs:
These dolomite rhombs are characterized by very
faint, nearly imperceptible extinction and very
‘granular’ appearance (Plates 32-4; 35-B; 2é&-m2.
They are always associated with microcrystalline
dolomite with Both of them being bounded by
rhombic outline. Mattes and Mountjoy (19800
reported this tupe of dolomite and named it

"mosaic dolomite.

2.2.2.2 Formation of Dolomite

Microcrystallinity of dolomite is characteristic of
primary or penecontemporanecus dolomite such as cccurs at
present in Coorong Lagoon, Percian Gulf, Bahama Banks.
Consequently, the microcrystalline dolomite in the studu area
iz thought to be a very early product.

The two most commonly accepted waus of forming dolomite,
suggested by Folk and Land (1973}, are:

ta. Sabkha model.

i. Supratidal flooding, or
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ii. Evaporative pumping; or
B. Seepage reflux.

Za. MNear-surface environment characterized by
hyper-saline brines subject to periodic mixing
with freshwater - the schizohaline environment;

b. Mixing of shallow-subsurface highly saline
bBrine with fresh water;

c. Mixing of normal seawater or its connate
equivalent with meteoric water; and

d. Mg-purqging bu meteoric water from Mg-calcite
during early diagenesis.

Dolomite is also believed to be precipitating directly
from hupersaline lakes, e.g., Coorong area Souih asustiralia
{von der Borch et al., 1%44).

In the =s=tudy area, the textural property of the pene-
contemporaneous dolomite, i.e., the diffuse small scale
patches within the microcrystalline calcite is suggestive of
Mg-purging as the principal mechanism of formation.
gecording to Stehli & Hower (1%&1), unconsclidated mixtures
of aragonite and high-Mg calcite give rise to cemented
limeztone composed of low-magnesian calcite having local
corncentrations of dolomite. Folk and Land (1975) recognized
the formation of minor amounts of dolomite confined to Mg-
calcite allochems or their internal pores. However, the
inferred formation of vadolite dictates the principal
mechanism for this facies to be schizohaline.

The incipient dolomite rhombs recognized by Mattes and
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Mountijou (1980} ("mosaic dolomite") was interpreted to be
cecondary replacement dolomite because of itz observed
inconsistency with penecontemporaneous dolomite on
geochemical grounds. But geochemical data alone iz not
enough to confirm the genesis of a dolomite. csccording to
Land (1980), ancient dolomites are geochemically very
different from their modern analoags.

Fetrographic study reveals that all possible gradations
exist among microcrustalline dolomite, incipient dolomite
rhombs and dolomite rhombs (both dirty and limpid> (Plates
35-B: 34-4) as well as between microcrystalline calcite and
dolamite rhombs (both dirty and limpid) (Flates 35-B; 3é6-AD.
Hence, the inferred processes are neomorphism of micro-
crystalline dolomite to dolomite rhombs via incipient
dolomite and secondary replacement of microcrustalline
calcite to dolomite rhombs respectivelu.

With regard to neomorphism of microcrystalline dolomite
it iz as likely to occur as replacement of normal marine
carbonate in a later diagenetic realm (Land, 1%80>.

along stulclites and graimn contact suturez mosaics of
firnely crustalline dirty to clear euhedral dolomite rhombs
have been observed. In the majoritua of rock tupes, the
presence of a large amount of dolomite rhombz= elsewhere in
the rock suggests that the formation of dolomite was
independent of these pressure sclution features.
giccordingly, dolomites along pressure solution features

(Plate 346-B) have been inferred as a cumulate product, i.e.,
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accumulating as less-soluble residue, rather than a reactate,
i.e., formed along these surfaces during pressure solution.
However, in the stromatolitic and pseudostromata subfacies,
where overall the amount of dolomite rhombs is_usuallu very
low, a large amount of dolomite rhombs has been observed
adjacent to stulolites. This is likely to be a reactate.
geecording to Wanless (19790 the magnesium required for this
type of dolomitization is of local origin. Zenger and Dunham
(180>, however, called for further tezting of this
hupothesis.

Dolomite in this study has also been found to have
formed partially (Plate 37-6) or completely (Plate 3¥-B> by
replacing calcite cement. It also occurs as late pore lining
cement (Plate 38-AJ.

Dolemitization in the cores of this study is pervasive
as opposed to fabric selective. This mau be because of
neomorphic contribution of the penecontemporanecus
microcrystalline delomite. @A significant amount of
cryztalline dolomite was formed bu the necmorphism of
microcrystalline dolomite. These dolomite rhombhs hawve the
dispersed distribution of their precursors (zee section-
2.2.3.2%.

In light of the above discussionm formation of dolomite
in the study area is believed to have taken place by the
following processes:

1. Fenecontemporanecus replacement to form micro-

crustalline dolomite which later underwent
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neomorphism giving rise to crustalline dolomite.
Secondaryu replacement by hypersaline brines that
brought about the formation of an altered zone.
This process constitutes the principal phase of
doelomitization in the study area, and is
responcible for the formation of all dolomites
in the altered zone together with zome below it.
Secondary replacement due to mixing of the near-
surface water with hupersaline brine because, asz

sugogested by Folk and Land (192753, dilute water

ic necessary for the formation of limpid dolomite.

This probably has taken place since the
commencement of Cenozolc ercsion.

Secondary replacement due to pressure solution
which iz responsible for the formation of a
minor amount of dolomite along some of the

stulalitesz,

Tupes of anhydrite

grnhudrite was observed in the altered zone as well as

the rest

tupes of
1.
Z.

The grewy

types on

of the section below it. Primarily there are two
anhudrite:

Grey white (Plates 1Z-A4; 31-6).

Brown colored (Plate 7-E).

white anhydrite can further be divided into two

the basis of their cccurrence as:

in
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a. Bands of anhudrite (Plate 31).

k. Void-filling anhudrite (Plates 2Z-Ej 28-B; 3%-4).
The brown anhudrite may alsc be divided into two categories:

a. Xernoctopic to hupidiotopic (Flates 39-B; 40-4).

b. Poikilotopic (Plates 32-&; 40-B). |
The grey white bandz of anhydrite are restricted to the
altered zone only, whereas the others occur throughout the
section in the studu area.

Translucent greu white bands of anhydrite bounded by
well defined, more or less parallel sides as much as 38 om
thick occur in the altered zone. These bands are inferred to
be clustered nodules having displacement or compactional
origin in a host rock where individual nodules had been
squeezed against one another.

although this anhydrite is relatively free from
carbonate material, irregular patches, blebs, and stringers
of host dolomite (Plate 21-B) have been found to "float" in
it suggesting nodular growth. This mosaic nodular anhudrite
shows characteristic tightly interlocking fabric of needle-
like to tubular crustals (Plate 21-BE).

However, this ﬁgpe of anhudrite grades into replacement
tupe along its margin with host dolomi te.

Uoid-filling translucent grey white anhudrite i= found
mainly in fractures as well as in moldic pores (Plate 41-&0
and in the leached stulolites (Plate 41-B). The anhudrite
crystals occur as clear individuals (Flate 41-a) filling the

pre-existing space; however in larger voids the development
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of aggregates of clear tabular crustals (Plates 23Z-B; 3E-Bj
30_2) are also found. The void-filling anhudrite exhibits
transition to replacement type along the margin of the voidszs.
Murrau (19464) defined replacement anhydrite as having
formed within the rock and occcupying the space.preuiouslg
occupied bu other minerals and fine pore space. This is a
dissolution-precipitation phenomencn, i.e., simultanecus
dissolution of parent rock and precipitation of the

anhudrite. However, the dissoclution Ii= cften incaomplete a

in

suggested by the relicts of the replaced material. The
characteristic brown color is imparted to the replacement
anhudrite by this included material.

Crustal habit of the replacement anhudrite i= often
controlled bu that of the material being replaced. This
cituation results in the formation of mainly xenctopic to
hypidictopic replacement anhuydrite composed of crustals which
show 11 gradation from rectangular habit characteristic of
anhudrite to rhombic habit pseudomorphic after dolomite
(Flates 29-B; 40-&). although this type of anhudrite is
found to replace bioclasts as noted by various researchers
(e.g., Murrau, 19447, replacement of other grains and matrix
as well has been found.

Pocikilotopic replacement anhuydrite found in the studu
area are presumably formed when the area being replaced has
fine pore space connected ericugh to allow the growith of
single crystals. Enclosed in the poikilotopes are marginally

corroded dolomite rhombs having the same order of size as
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those of the matrix and patches of matrix (Plate 32-A) as
well as corroded equant calcite cement (Plate 40-B) (in the
stromatolite and pseudostromata subfacies). The distribution
of enclosed material within this anhuydrite shows that the
enclosed material is not in three-dimensional contact, and
consequently are not capable of forming a pore-system by
themselves. Hence, theu are the leftover particles remaining
within the replacement anhudrite. This tupe of anhuydrite
develops mainly in the fenestrae of the algal facies which
were earlier filled with calcite cement and partially
(stromatolite and pseudostromata) or completely (cryptalgal
laminite subfacies) dolomitized. The reason for this fabric
selectivity is probably due to the fact that the required
minimum connection of the fine pores is more likely to be

present in these fenestrae than in the matrix.

3.3.3.5 Formation of Anhydrite

The stability of anhudrite and gypsum is mainly
controlled by the temperature and salinity (a o) (Berner,
1971)., Fig. 15 shows the stability fields of anhudrite and
gupsum as a function of temperature and 3,00 but the
thermodynamic predictions are not consistent with the
experimental results. Murray (1964 reported precipitation
of gupsum rather than anhudrite during evaporation of
seawater at temperature range of S50° - 80°C. Gupsum can be
readily converted to anhudrite in the laboratory; but even in

the presence of anhuydrite seeds direct precipitation cannot
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be achieved (Hardie, 1947). Thus gupsum is metastable in
highly saline waters.

On reaction kinetic grounds Conley & Bundy (1938)
concluded that primary precipitation of anhudrite is highly
improbable because:

1. Gypsum is capable of crystallizing in its meta—

stable state.

2. @ctivators present in the seawater such as

Na;S04 and K;SOy causes immediate hudration of
precipitated anhudrite crustallites into gupsum
at temperatures below 4Z°C.

In the field also, metastable assemblages of halite and
gupsum in modern sediments is relatively common (Phleger,
1969). But, Kinsman (1949) reported anhydrite from the
sabkhas of the Trucial Coast of Arabia which shows primary
anhuydrite in the interstices between pseudomorphic anhuydrite.
Berner (1%971), however, suggested that both of the anhydrite
types mentioned by Kinsman can be the dehudration product of
primarily precipitated gupsum.

Most of the ancient evaporites buried to a considerable
depth are composed of anhudrite rather than gupsum which is
in agreement with thermodynamic predictions. Fig. 16 shows
the stability fields of anhudrite and gypsum as a function of
temperature and pressure. This figure depicts that the
intersection between the geothermal gradient curve and the
P-T equilibrium curve for seawater evaporated to gupsum

saturation is at P = 20.3 MPa which is equivalent to a depth
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of about 820 meters. The intersection reprecsenting the
gupsum-anhudrite transition depth decreases with the increase
in concentration of the brine. @As pointed out bu Murray
(1944), the value of the depth of intersection must be a
minimun since the rate of change of gupsum to arhuydrite az a
function of subsidence is not known. Thus the deepest
observed gupsum in the field at a depth of about 1040 m
(Murray, 1943 can be shown to be consistent with these
predictions.

In light of the above discussion, most of the anhudrite
in the study area, if not all, is the replacement product of
gupswn due to progressive Burial into the stability field of
anhuydrite. In his study of Mississippian altered zone
anhudrite of scutheasztern Saskatchewan, Eendall (1973
arrived at similar conclusions inferring from the regional
conciderations that at one time the anhudrite zone was buried
to a level considerably deeper (well within the anhudrite

ctability field) than that at the present time.

5.3.3.46 Gupsification

gnhydrite of the studu area i=s associated with gupsum.
This gupsum is found in all tupes of anhydrite and
contributes about 154 of the total evaporites.

Usually, the qupsum shows the same crustal habit as does
the anhudrite of respective tupes (Flates 3Z-BEj 38-B; 3IF-47.
It also exhibits fibrous habit in the vadolite facies (Flate

4Z-6) .
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This gupsum may be unreplaced precipitated gupsum
suggesting incomplete anhuydritization or gupsification of the
replacement anhudrite. However, corroded anhudrite grains
found in the qupsum crystals (Plates 3z-B; 2%-A; 4Z-B) point
to the second option. @&s inferred by Kendall (1975 for the
northernmost part of the anhuydritized zone of southeastern
Saskatchewan, the gupsum of ithe study area iz khelieved to be
formed as a result of partial hydration of anhudrite in the
ctabilitu field of gyupszum due to erosion and unloading since
the Tertiary. & similar conclusion had been arrived at bu
Zakus (1747) for the gupsification of anhudrite in the
anhudritized zone of Mississipplian Whitewater Lake Member of

the scouthwestern Manitoba.

2.59.4 Dedolomitization

TIr the calcitic dolostone immediately below the altered
zone in the section, calcite occurs as dispersed crystals
that enclosze corroded dolomite rhombs (Plate 43). Some
calcite crustals are found to be pseudomorphs after dolomite
rhombs (Flate 44-&). These clearly suggest that the calcite
crystals are dedolomites, 1.e., a replacement product of
dolomite.

For there to be dedolomitization a soclution with high
Ca/Mg ratio is required (Blatt et al., 1980, p. D531J.
geecordinglu, this phenomenon in the study area is believed to
have occurred hand in hand with the leaching of calcium

sulphatesz due to percolation of groundwater through vertical
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fractures mainly due to erosion and uplift since the
Tertiary.

@l though dedolomites occur mainlyu in the caleitic
dolostone immediately below the altered zone,rtheg are found
in minor amount elsewhere in the section bhelow the altered
zone, Concentration of dedolomitization in the former
portion of the section can be explained by the characteristic
high intercrystalline porosity causing exposure of very high

surface area to calecifuing fluid,

3.3.5 0Other Authigenic Minerals

.1 Hematite

Gy
(4]
o

Black hematite haz been cbserved disseminated in the
matrix, along laminae and within the bioclasts and vadoids
{Flates Z1-E; 44-E; 45-8).

The disseminated nature is believed toc be suggestive of

pre-lithification ocrigin. The source of the iron ls assumed

i

to be organic iron compound present in the deposited
sediments. Hematite is stable under relatively high ER and
high pS~~. In order to form hematite the original sediment
was likelu to be relatively free from metabeolizable organic
matter otherwise iron would be reduced by iron-reducing
bBacteria or Hp%S produced by sulphate-reducing bacteria. This
is in agreement with the observed lack of pre-lithification
disseminated pyrite in the drill cores. However, percolation
of iron-bearing fluid during initial stages of deposition of

the é&marath red beds (Young, 1973 mau alsc be a contributor
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to hematization.

Hematite is alsoc observed as cumulate along stylolites.

3.3.5.2 Pyrite

Brass uellow to dark colored pyrite occuré as patchesz
mainly in the secondary voids (Flates 45-E: 44-4) and
intercrystalline pores (Flate 44-B). Some purite is also
found to partially fill fractures {(Plate 47-8).

The characteristic association with oil suggest that
purite formation post-dated oil migration (Plate 35-f).
Three principal factors for the formation of purite are:

1. Concentration and reactivity of iron compounds

present in the sediment.

5. @uailabilitu of dissolved sulphate.

2. Concentration of metabolizable organic compounds.
The second and third requirements are fulfilled by abundant
calcium sulphate in the sediment and migrated oil
respectively. The source of reactive iron is believed to be
hematite formed earlier.

The purite formation is inferred to pre-date pressure

solution az it is found as cumulate along the stulolite.

3.3.5.2 Limonite

Yellow limonite has been observed often assocciated with
purite (Plate 45-B). It is characterized by diffuse
occurrence within pyurite patches.

McCulloch-8mith (1984) proposed that it may be an
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oxidation product of iron sulphide. She alec noted that the
documentation of this tupe of mechanism is not present in the
literature.

It is possible that purite may be converted into
limonite later in an oxidizing environment creéted by the
oxugen-rich percolating groundwater through vertical conduits

due to uplift since the Tertiary.

2.2.5.4 Silica

Silica is fdund arnluy in the argillaceocus dolostone
developed in the 2-13-3-2% W1 well at the top of the section.

Mocst of the silica present is detrital gquartz grains
which is a constitusnt of the depositional facies -
cruptalgal laminite. Eome silica oceurs as fracture filling
(Flate 47-B) and void filling (Plate 48-&) cement. These are
identified as chalcedonu bu their characteristic fibrous
extinction (Plate 48-a).

Infilling of fractures and vecids in the altered zome
indicates that the formation of this chalcedony post-dated
dolomitization.

The formation of silica is favored by a relatively low
pH and low temperature. Hence, it is thought to be very late
in the diagenetic historu when the combination of pH and
temperature became low enough as a result of percolation of
COz-charged groundwater through vertical fractures due to
vplift since the Tertiary.

The source of silica ic believed to be criginal detrital
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quartz which went into solution under the preceeding
environment characterized by higher pH and temperature, and

saturated the pore water.

2.2.¢4 Leaching

Leaching of the rocks of the studu area was likely to
have taken place during the exposure in the pre-Jurassic
erczion period as suggested by Berg (193&) for the Lodgepole
subcrop in the Virden area, Manitoba. Groundwaters
percolated through the Mississippian subcrop resulting in the
leaching of the limestone. The percolating groundwaters
penetrated downdip from the pre-Middle Jurassic ouicrop.
Fractures resulting from pre-erosional structural movement
were also likely to have contributed to this process by
guiding the leaching waters into the formation.

There i= alsc a later phase of leaching pfesumablg due
to erosion and unloading in this region since the Tertiary
{Kendall, 197S). This leaching resulted in preferential
dissolution of calecite in the dolomite matrix and removal of
calcium sulphates., The percolating waters associated with
leaching are believed to be responsible for dedolomitization
and gupsification. The fracture sustems related to the
Devonian salt solution also constitute pathwaus for the

leaching waters.

3.3.7 Pressure Solution

Fressure sclution is caused bu compaction in deep burial
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stage (see section-3.4>. The principal stule in the cores is
sutured-ceam soclution of Wanless (1977) which gave rise to
stylolites and grain-contact sutures immediately adjacent to
them. Using the terminology of Logan and Semeniuk (1974,
cited by Flugel, 1978}, configuration of individual
stulolites and patterns of stulolite sets will be discussed
in the next paragraph.

Four types of stulolite configurations have been
observed:

1. Trancitional between peak high amplitude and

columner (Plate 1%-4).

2. Irregular (Plate 48-E).

2, Peaks low amplitude (Plate 4%-A).

4., Hummocky (FPlate 10-&).

&lthough stulolites have been developed mainly as
individuals, some cccur as sets. Two tupes of zets have Been
found:

1. Conjugate set of peaks low amplitude (Flate 4%-B).

2. Irregular anastomosing sets of hummocky with

peaks low amplitude (Plate 10-6).

Stylolites characteristically developed within the
facies as well asz along the facies boundary in the section
below the altered zone. In the altersd zone no stylolites
have been observed probablu because of the compaction
inkhibition property of dolomitization (see section-3.47.
However, an anastomosing swarm of fine clad seams (Plate 507,

developed as a result of non-sutured grain solution (Wanless,
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19773, has been found in an argillaceous dolostone within
this zone in one wall.

The dolomite concentrated along the stylolites as well
as grain-contacts is mainly cumulate which suggests that
stylolite formation post-dates the principal phase of
dolomitization. Occurrences of pyrite and hematite as
cumulates also point to their formation prior to the growth
of stylolites. Dead oil along some stylolites (Plate 48-B)

indicates that stulolites post-date oil migration.

3.4 Compaction

Compaction may be defined as the phenomenon whereby bulk
volume of the rock decreases due to mechanical processes that
result in grain deformation or closer packing and pressure
solution (Flugel, 1978).

Presumably, the limestone in the study area suffered
some compaction immediately after deposition. Zankl (1969
noted that in the first few tens of centimeters of burial,
coarse-grained carbonates suffer nominal compaction in
comparison to substantial compaction experienced by fine-
grained carbonates.

However, Flugel (1978) pointed out that manu carbonates
experience relatively little compaction or are only subjected
to deep burial compaction. The only early diagenetic
compaction that has been observed in the study area is the
vadose compaction in the vadolite facies (see section Z.2.2).

Subaerial exposure as well as flushing with freshwater is
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required for vadose compaction of carbonate sediments. @As a
result of this compaction, the rock structure becomes packed:
the grain contacts become fitting due to selective
dissolution. The vadose compaction occurs because of the
unstable mineralogy of the sediments.

In the drill cores, the prominent signature of deep
burial compaction has been observed mainly in the form of
stylolite and immediately adjacent grain-contact sutures due
to pressure solution (Plate 34-B). The bioclastic grainstone
facies, which is devoid of stylolites, shows the alternative
effect of compaction via grain deformation in the form of
breakége of some grains (Plate 45-4) and rare stressed
delicate brachiopod shells (Plate Z4-B).

Except for these sparse features, the section appears to
have undergone insignificant compaction. This seems to be
mainly due to the lithification as a result of early
diagenetic cementation. It is to be noted that the altered
zone shows no development of pressure solution features
except for one anastomosing swarm of fine clay seams (Plate
50) in an argillaceous dolostone. This is because of the
probable compaction inhibition property of dolomitization

suggested by Flugel (1978).

3.5 Fracturing

All cores examined show fractures which are mainly
vertical, having lengths up to one metre. The fractures are

usually infilled with anhuydrite (Plate 1Z-A>. all of the
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fractures in the altered zone are infilled with anhudrite,
whereas the section below the altered zone exhibits open
fractures as well.

Fractureszs with oil stain (FPlate Z&é-B) and fractures
partially infilled with pyrite (Plate 47-£63) have also been
observed in the zection below the altered zone.

The fracturing event is a post-lithification one. In
the study zrea it is not confined within a single pericd.
Petrographic evidence shows that the upper limit of the time
range for the fracturing episcdes is post gupsification
(Plate S0-B).

The fracturing is mainly associated with slump faulting
(Milne & Mickoloff, 1955) and slump folds (McCabe, 1%63) due
toc the removal of underluing Devonian Frairie Evaporite and
subsequent collapse of the overlying strata. MeCulloch-Smith
(19847 postulated intermittent salt sclution in this region
occurring over a long period of time ranging from at least
Middle Cretacecus to Missizsippian.

Significant fracturing alsc occurred due to pre-
ercsiconal structural movement related to Missiszsipplian
unconformity (Berg, 1954) as well as erosion and unloading

since the Tertiary.

2.4 Summary of Diagenesis
The large number of diagenetic environments, the
variability of products in each one, and the possible

repetitive nature of them make the chronology of diagenetic
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svents very complex. However, sufficient evidence usuzally
exists for interpreting major events, from which a workakle
diagenetic sequence can be constructed (Longman, 1980).

Table 1 shows relative chronclogy of the principal diagenetic
events in the sediments of the study area as a function of
time.

Aall zediments composed of Mg-calcite and aragonite were
first deposited in a shallow-water environment. In the algal
facies sundepositional burrowing of the stromatolites was the
first stage of diagenesis. This resulted in the formation of
pzeudostromata. With the advent of a freshwater phreatic
environment aragonite was subjected to dissolution. The Mao-
calcite and aragonite that survived were recrystallized and
inverted respectively to calcite. Mg-purging resulted in the
formation of microcruztalline dolomite. Eguant calcite
cements formed in the fenestrae and desiccation cracks. The
rocks were then exposed te a freshwater vadose environment
where sparmicritization toock place.

In the marine phreatic environment bicclastic grainstone
first experienced diagenesis., Micritization of bioclasts,
and formation of early marine cement took place Before the
facies passed into a freshwater vadose zone where meniscus
cementation occurred. The succeeding freshwater phreatic
environment caused the growih of suntaxial overgrowth cement
followed By equant calcite cement. The change from a marine
to freshwater environment also brought abaut dissolution of

some aragonite, neomorphism of Mg-calecite and survived



TABLE 1 RELATIVE CHRONOLOGY OF THE IMPORTANT DIAGENETIC
EVENTS IN THE SEDIMENTS OF THE STUDY AREA.

PRE-LITHIFICATION

POST-LITHIFICATION

BURROWING NEOMORPHISM OF MICROCRYSTALLINE DOLOMITE
MICRITIZATION SECONDARY REPLACEMENT DOLOMITE
VADOLITE _____ _ANHYDRITE_ __ e
MARINE PHREATIC CEMENT O1L MIGRATION
NEOMORPHISM PYRITE
MICROCRYSTALLINE DOLOMITE o PRESSURE_SOLTTION
DEDOLOMITE
MENISCUS CEMENT GYPSUM
SYNTAXTAL OVERGROWTH CHALCEDONY
EQUANT CALCITE CEMENT LIMONITE
SPARMICRITIZATION FRACTURING
__ _ __ HEMATITE e LEACHING
EARLY TIME > LATE

9L
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aragonite into calcite, and formation of microcrystalline
dolomite due to Mg-purging. Micrite calcified filaments of
algal grains as well as bryozoa were neomorphosed into
microspar with some pseudospar.

The peloidal grainstone facies underwent micritization
in the marine phreatic environment. With the commencement of
a freshwater phreatic environment, leaching of some
aragonite, neomorphism of Mg-calcite and survived aragonite
into calcite, and the formation of microcrustalline dolomite
as a result of Mg-purging tock place. @Although this facies
ic characterized by a lack of calcite cement, it is believed
that early diagenetic cementation must have taken place,
otherwise the framework of this grainstone would have
collapesed giving rise to tighit, non-porous rock under burial
conditions. This early cement was likely to be completely
leached later in the diagenetic history. |

The algal facies is believed to be the parent rock type
of the earlu diagenetic vadolite facies. Subaerial expozure
of this facies in the supratidal regime caused the
schizohaline envircnment that Brought about the formation of
vadolite. Microcrystalline dolomite formed as one of the
characteristic products of this environment. The freshwater
contributing to this environment is thought to be responsible
for the precipitation of some micritic calcite, inuergién of
Mg-calcite into calcite and formation of minor amounts of
microcrystalline dolomite due to Mg-purging as well as vadose

compaction.
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The only authigenic mineral formed mainly during the
early diagenesis is hematite. Organic iron compounds in the
depcsited sediment are regarded as the source. The sediments
are thought to be relatively free from metabolizible organic
matter in order to maintain the required phgsiﬁo—chemical
conditions.

Thece early diagenetic events constitute the pre-
lithification stage. Following this the rocks of the studied
section passed into the post-lithification late diagenesis
realm.

The rockz were uplifted prior to the srosion during pre-
Jurassic time, to be truncated at the erosion surface on
which @maranth sedimentation tocok place. Hupersaline brines
from both a more basin-central portion of the Williston basin
during or after Amaranth depcsition as well as from above
during the formation of Amaranth Evaporite are responsible
for the principal phase of dolomitization. This pliase
brought about the formation of all dolomite in the altered
zone as well az some below this zone.

Formation of dolomite in the secticn below the altered
zone is also attributed to necmorphism of microcrustalline
dolomite and mixing of freshwater with hupersaline brine as
well asz to pressure zclution., The neomorphism of
microcrystalline dolomite is believed to have been operative
throughout the late diagenetic realm. The mixing of
freshwater with hypersaline brine however, is interpreted to

have taken place mainly after the commencement of Cenozoic
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erosion.

The formation of pyrite is inferred to be post-oil
migration. The hudrocarbon served as the metabolizible
organic matter while already formed hematite constituted the
source of iron.

Pressure solution in the study area is post-purite
formation in view of the fact that along with dolomite,
hematite and dead oil, purite occcurs as a cumulate along the
stylolites.

Most of the anhudrite formed immediately after the
principal phase of dolomitization. This phase of anhudrite
formation predates oil migration as suggested by the o0il-
stained anhudrite in some modified primary pores (Plate 51).
after the commencement of Cenozoic erosion, however, a minor
amount of void-filling anhudrite formed in the fractures as
well as in the moldic pores and in the leached stylolites.
The source material for the formation of this anhudrite is
presumably the earlier formed anhydrite. Dedolomitization
occurred contemporaneously with the later phase of anhudrite
formation. This is because, at that time, the environment
was characterized by a solution having high Ca‘Mg ratio
required for dedolomitization.

Since Tertiary time the section again has been subjected
to uplift. Gupsification occurred by the hydration of
anhydrite when the rocks reentered the gupsum stability
field. This uplifting is also responsible for the creation

of the environment of silicification in order to form
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chalcedony and conversion of purite into limonite in an
oxygen—-rich environment.

The processes of fracturing and leaching are interpreted
as multistage ones that have been operative throughout the
late diagenecsis. |

The relative chronclogu of the above mentioned important
diagenetic events (Table 1) shows, in general, considerable

overlap.
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CHAPTER 4

DEVELOPMENT OF POROSITY

4.1 Introduction

Murray (192&40) pointed out that many hgdrccarbon'
accumulations in carbonate rocks are controlled directly by
the facies change involving capillary properties of the rock,
and indirectlu by structural factors.

Carbonate rocks are very susceptible to diagenesis. The
development of porosity and permeablility in these rocks
results from the interaction between the original sediments
and diagenetic processes (WRilson, 1%80).

Moore (197%) believed that the utilization of the
depositional model as an exploration tool is not a valid
working strategy for carbonate rocks in view of the fact that
the preservation of primary porosity as well as the
development of secondary leached porosity, and inter-
crustalline porosity associated with subseguent
dolomitization are governed by diagenesziz. In the case of
preservation of primary porosity, the distribution of the
pore space iz likely to be controlled By ithe preéence or
absence of porefill cement, rather than a change of

depositional facies (Moore, 1977).

4.2 Pore Types

The main tuype of voids in the study area are modified

primary pores which include interparticle tupe in the
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vadolite (Plate 52-8&), peloidal grainztone (Plate

26-6), and bioclastic grainstone facies (Plates ZZ-B; 23-8,
and fenestrae (Plate $-&) and desiccation cracks (Flate 4-&
in the algal facies.

The modifications of these pores involved both reduction
and enlargement. The reduction is mainly caused by calcite
cementation during early diagenesis followed by infilling of
anhudrite later in the diagenetic history. Enlargement was
principally due to leaching of calcite cement as well as
anhudrite. This solution enlargement was sometimes operative
to the extent of creating vuggd porcosity (Plate SZ-B) out of
the interparticle pores (Plates 2Z3-6; 52Z-A4) and fenestrae,
and channel porositu (Plate 33-B) out of desiccation crachs,

Qther important tupes of porosity are intercrystalline,
moldic, and sclution enlarged intraparticle porosity.

Intercrystalline porositu (Plate 53-4) associated with
dolomitizaticn often developed in & thin band of rocks
immediately below the altered zone.

Mocldic pores are created by preferential dissolution of
calcite in the dolomite matrix as well as leaching of
anhudrite. These mineral selective pores may be either
fabric selective in giving rise to vadomoldic ones (Plates
38-6; S3-B)» or microszcopic molds (Plate 21-&7 independent of
textural elements. However, a trace amouni of moldic
porosity iz contributed by biomoldic pores (Plate 54> which
are interpreted to have formed bu preferential dissolution of

aragonite within the bioclast in the freshwater regime during
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early diagenesis.

Leached intraparticle pores within the bBicclasts Plate
20 AY are mainlu restricted to the bioclastic grainstone
faciez where they are one of the contributors to the
porosity.

Fractures (Plate 52-&) in the study area are alsoc an
important porosity type. &lthough they constitute little of
the gross porositu, fractures, combined with matrix
porosities, are likely to raise the effective porosity of the
rocks considerably.

In the drill cores leached stylolites (Flate 24-B) have

beenn found to be a very minor type of porosity.

4.2 Porosity As & Function of Dolomitization

During dolomitization magnesium is derived from the
replacing fluid; calcium may e thought to comé from this
fluid where it is replaced by dissclution of calcium
carbonate rock (Blatt et al., 1980, p. 530>. Over SFS of
CaC0; by volume of the replaced rock is required to supply
cufficient calcium to produce a solid dolomite (Murray, 1580;
eyl , 1960).

geocording to Wewl <1%60), carbonate must be added to the
system in order for dolomitization to occur because natural
waters contain small amounts of total COa as compared to Catt
and Mgtt.

Based on the socurce of carbonate, dolomitization mayu be

categorized into:
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1. Local source dolomitization where carbonate i=s
derived from the rock itself that is being
replaced.

Z. Distant source dolomitization where carbonate
is derived from other rocks.

In the former case porosity creation will cccur. The final
product of this dolomitization will have porosity which is
egual to the porositu of the original calcium carbonate rock,
plus 12 - 12¥ of the volume of the replaced sclid due to the
fact that dolomite has a molar volume 1Z - 13% =smaller than
calcite. Here inhibition of dolomite growth occurs as a
result of exhaustion of calcium carbonate.

In the latter tupe, where carbonate iIs derived from
other rocks, porosity will decrease at first due to the
volume for volume growih of dolomite. This will continue up
to a point when the volume of Cally is no longer sufficient
to supply enough calcium for delomitization. é&ccordingly,
when the dolomitization attains a high degree (>50) dolamited
excess dissolution of calcite will begin to maintain
sufficient supply of calcium and consequently porocsity will
start increasing. Murray (12402 noted that the relationship
of porosity and degree of dolomitization in the Midale keds
(3 - 20 dolomite content), Midale field, Saskatchewan, can
be alternatively explained in this manner.

Powers (1%9462) found that, when dolomitization became
904 in Arabian Upper Jurassic carbonate reservoir rocks,

porosity and permeability began decreasing.
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The mode of dolomite crustal growth has been proposed as
s reason for the change in porosity and permeability with
increasing dolomite content (Wardlaw, 1979). Dolomites,
consisting of eukedral crystals that resulted from the growth
of dolomite rhombs limited by the contact of adjacent rhombs,

have high porositu and permeability. If the growth of

n

dolomite goes beuond the contact inhibition stage, cruztals
become more and more euhedral forming compromise,
interlocking boundaries, and the resulting rock will be non-
porous.

Murrag’s (1940 obkservationz in the Midale beds does not
appear to hold true in this study area in general because the
porosity was subjected to later anhudrite infilling in the
present case.

The interrelationships of percentage of dolomite rhombs
{DOL), percentage of anhudrite (AMN), porosity in percent
(FH&IY, natural logarithm of the mean dolomite rhomb size in
microns (LME&ND, natural logarithm of the standard deviation
of dolomite rhomb size in microns (L8D)Y, and natural
logarithm of the permeabilities in millidarcy (LEM&X, LK%O,
and LEV)Y in the section below the altered zone of the driil
core 1-18-3-28 UW! were calculated in the form of a
correlation matrix (Table ZJ.

There seems to be no apparent relationship between the
porosity and percentage of dolomite rhombs and standard
deviation of the dolomite rhomb size. However, significant

poesitive correlations exist between mean rhomb size and



VARIABLE

poL
AN
PHAI
LMEAN
LSD
LKMAX
LK?0
LKV

DoL

PHAI
LMEAN
LsD
LKMAX -~
LK -
LKV -

DOL

1.00
0.52
0.05
0.30
0.26
0.45
0.50
0.20

10
10
10
10
10
10
10
10
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TABLE ~ 2

INTERRELATIONSHIP OF PARAMETERS
RESPONSIBLE FOR POROSITY DEVELOPMENT

MEAN

0.52
1.00
0.48
0.41
0.07
-0.07
-0.10
0.07

27.32

5.92

12.72

3.49
0.39
2.49
2.25
1.17

PHAI

0.05
0.48
1.00
G.44
0.02
0.43
0.42
0.76

STD DRV

18.84
5.01
3.77
0.09
0.18
2.29
2.16
2.29

LMEAN

0.30
0.41
0.44
1.00
0.10
0.28
0.26
0.24

sUM

273.16
99.25
127.20
34.91
3.94
24.88
22.46
11.73

LsD

0.26
0.07
6.02
0.10
1.00
-0.44
-0.39
-0.18

MINIMUM

4.00
1.00
6.90
3.36
0.10
-1.61
~-1.61
~-2.21

CORRELATION COEFFICIENTS / N = 10

LKMAX

-0.45
~-0.07
0.43
0.28
-0.44
1.00
0.99
0.78

LK?0

-0.50
-0.10
0.42
0.26
~-0.39
0.99
1.00
8.76

MAXIMUM

57.50
17.50
18.00
3.467
0.71
5.68
4.80
4.29

LKV

-0.20
0.07
0.76
0.24

-0.18
0.78
0.76
1.00
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porosity, and mean rhomb size and percentage dolomite rhombs.
On the other hand, significant negative correlation exists
between percentage of dolomite rhombs and permeability.

In the study area, except for intercruystalline porosity
that developed often in the calcitic dolostone immediately
below the altered zone, dolomitization has been interpreted
td have contributed little to the porosity. The minor amount
of porosity associated with the dolomitization is believed to
have been formed mainly by preferential dissoclution of

calcite in the dolomite matrix as a result of leaching.

4.4 Porosity As A Function of énhydritization

Porosity destruction by anhudrite porosity occlusion is
very common in the drill cores. However, anhudrite leaching
is believed to be one of the major contributors to present
porosity. This dual property of anhydrite as a modifier of
porosity was noted by Murray (1960).

The significant positive correlation between percentage
of anhydrite and porosity substantiate the important role of
anhudrite leaching in bringing about present porosity
(Table 2). & significant correlation also exists between
porosity and vertical permeability (r = 0.76) possibly
suggesting the anhydrite leaching in creating porosity occurs
as a result of percolation of water through vertical

conduits.
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4.5 Summary of Porosity Development

&1l facies in the study area demonsirate some degree of
porositu. Yet, no single facies has been found to preserve
porosity at all times. @ccordingly, develomeﬁt of porosity
cannot be categorized as true facies selective. On the
contraru, it is inferred that the preservation of primaryd
porosity like the development of leached porosity and minor
intercrustalline porositu, was controlled by late diagenetic
alterations.

However, facies having more primary porosity (e.g.,
vadolite) are more likely to show higher porosity
development, and consequently theu represent the principal

reservoir facies.
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CH&FTER S

SUMMARY

The Mississippian MC-3a beds, the producing interval of
the studied pool, can be correlated into the aajacent Wascada
area.

The trapping mechanism of the study area ic primarily
structural; this is true with the limitation of the updip
and/or lateral facies changes involving porosity development.

In the study area, the MC-3a beds represent a carbonate
tidal flat complex. Drill cores show development of four
lithofacies. These are: algal, vadolite, bioclastic
grainstone and peloidal grainstone facies. Except for the
vadolite, all others refer to depositional environments
characterized bu shoreline features; namely a tidal flat
complex. The vadolite is believed to have formed due to
subaerial exposure in a strandline environment during early
diagenesis. It was previously regarded as ocolite bu earlier
workers (e.qg., Ghazar, 1978> formed in agitated water
submarine shoals on a platform edge far away from the
shoreline towardsz the basin.

The processes of diagenesis fall under two domains:
early and late. The early diagenesis is characterized
principally by biological diagenesis, formation of vadolite,
and calcite cementation. The late diagenesis includes
dolomitization, anhuydratization, formation of other

authigenic minerals, compaction, pressure solution,
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fracturing, and leaching. The relative chronology of the
important diagenetic events shows, in general, considerable
overlap.

The development of porositu is not true facies
selective. Late diagenetic alterations controiled the
prezervation of primary porosity as well as the development
of leached porosity and minor intercrystalline porosity.
However, facies with higher primary porosity {e.g., vadolite?
is more likeluy to show higher poroszsity development, and
consequently represent the principal reservoir facies.

Finally, this study may be helpful in selecting areas of
high porosity and permeabilitu for future development of the
pool. Further studies of this tupe are recommended using

ecarning electron microscopu as well,
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PLATE - 1

TEXTURAL ROCK TYPES

Photograph showing the erosional contact (1) BEetween
the upper bioclastic grainstone faciez and lower
ztromatolite subfacies. The latter i= composed of LHH

tupe (Z) stromatolite with infilled sedimented micrite.

n

ample no. 1.81, polished core slab perpendicular to

n

tratificstion slab., Bar scale equals 1 cm.

Fhotograph showing stromatolite subfacies compozed of
SH tupe siromatolite (1) with infilled zedimented
micrite, Characteristic irregular fenestrae (2) zre
abundant., Sample no. 4.42, polished core slab
perpendicular to stratification. EBar scale eguals

1 cm.
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PLATE -~ 2

TEXTURAL ROCK TYPES

Photograph of stromztclite subfacies showing SH type
stromatolite. Sample no. 4.41, polished core slab
perpendicular to stratification. Rar sczle equals

i cm.

FPhotograph of stromatolite subfacies zhowing ZH tupe
(1Y stromatolite. Sample no. 4.41, polished core slab

parallel to stratification. Bar scaie =guals 1 cm.
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PL&ATE - 3

TEXTURAL ROCK TYPES

Photomicrograph of stromstolite subfacies showing
lamincid fenestrae beilween stromatolitic laminae.
Sample no. 4.43, thin section perpendicular to

stratification. Bar scale equals 1.5 mm.

Photooraph showing erosional contact (1) between upper
stromatolite subfaciesz and lower vadolite facies.
The former is characterized by sheet cracks (2).

Sample no. 3.35Z2, polished core slab perpendicular to

in

tratification. Bar scale egquals 1 om.
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PLATE - 4

TEXTURAL ROCK TYPES

Fhotomicrograph of stromatolite subfacies zhowing sheet

cracks (1) partially infilled with eguant calcite
cement., Sample no. 4.3531, thin section perpendicular

to stratification, crossed nicols. PBar scale equals

0.5 .

Photomicrograph of stromatolitic subfacies showing
filaments and renalis structure of encrusting blue-
green algae. Sample no. 4.43, thivn zeciion perpen-
dicular to stratification, crossed nicols. Bar scale

equals 70 micronz.,
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PLATE - 5

TEXTURAL ROCK TYPES

Fhotomicrograph of stromatolite subfacies showing
Girvanella. The micrite calcified algal filament=s
(1> have been neomorphosed into microspar with some

e udo

I}
m

0

p

par.  Sample no. 4.52, thin section perpendi-

cular to stratification. Bar scale equals 0.5 mm.

Fhotamicrograph of stromatolite subfacies showing

entrapped peloidal pockets (1) and blue-green algal

grain

in

(2. Sample no. 4.5Z, thin section parallel

to stratification. Bar scale equals 0.25 mm.
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PLATE - &

TEXTURAL ROCK TYPES

Photomicrograph of stromatolite subfacies showing
entrapped ostracod (1), dasuclad (Z) and foram (3).
Sample no. 4.43, thin section parallel to stratifi-

cation. Bar scale equals to 0.25 mm.

Photomicrograph of stromatolite subfacies showing

entrapped brachiopod (1). Sample no. 5.32, thin

‘section parallel to stratification. Bar scale equals

0.5 mm.
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PLATE - 7

TEXTURAL ROCK TYPES

Photomicrograph of cruptalozl laminite zukfarcies

showing algal laminae. Sample no. Z.44, thin sechion

perpendicular to stratification. Ear

()]

cxle oguail
Cxig equai

1)
i

1.9 mm.

FPhotograph of cruptalgal laminiie zubfacies

n
in

Frowwing
algal laminae snd brown replacement anhudrite (1),
Sample no. £.44, polished core slab perpendicular

to

(]

tratification. BRBar scale equals 1 cm.
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PLATE - 8

TEXTURAL ROCK TYPES

Fhotograph of cruptalgal laminite subfacies showing
laminoid fenestrae (1). Sample no. 1.%91a, polished

tificabtion. E

w

core slab perpendicular to sir r

i
w
ot
m

ca

n

eguals 1 cm.

Fhotograph of cruptalgal laminite subfacies in the
sltered zone showing vaguely preserved algzal laminae.
Sample no. 3.11, polished core slab perpendicular to

ctratification. PBar scale eguals 1 cm.
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PLATE - ¢

TEXTURAL ROCK TYPES

Pholomicrograph of pseudostromata subf

1

cies showing
fernestrae (1) partially infilled with eguant calcite
cemaent., Sample no. 4.4%, thin section parallel tao
stratification crossed nicols. EBar scale egusls

O0.5% mmi.

Fhotoograxph of pseudostiromata subfacies shoawing
fenestrae (13 and sheet cracks (Zy. Sample no. 4.42Z,
polished core slab perpendicular to stratification.

Bar scale equals 1 cm.
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PLATE - 10

TEXTURAL ROCK TYPES

FPhotograph of pseudostromata subtacies showing verticsal
desiccation cracks (12, irregular anasztomosing set of

hummocky (2 and peaks low amplitude stulolite

in

(

L

T
Szmple no. 1.482, polished core slab perpendicular tao

ztratification., Ear scale equals 1| cm.
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Bilue-green algal filamentzs and rena

ot

iz structure.
Sample no. 4.42, thin secition perpendiculsar to

stratification. Bar scale 70 micrc
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PLATE - 11

TEXTURAL ROCK TYPES

FPhotograph of pseudostromatas subfacies showing burrows
(i, Sample no. 4.40, polished core =slab parallel to

stratification. Bar scale eguals 1 cm.

botograph of pszeudosztromata zubfzacie=z zhowing the
vertical orientation of burrow (12, Sample no. 4.40,
polished slab perpendicular to stratification. Bar

cczale equals 1 cm.
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PLATE - 12

TEXTURAL ROCK TYPES

Photograph of vadollite faclies showing vadose cruzt (1)

inverse-graded grains (2); and fracture infilled with

&F
/0

greg-white void-Ffilling anhudrite (3). mple no.

2.24, polished core slab perpendicular to stratifi-

e
54
—

catiocrn. Bar zcale eguals 1 cm.

p]

Photograph of vadolite facies showing vadose crust (12

3]

2
]

and inverse-graded grains (Z). Sample no. 5.

(2]
£}

t 3

e
0
bt
-
in
o
m
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1]
n

1ab perpendicular to stratification.
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PLATE - 13

TEXTURAL ROCK TYPES

Photomicrograph of vadolite facles showing vadoid

coated with alternating laminae of micrite ¢1) and

radiaxial spar (Z2),. then fracitured (27 due to

3

1g

siccation, then recocated with bBoih the laminze, and

then again fractured (4. Sample no. 59.34, thin

secticon perpendicular to strziificatiion. Ear scale

b
iU

equalse D.25 cm.

Fhotomicrograph of vadolite faciesz showing flattened
grains (13, sharing of the outer laminase (2%, vadoids
having braoken vadolid x=2 nucleil €32, multiztage grain
(4), polygonal filling, and vertical asummeiry of the
graining. Sample no, Z2.34, polished core =lab

perpendicular to stratification. PBar scale equsal

7]

1 s
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PLATE - 14

TEXTURAL ROCK TYPES

Close up view of Plate 13 Fig. E. Flattened grain (13,
sharing of outer laminae (2), multistage grain (32,
polugonal fitting, and vertical asummeirw of the
grains. Sample no. Z2.24, polished core slab perpendi-

cular to stratification. Bar scale equals 0.4 mm.

Photomicrograph of vadolite facies showing continuation
of cuter laminae (12 into the surrounding sediment.
Sample no. 5.34, thin section perpendicular to.strati-

fication, crossed nicols. Bar scale equals 0.3 mm.
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PLATE - 15

TEXTURAL ROCK TYPES

Photomicrograph of vadolite facies showing perched
inclusions (1) in the grains as a result of grading

of vadoid laminae into geoptal =zilt, and dowmward

1

thickening of the outer laminae of vadoid (2. EA T

A}
1]

no. 2.24, thin section perpendicular to stratification.

Bar scale equalszs G.5 mm.

Photomicrograph of vadolite facies showing vertical
asdmmetry of the grains. Sample no. 2.24, polished
core =lab perpendicular to stratification. Bar scals

equals 1.5 mm.

in
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PLATE - 14

TEXTURAL ROCK TYPES

L4

Photomicrograph of vadolite facies showing microstalac-
titie cement (1), Sample no. 5.34, thin =zection

ole.

]
-

3

perpendicular to siratification, crossed

Bar =scale equals 0.Z5 mm.

Clozse up view of Plate 146 Fig. &. Microstalactitic
cement composed of radiaxial spar (1. Sample wno.

5.34, thin section perpendicular to sir

in
)

tification,

crossed nicolzas. Bar scale equals 70 microns.
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PLATE - 17

TEXTURAL ROCK TYPES

Photomicrograph of vadolite facies showing continuation
of radiaxial spar to form the cement (13. Bample no.
.34, thin section perpendicular to stratification,

orc

in
mn

sed nicols., Bar =zcale equals 0.25 mm.

Photomicrograph of vadolite facies showing marine

-

vadoid (1 Ravin

.

)

radial fabric composed of alternating
micrite (2) and radiaxial spar (3) laminse, and micritic
caliche vadoid ¢4y, Sample no. $.34, thin zection
perpendicular to stratification. Bar scale equals

0.Z5 mm.
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PLATE - 18

TEXTURAL ROCK TYPES

Photomicrograph of vadolite facies showing gradation

between marine vadoid (1) and micritic caliche vadoid

{2>. Sample no. 3.34, thin section perpendicular to

stratification. Bar scale equals 1.5 mm.

Photomicrograph of vadolite faciesz showing a vadoid

hawving obscure micritic body sz nucleus (1), Zample

no. 3.34, thin section perpendicular to stratifi-

cation. Bar scale eguals 0.25 mm.






135

PLATE ~ 1%

TEXTURAL ROCK TYPES

Photograph showing the gradational contact between

vppar vadolite and lower algal facies; a stylolite

ey
[

which 1= transitional between peaks high amplitude
and columnar types, marks this boundaru. Sample no.
Z.4Z, polished core slab perpendicular ito siratifi-

cation. Ear scale equals 1 cm.

Photomicrograph showing the gradation contact between

[f1)

uprer wadolite and lower algal facies, and the
development of first vadoid (1) in this section.

Sample no. 2.4Z, thin zection perpendicular to

n

tratification. Bar scale egusis .35 mmw.
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PLATE - 20

TEXTURAL ROCK TYPES

Cloze up view of Plate 1% Fig. B. The gradational
contsct between upper vadolite and lower alagsl facies,
and the development of first vadoid (1) in this zection.
Sample no. Z.42, thin section perpendicular to strati-

fication. Bar scale equals 0.3 mm.

Photomicrograph of vadolite facies showing & vadoid
having an ostracod (1) as its nucleus, Sample no.

5.22, thin section perpendicular to stratification.

-3

Bar zcale equals 0.Z5 mm.
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PLATE - 21

TEXTURAL ROCK TYPES

Photomicrograph of vadolite facies showing a vadaoid
having a foraminifera (1) as itz nucleus. Sample no.
3.22, thin section perpendicular to stratification,

croszed nicols. Ear scale equalzs 0.Z25 mm.

Phaotomicrograph of vadolite faoie

ifn

showing wvadeoid
Faving a gastropod (1) as itz nucleus, =mall =z=cale

patches of microcrystalline dolomite (23 within the

o

grains, and disseminated hematite (22 within the
vadcids. ESample no. 3.34, thin section parpendicular

to stratification. Bar scale equals 0.5 mm.
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PLATE - 22

TEXTURAL ROCK TYPES

Fhotomicrograph of vadolite facies showing a vadoid
having a dasyclad <¢1) as its nucleus. Sample no. 5.33,

thin section perpendicular to stratification. BEBEar

in
]
0t
Vot
10
I

0.25 mm.

ift

EGUEl

b1

Fhotomicrograph of bicclastic grainstone facies showing
algal grains (1), echinodermal fragmentsz {(Z), meniscus
cement (2, suntaxial overgrowth (4), and modified
interparticle pores (5). Sample no. 1.41, thin

section parallel to stratification, ecrocssed nicols.

Bar scale eguals 0.25 mm.
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PLATE - 23

TEXTURAL ROCK TYPES

Photomicrograph of bicclastic grainstone ?aciez'showing
algal grains (1), foraminifers (Z), echinodermal
fragments (3), meniscus cement (4, modified inter-
particle pores (53, vuggy pores (&), and leached

intraparticle pores within foraminifera (73, Sample

no., .81, thin section parallel o

tratification,

crossed nicols. Bar scale equals 0.Z25% mm.

Photomicrograph of bioclastic grainstone faclies

showing girvanella (1Y and da:

ta

o lagd (2. Sample no.

in

1.51, thin section parallel to stratification. BEBar

1]

cale equals 0.5 mm.
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PLATE - 24

TEXTURAL ROCK TYPES

Photomicrograph of bioclastic grainstone facies showing
bruozoa (1) that has been neomorphosed into microspar
with some pseudospar. Sample no. 1.51, thin section

parallel to stratification. Bar scale equals 0.5 mm.

Photomicrograph of bioclastic grainstone showing
stressed brachiopod shell (1), and red algae (2).
Sample no. 1.51, thin section perpendicular to strati-

fication. Bar scale equals 0.25 mm.
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PLATE - 25

TEXTURAL ROCK TYPES

Photomicrograph of bioclastic grainstone showing sector
of rugoze coral. Sample no. 1.51, thin section
parallel to stratification, crossed nicols. Bar scale

gquals 0.Z5 mm.

FPhotograph showing bioclastic gralnstone facies.
Sample no. 1.51, polished core slab perpendicular to

stratification. Bar scale eqguals ! cm.
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PLATE - 24

TEXTURAL ROCK TYPES

Fhotomicrograph of pelcoidal grainstone facies composed
of fecal pellets (1), pseudopelletoids {2y, and

micritized, rounded and abraded Biocclazts (33,

~r
P2

Modified interparticle pores (4 re abundant. Sample

o, 1.41, thin section perpendicular to stratifi-

o
Jaeed
1]

cation. Bar =zc equals 0.5 mm.
Fhotograph showing peloidal grainstone facies showing
fracture with oil stain (13, Sample no. .41, polished

core =lab perpendicular to stratification. Ear scale

)]

equals ! cm.
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PLATE -~ 27

DIAGENESIS

Photomicrograph showing Eparmicritizatioﬁ represented
by “=spikes’ (1) of micrite extending intc ithe sparry
calcite cement. Sample no. 4.3Z, thin section
parallel to stratification. Bar scale eguals 70

microns.

Close up view of Flate 14 Fig. B, Radiaxial calcite
cement (1>, Sample no. 5.34, thin section perpendi-

cular to strxtification, crossed nicocls. Bar

In

cale

equals 30 microns.
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PLATE - 28

DIAGENESIS

Fhotomicrograph showing bruozoa Bound isoﬁachous
radiaxial calcite cement (1) owerlain unconformably
By equant cxlcite cement (Z23. Sample no. 1.51, thin
section parallel to stratification, crossed nicols.
Ear scale equals 0.Z5 mm.

Photomicrograph showing meniscus cement preferentiallu

o

developed in small-scale interparticle pores (1) a=

opposed to easilu drained lar ones (Z), Sample no.

1]

fa]
m

1.&81y thin =zection parallel to stratification,

craszed nicols. EBar scale eguals 0.5 mm.
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PLATE - 29

DIAGENESIS

Photomicrograph showing meniscus cement (ﬁomposed of
blocky crystals (1)) is enclosed by suyntaxial over-
growth (2); which is in turn enclosed by equant
cement (3). Sample no. 1.61, thin section parallel

to stratification, crossed nicols. Bar scale equals

70 microns.

Photomicrograph showing meniscus cement (composed of

blocky crystals (1)) is enclosed by suntaxial over-

growth (2), which is in turn enclosed by equant cement

(3). Sample no. 1.61, thin section parallel to
stratification, crossed nicols. Bar scale equals

30 microns.
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PLATE - 30

DIAGENESIS

FPhotomicrograph showing coarsening of equant cement (17

ot

award the centre of the pore. Sample no. 4.4Z, thin

section perpendicular to siratification, crozzed

nicals., Bar scale eauals $.25 mm.
Close up view of Flate Z8 Fig. 8. Isopachous radiaxial
cement (13 is overlain unconformably by equant cement

Sample no., 1.51, thin zection parallel to

70 omicrons.
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PLATE - 31

DIAGENESIS

Photograph of grew white anhudrite from a band of

anfhivdrite in tH

1T

altered zone showing "floating®
patches (1) of parent dolomite. Sample no. .21,
polished core =slab perpendicular to stratification.

Bar scale eguals 1 am.

Photomicrograph showing mosiac wodular anhudrite
{composed of tightly interlocking needle-like to
tabular crustals (133 forming anbudrite bandz in
the altered zone, and enclosed patches (i) of parent
dolomite (23, Sample no. .20, thin =zection

perpendicular to stratification, crossed nicols.,

i

Bar zcale equals 0,25 mm.
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PLATE - 32

DIAGENESIS

Fhotomicrograph showing the development of poikilotopic
anhydrite (13 in a fenestrae, and enclosed marginally
carroded dolomite rhombs (Z) having the same order of
size as those of the matrix (3, and enclozed paicha=
{4y of dolomite., Sample no. Z2.44, thin section
perpendicular to stratification, crossed nicols.

Bar scale sqguals 8.5 rom.

Photomicrograph showing void-filling anhodrite
(composed of tabular crystals (13) infilling th
fracture in the dolomite matrix, and corroded anhudrits

grains (ZY in a gupsum oryd

18]

tals (3¥, Sample no. 4
thin section perpendicular to stratification, crossed

nicals. Bar scale eguals 70 microns.






163

PLATE - 33

DIAGENESIS

Fhotomicrograph showing =mall scale patchez of micro-
crystalline dolomite (1) within microerustalline

calcite (red colored) forming carbonzate mud, and

incipient dolomite rhombs (2>. Sample wo. 5.32, thin
zeciion perpendicular to stratification. Ear scals

equals 30 microns.

Photomicrograph showing intimate mixture of micro-
crustalline dolomite (1) and microcrustalline calcite

{red’, and channel porocsitu (2). SZample no. 4.5Z,

thin section perpendicular to stratification, crossed

Lo

micocls., Ear =scale eguals 0.5 mm.
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PLATE - 34

DIAGENESIS

Photomicrograph showing xenotopic to hupodiotopic tight
interlack of inclusion-rich dirty dolaomite rhombe.

Some of the dolomite rhombs exhibit discernible zoning

[

with no apparent change in dirtiness, Sample no. 1.33,

thin section perpendicular to stratification. Bar

zcale equals 10 microns.

Photomicrograph showing dirty dolemite rhiombs as
dispersed euhedral individuals in the matrix aof
nicrocrystalline caleite (dark colored) with small
scale patches of microcrustalline dolomite (light
colored). The dolomite rhombs exhibit discernible
zoning with no apparent change in dirtinzss. Zample
nio. 1.41, thin section perpendicular to siratification.

Ear scale equals 10 microns.
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PLATE - 35

DIAGENESIS

Photomicrograph showing dirty dolomite rhombs constitu-
ting part of scattered clusters of dolomite rhombs (1),

and purite (2} and oil (3} in the vug. Sample no.

.34, thin section perpendicular to stratification.

)
i

ar scale equals 0.25 mm.

Fhotomicrograph showing limpid dolomite rhombs (13,
incipient dolomite rhombs (2), microcruztalline
dolomite (20, and microecrusztalline calecite (red
colored?). ©Sample no. Z.44, thin section perpendicular

to stratification. Bar scale equals 20 micraons.
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PLATE - 36

DIAGENESIS

Photomicrograph showing dirty dolomite rhombs (1),
incipient dolomite rhombs (2), microcrystalline
dolomite (3>, and microcrystalline calcite (red
colored). Sample no. 5.33, thin section perpendicular

to stratification. Bar scale equals 30 microns.

Photomicrograph showing development of mosaics rhombs
along stylolite (1) and grain contact sutures (2), and
leached stulolite (3). Sample no. 1.82;, thin section
perpendicular to stratification, crossed nicols. Bar

scale equals 0.5 mm.
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PLATE - 37

DIAGENESIS

Photomicrograph showing dolomite (1) partially
replacing equant calcite cement (2). Sample no. 4.43,

thin section perpendicular to stratification; crossed

nicols. Bar scale equals 0.25 mm.

Photomicrograph showing dolomite (1) completely
replacing equant calcite cement. Sample no. 3.11,
thin section perpendicular to stratification, crossed

nicols. Bar scale equals 30 microns.



1Iz2
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PLATE - 38

DIAGENESIS

Photomicrograph showing geopetal dolomité (1), late

pore lining dolomite cement (Z) in a vadomoldic pore
{3). Sample no. 1.82, thin section perpendicular to
stratification, crossed nicols. Bar scale equals 70

microns.

Photomicrograph showing void-filling anhydrite composed
of tabular crystals (1»>. Sample no. Z.33, thin
section perpendicular to stratification, crossed

nicols. Bar scale equals 0.25 mm.
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PLATE - 39

DIAGENESIS

Photomicrograph showing void filling anhgdrite composed
of tabular crystals (1), and corroded anhudrite grains
(2) in a gupsum crystal (3). Sample no. 5.34, thin
section perpendicular to stratification, crossed

nicols. Bar scale equals 70 microns.

Photomicrograph showing xenotopic to hupidiotopic
replacement anhuydrite which exhibits all gradation from
rectangular habit (1) to rhombic habit (2) pseudo-
morphic after parent dolomite. Sample no. 1.11, thin
section perpendicular to stratification,; crossed

nicols. Bar scale equals 0.2Z5 mm.
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PLATE - 40

DIAGENESIS

Close up view of Plate 3% Fig. B. Xenotoﬁic to
hypidiotopic replacement anhydrite showing all
gradation from rectangular habit (1) to rhombic habit
(2) after parent dolomite. Sample no. 1.11, thin
section perpendicular to stratification, crossed

nicols. Bar scale equals 30 microns.

Photomicrograph showing poikilotopic replacement
anhydrite (1) enclosing corroded equant calcite cement
(1>. Sample no. 4.43, thin section perpendicular to

stratification. Bar scale equals 0.Z5 mm.
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PLATE - 41

DIAGENESIS

Photomicrograph showing microscopic moldfc pore (1)
infilled with void-filling individual anhudrite
crystals (2. Sample no. 1.33, thin section
perpendicular to stratification, crossed nicols.

Bar scale equals 0.Z25 mm.

Photomicrograph showing void filling anhydrite (i} in
leached stylolite (2), Sample no. Z2.42, thin section
perpendicular to stratification, crossed nicols.

Bar scale equals 0.5 mm.
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PLATE - 42

DIAGENESIS

Photomicrograph showing gupsum of fibrous habit (1).
Sample no. 2.2Z, thin section perpendicular to strati-

fication, crossed nicols. Bar scale equals 70 microns.

Photomicrograph of gupsum (1) showing enclosed corroded
anhydrite grains (Z). Sample no. 1.11, thin section
perpendicular to stratification, crossed nicols. Bar

scale equals 70 microns.



0
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PLATE - 43

DIAGENESIS

Photomicrograph showing dispersed dedolomites (1) in
calcite dolostone immediately below the altered zone.
Dedolomite crystals enclose corroded dolomite rhombs
(2. Sample no. 3.20, thin section perpendicular to

stratification. Bar scale equals 70 microns.

Close up view of Plate 43 Fig. 4. Dedolomite crustal
enclosed (1) corroded dolomite rhombs (2). Sample no.
3.20, thin section perpendicular to stratification.

Bar scale equals 30 microns.
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PLATE - 44

DIAGENESIS

Photomicrograph showing dedolomite crustals (1)
pseudomorphic after dolomite rhombs. Sample no. 3.20
thin section perpendicular to stratification. Bar

scale equals 30 microns.

Photomicrograph showing disseminated hematite (1) in
the matrix. Sample no. 4.30, thin section perpendi-

cular to stratification. Bar scale equals 0.5 mm.
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PLATE - 45

DIAGENESIS

Photomicrograph of bioclastic grainstone facies‘showing
disseminated hematite (1) within algal grains and a
broken algal grain (2) due to compaction. Sample no.
1.61, thin section parallel to stratification, crossed

nicols. Bar scale equals 0.25 mm.

Photomicrograph showing patches of pyurite (1) and
intimately associated limonite (2) in a secondary void.
Sample no. 5.30, thin section perpendicular to

stratification. Bar scale equals 30 microns.
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PLATE -~ 46

DIAGENESIS

Photomicrograph showing purite grains (i) in a
secondary void. Sample no. 4.51, thin section

perpendicular to stratification. Bar scale equals

70 microns.

Photomicrograph showing development of purite (1) in
intercrgétalline pores. Sample no. 5.21, thin section

perpendicular to stratification. Bar scale equals

70 microns.
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PLATE - 47

DIAGENESIS

Photomicrograph showing pyrite (1) infilling a
fracture partiallu. Sample no. 4.40, thin section
perpendicular to stratification, crossed nicols.

Bar scale equals 0.5 mm.

Photomicrograph showing fracture filling silica cement
(1. Sample no. 3.11, thin section perpendicular to
stratification, crossed nicols. Bar scale equals 70

microns.
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PLATE - 48

DIAGENESIS

Photomicrograph of void-filling silica cement (1)
showing fibrous extinction characteristic of
Chalcedony. Sample no. 3.11, thin section perpendi-
cular to stratification, crossed nicols. Bar scale

equals 70 microns.

Photograph showing dead oil (1) along an irregular
stylolite (1), Sample no. 4.41, polished core slab

perpendicular to stratification. Bar scale equals

I em.
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PLATE - 4%
DIAGENESIS

Photograph showing peaks low amplitude stylolite (1).
Sample no. 3.31, polished core slab perpendicular to

stratification. Bar scale equals i1 cm.

Photograph showing a conjugate set of peaks low
amplitude stylolites (1). Sample no. 1.91, polished

core slab perpendicular to stratification. Bar scale

equals 1 cm.
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PLATE - S0

DIAGENESIS

Photograph showing an anastomosing swarm of fine clay
seams (1) developed as a result of non-sutured grain
solution style of pressure solution. Sample no. 5.11,

polished core slab perpendicular to stratification.

Bar scale equals 1 cm.

Photomicrograph showing a fracture (i) cutting across a
gupsum crystal (2). Sample no. 4.51, thin section
perpendicular to stratification, crossed nicols. Bar

scale equals 0.5 mm.
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PLATE - 51

DIAGENESIS

Photomicrograph showing ocil-stained anhudrite (1) in a
modified interparticle pore of the bhioclastic grainstone
facies. Sample no. 1.61, thin section parallel to

stratification. Bar scale equals 70 microns.
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PLATE - 52
POROSITY

Photomicrograph of vadolite facies showing modified
interparticle (1) and wvuggy (2>, and fracture (3)
porosity. Sample no. 5.30, thin section perpendicular
to stratification, crossed nicols. Bar scale equals

0.5 mm.

Photomicrograph of stromatolite subfacies showing
vuggy pores (1). Sample no. 4.52; thin section
perpendicular to stratification, ecrossed nicols. Bar

scale equals 0.5 mm.
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PLATE - 53
POROSITY

Photomicrograph shows oil-filled intercrgstalline pores
(1) associated with dolomitization in a thin band of
rocks immediately below the altered zone. Sample no.
4.30, thin section perpendicular to stratification,

crossed nicels. Bar scale equals 70 microns.

Photomicrograph showing vadomoldic pores (1). Sample

‘no. 2.22, thin section parallel to stratification.

Bar scale equals 0.5 mm.
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PLATE - 54

POROSITY

Photomicrograph showing biomoldic pore (1). Sample no.
2.44, thin section parallel to stratification, crossed

nicols. Bar scale equals 30 microns.
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APPENDIX &

DESCRIPTION OF CORE SLABS
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1 - 18 - 3 - 23U

K.B. 1545 FT

Sample Depth Description
No.
1.10 3Z0%7 11* Pre~Jdurassic unconformity between
- 32037 3" upper Jurassic émaranth red bed

composed of anhudrite infilled green
dolomitic silty shale and lower
dolomitized cryptalgal laminae.

The latter is a lithographic, grey
buff anhudrite infilled dolostone.
Vagquely preserved cryptalgal

laminae observed. Porosity is < 14,

1.11 32107 4" Lithographic, grey buff, anhuydrite
- 32107 9" infilled with dolostone. Vaguely
preserved cruptalgal laminae.

Anhudrite infilled fractures

present. Porosity is < {«X.

i1.20 3z11” Upper part composed of lithographic
- 3211° 2* grey buff, anhydrite infilled
dolostone. Vaguely preserved
cryptalgal laminae present.

Porosity is ¢ 1i4.



1.21

1.31

i.32

1.33

1.40

3211 4°

- 32117 6&°

32177

- 32177 3¢

32257 11°

- 3226° 2°

32277 4°

- 3227 7°

32277 7*

- 3227 9*

209

Lower part consists of greuy white

nodular anhydrite.

Grey white nodular anhuydrite.

Lithographic, grey buff, anhydrite
infilled dolostone. Vaguely
preserved cryptalgal laminae
observed. émhydrite infilled

fracture present. Porosity is < 14,

Lithographic, grey buff, anhuydrite
infilled dolostone. Vaguely
preserved cryptalgal laminae.
anhudrite infilled fracture present.

Porosity is € 1%4.

Lithographic grey buff, anhydrite
infilled dolostone. Vaguely
preserved cryptalgal laminae
observed. @nhudrite infilled

fracture present. Porosity is < 14.

Erosional contact between upper
dolomitized cryptalgal laminite and

lower dolomitized peloidal grain-
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stone.

The former is a lithographic, buff
gred, anhydrite infilled dolostone.
Vaguely preserved crgptalgal laminae
present. Anhudrite infilled
fracture observed. Porosity is

& Z.DA.

The latter is a lithographic to
sublithographic, grey buff,
partially anhudrite infilled
calcareous dolostone. The
constituent particles are peloids.
adnhudrite infilled fracture present.

Dil stain observed.

1.41 32287 2¢ Sublithographic, grey buff,
- 32287 5° partially anhydrite infilled dolo-
mitic limestone. Constituent
particles are peloids. Vertical

fracture with oil stain observed.

1.51 32307 3" Sublithographic, buff, partially
- 3230° &" anhudrite infilled dolomitic lime-

stone. Constituent particles are
bioclasts of sand size. Light oil

stain present.



1.61

1.62

1.71

32357

1.

- 3Z35° 6"

32407

- 32407 2"

3241

11"

211

Erosional contact between upper
dolomitized bioclastic grainstone
and lower dolomitized stromatolite.
The former is a sublithographic,
grey buff, partially anhudri te
infilled dolomitic limestone.
Constituent particles are bioclasts
of sand size. Light oil stain
present.

The latter is a sublithographic,
buff, partially anhudrite infilled
dolomitic limestone. LLH tupe
stromatolitic structure recognized.
Irregular fenestrae as well as
laminoid fenestrae between laminae
of algal structure observed. Light

oil stain present.

Earthuy, buff white, massive,
partially anhydrite infilled
dolomitic limestone. Encrustation
by algal filaments observed under
microscope. Vertical desiccation
cracks abundant. Stylolite present.

Light o0il stain observed.

Sublithographic, tan, massive,



- 32427 1°

1.72 3245/

- 3244’ 3"

1.81 32527 11*

- 3253“

1.82 32547 &"

- 3254 10°*

1.91 32587 1*

- 3258/ 4"

212

partially anhydrite infilled dolo-
mitic limestone. Encrustation by
algal filaments observed under
microscope. Stglolitg present.
Sublithographic to earthy, grey
buff to buff white, partially
anhuydrite infilled limestone.
Constituent particles are vadoids
(peloid size through 4 mm).

Light

©oil stain present.

Sublithographic, buff, partially
anhydrite infilled dolomitic lime-
stone. Constituent particles are

vadoids (peloid size through 2 mm).

Stylolite present.

Sublithographic, buff to grey buff,
partially anhydrite infilled dolo-
mitic limestone. Constituent

particles are vadoids (peloid size
through 4 mm). @Associated vadose
crusts observed. Stylolite present.
Sublithographic to earthy, buff,

partially anhydrite infilled dolo-



i.%91a

1.91b

32607 &"

~ BZé0°

32627 1"

- 32627

8.

3-
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mitic limestone. Constituent
particles are vadoids (peloid size
through 2 mm). Associated vadose
crusts observed. Stulolite present.

Porosity s 7.5%.

Lithographic, cream, partially
anhydrite infilled dolomitic lime-
stone. Cryptalgal laminae
observed. Laminoid fenestrae

abundant. Porosity s 37.

Erosional contact between upper
dolomitized cryptalgal laminite and
lower MC-2 bed.

The former is a sublithographic,
grey buff partiallu anhudrite
infilled dolomitic limestone.
Vaguely preserved cruptalgal laminae

present. Porosity is ( 1X.
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3 -20 - 3 - 2801
K.B. 1553 FT

Sample Depth Descriptionv
No.
Z2.11 3201~ Lithographic, grey buff, anhudrite
- 3201° 3¢ infilled dolostone. WVaguely
preserved cryptalgal laminae
observed.
2.12 3z208° 4* Li thographic, grey buff, partially
- 32087 5" infilled dolostone. Constituent
particles are vadoids (peloid size
through Z mm>. anhydrite infilled
vertical fracture present. Light
oil stain observed.
Z.21 32107 5* Lithographic, grey buff, partially
- 3210 7" anhydrite infilled dolostone.
Constituent particles are vadoids
(peloid size through 2 mm).
Associated vadose crusts observed.
Z.22 32104 10" Lithographic, grey buff to brown,
- 3211~ partially anhydrite infilled dolo-

stone. Constituent particles are



2.31

2.32

2.33

3z1z 7¢

- 32127

32137 7°

- 32137

32157 7°

- 321%°

9.

9.

9-
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vadoids (peloid size through 8 mm).
Associated vadose crusts observed.

Light o0il stain present.

Lithographic, buff, pértiallg
anhudrite infilled limestone.
Constituent particles are vadoids
(peloid size through 4 mm).
Gssociated vadose crusts observed.
énhudrite infilled vertical

fracture present.

Lithographic, buff to grey buff,
partially anhuydrite infilled
calcareous dolostone. Constituent
particles are vadoids (peloid size
through 2 mm). @ssociated vadose

crusts present.

Sublithographic, buff, partially
anhydrite infilled dolomitic lime-
stone. Constituent particles are
vadoids (peloid size through Z mm).
Associated vadose crusts recognized.
énhydrite infilled vertical

fracture present. Stulolite

observed. Light oil stain present.
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Z2.34 32167 Lithographic, buff to grey,
- 32167 4" partially anhuydrite infilled dolo-
stone. Constituent particles are
vadoids (peloid size through 4 mm).
Associated vadose crusts present.
énhydrite infilled vertical

fracture observed.

2.41 3z218° 7" Sublithographic, buff, partially
- 32187 9" anhydrite infilled dolomitic lime-

stone. Constituent particles are
vadoids (peloid size through 3 mm).

Associated vadose crusts present.

Stulolite observed. Light oil stain

present.
Z.42 3z20° 2" Gradational contact between upper
- 32207 4" dolomitized vadolite; and lower

dolomitized cruptalgal laminite.
The former is a sublithographic to
earthy, buff white, partially
anhudrite infilled dolomitic lime-
stone. & few vadoids (peloid size
through | mm) recognized.

The latter is a sublithographic to
earthy, buff white, partially

anhydrite infilled dolomitic lime-



2.43

Z.44

32207 8°

- 32207

32257

- 32257

10"

zll
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stone. Vagquely preserved cryptalgal
laminae observed.
Stylolite present between the two

facies. Light oil stain observed.

Lithographic, grey buff, partially
anhydrite infilled dolomitic lime-
stone. Vaguely preserved cryptalgal

laminae observed.

Subl i thographic to earthu, cream,
partially anhuydrite infilled dolo-
mitic limestone. UWell preserved
cryptalgal laminae observed.

Irreqular fenestrae present.
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2 - 13 - 3 - 2801
K.B. 1353 FT

Sample Depth Description
No.
3.10 32347 9* Pre-Jurassic unconformitu between
-~ 82367 11t* upper Jurassic @maranth red bed

composed of rust red, anhuydrite
infilled, dolomitic siltstone, and
lower lithographic to sublitho-
graphic, grey to buff grey,
anhudrite infilled argillaceous
dolostone.

In the latter cryptalgal laminae

observed; porosity is < 1%4.

3.11 32377 2* Lithographic to sublithographice,
- 3237° 4° grey to buff grey, anhydrite

infilled argillaceous dolostone.
Cruptalgal laminae observed.

Porosity is < {%4.

3.12 3240 Lithographic, grey buff, anhydrite
- 3240’ 3" infilled dolostone. Vaguely
preserved cryptalgal laminae

observed. Porositu is ¢ 1%4.
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Upper part composed

of lithographic,

grey buff, anhudrite infilled dolo-

stone.
laminae present.
Lower part consists

anhydrite.

Opper part composed
anhydrite.

Lower part consists
to sublithographic,

partially anhydrite

calcareous dolostone.

Vagquely preserved cryptalgal

Porosity is < 17%.

of grey nodular

of grey nodul ar

of lithographic
arey buff,
infilled

Vaguely

preserved cryptalgal laminae

present.

bleeding observed.

Earthy to sublithographic,

partially anhydrite

mitic limestone.

Porosity is 54.

0il

tan,

infilled dolo-

Constituent

particles are peloids. Porosity is

12.54.

Light oil stain present.

Earthy to sublithographic, grey,

partially anhuydrite

mitic limestone.

infilled dolo-

Constituent



3.31

3.40

3.51

3253 &"

- 32537 8"

32567

- 3254 3"

3258¢ 10"

- 32597

220

particles are peloids. Porosity is

7.54. 0il stain observed.

Earthy to sublithographic, buff,
partially anhydrite infilled dolo-
mitic limestone. Constituent
particles are peloids. Stylolite
observed. Porosity is 7.54.

Light oil stain present.

Erosional contact present between
upper dolomitized peloidal grain-
stone, and lower dolomitized
cruptalgal laminite.

The former is a sublithographic,
buff, partially anhudritized dolo-
mitic limestone. Porosity is SA4.
Light oil stain present.

The latter is a lithographic, buff
grey, partially anhydritized
calcareous dolostone. Vaguelwy
preserved cryptalgal laminae
present. Porosity is 104. 0il

bleed in a band at top.

Sublithographic to earthy, buff to

tan, partially anhudrite infilled
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calcareous dolostone. Vaquely
preserved cryptalgal laminae
observed. Porosity is 4%. Light

cil stain present.
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14 - 13 - 3 - 28Ul

K.B. 13561 FT

Sample Depth Description
No.
4.10 3z407 3" Pre-Jurassic unconformity between
- 3240° 5°¢ upper Jurassic émaranth red bed

composed of rust red anhudrite
infilled dolomitic siltstone, and

lower greud nodular anhuydrite.

4.21 32437 3" Lithographic, grey buff, anhuydrite
- 3243° 5" infilled dolostone. Vaguely
preserved cryptalgal laminae

observed. Porosity is < 1%.

4.22 3Z248° 1* Lithographic, grey buff, anhuydrite
- 3248° 3" infilled dolostone. Vaguely
preserved cryptalgal laminae

observed. Porosity is ¢ 1%4.

4.23 3250 11" Lithographic, grey buff, anhuydrite
- 32517 Z* infilled dolostone. Vaguely
preserved cryptalgal laminae

observed. Porosity is < 1%.



4.30 32534 2¢

- 3253 4"
4.31 32547 7"

- 32547 8"
4.40 3254° 10"

- 3255
4.41 32567

- 32567 2°*
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Lithographic, buff brown, partially
anhydrite infilled calcareous dolo-
stone. Vaguely preserved cryptalgal
laminae observed. anhydri te
infilled fractures present.
Porosity is 54. 0il bleeding

observed.

Earthy to sublithographic, buff,
partially anhydrite infilled dolo-
mitic limestone. Vaguely preserved
cryptalgal laminae present. Poro-
situ is 7.594. Light oil stain

present.

Earthy to sublithographic, buff,
massive dolomitic limestone.
Encrustation by algal filament
observed under microscope.

Vertical burrows present. Porosity

is 44. 1light oil stain observed.

Earthy to sublithographic, buff,
partially anhydrite infilled dolo-
mitic limestone., SH tupe stroma-
tolitic structure recognized.

Laminoid as well as irregular
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fenestrae present. Stylolite filled
with dead oil observed. Porosity

is 5%. Light o0il stain present.

Earthy to sublithographic, massive,
partially anhudrite infilled lime-—
stone. Encrustation by algal
filaments observed under miecroscope.
Irregular fenestrae, and sheet
cracks as well as vertical
desiccation cracks present.

Porosity is 7.54. Light oil stain

observed.

Earthy to sublithographic, buff,
partially anhydrite infilled dolo-
mitic limestone. SH type stroma-
tolitic structure observed.
Laminoid as well as irregular
fenestrae, and sheet cracks as well
as vertical desiccation cracks
present. Porosity is SX. Light oil

stain observed.

Earthy to sublithographic, buff,
partially anhudrite infilled

calcareous dolostone. LLH tupe
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stromatoliticfstructure observed.
Laminoid as well as irreqular
fenestrae, and sheet cracks as well
as vertical desiccatipn cracks
present. Porosity is 104. Light

0il stain observed.

4.52 3243° 10" Earthy to sublithographic, buff,
-~ 32447 partially anhydrite infilled
calcareous dolostone. Stromato-
litic structure recognized.
Laminoid fenestrae present.
Porosity is 154, 0il stain

observed.
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15 - 13 - 3 - 281

K.B. 1556 FT

Sample Dep th Descriptionr
No.
5.11 32377 3" Lithographic, buff grey, anhudrite
- 32377 &° infilled argillaceous dolostone.

Vaguely preserved cryptalgal
laminae observed. Swarm of fine

clay seams present. Porosity is

< l.II
5.12 32437 10" Lithographic, grey buff, anhudrite
- 3244’ 1° infilled dolostone. Vaguely

preserved cryptalgal laminae

observed. Porosity is < 1Z%.

5.13 32477 7" Lithographic, light greu buff,
- 3247’ 10°® anhudrite infilled dolostone.
Vaguely preserved cryptalgal
laminae observed. Anhuydrite
infilled fractures present.

Porositu is { 14.

5.21 3z48° 7° Earthy to sublithographic, buff,

- 3248/ 9" partially anhudrite infilled



5.30

5.31

32507

- 32507

32507 ¢9°

- 32507

3!

11"
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calcareous dolostone. Vaguely
preserved cryptalgal laminae
observed. Porosity is & 104. 0il

stain present.

Erosional contact present between
upper dolomitized cryptalgal
laminite, and lower dolomitized
pseudostromata.

The former is a sublithogrpahic,
buff, partially anhudrite infilled
dolomitic limestone. Porosity is
& 9.

The latter is an earthy to sub-
lithographic, massive, buff,
partially anhydrite infilled dolo-
mitic limestone. Vertical
desiccation cracks observed.
Porosity is & 54. Light oil stain
present. Stylolite observed along

the faries boundary.

Earthy to sublithographic, buff to
grey buff, partially anhydrite
infilled dolomitic limestone. LLH
tupe stromatolitiec structure

recognized. Irregular as well as



S5.32

9.33

32517

9!

- 3252/

3254

9.
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laminoid fenestrae, and sheet
cracks as well as vertical
desiccation cracks observed.
Porosity is = 10Z4. O0il stain

present.

Erosional contact present between
upper dolomitized stromatolite, and
lower dolomitized vadolite.

The former is a sublithographic,
buff to grey, partially anhudrite
infilled dolomitic limestone. LLH
tupe stromatolitic structure
recognized. Irregular as well as
laminoid, and sheet cracks as well
as vertical desiccation cracks
observed. Porosity is = §4. Light
oil stain present.

The latter is a sublithographic,
grey buff, partially anhydrite
infilled dolomitic limestone.
Constituent particles are vadoids
(peloid size through 1.5 mm).
Porosity is = 7.54. 0il stain

present.

Subl i thographic, buff to buff grey,



5.34

- 3254’

32597 4*

- 3259~

11"

7.

229

partially anhuydrite infilled dolo-
mitic limestone. Constituent
particles are vadoids (peloid size
through 1 cm). Associated vadose
crusts observed. Porosity is » 154,

0il stain present.

Subli thographic to earthy, buff,
partially anhydrite infilled dolo-
mitic limestone. Constituent
particles are vadoids (peloid size
through 7 mm). @Associated vadose
crusts observed. Porosity is & 104.

0il stain present.



230

APPENDIX B

CORE ANALYSES DATa



CORE LABORATOR[ES~CANADA LTD,

REGINA SASKATCHEWAN

Company =~ K{NG RESOURCES COMPANY Date Report - DECEMBER [0, 1965 Page - | of3

Wel | ~ K-R ET AL PIERSON [-[8-3-28 Formation - MISSISSIPPIAN File ~ CNP-3-4229
Field ~ PJERSON, MANI{TOBA 0. Fiuld ~ GYP BASE Analysts =~ GP:DP

Location = LSD 1-]18-3~28 Wi Analysis - FULL DIAMETER Cores ~ DIAMOND

SAMPLE DEPTH FOOT, PERMEABILITY TO AIR  PERM, POROSITY POROSITY DENSITY VISUAL

REPRESENTED HORIZONTAL) X X

NUMBER FEET REPR, K MAX K 90°) VERTICAL FEET PER CENT FEET BULK GRAIN EXAMINAT[ON

CORED INTERVAL 3206' - 3257}
JCORE NO, | 3206' - 3257 (Rec, 50.4')

- 3206.0-3228,7 22,7 - - - - - - Not analyzed by request

| 3228,7-3229.7 1.0 82. 49, 73. 82.0 18 18,00 2.24 Intergran.PPV,.anhydrite, VF.
2 3229.7~-3230.5 0.8 6.7 3.7 [.8 5.36 10 8.00 2.53 Intergranular, few SV,PPV,anh
3 3230,5-3231.3 0.8 6.8 6.5 3.6 5.44 9 7.84 2,51 Intergranular, SV ,PPV,anhydr
4 3231 ,3=~3232,0 0.7 15, 15, o.11 10.5 6 4,83 2.64 Intergranular,PPV,anhydrite,

shale breaks

5 3232,0-3233,0 1.0 123, 114, 0.69 23,0 5 }5.30 2.30 Intergran.PPV,anhydrite, VF,
6 3233,0~3233.8 0.8 222, 222. 1.4 177.6 4. 11.28 2.34 Intergranular,PPV, anhydrite
7 3233.8=3234,7 0.9 10, 7.5 0.29 9.0 7. 6.39 2.59 Intergran, few SV,anhydrite,V
S58 3234,7-3235,5 0.8 14, 0.2 0.1 11.2 6.5. 52.0 - Intergranular

9 3235,5=3236.3 0.8 56, 42, 27, 44,8 12,9 10.32  2.50 2.87 Intergranular, PPV, anhydrit
10 3236,3=3237.3 1.0 292, 122. 15, 292.0 12.5 12,50 2,54 2.90 Intergranular, PPV, anhydrit
R 3237,3-3238.5 1.2 1.7 .4 1.7 2,04 9.9 it.88 2,52 2.80 Intergranular, few SV,PPV.anh
12 3238,5-3239,4 0.9 ) 1.6 0.92 1.53 1.8 10,62 2,48 2.8l Intergranular, PPV,

13 3239,4-3240.4 1.0 4.0 3.2 2.4 4,00 18,1 18.10  2.27 2.78 Intergranular, few PPV,

14 3240,4-3241.7 1.3 2.3 1.9 1.3 2.99 16.6 21,58 2.38 2,85 Intergranular, few PPV,

15 3241,7-3242,7 1.0 1.9 1.4 0.56 1.90 12.1 12,10 2.50 2.84 Intergran, few PPY,shale brea
16 3242,7-3243,5 0.8 31, 26. 19, 24.8 16,8 13.44 2,31  2.77 Intergranular, PPV, VF,stylo

anhydrite

17 3243,5=3244.5 1.0 87, 13, 14, 87.0 }9.0 19.00 2.22 Intergranular, PPV, VF,

18 3244 ,5-3245.4 0.9 16, 5. 13, 14.4 18.0 16,20 2.23 Intergranular, PPV,

19 3245 ,4-~3246,4 1.0 49, 49 8.6 48,0 14.8 14,80 2,34 Intergranular,SV,PPV,anhydri
20 3246,4~3247,3 0.9 25, 24, 2.8 22.5 12.1 10.89 2.43 Intergranular,SY,.PPV. anhydri
21 3247,3-3248, | 0.8 15, . 0.12 12.0 8.9 7.12 2,52 intergranular,SV,PPY,anhydri

1§34



CORE_LABORATOR[ES~CANADA_LTD. KING RESQURCES COMPANY. Page =~ 2 0f 3
REGINA SASKATCHEWAN K~R ET AL P|ERSON |=18=3-28 File = CNP-3-4229
SAMPLE DEPTH FOOT, PERMEABILITY TO AIR  PERM, POROSITY POROSITY  DENSITY VISUAL
. REPRESENTED HOR [ZONTAL) X x
NUMBER FEET REPR, K MAX K 90°) VERTICAL FEET __PER CENT FEET _BULK GRAIN EXAMINAT [ON
CORE NO, | CONT'D
22 3248.1-3248.9 0.8 2.1 1.9 <0.01 1.68 7.2 5.76 2,57 2,77 Intergranular, PPV, anhydrite
23 3248,9~3249.8 0.9 0.57 0.54 <0.01  0.513 0.0 9.00 2.50 2.79 Intergranuiar,SV,PPV,anhydr I te
24 3249.8-3250.8 1.0 1.2 0.85 <0.0l 1.20 10.8 10.80 2,50 2.8 Intergranular,Sy, PPV,
25 3250,8-3251.8 1.0 2.2 1.9 0.59 2,20 11.8 11.80  2.46 2,79 Intergranular, few SV, PPV,
26 3251.8=3252,7 0.9 2.2 1.5 3.5 1.98 .7 10.53. 2,50 2,84 Intergranuiar, PPV,
27 3252,7=3253.6 0.9 1.7 1.2 0.16  I.,53 0.1 9.09 2,52 2,81 Intergranular,few SV, PPy,
28 3253,6%=3254,5 0.9 0.97 0.91] <0.01 0.873 9.2 8.28 2,53 2,79 Intergranular, PPy,
29 3254.5-3255,6 bot 0.67 0.48 0.25 0,737 9.7 10,67 2,54 2,81 Intergranuiar, PPV, style]ite
S$S30  3255.6-3256,4 0.8 0.2 0.2 0.2 0.16 9.2 7.36 - - Intergranular
- 3256.4=3257.0 0.6 - - - - - - - - Lost core
PPY ~ Pin point vugs SV = Small vugs
3§ = Small sample VF - VYertical fracture

cee



CORE | ABORATORIES~-CANADA LTD,

REGINA  SASKATCHEWAN
Company ~ KING RESOURCES COMPANY Date Report - SEPTEMBER 28, 967 Page - | of 2
Well - KR ET AL N PIERSON 3-20-3-28 Formation - MISSISSIPPIAN File - CNP-3-5{64
Field - PIERSON, MANITOBA D, Fluid - GYP BASE Analysts - GB HK
Location - LSD 3-20-3-28 WIM Analysis - FULL DIAMETER Core - DIAMOND CORES
SAMPLE DEPTH FOOT, PERMEABILITY TO AIR  PERM, POROSITY POROSITY DENSITY RESIDUAL SATURATION VISUAL
REPRESENTED HOR!ZONTALO) X X OlL TOTAL WATER
NUMBER FEET REPR, K _MAX K 907) VERTICAL FEET PER CENT FEET BULK GRAIN ¢ PORE % PORE EXAMINATIC
CORED INTERVAL 397! ~ 3232!
CORE NO, | 3197 - 3232' (Rec, 35.0%)
| 3§97,0-3202.9 5.9 <0.,0l <0,0! <0,0} <0,0} 1.1 6,49 2,86 2,89 0.0 69.2 e A,
2 3202,9-3207,3 4.4 <0,0f <0,01 <0,0f <0.0| 2.4 10.56 2,84 2,91 0.0 60,0 fo A
3 3207.3-3209,7 2.4 <0,0f <0,0! <0,0} <0,0! 1.8 4,32 2,85 2,90 0.0 86,6 l. A.
4 3209,7-3211,0 1.3 <0,0} <0,0l <0,0f <0Q.0I 0.6 0.78 2,84 2.86 8.5 59.6 te A,
5 3241,0-3212.0 1.0 <0,01 <0,0}] <0,0] <0,0l tal 1,10 2.81 2.84 Trace 83,1 t. A
6 3212.0-3212.9 0.9 <0,0f <0,0} <0,0f <0,0! 7.7 6,93 2,68 2,90 1.8 53.0 1. A. PPV
7 3212,9-3213,8 0.9 <0,0] <0,01 <0,0| <0,0} I.6 .44 2,76 2.8} 0.0 60,6 l. A, PPV
sS58 3213,8-3214.1 0.3 109, 75. 31. 32,7 6.3 1.89 - - 6.4 38,2 F.sand, A
9 3214,1-3215,1 l1,0 0.14 0.14 <0,01 0, 140 2,0 2.00 2.74 2,80 0.0 69.3 1. A.
10 3215.1-3215,9 0.8 0.06 0,06 <0,01 0,048 8.6 6,88 2,46 2.69 Trace 54.4 l. A, PPV
R 3215,9-3216,9 1.0 0,10 0,10 <0,0! 0,100 6.8 6,80 2.6 2,82 2.2 54,7 1. A. PPV
12 3216,9-3217.7 0.8 3,7 0,29 0,38 2.96 5¢5 4,40 2,64 2,79 7.1 59.0 t. A, PPV
13 3217,7-3218,7 {.0 0,10 0.07 <0.0} 0,100 8.9 8,90 2,64 2,90 0.0 70.0 l. A. PPV
14 3218,7-3219,7 1.0 0,18 0,16 <0,0} 0,180 11.8 (.80 2,62 2,97 7.3 55,0 I. A. PPV
15 3219,7-3221.2 1.5 0,17 0.14 <0,0! 0,255 10,2 15.30 2,50 2,78 0,0 64,4 1. A. VF,
16 3224,2-3222,7 1.5 0,19 0,06 0.1} 0,285 9,9 14,85 2,52 2.80 0.0 68,8 1, A, VF.
Few PPV,
SS17  3222,7-3222,9 0.2 2.7 2.5 1.5 .54 13.} 2,62 - - 19,8 26.7 l.
18 3222,9-3223,9 1.0 .4 1.4 0.97 1.40 7.9 7.90 2,53 2,74 3.6 55.4 1. A, PPV
19 3223,9-3224,8 0.9 1.8 1.3 0.80 {.62 10,0 9,00 2,44 2,71 9.7 48,4 1. A. PPV
20 3224,8-3225,8 1.0 0,30 0.16 0,36 0,30 8,9 8,90 2.52 2,77 9.1 48,9 l. A, VF,
21 3225,8-3221, | 1.3 2.3 0.44 0.56 2,99 1i.4 14.82 2.45 2,76 0.0 51.2 1. A. VF.
§S22  3227,1-3228,1 1.0 0.2 0.2 0,1 0,20 |3.8 13,80 - - 0.0 69.5 l.
§S23  3228,1-3228.8 0,7 0.3 0,3 0,2 0,21 8.7 6,C9 - - 0.0 59.8 1. A,

€etC



CORE_LABORATORIES-CANADA_LTD, KING RESOURCES COMPANY Page - 2 of 2

REGINA SASKATCHEWAN KR ET_AL_N PIERSON 3-20-3-28 File = CNP-3-5l64
SAMPLE DEPTH FOOT. PERMEABILITY TO AIR PERM, POROSITY POROSITY DENSITY RESIDUAL SATURAT!ION VISUAL
REPRESENTED HORIZONTAL ) X x 0IL TOTAL WATER
NUMBER FEET REPR, K MAX K 90%) VERTICAL FEET _ PER CENT FEET BULK GRAIN & PORE __Z PORE EXAMINA

CORE NO, | (Cont'd,)

§524  3228,8-3229,6 0.8 <0. ! <0.1 <0.1 <0.1 3.1 2,48 - - Trace 71.0 l. A.
25 3229,6~3230.5 0.9 * 0,09 * 0.08] 8.8 7.92 2.6} 2.86 0.0 58,9 fe A, O
$526  3230,5-3231.3 0,8 0.1 Q.1 0.1 0.08 5.0 4,00 - - 0.0 66,0 1. A,
$$27  323}.3-3232,0 0.7 0.2 0.1 0.1 0.14 8.6 6,02 - - 0.0 8.2 l. A,

* - Broken or fractured core

SS. - Small sample

PPY. -~ Pin point vugs

VF, ~ Vertical fracture

OVF, - Open vertical fracture

I ~ Intergranular

A. -~ Anhydrite

VAN
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APPENDIX C

STATISTICAL DATA



0BS

N0 N O U N e

[ I e e I e
SNV NONND WO

X1

22.08
73.58

124,53

31.89
19.62
49.06
44.15
49.06
78.49
24,53
22.08
49.04
53.94
19.62
29.43
31.89
34.34
44.60
36.79
19.62
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DOLOMITE RHOMB SI1ZE IN MICRONS
FROM DIFFERENT DEPTH INTERVALS

(X1=3228.7-3229.7 FT, X2=3230,5-3231.3 FT
X3=3231.3-3232.0 FT, X4=3235,5-3234.3 FT
X5=3236.3~3237.3 FT, X4=3240.4-3241.7 FT
X7=3242.7-3243.5 FT, X8=3245.4-3244.4 FT
X9=3254.5-3255.6 FT, X10=3255.6-3256.4 FT)

X2

49.06
24.53
41.70
19.62
29.43
31.89
26.98
36.79
34.34
17.17
80.94
49.06
24.53
22.08
24.53
19.62
36.79
39.25
31.89
26.98

X3

22.08
39.25
26,98
31.89
34.34
19.62
26.98
41.70
36.79
29.43
73.58
31.89
17.17
24.53
26.98
44.15
34.34
24.53
22.08
36.79

X4

24,53
19.62
36.79
41.70
24.53
19.62
36.79
22.08
31.89%
34.34
39.25
31.89
29.43
41.70
22.08
29.43
17.17
91.51
24.53
22.08

X3

44,15
19.42
61.32
36.79
31.89
36.79
36.79
49.04
34.34
24.353
73.58
49.06
34.34
4%.04
66.23
73.58
36.79
31.89
34.34
26.98

Xé

34.34
26.98
19.62
49 .04
17.17
956.42
24,53
73.58
51.51
44,15
36.79
17.17
19.62
31.89
78.49
24,53
36.79
26.98
44.15
36.79

X7

44.15
19.62
41.70
34.34
24.53
53.96
31.89
12.26
19.62
68.68
73.58
24,53
26.98
17.17
53.946
31.89
24.53
22.08
29.43
38.79

X8

26.98
48.48
29.43
24.33
49.06
24,53
39.25
19.62
96.42
41.70
98.11
73.58
31.89
41.70
34.34
24.53
33.%94
31.89
78.49
24.53

X9

19.62
53.96
24.53
44.13
29.43
63.77
31.89
31.89
49.04
22.08
34.34
36.79
29.43
17.17
41,70
22.08
24.53
44.15
36.79
29.43

X10

22.08
17.17
53.94
31.87
24.53
73.58
17.17
31.89
17.17
41.70
44.15
17.17
19.62
49.04
17.17
56.42
24.33
51.51
34.34
61.32



0BS

10

DEPTH

3228.7
3230.5
3231.3
3235.95
3236.3
3240.4
3242.7
3245.4
3254.5

3255.46

IN

TO

TO

T0

TO

TO

TO

TO

T0

T0

FEET

3229.7
3231.3
3232.0
3236.3
3237.3
3241.7
3243.5
3244.4
3255.4

3256.4

237

DATA USED FOR CORRELATION MATRIX

DOL

96.66
20.00
15.00

J3.00
25.00
35.00

4.00
20.00
35.00

57.50

AN

10.00

3.00

3.00

3.00

7.50

17.50

1.50

5.25

1.00

7.50

PHAI

18.0

9.8

6.9

12.9

12.5

16.4

16.8

14.8

2.7

9.2

LMEAN

3.55

3.44

3.42

3.36

3.57

3.53

3.44

3.67

3.48

3.45

LsD

0.43

0.71

0.33

0.10

0.13

0.45

0.47

0.44

0.35

0.50

LKMAX

4.41

1.92

2.71

4.03

5.48

0.83

3.43

3.89

-G.40

~1.61

LK?0

Lkyv

-1.39
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