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ABSTRACT

Seventy-nine thin sections were prepared from
cores of the Upper Cretaceous ‘Cardium sandstone, obtained
from wells in the Ricinus, Caroline and Garrington fields
in Alberta, Petrography of each thin section was studied
to determine if any comparisons could be made between
sands of differing fields, or between the Upper (A) and
Lower (B) sands of the same field.

Two sandstone types have been determined based
upon modal percentages of three major mineral constituents.
A chert rich sublitharenite generally contains 60% chert,
30% quartz, and 10% unstable rock fragments. A chert
poor sublitharenite contains 70% quartz, 15% chert and
15% unstable rock fragments. The chert sublitharenite
were coarse grained to conglomerate, poorly sorted, with
subround to rounded grains. The chert poor sublitharenite
were fined grained, well sorted, and contained subangular
to angular grains.

‘Within the Caroline and Garrington fields, the
Upper and Lower sands can be distinguishéd on the basis
that the former is of the fine grained, chert poor sﬁb—
litharenite type, and the latter is of the conglomeratic,
chert rich sublitharenite type of sandstone. The Lower
Garrington sand can be distinguished from the Lower
Caroline sand, because the Lower Garrington sand tends to

be more chert rich. Similarly, the Upper Garrington sand
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and the Upper Caroline sand can be distinguished on the
basis that the Upper Garrington sand contains a greater
abundance of unstable rock fragments. The Upper sands of
the Caroline and Garrington fields can not be distinguished
from the Ricinus sand, whereas the Lower sands can, as they
tend to be richer in chert, and are coarse grained to
conglomeratic in grain size.

) The cementing sequence of; siderite, calcite and
silica (in chronological order) was observed in all of the
sands. Variations in cement abundances were a function
of both depth and grain size. The deeper sands such as
in the Ricinus field were predominantly silica cemented.

The shallower sands tended to be siderite cemented, as did

all those coarse grained to conglomeratic sands.
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CHAPTER 1

PURPOSE OF STUDY

The focus of this paper is to compare and con-
trast three existing hydrocarbon bearing fields with re-
spect to their petrography. Specifically, the fields from
west to east are Ricinus, Caroline, and Garrington. Pre-
vious work is somewhat limited, as only hydrocarbon pro-
duction has been used for a data base to establish the
field boundaries. Nevertheless, a base has been established
from which petrographic data can be compared. Well logs
indicate that the Caroline and Garrington fields contain
an upper (A) sand and lower (B) sand. The Ricinus field
is composed of only one sand unit (Walker, 1983) which
cuts - into the A sand as a 5 Km wide scour with depths vary-
ing from 20 to 40 meters (Fig. 1). The purpose of this
paper is to study the mineralogic or textural differences
between these sand bodies. In particular, the following
questions will be addressed:

1. Are there any significant petrographic differences
between ﬁhe Ricinus and Caroline fields, or be-
tween Ricinus and Garrington fields?

2. Are there any significant petrographic differences
within either the Carocline or the Garrington
fields? That ié, can the A and B sands be dis-

tinguished on a petrographic basis?



FIGURE 1 : Stratigraphic cross section of the
Ricinus, Caroline, and Garrington
fields (Walker, 1983).
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AREA OF 3TUDY

The Ricinus, Caroline and Garrington fields are
located approximately 85 Km northwest of Calgary, Alberta
(Fig. 2). The wells penetrating the sand bodies are
located within ranges 7 to 9, townships 31 to 37, west of
the fifth meridian (Fig. 3). The three fields are defined
by three lenticular "pod", like sandstone bodies which lie
at a depth of approximately 2700 meters. The sandstone
bodies occur en echélon; striking approximately northwest
to southeast; with varying sand thicknesses in between.
The sand bodies increase in length towards the east from
approximately 30 Km in the Ricinus to 60 Km in the
Garringtonrfield, and vary in thicknéss from 2 to 7 meters
in any_givén sand body. They'aré_generally sharp based
but have convex uppér Surfaces. Laterally, the sand
bodies range from fairly straight sided in Garrington, to
more‘SinuouS in Caroline, to very irregular sided in
Ricinus, due to the effects of faulting in the latter
field. The Caroline body appears to thin southeasterly,
whereas no such relationship-is apparent fpr the Ricinus

and Garrington sand bodies (Walker, 1983).

-4 -



FIGURE 2 : Map of Alberta indicating location of
the study area.
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FIGURE 3 : Schematic diagram of study area illus-
trating field size and shape (Walker,
1983).
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GENERAL STRATIGRAPHY

The Ricinus, Caroline, and Garrington fields
contain the Cardium sandstone as the hydrocarbon-bearing
sand body, and hence an important unit of study. The
Blackstone, Cardium and Wapiabi formations collectively
comprise the Alberta Group (Upper Cretaceous). The Car-
dium Formation (Turonian) was named by Rutherford in 1927
after Hector introduced the Cardium Shale in 1885, based
upon the discovery of the fossilized bivalve Cardium
within the sediments. The Cardium Formation contains six
members, and, in ascending order, they are the Ram,
Mossehounds, Kiska, Cardinal, Leyland and Sturrock (Fig. 4).
In addition to this, a series of coarsening upwards cycles
has been observed, ranging from clays up through sand-
stone (Stott, 1963). Unfortﬁnately, the physical bound-
aries of the cycles cross the member boundaries, hence a
re-assessment of the stratigraphy is necessary. The
Cardium is exposed in outcrop in a north-to south running
belt, referred to as the Central Foothills Belt (Currie,
1974). Drill holes intersect the Cardium in the subsur-
face along the eastern margin of the foothills and east-
ward towards the plains. Outcrops of the Cardium can be
found within the foothills, between Grande Prairie and
the international border.

The interpreted depositional environment is that

of a shallow marine environment dominated by storm activity
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(Wright and Walker, 1983). The Cardium is characterized
by coarsening upwards sequences of shale to sandstone
containing ubiquitous hummocky cross stratification.
Anomalous conglomeratic horizons are also associated with
the Cardium sandstones, capping many of the coarsening
upwards sequences. The sharp based coarsening upwards se-.
guences reflect a more proximal source area, whereas the
fine grained shale intervals between cycles reflect a

more distal source. In this sense, the coarsening upwards
sequences suggest transgressive and regressive controls on

the deposition of the Cardium sediments.



FIGURE 4 : Diagram indicating the Cardium stratigraphy.
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STRUCTURAL HISTORY

With the exception of the Ricinus field, there
is very little structural deformation of the Cardium Sand-
stone, within the local study area. The Caroline and
Garrington fields are located far enough east of the
Foothills Deformed Belt as not to have been affected.

In Ricinus, the Cardium sand is observed to repeat itself
up to five times, as a result of extensive thrust fault-
ing. Faults dip mostly westward, but some dip eastward
because the Ricinus sand body is located on the "triangle
zone' in the Foothills Deformed Belt (Fig. 5). Neverthe-
less, all of the fields in question are in a region that,
because of tectonic uplift, accompanied by erosional unload-
ing, are going to experience some form of microscopic de-
formation. This may be manifested in thin sections by the

occurence of fractures, stylolifths and compaction.
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FIGURE 5: Map of the local area, indicating the

extent of structural control in the

Ricinus, Caroline, and Garrington fields

(Walker, personal communication).

~ 14 -



CARDIUM
DEPOSITIONAL

Bk EDGE ~ 3

EDMONTON

O

PEMBINA

SOUTHERN
LIMIT OF

MOOSEHOUND ..
MEMBER .~

CALGARY




LOCAL GEOLOGIC HISTORY

Within the local area of study, the Crowsnest
Volcanics 1lie underneath the Alberta Group. The Alberta
Group was deposited in a broad depositional trough, the
source being the rising Rocky Mountains to the west. By
the Late Cretaceous, the region bounded by the Rocky
Mountains to the west, and the Canadian Shield to the
east, was inundated by an epeiric Sea. The Blackstone
shales were first deposited in a marine environment with
an orogenic source area becoming increasingly less stable
with time. The deposition of the Cardium was characterized
by recurrent uplifts of the borderland, followed by periods
of erosion giving rise to an oscillating source area. Hence
the geologic record shows the Cardium sediments as inter-
colated silts and shales with coarse clastic wedges of
sandstone. These cycles are thought to represent relatively
rapid marine transgressive and regressive episodes within
the depositional basin (Berven, 1966). Subsidence of the
basin re-established the marine enviornment manifested
by the Wapiabi shales, until the emergencé of the nonmarine
Belly River sandstones. This period of emergence was in-
terrupted by a brief marine transgression, represented in
the geologic record as the Bearpaw shales. Subsequent
sedimentation resulted in as much as 3700 meters of over-
burden accumulating on top of the Cardium Formation (Currie,

1974). By the late Tertiary, the foothills and plains had

- 16 -
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experienced uplift and the associated tilting of strata.



PREVIOUS WORK

The initial motivation for research in the
Cardium was in 1953 when oil was discovered within the
sandstones at Pembina. Initially, the research was centered
around the controversy of the turbidite mechanism as means
to deposit the coarse clastic sediments so far out from
the hypothetical source area. Papers by Beach in 1955,
and DeWeil in 1956, were representative of this debate.
Numerous other depositional models were submitted at the
Cardium symposium held by the A.S.P.G. in Calgary in 1957.
One opinion was a barrier beach environment (Michaelis,
1957). The next topic of research was extensive strati-
graphic compilation of most of the Cardium outcrops in
Alberta, as well as those containing the Wapaibi and
Blackstone Formations (Stott, 1963). It was not until
1963, however, that the first comparative subsurface study
was published on the Cardium (Burk, 1963). The Cardium
formation as well as three other marker horizons, have been
correlated using spontaneous - potential logs in 1966, con-
taining detailed petrography of some of fhe Cardium cores
(Berven, 1966). In this research, correlation was made
with respect to the Crossfield and Garrington fields, but
unfortunately the number of cores studied was not sufficient
to nail down any concrete relationships. In 1969, more
subsurface studies were completed, but this time emphasis

was placed on the identification of sedimentary structures

- 1§ -
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in cores. In subsequent years, more intensified studies
were made on individual fields with regard to sedimentary
structures, paleoflow determination, petrography and en-
vironmental interpretations. Filelds examined in detail
were; Edson Field (Sinha, 1970), Carrot Greek Field (Swagor
et al, 1976), Ferrier Field (Griffith, 1982), and Pembina °
Field (Krause, 1982).

Once again, the questlion of environment of
deposition of the Cardium sandstones was emphasized, using
sedimentary structures; primary stratification, and trace
fossils. A tidally-influenced shoal complex was suggested
(Michaelis and Dixon; 1969), as well as a storm dominated
depositional shelf enviornment at Seebe; Alberta (Wright
and Walker, 1980).

From the history of’previous research, it is
apparent that, inasmuch as the Cardium sandstones have
been studied extensively within individual fields; rela-
tively little research has been applied with respect to
comparisons between two or more fields on a petrographic

basis.



CHAPTER 2

METHQDS OF STUDY

The data for this study are based upon cores
taken from 35 wells within the study area. Seventy-nine
thin sections were prepared from core samples that had
been injected with a blue epoxy to highlight porosity.
Each thin section was examined with a petrographic micro-
scope, as well as a cathode luminescence microscope. Under
the petrographic microscope, each thin section was point
counted, with four traverses of one hundred counts each.
Details such as grain size, sphericity, contacts, porosity
and modal mineral composition were recorded. The mineral
categories recorded were quartz, chert, rock fragments,
feldspar, porosity, cement, matrix and other.

Rock Fragments included shale clasts, silt-
stone grains, volcanic debris, and polymineralic grains.
Feldspars were generally of the plagioclase variety, by
virtue of their polysynthetic twinning, although alkali
feldspars were occasionally observed. Porosity was noted
whenever the blue stain was encountered.. Cement refers
to the silica variety only. Clays, calcite and siderite
comprise the matrix whether they occur as cements or other-
wise. The "other" category usually included such
accessory minerals ‘as pyrite, muscovite, tourmaline or

hydrocarbons.
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In the case of those thin sections out from a
conglomeratic sandstone, a second mineralogic evaluation
was required with respect to the composite clasts. The
clasts were generally composed of chert, with lesser pro-
portions of quartz, siderite, shale, and porosity. The
method utilized in these instances was similar to that
used by Terry and Chilingar, 1955 (Appendix VI).

Since in any given conglomeratic thin section,
the extent and type of impurities within the chert were
consistent, the resulting composition of the composite
clasts could be added to the original modal composition,
as determined by the point count procedure. In this re-
gard, conglomeratic and polymineralic clasts could be
normalized with respect to their mineralogy and compared

with the monomineralic grains.

Error Analysis

Inasmuch as the observations and conclusions
presented in the body of this paper must ultimately re-
flect the data generated by the operator, an assessment as
to the source and extent of error would be appropriate.
This was attempted by recounting a randomly selected thin
section, with respect to its modal composition. A>recount
was made by the same operator to establish the degree of
reproducibility by the same operator. An additional re-

count was performed by a second operator to establish the



degree of reproducibility between operators. The results
were recorded and tabulated (Appendix V).

The reproducibility of data generated by the
same operator is good, as most of the modal compositions
were within 5% agreement between the two counts. The
exceptions were chert and rock fragments. A lesser amount
of chert was observed in the first count and recorded as
rdck fragment. As a much greater amount of petrographic
experience had been obtained by the time of the second
count was made, the operator was more easily able to
discern siderite invaded chert as chert. In this sense
it is to be expected that some of the earlier thin sec-
tions might have a very minor error associated with the
rock fragments.

The reproducibility of the data generated by
different operators is also very good. In all cases the
mineral modal percent estimates were within 5% error,

so that little error can be attributed to operator bias.



CATHODE LUMINESCENCE

The major power of this technique was the
ability to distinguish various types of authigenic cements.
Quartz overgrowths as silica cement are rendered trans-
parent under cathode luminescence, while the carbonate
cements luminesced a vivid orange-red (Plate 5B). Volcanic
rock fragments and feldspars were also enhanced under
cathode luminescence; but to a less obvious degree. In
the instance of silica cements, a visual approximation was
made as to the percentage of gquartz grains in the thin
section which were cemented, and the percentage of the
grains that were composed of quartz overgrowths. In this
regard, a quantitative approximation of the amount of
silica cement was achieved. This was necessary as, under
the petrographic microscope, the quartz overgrowths were
in optical continuity with the quartz grains, and could
not be distinguished, except in the rare instances where
dust rims were present (Plate 1B).

Carbonate cements could be point counted, us-
ing the petrographic microscope, upon their identification
by means of the cathode luminoscope. Other features that
were evident under the cathode luminoscope were fractures,
sutures, and embayments of grains (Plate 3B). A second
observation was made as to those grain shapes previﬁusly
obscured by quartz overgrowths. Based upon observations
such as these, the diégenetic history of the Cardium sand-

stones was revealed.



GRATN SIZE ANAYLSIS

Grain size determinations were made with a
petrographic microscope equipped with a micrometer. The
micrometer was able to measure grains with an accuracy of
.03 mm, TInitfially, each thin section was traversed at
random, measuring the long axes of 100 grains. The largest
and smallest grains were recorded as the range, and an
average grain size calculated. It soon became apparent,
however, that one hundred grain counts were redundant,
depending upon the degree of sorting of the sandstone. This
sorting varied from extremely well to moderately well, to
poor; for the fine grained, coarse gralned, and conglomeratic
sandstones, respectively (Plate 40A-C).

Thé nature of the conglomeratic sandstone was
such that the number of grain counts was limited by the
number of_clasts. In some cases; as few as a dozen clasts
comprised nearly all the thin section.

It was determined that 25 grain and 50 grain
counts would be sufficient»for the coarse grained and fine
grained sandstone, respectively; by the following approach:
A series of histograms were constructed for 25, 50 and 100
grain counts on representative thin sections, for each of
the coarse and fine grained sandstones (Figs. 6, 7). The
grain size wasiplotted in millimeters on the abscissa axis,
while the percentage of the thin section"represented by

each grain size interval is plotted on the ordinate. The

- 24 _



number of grains corresponding to each grain size is
printed within each of theAhistogram'rectangles.

In the case of the coarse grained, moderately-
sorted sandstone, the 25 grain count histogram appears
sufficiently dissimilar to the 50 grain count histogram
to be invalid in representing grain size. The 100
grain count histogram is sufficiently similar to the 50
grain count histogram to indicate that 50 grain counts are
valid in establishing an average grain size. Similarly,
in the case of the fine grained sandstone, the 50 grain
count histogram is close enough in similarity to the 25
grain count histogram to reveal that 25 grain counts are
sufficient.

Grain shapes were assessed with the aid of a
diagram (Powers, 1953), illustrating standard grain

sphericities (Appendix VII).



FIGURE 6 : Grain size histograms used to establish
the required number of grain counts to
statistically represent the coarse

~grained sandstones.
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FIGURE 7 : Grain size histograms used to establish
the required number of grain counts to
statistically represent the finer-

grained sandstones.
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QUARTZ ANALYSIS

For each thin section containing quartz grains
greater than .05 mm in size, an estimation was made as to
the proportion of undulose to nonundulose quartz. The
relative proportions of polycrystaline quartz containing
greater than three grains, and those containing fewer than
three grains, was also recorded. Those grains that ex-
hibited strained extinction under crossed nicols, upon
five degrees or less rotation of the microscope stage, were
said to be undulose, and vice versa (Basu, 1974). Poly-
crystaline quartz were those grains of chert that showed
sub~-grains of quartz upon rotation of the stage. That is,
the sub-grains were not in optical continuity with one
another. Furthermore, those microcrystaline varieties of
quartz that are more properly referred to as chert are
discounted from the analysis. The point count technique
was again utilized to quantify the varieties of quartz,
but because of the subjective nature of the criterion for
undulosity, repetition of any undulosity counts could only
be made with an accuracy of 20 percent. -Hence, in the
table presenting the data, values in multiples of 20 re-
present the degree of errop which may have been introduced
into the analysis due to operator error, or the limitations

inherent in not utilizing a universal stage (Appendix IIT).



PETROGRAPHY OF THE RICINUS SAND

Quartz (56%) and chert (19%) comprise most of
the Ricinus thin sections. Porosity (9.5%) and rock frag-
ments (9.5%) make up most of the remaining modal composi-
tion, with matrix (5%), feldspar (.5%) and muscovite (.5%)
as minor constituents. Comparisons between different wells
within the Ricinus field indicate that quartz and chert
show greatest variation in modal abundances (Fig. 8). This
is indicated by very irregular "sawtooth" profiles. In
addition to this, it is evident that quartz abundances in-
crease or decrease at the expenée of chert and vice-versa.
In contrast, the matrix and rock fragments show more re-
gular profiles containing comparably straight segments.

The ternary diagram indicates that most of the
Ricinus sandstone plot in the quartz-rich region of the
diagram containing greater than 50% quartz (Fig. 9). Those
points outside this region contain greater amounts of chert
and are the contribution made by the conglomeratic frac-
tion of the thin sections. In this sense, the mineralogic
distribution of the Ricinus sand appears to be bimcdal.

The grain size within the Ricinus sand has a
bimodal distribution. Excluding the conglomerates, the
Ricinus sand is very fine grained, with an average grain
size of .2 mm and a standard deviation of .1. They are
angular and extremely well sorted, as evident by their.

standard deviation (Plateé 40OC). The conglomeratic clasts
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are generally between .5 and 8 mm in size, very poorly
sorted and are round in shape (Plate U0A). They are sup-
ported by a population of smaller sized grains, mostly
composed of quartz which are sub-rounded and moderately
sorted. The grain size histogram illustrated the bimodal
distribution best, with two populations - one concentrated
below the .2 mm range of the diagram and the other at the
coarse end of the diagram, greater than 1.0 mm (Fig. 10).

In all the fine grained sandstones, grain on
~grain contacts were evident, whereas in the conglomerates
the grains were matrix supported by siderite (Plate 25A).
Accessory minerals such as muscovite, tourmaline, pyrite,
and garnets were infrequent. Feldspar was only i1dentified
when polysynthetic twinning was observed, and therefore of
the plagioclase variety (Plate 15A). Staining for feldspar,
as attempted by colleagues, was deemed to be unreliable
and not effective in sandstones with low amounts of feld-
spar, at the time of this study.

The chert in the fine grainéd sandstones showed
the characteristic pinhead extinction, under crossed
nicols (Plate 19A). Only in this basis could it be dis-
tinguished from quartz, as it displayed the same size and
shape, with very little alteration evident under ordinary
light. The ¢lays have a patchy distribution and are usually
associated with porosity, as indicated by the blue stain

(Plate 9B).



Clays are observable only as masses of fine
grained sucrosic material containing anhedral "blebs'" of
black organic material. X-Ray diffraction was not done to
indentify the clay minerals, but kaolinite and illite were
identifiable by their textures.

By far, the major cement is silica, compris-
ing approximately 10% of the modal composition of the fine
grained sandstone, as discerned by cathode luminescence
(Plate 4B). The cement varied in colour from black to
chocolate brown and infilled all the fractured grains.

In some cases, both colours of cement were present, in-
dicating more than one generation of silica cement (Plate
2). The grains were observed to have mainly sutured con-
tacts with the rare embayment of quartz grains (Plate 3B).
Under ordinary light the cement "blanketed" the grains to
give the thin section a "mosaic" texture. Calcite cement,
however minor in abundance, was present in all the fine
~grained thin sections. It was found to be patchily dis-
tributed by its orange-red fluorescence,'under cathode
luminescence (Plate 4B). Calcite was observed to exploit
fractures within chert grains (Plate 6).

In the case of the conglomeratic sandstone,
siderite cement is dominant, with very minor amounté of
silica cement. As much as 20% of the thin section was

composed of the reddish brown cement, having a radially
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fibrous habit, and exhibiting the characteristics iron

cross extinction (Plate 13). In addition to this,

siderite was observed as euhedral rhombs, both within the
chert grains and the matrix (Plate 12). Although the
siderite was observed to embay and alter all other minerals,
chert was especially susceptible to invasion. To crystallo-
~graphic nature of the chert was preserved in most cases,

as evident by the pinhead extinction, but the colour and
transluscency of the mineral was greatly changed, depend-
ing upon the degree of invasion. In this regard, a com-
plete spectrum of chert composition was produced (Plates
35-39). Also, within the chert clasts of the conglomer-
ates, were numerous varieties of inclusions, ranging from
silicified, biogenic remains to quartz crystals and rock
fragments. The biogenic material appeared to be crinoid
stems, sponge spicules and bryozeans (Plates 28-34),

Numerous ffactures criss-cross the chert clasts, or

run parallel as "railway tracks". In both cases, the
fractures are infilled with quartz, some.of which dis-

play a prismatic combstooth texture (Plate 25, 26).

Slight compaction was evident by the presence
of curved muscovite (Plate 1), embayed quartz grains,
micro styloliths (Plate 24B) and deformed shale clasts
between grains. Straight muscovite was also observed

(Plate 15B).



FIGURE 8:

Mineral modal percent graphs for the

Ricinus sand.
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FIGURE 9 : Ternary diagram for the Ricinus sand.
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PETROGRAPHY OF THE LOWER CAROLINE SAND

The modal percent of quartz (31%) is signi-
ficantly less relative to the Ricinus sand. The abundance
of chert (35%), however, has nearly doubled, with an
additional increase observed in matrix (15.25%). Rock
fragments (7.5%) and porosity (6%), comprise the re-
mainder of the modal composition, with only trace amounts
of feldspar (.25%). Comparison of different wells within
the Lower Caroline sand indicates that quartz and matrix
show the greatest variation in modal abundances, as shown
by their irregular profiles (Fig. 11). 1In contrast with
the Ricinus sand, a mirror image relationship exists
between the gquartz and matrix profiles, instead of the
quartz and chert. The chert, rock fragﬁents and porosgity
reflect consistent modal abundances between the wells,
as evident by thelr more linear profiles.

Feldspar abundances were consistent when
present; but accessory minerals, such as muscovi£e and
pyrite were absent.

The ternary diagram illustrates a bimodal
distribution of sandstone mineralogy (Fig. 12). The
largest population is located within the chert rich
region, and the second population within chert poor,
rock fragment poor region of the triangle. With the

exception of 'two anomalous thin sections, the two population
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show relatively little scatter.

The grains within the Lower Caroline sandstone
have a bimodal distribution. The finer grained population
dominates the sandstone and is moderately well sorted,
with an average grain size of approximately .4mm and a
standard deviation of .15. The grains vary from sub-
ﬂégular to sub-round in shape and have grain on grain con-
tacts. The conglomeratic sandstone tend to be matrix
supported with ciasts ranging from .5 mm to 10 mm in size,
are poorly sorted, and very rounded (Plate 40A). The
clasts are primarily composed of chert, with minor amounts
of siderite, quartz and rock fragments. The matrix is
composed of siderite and small grains of quartz. The
~grain size histogram illustrates a very distinct bimodal
distribution, with the larger population between .2 mm
and .5 mm (Fig. 13). The conglomeratic fraction of the
thin section is represented at the coarse end of the dia-
gram as greater than 1 mm in siie.

Accessory minerals were absént, as was
feldspar in the majority of the thin sections.‘ The chert
in both the fine grained and the coarse grained sandstone
showed a diversity in textures, as controlled by siderite
invasion (Plate 38). In the finer grained sandstone, the
chert appears larger and rounder than the neighbouring

~grains of quartz and rock fragments. The chert, in many
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instances, is altering to chalcedony (Plate 12A), and
appears to embay quartz grains. Both quartz and chert
grains are embayed by siderites (Plate 13B). The quartz
grains tend to be subangular in shape, as a result of
silica cement which fills in between chert grains. Fluid,
as well as rutile inclusions, are frequent (Plate 23B).
Dust rings, indicative of the original grain boundaries,
predominate within the Lower Caroline sand (Plate 22). The
quartz grains often display pastel yellow and pinkish
brown tints, diagnostic of impurities within the crystal.
Grains of metamorphic quartz are also abundant (Plate 20A).
Clay minerals were virtually absent within the
Lower Caroline sand, except as trace amounts lining pore
space. Siderite cement (16.25%) was the major cementing
agent, with minor amounts of calcite (1%), and silica
cement (4%). The silica cement was only observed within
the finer grained sandstones as quartz overgrowths. The
calcite cement was observed only in a few of the finer
grained thin sections as a very pristine-poikiolitic
cement, with a high birefringence (Plate 7). It appeared
to have gradational contacts with the siderite cement
and was relatively unreactive with all minerals except
siderite and feldspar. Calcite was replacing siderite,
as evident by the prismatic linings of siderite between

calcite and chert clasts (Plate 5A). Siderite appeared
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to manifest itself by its radially fibrous habit (Plate
13), as well as rhombohedrons (Plate 11). In some cases,
the siderite rhombs were dissolved by pore fluids, leav-
ing fluid filled euhedral inclusions within the chert
(Plate 13A).

In the case of the conglomeratic thin sections,
silica cement was all but absent, and the calecite cement
was observed to be actively altering the siderite cement.
This is evident, as calcite is observed to completely
surround and embay the siderite cement (Plate 5). The
dominance of these carbonate cements in coarse grained
to conglomeratic sandstones, would suggest that a greater
effective permiability is condusive to carbonate cements.
Siderite also appears to be pseudomorphed by the calcite
cement, especially at grain boundaries (Plate 8B).

In one thin section, wilkeite, a rare
calcium silico-phosphate was observed +to fill pore
spaces between large chert clasts and quartz grains.
Wilkeite displays a high birefringence uéder crossed nicols,
but otherwise, appears not unlike quartz.

The chert clasts again exhibit a great diversity
of texture because of siderite invasion and mineral inclus-
ions. The biogenic material tends to be particularly
prolific in the Lower Caroline sands, with moderate

preservation of the fossil assemblages (Plates 28 to 34).
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In addition to the crinoids, bryozoans and sponge spicules
observed in the Ricinus conglomerate, foraminifera and
brachiopod shell fragments can be observed in the Lower
Caroline Sand. Secondary porosity 1s observed as dis-
solved siderite crystals (Plate 31A), and as enlarged

fractures (Plate 27).



FIGURE 11 : Mineral modal percent graphs for the

Caroline sands.
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FIGURE 12 : Ternary diagram for the Lower Caroline

sand.
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PETROGRAPHY OF THE UPPER CAROLINE SAND

Quartz (52%), chert (15.5%) and matrix (18.5%)
comprise the greatest proportion of the Upper Caroline
thin sections. Rock fragments (4%), accessory minerals
(4%), and porosity (5.5%), make up the remaining modal
composition. Comparisons between the wells within the
sandstone reveal again that quartz and matrix show the
greatest variance in abundance, and that, in fact, the
profiles are mirror images of each other (Fig. 11). Rock
fragments, chert and accessory minerals show more regular
profiles.

The ternary diagram illustrates a single popu-
lation (disregarding one point), with little scatter at
the chert poor - quartz rich region of the triangle (Fig.
145. This sandstone appears to be enriched with respect
to unstable rock fragments, relative to previous sands.

Discounting one coarse grained, thin section,
the Upper Caroline sand has a unimodal graih size dis-
tribution. The average grain size 1is .15 mm and the grains
tend to be extremely well sorted. The gréin size histof
gram depicts a very well sorted sand body, with the major-
-1ty of sand grains located at the fine end of the dia-
gram; less than .2 mm (Fig. 15). The grains are angular
to subangular in shape and show grain on grain contacts.
Within the thin sections fine laminations are evident with

the naked eye.
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The accessory minerals are pyrite and organic
rich shale fragments (Plate 13). The shale fragments
appear to be associated with well established sub-parallel
fracture systems, and hence the fine, laminated appearance
of the thin section. The pyrite was detected by reflecting
microscope, and shows a well defined euhedral crystal
habit (Plate 23). The crystals appear to coalesce into
masses which tend to line pore spaces (Plate 23A) and
~grain boundaries (Plate 23B). In this sense, they may be
considered a cementing agent. The chert is identical to
quartz in all respects, except under crossed nicols, where
it exhibits the characteristic pinhead extinction. Siderite
invasion of chert is not well established in these sand-
stones. Fine grained tan and grey coloured clays are
evident, especially near the altering rock fragments, and
probably comprise a significant but undetermined amount of
the matrix. The clays have a patchy distribution and are
&ndistingﬁishable from the anhedral organic "blebs" that
exhibit isotropic properties (Plate 13B):

Siderite (17%) comprises the majority of the
matrix and equals silica (9.5%) in its capacity as a
cementing agent. Calcite appears only as trace amounts,
with the exception of two thin sections where it exéludes
all other cements. In these thin sections the grains are

supported by the calcite cement and are not in contact
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with each other. The calcite exhibits a regular pristine
texture, with distinct growth lamallae (Plate 8A). Under
luminescence, it is obéerved to surround grains of chert
and quartz devoid of silica overgrowths, suggesting it
formed prior to silica cementation. This is in keeping
with the fact that in most thin sections, calcite 1is
observed as altered patches surrounded by silica cements
(Plate U4).

By virtue of the fine grained nature of the
thin sections, pressure solution effects were difficult
to observe, but extremely deformed muscovite and exten-

sive fracture systems would suggest evidence of compac-

tion.



FIGURE 14 : Ternary diagram for the Upper Caroline

sand.
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FIGURE 15

Grain size histogram for the Upper

Caroline sand.
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PETROGRAPHY OF THE GARRINGTON SANDS

There is an unfortunate lack of data for both
the Upper and the Lower Garrington saﬂds. For this reason
it is difficult to draw any conclusions, generalizations,
or graphically represent the data with any statistical
validity. Nevertheless, there are distinct differences
between the two sands in the Garrington field, which make

themselves apparent.

The Lower Garrington Sand

The Lower Garrington sand is predominantly
composed of chert (59.5%), quartz (13%), and matrix (12%).
Rock fragments (3.5%) and feldspar (.25%) comprise only a
minor amount, whereas porosity (11%) contributes the re-
maining modal percent. Analysis between the three wells
in this sand reveal only that accessory minerals are
absent (Fig. 16).

The ternary diagram indicates that the Lower
Garrington sand is poor in unstable rock fragments, but
abundant in chert (Fig. 17). The grain size histogram
reflects the fact that all the thin sections in the Lower
Garrington sand are conglomeratic (Fig. 18). The clasts
range from .5 mm to 12 mm and are very round in shape, with
poor sorting. Generally, the grains are matrix supported,
with grain on grain contacts occurring only near portions

of the thin sections having abundant porosity.
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Siderite comprises the matrix, having a
variety of textures. Siderite spherules are the most
striking of these textures found next to grain boundaries, and
within pore spaces (Plate 9). Siderite also occurs as
fibrous aggregates,rhombohedral grains (Plate 12), and as
prismatic crystals growing normal to grain boundaries.

The latter texture is in some cases being pseudomorphed
by calcite (Plate 8B). An extremely small amount of silica
cement (1%) was observed in one section.

Clays are absent, as are accessary minerals.
Chert clasts show numerous quartz filled fractures,. some
exhibiting combstooth texture (Plates 25, 26). Grains of
metamorphic quartz are also abundant (Plate 20A). Bio-
~genic material, quartz and rock fragments also occur in
the chert as inclusions, but, to a lesser degree, rela-
tive to the conglomerates of the Ricinus and Garrington
fields. 1Invasion by siderite is also less evident in this
sand. Post depositional compaction is evident by the

mutual embayment of chert and quartz grains.
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FIGURE 17 : Ternary diagram for the Garrington sands.
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FIGURE 18

Grain size histogram for the Garrington

sands.
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Upper Garrington Sand

The Upper Garrington sand is mainly composed
of quartz (38%), chert (31%) and matrix (15%). Porosity
(7.75%) and rock fragments (7.25%) comprise the remaining
modal precent, with minor feldspar (.5%) and accessory
minerals (.5%). A comparison between the three wells in
this sand indicates a mirror image relationship between
the chert and quartz profiles, as well as a consistent
feldspar abundance (Fig. 16).

The ternary diagram illustrates a sandstone
poor in chert but richer in quartz, with a slightly larger
scatter in the Lower Garrington sand (Fig. 17).

The grain size histogram shows two populations,
one very fine grained and the other coarse grained (Fig.
18). Taking into consideration the lack of the data base,
it would be expedient to consider this a bimodal distribu-
tion, therefore the coarser population Will be considered
anomalous. The average grain size of the finer population
is about .05 mm, with a subangular shape and extremely
~good sorting. The grain contacts appear to\be dominantly
of the grain on grain type, with the matrix having a patchy
distribution.

The extremely fine grained nature of the Upper
Garrington sands permits description of only the largest

grains and structures. For this reason, no positive state-



ment can be made as to the presence of absence of clays
and accessary minerals. Organic rich shale fragments

were evident by virtue of their isotropic nature. Cathode
luminescence revealed that silica cement (6.5%), as well
as siderite cement (15%), are the principle cementing
agents. The cherts appeared to be significantly altered
by siderite, but were otherwise indistinguishable from
quartz under ordinary light. Compaction and pressure
solution effects could not be observed because of the

fine grained nature of the sandstone.



CAROLINE AND GARRINGTON FIELDS

From the ternary diagram (Fig. 19), and grain
size histogram (Fig. 20), constructed for the Caroline
and Garrington sandstones collectively, it is apparent
that a bimodal relationship exists in both illustrations.
Two populations of grain size, one fine grained and the
other coarse grained, are evident in the grain size
histogram. Similarly, two populations exist, with
respect to mineralogy in the ternary diagram, one being
chert rich and the other chert poor. In fact, the two
diagrams are related in that the coarser grained sand-
stones plot within the chert rich population of the
ternary diagram, and the fine grained sandstones correspond
to the chert poor population. Furthermore, the two popu-
lations correspond to the Lower and Upper sands respectively

of the Caroline and Garrington fields.
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FIGURE 19

Ternary diagram for the combined

Caroline and Garrington sands.
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FIGURE 20 : Grain size histogram for the combined

Caroline and Garrington sands.
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QUARTZ ANALYSIS

A comparison in quartz grains has been made
between the Ricinus field and the combined Caroline-
Garrington fields. This was necessary as there is not
sufficient data to represent the Garrington field with
any statistical validity.

The data is presented on a diamond-shaped
graph which has been constructed to aid in provenance deter-
mination (Basu, 1974). On the horizontal axis, the per-
cent of non-undulose, versus undulose, quartz grains is
determined (Fig. 21). Then all the remaining quartz
grains having a polycrystaline nature are represented on
one of the other axes, depending upon whether 75% of the
polycrystaline grains are the "less than" or "greater than”
three grain type. In this sense, these two categories
are mutually exclusive.

The Ricinus sandstone contains quartz grains
which are approximately 8% polycrystaline. Of the 92%
monocrystaline quartz grains, approximately 83% are of
the undulose variety. The combined Caroiine and
Garrington sandstones, on the other hand, show that 18%
of the quartz grains are polycrystaline, and that only
61% of the monocrystaline quartz grains are of the un-
dulosé variety.

The further towards the upper left hand region

of the diagram a sandstone is plotted, the higher degree
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of metamorphism the grains are thought to have experienced
(Blatt et al, 1980). In this respect, the Caroline and
Garrington sandstones have been significantly more meta-
morphosed than the Ricinus sandstone in this analysis.
In addition to this, one can achieve a more

~general provenance determination, in terms of the tectonic
regime of a sandstone. The illustration designed for this
purpose is in the form of a ternary diagram, with Quartz-
Chert, Feldspar, and unstable rock fragments as the end
members (Dickinson, 1978). In this illustration, all of
the Ricinus, Caroline and Garrington sands plot within

the Recycled Orogen Provenance region of the diagram

(Fig. 22). This is by virtue of the fact that they con-
tain very little feldspar, but abundant quartz and chert

components.



FIGURE 21 : Diagram determining the differences in
metamorphic provenance for the Ricinus

sand, and the combined Carocline-Garrington
sands (Basu, 1974).
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FIGURE 22 : Ternary diagram determining the tectonic
provenance of the Ricinus, Caroline and

Garrington sandstones (Dickinson, 1978).
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DEPTH VERSUS POROSITY ANALYSIS

It has been shown by recent researchers that
the amount of porosity in any given sand body is a fuﬁction
of the diagenetic characteristics and the depositional
history (Thomas and Oliver, 1979). One can assume that
the depositional history of the Ricinus, Caroline and
Garrington fields is for all intents and purposes similar,
and therefore need not be considered further. We therefore
can infer that any differences between the fields in
question with respect to depth-porosity relationships is
a result of varying diagenetic histories.

In the depth versus porosity graphs, the
ordinate represents the depth of burial of the sand from
which the thin sections were cut, and the abscissa re-
presents the amount of porosity observed, by the presence
of blue stain. In all three fields, there 1s evidence
that a good relationship does not exist between depth and
porosity, linear or otherwise (Fig. 23, 24). In fact,
the plotted points are quite random with a large scatter.

This is the keeping with a study done on the
comparison of depth-porosity relationships between the
Viking and the Cardium Formations in Alberta (0Oliver, 1979).
It was discovered that the Viking showed a decrease in
porosity with increase in depth, as a result of increased
éompaction and pressure solution. The Cardium revealed no

such relationship, and it was argued that this was a result
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of the inhibitive nature of hydrocarbons, with respect
to the diagenetic processes which plug the pore spaces

by clays and cements at depth.



FIGURE 23 : Depth versus porosity graph for the

Ricinus sand.
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FIGURE 24: Depth versus porosity graph for the

Caroline and Garrington sands.
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SANDSTONE CLASSIFICATION

From the graphical analysis of grain size and
mineralogy, two sandstone types can be defined as representa-
tive of the Ricinus, Caroline and Garrington fields. They
are both sublitharenites (Folk, 1968), but may be dist-
inguished as chert-enriched and chert-poor (Fig. 25). The
chert-rich sublitharenites are génerally found to be
moderately to poorly sorted, sub-round to round, and coarse
grained to conglomeratic in texture. The chert poor sub-
litharenites are generally extremely well sorted, very
fine grained, and subangular in shape. It is probable
that the two types of sandstone represent two different
sources of clastic detrital sediment. The chert poor
sublitharenites may have been weathered from a proximal
igneous parent rock and hence small irregular grains of
quartz are observed as the major component. The chert
rich sublitharenites may have been derived from a more
distal sedimentary environment, and hence the larger grain

size, composite mineralogy, and well rounded shape.
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FIGURE 25

Ternary diagram illustrating the classi-
fication of the Ricinus, Caroline and

Garrington sandstones (Folk, 1968). The
Cardium sands composition is represented

by the small square.
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HISTORY OF CEMENTS AND DIAGENESIS

The Ricinus, Caroline, and Garrington fields
all share a similar cementing sequence, with common cement-
ing agents. In order of abundance the cements were;
siderite, calcite, silica, and pyrite. In the Ricinus
field, multiple stages of both siderite and silica cement
were observed. The first cement was siderite as it is
found to line mineral grains with a thin prismatic en-
velope, and is observed to invade chert grains extensively.
Calcite cement was next, as 1t was observed to pseudomorph
prismatic siderite (Plate 8B), and replace siderite (Plate
5); Silica cement crystalized after siderite and calcite,
as it is observed that siderite, calcite, and clays are
all enveloped by the silica cement. Pyrite is found to
be interstitial (Plate 23A), and in pore spaces (Plate 23B),
but embays all other cements suggesting it was formed last.

However;‘inasmuch as these cements were ob-
served in all fields; they varied in abundance, depending
on the depth and grain size. The fields in order of depth
of sands are Ricinus, Caroline and Garrington. In general,
(excluding conglomeratic sandstone) the Ricinus sand
contains by_far the most silica cement, fpllowed by the
Caroline and the Garrington sands. The Garrington sands
‘contain abundant carbonate cements,; with lesser amounts
being observed in the Caroline and Ricinus sands. Silica

cement appears to increase in abundance, whereas carbonate
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cements decrease in abundance with increasing depth.

The conglomeratic sandstones are all car-
bonate cemented to the exclusion of silica, regardless
of depth. The carbonate cements appear to be particularly
well established near large pore spaces and the larger
_grains, suggesting that the greater porosity and effective
permeability is condusive to carbonate cementation. In
this regard the Lower sands and the Upper sands of the
Caroline and Garrington fields can be distinguished as
the Lower sands are dominatly carbonate cemented, whereas
the Upper sands tend to be silica cemented. This is
probably related to the fact that the Lower sands are

coarse grained to conglomeratic in texture.

Diagenesis In Other Cardium Finds

Several researchers working in other Cardium
fields have established diagenetic sequences, both in
agreement and disagreement with respect to the Ricinus,
Caroline and Garrington cementing sequenée.

In the Ferrier field siderite, calcite and
silica have been observed in the conglomerates, and silica,
calcite, and siderite observed in the fine grained sand-
stones (Griffith, 1982). Siderite, Kaclonite, illite,
calcite and silica were observed within the Ricinus

field (Amon, 1979).
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In some disagreement, is the study of the
Crossfield-Garrington fields (Berven, 1966). Siderite,
Kaclonite, Wilkeite, and Silica are cifed as the diagenetic
sequence. In the Edson field, silica, dolomite, calcite
and siderite are found to be the principle cementing agents
(Sinha, 1970).

The main point of deliberation, is the time
of crystalization of the silica cement. As many fields
have silica cement forming first, as forming last in the
cementing sequence. In addition to this, the Cardium
sandstones are characterized by diverse cementing agents,
complicated by cyclic sequences, and multiple stages of

some cements.



*DISCUSSION

The most effective and concise method of
comparing the Ricinus, Caroline and Garrington sands is
by superimposing the four ternary diagrams previously
described (Fig. 26). From this illustration it is evident
that certain sands can be distinguished from other sands
on the basis that they are situated in different regions
of the ternary diagram. The "base" diagram represents
the Ricinus sand population. Overlain on this diagram is
a second ternary diagram with two populétions répresenting
the Upper and Lower sands of the Caroline and Garrington
fields.

The most striking relationship are the apparent
differences between the Upper and Lower sands. The Upper
sands tend to be chert poor, compared to the Lower sands
which tend to be more chert rich. In addition to this,
distinctions can be made on the basis of grain size. The
Upper sands are composed of grains which are very fine
grained and well sorted, and vary from subangular to
angular in sphericity. The Lower sands ére_generally
coarse to conglomeratic in grain size, poorly sorted,
and vary from subround to round in sphericity.

Nearly all the Upper sands fall within the
Ricinus sands population, and therefore cannot be dis-
tinguished on the basis of bulk mineralogy. Such is

not the case for the Lower sands, as a significant pro-
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portion of the Lower sands population is not enveloped by
the Ricinus population.

In particular, those Lower sand thin sections
rich in chert remain outside the Ricinus sand population.
Furthermore, the Lower Garrington sand can be distinguished
from the Lower Caroline sand, on the same basis - the
Lower Garrington sand is distinctly enriched with respect
to chert. The Upper Garrington and Upper Caroline sand
populations tend not to be so distinct és in the case of
the Lower sands.

This is intriguing, as the Upper sands have
been confirmed as continuous between the Caroline and the
Garrington fields by well logs, whereas the same is not
true for the Lower sands. The possibility arises there-
fore, that the two Lower sands may represent two distinct
pulses of clastic sediment with varying provenances, and
hence the varying bulk mineralogies.

One important consideration, is that the ob-
served differences within the Lower sandlmineralogies are
based upon a limited number of thin sections within the
Lower Garrington, and on this basis are hardly conclusive.
Additional reéearch in the Garrington field is suggested,
especially in the Lower sand. Additional data may‘reveal
that the Lower Garrington population merges with the Lower

Caroline sand population, or that they remain distinct.
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In either instance, it is fair to say that one population
is concentrated in a region of the ternary diagram not

occupied by the other.



PIGURE 26 : Ternary diagram comparing the different
mineralogies of the Pininus, Caroline,

and Garrington sands.
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CHAPTER THREE

CONCLUSTONS

The Upper (A) and the Lower (B) sands of the
Caroline and Garrington fields can be distin-

guished on the basis of petrography.

The Ricinus sand and the Lower sands of the
Caroline and Garrington fields can be distin-

guished on the basis of petrography.

The Lower Garrington sand and the Lower Caroline
sand can be distinguished on the basis of petro-
graphy, in the context of the amount of data
available. It is therefore suggested that the
Garrington field be considered an area for

further research.

Mineralogy of the Ricinus, Caroline and Garring-
ton fields are controlled by the nature of their
transport as well as their sources. Two sandstone
types are evident within these fields. They

are chert rich and chert poor sublitharenites.
The former is fine grained and angular suggest-
ing a proximal igneous source. The latter are
more rounded and occur as coarse composite

clasts suggesting a distal sedimentary source.
Grain size, shape and sorting can be related to

mineralogy in these sandstone types.
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The Ricinus, Caroline and Garrington fields all
share a common cementing history. The cement-
ing agents observed, in order of their occurence
were; siderite, calcite and silica, with pyrite

occuring very rarely.

The abundance of cements observed within the sands
of the Ricinus, Caroline and Garrington fields
are controlled by the depth of the sand, and

the grain size of the sand.

From the literature published by other researchers
working in different Cardium fields, it is

evident that the cementing sequence within the
sandstones is variable, with respect to the order,
type and the relative proportions of cementing

agents.



PLATE O : A wvisual aid to establish scale for all
' photographs taken under cathode lumine-
scence. One square represents 1 mm,

therefore magnification is about 50x.






PLATE 1A : Thin Section 11-17-35-8W5 9267.5 ft
Caroline Field, magnification 50x.
Plain light photograph of a silica
cemented sandstone. Note the blade

of muscovite bent around biogenic
chert.

PLATE 1B : Same as above, but under cathode

luminescence.
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PLATE 2A

PLATE 2B

Thin Section 7-9-33-TW5 6565.0 Ft
Ricinus Field, magnification 50x.

Crossed nicols photograph of silica

cemented sandstone. Note the multiple

stages of blue-black, and chocolate

brown cements.

Same as above, only under cathode

luminescence.
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PLATE 3A : Thin Section 7-9-33-7W5 6565.0 ft
Ricinus Field, magnification 50x.
Plain light photograph of a silica
cemented fine grained sandstone.
Note the silica cement has filled

fractures within the quartz grains.

PLATE 3B : Same as above, but under cathode

luminoscope.
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PLATE 4A

PLATE 4B
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