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ABSTRACT

Cores and logs of the Glenn (Bartlesville) Sandstone
from the Gulf 0il Exploration and Production Company,
William Berryhill Unit, Glenn Pool Field, Creek County,
Oklahoma have been studied. Investigation of the petrology
and petrography, diagenesis, physical stratigraphy, deposi-
tional setting, pore and pore throat system, and log-response
characteristics of the Glenn (Bartlesville) Sandstone has
been carried out utilizing information from 10 cores and
more than 70 modern logs within the 160-acre unit.

The sandstone is sublitharenite to litharenite; lithic
constituents chiefly are fragments of metamorphic rock,
argillaceous rock, and shale rip-up clasts., Principle dia=-
genetic minerals are kaolinite, chlorite, illite, and minor
siderite. Intervals of calcium-carbonate cemented sandstone
are thin and discontinuous. Porosity mostly is secondary,
owing to dissolution of rock fragments. feldspar grains, and
minor detrital matrix.,

Moderately complex, short-distance changes in the geo-
metry of the sandstone and attendant reservoir heterogeneity
have been shown. Various log responses are indicative of
distinct sedimentary facies and respective rock properties,
Correlation of individual lithofacies on the basis of well-

log signatures alone is complicated by suspected changes in



the depositional strike of the rock units., The regional and
local depostional history and stratigraphy indicate that
sands were upper delta-plain deposits, Within the study
area the specific depositional setting of the Glenn
(Bartlesville) Sandstone is that of distributary channel-
fill containing at least three genetic sandstones units

(Lower, Middle, and Upper Glenn).



CHAPTER I
INTRODUCTION
Location

In the giant Glenn Pool oil field, in parts of Township
17 and 18 North, Ranges 11 and 12 East, Creek and Tulsa
Counties, Oklahoma, the Glenn Sandstone serves as the
reservoir., The Glenn Sandstone is the local subsurface
name. The rock unit is equivalent to the outcropping
Bluejacket Sandstone Member, Boggy Formation, Krebé Group,
Desmoinesian Series, Pennsylvainan System. The Glenn also
is equivalent to the Bartlesville Sandstone of the subsur-
face of central Oklahoma. The subject of the investigation
is the Glenn (Bartlesville) Sandstone within the Gulf 0il
"Exploration and Production Company, William Berryhill Unit,
NE 1/4, Secs 17, Tol17N., R.12E., Creek County, Oklahoma (Fig-
ure 2). This small area was selected for detailed study of
the Glenn (Bartlesville) Sandstone and its corresponding
log-response characteristics., Density of wells and cores
and abundance of modernm logs provide a special opportunity
to study closely the lithofacies and logs of a portion of a

giant oil field.
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William Berryhill Upit

The Gulf 0il Exploration and Production Company William
Berryhill Unit is a 160-acre tract currently undergoing
special methods of enhanced o0il recovery (EOR). DMore than
140 wells have been drilled in the unit since the discovery
of the field in 1906, Gulf has drilled at least 70 EOR
wells since 1974 (Figure 3)., Eighteen full-diameter (4 1/2
in.) cores of the Glenn (Bartlesville) Sandstone have been
drilled and utilized in characterizing the reservoir (Figure
3) In this study ten of these cores were available for
studys, and information from each was utilized. in some
manner.,

Before 1974 the unit had previously undergone other
methods of secondary and tertiary oil recovery (Figure 4).
These started in 1941 with a very successful gas-repressur-
ing operation. A waterflood pilot was conducted in the unit
in 1955 and later expanded field-wide. After waterflood
operations ceased, a steam flood was begun. It was in
operation until a pilot micellar-polymer project was ini-
tiated. Currently the entire William Berryhill unit is
involved in an enhanced recovery operation (Gulf 0il and

Exploration and Production Company Reports),
Purpose

The purpose of the study was to document the strati-
graphic, petrographic, diagenetic, and related reservoir and

log-response characteristics of the Glenn (Bartlesville)
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Sandstone in the Gulf 0il Exploration and Production Com-
pany, William Berryhill Unit (Figure 2). Integration of in-
formation about sedimentary petrography with information
from wireline geophysical logs should aid in the design of
stimulation and completion techniques within the William
Berryhill Unit, as well as provide information useful for
research on the enhancement of well-log data via signal

processing techniques.
Objectives

The princiobjectives of this study involved: (1)
interpreting the environments of deposition of the Glenn 1
Sandstone, (2) developing a basis for recognition and corre-
lation of distinct lithofacies; (3) characterizing the
petrography of the sandstone, (4) assessing the porosity
(genesis, types, geometry, and trends), (5) developing a
detailed understanding of the diagenetic processes and dia-
genetic evolution of the sandstone, and (6) evaluating the

log~-response characteristics of the sandstone.

! Hereafter, the name “Glenn Sandstone” may be used
alone, or it may be used inéerchangeably with "Bartlesville
Sandstone” or "Bluejacket Sandstone”. The term "~Glenn” has
a long history of local usage and certain utilitarian value.

Equivalence of the three rock-unit names can be assumed.



Method of Investigation

In order to understand the Glenn Sandstone's deposi-
tional setting, literature was reviewed., Detailed methods
of study included: (1) examination and study of modern logs
(Dual-Induction/Laterolog and Spherically Focused Log, Form-
ation Density, Compensated Neutron-Compensated Deﬁsity.
Borehole Compensated Sonic, and various computer-processed
logs) from more than 70 EOR wells in the unit, (2) foot-by~-
foot lithologic descriptions and careful selection of sam~-
ples from 10 cores in the unit, (3) complete documentation
of the cores by black-and-white and/or color photographs,
(4) close correlation of the cores and respective well logs,
(5) routine thin-section examination, x-ray diffraction and
scanning electron microscopy (SEM), (6) evaluation of poro-
sity and permeability using data from standard and special
core analyses, (7) documentation of sand thicknesses,
trends, and structural configuration using several subsur-
face maps. (8) construction of several stratigraphic and
structural cross sections, and (9) construction of a log-
signature map which was utilized in correlation with a
three-dimensional panel diagram. These methods have pro-
vided convergent lines of evidence for the formation and
testing of working hypotheses concerning the evaluation of
the Glenn Sandstone and its log-response characteristics

\

within the William Berryhill Unit,
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Historical Background

The Glenn Sandstone was the name given to an o0il pro-
ductive sandstone that was encountered at 1,475 feet in a
well drilled by Galbreath and Chessley in December, 1906 on
the Ida Glenn farm, SE 1/4, Sec, 10, T.17N.s R.12E., Creek
County, Oklghoma (Wilson, 1927) (Figure 5). Although ini-
tial production was only 75 barrels of oil per day, it marked
the discovery of the first giant oil field in Oklahoma.

The Glenn Pool 0il Field has had a long history of
secondary and tertiary efforts at recovering additional
volumes of hydrocarbons. The following discqssion includes
information pfovided by Gulf 0il Exploration and Production
Company., It is a brief summary of the history of the Glenn
Pool,

Figure 5 shows the Glenn Pool 0il Field and Units
within, The Glenn Pool is divided into the “"North Glenn
Pool™, and the “South Glenn Pool™, and each general area has
had a distinct history of development,

As shown in Figure 6, primary recovery continued field-
wide from 1907 until after 1913. Cooperative, low-pressure
gas injection began in 1941 to early 1942 but was applied
only in "South Glenn Pool”., Development continued and in-
cluded new producing wells, in addition to new gas input.
The response was rapid and within a year o0il production
increased generally in the range of 100% to 300%. The great
increase in production resulted in the recovery of a large

volume of light fraction as gas liquids == so much so that
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gravity of oil in "South Glenn Pool”™ is about 1° API unit
less than in “North Glenn Pool”. |

Several single-well, unconfined waterflood pilots were
conducted from 1944 to 1951 in “North Glenn Pool”, most were
unsuccessful. The first successful waterflood was operated
by Fair 0il Company in North Glenn Sand Unit No. l, Sece.,
28, Te.l7N., R.12E. (Figure 5). It was unitized in October,
1953 and required almost two yeérs for significant response,
but its success caused very rapid development of other
waterfloods in "North Glenn Pool”™, The William Berryhill
Unit, NE/4, Secey 17, T.17N.y R.12E., was the first multi-
pattern pilot in "South Glenn Pool™, It was initiated in
1955 and proved to be successful; it caused rapid develop-
ment of "South Glenn Pool™ waterfloods, including the larg-
est, the Kiefer Unit (Figure 5), in 1959, The W. Bs Self
Unit, 8/2, NE, and N/2, SE, Sec. 21, T.17N., R.12E., was
another multi-pattern waterflood conducted inrl957 by Sin~-
clair 0il Company (Figure 5). The flood was not as success-
ful as the William Berryhill pilot, but furnished valuable
data about problems to be expected concerning waterflood
operations in the Glenn Pool. Waterflood eventually was
conducted field-wide,

The Glenn Pool is now near depletion under waterflood
operations, Core tests in the William Berryhill Unit reveal
residual oil saturation to be about 30% ( for example,
Figure 161, Appendix E); however, actual residual oil satur-

ation in the field may be somewhat greater. 1In the William



13

Berryhill Unit a steam flood was conducted from 1974 to

1979. It proved unsuccessful and was replaced by a micéllar-
polymer operation. 1In 1977 a micellar-polymer minitest was
performed in the Middle Glenn Sandstone, and in 1979 an 18-
acre surfactant pilot test was initiated in the Upper Glenn
Sandstome. Bae and Petrick (1984) reported on the compari-
son of field performance of the process as observed in the
observation wells with data obtained from laboratory tests,
In 1981 & 90-acre expansion, including the Upper and Middle

Glenn Sandstone, was initiated and is presently in operation.
Previous Work

0il had been discovered in the Bartlesville Sandstone
nine years prior (1897) to the discovery of the Glenn Pool
by the Cudahy 0il Company, in the No. 1 Nellie Johnstone,
near Bartlesville, Oklahoma (Weirich.kl968). According to
Weirich (1968) oil was also discovered in the formation in
Wilson County, Kansas as early as 1892. In the same year
Haworth and Crane (1892) first gave the sandstone the name
“Columbus Sandstone™ in a report on the geology of Cherokee
éounty. Kansas (Berg, 1963). Ohern (1914) named the sand-
stone "Bluejacket™ in reference to an outcrop west of the
town of Bluejacket, ir Craig County Oklahoma.

As exploration and development continued, many new
fields were discovered in several counties of easterﬁ Kansas
and Cklahoma (Weirich, 1968). Extreme lenticularity and

abrupt lateral gradations of the sandstone as well as thick~-
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v

ening of the Cherokee section south from Kansas into Oklahoma
made correlations a difficult task. It was not until 1937
that correlation between the outcrops of Columbus Sandstone
in Kansas and Bluejacket Sandstone in Oklahoma was observed
(Pierce and Courtier, 1937). The sandstone was renamed
“Bluejacket™ due to ambiguityvof the name "Columbus™ (Pierce
and Courtier, 1937). However, names for sandstone of the
subsurface varied greatly, due to local descriptive terms
given by early drillers. The name “Bartlesville Sand” first
appeared in the literature in Bulletin II, Oklahoma Geolog-
ical Society Survey, dated 1911, in an article by Hutchison
(Jordan, 1957). The name “Glenn Sand” first appeared in an
article by Snider, dated 1913, in Petroleum and Natural Gas
in Oklahoma, 1913 (Jordan, 1957).

Smith (1914) described briefly the stratigraphy of the
Glenn Pool and published a generalized subsurface structural
geologic map of the pool and vicinity (Wilson, 1927)., 1In
1927, W. B. Wilson presented a paper at a meeting of the
American Association of Petroleum Geologists in Tulsa, Okla-
homa on the “Geology of Glenn Pool of Oklahoma™. Wilson set
forth a proposed trapping mechanism (combination trap) of
0il in the Glenn Pool (Figures 7 and 8).

Since 1927 there have been many surface and subsurface
investigations on the Bartlesville Sandstone, most of which
dealt with correlation, depositional environments, and re-
gional framework of the sandstone. Increased study of the

Bartlesville Sandstone began in the mid-1930"'s with regional
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surface and subsurface work by Wilson (1935), Bass (1936),
Dane and Hendricks (1936). Pierce and Courtier (1937), and
more detailed qualitative petrographic work by Leatherock
and Bass, 1937). Progress decreased in the 1946'8 but
increased in. the 1950's with studies by Howe (1951), Oakes
(1953), Searight et al. (1953), Weirich (1953), Branson
(1954), and Kirk (1957). Much of the work duriné this time
primarily was descriptive and little was known about the
origin of the sandstone. Previous interpretations seemed to
suggest that the sand was deposited as parallel “shoe-string
sands” as the shoreline of the Cherokee sea migrated across
northern Oklahoma and southern Kansas (Bass, 1936). Others
considered the sandstone as linear belts greater than 150
feet thick and persistent over an area 200 miles long and 50
miles wide (Weirich, 1953; Branson, 1954). Models of three
sand bodies having different origins were hypothesized by
Berg (1963); these included the following: (1) a deltaic or
bar-finger sand, (2) an offshore sand bar, and (3) a channel-
fill sand. Berry (1963) showed that the sand was deposited
essentially during one time interval as a complex of chan-
nel-fill sands in a system that built in a regressive manner,
Several other workers supported the ideas of Berg
(1963) and Berry (1963). Hawissa (1965) and Shulman (1965)
concluded that channel patterns were evident and possibly
even influenced by pre-Pennsylvanian topography. Visher
(1968) determined that the Bartlesville Sandstone was depos~-

itedin.alargedeltaiccomplexand also proposed a general
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geologic framework for the sandstone. The geologic frame-
work and depositional environment were étudied further by
Saitta and Visher (1968), Phares (1969), and Visher, Saitta,
and Phares (1971). |

In addition to these specific studies of the sandstone
many surface and subsurface studies that discuss the Chero-
kee Group have been completed at various localities in
northeastern Oklahoma and southern Kansas., Nearly all of
these studies include a written description of Bartles-
ville/Bluejacket Sandstone and/or a description of its gen-
eral depositional environment, which is included in the
generally accepted interpretation of a deltaic depositional
system, Some'of these studies are: Howe (1956), Sartin
(1958), Huffman (1959), McElroy (1961), Baker (1962), Bran-
son (1962), Clayton (1965), Shulman (1965), Hanke (1967),
Cole (1969), Dogan (1969), Shelton (1973), Astarita (1975),
Chenoweth (1979), Brown (1979), Bennison (1979), Ebanks
(1979), Hulse (1979), Moore (1979), Pulling (1979), Rascoe
and Adler (1983), and Woody (1983).>

Tight (1981) completed a study on the Bartlesville
Sandstone in the North Avant Field of eastern Osage County,
Oklahoma; Mason (1982), made a detailed study of the Bar-
tlesville in the Cushing Field of Creek County, Oklahoma.
Recent investigations of the Glenn.Sandstone within the con-
fines of the Glenn Pool Field are not known to the author,
and none are believed to have been published., Nevertheless,

the regional geologic framework and depositional environment



of the Bartlesville Sandstone as set forth by previous
authors provides sufficent geologic background for the pur-
pose of investigation of the Glenn Sandstone within the

William Berryhill Unit, Glenn Pool.
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CHAPTER II
GEOLOGIC FRAMEWORK
Stratigraphy

The general stratigraphy of the Pennsylvanian System 1in
north-central Oklahoma and southeastern Kansas is well docu-
mented in the literature and thus will not be discussed.
However, a brief discussion concerning the stratigraphic
relationships and general character of the Bartlesville
Sandstome follows.

Figure 9 shows the stratigraphy and type electric-log
of the Pennsylvanian System in the study area. The Bartles-
ville is included in what is known commonly as tﬁe “Cherokee
Group” (Figure 9) (rocks within the Krebs and Cabaniss
Groups of the Desmoinesian Series), which is characterized
by lenticular sandstones, by shales, coal beds, and thin but
persistent limestones (Shelton, 1973). The discontinuous
nature of the strata was not recognized when the original
stratigraphic order was developed. Difficulties of correla-
tion of the Cherokee Group have been emphasized only recent-
ly (Ebanks, 1979). However, as early as 1953, Oakes had
divided the Cherokee Group into the Krebs and Cabaniss
Groups. Branson (1954) dropped the Cherokee Group from the

standard terminology and replaced it with the new terms
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proposed by Oakes. The Krebs and Cabaniss Groups and the
overlying Marmaton Group compose the Desmoinesian Series
(Figure 9).

Recently the term "Cherokee Group” has been used again
in the literature due to.discrepancies in an agreed-upon
boundary between the Krebs and Cabaniss Groups (Saitta,
1968). Hawissa (1965) divided the "Cherokee Group” into
four “time-rock units”, which are from youngest to oldest,
the Prue, Skinner, Red Fork, and Bartlesville intervals.

In more recent work the term “time-rock unit”™ has been
replaced by a new term, ‘chronozome™. In the International
Stratigraphic Guide (H. Hedberg, editor, 1976), the term
“chronozone™ was introduced as the lowest-ranking division
in the hierarchy of chronostratigraphic terms. A “chrono-
zone  is "a zonal unit embracing all rocks formed anywhere
during the time range of some geologic feature or some
specified interval of rock strata” (Hedberg, 1976, p.67),
Tight (1981) used the above definition to classify the
Bartlesville Sandstone in the North Avant Field, as a member
of the Bartlesville Chronozone, composed of rocks from the
top of the post-HMississippian, pre-Pennsylvanian unconform-
ity to the Inola Limestone. The Bartlesville sand is gener-
ally accepted as having been deposited during progradation
of an early Desmoinesian delta in eastern Oklahoma. Con-
sidering the definition of “chronozone™, the “geologic fea-
ture” can be related to progradation and abandonment of the
Bartlesville delta. Therefore, the Glenn (Bartlesville)

Sandstone in Glenn Pool also may be considered to be a

21



22

GULF OfL CORP. WM. BEARYHILL »1 See, 17 17K 12E

HOLDENVILLE BHALE

LENAPAK LIME

NOWATA SHALE

BIG LIME

MARMATON GROUP

OSWEGO LIME

PRUE SAND

VERDIGAIS LIME

SYSTEM

UPPER SKINNER SAND
zone

s HENRYETTA COAL

SENORA FORMATYTION

SERIES
CABANISS GROUP

*CHEROKEE |[GROUP”

PINK LimE

RED FORK SAND
Zone

INOGLA LIME

GLENN{BARTLESVILLE)
SAND

PENNSYLVANIAN
DESMOINESIAN

BOGGY FORMATION

———
"BROWN LIME

SAVANNA FORMATION

KREBS GROUP

MeALESTER FORMATION

BOOCH SAND

L d¢ o
FT. 80
s 2 e ,

< L 448 DUTCHER SAKD 100

x

° ATOKA SHALE

-
U; CHESTERIAN 2 “TCREAVETTEVILLE FORMATION
» ©
i

. MISBISSIPP LiME,
e

MAYES Lim
MERAMECIAN K *

Figure 9. Stratigraphy and Type Log Within Study Area



23

member of the Bartlesville Chronozone.

Oakes (1953) divided the Krebs Group into the following
formations, listed in ascending order: McAlester Formation,
Savanna Formation and Boggy Formation (Figure 9). The Mc-
Alester Formation consists of the time-equivalent Booch,
Tucker, and Taneha sandstones (Branson, 1954). The Savanna
Formation contains a series of thin limestones kﬁown as the
Brown Limestones (Branson, 1954). Regionally the Boggy
Formation consists of the Bartlesville sandstone interval
and the lower part of the Red Fork sandstone interval, in
which lenticular sandstone bodies are set within a predomin=-
antly shale section., The Bartlesville is underlain by the
Brown Limestone and overlain by the Inola Limestone. The
Red Fork overlies the Inola Limestone and is bounded above
by the Pink Limestone (Tiawah Limestone) which is in the
lower part of the Cabaniss Group (Weirich, 1953). (Saitta
(1968) explained that the boundary between the Krebs and
Cabaniss Groups has not been defined consistently.) These
thin limestones are transgressive regionally, and enable one
to define genetic increments of strata, useful for regional
and local mapping.

The general character of the Bartlesville Sandstone may
change greatly within a relatively short distance. Numerous
authors describe the Bartlesville Sandstone as an erratic
and lenticular sandstone, which passes laterally within
short distances into shales (Saitta and Visher, 1968). 1In

the area described by Saitta and Visher (1968), the Barte
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lesville Sandstone is distributed in lenses with an average
thickness of 100 feet. According to them the sandstone
grades laterally into shales to the west, east and south of
their study area. Between 50 and 100 feet of marine mud
and silt were deposited above the Brown Limestone before the
Bartlesville delta prograded across the shale and before its
distributaries cut major channels (Saitta and Visher, 1968).

In the present study area the general character of the
Glenn Sandstone is more-or-less consistent. However, the
more detailed stratigraphic changes that occur internally
are great among closely spaced wells, Thickness may be
quite varied, or certain sedimentary features present in one
core may not be in an nearby core, although the distance
between the two wells may be as little as 150 feet. Thus
internal stratigraphic correlation over relatively short
distances may be quite difficult in some instances.,

Figure 10 is a type log (Dual-Induction) of the Glenn
Sandstone in the William Berryhill Unit. A distinctive and
persistent gamma-ray log signature, corresponding to a thin
carbonaceous shale above a thin (1 foot) shaly limestone
(suspected of being the Inola Limestone), was chosen as an
upper marker bed (Figure 10). The Brown Limestone rarely
was penetrated in the study area; thus a distinctive and
persistent gamma-ray log signature corresponding to a thin
coal or dark carbonaceous shale was chosen as the lower
marker bed (Figure 10), These two distinctive log signatures
and rock types were used to create a genetic-increment of

strata useful for correlation and for construction of var-
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ious maps and cross-sections within the William Berryhill
Unit,

»n the study area the Glenn is approximately 1500 feet
deep and ranges from 130 to 175 feet thick. It can be
divided into three genetic sandstone bodies (Lower, MNiddle,
Upper) separated by thin, laterally discontinuous units of
interbedded sandstone and shale, and/or shale rip-up clasts,
known as the Upper and Lower 'Non-Porous” Zones (Figure 10).
The Upper and Middle Glenn are the productive intervals in
the unit, whereas beds of the Lower Glenn are below the
oil/water contact. Thus, the Upper and lMiddle Glenn were
dealt with in more detail than the Lower Glenn. Average
core-analysis data in Figure 10 indicate the general reser=~

voir quality of each of the genetic sandstone bodies,
Depositional Setting

The Glenn Pool o0il field is located on the Northeastern
Oklahoma Platform, which is bounded on the east-northeast by
the Ozark Uplift, on the south by the Arkoma Basin, and on
the west by the Nemaha Ridge (Figure 11). Visher et al.
(1971), and others have shown considerable evidence indica-~
ting that lower Desmoinesian sediments were deposited during
overall transgression onto the shelf, interrupted by epi-
sodes of regression that were marked by progradation of
deltas., Figure 11 shows the locations of major and minor
channel axes, as well as the geometry of the delta and its

basic components as interpretated by Visher and others.,
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Major deltaic systems of the Cherokee Group prograded from a
northerly source area and deposited thick sequences

of sand and clay., These sediments were deposited in a
cyclic manner in sedimentary environments that ranged from
marine to nonmarine (Berry, 1963; Hawissa, 1965; Shulman,
1965; Dogan, 1969; and Visher, Saitta and Phares, 1971).
Weirich (1953) demonstrated that during Atokan and Des-
moinesian time a hinge=~line (Boggy Hinge Line) developed
that defined the northerly limit of the subsiding Arkoma
Basin (Figure 11). Basinward from the hinge-line strata
thicken southward at a rate approximately six times greater
than the rate at which sediments on the shelf thicken toward
the hinge-line (Rascoe and Adler, 1983).

Rascoe and Adler (1983) summarized the work of many,
and interpreted paleogeography of the region during early
Desmoinesian time (Figure 12).

Regionally, the Bartlesville Sandstone is composed of
several genetic sandstone units formed in several specific
depositional environments, within the extensive early Des-
moinesian deltaic complex (Berry, 1963; Hawissa, 1965;
Shulman, 1965; Dogan, 1969; and Visher, Saitta and Phares,
1971; and others). According to Visher et. al. (1971) six
environmental units evolved during progradation: (1) lower
alluvial valley, (2) upper deltaic plain, (3) lower deltaic
plain, (4) distributary-mouth bar, (5) marginal basin, and
(6) marginal depositional plain (Figure 13). Glenn Pool is
within the postulated upper deltaic plain (Figure 13).

The sequence of sedimentary units within the deltaic
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framework is dependent on the nature of the fluvial proces~-
ses (Visher, 1965). According to Coleman and Prior (1981)
the upper delta plain lies above the level of effective
saltwater intrusion and is generally unaffected by marine
processes. Sediments that compose the upper delta plain are
created by processes such as migrating distributary chan~-
nels, overbank flooding, local breaks in the river banks and
crevassing, and many other processes dependent upon physi-
cal, chemical and biological factors (Coleman and Prior,
1981; Scruton, 1969). Evidence from cores and logs of the
Glenn Sandstone from the study area supports the proposed
interpretation of upper-delta-plain environment. Such evi-
dence is well shown in the study area and has been described
in‘the surrounding region by Visher et al. (1971), Weirich
(1953), Rascoe and Adler (1983), Tight (1981), Mason (1982),
and many others., Figure 14 shows the components of the
deltaic system as described by Coleman and Prior (1981) and
the hypothetical location of the study area. The model that
comes closest to accounting for the facts of lithology and
stratigraphic sequence in the study area is an upper-delta-
plain model, This setting or a variant thereof is reguarded
as being highly probable as the basic depositional framework
of the Glenn Sandstone in the study area.

Assuming that the depositional framework described above
is correct for all practical purposes, then certain lithic
and sedimentary features characteristic of upper~delta-plain

deposition should be observed within cores from the study
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area., Brown (1979) described Pennsylvanian deltaic sand-
stone facies of the Midcontinent and characterized their
vertical sequences., Figure 15 shows the idealized log pat-
tern and lithology of a Pennsylvanian deltaic sandstone that
serves as an example of the types of environments and facies
characteristic of the Glenn Sandstone. Figure 16 is a model
of a deltaic distributary channel-fill sequence showing
spacial relationships of lithofacies and a typical vertical
sequence of sedimentary structures and textures., Evidence
in cores of the Glenn Sandstone from the study area indi-
cates features associated with the depositional model des-

cribed here.
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CHAPTER ITI1
LITHOFACIES
Introduction

Ten cores of the Glenn Sandstone were available for
examination and sampling; their locations are plotted in
Figure 3. They were examined for gross lithology, constit-
uents, grain size, and sedimentary structures., Corresponding
detailed petrologic logs (Plates II through XIII) can be
keyed with respective descriptions and photographs of cores.
Locations where samples were taken are marked on Plates II
through XIII with numbers that can be cross-referenced on
various diagrams and logs in the Appendixes,.

Detailed examination of individual lithofacies and cor-
responding log signatures from sets of cores and matching
well logs aided in recognition and correlation of dis-
tinctive lithofacies. Analysis of bed contacts and vertical
sequences of sedimentary structures also provided evidence
that supported interpretation of deposition within an upper-
delta-plain setting.

A brief discussion of the basis and method of approach
for identification of lithofacies follows. Also included is
a review of the lithology and various lithofacies of the

Glenn Sandstone in the William Berryhill Unit, based on
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several selected core-and-log suites (Appendix B).
Basis for Identification of Lithofacies

The term “facies™ was introduced by Gressly in 1838
(Dunbar and Rodgers, 1957) and since that time wmuch contro-
versy has arisen over its usage. Gressly defined facies as
a body of rock with specific characteristics, such as color,
bedding, composition, texture and sedimentary structures.,
“Facies™ has been used by many scientists in a strictly
observational sense, as well as in a genetic, environmental,
and tectonic seunse., Selley (1970) described a sédimentary
facies as a mass of sedimentary rock that can be defined and
distinguished frow others by its geometry, lithology, sedi-
mentary structures, current patterns and fossils. Reading
(1981) summarized that a facies ideally should be a dis-
tinctive rock that forms under certain conditions of sedi-
mentation, reflecting a particular process or environment,
He further stated "a facies may be subdivided into subfacies
or grouped into facies associations or assemblages”. Accord-
ing to Alﬁon (1980) sedimentary facies are the genetic-unit
building blocks of depositional environments. However, a
knowledge of the “context™ of a facies is essential before
proposing an environmental interpretation,

Walther's (1894) Law of Facies has been taken by many
geologists to indicate that facies occurring in a conform-
able vertical sequence were formed in laterally adjacent
environments and that facies in vertical contact must be the

product of geographically neighboring environments (Reading,



1981). However, Middleton (1973) pointed out that the law
applies only to successions without major unconformities,
Perhaps erosive contacts bounding and/or within the succes-
sion represent an unknown number of environments whose pro-
ducts were removed. Because facies are deposited under a
relatively restricted and consistent set of conditions, each
facies can be expected to possess a relatively consistent
mineralogy and depositional fabric. According to Almon
(1980) these two factors control the rock properties sensed
by wireline logging tools. In addition, in many petrologic-
log-response studies, diagenesis has been determined to be
responsible for part of various log-response “anomalies”
(Almon and Shultz, 1979).

The physical and biological sedimentary aspects of
individual facies of the Glenn Sandstone in northeastern
Oklahoma can be explained on the basis of specific sedimen-
tary processes, The environment of deposition of the Glenn
Sandstone within the relatively small present study area was
one in which no major changes in facies occurred, inasmuch
as evidence from cores suggests deposition predominantly in
distributary channels. However, evidence of localized scour
ing and avulsion, and abrupt to gradational changes in grain
size, sedimentary structures, and geometry of individual
rock units suggests that even within the small study area
the Glenn Sandstone 1is relatively heterogeneous.,

In the context of this discussion, the term “litho-

facies” is more appropriate than “facies”, because identi-
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fication of specific rock units within the Glenn Sandstone
is an objective task based on data available from cores and
from wireline log-response. ~“Lithofacies™ refers to a des-
cribed rock unit by which wireline log responses can be
distinguished, documented, and classified.s Pickett (1971)
listed several rock properties and relationships that can be

used to specify rock characteristics., They include

1) 1lithology,
2) relationship between permeability and porosity,

3) relationship between actual porosities and various
porosities recorded on well-logs,

4) relationship between inital and residual saturation
of hydrocarbons,

5) relationship between water saturation and porosity,

6) pore-size distribution or shape of capillary-
pressure curves, and

7) cementation and saturation exponents ("uw”, and "n").

Well-log quality control for the Glenn (Bartlesville)
Sandstone in the William Berryhill Unit is good; irregular-
ites in the boreholes are minimal, most suites of log-
surveys are similar (Table XXIII, Appendix C), and logging
was dome by one service company. Thus, dependable identifi-
cation of specific rock types, or “lithofacies™, and mapping
of the Glenn Sandstone within the William Berryhill Unit
should be possible from information from cores and well-log

signatures,



General Description of Lithofacies

In discussion of general lithology of the Glenn Sand-
stone that follows, reference is made to examples of litho-
facies from cores shown in Appendix B. Examples illustrate
sedimentologic features characteristic of the Glenn Sand-~
stone in the study area,

Sandstone of the Glenn is light gray to gray, or light
brown to brown, very fine to fine grained and shaly. 1In the
cores are small-to medium-scale cross-bedding, current-
ripple laminations, horizontal to massive bedding, planar
bedding, flaser bedding, water-escape structures, scour
surfaces, channel-base conglomerate (shale rip-up clasts),
“randomly” distributed carbonized filaments, clay galls,
small rounded siderite pebbles, burrows, chaotic zones of
mixing, calcite-cemented intervals, and ébrupt to grada-
tional bed contacts. Figures 99, 108, 114, and 120 (Appen-
dix B) show 1log-signatures of selected wells coupled with
evidence of lithologic and sedimentary features included
within the gamma-ray signature, Petrologic logs (Plates II
through XIII) of the cores studied show more detail; they
can be keyed to redescriptions of cores, in Appendix B.

Thickness of the Glenn Sandstone in the study area
ranges from 130 feet in the southeast part to approximately
175 feet in the northern portions of the unit (Figures 149,
151, and 153, Appendix D). As mentioned, the Glenn is
divided into three sandstone bodies with slightly different

reservoir characteristics.
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Lower Glenn Sandstome

The Lower Glenn Sandstone (c.f. core: 1557.0-85.6 ft.,
Figure 100, Appendix B ) is generally light gray to gray,
very fine to fine grained (medium grained near the base),
poorly sorted, and silty, with many thin beds of shale,
siltstone, and siderite, Thickness ranges from approximately
20 to 50 feet. The gemneral fining-upward sequence of grain
size, and the various sedimentary structures ( massive’
sandstone, medium~-to large scale cross-bedding; inclined
bedding, planar bedding in the uppermost part, thin beds of
black shale and sideritic shale, scour surfaces, and bedded
sideritic shale pebbles) provide evidence that suggests that
the Lower Glenn Sandstone may be a distributary channel-£fill
sandstone; finer grained overbank sediments seem to overlie
the more "massive channel-fill facies. Channel-lag pebble
conglomerate and/or an abrupt contact of carbonate-cemented
sandstone with underlying black shale marks the base of the
Clenn Sandstone (c.f. core: 1584,8-85.6 ft., Figure 100;

core: 1563.,2 ft., Figure 121, Appendix B).

Lower “Noun-Porous™ Zone

The Lower Glenn grades upward into what is called the
Lower Kon-Porous Zomne. Interpretation of cross-sections,
cores, and core analyses of the Glenn Sandstone across the
unit suggests that this interval may be a vertical perme-
ability barrier, and thus seemingly separates the Lower

Glenn reservoir from the Middle Glenn reservoir., However,
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in several wells this rock unit may be relatively thin and
may not actually be an effective vertical permeability bar-
rier across the entire unit. The Lower “Non-Porous™ Zone
typically is interbedded and interlaminated silty sandstone
and shales; at some places it contains thin beds of shale
rip-up clasts and siderite pebbles within a fine grained
sandstone matrix (c.f. core: 1549-57 ftey, Figure 100, Ap-
pendix B). Its top marks the base of the Middle Glenn and
it is generally identifiable by an abrupt increase in gamma-
ray deflection (See well-log signatures, Appendix B). Lithic
interpretation of the gamma-Tay signature alone may be mis-
leading in some instances; the rocks may be interbedded
sandstone and shale or an interval of large shale rip-up
clasts within fine grained sandstone (cef. Figure 109, core:
1547.4-49.4 ft., and Figure 115, core: 1539.5-43.7 ft.,
Appendix B)., The former suggests the preserved sediments of
a thalweg, where underlying fine grained sediments of the
Lower "Non-Porous” Zone were scoured, as shown in the Wil-
liam Berryhill No. 138-I core (Figure 142, Appendix B). 1In
such a case it is doubtful that this interval could be an
effective vertical permeablity barrier between the Lower and
HMiddle Glenn Sandstone (c.f. log: 1572.0-75.0 ft., Figure
140; and coregraph: 1560-73 ft., Figure 141, c.f. core:

1559.5-72.8 ft.s Figure 142, Appendix B),

Middle Glenn Sandstope

The Middle Glenn Sandstone generally is light brown to
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brown (due to oil stain), very fine to fine grained, well
sorted, and apparently "massively” bedded, with abundant
“randomly” oriented carﬁonized filaments, clay galls, and
small, rounded siderite pebbles. Its thickness ranges from
approximately 50 to 90 feet; the Middle Glenn is the bulk of
the Glenn (Bartlesville) Sandstone reservoir. Medium-scale
cross-bedding, finely laminated organic material, and a few
thin intervals of flattened, elongated shale rip-up clasts
are common (c.f., core: 1482.1-1549 ft., Figure 100, Appen-
dix B). Abrupt contacts of calcite-cemented sandstone with
non-calcite cemented rock are also present (c.f. core:
1499,9-1500.5 ft., Figure 109; core: 1506.5 ft., Figure
132, Appendix B). - Sedimentological features and bed con-
tacts within the Middle Glenn provide evidence that supports

its interpretation as a distributary-channel sand.

Upper lion-Porous” Zone

Overlying the Middle Glenn is the Upper “Non-Porous™
Zone, which separates the Middle and Upper Glenn (é.f. core:
1476.8-82.1 ft., Figure 100, Appendix B). This rock unit is
a thin, silty shale, or interbedded and interlaminated silty
sandstones and shales that may constitute a relatively thick
interval. Discernment of the Upper "Non-Porous™ Zone by log
signatures alone is difficult. Lateral discontinuity of
thin sandstone and shale beds, and their related geometric
changes make correlation difficult even with abundant data
from cores. Figure 17 shows a few examples of the thin,

interbedded shales and siltstones that are characteristic of



Figure 17,

Examples of Thin-Bedded, Interbedded and Interlaminated Silt-
stones/Shales Characteristic of Portions of the Upper and
Lower ~Non-Porous Zones

A
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the Upper “Non-Porous Zone. They are characterized by
abrupt contacts with the bounding sandstone, and they may
not be detected by standard logging tools because they are
thin-bedded.

The Upper "Non-Forous Zomne probable is not be a perm-
eability barrier across the unit. Evidence from pulse-
testing in an 18=-acre pilot test in the unit suggests sig-
nificant communication of fluid Between the Middle and Upper
Glenn (Bae and Petrick, 1984)., Difficultly in correlating
the zone across the William Berryhill Unit, and its apparent
insufficiency as a vertical permeability barrier most likely
is due to discontinuity of sandstone and shale interbeds,

and perhaps physical contact of the Upper and Middle,

Upper Glenn Sandstone

The Upper Glenn Sandstone generally is gray (near the
top), light brown to brown (where it is oil stained), very
fine to fine grained, with medium grained, relatively poorly
sorted sandstone in the upper part. This medium grained
interval shows small to medium scale cross-bedding (c.f.
core: 1426.5-1454.0 ft., Figure 109, Appendix B) and has
relatively high porosities (25-28%) and permeabilities (300-
700 md)., It can be identified easily from well logs by its
lower resistivity. higher log porosities, and relative in-
crease in interval tranéit time as compared to rocks above
and below (c.f. log: 1433-40 ft., Figure 108, Appendix B).

The Upper Glenn may contain more sedimentary features than



46

the Lower and Middle Glenn, but is also in part "massive 1in
appearance (c.f. core: 1428-1476.8 ft., Figure 100, Appen-
dix B).

In some instances, the uppermost part of the Upper
Glenn is gradatiomal into gray siltstone and shales; 1in
other instances it is abruptly transitional into finely
interbedded, sideritic, limy sandstone and shale (c.f. core:
1410-1422.,5 ft.,, Figure 109; 1406.4-1424.3 ft., Figure 137,
Appendix B). There is significant organic material in the
shales that overlie the Glenn; bioturbated rock suggests
that the overlying shales and silty shales are interdistrib-
utary bay deposits.

Based on the general fining-upward sequence of sedimen-
tary features, the Upper Glenn is interpreted as a distribu-
tary-channel sand. Tabular cross=-beds, small scale trough
cross-beds, horizontal beds, and ripple-lamination suggest
preservation of incomplete point-bar sets in the upper por-
‘tion of the interval. Based on several north-south and
east-west cross-sectiomns, at some localities the Upper Glenn
appears to have channeled into the underlying Middle Glenn;
at such places discrimination between them can.be difficult.

In summary, the Glenn (Bartlesville) Sandstone in the
William Berryhill Unit is divisible into three genetic sand-
stone bodies. They are interpreted as "~ stacked”  channel-
fill sandstones, separated, or seemingly separated by beds
of finer grained rock that could be vertical permeability

barriers at some localities.
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Several distinct lithofacies within the Glenn Sandstone
were recognized from observation of the cores. A summary of
the distinguishing characteristics of each 1ithdfacies in
presented in Table I, Correlation of individual lithofacies
across the area by logs alone is uncertain because of short-
distance physical and textural variations., DBetter correla-
tions can be made by detailed examination of cores and

calibration of well-logs.



TABLE I

SUMMARY DESCRIPTION OF LITHOFACIES OF THE GLENN SANDSTONE
WILLIAM BERRYHILL UNIT, GLENN POOL OIL FIELD

Lithofacies

Thickness (Ft.)

Distinguishing Characteristics

"Massive"
Sandstone

Upper Glenn:

Middle Glenn:

Lower Glenn:

0il stained in part, gray to light brown, fine to medium
grained, moderately-well sorted, angular to sub-angular,
visible porosity in coarser intervals, carbonaceous
filaments, few sand-sized rock fragments, flowage features,
scour surfaces.

0il stained in part, light to dark brown, fine grained,
well-moderately sorted, sub-angular to angular, abundant
carbonaceous filaments, small rounded siderite pebbles
and clay galls, scour surfaces.

Gray to light gray, fine to medium grained, moderately to
poorly sorted, abundant small siderite pebbles in part,
abundant sand-sized rock fragments, slightly micaceous,
clayey, scour surfaces.

Cross-bedded
Sandstone

.5 =25
25 - 80
.5 -20
2 -5
.5 - 15

Small scale:

Medium scale:

Large scale:

(Apparently trough cross—bedding). Characteristics of
upper portion of Upper Glenn, very fine to medium grained,
poorly sorted, visible porosity, silty interlaminations,
mottled appearance, in part due to carbonate cementation.

(Trough and/or planar?). Characteristic of portions df
each sand (Upper, Middle, and Lower Glenn), abundant
authigenic sidérite in portions of Middle Glenn, asphaltic
material fills pores in relatively thin intervals in
portions of Upper and Middle Glenn.

Probably recorded, but not well defined in cores, (low
angle cross-bedding?, massive appearance?).

8%



Interbedded and
Interlaminated
Sandstone/Shale

TABLE I

Interbedded
sandstone/shale:

Interlaminated
sandstone/shale:

(Continued)

Characteristic of portions of the Upper and Lower
"Non-Porous" Zone, alternating thin (2 - 3 in.)
beds of sandstone and shale, near-parallel bedding
to flaser bedding, flowage features in part.

Characteristic of portions of the Upper and Lower
"Non-Porous" Zone, finely bedded, silty, carbon-
aceous laminations, current-ripple laminations to
planar bedding, convolute bedding, flowage features
and burrowed in part.

Calcium-carbonate-
cemented Sandstone

.2 - 15
.1 -10
.5 - 1.5
1.5 -8

Thin intervals:

Thick intervals:

"Spherical"
contacts:

Apparent massive bedding, (inclined bedding at base of
Glenn Sandstone) abrupt contacts with non-carbonate-
cemented sandstone or black shale at base of Glenn.

Usually above and below a bed of shale or contains large
clasts of shale and increased carbonaceous material;
mottled appearance near top contact.

Near-circular or semi-circular abrupt contacts with
non-carbonate-cemented sandstone; observed only as
isolated contacts in a few cores.

6%



TABLE I (Continued)

2 -1 Thin basal
conglomerate:
- 2 " s 1
Conglomeratic -1 -2 Th}n chagt%c
Sandstone intervals:
2 -8 Thick "chaotic"
intervals:

Characteristic of base of Glenn Sandstone in several
cores; rounded to well-rounded pebbles of black to gray
shale, sideritic shale, and siltstone in addition to
carbonized plant debris are common at numerous places
in a very fine to fine grained carbonate-cemented sand-
stone matrix; abrupt contact with shale below.

Characteristic of portions of the Lower and Middle Glenn
and Lower "Non-Porous" Zone, flat-elongate, rounded to
sub rounded, black shale and sideritic shale pebbles in
a very fine to fine grained sandstone matrix, abrupt
contacts above and below may or may not exist.

Characteristic of portions of the Lower "Non-Porous"
Zone. Large (2 to more than 4.5 in.), angular to sub-
angular, clasts of black shale in very fine to fine
grained sandstone matrix, in some cores this interval
may be partially carbonate-cemented.

0§



CHAPTER 1V
PETROLOGY
Introduction

Few subsurface stratigraphic studies of the Cherokee
Group in northeastern Oklahoma include a detailed descrip~
tion of the petrography, diagenetic features, or types of
porosity of the Bartlesville Sandstone. In previous invest-
igations by many geologists, the Bartlesville has been des-
cribed as being composed largely of white to light gray -
buff, very fine to medium grained, angular to subangular
quartz with smaller percentages of feldspars, chert, mica,
hornblende, rutile, zircon, and other minor minerals. Two
of the most detailed petrographic studies of the Bartlesville
Sandstone were done by Leatherock and Bass (1937), and
Visher et al. (1971); however, both of the studies were
qualitative. Leatherock and Bass (1937) noted a lafge pro-
portion (10 to 20 percent) of rock fragments and regionally
“uniform” composition and texture of the sandstone, whereas
Visher et al. (1971) described the Bartlesville in north-
eastern Oklahoma as subgraywacke, and identified the clay
minerals as kaolinite, irom chlorite, and illite.

Recent studies by Tight (1981) and Mason (1982) give

more detailec descriptions of the composition and diagenetic

51
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features of the Bartlesville in the Avant and Cushing oil
fields, respectively.

The purpose of this chapter is to describe the methods
used to identify detrital and avthigenic miﬁerals in the
Glenn Sandstone within the William Berryhill Unit, to list
and describe those constituents, and to classify the rock

accordingly.
Methods

Petrographic analysis of the Glenn in the William
Berryhill Unit included examination of more than 125 thin
sections from ten cores. Thin-section samples were selected
primarily from “reservoir” lithofacies, selected by mega-
scopic examination of the cores, Locations of samples from
each core are marked on corresponding logs, diagrams, core
analyses, and core photographs included in the Appendixes,
More than 300 points were counﬁed from several randomly
selected thin sections, in order to provide reliable esti-
mates of percentages of detrital and diagenetic constit-
uents,‘and of porosity. Percentages of framework grains
(quartz, feldspar, rock ffagments) were plotted on Folk's
(1968) ternmary diagram and rock was classified accordingly.
Classification of each sample is shown on ternary diagrams
for each core in Appendix B.

Routine thin-section examination was agumented by anal
y8is of selected samples using scanning electron microscopy
(SEM)., X-ray diffraction of several “clay-extracted”

samples gave semi-quantitative values of the amount of each
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clay mineral present (Kiltrick and Hope, 1963).
Glenn Sandstone

Major ‘detrital consti;uents of the Glenn Sandstone are
quartz and subordinate amounts of feldspar and sand-sized
fragments of metamorphic and sedimentary rock. Minor de-
trital constituents, ranging from trace amounts to one to
two percent, include: mica (muscovite and/or biotite),
pyrite, hematite, hornblende, magnetite, rutile, zircon,
tourmaline, collophane, and leucoxene. Glauconite, in the
form of small (.05 - .1 mm) rounded pellets or compacted
pellets that compose a green pseudomatrix, was observed in
only a few samples from near the top and/or base of the
sandstone. A trace to five percent of finely particulate
plant debris and fine carbonaceous filaments also occurred
throughout the sandstome, as thin (.5 - 3 mm) partings and
dispersed filaments,

In addition to the framework grains and minor detrital
constituents, detrital matrix, cements, clay minerals and
other authigenic constituents contribute to the subtle com-
positional differences observed in the Glenn Sandstone,

Constituents of the sandstone basically are similar in
kind but moderately variable in amount. These subtle dif-
ferences influence the reservoir quality and log-response
characteristics of each genetic sandstone body (Upper,
Middle, and Lower). However, the major differences in

reservoir quality and log-response characteristics are due
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primarily to changes in texture, grain size, pore geometry,
volume and distribution of clay minerals, and fluid content.
Table II lists the average mineralogic composition of each

of the genetic sandstone bodies,
Classification

In the study area the Glenn Sandstone primarily is
sublitharenite to litharenite. Originally the rock probably
was more feldspathic; a significant percentage of the feld-
spar grains appear to have been dissolved or altered to
¢clay. Compositional differences among the Upper, Middle and
Lower Glenn, in terms of major detrital constituents seems
to be related primarily to relative abundances of rock
fragments and detritial matrix. This association is shown

in Figures 18, 19, and 20.
Lower Glenn Sandstone

The Lower Glenn ranges from sublitharenite to lith-
arenite, to a feldspathic litharenite (Figure 18). Grain
size ranges from very fine to fine grained near the top, to

medium grained near the base,

HMiddle Gleun Sandstone

The Middle Glenn is not as varied in composition as the
Upper Glenn. It is sublitharenite (Figure 19), primarily

very fine to fine grained.



TABLE 11

AVERAGE MINEROLOGIC COMPOSITION OF THE GLENN SANDSTONE
WILLIAM BERRYHILL UNIT, GLENN POOL OIL FIELD,
CREEK COUNTY, OKLAHOMA

RERCENTIAGE
UPPER MIDDLE LOWER
GLENN GLENN GLENN

QUARTZ

MONOCRYSTALLINE 70 68 61

POLYCRYSTALLINE 5 2 3
FELDSPAR

UNDIFFERENTIATED 1 1 2

PLAGIOCLASE 2 3 3

MICROCLINE 1 1 1
ROCK FRAGMENTS

LOW RANK METAMORPHIC 4 3 5

SEDIMENTARY 3 2 4

CHERT 1 <1 1+
-OTHER DETRITAL CONSTITUENTS

MICA 1 1 1+

GLAUCONITE TR-1 TR TR~1

ZIRCON TR TR TR

TOURMALINE TR TR TR

HORNBLENDE TR TR TR

OPAQUE MINERALS TR TR TR

DETRITAL MATRIX 2 1 b4+

RIAGENETIC CONSIITUENIS

CEMENT

QUARTZ OVERGROWTHS 3 2 1

CALCITE 1 3+ 2+

DOLOMITE TR 1 <l

SIDERITE <1 3+ 2
AUTHIGENIC CLAY

KAOLINITE 3 3 2

ILLITE <1 1 3

CHLORITE 1+ 1 2
OTHER

IRON OXIDES <1 <1 1

PYRITE : <1 1 1

PSEUDOMATRIX 1+ , 1 3+
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Figure 18.

3:1 1:1 1:3 ROCK FRAGMENTS

Ternary Diagram Depicting Composition and Classification
of the Lower Glenn Sandstone, William Berryhill Unit
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Figure 19. Ternary Diagram Depicting Composition and Classification
of the Middle Glenn Sandstone, William Berryhill Unit
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Upper Glenn Sandstoneg

The Upper Glenn ranges frowm nearly quartz arenite, to
predominantly sublitharenite, approaching feldspathic lith-
arenite to litharenite (Figure 20). Grain size ranges from
medium in thin subunits near the top, to fine to very fine

in the remainder of the the sandstone.
Detrital Constituents

Quartz

Quartz is the most abundant grain type in the Glenn
Sandstone (Figure 21), Content of gquartz ranges from 60 to
80 percent and averages 70 percent of the framework grains.
Generally, grain size ranges from very fine to fine grained
and shapes range from angular to subangular, but beds of
medium grained, subrounded-subangular grains are near the
top and base of the Glenn., Most quartz grains are monocrys-
talline with undulose to slightly undulose extinction, but
several grains show straight extinction (Figure 22)., Inclu-
sions of rutile, tourmaline, and zircon are common in many’
of the monocrystalline quartz grains, In addition, many of
the grains contain irregular fluid inclusions often in the
form of bubble trains.

Polycrystalline quartz averages two to three percent of
the total rock sample (Figure 23). The composite nature of
the polycrystalline quartz shows a interlocking mosaic char
acteristic of recrystallized metamorphic quartz. Crenulated
borders of some polycrystalline quartz grains show char~-

acteristics of stretched metamorphic quartz, whereas a few
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Thin Section Photomicrograph, Plane Polarized

Figure 21,

Light, Sandstone, Very Fine Grained, Angular

to Subrounded. Characteristic Sample of Glenn
Sandstone. Quartz (QTZ), Rock Fragments (RF),
Primary Pore (PP); Residual Hydrocarbons (RH)

Fill Some Pore Spaces (SP)
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Figure 22. Thin Section Photomicrograph, (A) Plane Polar-
ized Light, (B) Crossed Nicols. Sandstone
Showing Various Framework Grains, Quartz
(Qtz), Feldspar (FD), and Rock Fragments (RF).
Evidence of Dissolution (DIS), Pressure Solu-
tion (PS), Pseudomatrix (PM), and Thin Clay
"Ppust Rims™ (DR). (Porosity shown in Blue)
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Figure 23,

Thin Section Photomicrograph,
Well-Rounded Polycrystalline Quartz Grain
(PQG). Siderite (SID) Aggregates Line Grains.
Pore (P)

Crossed Nicols,
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elongate, straight-border polycrystalline quartz grains with
inclusions of parallel mica show characteristics of schis-
tose metamorphic quartz. The types of quartz suggest that
the source areaz of sand was terrain of granitic-metamorphic

rock,

Rock Fragments

Rock fragments are the second most abundant framework
grain in sandstone of the Glenn (Figure 22). They consti~-
tute four to sixteen percent, and average Six to ten percent
of the total rock. HMHost rock fragments are metamorphic or
sedimentary. Metamorphic-rock fragments (Figure 24) are
foliated quartz-mica gneiss, quartzite, or phyllite. HMost
grains are subrounded to rounded, subequant to equant, be-
have rigidly, and therefore show very little effects of
compaction., They constitute four to eight percent and aver-
age six percent of the total rock.

Sedimentary-rock fragments (Figure 25) range from two
to four percent, and average three pércent of the total
rocke They include laminated and non-laminated argillaceous
rock, and fragments of chert. The argillaceous fragments
tend to show more effects of compaction, as made evident by
clayey “pseudomatrix, seemingly formed by squeezing of soft
fragments into poré spaces and around harder grains (Figures
26 and 27).

Fragments of chert are relatively few (one to two

percent) and in some instances are difficult to distinguish
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Figure 24. Thin Section Photomicrograph, Cross Nicols.
Sandstone Shows Abrupt Change in Grain Size
(Very Fine to Silt-sized Belows Fine to Medium
Grained Above) Characteristic of the Top Por-
tion of the Lower Glenn., Metamorphic Rock
Fragment (MRF), Detrital Matrix (DM)

Figure 25, Thin Section Photomicrograph, Plane Polarized
Light. Sandstone Characteristic of the Lower
Glenn, Note the Abundance of Rock Fragments
(RF) and Apparently Isolated Secondary Pore
Spaces (SP)



Figure 26.

Figure 27.

65

Thin Section Photomicrograph, Plane Polarized
Light. Sideritic (SID), Argillaceous Rock
Fragment (Mud Fragment) (MF) That Has Under-
gone Some Ductile Deformation and Can Be Clas-
sified Possibly As Pseudomatrix (PSM ?).
Kaolinite (K), probably altered clay fragment.

Thin Section Photomicrograph, Plane Polarized
Light, Sandstone Showing Strasight Crystalline
Outlines of Syntaxial Quartz Overgrowth (QOG),
and Clayey Pseudomatrix (PSM). Kaolinite (K)
Creates Microporosity (MP). Calcite (CA),
Residual Hydrocarbons (RH), Quartz (QTZ), and
Pore Space (P)
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from fragments of low-grade metamorphic rock. However,
characteristic pin-point extinction of the chert aids in
differentiation of the two (Figure 28).

Larger rock fragments, such as clay galls and shale
rip-up clasts, are characteristic of portions of the Glenn,
especially in lithofacies near the bases of channel-fill
sequences (e.g., base of the Middle Glenn, and base of the
Lower Glenn (Figures 99, and 108, Appendix B). The more
"massive” sand bodies (i.e., Middle Glenmn) contain scatter-
ed, small, rounded to subrounded, sideritic, argillaceous
pebbles and clasts., The Lower Glenn contains relatively
more argillaceous fragments of rock (and detrital matrix)
than the Upper and Middle Glenn sandstones (cf. Figures 18,
19, 20, and 25). This difference is believed to be the
major factor in the decreased porosity and permeability in
the Lower Glenn (cf. Figure 10). In most instances, the
relative increase in gamma-ray API units.of the Lower Glenn
sandstone is related directly to increase of argillaceous
rock fragments and of detrital matrix of illitic composition
(cf. ﬁog-signature diagrams, Figures 99, 108, 114, and 120,

Appendix B)

Feldspaxs

Feldspars constitute four to six percent of the total
rock and average five percent. MNost twinned feldspars are
easily identified as plagioclase by their distinctive albite
twinning (Figure 29). Untwinned feldspars were more diffi-

cult to distinguish but commonly were recognized in plane
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Figure 28. Thin Section Photomicrograph, (A) Plane Polarized
Light, (B) Crossed Nicols. Boundary of Calcite-
cemented Sandstone (Right) with Nom Calcite-
cemented Sandstone (Left). Calcite (CA),

Quartz (QTZ), Chert (CH), Mica (M)s, Rock Frag-
ment (RF), and Pore Space (P)
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Figure 29,

Thin Section Photomicrograph, Crossed Nicols,
Plagioclase Feldspar Grain (PLAG), Subrounded-
Rounded, With Characteristic Albite Twinning;
Portion of Grain is Fractured (FRAC). Corroded
(CORR) Quartz Grain (QTZ) With Thin Partially
Dissolved Overgrowth Remnant, as Indicated by
“Dust-Rim” (DR). Patchy Calcite Cement (CA),
Illitic Rock Fragment (RF, ILL), Dolomite (D),
and Porosity (P).
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polarized light by their “cloudy”, or “dirty”  appearances,
which are caused by alteration to clays (Figure 30). During
thin-section examination it was assumed that most of the
untwinned feldspars and those unidentifiable as plagioclase
were orthoclase. Most feldspar grains observed with cross-
hatched twinning, and some with uneven twinning lamellae,
were identified as microcline (Figure 30). However, pos-
sible diagenetic albitization of some potassic feldspar may

have occurred (Figure 30).

Accessoxy lMinexals

Accessory heavy minerals such as zircon, tourmaline,
rutile, collophane, hornblende, and magnetite were common in
trace amounts in nearly all the samples. MNica (muscovite
and/or biotite) constitutes at least one percent of the
sandstone and is easily identified by its high birefringence
and elongate grain morphology (.02 - .5 mm) (Figure 28),
Bent and broken mica suggest deformation by compaction, a
commonly inferred feature in most sandstones of the Cherokee
Group. The largest percentage of mica in the Glenn is in
the interbedded sandstone and shale lithofacies, where de-
creasing energy allowed deposition of the platy, slowly
settling grains. Some mica shows partial alteration to kao-
linite or extensive oxidization, as indicated by a brownish

color,
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Figure 30, Thin Section Photomicrograph, Crossed Nicols.,
Microcline (MICR)? Shows Characteristic
“Cross-hatched” Twinning (Albitization Feature
(ALBIZ ?). Feldspar (FD) Shows a Faint Rim of
Highly Birefringent Clay. Illitic/Sericitic
(ILL/SER) alteration product of a detrial
constituent (Feldspar ?) Fractured (FRAC) ?
Quartz (QTZ), Kaolinite (K).
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Detrital Matrix

Detrital matrix is a syndepositional material, commonly
illitic or chloritic, It is composed primarily of silt-
sized quartz grains and illitic clay with small amounts of
chlorite (Figure 31). The Upper and Middle Glenn contain
one to three percent of detrital matrix, and average two
percent, whereas the Lower Glenn contains as much as twelve

percent and averages four percent.
Authigenic Constituents

Authigenic constituents include cements and clay min-
erals., Major authigenic constituents documented in this
study are syntaxial quartz overgrowths, few feldspar over-
growths, carbonate cements (calcite/dolomite), siderite
aggregates, kaolinite, chlorite, illite, and mixed layered

clays.

Authigenic Cements

Silica cements, in the form of syntaxial quartz over-
growths (Figure 32), are common in each genetic sandstone
body and constitute about two percent of the total rock.
They are well developed, subhedral to euhedral, and can be
identified in thin section by sharp straight-line crystal-
line outline. Many of the overgrowths contain a very thin
“dust rim” of clay that surrounds the original grain., Feld-
spar overgrowths are very rare in the Glenn; they were

observed in only a few thin sections, primarily from the

4
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Figure 31, Thin Section Photomicrograph, Plane Polarized
Light. Sandstone Showing Abrupt Increase in
Amount of Detrital Matrix (DM) (Lower Half).
Note Occlusion of Porosity (P) as Compared to
Upper Half of Photograph. Quartz (QTZ),
Kaolinite (K), Dissolutionm (DIS).
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Thin Section Photomicrograph, Crossed Nicols.

Figure 32,

Sandstone Showing Syntaxial Quartz Overgrowth
as Inferred by Dashed Line Representing Ori-
ginal Quartz Grain (QTZ)., Calcite (CA) Dis-
placement and Replacement (RPL) of Quartz. At
Least Two Stages of Calcite Replacement can be
Inferred by the Presence of an Outline or
“Ghost” of Quartz Grain (Lower Left). Rock
Fragment (RF) and "Dust-Rim~ (DR) Also Shown
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Lower Glenn,

Calcium~carbonate cements in the Glenn include: 1)
calcite as an early, pore-filling cewent that normally re-
~placed and displaced the original framework graimns, 2) dolo-
‘mite as a late replacement of calcite, and 3) siderite as an
early pore-filling aggregate, which may be a major cementing
agent, InterQals with calcite cementation are common in the
Upper, Middle, and Lower Glenn; less than one percent or as
much as 35 percent of the total rock is cemented by calcite,
Poikilotic calcite cement surrounds grains and has effec~-
tively destroyed almost all porosity and permeability (Fig-
ures 28, 32, and 33), Evidence from cores and well logs
suggests that the extemsively calcite-cemented strata are
discontinous laterally and that they may compartmentalize or
isolate portions of the reservoir. These zones of calcite
cementatioﬁ normally are associated with shales and/or abun-
dant carbonaceous matter, most commonly near the bases of
the Lower and ¥iddle Glenn, and the top of the Upper Glenn.
However, other zones within each sandstone body appear to be
isolated intervals (most commonly showing “spherical” con-
tacts) of calcite-cemented sandstone. Figure 34 shows sev-
eral examples of the occurrences of calcite cementatioﬁ in
the Glenn (Bartlesville) Sandstone.

Dolomite cementation was recognized in association with
the calcite-cemented intervals. Evidence of calcite re-
placement by discrete rhombohedra of ferroan dolomite sug-
gests secondary formation of dolomite cement (Figure 29).

Dolomite cement may also £ill pores in small isolated areas
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Figure 33, Thin Section Photomicrograph, Crossed Nicols.
Calcite~-cemented (CA) Sandstone Possibly
Owing to Replacement (RPL) of Quartz (QTZz)
and/or Feldspar (FD) by Calcium=carbonate.
Note Partial Corrosion (CORR) of Quartz
Grains. A Possible Primary Pore (PP) Has Been
Filled By Calcite



Figure 34,

Calcium-carbonate Cement in the Glenn Sandstone.
(A) Upper Contact and (B) Lower Contact of Cemented Inter-
val Approximately Two Feet Thick; (C) Thin-bedded, Abrupt
Contact ; (D) "Diapiric”™ Feature; (E) Semi-circular
Contact ("Spherical”™ Growth)

9t
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within the calcite~cemented intervals, It may range from
less than one percent to as much as three percent of the
total ro¢k.s In parts of the Glenn that are not cemented by
calcite, dolomite occurs only in trace amounts.

Discrete, rhombic crystals of siderite were observed as
pore~«filling and grain~-lining aggregates in several samples
from the upper portion of the Middle Glenn (Figures 23 and
35)s Abundant siderite (2s much as five percent) seems to
be confined to this general interval, although smaller
amounts are in samplese in other portions of the sandstomne.
Siderite primarily is developed in conjunction with “mas-
sive”, fine grained sandstones that have relatively large
porosities (20 =~ 24 %) and permeabilites (100 - 450 nd).
Small aggregates of siderite are believed to be early dia-
genetic features; however, siderite appears to cement only

these local portions of the Middle Glenn.

Qther Mingxr Cemenks

Hematite and limonite cements make up from & trace to
one percent of the total rock. They are detected easily by
their opaqueness and reddish brown to yellowish brown colors

in reflected light.

AMtbigenic Clay Minsexals

Authigenic clays minerals documented in this study are
kaolinite, illite, and chlorite. X-ray diffraction and SEM

analyses confirmed the presence of clays seen poorly in thin
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Figure 35. Thin Section Photomicrograph, (A) Plane Polar-
ized Light, (B) Larger Magnification. Sand-
stone Containing Abundant Siderite (SID)
Aggregates Filling Pore Throats., Dissolution
of Some Detrital Grains Gave Rise to Secondary
Porosity (SP) in the Form of Grain Molds (GM).
Rock Fragment (RF), Feldspar (FD), “Honey-
comb™ Porosity (H), Primary Pore ? (PP ?7),
Chlorite (CHL)
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1. PORE AND FRACTURE FILLING

Pore Filling Fracture Filling

2. PORE AND FRACTURE LINING

Radial Concentric Fracture Lining

3. PORE AND FRACTURE BRIDGING

%

Pore Bridging Fracture Bridging

4. POST DEPOSITIONAL ALTERATION
OF DETRITAL FRAGMENTS

24 Feldspar

45 galcict’e :
Ny <~—Pseudomorphous
Y,

7 \/M / Replacement

Alteration Along Cleavage Surfaces
and Twinning .

Figure 36, Types of Occurrences, Authigenic Clay Minerals in
Clastic Rocks (Courtesy of zZ. Al-Shaieb)
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sections. Authigenic clay minerals in clastic rocks may
occur as pore and fracture fillings, pore and fracture
linings, pore and fracture bridgings, and post-depositional
alterations of detrital fragments (Figure 36). Authigenic
clays in the Glenn predominantly are pore fillings, pore
liningss, pore bridges, and post-depositional alteration
products of detrital fragments., Authigenic clays in as-
sociation with fractures were not documented, TFigure 37
shows a comparison of the characteristic x-ray diffraction
peaks of natural, glycolated, and heated “clay-extracted’
samples of the Glenn,

Kaolinite is distributed irregularly as pore-filling
clay (Figures 26 and 38). SEM photomicrographs reveal the
stacked, pseudo-hexagonal plate morphology of kaolinite
(Figure 38)., Kaolinite averages two to three percent of the
total rock, and constitutes approximately 55 percent of the
total clay. Kaolinite may also occur as an alteration
product of feldspar and may completely replace graims.

Illite is in the sandstone as lath-like projections
bridging the pore throats and lining some grains (Figure
39). It ranges from less than one to three bercent of the
total rock and constitutes approximately 20 percent of the
total clay. It is most common in the Lower Glenn and in
many cases 1is difficult to distinguish from some detrital
matrix because of its fine size; but it can be recognized by
its high biregfringence under cross nicol§ (Figure 29), and
characteristic morphology as seem in SEM photomicrgraphs

(Figure 39).



KAOLINITE

ILLITE
NATURAL CHLORITE
GLYCOLATED
\I‘w%
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I T T T T T 1
m 12 10 8 6 4 2
20

Figure 37. Characteristic X-ray Diffraction Peaks of “Clay-

extracted Samples of the Glenn Sandstone
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Figure 38, Thin Section Photomicrograph, Plane Polarized
Light (A). Sandstone With Abundant Kaolinite
(K) That Occupies Pore (P) (Light Blue). Note
The Vermicular Morphology and Pseudohexagonal
Geometry of Kaolinite Crystals as shown in
(B), SEM (x1200)



Figure 39,

SEM Photomicrograph, x2700.

(1)

Shoh’ind

Crystals

Extension of

Authigenic Illite

Delicate

o . e e
Hair-1like
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Chlorite occurs as pore-lining clay (Figure 40) and may
partially replace micas, feldspars, and even kaolinite (Fig-
ure 41). It ranges from less than ome to three percent of
the total rock and constitutes approximately 30 percent of
the total clay. It can be identified by its characteristic
olive-green color under plane-polarized light, ultra-blue
color under crossed nicols, and bladed morphology in SEH

photomicrographs (Figure 40).

84



Figure 40,

DIS. PITS

SEM Photomicrograph, x2000. Authigenic Chlor-
o

ite (C) Shows Characteristic Face-to=-edge

Morphology and Microporosity Between and Among
the Clay Crystals, Straight Crystalline Out-

line at Upper Part of Photo is a Quartz Over-
growth. Note Dissolution Pits (DIS. PI

PITS) on
Surface of Overgrowth
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Figure 4l. Thin Section Photomicrograph, Plane Polarized
Light. Quartz Grain (QTZ) Has Undergone Part-
ial Alteration to Kaolinite and Later Chlori-
tization of the Kaolinite [(K) CHL]. Pores
(P) Are Partially Filled with Residual Hydro-
carbons (RH). Rock Fragment (RF)



CHAPTER V
. DIAGENESIS
Introduction

The present morphology and composition of the Glenn
Sandstone appear to have resulted from several diagenetic
processes, These processes are inferred from mineralogic
and texturél features identified by thin-section analysis,
SEM examination of rock samples and relief pore casts, and
x-ray diffraction analysis. °

Diagenetic features recognized and documented in the
Glenn Sandstome in the study area may have involved the
following processes: 1) partial to complete dissolution of
some detrital fragments (i.e., quartz, feldspars, rock frag-
ments), 2) precipitation of authigenic kaolinite, chlorite,
and illite, of syntaxial quartz overgrowths, calcite and
siderite cements, and trace minerals, 3) alteration of var-
ious constituents (kaolinization and illitization of feld-
spars, etc.)s and replacement of detrital constituents
(quartz by calcite, in the calcite-cemented zones, and pos-
sible albitization of potassic feldspars), and 4) mechanical
compaction of components with ductile deformation of soft

detrital constituents,
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Dissolution Features

Partial to complete dissolution of detrital grains was
common in all of the samples examined, and was responsible
for most of the observed porosity (Figure 42). Detrital
quartz, feldspar, and rock fragments (metamorphic and sedi-
mentary) all show some degree of dissolution. Feldspar and
argillaceous rock fragments are the most commonly dissolved
framework grains, and they account for a large percentage of
the secondary porosity. Some quartz grains show evidence of
dissolution at contacts of the grains with partially dis-
solved (hydrolized) feldspar (Figure 43).

Partially corroded syntaxial quartz overgrowths were a
common feature in the samples examined. SEM photomicro-
graphs of overgrowths reveal pitted surfaces and corroded
edges showing some effects of dissolution (Figures 40 and
44) .

Al-Sheieb and Shelton (1981), Heald and Larese (1973),
Land and Milliham (1981), and many others recognized disso-
lution of feldspar and alteration as contributors in de-
velopment of secondary porosity., Dissolution of feldspar
commonly occurs along cleavage planes where bonding is weak-
est and the mineral is most susceptible to ionic substitu-
tion. In the Glenn Sandstone, the partial dissolution of
feldspar most commonly results in "honeycomb” porosity (Fig-
ure 43).

Rock fragments are also susceptible to dissolution,

which may leave oversized pores or apparently isolated grain



Figure 42, Thin Section Photomicrograph, Plane Polarized
Light. Sandstone Showing Partly and/or Com-
pletely Dissolved Clasts (Altered Rock Frag-
nents (RF), Resultant Oversized Secondary
Porosity (0OSP), and Remnants of Clay (C))

89
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Figure 43, Thin Section Photomicrograph, Plane Polarized
Light. Partially Dissolved Feldspar Crain
(FD) Creating Secondary Porosity “"Honeycomb”
(HCP). Enlarged Intergranular Porosity 1is
Created Around the Feldspar Grain by Dissolu-
tion (DIS) of Quartz (QTZ) During Feldspar-~
hydrolysis. Note Clay Rim (CR) Surrounding
Feldspar (FD) and Inclusions ("Bubble Trains™
(BT) ) in Quartz (QT2z)



Figure 44,

& : N
SEM Photomicrograph, x470. Euhedral Surface of

% "
Quartz Overgrowth (QOG), and Abundant
Pore Linings and Coatings on Grains.
Small Area of Corrosion (CORR) on the
Grain. Secondary Pore (SP)
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molds (Figure 45). Most rock fragments that were dissolved
were argillaceous, but a small percentage of fragments of
metamorphic rock also show evidence of dissolution and alter-
ation. Evidence of dissolution of calcite cement has been
observed along the boundaries of the calcite-cemented rock
(Figures 28 and 46). Oversized pores have resulted from the
partial to complete dissolution of the calcite cement (Fig-
ure 46). To estimate to what extent porosity has been
enhanced by calcite dissolution is difficult. Many detrital
grains associated with calcite cementation and subsequent
dissolution apparently either have been dissolved or partly
replaced by calcite (Figures 32 and 33). 1In the case of the
extensively calcite-cemented rock the latter explanation 1is
the more probable.

In several samples detrital matrix and psuedomatrix
also show evidence of partial to complete dissolution (Fig-

ure 47).,

Brecipitates

Several diagenetic precipitates are common in most
samples of the Glenn. Principally they are syntaxial quartz
overgrowths, calcite, dolomite, siderite, kaolinite, chlor-
ite, and illite.

Syataxial quartz overgrowths are abundant. They show
sharp crystal outlines or develop near quartz grains and
other overgrowths to form a “cluster” with irregular bound-
aries between overgrowths (Figures 22, 27, 32, 44, and 45).

Overgrowths may be difficult to distinguish from pressure-
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Figure 45, Thin Section Photomicrograph, Plane Polarized
Light, Sandstone Showing Abundant Grain Molds
(GM)., HNote the Relatively Small Sizes of Pore
Throats, as Compared to the Pores. Also Kote
Kaolinite (K) in the Lower Right, and Quartz

Overgrowth (QOG) That Has Formed in a Large
Pore
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Figure 46. SEM Photomicrograph x100. Relief Pore Cast of

Sandstone Showing the Boundary Between a
Calcite-cemented (Right) and Non-calcite-
cemented (Left) Interval. The Calcite-
cemented Side of the Pore Cast "Collapsed” but
the Non-calcite-cemented Side Shows Enlarged
Intergranular Porosity (EIP) and Oversized
Secondary Porosity (0SP), Most Likely Due to
Partial Calcite Replacement of Constituents
and Subsequent Calcite Dissolution
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Figure 47. SEM Photomicrograph, x260. Relief Pore Cast of
Sandstone Showing Evidence of Dissolution
\DIS) of Detrital Matrix (DM) or Pseudomatrix
Creating Oversized Secondary Pore Space (0OSP).
Note the Smooth, Yet Abrupt Contacts with the
Surrounding Framework Grains (FG)
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solution features, which also are common in the sandstone.
Pressure-solution may be inferred from sutured grain con-
tacts, as shown in Figure 22 and can be inferred in relief
pore casts as shown in Figure 48. Pressure-solution is
believed to have been a minor source of silica for cementa-
tion by quartz,

Advanced stages of development of overgrowths were
observed in the more porous and permeable lithofacies, which
are relatively clean and contain a larger percentage of
detrital quartz (e.g., upper portions of the Upper Glenn).
Some the quartz overgrowths are not in optical continuity
with original grains, However, both the original grains and
overgrowths generally show slightly undulose to undulose
extinction, possibly due to stress applied to the grains.
This may have caused rotation and undulosity of the over-
growths. Many overgrowths contain very thin “dust rims” of
clay that surround the original grains and make identifica-
tion of overgrowths somewhat easier (Figure 32).

Cementation by silica in the finer grained litho-
facies, notably the upper part of the Lower Glenn, decreased
porosity and permeability greatly. In the medium grained
lithofacies of the upper part of the Upper Glenn, silica
cementation decreased overall porosity, but portions of the
sandstone still are quite porous and permeable.

Other minor silica cements include microquartz, chalce-
dony and authigenic chert. Microquartz was a minor precipi-

tate; it occurred as small euhedral crystals that protruded
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Figure 48. SEM Photomicrograph, x50 (A), x25C (B). (A)
Relief Pore Cast of Sandstone Showing Elongate
Pore (EP), “Floating Grains (FLG), and Pos~-
sible Evidence of Pressure-solution (PS ?)
Between Preserved Molds of Two Framework
Grains (FG) (Quartz ?). (B) Larger Magnification
Shows Preserved Molds of Authigenic Clay (AC)
Minerals in a Secondary Pore (SP), Corrosion
(CORR) Along a Grain Boundary Creating Elarged
Intergranular Porosity (EIP), and Dissolution
Porosity (DP) within a Feldspar (FD) Grain
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from a quartz grain substrate into pore spaces and was
identified only by using SEM. Chalcedony is very rare; it
was ldentified only in a few thin sections. Authigenic
chert also is very rare; it was recorded only in one thin
section,

As mentioned previously, the Glenn Sandstone contains
calcite cement that varies from " patchy and spotty” to a
major cement in some beds associated with large amounts of
carbonaceous material or bounded by shale. In several cores
ére semicircular contacts of calcite~cemented, non-calcite-
cemented sandstone; this relationship is suggestive of
“spherical” growth of calcite nuclei (Figure 34). Other
calcite-cemented intervals appear to be bedded, with thick-
ness ranging from 6-8 cm to 0.6-1.5 m« In such strata,
sandstone may show no apparent changes in texture; contacts
of calcite~cemented and noncemented rock may be almost hori-
zontal or slightly irregular,

Ferroan dolomite also was observed primarily in assoc-
iation with calcite cement, It is believed to have been a
late stage of carbonate precipitation, or possibly to have
replaced calcite (Figure 29),

Very fine grained masses of equant-rhombic crystals 6f
siderite fill pores and 1iné grains (Figures 23 and 35). 1In
sandstone that contains more than thre¢ percent siderite,
framework grains are moderately sorted to well sorted and
relatively unaltered by dissolution or cementation., Aggre-
gates of siderite give the rock a reddish browh to yellowish

brown spotty appearance, as a result of partial alteration
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of siderite to limonite. Thin coatings of clay minerals on
many of the suérounded grains may have isolated the grains
from the pore fluids and inhibited alteration or cementa-
tion., Clay filws may have formed during or soon after depo-
sition, Formation of siderite is believed to have been an
garly diagenetic processes, indicating moderate to strongly
reducing conditions., Evidence of a later stage of siderite
precipitation is that siderite aggregates line some syntax-
ial quartz overgrowths,

Hematite and limonite are minor cements; these minerals
normally are associated with laminae of organic material and
with pyrite.

Pyrite and leucoxene are trace constituents in the
Glenn Sandstone; they are associated with carbonaceous fila-
ments and organic matter., Pyrite typically occurs as small
groups of framboidal crystals, characterized by opaqueness
and brassy yellow color under reflected light, and spher-
oidal morphology in SEM (Figure 49). Pyrite suggests re-
ducing conditions at the time of formaﬁion. Leucoxene was
recorded in trace amounts; it is also characterized by
opaqueness and white color under reflected light.

Authigenic clays are abundant in a2ll samples of the
Glenn Sandstone examined. Variation of clays among the
three genetic sandstone bodies of the Glenn is believed to
be a function of-texture, composition, and porosity, which
in turn are related to the environments of deposition and

the changes in pore-fluid composition during the various
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Figure 49. SEM Photomicrograph, x1200. Sandstone Showing
Framboidal Pyrite (P), Kaolinite (K), Illite
(1), Quartz Overgrowth (QOG), and Apparent
Corrosion (CORR) of Quartz Grain
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stages of diagenesis,

As described previously, authigenic clay minerals ident-
ified are kaolinite, chlorite, and illite., IlMixed-layered
clays are presumed to exist in the sandstone but were not
identified.,

Kaolinite is distributed irregularly; discrete part-
icles and/or clusters fill pores (Figure 50), particularly
in the more porous and permeable lithofacies. Morphologic~-
ally, kalinite occurs as well crystallized psuedohexagonal
clay platelets, stacked along C-axes to form vermicular
booklets (Figure 38)., Kaolinite also developed as an alter-
ation product of detrital grains, predominantly feldspar and
argillaceous rock fragments (Figures 26, and 41). Authigenic
chlorite is mainly pore-lining, fine, thin-bladed crystals
with face-to-edge morphology (Figure 40). Figure 41 shows
vermicular kaolinite booklets that have been chloritized.
Authigenic illite occurs as lath-like, "hair—like" project-
ions that may bridge pore throats (Figure 39).

Illite and chlorite are present essentially throughout
the sandstone, Illite is more abundant in the Lower Glenn,
which has larger percentages of rock fragments and detrital
matrix. Chlorite occurs with kaolinite in the more porous
and permeable lithofacies in all three of the genetic sand-
stone bodies. However, chlorite is more abundant in the
upper portions of the Upper Glenn, and the lower portions of
the Lower Glenn. The Middle Glenn predominantly contains

kaolinite with smaller amounts of chlorite and illite.
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20 um

Figure 50. SEM Photomicrograph, x1000. Authigenic Kaolin-
ite (K) Occludes a Pore. Note Evidence of
Corrosion (CORR) on Framework Grain in Upper
Portion of Photomicrograph
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Alteration Products

Alteration processes such as kaolinization and illitiz-
ation of feldspars and rock fragments, chloritization of
various clay minerals, and alteration of siderite and pyrite
to limonite and hematite were inferred from evidence ob-
served in thin section and SEH analyses. Alteration of
feldspars and rock fragments to clay minerals (predominantly
kaolinite) was the most common alteration inferred from all
of the samples. The degree of alteration appears to be a
function of the microenvironments that surrounded the
grains., Alteration and subsequént dissolution of feldspars
results from hydrolytic reactions that are pH-sensitive (Al-
Shaieb and Shelton, 1981). In turn, quartz grains (which
are soluble at high pH values) adjacent to the hydrolyzed
grains of feldspar should show some evidence of corrosion or
dissolution,. as in Figure 43,

Some fragments of metamorphosed rock show evidence of
alteration to clay minerals and later sericitization (Fig-
ures 30 and 51). The parallel arrangement of illitic and
chloritic clay suggest alteration of micaceous constituents
within gneissic to schistose fragments,

Chloritization and illitization of various constituents
were difficult to document in detail, although there is some
evidence that shows various stages of alteration (Figure
41) .

Alteration of siderite and pyrite to limonite and hema-

tite is believed to have been a common process. Pyrite
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Figure 51. Thin Section Photomicrograph, Crossed Nicols.
Sandstone Showing Altered (ALT) Graim With
"Rim~ of Highly Birefringent Clay lMinerals.
Note Quartz Overgrowth (QOG) With Characteris-
tic “"Dust-Rim” of Clay Minerals (DR), and
Slightly Altered Feldspar Grain (FD)
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generally shows some évidence of alteration to limonite and
oxidation to hematite., Leucoxene is rare, but is believed
to have formed as an alteration product of titanium-bearing
minerals, such as rutile, which constitute only a trace

amount in the sandstone.

Replacement Features

Predominantly, detrital constituents were replaced or
displaced by calcite and ferroan dolomite. In the exten-
sively cemented intervals, poikilotic calcite cement com-
pletely-surrounds grains and drastically has reduced orxr
almost completely destroyed the porosity. In some sawmples
from these intervals calcite seems to have replaced select-
ively feldspar and quartz, leaving a faint “ghost™ or “out-
line” of the original grain (Figure 32). There may have
been at least two stages of calcite cementation: 1) initial
cementation, and 2) a later stage of replacement of detrital
constituents (Figures 32 and 33).

Pyrite is believed to have formed by replacement of
organic material, and some potassium feldspar grains may
have been replaced by albite (Figure 30). According to
Walker (1984) the latter type of alteration ultimately pro-
duces grainé of pure or nearly pure albite that are pseudo-
morphs of the parent grain, typically either untwinned or
displaying “chessboard”™ twinning. If successive stages of
the albitizétion are not recorded in the samples, diagen-
etically albitized grains might be interpreted as detrital

grains of plagioclase, perthite or antiperthite (Walker,
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1984). Of course, in order to determine the extent to which
albitization has taken place, one must have knowledge of the
amount and composition of feldspar in the original sediment}
unfortunately, this is not possible to do with any appreci-

able level of certainty in the case at hand.

Mechanical Deformation

As described previously, mechanical compaction of the
sandstone during burial can be inferred by apparent squeez-
ing of softer detrital comstituents into pores and around
grains (Figures 26 and 27)., Fractured grains also may have

resulted from compaction (Figures 29 and 30).



CHAPTER VI
PARAGENETIC SEQUENCE
Introduction

The presence and duration of each diagenetic process is
a direct response to the changing composition of the pore
fluid, to the detritial constituents, and to the temperature
and pressure regimes during burial (Schmidt and ¥cDonald,
1979). Thus the rock-fluid system is dynamic and quite
complex and should not be considered to have been in equili-
brium over geologic time. Major and minor tectonic changes,
fracturing, faulting and folding could influence the paths,
speeds, and compositions of pore fluids. Also, the nature
of the depositional environment and lithofacies developed
therein are very important factors in migration of fluids

and release of ions into solution (Pittman, 1979).
Development of Secondary Porosity

Choquette and Pray (1970) formulated a system of dia-
genetic regimes for study of porosity in carbonate rocks;
this has been adopted by many geologists to investigate
secondary porosity in sandstones (Figure 52). Mesodia
genesis is the subsurface regime during the effective burial

process and is judged to have been responsible for the
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EODIAGENESIS

Minimal portion of

total secondary porosity

TELODIAGENESIS

total secondary porosity

Minor portion of

MESODIAGENESIS

Predominant portion of
total secondary porosity

Figure 52, Diagenetic Regimes of Development of Secondary §andstone
Porosity (After Schmidt and McDonald, 1979, Figure 33)
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majority of the secondary porosity observed in the Glenn
Sandstone.

Al-Shaieb and Shelton (198l) discussed the generationm
and migration of hydrocarbons and the relationship and deve-
lopment of secondary porosity in sandstones., They pointed
out that the degree to which reservoir quality is enhanced
by development of secondary porosity may be proportional to
the amount of constituents unstable during diagenesis.

Carbonic acid is considered to be the primary reagent
responsible for dissolution of the unstable constituents in
sandstone (McBride, 1977; Hayes, 1979; Schmidt and McDonald,
1979). Carbonic acid is released in conjunction with the
production of CO,during generation and migration of hydro-
carbons from source rocks to reservoir rocks (Momper, 1978,
1980; Schmidt and McDonald, 1979). In the Glenn Sandstone
of the study area unstable constituents that have partly or
completely dissolved mostly are feldspar and various rock
fragments. According to Al-Shaieb and Shelton (1981), dis-
solution of feldspar is enhanced by imcreasing concentra-
tions of Cozin pore fluid., The main constituents released
into solution are, K+, Na+, Ca++. Mg++, and dissolved silica
(H45104). These ions may be precipitated as authigenic

clays and/or silica cements.
Sequence of Diagenetic Events

The general order and relative timing of the diagenetic
events was estimated empirically by examination of cross-

cutting relationships in thin sections and SEM photomicro-
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graphs., The general sequence, in which some diagenetic
events may have occurred simultaneously and/or independent

of one another is as follows:

1. Mechanical compaction,

2. TFormation of aggregates of siderite, clay rims, and
pyrite.

3. Precipitation of quartz overgrowths and minor
feldspar overgrowths,

4, Formation of localized, concretionary (spheru-
litic), poikilotopic calcite cement.

5 Second stage of calcite cementatiomn.

6. Generation and migration of hydrocarbons
(hypothesized).

7. Initial dissolution and replacement of plagioclase,
then potassium feldspars, and the more unstable
rock fragments. Alteration of unstable grains to
clays. Development of secondary porosity.

8. Precipitation of patchy kaolinite, illite,
chlorite, mixed-layer clays, and second stage of
siderite.

9. Albitization of potassium feldspars (hypo-
thesized). :

10, Dissolution of calcite cement and replacement by
ferroan dolomite.

11. Migration of hydrocarbons,
12, Alteration of pyrite and siderite to limonite and
hematite.

Figure 53 shows the estimated sequence of events that
led to present morphology and composition of the Glenn
Sandstone. Diagenetic events are depicted either by a solid
line (process believed to have been active continuously) or

by a dashed line (process believed to have been intermit-

LR
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tent). Lengths represent relative times during which diagenetic

processes are believed to have been active.,



STAGE

PARAGENETIC SEQUENCE

MECHANICAL COMPACTION

CLAY °"DUST RIMS’
SIDERITE
PYRITE
QUARTZ OVERGROWTHS
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CHAPTER VII
POROSITY
Introduction

The purpose of this chapter is to document the amounts
and types of porosity in the Glenn Sandstone, within the
study area, Identification of porosity was based upon exam-
ination of thin sections impregnated with blue epoxy, and
upon SEM analysis of selected samples and several relief
pore casts,

Pittman (1979) listed three primary types of porosity
in sandstones: 1) intergranular porosity, 2) dissolution
porosity, 3) and microporosity. Fracture porosity is con-
sidered a secondary feature that may enhance the porosity
listed above.

Intergranular porosity in the Glenn includes both pri-
mary and secondary porosity., Primary intergranular porosity
is approximately two to four percent of the total porosity
observed in the samples. Secondary porosity averages 8 to
15 percent in the Lower Glenn, 14 to 20 percent in the
Middle Glenn and Upper Glenn, and as much as 22 percent in
parts of the Upper Glenn. - Dissolution generated most of the

secondary porosity.
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Microporosity is defined by pores with aperture-radii
less than 0.5 microns (Pittman, 1979). Commonly it is well
developed among kaolinite, chlorite, and illite (Figures 38,
39, 40, and 54), and occurs in association with partly
dissolved feldspar grains (Figure 43)., Microporosity inhib-
its flow of fluid, due to the small sizes of pores. Thus,
it reduces effective porosity.

Fracture porosity in significant amounts was not ob-
served in the samples. However, several grains of plagio-
clase and quartz appeared to be broken, creating insignifi-

cant amounts of microporosity (Figures 29 and 30).
Classification and Petrographic Critera

As mentioned above, secondary porosity is the predomin-
ant porosity in the Glenn. Schmidt and McDonald (1979)
classified secondary porosity in sandstone according to
origin and pore texture (Figure 55). Hybrid pores, charact-
erized by coexistence of primary and secondary porosity,
and/or other genetic classes of porosity, are also present
(Figure 56).

Table. . III lists the five major groups of pore textures
of secondary porosity: 1) intergranular pores, 2) oversized
pores, 3) moldic pores, 4) intraconstituent pores, and 5)
open fractures (Schmidt and McDonald, 1979). The Glenn
shows all these pore textures except open fractures.
Distinct types of pore textures exist for each major group,
and many of these textures exist in ﬁhe Glenn. Inter-

granular textures of secondary porosity range from regular

;’;Q



115

Figure 54. Thin Section Photomicrograph, Plane Polarized
Light, Xaolinite (K) Fills a Pore and Creates
Microporosity., Residual Hydrocarbons (RH)
Stain the Kaolinite (K), Indicating That
Hydrocarbons Migrated Into the Reservoir After
Formation of Kaolinite. Note Slightly Altered
Rock Fragments (RF) and Patchy Clay (Sideritic
?7) (s1iDp)



116
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Figure 55, Genetic Classes of Secondary Sandstone Porosity
(After Schmidt and McDonald, 1979, Figure 2)
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Figure 56. Textural Development of Hybrid Pores

(After Schmidt and McDonald, 1979, Figure 9)
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TABLE III

TEXTURAL SPECTRUM OF SECONDARY
SANDSTONE POROSITY

POROSITY GENETIC CLASSES OF SECONDARY POROSITY
TEXTURES
RESULT RESULT RESULT. RESULT RESULT
OF OF OF DIS- OF DIS- OF DIS-
FRACT- SHRINK- SOLUT- SOLUT- SOLUT-
URING AGE ION OF ION OF 1ION OF
SEDIM~ CEMENT REPLACE-
ENT MENT
INTERGRANULAR TEXTURES:
REGULAR INTERGRANULAR XP X P& X P& X P&C
REDUCED INTERGRANULAR X P& X P& X P&C
ENLARGED INTERGRANULAR XP X P&C X P&C X P&C
OVERSIZED TEXTURES:
OVERSIZED FABRIC SELECTIVE X X
OVERSIZED CROSSCUTTING X X
MOLDIC TEXTURES:
GRAIN MOLD XP X P&C X P&C X P&C
CEMENT MOLD XPp X P&C X P&C
REPLACEMENT MOLD X P&C X P&C
INTRA-CONSTITUENT TEXT.:
INTRAGRANULAR X X X
INTRA-MATRIX X X X X
INTRA-CEMENT X X X
INTRA-REPLACEMENT X X X X
FRACTURE TEXTURES:
ROCK FRACTURES X X P& X P&C X P&C
GRAIN FRACTURES . X P&C X P&C
INTERGRANULAR FRACTURES X X P& X P&C

P&C indicates open void may extend over part of the textural precursor

or over the complete textural precursor.

P indicates open void may extend only over part of textural precursor.

(After Schmidt and McDonald, 1979, Table I)
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intergranular pore texture to reduced or enlarged inter-
granular pore texture (Figure 57).

Schmidt and McDonald (1979) also listed several petro-
graphic critera useful for identification of secondary poro-
sity: 1) partial dissolution, 2) molds, 3) inhomogeneity of
packing ("floating grains’), &) oversized pores, 5) elongate
pores, 6) corroded grains, 7) intra-constituent pores
("honeycomb grains™), and 8) fractured grains (Figure 58).

All three of the genetic sandstone bodies in the Glenn
Sandstone show evidence of extensive secondary porosity.
llowever, secondary porosity is best developed in the fine to
medium grained lithofacies that are relatively free of de-
trital matrix (i.e., most portions of the Upper and Middle
Glenn, and the lower portiomns of the Lower Glenn).

Partial to complete dissolution of detrital grains and
small amounts of clayey matrix is the most common feature
related to the development of secondary porosity in the
sandstone (Figures 42 and 47). Dissolution of feldspar
along crystallographic lines of weakness created the dis-
tinctive intergranular “homeycomb” porosity (Figure 43).
Partial dissolution of clayey matrix and laminae give the
patches of matrix a floating appearance in the pore space
(Figure 59). Complete dissolution of feldspar grains and
other detrital constituents produced grain molds that en-
hanced total and effective porosity (Figure 60). Most grain
molds are in fine to medium grained lithofacies.

Inhomogeneity of packing and "floating” grains are
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Regular inter-granular pore texture

Reduced inter-granular pore texture

Enlarged inter-granular pore texture
(Alteration of regular inter-
granular space)

Enlarged inter-granular pore texture
(Alteration of reduced inter-
granular space)

Quartz grains D porosity

Figure 57. Intergranular Textures of Secondary Porosity
{After Schmidt and }cDonald, 1979, Figure 10)



121

(1) Partial (5) Elongate
dissolution pores
(2) Molds (6) Corroded
grains
(3) (7)
Inhomogeneity Honeyc_ombed
of packing and grains
‘floating’ grains
(4) Oversized (8) Fraf:tured
pores grains
Carbonate Feldspar | Porosity
or sulphate (: grains j

Figure 58, PeCrographié Critera for Recognition of Secondary

Sandstone Porosity (After Schmidt and McDonald,
1979, Figure 18)
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100 um

Figure 59. SEM Photomicrograph, x100. Relief Pore Cast of
Sandstone Showing Evidence of Partial Dissolu-
tion (DIS) of a Suspected Feldspar Grain (FD)
Creating Secondary Porosity (SP). Note Iso-
lated Pores and Relatively Small Pore Throats.
Sample is Characteristic of Portioms of the
Lower Glenn. Molds of Framework Grains (FG)
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Figure 60. Thin Section Photomicrograph, Plane Polarized
Light. Sandstone, Poorly Sorted (Silt-sized
to Medium Grained); Abundant Quartz (QTZ) and
Rock Fragments (RF), Altered Feldspars (FD).
This Sample is characteristic of Upper Por-
tions of the Upper Glenn. Carbomnaceous
Material (C)



124

common in 1ithofacies that are very fine to medium grained,
poorly sorted, and that contain irregularly distributed
clayey matrix (detrital and/or psuedomatrix) (Figures 61 and
62).

Oversized pores result from connection of adjacent
grain molds and/or dissolution of detrital matrix or cement,
Oversized pores occur with inhomogeneous packing and form
“channels” that may increase permeability significantly
(Figure 61).

Elongate pores also are common; generally they are
associated with inhomogeneous packing. They tend to be
along the boundaries of calcite-cemented rock, where calcite
has been dissolved (Figures 28, 46, and 48),

Corroded grain boundaries are commonly associated with
intergranular porosity and they generally occur in conjunc=-
tion with enlarged intergranular pores (Figure 48).

As mentioned earlier, intraconstituent pores or honey-

comb™ grains are very common and are associated with the

partial dissolution of feldspar grains along cleavage planes or

planes of twinning (Figures 43 and 48).
Fractured grains are rare and considered insignificant

relative to effective porosity.

Relationship Between Porosity and Permeability

Semi-logarithmic plots of porosity and permeability
from conventional core analyses are shown with well data in
Appendix B. Foot-by-foot values of porosity and permeabil-

ity are plotted with corresponding symbols and sample num-

)’»E;g
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Figure 61. SEM Photomicrograph, x250. Relief Pore Cast
of Sandstone Showing Angularity of Secondary
Pores (SP). Note Small Pore Throats (PT) and
Possible Straight-line Outline of Quartz Over-
growth (QOG). Partial Dissolution Feature
(DIS)



62. Thin Section Photomicrograph, Plane Polarize
Light. Sandstone Showing Residual

i

Hydrocar-

bons (RH) (Black) Filling Apparent Secondary
es Created by Dissolution of Grains and/o
*1tal Matrix, Enlarged Intergranular Por

=

}s» Grain Molds (GM



127

bers for each distinct sandstone body or specified litho-
facies, Figures 63, 64, and 65 show amounts of porosity as
compared to awmounts of permeability of each of the three
genetic sandstone bodies. Summary statistics were estimated
from sets of 50 random samples. The Upper and Middle sand-
stones are somewhat similar, in that they both tend to show
clustering and general straight-line relationship (c.f.
Figures 64 and 65)., However, there is notable difference in
the amount of scatter of the data points (c.f. correlation
coefficients) (Figure 65). Larger scattering of data of the
Upper Glenn may be due to the more varied grain sizes and
textures associated with particular lithofacies, in addition
to the relative abundance and influence of pore-filling
clays. Significantly larger porosities and permeabilities
are associlated with the medium grained lithofacies of the
Upper Glenn sandstone, whereas the finer grained lithofacies
tends to have somewhat less porosity and permeability (c.f.
Plates Il through XIII), Possibly the smaller scatter of
points in the Middle Glenm is due to its “massive” nature
and less varied grain size.

In the Middle and Upper Glenn, data points that indi-
cate relatively large porosities (18 - 22 percent) and rela-

”

tively small permeabilities (10 - 50 md) are indicative of
lithofacies that contain abundant clay minerals and/or shale
rip-up clasts (c.f, Plates II through XIII). However, a few
samples showing secondary pores and extensive silica cemen~-

tation may also have relatively high porosities and low
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permeabilities, Figure 160, Appendix E, shows examples of
mercury-injection capillary pressure tests of three selected
samples, two of which have similar porosities, but different
permeabilities., Relative disﬁlacement of the curves for
samples with similar porosity suggests differences such as
matrix and/or clay content, pore size, or pore-throat radii.
4 plot of pore throat radius compared to cumulative percent
of pore space of one sample is shown in Figure 158, Appendix
VE. Porosity of this sample is 19.4 percent and permeability
ig 64,5 millidarcies. Fifty percent of the cumulative pore
space has pore throat radii that are 3.5 microns or smaller.

Comparison of porosity and permeability of the Lower
Glenn with those of the iddle and Upper Glenn shows a dis-
tinct difference in the relationship (Figures 64 and 65,
c.f. to Figure 63). Average porosity and permeability of
the Lower Glenn are less, and variationm in porosity is
greater. Increase in slope (Figure 63) indicates that in
the Lower Glemn, for increasing amounts of porosity, perme-
ability inéreases at a rate greater than in the Upper and
liiddle Glenn. One hypothesis generated to explain this
relationship concerns the type and distribution of secondary
porosity in the sandstones. The Lower Glenn contains more
detrital matrix, rock fragments, and feldspar than the Upper
or Hiddle Glenn. Dissolution of unstable constituents and
detrital matrix could create more interconnected pores, and
these could be enlarged to some degree,

A plot of permeability compared to water saturation of

a core (Figure 159, Appendix E) shows that as amounts of
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water saturation increase,.permeability decreases,

Plots of porosity compared to permeability of the Upper
and Lower "lMon-Porous™ Zones ané¢ calcite-cemented intervals
are shown in Figures 66, 67, and 68, The Upper and Lower
“Non-Porous” Zones are similar; the Lower ~Non-Porous" Zone
shows slightly larger porosities but approzimately the same
permeabilities., This may be due to more sand than in the
interbedded, interlaminated sandstone and shale of the Upper
“Non-Porous” Zone (c.f. Plates II through XIII). The plot
of porosity compared to permeability of the calcite-cemented
intervals shows very low to almost nonexistent porosities
and permeabilities., In these intervals some dissolution of
calcite or replacement by dolomite, or dissolution of feld-
spar lecd to swmall amounts of porosity and permeablity.
Overall, these intervals are effectively vertical permeabil-

ity barriers with limited lateral extent.
Factors That Affect Porosity

Mineralogy, grain size, sorting, angularity, packing
and compaction, pore-throat size, dissolution and cementa-
tion are important depositional and diagenetic factors in-
fluencing porosity and permeability in sandstones (Petti-
john, et al., 1972). The detrital mineralogy of the Glenn
Sandstone is relativeiy consistent with only a few slight
differences among the three sandstone bodies. Figure 69
shows data from seive analysis showing the grain-size dis-

tribution of the "Main Pay” (Upper and Middle Glenn) rela-

il
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tive to the "Lower Hember” (Lower Glenn), “Non-Porous
intervals, and prodelta shale. Variation from fine to
medium grain seems to be characteristic of the upper parts
of the Upper Glenn and parts of the Lower Glenn sandstone
(cef. Plates II through XIII)., Grain size of the Middle
Glenn (very fine to fine) is relat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>