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ABSTRACT

Uncompacted and experimentally compvacted rock samples from Frio ‘A’ sandstones
and Anahuac shales, Hitchcock N.E. field (Galveston County). utilized in rock
mechanics studies were investigated‘,mésoscopically and microscopically to determine
fabric and grain movement. Sandstone petrography and porosity reduction were
measured by point counting to estimate the degree of shortening the sandstones had
undergone. Rounded, irregular to elongate grains of quartz, feldspar, rock fragments,
chlorite and shale cIasfs. and cements form the main constituents of fhe Frio "A’
reservoi‘r. Quartz and feldspars are corroded, whereas skeletal and vacuolized feldspars
form about 2 percent of the sandstones. |

The Frio ‘A’ reservoir consists of a stacked sequence of distributary-mouth-bar.
sandstones, delta plain units, and delta destructional units overlain by the
transgressive Anahuac shale. Grains within these sandstones are imbricated in shéliow
to steeply dipping crossbeds. Steeply dipping interference banding present on Fry
(1979) diagrams constructed from grain distributions in mouth-bar sandstones result
from foreset bedd'ing.

Point count .analyses indicate that the porosity has been reduced by 42 to 62
percent during experimental compactidn. Collapse of skeletal and vacuolized feldsparé
would reduce measured porosifies by 7 to 10 percent, whereas some additional
compaction can be taken up by deformation of ductile grains. A linear relationship
exists between percent porosity reduction and content of ductile grains and cements in
the Frio ‘A’ sandstones. These grains and cem,ents‘have deformed and lubricated grain
margins and thus facilitated intergfanular rotation and movement, allowing greater

shortening to occur where they are more abundant.



Experimental compaction has resulted in the development of vertical extension
fractures and shears inclined at 16 to 45'dég'reés to -the direction of maximum vertical
stress. A shear fracture in a'friéble mouth-bar sandstone at 9,166 ft (2.794 m) is
rimmed by a 3- to 5-mm-wide zone, within which the rock has almost retained its
original precompaction porosity. Horizontal and irregular vertical expansion fractures
héVe formed -sirhultaneously during bbst—ébmpacfion decompression of cores.

During experimental compaction, steeply imbricated elongated grains have rotated
more than 30 degrees into shear and vertical extension fractures that have facilitated
movement of grains thro_ugh bedding into vacant pore spaces to produce a closely
packed structufe. More shallowly imbricated elongated grains have rotated toward
bedding. This rotatibn and intergranular movement appear to be the majof deformation
the Frio ‘A" sandstones have undergone during éxperinﬁental compaction.

Initial strai‘n ellipses in Fry (1979) diagrams represent the preferred direction of
grain orientation, porosity development, and ﬂu‘id—flow direction in the Frio ‘A’
sandstones. Experimental compaétion has changed the axial ratios‘of initial strain
ellipses by 10 to 77 percént. After compaction, the trend of strain ellipse remains
parallel to the imbricate direction in the clean mouth-bar sandstones preserving the
interbed flow characteristics of these rocks. However, the strain ellipse has been
rotated into bedding in the clean channel sandstones, which show greatly reduced
porosities from compaction. Interbed porosity is thus greatly reduced by compaction in
the distributary channel sandstones.

Development of crosscutting compa.ction shears in the clean distributary—mduth-bar
sandstones surrounded by a 3- to 5-mm-wide zone in which the pre—compaction
porosity is largely retained has implications for the maintenance of large production

rates in geopressured and coproduction reservoirs. These compaction fractures may



preferentially open during hydraulic fractqring of the compacted sa'ndstones’and form

excellent cond‘uits for incfeased fluid flow to fthé well bore. |
Knowledge of the preferential fluid-flow directions in sandstone reservoirs is critical

in efficiently Ioéatihg production boreholes in geopressured and hydrocarbon reservoirs

and guard wells in coproduction fields.

INTRODUCTION

Mesoscopic and microscopic analyses Qf rock samples utilized in rock mechanics
studies were originally designed‘ to determine the fabric and movement history (Turner
and Weiss, 1963) of undeformed andvexper.ir’nentally deformed Fr‘io ‘A’ reservoir
sandstones from the Hitchcock N.E. field (Galveston County, Texas). These Upper
Frio sandstones were deposited in the same distributary-mouth-bar environment as the
Lower Frio ““Andrau’’ geopressured sandstones at the Pleasant Bayou well, and their
fabrics and movement history under experimental deformation should therefore be
similar. The fabric and movement of undeformed and experimentally deformed deltaic
sandstones were to be determined by mesoscopic, transmission, and scanning electron
microscopic (SEM) analyses of or‘iented core samples. The preferred orientation of
mineral grains was to be measured using a ‘universal stage. This project was designed
to complement the detailed rock mechanics studies being conducted at The University
of Texas at Austin.

Because of a cutback in funding for this project and the presence of a very
mixed and deformed initial mineralogy in the Frio ‘A’ sandstones, it was decided to
discontinue uniyersal stage work and to apply Fry’s (1979) method of graphical fabric
analysis. Fry's (1979) method, which employs microphotography and is computerized,

is considerably faster than the universal stage method and would allow a more

complete analysis within the limited time available. Eighteen rock sections were also



point co’unted" to measure the reduction in‘ porosity. and thus dégree of shortening the
“sandstones had -undergone as a result of"é'iiiéfirﬁental compaction.

The Frio ‘A’ sandstones were found to contain abundant rounded, angular, and
elongated quartz and feldspars showing a varied assemblage of deformation textures
and undulosé extinction, which made the use of the universal stage as a grain-
orienting mechanism un‘satisfactory.' ‘”FL>1Art'hermore. tHére were abundantbelongated rock
fragments whose orientation could not be measured by the universal stage method.
The Fry (1979) method, which considers only the relative position of grain centers,
and the overlay (grain long axis) method take account only of grain position and
- shape and are therefore more reliable indicators for detecting changes in grain fabric
due to experimental compaction. ‘

- Ragan (1968) has ouflined the relationship between iMposed triaxial stresses and
subsequent strains resulting from them in deformed rocks. Stress at any point can be
represented by three mutually perpendicular stresses; the greatest principal stress
(sigma 1), the intermediate principal stress (sigma 2), and the least principal stress
(sigma 3) (fig. 1a). Only planes parallel to the principal (vertical) stress (sigma 1)
are subjected solely to normal stress, whereas on all other planes stress includes a
normal stress intermediate between sigma 1 and sigma 3 and é shearing stress (Tau)
écting parallel to the plane (fig. 1b). When brittle or semibrittle isotropic rocks fail
under compression, two conjugate sets of fractures may form (fig. 1c). usually_ at
angles (of internal friction) of 30 to 45 degrees to the greatest principal (vertical)
stress sigma 1.

Where rocks have undergone homogeneous strain as a result of imposed stresses,
spheres beCome'eIIipsoids. circles become ellipses, and lines and planes become linear

and planar (Ragan, 1968). In normal strain, both distortions and rotations occur
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Figure 1. (1a) Geometry of triaxial stresses. (1b) Plane showing traces of planes of
maximum shearing stress (Tmax) and conjugate fractures in experimentally deformed
rock cylinder showing semibrittle behavior. (1c) Different movement patterns that
produce identical strain ellipses. (1d) Pure shear. (1e) Simple shear.
(1f) Relationship between initial circle, strain ellipse, and lines of no finite longitudinal
strain (A-A) and (B-B). Figures after Ragan, 1968.



though only the irrotational component is considered in strain analysis and the volume
is assumed to be constant. However, i,n;‘cl'asti'c rocks with é high porosity this
constant volume assumption is im)alid. as shown by the large reduction in porosity of
the Frio 'A'_sandsfones after experimental compaction (ta.bles 1 and 2).

Different types of movement patterns such as pure and simple shear can also
produce identical strain ellipses (fig. 1d and 1e). During homogeneous strain (volume
constant) all lines in a material are elongated or shortened (fig. 1d and 1e). The
lines of maximum (E-E) and minimum (S-S) elongation of an ellipse (fig. 1f) are
termed the principal strains, and their orientation and values define the irrotational
strain component. The relative cha‘nge in the elongation can be defined by the

‘reciprocal quadratic elongation:
Lambda = L0%/L12

Where LO = original length
‘L1 = neV\; length
(Ragan, 1968).

The Fry (1979) method has been used to produce strain ellipses in both the
uncompacted and the experimentally compacted sandstones, but as strain has involved
a major volume change only the relative eIongati‘on has been estimated.

Fry’s simple and elegant method for determining the finite strain iﬁ a rock (Fry,
1979: Hanna and Fry, 1979), being relatively rapid and practical, is suited to rocks
that lack plastically deformed elliptical markers (Crespi, 1986). A central vacancy field
in the Fry (1979) diagram shows a very low point concentration, which can have a
circular (no strain) or elliptical (rock subjected to strain) form (Ramsay and Huber,

1983). The shape and Qrientation of the strain ellipse are directly recorded by the



Table 1. Point count analyses of 18 Frio 'A' sandstone samples,
Delee No. 1 well.

Shale and
Depth of Brittle Ductile Carbonate Number of
Sample Core Porosity  Grains Grains Cement Points State of
No. Samples % % % % Counted Core

09001 9156.06 13.51 64.87 15.67 5.95 185 Uncompacted
09000 9156.06 15.25 50.75 15.0 19.0 200 Uncompacted
09012 9156.06 7.25 71.25 11.0 10.5 200 Compacted
09013 9156.06 5.3 65.37 19.23 10.1 208 Compacted
09015 9156.06 7.0 65.75 16.25 11.0 200 Compacted
09003 9166.0 18.5 70 6.75 4.75 200 Uncompacted
09004 9166.0 22.7 63.76 7.14 .4 203 Uncompacted
09017 9166.0 11.03 71.6 10.09 7.28 213 ~ Core Center

Compacted
09017 9166.0 19.38 64.33 9.83 6.46 178 Shear Area

Compacted
09018 9166.0 12.79 76.75 7.44 3.02 215 Compacted
09006 9178.3 16.5 63.5 16.75 3.25 200 Uncompacted
09007 9178.3 18.5 64.25 13.5 3.75 200 Uncompacted
09021 9177.5 8.53 69.73 -20.52 1.22 246 Compacted
09020 9177.5 11.19 56.08 29.5 3.23 201 Compacted
09009 9189.5 21.7 61.23 12.68 4.39 205 Uncompacted
09010 9189.5 17.75 62.75 15.5 4.0 200 Uncompacted
09025 9189.5 6.76 68.16 15.42 9.66 207 Compacted
09026 9189.5 8.5 63.75 22 5.75 200 Compacted
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elliptical form of the field.‘and if no vacancy field exists after 50 moves of the grain
centers, the initial aggregate is inferred to possess a completely random arrahgement
(Ramsay a‘nd Huber, 1983). Under these circumstances no final solution Can be found
(Ramsay and Huber, 1979).

An additional problerﬁ is the existence of an initial eccentricity of grains prior to
straining, as the deformed shape of gréins doe; noti directly reflect the shape of the
strain ellipsoid (Lisle, 1979). Their final axial ratios‘and orientations are a result of
" the combined effects of their pre-tectonic (sedimentary) elongations (axial ratios) and
the superimposed strain (Lisle, 1979). FurtHermore, elliptical vacancy fields in some the
Fry (1979) diagrams from Frio ‘A’ sandstones have been reduced to circular vacancy
fields during the experimental compacti<‘)n. which makes the direct use of the strain
ellipse as an indicator of’ strain questionablé.

Fry's (1979) method requires the distribution of the strain markers to be
anticlustered as opposed to random (’Crespi, 1986). An anticlustered distribution has a
preferred minimum distance between pointé such as a hexagonal grid of points (Fry,
1979). In a random (Poi‘sson)‘distribution, there are no constraints in positioning the
points, and the minimum allowable distance is zero (Crespi. 1986). Fry (1979) noted
that the closer a distribution departs from a random distribution toward an
anticlustered the greater the accuracy in the‘ determination of the strain ellipse. The
degree of anticlustering is a functidn of several variables But tends to be equated
directly with sorting (Bhattacharya and Longiaru, 1986: Onasch; 1.986a,‘b).‘

Fry (1979) diagrams are characterized by a central vacancy field that may have a
girdle of high point density for strongly anticlustered distributions (Crespi. 1986) In

order to perfectly define the strain ellipse at least 50 points are required bounding the



vacahcy field, which necesbsitates the use of 100 contiguous grain centers in a strongly
anticlustered distr‘ibution and mo‘re than 8b0 points for weakly anticlustered
distributions (Crespi, 1986).

Strongly to very strongly anticlustered distributions have degrees of anticlustering
between 0.73 and 0.86 (Crespi, 1986). Poorly sorted graywackes (Rousel, 1972) and
well-sorted sandstones (Wanless and 6thers. 1955) have degrees of anticlustering of
0.66 and 0.70, respectively (Crespi,‘ 1986). Frio ‘A" sandstones are on average
“moderately sorted and Wéuld thus have a degree of anticlustering near 0.68. This
implies that some 200 grain centers would need to be used to generate a perfect
strain ellipse on the Fry (1979) diagrams‘(Crespi, 1986). This is in contrast to the
relatively. small number of contiguous grain centers (50) that Ramsay and Huber
(1983) state are required to determine the shape of‘ the vacancy field. |

More than 200 grain centers were usea in initial tests of the Fry (1979) diagrams
for Frio ‘A’ sandstones at 9,166 ft (2,794 m). However, these diagrams took up to
30 minutes to run, and the point density ﬁsually masked out any interference patterns
visible in the surrounding fields in diagrams constructed with fewer points. Fifty grain
distributions were also found to generate ellipse-shaped vacancy fields more closely
related to grain shape and orienta‘tion. Furthermore, the use of the strain ellipsoid to
determine imposed deformational strain assumes no volume change (Ragan, 1968),
which is invalid for the Frio ‘A’ experimentally deformed sandstones. Two sets of Fry
(1979) diagrams With éround 200 and 50 grain centers were generated in »order to
determine qualitatiye changes in the rock fabric from experimehtal compaction.

Onasch (1986a,b) modeled pressure-solution deformafion using the Fry (1979)
" method and concluded that the Fry (1979) diagram for pressure-solution deformation

would be characterized by vertical zones of high point density corresponding to

N
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dissolution surfaces and have a poorly defined central vacancy with little bearing on
the total strain in the model. Very few ‘stylolitic contacts were observed in the Frio
‘A’ sandstones, although quartz overgr.owths do occur and pressure-solution
deformation appears to be of minor importance in the experimental compaction of

these sandstones.

FACIES ANALYSIS AND DEPOSITIONAL ENVIRONMENT

General Depositional Environment

The general deposiﬁonal environment of the Frio A’ sandstone in the area of the
Hitchcock N.E. field has been described by Light (1985). This gas-condensate reservoir
consists of a stacked sequence of distributary—mouth—baf sandstones and thin delta
plain and destructional units and is overlain by the transgressive Anahuac shale.

A light-gray, ffne to medium grained, moderately sorted sandstone occurs near the
base of the Frio ‘A’ interval at 9,189.5 ft (2,801 m). This well-bedded sandstone is
highly indurated, contains spotty kaolinite cement, and is moderately contorted.
Irregular layers of calcareous material occur within it, especially near the top where an
upper channel unit has erosively cut into the basal sandstones. Sedimentary structures
such as plane bedding and penec‘dntemporaneous slumps suggest upper-flow-regime
sedim‘éntation conditions and. high pore pfessures. respectively. These structures imply
rapid depositioﬁ of the sand body (Coleman and Prior, 1980). The indurated
sandstone at 9,189.5 ft (2,801 m) is cross-bedded and upward fining and is
interlayered with planolites bearing rippled marine shales, suggesting that it is a

distributary channel.
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A very uniform, fine- to medium-grained. cross bedded, glauconitic sandstone
forms a 24 ft (7.3 m) thick pordus interval from 9,157 ft (2,791 m) to (2,798 m)
where it hés a sharp contact with ‘unde‘rlying shales. These even grained sandstones
are light green, light gray-green, and tan and contain clear to milky quartz grains.
The rounded quartz grains appeavr to be coated witﬁ iron oxide, suggesting a fluvial
derivation (N. Tyler, personal comrﬁuniéétion, 1985) whereas inclined ‘and horizontal
burrows and contorted bedding imply periods of rapid deposition (Blatt and others,
1972; Reineck and Singh, 1975). The upward‘decrease in porosity and permeability
and presence of carbonaceous material, mica, and glauconite suggest deposition in a
fluvially dominated mouth-bar deposit‘(Selley,k 1979; Coleman and Prior, 1980). Near
the base of the 24-ft (7.3 m)-thick interval”at 9,177.5 ft and 9,178.3 ft (2.797.3 m
and 2,797.6 m) the crossbedded mouth-bar sand‘stones are very indurated and contain
spotty patches of authigenic kaolinite cement that have reduced reservoir quality (Light
and D'Attilio, 1985). The upper half of the 24-ft-thick (7.3 m) sandstone unit
(9.157 ft to 9,167 ft; 2,791 m to 2,794 m) is burrowed at various levels, more
variable in nature, more closely laminated, and shows indistinct bedding.

The major‘ distributary;mduth—bar unit is capped by a thin, upward-fining channel
sandstone (9,156 ft to 9153.5 ft; 2,791 m to 2,790 m) that is erosively based and
contains a lag conglomerate. These fine- to medium-grained, moderately sorted cross-
bedded sandstones are light-green to tan. The channel sandstoné is indurated and very
calcareous at the base but grades up into fine sandstones interbedded with silty
shales near the top. The subrounded and moderately sorted initial fabric of the
channel sandstone is similar to that of the underlying stacked distributary mouth bar,

suggesting that it has cut its way through its own distributary-mouth-bar system.
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Initial Clastic Fabrics

The degree of preferre}d orientation in coastal sandstones is strongly affected by
local morphology. wave energy, ripple formation., biogenic activity, penecon-
temporaneous defbrmation. and post-depositional effects (Seibold, 1963). Sand—grain
orientation is more sensitive thaﬁ other‘sédim>entary structures (e.g.. pebble
“orientation) in providing information on local details and variations of fluid flow (fi‘g.
2) (Reineck and Singh, 1975). Quartz grains tend to be orientéd perpendicular to the
elongation of coastal sénd bodies, whereas fluvial sand grains lie parallel to the
elongation of the sand body (Wendler, 1956; Young and Mankin, 1961;>Reineck and
Singh, 1975). Sand-grain elongation in sand bodies of known origin can be used to
define the configuration of the sand body (Curray. 1956), whereas the origin of a
sand body can be predicted if the orientation of the sand grains and cdnfiguration of
the sand body are known (Reineck and Singh, 1975).

On beaches, quartz grain orientati‘on is mainly controlled by the direction of
backwash (ebb-flow) and wave propagation parallel' to which the grains are oriented
(Nanz, 1955; Curray, 19‘56; Spriramadas, 1957)." Nachtigall (1962) and Seibold (1963)
found that quartz grains in coastal sands also shpw‘ a subordinate maximum normal
to current fléw while in certain cases they may be faintly imbricated (Rusnak, 1957).

The average fabric direction in foresets is similar to the trend of the parting
lineation and hence current direction (fig. 2)(Potter and Mast, 1963). Quartz grains
are imbricated upcurrent on foresets and where sand has been heaped underwater to
produce a monoclinic symmetry (fig. 3)(Schwarzacher, 1951; McBbride, 1960: Potter
and Mast, 1963).
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Figure 2. Relationships between current direction and apparent long axes of 3,493
quartz grains from foreset beds and 1,102 quartz grains from parting lineation.
Average direction of long axis is closely parallel to current direction as defined by
current structures. After Potter and Mast, 1963.
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Figure 3. Block diagram of homogeneously anisotropic sandstone in which the long

axis orientation and imbrication of sand-sized particles display a monoclinic symmetry.
After Potter and Mast, 1963.
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MESOSCOPIC AND MICROSCOPIC ANALYSES

Fracture Systems

Experimentally compacted Anahuac shale and Frio "A’ sa‘ndstone cores were
subjected to mesoscopic structural analysis with a binocular microscope and
_photographed prior to rock sectioning. Several intersecting fracture systems were
observed.

A compacted glauconitic siltstone core at 9,068.3 ft (2,764 m) within the
Anahuac Formation shows a well-developed listric shear fracture dipping at 30 degrees,
along which glauconité grains have become iron stained. This core is also cut by an
en echelon set of subhorizontal extension fractures that dip at 10 to 12 degrees and
splay out adjacent to the cross-cutting shear fracture. No iron-stained glauconites
occur along the extension fractures, indicating thaf they postdate the shear formatibn.

At 9,072.8 ft (2,765 m) a compacted Anahuac shale core contains swarms of en
echelon and sigmoidal splay fractures formed adjacent to oblique shears, suggesting
that shearing is a rrrore penetrative phenomenon in this rock. A compacted Anahuac
shale core at 9,076 ft (2,766 m) contains a listric shear which has a decreasing dip
angle from 84 degrees at the top to 45 degrees near the base. Slickensides present on
the shear plane make an angle of 38 degrees with the vertical, indicating that
shearing was subvertical. ‘The listric shear displaces straight to irregular horizontal
extension fractures that have different and often opposite displacements on either side
of the shear, indicating that they postdate shearing.

A horizontal extension fracture is terminated by the shallowly dipping base of a
shear fracture in the compacted Anahuac shale core at 9,081.1 ft (2,768 m). This
shear fracture predétes the extension fracture but has been reactivated as an extension

fracture during decompaction. Similarly in a compacted Anahuac shale core at
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9.067.3 ft (2,764 m) (fig. 4) horizontal extension fractures are displaced by well-
developed, fairly straight vertical extenéiéﬁ’ fractures. These horizontal extension
fractures have different and often opposite displacements on opposite sidés of the
vertical fracture, indicating that they formed after it.

Other vertical extension fractures in the Anahuac shale core at 9,067.3 ft
(2,764 m), which are too irregular (flg 4) for Qeft‘ical displacement to have occurred
‘along them, displace some horizontal extension}fractures while they terminate against
others, suggesting that they formed at a similar time.

During the phase of experimental compaction and vertical rock shortening, shear
fractures formed, and high-temperature oxidizing fluids resulted in oxidization of
glauconites along these shears in glauconitic siltstones. Shear formation has been more
penetrative én’d resulted in the deformation of a wide zone in the shales. Relatively
straight vertical extension fractures (parallel to maximum stress) may have formed
“simultaneously with the shear fractures or later in the more shaly rocks. ‘Eviden‘tly
decompression of the shale cores following experimental compaction has resulted in the
almost simultaneous development of irregular vertical and subhorizontal extension
(expansion) fracture systems. The horizontal bréaks have been controlled by weak
bedding contacts, which have allowed them to jump to different levels on either side
of the vertical extension fractures. B

Three sets of fracture systems have developed in the experimentally compacted
crossbedded channel sandstone at. 9,156 ft (2,791 m)(fig. 5). An open, in part en
echelon, subvertical extension fracture dipping at 72 degrees appears to be an
intergranular (fig. 5a) break and has formed from relative stress release during
experimental corﬁpaction. Muscovite mica flakes were seen to extend into the open

fracture and were not deformed, indicating that no shearing occurred during the

opening of this fracture set. Small shear fractures have formed on either side of the

17



b

Figure 4. Experimentally compacted Anahuac shale core (9.067.3 ft, 2,764 m) showing
(4a). development of vertical and horizontal extension fractures as well as (4b),
irregular vertical fracture systems.
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Figure 5. Experimentally compacted Frio ‘A" sandstone core (9.156 ft, 2,791 m)
showing development of (5a), steep., and (5b). shallowly dipping fractures.
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subvertical extension fracture inclined at angles of 24 to 33 degrees to it. The shear
fractures postdate the extension fractufé 'aél t‘h“e‘y terminate against it.

An open extension fracture dipping at 27 degrees (fig. 5b) has developed along
one of the brownish (iron-carbonate-rich) crossbed lamina that occur erratically within
this rock. ‘This fracture is intergranular and has apparently opened during stress‘

- release at the termination of the compaction experiment.
Diagenetic Textures of Channel Sandstones

Microscopic analyses of the channel sandstone at 9,156 ft (2,791 m) indicate that
it is very poorly sorted. containing rounded, angular to elongate grains of quartz,
feldspar (plagioclase, orthoclase and microcline, and microcline perthite), chert, volcanic,
igneous, and metamorphic rock fragments, chlorite and shale clasts, and accessory
hyperthenes, garnets, and ores. Quartz and feldspars are corroded, and skeletal and

vacuolized feldspars formed during secondary porosity development are abundant.
|

Kaolinite that postdates quartz corrosion has replaced feldspars. Quartz
1

overgrowths are present, whereas the feldsqars are sericitized. Plagioclase shows
alteration to sericite along cleavages and is rfmmed by later kaolinite, whereas late-
stage chlorite cement cross"cuts‘ kaolinite ir?tergrowths. Dark-reddish-brown iro.n
carbonate with some sparry calcite cemen}ts crosses beds that show increased

- -‘ . )
concentrations of chlorite clasts and volcanic rock fragments. The iron carbonate
| .
cement has partly formed from the breakdown of feldspar that it sometimes rims.

\
Sparry calcite also rims corroded feldspars. Detrital biotites, muscovites, and chlorites

\
occur sparingly. ‘
\

Very little penetrative deformation is visibie in the channel sandstone at 9,156 ft
. |

(2,791 m). Deformation bands are present ini‘irregular K feldspars, and some appear

to be oriented at angles of 30 to 40 degrees "‘co the direction of maximum stress. The
. . - .
deformation bands are displaced in one crystal by a short shear oriented at 45
|
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degrees to the principal direction of stress. Qne muscovite flake oriented at 45 degrees
to the direction of maximum stress sIﬂoWé‘a S‘:'I';lght kinking, and deformation twins in
a'n adjacent plagioclase were oriented parallel to the axis of the kink.

Two fracture sets are present in the experimentally compacted channel sandstone
at 9,189.5 ft (2,801 m). An early, fairly irregular shear fracture ‘dips at 66 to 69
degrees and is refracted through kaolinite and céléareous_cemented beds (fig. 6a). Late
horizontal extension fractures occur at the one end of the core and crosscut the shear
fracture. The deVelopment of intergranular rock flour, which postdates original coring"
and mudstaining of the rock, suggests that shearing has rotated and comminuted
grains. |

The channel sandstone at 9,189.5 ft (2,801 m) contains the same mineral
assemblage as that described’in the channel sandstone at 9,156 ft (2.791 m).
However, only a trace of reddish-brown iron calcite and sparry calcite cement occurs
in the channel sand at 9,189.5 ft (2,801 m). whereas kaolinite cement is more
abundant. Iron carbonate andbsparry calcite cement rims quartz grains and is rimmed
by kaolinite cement. Chlorite was fo‘und to rim both unaltered and kaolinized feldspars.

Iron-pore calcite occurs earliest and is followed by ferroan calcite in Frio
~sandstones iﬁ Brazoria County, whereas calcite Ieachihg must have preceded or
occurred contemporaneous with kaolinite cement (Kai%er and Richman, 1981). Previous
work 6n the Frio ‘A’ sandstones at the Hitchcock N.E. field showed that iron-chlorite
formation postdated quartz overgrowths and framboidal pyrite on which it has formed
(Light, 1985). Only one horizontal muscovite ‘ﬂake showed kinking, and a deformation
band extended from this kink into an adjacent quartz grain at 45 degrees to the

direction of maximum stress.
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Figure 6. Experimentally compacted Frio ‘A’ sandstone cores showing (6a), excellent
development of a crosscutting shear (9,189.5 ft, 2,801 m) and (6b) incipient
development of a crosscutting shear (9,166 ft. 2,793 m).
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Diagenetic Textures of bfstriﬁﬂiary—MoUth—Bar Sandstones

The medium-grained distributary-mouth-bar sandstone at 9,166 ft (2,794 m) is
very clean, well sorted, relatively uncemented, and friable. An incipient ‘shea'r‘ fracture
has formed in the experimentally compacted‘ core and dips at 55 degrees (fig. 6b).
This shear fracture shows no visible extension and is rimmed by a zone some
3 to 5 mm wide where the rock has almost retained its original precompaction
porosity.

In addition to the mineral assemblage already described, the mouth-bar sandstone
also contains glauconite, perfectly rounded quartz grains, and extremely elongated
feldspar laths, probably of eolian and volcanic origin, respectively. Feldspars were
vacuolized during secondary porosity formation. Dolomite rhombohedrons are locally
replaced by iron carbonate. However, carbonate forms a trace cement in this rock,
whereas kaolinite is. more abundant. Deformed shale clasts occur intergranularly to
quartz and feldspar grains in the undeforrhed rock.

In the ‘compacted sandstone at 9,166 ft (2,794 m)(fig. 6b), some deformation
structures can be attributed to the experimentally imposed‘ sfress.. One quartz grain
showed strong deformation bands developed at 36 degrees to the maximum stress.
Two quartz grains had an intergrown (stylolitized) contact, suggesting pressure
solution effects. One horizontal elongated plagioclase lath was kinked and fractured
over a quartz grain cut by a throughgoing shear at 45 degrees to the principal stress.

The experimentally' compacted mouth-bar sandstone at 9,177.5 ft (2,797.3 m)
shows the development of two sets of fractures (fig. 7a and 7b). A listric shear .
fracture has a dip that varies from 22 degrees at the top to 29 degrees at the base.
Part of the shear is represented by a system of en echelon shears along which it has
stepped laterally while it is crosscut by a second group of shorter incipient shears
dipping at 45 degrees in the opposite direction. The major listric shear is refracted

into bedding at the center of the core where a horizontal extension fracture has
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Figure 7. Experimentally compacted Frio ‘A’ sandstone core (9.177.5 ft, 2,797 m)
showing development of intersecting horizontal and shear fracture sets.
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formed on the downthrown side of the shear. The arrangement of an exbtension
fracture on one side of the core which terminates against, but displaces a shear on
the.other side suggests that the core may not have been compressed uniformly during
the compaction experiments. However, the very irregular, cavernous, and intergranular
nature of the horizontal extension fracture suggests that it is a post-compaction
expansion break.

The indurated distributary-mouth-bar sandstone at 9,177.5 ft (2,797.3 m) has a
mineral assemblage similar to that of sandstones already described but contains in
addition clear to milky quartz with quartz overgrowths, reddish microclines, kaolinized
feldspars and carbonaceous fragments, glauconite, and a trace of amphibole. Kaolinite
cement is fairly abundant and sporadically fills cavities between grains, giving a spotty
appearance to the rock. Reddish—brO\‘/v.n iron carbonate forms a trace cement but rims
quartz overgrowths, indiéating that it is a subsequent event.

Secondvary dissolution porosity has formed from the partial or com[;Iete
vacuolization of feldspar (particularly plagioclase), which has resulted in only the rims
of some crystals remaining. Some feldspar overgrowths are formed of microcline, which
surrounds an inner rim and corroded core of remnant iron carbonate. Kaolinite has
cemented corﬁpletely vacuolized feldspars in which only the feldspar overgrowth has
remained intact. EVide_ntIy during the diagenesis some feldspars were overgrown with
~feldspar and subsequently the core was replaced by iron carbonate. Later these iron
carbonates and feldspars were corroded and the rock cemented erratically by kaolinite.

One elongated quartz grain oriented perpendicular to the principal stress in the
mouth bar sandstone at 9,177.5 ft (2,797.3 m) was kinked and had deformation
bands oriented at 45 degrees to the major compression. One flake of muscovite mica
oriented at 45 degrees to the principal stress had been kinked and crumpled and

broken between adjacent quartz grains.
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Interpretation

The only clear evidence of intragranular deformation of grains within the Frio ‘A’ »
sandstones is fhe presence of deformation bands in some quartz and K feldspars
orientéd at 30 to 45 degrees to the principal stress, the kinking of horizontal or
inclined elongated feldspars and micas. the crufnpling and breaking of some inclined
micas, and the collapse of vacuolized feldspars and remnant feldépar overgrowths.
Vacuolized and skeletal feldspars représent about 2 percent of the volume of the
sandstones, and complete collapse of these grains under experimental compaction
would reduce the measured porosity by‘ 7 to 10 percent of its original value. Shale‘
and chlorite clasts have probably been furthér deformed and flattened, and there is

some evidence of comminution of grains.
POINT COUNT ANALYSES

Point count analyses were made of 18 vertical slides cut subperpendicular to
'Bedding and parallel to core axes in both the uncompacted and experimentally
compacted sandstones from the Delee No. 1 well (tables 1 and 2 and figs. 8. through
10). Two vertfcal sections (a-c and b-c axes, perpendicular to one another) were point
counted for each core sample of both the uncompacted and the experimentally
compacted material. |

Minerals identified in the Frio ‘A’ sandstones were subjectively allocated to three

main groups:
Brittle Grains

Quartz, feldspar, ore, igneous and metamorphic rock

fragments, sandstone, siltstone, and chert
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Figure 8. Porosity reduction in experimentally compacted Frio ‘A’ sandstones compared

to the percentage content of fabric components.
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porosity.
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Figure 10. Percentage of ductile grains and carbonate cement in the Frio ‘A’
sandstones versus the percentage porosity reduction per unit porosity for 8 percent
total shortening.
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Ductile grains

Glauconite, chlorite, mica. chloritized volcanic rock

fragments, and shale clasts

Cements

Sparry calcite, iron carbonate, kaolinite, and chlorite

Quartz and feldspar overgrowths have been included in the brittle grain group
because they are generally well cemented onto sedimenta‘ry grains.
| Total shortening (as measured by porosity reduction) for the Frio 'A" channel
sandstones varies from 7.9 percent (9.156 ft, 2,791 m) to 12.1 percent (9.189.5 ft,
2,801 m)(table 2). The distributary-mouth-bar sandstones, however, show a more
consistent total shortening of 7.6 percent (9.177.5 to 9,178.3 ft, 2,797.3 to 2,797.6 m)
to 8.7 percent (9,166 ft, 2,794 m) consistent with them having a more highly
winnowed, homogeneous nature. The pfocess of shortening due to experimental
compaction appears to have occurred almost entirely by grain rotation, intergranular
(grain boundary) slip, and graibn rearrangement with some grain comminution. Thére is
a general lack of deformation fabrics that can be traced from one grain to the next.

The range in point count values for the porosity of the uncompacted and
experimentally compacted sandstones is graphically displayed in figure 8 and compared
to the abundance of fabric components. Porosity was also estimated within a 3 mm
uncompacted zone adjacent to a shear in the friable mouth-bar sandstone at 9,166 ft
(2.794 m) and is compared to the porosities away from the shear in uncompacted
and compacted sandstones at the same dépth (fig. »8). The relatively uncbmpacted

shear zones developed along incipient shears in the experimentally compacted friable
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mouth-bar ‘sandstones at 9.166 ft (2,794 m) have retained almost their original pre-
compéction pofosities (table 1, fig. 8).

The greatest porosity reduction per unit porosi{:y (61.3 percent) is shown by the
channel sandstone at 9.189.5 ft (2,801 m), which contains 18.5 percent of ductile
grains and cements (fig. 1. table 2). In contrast, in the channel sandstone at 9,156 ft
(2,791 m) porosity reduction per un‘it porosity is 54.7 percent, and it contains 26.4
percent of ductile grains and cements (fig. 1, table 2). Evidently such large porosity
reductions cannot result from collapse of skeletal or vacuolized feldspars because the
latter could only produce a 7 to 10 percent porosity reduction per unit porosity.

The trend of the percent porosity reduction curve for the experimentally
compacted Frio ‘A’ sandstones is similar to the trend of abundance of ductile grains
and cements in the sandstones, particularly when normalized to 8 percent total
shortening (fig. 9). At 8 percent total ‘shortening there is an approximate linear
relationship between the normalized percent porosity reduction and the concentration of
ductile grains, shale, chlorite, and carbonate cements (fig. 10). Evidentlly these ductile
grains and cements have deformed and lubricated grain margins and thus facilitated
intergranular rotation and movement, allowing greater degrees of relative shortening to
occur where they are abundant. This appears to be the major mechanism by which

the Frio ‘A’ sandstones have deformed during experimental compaction.

GRAIN ORIENTATIONS IN VERTICAL SECTIONS

The long axes of grains were measured in vertical sections in both the

uncompacted and compacted sandstones at the four core sample positions in the Frio

‘A’ sandstone (9.156 ft, 2,791 m: 9,189.5 ft, 2,801 m; 9.166 ft, 2,794 m; 9.177.5-
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9,178.3 ft: 2,797.3, 2,797.6). Grain long axes were then digitized and plotted using the
ROSEDIA program. Moving-average diagrams of the boundary of the radial distribution
for cumulative percentage of axial length were found to give the best definition of the
grain orientations and are shown in figures 11 thfough 14.

Most grains in the uncompacted ‘fine to medium gra’ined; calcareous channel
sandstone at 9,156 ft (2,791 m) are oriented wifrhin (30 dégrees of bedding (parallel té
crossbeds/reverse imbricated?). whereas another major group shows normal imbrication
‘inclined upslope between 20 and 30 degrees (fig. 11).

In the experimentally compacted sandstone (9.156 ft: 2,791 m). the group of
imbriéated grains has rotated through some 10 to 15 degrees toward the bedding, a
result of vertical shortening of the sample. However an additional group of ‘grains has
rotated into a shear direction at an angle of 30 degrees to the maximum veftical
stress (fig. 11). These shear-driented grains are probably derived from reoriéntation of
steeply dipping normal and reverse imbricated grains (fig. 11). Reorientation of grains
into a shear direction would allow them to move through the bedding surfaces to fill
vacant pore spaces and produce a closer packed fabric.

The uncompacted, highly indurated channel sandstone at 9,189.5 ft (2,801 m)
contains. a major proportion‘o‘f grains normally imbricated at angles of 15 to 75
degrees to bedding. whereas a smaller group lies subparallel-to bedding (fig. 12).
Some grains have axial orientations between those of the imbricated and normally
bedded particles (fig. 12).

Experimental compaction of the channel sandstone at ‘9.189.5 ft (2.801 m) has
resulted in major reorientation of imbricated grains parallel to bedding through at least
35 degrees. In addition some grains in the compacted sandstone have become
reoriented vertically, parallel to probable extension fractures and at 30 degrees from

vertical parallel to incipient shear trends (fig. 12). The presence of a large percentage
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Figure 11. Comparative rose diagram showing the cumulative percent orientation of
grain long axes for uncompacted and experimentally compacted Frio ‘A’ sandstones
(9.156 ft, 2,791 m).
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Figure 12. Comparative rose diagram showing the cumulative percent orientation of

grain long axes for uncompacted and experimentally compacted Frio ‘A’ sandstones
(9.189.5 ft, 2,801 m).
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grain long axes for uncompacted and experimentally compacted Frio ‘A’ sandstones
(9.166 ft, 2,794 m).
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Figure 14. Comparative rose diagram showing the cumulative percent orientation of
grain long axes for uncompacted (9.178.3 ft, 2.797.6 m) and experimentally compacted
(9.177.5 ft, 2,797.3 m) Frio ‘A’ sandstones.
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of imbricated grains at steep angles to bedding and intergranular ductile materials
(18.5 percent, table 3) in the uncompacted sandstone has facilitated the movement of
grains through bedding into vacant pore spaces during compaction. Grain movement
has resulted in the large total shortening shown by the sample (12.1 percent, table 2)
and the well-developed. close packed‘ fabric. (fig. 16d. table 4). Acfoss-bed movement
may have been assisted by reorientation of some grains to shear and extension
fracture trends.

The friable distributary-mouth-bar sandstone at 9,166 ft (2,794 m) contains the
smallest percentage of intergranular ductile and carbonate material (table 2) and s‘hows‘
the least measured total shortening (79 percent, table 2). Most grains in the
uncompacted mouth-bar sandstone at 9.166 ft (2,794 m) are normally imbficated at
an angle of about 30‘t6 35 degrees with respect to foresets (dipping at 45 degrees to
left, fig. 13). A smaller percentage of grains is normally imbricated at angles of 22 to
35 degrees with respect to the bedding while a smaller concentration is perpendicular |
to bedding (fig. 13).

Experimental compaction of the mouth-bar sandstone at 9,166 ft (2.794 m) has
resulted in the major rotation of grains, imbricated at less than 30 degrees with
respect to foresets, by more than 35 degrees into a shear orientation at 30 degrees
from the vertical maximum stress (fig. 13). Grains that are imbricated at angles
steeper than 30 degrees to the foresets have been rotated toward bedding. A similar
rotation of grains oriented perpendicular to bedding into shea‘r and extension fréctures
hés also occurred (fig. 13) The final distribution of a large group of grain axes along
shear trends at 30 degrees from the principal stress also results in these grains being
oriented subparallel and almost perpendicular to the original foreset beds (fig. 13).

Evidently the principal mechanism of compaction in this friable rock was by movement
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Table 4. Comparison of fabries of uncompacted and compacted sandstones for sections

subparallel to bedding.

Distributary Channel Sandstones Distributary-Mouth-Bar Sandstones

9,156.06 ft 9,189.5 ft 9,166.0 ft 178.3 ft
Moderately Highly Highly
Induration Indurated Indurated Friable Indurated
Percent 26.4 -~ 18.5 13.1 18.7
Ductile Grains
and Carbonate -
Cement
Total 7.9 12.1 8.7 7.6
Shortening
Initial Poorly Developed Well Developed Poorly Developed Poorly Developed
Strain Ellipse Ellipse Ellipse ‘Ellipse
Ellipse RI=1.3 RI= 1.6 RI=1.9 RI=1.5
Compaction Well Developed Poorly Developed Poorly Developed Poorly Developed
Strain Ellipse Ellipse Ellipse Ellipse
Ellipse RI=1.6 RI=1.8 RI=2.4 RI=2.8
Percentage Increased by Increased by Increased by Increased by
Change in 20% 10.49% 27% 77%
~ Axial Ratio
Initial Not Well Developed Weakly Developed Weakly Developed
Interference Discernable Rhombie Rhombie Rhombie
Pattern
Compaction Not Well Developed Weakly Developed Weakly Developed
Interference Discernable Square Square Square
Pattern

Comparison of percentage change in axial ratios of strain ellipses in sections parallel and

Vertiecal
Section

Horizontal
Section

perpendicular to bedding
17.4 13 14 21

20 10.4 27 77
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of grains oriented parallel to shear and extension fracture trends, across and along
foreset bedding into empty pore spaces to produce a weakly developed, close packed
fabric.

The very indurated distributary-mouth-bar sandstones at 9,178.3 ft (2,797.6 m)
(uncompacted) and 9,177.5 ft (2,797.3 m) (experimentally compacted) are not as
comparable as samples discussed earlier because they come from slightly different
depths. However, in the composite rose diagram (fig. 14) most of the long axes of
grains are found to be oriented within 20 degrees of the bedding, whereas an
additional group are normally imbricated at 10 and 50 degrees to the bedding trend.
In the experimentally compacted sandstone at 9.177.5 ft (2.797.3 m) a large group of
imbricated grains has rotated into an extension fracture orientation (fig. 14), which
probably represents the direction along which grains moved across bedding into vacant

pore spaces during compaction.

INTERFERENCE PATTERNS

The initial and experimentally compacted fabrics of fhe sandstones™ from the Delee
No. 1 well were found to produce different intefference patterns in the Fry (1979)
diagrams, both in the regionb directly around the central vacancy‘field (Ramsay and
Huber, 1983) and across the whole area. In order to elucidate these interference
patterns Fry (1979) patte‘rns were constructed for several artificial grain. center
arrangements with different pécking fabrics (fig. 15). Ellipses with different axial ratios
were used in these diagrams as there is a marked degree of elongation shown by

quartz and feldspar grains in the uncompacted sandstones.
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Figure 15. Open packed (15a) and closely packed (15b) ellipses. Randomly positioned
ellipse centers (15c) in a uniformly thick bedding. 15d., Combination of randomly
spaced centers along uniformly thick bedding and a closely packed structure of varying
ellipse size. Fry (1979) diagrams constructed from these figures were used to
interpret the Frio ‘A’ sandstone fabrics.
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Open-packed ellipses (fig. 15a) produce a rhombic vacancy field (fig. 16a). ‘which
is most clearly demonstrated by the vacancy field of<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>