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ABSTRACT

Differing extents of diagenetic modification is the factor primarily responsible
for contrasting regional ‘reservoir quality of Tertiafy sandstones from the Upper and
Lower Texas Gulf Coast. Detailed comparison of Frio sandstones from the Chocolate
Bayou/Danbury Dome area, Brazoria County, and Vicksburg sandstones ,vfrom the
McAllen Ranch vField -area, Hidalgo C.ounty, reveals that extent of diagenetic modifi-
cation is most strongly influenced by (1) detrital mineralogy and (2) regional geo-
thermal gradients, | | | | ’

Vicksburg sandst)ones from the M‘cAllen Ranch"Field_ area are less stable,
chemically and mechanically, than Ffio sandstones from tlie Chocolate Bayou/Danbury
dome area. Vicksburg sandstones are mineralogically ifﬁmafure and contain greater
‘proportions of feldspars and rock fragments than do Frio .sanclstones. The reactive
detrital 'assemblage of Vicksburg sandstones is highly sUsceptible to diagenetic
modification. Susceptibility is enhanced by higher than norryn(al vg_eothermal gradients
in the McAllen Ranch Field area. Thus, consolidat‘ion of'Vicl-lslnurg saridstones began at
shallower depth of burial and precipitation of authigenic phases (especially calcite)
was more pervasive than in Frio sandstones. Moreover, the late-stage episode of
ferroan calcite precipitation that occluded most secondary porosity in Vicksburg_
sandstones did not occur significanfly in Frio sandstones. l'herefore, regional reservoir
quality of Frio sandstones from Brazoria County is far better than that characterizing
. Vicksburg sandstones from Hidalgo' County, especially at depvths‘suitable for geopres-
sured geothermal energy productlon.

| - However, in predxctmg reservoxr quality on a sxte-specmc basxs, locally varxable
factors such as relatlve proportlons of por051ty types,. pore geometry as related to
permeabxlity, and local deposmonal envxronment must also be con51dered. Even in an
area of regionally favorable reservoxr quahty, -such. local factors can sxgmﬁcantly
affect reservoir quallty and, hence, ~geothermal produc_tlon potentlal of a specific

sandstone unit.




INTRODUCTION

Two deep subsurface areas of greatly contrasting reservoir quality were identi-
fied by Loucks and others (1979) (fig. 1). Deep Frio sandstones in Brazoria County
(Upper Texas Gulf Coast) are characterized by abundant secondary porosity and high
permeability. In contrast, Vicksburg sandstones in Hidalgo County (Lower Texas Gulf
Coast) are characterized by abundant authigenic calcite at all depths examined and
contain only minor .;secondary porosity. Distribution of sandstone samples from both
areas is shown in figure 2. This study identifies the factors responsible for differences
in the sequences and intensities of diagenetic events that produced such extreme
variations in reservoir quality in these two areas.

A major factor contributing to differences in regional reservoir quality in the
two study areas is the difference in detrital mineralogies of the sandstones. The
detrital constituents of Vicksburg sandstones in Hidalgo County are chemiéally and
mechanically less stable than those of Frio sandstones in Brazoria County. Superposed
upon these contrasting detrital assemblages are differences in regional temperature
gradients and depths to the transition from the hydropressured to the geopressured

regime. The McAllen Ranch Field area is characterized by a higher geothermal

-gradient and shallower depth to the top of the geopressured zone than is the Chocolate

Bayou/Danbury Dome area. Potential differences in bulk mineralogy of associated

shales in the two areas may also influence diagenesis, and hence, reservoir quality.
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Figure 1. Location of samples used in this study. Map of Chocolate Bayou-Danbury

Dome area from Bebout and others (1978). Map of McAllen Ranch area modified from

Berg and others (1979).




CORE DISTRIBUTION BY DEPTH AND WELL

((n) indicates number of samples in well )

BRAZORIA COUNTY

<9,000 = GCO/DOE No.! Pleasant Bayou

Depth (feet)

4,3451 }
6,705t } | sample each
6,707 ft

9,000

10,000}

11,000

| GCO/DOE No. Pleasant Bayou (I6)

Humble No.l RW. Viemon (21)
GCO/DOE No.l Pleasant Bayou (27)

12,0001 * Phillips No.3 Houston "F"(15)

13,000

14,000

15,000

17,000}

18,000

Humble No.l R.W. Vieman (15)’
<Ph||l|ps No.3 Houston"F" ‘_ﬁ
Phillips No.2 Gunderson (I
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Phillips No.! Houston "Z"(21)

m GCO/DOE No.l Pleasant Bayou (18)

(GCO/DOE No.2 Pleasant Bayou (16)
£GCO/DOE No.t Pleasant Bayou(l)
Phillips No.l Houston "GG"

GCO/DOE No.l Pleosant Bayou (I7)

—~GCO/DOE No.l Pleasant Bayou(17)
GCO/DOE No. 2 Pleasant Boyou (23)

Phillips No. Houston "“u4* (I7)

Phillips No.l Houston"JJ" (28)
b= Phillips No.l Houston "JJ" (4)

Phillips No.l Houston "JJ" (13)

ps  Humble No.! J.M. Skrabanek (9)

HIDALGO COUNTY

= Shell Woods-Christion No.8 McAllen (1)
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Shell Woods-Christion No.6 McAtlen (8)

P- Shell Woods-Christion No.6 McAllen(13)
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bm  Shell No.!5 McAllen (6)

She!l No. 18 McAllen (8)

Shell Woods-Christion No.6 McAllen(18)
“~Shell No.I5 McAlien (2) .

'<Forest No.9 McAllen (I11)
Forest No.10 McAlien (8)

Forest No.l2 McAllen(5)
Forest No.!4 McAllen (8)

Figure 2. Sample distribution with depth.
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 OBIJECTIVES

- The overall goal of this study is vto exoand our'mderstanding of the occurrence
and distribution of deep subSurface ‘geothermal reservoirs. Specific objectives are to:
| (1) Determine the origin of porosity, with emphasis on secondary leached
porosuy. |
(2)-‘ Define ‘relationship's among porosity, permeability, and mineralogy.
(3) Relate effects of concomitant shale diagenesis to cementation and leach-
| ing in adjacent sandstones.
(%) Integrate conclusions from objectives 1 through 3 into geothermal resource
assessment studies in Texas to aid in identification of areas favorable for

geopressured geothermal exploration.

ANALYSIS OF FRIO SANDSTONES, CHOCOLATE BAYOU/DANBURY
' DOME AREA, BRAZORIA COUNTY :

7 v' Depositional Sys,tems and Structure_ ,

Frio sediments mthe Chocolate Bavyou/Danbury Dome area were deposited as a
series of slightly elmgatefdeltas on_the. downdip side of a large gro\nth fault in a salt
'withdrawal basin (Bebout and others, 1978). ‘Major sand depocenters in the upper Frio
‘mlgrated updxp, resultmg in mud-dommated distal delta and shelf deposits overlying
the older deltaxc sandstones. Thus, sandstones are most abundant in the lower part of
the secnon, although overall they are volumetrically minor, relative to the surrounding
shales (Bebout and others, 1978). o

Sedxments of the ancestral Gulf of Mexxco Basm were deposxted on a trailing

plate margm durmg Tertlary nme.f The ancestral Gulf of Mexico Basm subsxded




rapidly, and uplift was restricted to areas of upward-moving salt domes andv ridges.
Salt dorhes, growth faults with offsets ranging from a few feet to over #,OOO ft
(1,220 m) (fig. 3), and associated rollover anticlines constitute the major geologic
structures. Faulting was contemporaneous with deposition; growth faults formed
partly in response to loading of sand units on soft, water-saturated muds (Bruce, 1973).
Sands subsided along the faults, resulting in thick sand sections on the downthrown
sides. Salt dome growth in the Upper Texas Gulf Coast area was synchronous with

deposition of the lower part of the section and with faulting (Bebout and others, 1978).
External Controls on Reservoir Quality

The external parameters that influence regional reservoir unality are fluid
pressure gradient and resultant basinal hydrology, geothermal gradient, and pore fluid

chemistry.

Fluid Pressure Gradient

The influence of pressure on dia'genésis is related to the concept of geopressure.
Pore fluids in the Gulf Coast are dividéd inté two hydrologic regimes, hydropressured.
and geopressured. In the hydropressured zone, the préssure gradient is 0.465 psi/ft
(normal hydrostatic) and rocks are under lithostatic pressure of approximately
1.0 psi/ft. In the "soft" geopressured zone (pressure gradient 0.465 to 0.7 psi/ft) the
pore fluid supports part of the overburden load. Thus, the effective pressure on the
rocks is less than thé lithostatic pressure. At a pre‘ssuré gradient of 0.7 psi/ft, the
zone of "hard" geopressure is encountered. The 0.7 psi/ft value was Chosen to define
the top of the "hard" geopressured regime because it is at this value that resistivities
increase dramatically. Thus, this zone can easily be picked from electric logs. In the
Chocolate Bayou/Danbury Dome area the top of the "hard" geopressured zone occurs

between 8,000 and 12,000 ft (2,440 and 3,660 m).
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Figure 3. Deposifiohal' style of Tertiary strata along the Texas Gulf Coast. (From

Bruce, 1973.)




Geopressuring effects may influence the fluid flow system. As the near-surface
sediments compact, water is squeezed from the muds and sands and will or;ﬁnarily
migrate updip out of the system. Howe\)er, if.the migration path ‘is blocked, fluid
escape is impeded. Over long periods of time, however, fluid will migrate from the
geopressured zone to lower pressured areas because no sedimentary rock is totally
impervious. Also, fluids may flow out of the geopressured zone along faults (Jones,
1575). The faults may be areas of persistent local leakage or they ‘mrary periodically

expel fluids as pressure builds up. In the Gulf Coast area, geopréssuring can occur

within a few thousand feet of the surface (Schmidt, 1973; Magara, 1975). Once

geopressured, sediments tend to remain so 'thro_ughout their burial history (Bonham,
1980). |

Fluids flow moét readily throrugh 7perrmeal‘:le units to areas of lower pressure,
which are generally shallower inbthe secﬁon. »“Iy'herefore, the distribution of sands and

sandstones defines the major ﬂuid flow pathf.in_ the section. However, fluids also flow
' 3

through shales but at diminished rates due to low permeabilities (107° mD; figs. 9 and
10 in Magara, 1978). Significant volumes of fluid may migrate through shales, given
geologically significant periods. Also, if 'sﬁéles are hydrofractured at depth, fluids

may flow through them more easily (Sharp, 1580).

Thermal Gradient
The temperature gradient for Brazoria County is not constant with depth (fig. 4).
Changes in the gradient are related to the top of geopreséure and possibly to lithologic
‘discontinuities (Lewis and Rose, 1970). Heat flow within a finite area can be
considered constant and is defined as,

Q= (K'h/z)AAT,

'wh_ere: ' Ky = thermal conductivity,
A = cross-Sectibnal aréa perpendicular to heat flow, and
| AT =  temperature change across thickness Z.

e A
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Figuré 4. Temperature versus depth, Brazoria County, Texas.
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From this relationship it is apparent that K, and AT are inversely related, that is, if
_ Kh decreases, AT must increase proportionally to maintain constant Q. Within the
geopr_essured zone, rocks are under less than lithostatic pressure, and unless totally
cemented, are more porous (undercompactecl\) than equivalent rocks in the hydropres-
sured section. Because they are more porous, geopressured units contain more water
with a thermal conductivity that is only about one-third that of the éverage
sedimentary rock. Therefore, within the geopréssured zone, thermal conductivity is
lower than in the hydropressured zone, so the thermal gradient (AT) must increase to
keep heat flow constant. The temperature gradient plot for the Chocolate Bayou/
Danbury Dome area shows a break in slope at the top of the "hard" geopressured zone
(0.7 psi/ft). Above "hard" geopressure, the geothermal gradient is 1.35°F/100 ft, and
it increases to 2.49°F/100 ft within the "hard" geopressured regime. This temperature

gradient inflection also coincides with the lithologic boundary between Oligocene

sands and overlying Miocene shales.

Pore Fluid Chemistry

Controls on pore fluid chemistry in Brazoria County are not well understood.
Kharaka and others (1977b, 1980) believe that waters contained in Gulf Coast Tertiary
sediments represent connate waters trapped by rapid subsidence. Subsidence in the
Gulf Coast, especially immediately after deposition, was rapid. In addition, the low-
lying coastal topography of the region: generaUy precludes significant meteoric
recharge. Thus, a connate-water hypothesis for these rocks is plausible. In any éase,
the pore waters of the sand-bearing intervals of the study area were highly modified
after burial by reaction with the enclosing sediments at temperatures up to 180°C
(360°F) and possibly by filtering through micropore systems in shales, as outlined for
other basins by Graf and others (1965) and Hitchon and Friedman (1969).

Several investigators have compared salinities in the geopressured and hydro-

pressured zones. Most have reported that salinities- decrease below the -top of
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geopressure (Dickey and others, 1972; Schmidt, 1973‘«).»__ Gregory and Backus (1980)
report from well log data tha'; selinities in Brazoria County initially decrease below
the top of geopressure and then become erratic, the values in the deeper waters being
both above and below salinities in the hydropressured zone (fig. 5). Kharaka and others
(1980) report from analyses of waters in Chocolate Bayou Field that salinities increase

in the geopressured zone.
Detrital Mineralogy and Texture

Three hundred fifty-four Frio thin sections from Brazoria County, Texas, were
point counted (200 points per section) to determine detrital and authigenic compo-
sitions of the sandstones. Of the total thin sections, 145 are samples from the two
Pleasant Bayou geothermal test wells, Data from these sainples are included in the
Brazoria County data base from which generalizations regarding Frio sandstones were
drawn. However, the Pleasant Bayou test well sites were selected based on their
particularly favorable geothermal potential. Therefore, certain physical charac-
teristics of samples from these wells are predictably atypical. A later section will
address sxgmfxcant differences in Pleasant Bayou samples relative to typical Frio
sandstones from Brazoria County. £

Samples selected for petrographic study are typically medium to very fine
grained, moderately to well-sorted sandstones. Minor lithologies include muddy, very
fine grained sandstones and siltstones. Although the detrital mineralogy is quite
simple (most framework' grains are either quartz, plagioclase, or volcanic rook

fragments) the relative proportions of these constituents, especially quartz, vary

,‘ widely. Sandstones are classified according to Folk (1974) (fig. 6). Most sandstones

are lithic arkoses and feldspathic litharenites; however, a signiﬁcant number contain
sufﬂcnent quartz to be subarkoses and sublitharenites (fig. 7) Detailed descriptions of

the various detrital constituents follow.
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Figure 5. Generalized salinity trends, Brazoria County, Texas. (From Gregory and

Backus, 1980.)
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Figure 6. Sandstone classification of Folk (1974).

13




QUARTZ

FELDSPAR

3:| 1=

13

ROCK
FRAGMENTS

Figure 7. Primary detrital mineralogy, Chocolate Bayou-Danbury Dome area.
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Quartz

- Volcanic, metamorphic, reworked sedimentary, and "common" .quartz are all
present in Frid sandstones. "Common" (unstrained) quartz is by far the most important
volumetrically. Unfo'rtunately,‘ this variety has no unique genetic association. Vol-
canic quartz, with straight ‘extinction‘ and‘we_ll developed crystal faces, occurs in
minor amounts and was most likely derived from volcanic terrain in West Texas.
Stretched metamorphic quartz grains and reworked sedimentary quartz, identified by
transported overgrowths, are also presenf in minor quantities; the source of »theSe'

- grains is unclear.

Feldspar

Plagioclése is the dominant feldspar variety. Most grains are untwinned and
show varying degrees and types of alteration, including,vacuoﬁzation, sericitization,
replacement by calcite or kaolinite, and leaching. Amaranth stain, used to aid in
plagioclase identification (Laniz and others, 1964), does ﬁot react well with the typical
plégiodase of these samples, whi,ch} ipdicates low calcium content. Elect;on micro-
-pmbe.aﬁalysis of a number of detri_fal plagioclase grains fr@m Pleasant B#you sampies
(Ap'pendix D) confirms that they aré albite, leyever,‘ polysynthetic twinning isrrarely
absent in ;;rimary albite, Ii seems reasonable to assume that the plagioclase originally
had an intermediate composition that was modified subsequently through extensiye
albitization. Boles (1979) suggests that such albitization in Frio sandstones may occur
over the temperéture range of 100° to 120°C (212° to 250°F). This corresponds to
‘burial depth of approximately 10,000 to 12,000 £t (3,050 to 3,660 m) in the Pleasant
Bayou/Danbury Dome area. |

Minor quantities of detrital potassium f_eldspar are present in Frio sa.ndstones.‘
Many grains are microcline, charaderized by grid twinning and a rélatively fresh
appearance compared to detrital plagioclase, Other grains exhibit textures Suggestive

of albitization (fig. 8). Both plagioclase and potassium feldspar are susceptible to
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Figure 8. Chessboard twinning resulting fro'm aibifizatjohﬁ:of potassmm Vfgldspar'

(outlined). Crossed polars.
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leaching and abundant leached grains contribute substantially to secondary porosity
(fig. 9). Whether this intragranular porosity results directly from leaching of feldspars
or from dissolution of grain-’fi‘*ef)lacement carbonate Ei“’is“%mlmown, as is the relative

importance of these mechanisms.

Rock Fragments | R _ »
Volcanic rock" fragments’ (\/RFls) are thef dominant variet‘v ‘(fig. 10).. Com-
positionally, they reflect a felsic to mtermediate volcamc source; VRF's are prlmanly \
rhyolites and trachytes (Lmdqulst, l977) Some fragments exhiblt dlstinctlve igneous
features such as easxly reoogmzable plagioclase phenocrysts ’ while others have altered
to clays to such an extent as to be almost unldentifiable. Still other VRF’s have
altered to mlcrocrystalllne quartz. In those fragments where rehct phenocrysts are

1dentif1able, a volcanic source can be assigned with oertamty (fig. 11). However, many

clasts are v1rtually identica.l to chert fragments eroded from carbonate source rocks.'v o

We 1nfer a volcamc souroe for these sllicmed fragments.

Sedimentary mudstone and shale clasts occur less commonly than VRF‘s m Frio
sandstones, However, these arglllaceous rock fragments, along ‘with clay-»altered
VRF's, are ‘signiiicant because during .com paction‘they can 'be extensively detormed to
form "pseudomatrix" (fig. 12) (Dickinson, 1970). Pseudomatrix, where abundant, is an
important inhibitor of permeability, and thusb'interferes with the normal diagenetic
sequence. Other sedimentary rock fragment tyoes, low-grade metamorphic and

plutonic rock fragments, are encountered only rarely.

Miscellaneous Framework Grams S
Glaucomte, mlcas, heavy mmerals, shell fragments, and orgames are present in

trace quantitieé. Of the heavy mlnerals, zircon is dominant.j e
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Figure 9. Secondary porosity (P) within leached feldspar (F). Plane polarized light.
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Figure 10. Volcanic rock fragments (V) of several types. Crossed polars.
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Matrix

Depositional matrix is comrﬁon in Frio sandstones (fig. 13). This detrital
material, finer than 20 um, is composed largely of clays that obstruct permeability.
As in rocks containing abundant pseudomatrix, diagenesis in matrix-rich rocks is
severely restricted. Figure 14 shows the relative proportions of secondary porosity,
cements, and matrix in Frio samples from Brazoria County. The two ateas of ‘highestv
data concentration are at the matrix apex and on the line connecting the cement a.nd.
secondary porosity apices. Thus, while matrix tends to inhibit both cementation and
development of secondary porosity, cements and secondary porosity are not mdtually
exclusive and commonly occur together. Many of the data points on the interioi' of the
triangle may represent samples containing abundant argillaceous rock fragm’ent#Q
When intensely deformed to form pseudomatrix, these grains often bécome indis-
tinguishable from true depositional matrix and may have been misinterpreted in the
point counts. In addition to the more commonly observed clay matrix, some samples
contain a "cherty matrix" believed to be composed of diagenetically modified detrital
material and authigenic quartz (fig. 15). ‘A similar material was described by Dapples
(1972), who also interpreted it as a highly altered and recrystallized depositional

matrix.
Diagenetic Modification

Diagenesis includes precipitation of cements, chemical alteration of existing

minerals, and dissolution of existing grains,
Authigenic minerals
Major authigenic phases identified in Frio samples from Brazoria County include

muIﬁple varieties of carbonate, quartz, and kaolinite. Minof phases are feldspars,

chlorite, zeolite, and unidentified authigenic clays as rims and coats on detrital grains.
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Figure 13. Matrix-rich sandstone (M = matrix). Plane polafized light.
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SECONDARY )
POROSITY \v .

CEMENT ~ MATRIX

Figure 14. Cemenf-matrix - secondary porosity triangle. Note: concentrations of data
points along the cement-secondary porosity join near the matrix apex. This distri-
bution .su‘ggests that while cement and secondary porosity are not mutually exclusive,
samples containing abundant matrix éxhibit neither abundant cement nor secondary

porosity.
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Figure 15. Diagenetic "'vcherty matrix" (CM). Cros§ed polérs.
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Carbonates

The dominant carbonate variety is calcite, some of which is ferroan. Both
ferroan and non-ferroan calcite occur as sparry and poikilotopic cement and the non-
ferroan variety also replaces grains (especially plagioclase and VRF's) (fig. 16).
Calcite cements are present in samples from all depths stvudi'ed. Dolomite, character-
ized by undulose extinction and curved ci'ysta! faces ("baroque" crblomite,y after Folk
and Assereto, 1974) is also present as sparry and ‘poikilotopic cement in a few samples;
quever, it is considerably less abundant and widespread than calcite. Euhedral

ferroan dolomite (or ankerite) rhombs werek also observed in a small number of samples

- (fig. 17). Leaching of authirgenic carbonates is responsible for a large part of the

secondary porosity developed in Frio sandstones.

Authigenic quartz formed as o#ergrowfhs on detrital quartz grains. Such
overgrowths are "abundant m samples from the deep burial interva_il 611,000 ft;
3,350 m) defined by Loucks and others (1979). Quartz overgrowths developed after
early formed calcite cement; where overgrowths grew into pores, they commonly
developed ei;hedral terminations (fig. 18). The abundance of quartz overgrowths shows
a weak correiation with detrital quartz abundance. .Tﬁe source of silica for quartz
overgrowth formation continues to be a subject of speculation. Several proposed
sources include: (1) pressure solution between detrital quartz grains (Thomson, 1959);
(2) silica derived from the smectite/illite transition in associated shales (Towe, 1962;
Boles and Franks, 1979; Land and Dutton, 1978); and (3) in situ leaching of detrital
feldspars and rock fragments. We saw little petrographic evidence to support the first
mechanism; however, the second and third proposed sources are reasonable possibili-~
ties that deserve further investigation, and they will be discussed in the section

comparing diagenetic sequences in the Frio and Vicksburg sandstones.




Figure 16. Poikilotopic calcite cement (C) and calcite grain replacement (outlined).

Crossed polars.
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Figu.re 17. Euhedral ferroan dolomite (FD) replacing a rock fragment (outlined). Plane

polarized light. -
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Figure 18. Euhedral QUaftz overgrowth cement‘(QO_). Plane polarized light.
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Kaolinite

Authigenic kaolinite is abundant in sandstones to depths in excess of 17,700 ft

(5,395m). Most kaolinite occurs as a pore-filling cement with a vermicular habit

(fig. 19). Individual booklets have grown up to several hundred microns in length.

Kaolinite has also been observed as a replacement mineral, especially associated with
plagioclase. Some detrital grains have been totally replaced, and in these instances the
kaolinite _éommonly grew outward from the grain surface into available pofe space.
The 'persistence’ of pristine authigenic kaolinité in the deepest samples (at tem-
peratures approaching 205°C [#OOOF]) at first seems anomalous, as observations by

Boles and Franks (1979) suggest that kaolinite abundance generally decreases with

.inc‘reasing depth of burial. We observed no petrographic evidence to suggest that -

degraglaﬁon was occurring at these depths. However, at shallower depths, several

zones that are devoid of kaolinite alternate with kaolinite-bearing zones. In addition,

; Boles and Franks (1979) suggested that kaolinite reacts with ankerite and dolomite in

the presence of excess silica to form dﬂorite'. Neither the carbonate reactants bnor
authigenic chlorite were observed in significant quantities in these samples. Rocks
containing abundant authigenic kaolinite are generally not of reservoir quality. They
are characterized by moderate porositiés but very low permeabilities. The porosity
present is largely micrdporosity (pore aperture radii less than 0.5 um) existing
between individual clay flakes. This type of porosity does not contribute significantlf

to permeability. Additionally, the presence of authigenic kaolinite can create

production problems because the delicate structure of authigenic kaolinite makes it

highly susceptible to breakage (Pittman, 1979). Dislodged clay flakes can further
obstruct permeability.

Minor Authigenic Minerals

Authigenic feldspars, chlorite, zeolite, and clay rims and coats were identified in

trace amounts in some Frio sandstone samples. Authigenic feldspars formed as
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overgrowths on detrital feldspar grains (fig. 20). Overgrowtl\s are most commonly
albite, although rare potassium feldspar overgrowths are »a.lso present. | Albite
overgrowths are occasionally twinned. Frequently, fresh,feldsp'ar overgrowths rim
leached detrital grains and where leaching was extenswe the overgrowth may outlme

the moldic porosity (fig. 21) Authigenic feldspars are more chemically stable than

f“rthelr,detrxtal counterparts and thus have greater resistance to leachmg because they
formedtunder conditions more closely approximating theenvironment in Which'they

~are found today.

Chlorlte is another trace authigenic constltuent in Frio samples. It is oc-

casionally found as an alteratlon product of VRF's, and, rarely, as a minor cement.
;;L1kew1se, the zeolite, laumontxte, was 1dent1f1ed in a few samples. Laumontlte
'apparently formed a poikilotopic cement, however, only a few fragmenta.l patches

surv1ved leachmg

Clay coats and rims are dragenetrc features formed on detrltal grams very early

in the sandstone consolidation sequence. In clay nms, the mdmdual clay flakes are

: onented perpendicular to the gram surface, whereas clay coats are formed by .clay

flakes oriented tangential to the grain surface. . Clay co,ats are more preva.lent than .

“clay rims and often form the boundary between detrital’Aquartzfrgrains: and quartz

overgrowths.

Porosity Types

Porosity may be broadly subdivided into two categories based primarily on
average pore-throat diameter. "Microporosity" has an average pore-throat diameter
of less than 1.0 um, whereas the average pore-throat diameter of "macroporosity” is
greater than 1.0 um. | 7 |

Microporosity is difficult to quantlfy petrographxcally because of its small size
and its .intimate association with authigenic clays, clay matrix, and fme-gralned,

argillaceous rock fragments. This porosity type is dominant in lithologies oontainlng
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~ Figure 20, F'elds'par'OVergmwthsf(d)bn{yfdetri_i'al‘feldspaf('F)'.:C‘rossvéld ipblars
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Figure 21. Feldspar overgrowth (FO) outlining moldic porosity (P).
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these constituents. Microporosity does not contribute:measurably to permeability but
is responsible for much of the irreducible water saturation in sandstones (Pittman,.
1979).

In contrast, macroporosity is easily recognized in thin section, and it contributes
most significantly to permeability. This porosity type is. dominant ‘in the coarser
grained, matrix-poor sandstones examined. Macroporosity may be present" in sand-
stones in one or more of the following forms:

(1) Primary intergranular: that part of the depositional pofosity between

defrital grains remaining at any subsequent stage of diagenesis.

(2) Secondary (dissolution):

(@) Intergranular - porosity resulting from dissolution of cements.
(b) Intragranular - porosity resulting from dissolution of framework
grains and/or intragranular replacement minerals.

(3) Hybrid: porosity that cannot be unequivocally d'assiﬁved as completely
primary or secondary. Many oversized pores are probably hybrid, that is,
they are primary pores that have been enlarged by the secondary process of . . |
dissolution. o

The dominant type of porosity occurring in matrix-free sandstones of the shallow
subsurface (to depths of approximately 6,000 ft. {1,830 m] in Brazoria County) is
primary intergranular porosity. However, the major types of porosity encountered at
depths suitable for geopressured-geothermal energy production are microporosity and
secondary porosity. Secondary porosity is most extensively developéd in matrix-poor
sandstones. These rocks are the best potential geothermal reservoirs. Most primary
intergranular porosity was occluded by cement. before the sandstones reached the
nsoft" geopressured zone (0.465 psi/ft) (Loucks and others, 1979); therefore, permea-

bility in the geoptéssured zone is most dependent on dissolution porosity. .
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Minor ElementChemistry' |

Electron micropmbe analyses were conducted on selected samples from GCO/
DOE. Nos.'1 and 2 Pleasant Bayou, Brazoria County, in order to supplement petro-
grap'hie’ data;' Oouw major objectives were )preliminary quantification of variations in
the minor element chemlstry of authigenic carbonate phases, and determination of
detrntal feldspar composmons. Appendlx D presents mxcroprobe data as weight
percernt of oxrdes for carbonates and feldspars from Pleasant Bayou.

The mmor element chemxstrnes of authigenic carbonates present in selected
samples from GCO/DOE Nos. 1 and 2 Pleasant Bayou were investigated. Although we
were not able to analyze enough samples to 1dent1fy potentially systematlc variations
in ,c_ompositio‘n‘with’ depth, these analyses ‘are valuable in bracketing the range of
possible compositional variations and in confirming the existence of multiple genera-
tions}of authigenic carbonate in the two areas.

. Authigenic carbonates in samples from"the following depths were analyzed for -

MgO, SrO, CaO, MnO, and FeO by electron mxcroprobe

GCO/DOE Nos. l and 2

4,345 ft (1,324 m)
11,773 ft (3,589 m)
. 14,685 ft (4,476 m)
15,162 f¢ (4,621 m)
“15 173 ft (4,625 m)

All authlgemc carbonates analyzed are calcite; however, in some samples, the
poxknotoplc cement contams variable amounts of FeO, up to apprommately 3 percent.
MnO content of cements is also varlable, ranglng from <01 to approxxmately 1.5
percent. Mgo content ls somewhat less vanable than e1ther FeO or MnO and does not

exceed 0. 6 percent in any analy51s. SrO isa mlnor component m the calc1te cements,
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Microprebe traverses across. several areas of sparry and poikilotopic calcite
detected no trace elernent_zenihg within the cements. The prehe analyses do, however,
confirln the ekistenee of mult'ip‘le,y compositionally distinct, generatiohs of calcite.
The presence of ferroan and non-ferroan calcite was known from petrographic analysis
of thin sections stained with alizarin red-S and potassium ferricyanide (technique of
Lindholm and Fihkelmah, 197‘2).' Unfo.rtunately, such staining does not quantitatively
refleé:t” SUbtlef\vrariat'ions in iron concentrations, nor does it indicate the presence of
other ions substituting err‘ calcium (for example, Mn*2, Mg*2, and so on).. For
ex’ample,‘the .ehallowest Pleasant Bayou sample analyzed (from 4,345 ft; 1,324 m)
contams a hlghly ferroan (up to approxlmately 3 percent) poikilotopic calcite cement
and non-ferroan calcxte gram replacements and foraminifers. In a deeper sample
(from 11,773 ft [3 589 m]) the pmkxlotoplc cement and grain replacements share a
common chemlca.l composltlon dlstlnctly dlfferent from either of the calcite composi-
tlons m the 4,345 ft (1,324 m) sample; these deeper calcites contain only about one-
thll"d the Feo, but are. substantlally enriched in MnO (containing up to approximately
14 peroent) relatlve to the shallower calcites. Although the deeper calcites are
composmonally dlstmct from ‘the shallow ferroan calcnte, their Sllght chemlcal
diff erences could not have been detected in stamed thin sections.

Another distinctive POlkllOtOplC calcite composition occurs in the sample from
14,685 ft (4,#76 m) ~This czlmte contams MgO and FeO in proportlons similar to the
poxkllotoplc calate m the shallowest sample, but it is also enriched in MnO. Grain .
replacements have composmcns only sllghtly depleted in FeO and enriched in MnO,
relatlve to the cement | |
’ ‘l‘wo samples were taken from below 15,000 £t (4,572 m). Calcite cement in the
sample from 15,162 ft (4,621 m) xs esentnally pure, while cements and graln replace-
ments at 15,173 ft (4,625 m) are composmonally similar to those occumng in the

sample from 11,773 £t (3,589 m)
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In all, at least four unique calcite cement and grain replacement compositions
were distinguished, twice the number that could be identified using carbonate staining

techniques in conjunction with standard petrographic analysis. The existence of such a

variety of calcite compositions within so limited a set of samples strongly supports our

views on the sequence of diagenetic events occurring in Tertiary Gulf Coast
sandstones. Apparently, calcite precipitation, leaching, and reprecipitation went on
almost continuously throughout the sandstones' burial history, resulting in multiple,
distinctive calcite compositions at various depths (Loucks and others, 1980; Richmann
and others, 1980).

A further problem concerning carbonate genesis in Tertiary sandstones is the
source of calcium. Various sources have been proposed, most notably migration of

2 whichis

compacfion waters from associated pelitic sediments carrying dissolved Ca’
precipitatod as célcite in the sandstones (Boles and Franks, 1979), and albitization of
detrital plagioclase within the sandstones, which contributes calcium to form the
calcite cements (Boles, 1980). The first model requires that the shale-sandstone
system be open to chemical exchange, a situation that is not necessarily requisite to
the second model.

Mioroprobe analyses of detrital feldspars were run on six samples from GCO/
DOE Nos. 1 and 2 Pleasant Bayou to evaluate the possibility that albitization is a
major source of the calcium needed to form the authigenic calcite. With only one
exception, all of the detrital plagioclase analyzed is albite (Ano_m). 'Furthermore,
core-to-rim zoning of both leached and intact grains was not observed, Original
zoning of plagioclase might be expected as the plagioclase is believed to haire oéen’
do:rived primarily from a volcanic source. Leaching of detrital plagioclase appeérs to

be preferential; that is, some factor appears to have controlled the sites of leaching

~ within a particular grain. Compositional variations within individual grains most likely

provided such control. However, any such original variations have been obliterated.
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Assuming that detrital plagioclase originally had an intermediate composition
and that albitization occurred at some time after deposition, albitization could have
supplied calcium for calcite cementation. Verification ,of‘ this hypothesis requires
more specific information on original feldspar compositions and analysis of detrital
plagioclase from shallower, updip samples in order to define the depth range over
which albitization could have occurred. Boles (1980) believes that albitization is a
significant calcium source in Frio sandstones and that the process occurs over a

temperature range of 100° to 120°C (212° to 250°F). B

Isotopic Compositien of Authigenic Phases

Five auth:gemc minerals were analyzed 1sotop1cally- calcite, dolomite, quartz,
kaohrnte, and albite. Two samples of skeletal aragomte enclosed in shales were also
analyzed. The authigenic minerals were selected because “of their volumetric
importance in the sandstones. Results of the analyses are consistent with the possible
range of temperafttes : and water isotopic 'i<':ompos'itia'1s' that have affected Frio
sandstones in Brazoria County. A bnef /'d'is‘cussionr‘ in Appendix B outlines the
relationship between the isotopic com posii:idn of a minefal, the isotopic composition of
water, and temperature. The Vfollowing two sections summarize what is known about
the variation of 6130 %4 0 and temperature in the subsurface of the Chocolate
Bayou/Danbury Dome areaz. SRR '

‘Temperatu'e and § 18

940 | | |
Brazoria County hazs been dwaracteriied by net subsidence through the Quater-
nary (kaer, 1979); thus, it is reasonable to ‘assume that subsurface rocks in Brazoria
County have never expenenced SLgmflcant uplift a.nd are presently very near their
mammwn temperature, e E | |
Bonham (1980) postulates that subsurface temperatures of some Gulf Coast rocks
may have been shghtly hotter in the past ‘because of prog;essxve ‘burial of the higher

temperature gradient found below the top of geopressure. Isotopic data for sandstones
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in Brazoria County, however, show no evidence of former ‘higher temperatures, unless
subsurface waters were at some time much heavier. Perhaps by the time sediments
now characterized by higher gradients reached an equilibrium tempéfatdre profile,
they were already buried many th'ou's'ands.of feet because of high subsidence rates.

Frio rocks in Brazoria County were deposited in marine or near-marine settings
(Bebout and 6thers, 1978), so water buried with Frio sediments had an isotbp’ic
composition similar to sea water.' or slightly lighter if the water were brackish.
Interstitial water can become heaviér‘through time by reaction with the enclosing
;ediment (Craig, 1966; Clayton and others, 1972; Hitchon and Friedman, 1969; Kharaka
and chers, 1977b; Land, in press). Kharaka and others (1977a, 1980) have reported a
number of isotopic analyses for subsdrface waters in Brazoria County (tab;e 1). ALl
the waters are heavy relative to standard mean ocean water (SMOW).

Carbonate Minerals

Whole rock samples were powdered in a tungsten carbide ball mill and reacted
with anhydrous phosphoric acid to produce CO, gas from the carbonates (McCrea,
1950). All samples were routinely X-rayed, and gases from those samples containing
significant quantifies of dolomite in addition to -calcite were separated using the
double extraction technique outlined by Epstein and others (1963).

Grain replacements and cements made of the same mineral cannot be separated
chemically, and the smallness and intricacy of these features preclude me<_:hanical
separation. Instead, detailed petrographic study was usgd to determine the nature ofr
isotopic va;iability between different forms of authigenic carbonate.  All isotope
samples were'exémined in thin section. Many of the samples from ﬁGCQ/DOE.‘Nos. 1
and 2 Pleasaht Bayou were sliced from core plugs and thin-sectioned immediately
adjacent’ (1 to 2 mm away) to the material actually ground in the ball mill. These
sa;hples were then point-counted to 500 Vpointsv_to‘f determine the rela;iye i:roportions of
diffefent typés of authigenic carbonate. Appendix C gives the ;:esu;tg of isdtopiéf

analyses of carbonates together with information from petrographic study.
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Table 1. § 180 vélues for subsurface waters in the Chocolate Bayou Field,
Brazoria County, Texas. From Kharaka and others, 1977a, 1980.

Depth Tempefafure

o (m) < cc) - § 1300
2,626 . 9% - ~ 4.6
2,681 99 « ~ 4.1
269 . 9 4.9
2,981 103 | 3.5
3259 iz 4.9
3,440 : 122 . 3.5
. 3,463 ' | ns 5.7
3,574 : | 127 5.6
3,892 o 138 | 4.6
4,161 S 150 7.5
4,462 S 138 | 5.4
4,740 o 150 4.9
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Oxygen Isotopic Data — A plot of oxygen isotope values for calcium carbonates

with depth reveals a trend toward. lighter values at greater depths (fig. 22). "The
considerable scatter of values found at any particular depth can be explained at least
.partly by the variability of calcite types"as seen in thin section. The two aragonité
samples plot to the far right and représént_ mollusk fragments that have refnainédr
virtually unaltered since deposition. Sample‘s‘ déminated by grain replacements and
early calcite cement, formed prior to quartz ovérgrowth, also plot to the right side of
the scatter. Samples comprised mainly of pore-filling cement vplotrmostlyb on the left
of the point distribution (fig. 23). |

Thus, é history of cementation is preserved in the isotopic composition of
authigenic carbonates. Samples formed at shallow ‘depth may be buried to higher
temperatures without subsequent crysfallization. If continuous crystallization oc-
curred during bﬁrial, variability among closely associated samples would not exist and
the points in figures 22 and 23 would shon little scatter. It seems plausible, then,.fhat
samples farthest left on figure 22 represént those samples most nearly in equilibrium
with present conditions at depth. Those on the right are samples that are farthest
from equilibrium, probably haﬁling been buried farthest from their point of precipita-
tion without subsequent recrystaﬂization. |

Dolomite samples show a similar trend toward lighter 8120 values with depth
(fig. 24). The lesser amount of scatter in figure 24 compared to figure 22 probably
reflects the smaller number of dolomite samples. Dolomite, in all but one anomalous
sample takeﬁ immediately adjacént to a salt dome, is 2 to 3 per mii heavier than
associated calcife. This is consistent with other obsel"vations on differences in
fractionations of calcite and dolomite (Land, in press) and suggests that where these
minerals are associated they formed under similar conditions,

In spite of considerable scatter due tc; preservation of burial history, a clear

trend toward lighter 8180 values for carbonates with depth remains. ‘l‘hﬁs, while a
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carbonate crystal may survive a large amount of burial, the chance of a particular
crystal surviving more than 5,000 ft (1,525 m) of burial is slight. The occurrence of
abundant secondary porosity in the Frio of Brazoria County (Bebout and others, 1978) '
explains this phenomenon. The burial history of these rocks apparently has been

characterized by repetitive alternations of carbonate precipitation and dissolution.

~Carbon Isotopic Data — Carbon isotope values also exhibit a distinct trend with
depth (fig. 25). As with the oxygen isotope data, some scatter in figure 25 can be

13¢ with

explainedv by ‘pet‘rogr'aphic féatures (fig. 26). The 6verall differences in §
depth can be éttributéd to hydrocérbbn r'natﬁration’. Liquid hydroCafbon géneration in
the Gulf Coast is init_iatéd and reaéﬁes' a peak between 100° and 120°C (212° and
'.25b°F) (Bénhgm, 1980). This zone of peak géneration coincides with the marked shift
to lighter §13C values between 10,000 and 13,000 £t (3,050 to 3,960 m). Lighter 813C
vaiues for éarbonates formed in this. zone result from introduction of isotopically light
organic carbon from organic reactions into the carbonate system. At depths above
this zone, carbon is derived from isotopically heavier sources, perhaps skeletal debris
in shales. Below this zone, production of very light methane may ufilize much of the
light carbon, leaving only heavier carbon for carbonate precipitation. The absence of
the very light 613 C values to greater depths also reflects the large amount of
secondary porosity in deep Frio sandstones in Brazoria County.
Quartz
All samples for analysis of quaftz were broken by gentle pounding and further
disaggregated ultrasonically. The sediment fraction smaller thén 62 um was decanted to
remove fine-grained quartz not accounted for during point counts. Quartz was then
isolated using the technique described by Syers and others (1968). All samples were
checked for purity by X-ray analysis. Detailed point counts ta determine the relative

proportions of different quartz types were made on thin sections 1 to 2 mm away from

the samples analyzed.
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Oxygen isotope' analysis of Frio quartz overgrowths is complicated by two
factors: (1) the presence of silicified volcanic rock fragments in additl_on to detrital
igneous quartz and authigenic quartz,~ and (2) an apparent 3-to-4 per mil variation in
§ 180 of detrital quartz at different depths. | '.

Volcanic rock fragments (VRF's) were separated from one sa_mple (2069) by
picking. These fragments were treated to isolate quartz. Little \ve’lght loss resulted
from the quartz isolation process, conﬂrmlng that these‘_&rock f_ragments are primarily

[ 125 for the rock fragment quartz was .determined to

quartz and not zeolites.
be 29.6. This value is consistent for sillcification of rockvswby‘ near-SUrface water in
the Trans-Pecos volcanic 'source to the west (8 18 Oyo~6 6.0%).

185 according to the

Using this value, corrections were made for each )
abundance of sllicmed rock fragmentsv determined from thln sectlon.‘ A plot of these
corrected values versus the percent quartz. cement i‘n total quartz, however, does not
show a trend that can be extrapolated to give a § 180 value for overgrowths.
Varlatlon in 8180 of detrital quartz and possible dlfferences in 6 185 of quartz
cement at dlfferent depths make such a plot meamngless. Plottmg together only those
samples that are closely spaced glves a somewhat better trend and suggests that & 1%0
for quartz overgrowths is around 30 per mil (fig. 27)v '

To define § 18O for quartz cement more accurately,‘ two quartz samples with
relatlvely large amounts of . quartz overgrowths were etched repeatedly in concen-
trated hydrofluoric acid. ‘l‘hree samples were removed at dlfferent tlmes during the
etchlng process in order to determine 6 185 variation as the quartz overgrowths were
progresslvely removed. A part of each allquot was used to make a grain mount for

180 values corrected for rock

point countlng. Results are shown xn table 2 When 6
fragments are plotted versus percent cement in. total quartz, a much better trend
results (fig. 28) Both samples of quartz cement are qulte heavy relatlve to detrital

'xgneous quartz,




% Overgrowth in total quortz

2or 0 14.053 - 14,082 ft

x 11,735 - 11,775 ft @ not included on
best fitline

$'%0 quartz

Figure 27. 6180 quartz, corrected for rock fragments, versus percent overgrowth in
total quartz. Linear regression lines are drawn for two groups of closely spaced

samples and indicate a s18

O for overgrowths of about 30%.. Samples omitted from
the left line contain abundant fine-grained quartz suspected to be authigenic, or

represent analyses that are suspect.
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Table 2. Results of etching experiment.

Quartz Types ) 180
Sample 18 corrected
Number Grains (%) Overgrowths (%) VRF (%) %0 for VRF's
2012 A 82.5 10.5 7.0 15.94 14.91
B 85.5 9.0 5.5 15.15 14.31
C 95.25 4.75 0 13.16 13.16
D 99.5 0.5 0 12.60 12,60
(Depth = 14,082 ft [4,292 m])
2093 A $4.0 11.5 4.5 13.56 12.80
B 85.0 10.0 5.0 13.45 12.60
C 92.0 8.0 0 12.05 12.05
D 100.0 0 0 10.62

(Depth = 15,641 ft [4,767 m])

10.62




% Overgrowth in total quartz

20

correlation coefficient for 2093 is 0.997; for 2012 is 0.981, : w
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Figure 28. Plot of data from table 2. Values for detrital quartz differ by Z%o. The
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Kaolinite . pra o wRE ’

: AutMéenic kaolinite was size—separated from six samples by settling. Abundant
quartz in the same size f-raction as kaolinite precluded complete separation. Ratios of
kaolinite - to quartz were determined from X-ray patterns, and the mixtures were
analyzed for 618 Kaolinite ‘was then removed from four samples by heating at
600°C (1112 F ) for four hours, - 8120 was determmed for the combined quartz of these
four samples, and thls value was used to calculate 6180 for kaolinite in the original
’mlxtures. 6 180 for kaollnite is around 20 per mil, |
Alblte - - B ‘
‘ Albxte was separated from one sample (2069) by picking. 6180 for this sample'
was determmed to be 17 2%,

- Given the range -of 6180

- H20 values observed in Brazoria County (Kharaka and
others, l977a, 1980), temperatures of precxpltation for various cements can be
estabhshed Isotoplc data, as related to temperatures, for carbonates, kaolinite,
quartz, alblte, and waters are summarized in fxgure 29. Quartz probably formed at 75°
to"-80° C (167 to l76°F), kaohmte at around 100°C (212 F), and carbonates over
_ temperatures spanmng the entlre range of depths examlned Albltlzatnon took place
prxmarlly beIow 12,000 ft (3,660 m), at temperatures greater than 120°C (250°F).

Relatwe sequences of events determmed ln thls way largely corroborate paragenetlc

sequences determmed for the cements by petrographlc study.
L Reservoir<Quality

| | Most of the porosny present in the sampled Frio sandstones is secondary
porosxty, that ls, porosu:y formed by dlssolutlon of detrltal grains and/or cements
:(ilg. 30) Loucks and others (1979) demonstrated that in Upper Texas Gulf Coast
' Tertiary sandstones large volumes ot prxmary por051ty, occluded by carbonate cements
;early ln the dlagenetlc sequence, are frequently resurrected in the zone of "soft"
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geopressure (pressure gradients from 0.465 to 0.7 psi/ft). Within this zone, under the

- appropriate chemical eonditions, formation fluids can dissolve pre-existing cements
and may also directly leach feldspars and rock fragments. - Whelfe the resulting
secondary porosity is not occluded subsequently by late-stage cements, high-quality
geothermal reservoirs may exist at depth. Frio sandstones of Brazoria County have
the highest potential for deep reservoir quality of all Texas Gulf Coast Tertiary

sandstones (Bebout and others, 1978).

ANALYSIS OF VICKSBURG SANDSTONES, MC ALLEN RANCH FIELD,
HIDALGO COUNTY

Depositional Systems and Structure

| Vicksburg sediments in McAllen Ranch Field were deposited on the downdip side
of a large growth fault (Ritch and Kozik 1971; Loucks, 1978; Berg and others, 1979;
Han, 1980). Sands in the lower part of the section were dep051ted as slightly elongate

deltas. A major marine transgression followed deposmon of the Vicksburg and

deposited a mud-rich shelf to slope section above the deltaic sands. Volumetrically,

sand bodies are minor compared to shales and the shale units effectively enclose the
sandstones. Individual sandstone unit thicknesses vary from less than one foot to
several hundred feet (0.3 to 100 m). | | |
Vicksburg sediments were deposited into the rapidly subsiding ancestral Gulf of
Mexico Basin, Rapnd loadmg promoted the development of contemporaneous growth
fau!ts, whxch are the major structures present. Displacement along growth faults is

vanable, rangmg from a few feet to over 4,000 ft (1,220 m) of offset.
~External Controls on Reseryoir Quality

Depth to the top of the geopressured zone, geothermal gradient, basinal
hydrology, and” pore fluid chemistry are the most important external variables
influencing reservoir quality on a regiong! scale.
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In McAllen Ranch Fieid,ﬁth“e top of the "hard" éeopressured zone (0.7 psi/ft) is
encountered at approximately 8,500 ft (2,590 m). ‘Above the "hard"geopressured‘zone,
the temperature increases ‘with depth at a rate of 1.64°F/100 ft; the geothermal
gradient increases to 2.9_2°F/ 100 ft within the "hard" geopressured regime (fig. 31).

Similarities in - depositional and structural histories between Hidalgo County
Vicksburg a‘nd Brazoria -County Frio sandstones dictate similar basinal hydrologies.

Pore fluid data applicable to McAllen Ranch Field are not available. The
corresponding section in the discussion of 'Frio‘ sandstones from Brazoria County
contains a summary of currently available information on pore fluids in Tertiary Guif
Coast sandstones. | o |

Some studies have addressed the problem of water chemistry variations relative
to depth lithology, and structure, but few patterns have emerged Kharaka and others'
(1977a) reported analyses that show generaily decreasmg subsurface salinities from the
Louisiana Gulf Coast southward to Hidalgo County, Texas. They attribute the highest

sahnities to dissolution of salt domes.
Detrital Mineralogy and Texture

One-hundred-one stalned Vicksburg thin sections from Hidalgo County, Texas,
were pomt-counted (200 pomts per sectxon) Sample selection was purposely biased
toward coarsest grain size and lowest matrix content because a greater degree of
diagenetic alteration typically characterizes coarser, more porous rocks. |
S Most Vicksburg sandstones examined are poorly to moderately sorted, fine-
gramed feldspathic volcamc aremtes and lithxc arkoses (classiﬁcation of Folk 197#),

all with less than 30 percent quartz (fig. 32). The rock fragments consist of abundant

~caliche and volcanic rock fragments (VRF's). Sodium-rich plagioclase and VRF's

constitute the majority of framework grains and occur in subequal amounts. “The

chemically unstable mmeralogy of these sandstones contributed Significantly to the
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Figure 32. Primary detrit(al mineralogy, McAllen Ranch area.
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extensive diagenetic modifications which occurred in this area. Detailed descriptions

- of the various detrital constituents follow.

Quartz
Detrital quartz content is less than 30 percent and averages approximately 15
percent. Volcanic quartz is the dominant variety, although common quartz is also

abundant and a few metamorphic quartz grains were identified.

Feldspar

- Plagioclase is the most abundant feldspar variety; detrital potassium feldspar
grains were rarely encountered. As in Frio sandstones from Brazoria Counfy, most of
the plagioclase is albite. However, grains rarely exhibit typical albite twinning, and
we suggest that the present compositions resulted from postdepositional albitization.
Vacuolization and sericitization of plagioclase are the most common feldspar altera-
tions; calcite-replaced and leached feldspars are additional, less frequently observed

alteration types.

Rock Fragménts

Volcanic rock fragments (VRF's) are the most abundant type occurring in
Vicksburg sandstones (fig. 33). The abundance of VRF's in the Vicksburg reflects the
extensive Tertiary volcanism that occurred in West Texas and Mexico. Original
volcanic textures are generally well preserved in VRF's, and feldspar phenocrysts are
eésily recognized in many fragments. A few glassy rock fragments appear relatively
fresh, although silicification of very fine grained VRF's is common. Other observed
alterations of volcanic rock fragments include replacement by calcite and chlorite,
leaching and alteration to clays. Pseudomatrix in Vicksburg sandstones is Composéd
largely of clay-altered VRF's. |

Carbonate rock fragments (CRF's), which are dominantly microspar, are present

in variable amounts up to 12 percent. Lindquist (1977) suggested that these clasts
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- ORF

'anure 33. ‘Rock fragment types, McAllen Ranch area. (VRF_volcamc rock fragment;_

. CRF:carbonate rock fragment, ORF=other rock fragments ) VRF's are the dommant .

rock fragment type and contribute to the overa.ll chemncal and mechanijcal mstabxhty

of Vlcksburg sandstones. :
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were derived from calichified Oligocene soils rather than from a Cretaceous carbonate
source. Less abundant rock fragment types include shale and mudstone clasts and

metamor phic rock fragments.

Matrix

Depositional matrix can be important locally, constituting up to 18.5 percent, |
but it is a minor constituent in the samples selected. Pseudométrix, which forms by
deformation of mechanicélly unstable frémework grains (Dic'kiﬁson, 1970) commonly

reduces porosity and permeability of Vicksburg sandstone reservoirs.
Diagenetic Modification

Development of authigenic minerals, chemical alteration of existing minerals,
and leaching of chemically unstable grains constitute diagenetic reactions occurring in

Vicksburg sandstones.

Authigenic Minerals

The authigenic mineralogy of Vicksburg sandstones from McAllen Ranch Field is
highly diverse. Multiple major stages of calcite cementation are reflected jn the
samples, as is an episode of quartz overgrowth development. In addition, several
minor cements are preserved. Kaolinite, which forms authigenically in other Tertiary
sandstones of the Texas Gulf Coast (Loucks and others, 1979), is conspicuously absent
from all sandstones examined. The absence of kaolinite is one line of evidence
suggesting that the chemistry of formation waters in the Vicksburg of McAllen Ranch
Field was distinctly different from that of waters in other Tertiary sandstones where
good quality deep reservoirs developed (for example, Frio sandsfone reservoirs in
Brazoria County, Texas).
Calcite

‘Calcite is the most abundant authigenic constituent in Vicksburg sandstones.

The presence of several calcite phase‘é reflects a multistage diagenetic history. Both
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ferroan and non-ferroan calcite are present as poikilotopic and sparry cements and as
grain replacements. However, temporal relationships between coexisting phases are
unclear and in some cases cannot be deciphered unequivocally by petrographic means.
Ferroan apd npn-féi'rdan calcite grain re’placemenfs and cements can all be present
within a Sihgle thin section, |

guartz

" Authigenic quartz is present as overgrowths on detrital quartz grains. Althbu@
these overgrowths are ubiquitous in the Vicksburg samples, they form a volumetrically
minor part of ;che cements and therefore do not occlude porosity significantly.

Minor Authigenic Minerals

- A minor authigenic constituent has been idenfcified as aluminum-bearing sphene
on the basis of microprobe analysis. Comprising up to 2 per(:eht of some sandstones,
sphene occurs as a .replaceme'nt‘ of VRF's and plagiocl}a.se as well as a pore-filling
mineral. The opﬁcal ’propertries are abnormal for sphene. 'Birefringence is only upper
second order, and characteriStic rhombic ¢ross sections are rafe. It occurs mainly as
granular aggregates of anhedral crystals, although a few euhedral crystals were
obsefved ih secondary pores (fig. 34). |

| Feldspar (albite) overgrowths, chlorite rims, and poikilotopic zeolite cement are
othet minor authigenic cornpénents praent in Vicksburg sandstones. In general,
distribqtion.oi these authigenic constituents is sporadic; concentrations of a particular
constituent occur in distinct zones and, in some cases, may be restricted to certain
‘wells. Well-developed albite overgrowths are prominent in a number of Vicksburg
sandstone samples from the eastem'SeCtio'n Vof McAllen Rénch Field. Ovei‘grcwths are
seldom ih‘opticél continuity with host grains but are occasionally twinned (fig. 35).
Chlox"itevrir'ns and pore-filling cement are present in several samples below i0,000 ft
(3,050 m‘)‘“and are exceptionally well developed in a number- of samples taken below

12,500 £t (3,810 m) in Forest Oil Nos. 9 and 10 McAllen wells. The delivcate structure
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Figure 34.  Authigenic sphene (5) in plagioclase (PL) partly filling a'secondary pore (P).
Plane polarized light. B e S
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of the chlorite rims attests to their authigenic nature (figs. 36 and 37). Poikilotopic
zeolite’ cement and grain replacements occur in samples from four of the wells studied
(figs. 38 and 39). This zeolite was first identified as laumontite by X-ray analysis and
‘identification was subsequently confirmed by SEM equipped with an energy dispersive
analyzer. Partncularly good examples are preserved in samples from 9,600 to 9,700 ft
o (2,925 to 2,955 m) in Shell Nos. 6 and 8 Woods-Christian wells and from approximately
| 117,060 ft*(3,370 m) in the Shell No.7 Woods-Christian well. Overall, laumontite
gcementatlon is volumetrically msxgnifrcant, but in the restricted zones where it
| occurs, itisa ma)or inhibitor of porosity and it may constitute as much as 17 percent

of _the sample.

Porosity Types

" Primary porosity may be significant at depths less than 3,000 ft (900 m)
However, in deeper samples, interval transit times decrease sharply, suggesting
extensive cementation. Thus, in matrix-free sandstones below 3,000 ft (900 m),
secondary porosity is the dominant porosity type (fig. 40). At depths suitable 'for
geopressured geothermal energy production, however, most of this secondary porosity

has been occluded by late-stage carbonate cements.

Minor Element Chemistry

Authigenic calcite cement and grain replacements in three Vicksburg samples
from McAllen Ranch Field were analyzed for MgO, SrO, CaO, MnO, and FeO by
electron microprobe. The results are tabulatee in Appendix D. A review of these data
reveals the existence of at least three distinctive calcite generations and supports our
views on the near continuous nature of alternate precipitation and leaching episodes.
Detrifal feldspars were analyzed in five Vicksburg samples. As in Frio samples from
Brazoria County, their present compositions are albite. The major source of detrital

plagioclase in Vicksburg sandstones in South Texas is the area of Tertiary volcanics in
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Figure 36.
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Figure 39. SEM photograph of laumontite (L).
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West Texas. Plagioclase in the source area generally has compositions in the range

An,. - Anuo (C. D. Henry, oral communication, 1979). Thus, it seems certain that

20

extensive postdepositional albitization is. responsible for the present plagioclase .

compositions.

- In addition to analyzing the carbonates and feldspars, the microprobe was used to
identify positively two authigenic minerals. The first mineral occurs as‘ poikilotopic
cement in some Vicksburg samples and was identified as laumontite, with the formula

Ca, (AL, §Si 1012)*4H,0. The second authigenic phase exhibits optical properties

#.
that are somewhat unusual for this mineral species. The mineral was identified by
microprobe as aluminous sphene with the formula Cax(‘l‘i0 7ALl, 3) 5103. Such varieties
of sphene containing abundant aluminum substituting for titanium are characterized by

lower birefringence and refractive indices than the more common pure titanium

varieties (Deer and others, 1966).
Reservoir Quality

Multiple generations of carbonate éement are represented in the sandstone
samples examined. Calcite cements forinéd eariy in the diagenef_ic 'seq‘uence and are
present in variable amouﬁts in all depth intervals sampled. Authigénié calcife is the
major inhibitor of porosity and permeability. | Cther authigenic repla'cement minerals
and cements are minor and do not contribute significantly to the ;;oor reservoif quality
of the McAllen Ranch Field wells. The extent and i,ntenéity of caléite cemeﬁtatidn do
not abpéar to be related to the aburv;dancre'of carbonate rock frégme,nfs (CRF's), and
petrégraphié obsedétions indicate that »ICRF's didv not s‘erve as nucleation sites fdr
incipient calcite precipitation. The abundance of CRF's (caliche clasts) does, however,
i'ndig:até‘thét the cﬁetﬁic_al environment was rich in carbonaté at thé time of_ Vicksburg
sandstdne dejpos;;ition. Apparently, thé formation waters‘ remaiﬁed 'carboﬁate-riéh

throughout most of the sandstones' burial history. Calcite-cemented Zones interfinger
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“with discrete zones containing ‘abundant secondary porosity. We believe that with
increasing depth of burial, the sandstone bodies moved through a succession of

‘geochemical environments where some preexisting calcites were leached and new

calcites were precipitated. Unfortunately, from a reservoir quality standpoint, calcite
precipitation and preservation were tar more extensive than calcite leaching, and
ferroan calcite cement formed late in the diagenetic sequence occluded most deep
secondary porosity Considerable secondary porosity is preserved in zones that were
not affected by this late calcite. However, these zones are isolated and do not appear
to be volmnetrically significant. Even where calcite cements are absent or minimally
developed, the chemically unstable detrital mineralogy of the McAllen Ranch Field .

sandstones contributes significantly to occlusion of porosity and permeability through

the formation of pseudomatrix.

PHYSICAL FACTORS CONTROLLING RESERVOIR QUALITY

v McAllen Ranch and Chocolate Bayou/Danbury Dome areas have similar structur-
al and deposrtlonal styles as well as ﬂuzd flow histories. leferences between the two
areas are mlneralogy, depth to geopressure, and temperature gradlent. These
dlfferences are responsrble for the contrastmg reservorr qualxty in the two areas.

Detrltal mmera.logy is determmed pnmarlly by the mmeralogy of the source

area. Dxfferences in detrltal composmons of sandstones may 51mply be due to

dlfferent source areas. Alternanvely, dlfferent detrlta.l mlneral assemblages can be
’ produced from a common source, ngen su:fﬂcrently dlfferent cllmatlc condxtlons and

dlstance a!ong alternate paths of transport from the source, |

Cllmates durlng Ohgocene Vlcksburg and Frlo deposrtron were similar to
climates along the ’l'exas ocoast today (Galloway, 1977; Loucks and others, 1979). The

Lower ‘l'exas Gulf Coast area was arid; the Upper Texas Gulf Coast area was humld
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The arid climate in the Lower Texas Gulf Coast produced soil caliches’
(Lindquist, 1977; Galloway, 1977) and favored preservatiori of volcanic rock fragments
(VFR's) during transport. Hence, the lower Texas Vicksburg contains a large
proportion of chemically unstable rock fragments. Soil caliches could not form in the
more humid climate of the Upper Texas Gulf Coast and detrital grains underwent moré
extensive chemical degradation during transport. Therefore, Frio sandstones in the
Upper Texas Gulf Coast are characterized by a more chemically stable mineral
assemblage.

The major source area of Vicksburg sediments in McAllen Ranch Field was the
Trans-Pecos region of West Texas and Mexico (Loucks and others, 1979). Extensive
volcanism during Vicksburg time contributed volcanic rock fragments, volcanic quartz,
feldspars, and glass shards to the sandstones. Glass shards and volcanic ash altered to
smectite, which is the major clay component in the system. The Rocky Moun'tr;.tin area
may have been the source of some metamorphic rock fragments. Soil caliche local to
the area of deposition was the source of carbonate rock fragments.

The Rocky Mountain area rhay have b¢en a source for the Frio sandstones in the
Chocolate Bayou/Danbury Doxﬁe area. 'l'.h_is‘ area contains a variety of sedimentary,
metamorphic, and probably some volcanic rock types. Some volcanic rock fragments
(VRF's) were probably derived from the West Texas area, and abundant volcanic ash
from West Texas contributed to the formation of smectite clays.

The greater chemical and mechanical instability of the gra.‘in. assemblage in the
Lower Texas Gulf Coast as compared to the Upper Texas Gulf Coast contributed to
extensive cementation of Viclcsbu:;g sediments, resulting in poor reservoir quality,
especially at dépths necessary for geothermal reservoirs. As pointed out by Loucks
and others (1979), a relatively stable mineral é.ssemblage is necessary to pr&se:r‘v'e high
quality reservoirs in the deep subsurface. Twenty to thirty percent unstable

components favors the development of secondary reservoirs. Unstable grainsrsuch as
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feldspars dissolve, creating secondary porosity. H;Svféver, if the percentage of
unstable grains is too high, as in the Lower Texas Gulf Coast, the system becomes
choked with cement and secondary porosity is destroyed.

Depth to the toé of geopressure, and hence to the inflection in geothermal
gradient, differs in the two study areas. In the Chocolate BayoU/Danbury Dome area
the occurfénce‘ of "hard" geopressure is deeper (11,000 ft or 3,350 m, approximately)
than in the McAllen Ranch area (8,500 ft or 2,590 m, 'approximately). In addition,
geothermal gradients in the Chocolate Bayou/ba.nbury Dome area are less than in the
McAllen Ranch area. Together, these two factors (dépth to top of geopressure and
geothermal gradients) result in overall higher temperatures at any particular depth in
the Lower Texas Gulf Coast area. This in turn influences the depth at which the

temperature-dependent smectite/illite transform ation occurs (Appendix A).

- EFFECTS OF DIAGENESIS AND BULK CHEMISTRY OF PELITIC SEDIMENTS

Tertiary sediments along Fhe Texas Gulf Coast are mainly pelitic (mudstones and
shale;). Sandstones are common but are only locally abundant. Sandstones were
emphasized in past géothg_rmal s’;udies because they are the potential reservoir rocks.
To understand the diagenetic system, howevgr, Eoth sandstones and associated pelitic
rocks must be studied. ‘ ‘

A major question in the study of‘ Gulf Coast diagenesis is whether pelitic rocks

represent an open or a closed chemical system relative to associated sandstones. In

other words, do chemical reactions within the shales produce ions that subsequently

precipitate as authigenic phases in the sandStones? Published findings pertinent to this

question are contradictory. Hower and others (1976) found that authigenic products in

shales could account for most ions released by clay mineral transitions, requiring no

transport of these ,r,nater_ials into sandstones. Land and Dutton (1978), however,

documented the quantities of silica required for sandstone cementation and concluded
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that the large amounts required can only come from shales. Boles and Franks (1979)
suggested that quantities of materials released ‘from shales are small relative to
amounts produced by clay reactions and that the material loss from shales is therefore
not readily detected.

Argillaceous sediments from two wells in each of Btazoria and Hidalgo Counties
were analyzed for this study. We outlined depth-related change; in mineralogy  and
bulk chemistry of the pelitic sediments and attempted to correlate these changes with
diagenetic features in associated sandstones. Other studies along the Gulf Coast
(Burst, . 1969; Perry and Hower, 1970; Hower and others, 1976; Yeh and Savin, 1977),
have included similar analyses of pelitic sediments but their conclusions were based
solely on the pelitic system. They did not postulate the effects of clay diagenesis on
the sandstone system. An exception is the study by Boles and Franks (1979) of the
effects of clay diagenesis on cementation in Wilcox sandstones in the Lower Texas Gulf
Coast. However, the argillaceous system in the Wilcox Group is different from the
systems in Vicksburg and Frio Formations (Perry and Hower, 1970; this study) and
results should be extrapolated with caution. |

Our discussion will be confined to the major aspects of diagenesis in pelitic
sediments as they relate to observed diagenetit_: features in associated sandstones. .A
material balance calculation within the pelitic sediments or b.etweenb the pelitic
sediments and the sandstones will not be attempted because our data are not

sufficiently quantitative.
Smectite/Illite Transformation

Chemical Reaction
,Mixed-layer smectite undergoes transformation to mixed-layer illite as tempera-
tures and pressures increase with burial (Weaver, 1958; Burst, 1969; de Segonzac, 1970;

Perry and Hower, 1970; Weaver and Beck, 1971; Schmidt, 1973; Hower and others,
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1976; Boles and Franks, 1979). The transformation of smectite to illite is potentially
important ‘if water and ions released by this reaction migrate into the sandstones
where they may affect diagenesis. :

- -Boles and Franks (1979) discussed the role of aluminum in the smectite-illite
transition. - Using clay mineral formulas from Hower and others (1976) they show that
reactions with aluminum as an‘immobile component release significantly greater
amounts of cations (most notably, silica release 'increases more than five times)
relative to reactions in which aluminum is considered a mobile component,

- Burst (1969) calculated the amount of lnterlayer water. expelled during clay
diagenesis as 10 to 15 percent of the compacted bulk volume of the argillaceous
sediments; - This is a large volume of water, given the ‘high ratio of argillaceous
sediment to permeable sand beds in the Gulf Coast Basin. This water is thought to be
less saline than the normal brines within the sandstone units. Expulsion of compaction
waters transports cations released in the smectite-illite transition into the sandstones

- where they may precipitate as authigenic phases.

ATn’mng and Depth of Occurrenee | |

. The transformanon of ra.ndomly interlayered smectlte to ordered mlxed-layered
llllte is mamly temperature controlled (Burst, 1969' Perry and Hower, l970, Hower and
others, 1976, thlS study) ln the Lower Texas Gulf Coast Where the geothermal
‘ gradlent ls hrgher, the transformauon to strongly ordered 1nterlayer1ng occurs at a
lesser depth (7,500 to 9,000 ft, 2,290 to 2,7#0 m) than in the Upper ‘l'exas Gulf Coast
}(ll 200 to 11, 750 ft, 3,415 to 3,580 m) where the geothermal gradlent is lower.
' _However, other factors also influence the transformation because it occurs at
| temperatures 25 to 30 C h1gher in Brazorla- County than in Hlda.lgo County
(Appendlx A) The varlatlon in the temperature of transformatlon in these two areas
may result from dlfferences in pore fluid pressure or dxfferences in prlmary detntal

m1neralogy (that lS, original ratio of smectrte to llllte). Another possibility is that the
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geothermal gradients in the two areas have not been constant throughout geologic
history (see Bonham, 1980).

In the Gulf Coast area, an empirical relationship exists between the occurrence
of illite/smectite transformation and the top of "hard" geopressure (geopressure as
defined by resistivity plots) (Burst, 1969; Schmidt, 1973; this study). Some workers
feel that clay transformation creates geopressure (Powers, 1967; Foster and Custardv,.
1980), whereas others feel that the relationship is coincidental (Magara, 1975). Our
data indicate that the transformation is related to the top of gebpreSsure. This
relationship is likely due to a thermal seal created by undercompacted shale in the
geopressured zone. The temperature-dependent smectite. to illite trahsforma’tion
occurs near the zone of increased thermal gradient produced by this thermal seal
(Magara, 1975).

- Van Olphen (1963) has shown that lithostatic pressure alone cannot be responsible
for removal of interlayer water from clays, but rather, it must act with “temperature
to expel water. However, in a geopressured system lithostatic pressure is reduced and
fluid pressure increases. Fluid pressure inhibits the expulsion of intetlayer water. The
quentitative effects of pressure on clay transformation are not well uﬁderst’ood and
deser‘ve more study. |

Another possible control on the smectite-illite transformatioﬁ is the original
ratio ofA smectite to illite layers.in the mixed layered clays and/or other differences in
detntal mmeralogy Ordering in the clay does not occur until the mixture is 60
percent or more illite (Appendix A). It is probable that the higher the percentage of
illite in the pelitic sediment at the time of deposition the lower the temperature

needed for the transformation to occur,

Oxide Analyses of Pelitic Rocks
Pelitic rocks were analyzed for CaO, KZO’ Al 03, Nazo, Mgo, and Fe203 to

determine whether shales behave as open or closed systems relative to associated
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sandstones. The samples analyzed were composed of the less than 177 micron size
fraction. Subdivision into narrower size tra..étions was npot attempted because we were
interested only in general trends. Unfortunately, the silica analysis techniques we
‘used did not yield reproducible results. Therefore, trends with depth shown in
| figures 41 through 44 are based on ratios of the various oxides to ALO,. Bec‘ause we
-assume that aluminum behaves as an immobile constituent in the smectite-illite
transition, and is therefore confined to the pelitic system, oxide ratios normalized to
A1203 should give trends with depth that are actually related to losses and gains in the
shales. ln’additio,n to the;orbservation that assuming aluminum immobility maﬁmims
the numlvyaelj of cations released (Boles and Franks, 1979) the fact that A1203 varies
directly with the amount of clay (Perry and Hower, 1970) supports the contention that

aluminum is relatively immobile. Any significant trends with depth will bear on the

question of open or closed sandstone/shale systems,

Cao o

The ratio of the CaO to AL, O, shows the most variable trend with depth. In the
two Brazoria County wells. the ﬁiaximpm absolute vahjés and the maximum range of
values are found above 10,000 ft (3,050 m),y Below this dépth both the CaO content

and its variability decrease. Three explanations for this trend can be offered.

1, The fshale system is open with respect to calcium and Joses calcium to the
sandstones beldw 10,000 it (3;650 m) Petrographic analyses of sandstopes_ from
¢orrespohding depths do not support this possibility because calcite cements
decrease with depth. | |

2, The shale system is open with respg;t to calcium, and above 10,000 ft (3,050 m)
reggives calcium that is recycled from the leached saﬁdstone§ lower in the

section (leaching is extensiw: in:Fti:o sandstones from Brazoria County).

79




2,000

4,000

PLEASANT BAYOU 4!
METAL OXIDES /Al 03

Depth {meters)

10,000 13,000
seseneessees Nuzo
—e— Mg0

12,000} —i— K0
g (00

! - Feg03 {000
14,000
i 1 L L ] 1 1 1 L
'e'°°°o 02 04 10 2

06
. Ratios (w1 % / wi.%)

Figure &1. Oxide trends with dépth, Pleasant Bayou ,No'. 1, Brazoria Courit‘&.

80




TEXAS STATE LEASE #I
2000k METAL OXIDES /41,03
1,000
4,000}
6,000}
i 42,000
‘,§' - "
8,000} 2
<
_ 10,000} 13000
— Nazd
5 —— Mg0
—— Kgo.
12,000} —— o0
—-&-— Fe03 » ]
[ ' : 44,000
14 0 1 1 R 1 L 1 i ) 1 | 1 1
00 (] 02 ‘ 04 0§ 08 10 12

Rotios (wh% / wt.%) .

Figure 42, Oxide trends with depth, Texas State Lease No. 1, Bfazoria County.

&1




or 10
L A A. MCALLEN #3
METAL OXIDES / Aly03
2000
4
<€
- ‘
} 41,000
4,000t .
7
14
3
‘b
€000 \’
3 ; Tooo0
; R .-
[-%
s v
&
8,000 :E:
1 £
I‘ a
4 6‘ ...... e@eonsens NOzO S
MgO
10,000} K20 413,000
Ca0
- ——-- &203
12,000 .
i 44,000
4 1 L 1 'l 'l 1 L [l 1
: '0000 02 04 06 08 10

Ratios (wt.% 7/ wi. %)

Figure 43, Oxide trends with depth, A. A. McAllen No. 3, Hidalgo County.

82




or o 10
DIXIE MORTGAGE & LOAN #1
METAL ‘OXIDES / Alz03
2000}
11,000
4,000}
6,000} g
42,000
= -—o—— F -
3 €03 g
. Z 8000} E
§, £
[=] o
3
10,000 1300
12,000}
- 44,000
14,000
L L 1 i 1 L 1 L L "l A
0 02 04 06 08 10 12

Ratios (W% /7 wi.%)

Figure &44. Oxide trends with depth, Dixie Mortgagé and Loan No. 1, Hidalgo County.

83




K

3. The shales are closed systems with respect to calcium, and differences in CaO
reflect primary differences in shale mineralogy (for eicamplé; sPoradic:concen-
trations of shell debris). This explanation is supported by 'the sporadic occur-
rence of the high CaO/AL,0, values above 10,000 ft (3,050 m).

Overwhelmxng evidence in support of either explanatnon 2 or 3 is not found in the
data. No trends in CaO are observed in the Hidalgo County wells, Thns indicates that
exther dealgo County sha!es are closed systems or loss of calcmm from these shales

cannot be detected due to the high total calcxte concentratlon.

KZO

A slight increase in KZO was observed in one well in Brazoria County. A plot of
20 versus-percent expandable layers in the clays for the same well shows that-l(zo

varies directly with the amount of illite. Two of the three remaining wells show a

‘similar trend. This suggests that potassium must be added to the system. Potassium

may be denved from the coarse fraction of the 'peiitic rocks that was not analyzed,

thus making the shales closed systems with “r_espect to potassium, or from the

“sandstones if the shales are open.

Fez 3

Fe203 decreases slightly below 13,000 ft (3,960 m) in one Brazoria County well,

‘The other wells show no trend with this oxide. Boles and Franks (1979) suggest that

iron derived fr'oxn' smectite is responsible for high iron contents in late carbonate
cements. However the most recent authigenic’ carbonates in the well that shows loss
of Fezo3 are iron poor. A few other wells in the Brazona area have minor amounts of
1ron-r1ch carbonates, but the timing of prempxtatxon of these phases is obscure and

'these phases are mostly assocxated w1th iron-nch graxns such as glaucomte. Thus

dxﬁerences m l’-‘e2 3 in the one well whxch shows a trend are probably due: to ongmal

‘dxfferences m mxneralogy and there IS no evzdence in these data that the shales are

open thh respect to 1ron. : L
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-MgO and Nazo | : ' _

. No 'tre_nds with depth for these oxides_r_wer_e observed in any of the four wells
_studied. Internal recycling of thesvve components seems likely.
Summary

There is httle ev1dence in the oxide data to support the contention that the

shales are open systems w1th respect to the sandstones. Data for CaO and Kzo are
‘the most suggestxve of an open pelltlc system, but trends in these data are open to
multiple interpretations. The large quantltles of Acatlons reqmred for sandstone
dlagenesls, however, seemlngly' must come from shales (hand and Dutton, 1978; Boles
and Fran_lr.s, 1979); The ahsence of trends in our data does not exclude the possibility
suggest'ed. by Boles and 'Franks (l979) that the relative volume ofshales to sandstones
1s so great that materlal loss too small to be detected in oxnde analyses of pelmc rocks
may still be s1gmf1cant in sandstone dlagenesls. In fact, X-ray data obtalned by Freed
(Appendlx A) on shale samples from the same wells m Brazorla County suggest that
mlxed-layer clays release slllca, carbonate, iron, and magnesxum during transformatlon
to the ordered llhte-rnch structure. ln Hldalgo County, however, excha.nge was more
'llmited, probably re:stncted to sxllca, Iron and magnesium released by the clay
}tr'ansformati'on were usedfin s:tu to form authigenlc ‘chlorite (Appendiic A). Untll
sufflcxent data are generated on both sandstones and shales to permlt mass l;alance
‘icalculatlons of a hlghly quantltatlve nature (mcludmg oxlde analyses complete w1th
sllwa data and mlneral phase dlstrlbution data), thls problem cannot be resolved o

R CdﬁPARI’soN 01= :‘DIAGEQETI‘é'SEduéNcEs .

lfferenoes ln dlagenetlc hlstory are largely responsxble for the dlfferenoes in
reserw/ou' quallty between the two study dreas, Combined lSOtOplC and petrograpluc

techmques were used to mterpret the sequence of dxagenetlc events in Fno sandstones




in the Chocolate Bayou/Danbury Dome area. Sequences of events in Vicksburg
sandstone of the McAllen Ranch area -weré interpreted from p’etrogréphié data alone,
because carbonate phases in these rocks are too complex to permit separation for
isotopic analysis. Information on clay mineral transformations (Appendix A) was also

integrated into our interpretations of diagenetic history.
Diagenetic History of Chocolate Bayou/Danbury Dome Area

Figure 45 summarizes the sequence of diagenetic events in the Frio Formation of
the Chocolate Bayou/Danbury Dome érea; In a regional petrographic study of the
Frio, Loucks and others (1979) observed carbonates from near surface to the deepest
occurrence of the Frio, suggesting that carbonate precipitation must occur in several
stages. In _thih sections from the geothermal wells, carbonates both preceded and
posi-dated fbrmation of quartz overgrowths. Secondary porosity largely posi-datés
formation of quartz but occurred both before and after carbonate precipitation.
Isotopic data are consistent with these obsepvations. Alternate léaching and preci-
pitation of carbonate minerals must have occurred over the entire range of depths
examined and under much shallower conditions as well.

Quartz cements in Brazoria Coﬁnty do not become important until nearly
12,000 ft (3,660 m). Rocks immediately overlying the Frio in Brazoria County are
Miocene.shales. The sandstones above these shales contain no quartz overgrowths and
are mostly unconsolidated. On a regional scale, however, overgrowths appear at much
shallower depths, at 5,000 to 6,000 ft (1,525 to 1,830 m) (Loucks and others, 1979). In
thin sectibn, quartz in Brazoria County appears mainly to pre-date formation of
secondary porosity, suggesting that it formed at shallower depths than it is presently

18

found. The very heavy § "“O values for quartz overgrowths in Brazoria County are

consistent with formation at shallower depths.
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Kaolinite occurs mainly. as a filling in secondary pores and as a feldspar
replacement. - It definitely post-dates  quartz'and mucﬁ of the leaching, but:its
paragenetic relationship with mueh,of the late carbonate is unclear, It appears to be .
the last autNéenic phase developed in most of the samples. )

“In addition to formation of pore-filling minerals, three other proeesses are
important to Frio diagenesis'in Brazoria County. One of these is the maturaﬁon of
orgamc matter. The other two, albitization and the smectlte/nhte transition, involve
reaction of detrital componems with the pore fluid.

‘Reaction of organic components at some stage during burial is said to produce
acids responsible for leaching and formation of secondary porosity (Schmidt and
‘ MacDonald, 1979). Presumably,~much of this leachingvinvolves removal of carbonate
minerals (Schmidt and MacDonald, 1979). Hydrocarbbﬁ,maturation processes are
known to be one source of dissolved C03= in subsurface fluids, based on isotopic
evidence (Carothers and Kharaka, 1980). Bonham (1980) states that Gulf Coast
Tertiary setniim‘ents are characterized by peak generation between 100° and lZO°C
(212° and 250°F). Authigenic carbonates within this temperature zone in Brazoria

13¢ values, including a

County are the ones characterized by an extreme range of &
number of extremely light samples (fig. 25). This indicates that some carbon released
by organic maturation is used in formation of authigenic minerals. Thus, carbonate
diagenesis in the zone of peak hydrocarbon generation is complex, encompassing bqth
precipitation and leaching, '

Albitization of feldspars, both alkali-feldspars and plagioclase, occurs with depth
in-’ BraZoriaCélunty and in other Tertiary recks along the Gulf Coast‘ (Garbarini and
Carpenter, 1978- Boles, 1979). Isotopic data and trends in feldépar'composiﬁ'on with
depth suggest that albitization in Brazoria County occurs shghtly deeper than the

‘ llhte/smectnte tra.nsmon.
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Textures in calcitized féldspar grains suggest that complete albitization was
preceded by most of the grain replacement. This is deduced from the observation that
many incompletely calcitized grains consist of calcite in the middle surrounded by a
rim of albite. If complete albitization had occurred prior to calcitization, there would
have been no compositional zoning in the grain to cause the differential replacement.
The.remaining rims may in some cases represent feldspar overgrowths. If this is the
case, formation of'feldspar cement may also have_ preceded albitization. Again,‘if
developed on an 'e.lbite core, fhe albite rim itself would have been equally subject to

replacement, .
B Diagenetic History of McAllen Ranch Field Area

Calcite is the earliest and the most pervasive authigenic component. Interval
transit time data from acoustic logs suggest that cements, which are assumed to be
carbonate, are eﬁmsiyely developed by the time the sandstones are buried ap-
proidmately 5,000 £t (1,525 m).v‘ .In our shallowest thin seetion sample, framework
grains .(eepecially plagiocl-ase) have already undergone extensive replacement by
calcite. Petrographic analysis cannot definitively reveal whether grains were directlyv
feolaced by calcite or whether c‘alcite'or’ecipitatedin secondary intragranular pores.
Poikilotopic ferroan calcite precipitated next in most intergranular pore spaces,
resulting:in a well-indurated rock with almost no porosity (fig. 46). We have observed
no evidence of earlier non-carbonate cementation, thus supporting our conclusions
based on petrophysical data and on the observations of Frio sandstones from the Lower
Texas Gulf Coast: (Loucls and others, 1979) that the pervasxve cements occurrmg at
shallow depths are carbonate.

Preapltatnon of pmkxlotoplc ferroan calcite was followed by a major leachmg
-episode whxch destroyed much of the preexlstmg calcite cement in certam mtervals.‘

Where abundant secondary porosxty developed, quartz overgrowths formed with
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i Figure ;;6. Low porosity sandstone resulting from pérvasive calcite cementation,
| McAllen Ranch area. P =detrital plagioclase; C = calcite grain replacement;
FC = ferroan calcite cement. Plane polarized light. , -~
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euhedral crystal faces where their growth was unobstructed (fig. 47). Similarly,
plagioctase overgrowths grew into secondary pores. Temporal relationships between
quartz and plagioclase overgrowth development are difficult to discern because of the

chance occurrence of authigenic quartz and feldspar in contact and because there

' appear to have been multiple pulses of plagiqclase overgrowth development (fig. 35).

Plagiocla.séovergerths may have begun to form slightly earlier than quartz over-

grthhs, but their major vperiods of development appear to coincide.

- In samples from depths of_apprbximately 10,800 £t (3,290 m), where chlorite rims
éﬁd . pore;filing éement‘ are well developed, quartz overgrowths are rare. However,
édtmgénié chlorite appears to have formed in seconda'.ry pores. This suggests that

much of the chlorite formed after the period of carbonate leaching but prior to quartz

"c:'erhentati'on, thereby pre\)enting silica-rich ﬂtﬁds from nucleating on detrital quartz

‘grains. There is some evidence from samples below 12,000 ft (3,660 m) that minor

chlorite precipitation may have pefsisted after the initiation of quartz cementation, as
a small number of grains have d\lqrité rims developed on quartz overgrowths.

Paragenetic relationshipsA indiéate that laumontite precipitation occurred after
deveiopmént of quartz overgrowths‘ (fig.#S)v. Poikilotopic grains grew into sécondary
pores and were later partialiy leached. Additional observations of paragenetic
relationships indicate that ’sph‘ene also formed after quartz overgrowths but prior to
the sgcond major episode of iron-poor spafry Calcite'precipitation.

Another major episode of calcite precipitation occurred following development
of quartz overgrpwths and fhe minor cements discussed abqve. Most of this calcite is
present as non-ferroan grain replacements; however, it also occurs with a sparry, pore-
filling morphology (fig. 49). |

~ The final stage of cglcite precipitation recorded in samples studied occurred
priér to burial of sandstones to 10,600 ft» (3,23Q r_n).v This}c.:alcite also occurs as sparry

pore-fill and, to a lesser extent, as grain replacements; but in contrast to the
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Fxgure 48. Post-quartz overgrowth Q laumontrte cement (L) Dashed line 1nd1cates

the boundary between detnta.l quartz and rts overgrowth Crossed polars. o
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preceding calcite, it is ferroan, .In samples containing abundant ferroan calcite, most
secondary porosity is occluded.

The generalized sequence of diagenetic events occurring in Vicksburg sandstones
of McAllen Ranch area is shown in figure 50. The observed sequence agrees well with
the genera.l diagenetic seouence deyeloped by Loucks and others (1979) for Tertiary
Frio and Vicksburg sandstones of the Texas Gulf Coast, and depths at which we believe

specific diagenetic-events were initiated are inferred largely from their study.

CONCLUSIONS

Table3 swnmariies the characteristics of the Chocolate Bayou/Danbury Dome
area and the McAllen Ranch area. ‘l'hese contrasting characteristics promoted
dlfferences in the sequence and mtensxty of dlagenesm, which in turn were responsible
for dlfferences m reservoir quality in the two areas. The onset of specific dlagenetlc
events is related to depth to the top of geopressure and the temperature gradlent.
lntensity of reaction is largely a function of the primary detrital composition of the
sandstones and shales. In the Vicksburg sandstones of the McAllen Ranch area,
multlple generatlons of carbonate cement are represented in the sandstone samples
exammed. Calcite cements formed early in the diagenetic sequence and are present in
variable amounts in"all depth intervals sampled. Analysis of average interval transit
tlmes reveals a SLgmflcant contrast between . depths and 1ntens1t1es of cementatlon in
the two areas. A combmed plot for three wells in the McAllen Ranch Field area
mdlcates a higher degree of consohdatlon than do plots for the Danbury Dome area,
Chocolate Bayou area, and the two GCO/DOE Pleasant Bayou test wells (fig. 51). A
Frio well in Cameron County, coastward from Hldalgo County, was plotted to show the
slmllanty between lower Vlcksburg and Frio Formatlons in South Texas.

In the McAllen Ranch Field area, Vicksburg sandstones are characterlzed by a

mineralogically immature detrital assemblage. Framework grains are dominantly
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feldspars and rock fragments that contribute to the overall chemical and"mechanical
mstablllty of these sandstones. Thl.S 1nstab111ty is enhanced by the higher than normal
geothermal gradients, relative to other areas of the Texas Gulf Coast, characteuzmg
McAllen Ranch Field (1.64°F/100 £t above and.2.92 F/lOO ft within the hard. geopres-
sured» -zone). Figure 52 graphically depicts the contrastmg geothermal gradlents in
Hldalgo and Brazoria Counties. Therefore, inthe McAllen Ranch Field area,
dlagenetlc events tend to happen earlier in the consohdatlon sequence; early-formed
authl-genic constituents are developed more extensively andvtend to persist to a
greater extent than those occurring in the upper Texas coast (Loucks and others,
1979) Precipitation of early calclte cements began as shallowly as 3,000 ft (91# m)
Vlrtually all primary porosuy was occluded by these cements by the time the
sandstones were buried to 5,000 ft (1,524 m) Apparently, in the Hldalgo County
Vlcksburg sandstones, post-quartz overgrowth leachxng created. good reservoirs with
' - abundant secondary porosity, but these reservoirs were subsequently destroyed by the
final episode of ferroan calcite cementation which occurred prlor to hurlall of
sandstones to 10,600 £t (3,230 m). Similar destruction of secondary poroslty; by late
iron-rich carbonate cement was shown by Loucks and others (l977’) to be the major
cause of poor quality of deep Frio and Vicksburg sandstones reservoirs in the lower
Texas coast., | |
‘In the Chocolate Bayou/Danbury Dome area Frio sandstones contain fewer
unstable constituents and have been exposed to lower temperatures during. burial.
These rocks probably never contained authigenic carbonates on the extens'iyer scale
found in the South Texas Vlc'ksburg. Secondary porosity was never affected by rnajor
late-stage carbonate preclpltation. Thus, Frio sandstones of Brazorna County have the
greatest potential for deep reservoir quahty of all Texas Gulf Coast Tertlaryv
sandstones (Bebout and others, 1978). ' V
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Figure 50. History of diagenetic events, McAllen Ranch area.
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TABLE 3.
CHARACTERISTICS OF CHOCOLATE BAYOU/DANBURY AREA VERSUS McALLEN RANCH AREA.
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Area Sediment Climate Chemical ond Corbonate confent Abundance of Depth to top of Temperature grodient Reservoir quality
source mechanical of shales at depth corbonate cement hord abeve/below top of at depth
stability in sandstones (0.7 psi/ft) geopressure
KY MOUNTAINS:
Sedimentary, °
metomorphic . 1.35°F /1001t
g:zg%‘,’:vﬁ BaYou/ and voicanic Humid Very stoble Low Low ﬁ?&%u’r;o'dy ———— Poor o excellent
WEST TEXAS: (3,350m) 2.49°F/1001t
Volcanic
WEST TEXAS AND
MEXICO:
[ ; 1.64°F /1001t
MCALLEN RANCH Volcanic Arid Vary unsioble Moderate 0 high High ;;"gg;’;‘""" - Extremely poor
LOCAL : (2,440m) 2.92°F/1001t
Caliche
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| Frio sandstones from the Pleasant Bayou geothermal test wells exhibit min-
eraloglc trends that are largely consxstent w1th those trends observed in the larger set
of all Brazoria County Frxo samples; the detrital mineralogies are comparable, as are
thé'diagenetlc seouences we have reconstructed. ‘l"he Pleasant Bayou test sites were
selected for the favorable‘ porosities, permeabilities, and sand volumes characterizing
the Frio Formatlon in the geopressured zone of thxs area, relative to other areas of
Brazorla County (Bebout and others, l978° 1980) Wlthm the geOpressured zone, the
-.‘best reservozr is the medxum-gramed, bedload fluvnal channel deposlt occurrlng from
approxlmately 14,640 to- 14,710 ft (4 l460 to 4,480 m) in the Pleasant Bayou No. 2 well
(Bebout and others, 1980) ThlS unlt, by ltS nature, deviates most from the "typlcal"
Brazona County Frlo sandstones we have descnbed In 15 of 16 samples from this
interval authxgemc calcxte constltutes no more than 2 percent of the sandstones.
These rocks were apparently not sub)ected to the late-stage calcite cementat:on that
occurred elsewhere along the Gulf Coast, so abundant secondary porosny was
preserved Deposmonal matrlx is a mxnor constltuent m these sandstones, 13 of the
samples are matnx-free. The absence of matnx was a major factor controlhng the
development of secondary poroslty by permxttlng leachlng ﬂmds to permeate the
sandstones. L o ' |
| ‘l' hus, even 'm' a reglon w1th broadly favorable reservoxr potentlal, extreme
varlatlons in reservolr quahty exlst on a smaller scale. Factors that determme
‘ reservoxr quallty of mdmdual sandstone umts mclude deposmonal env1ronment at a
local level, relatlve proportlons of porosuy types, extent of - authlgemc mmeral
development, and pore geometry as related to permeabllity. Consxderatlon of these
reglonal and local reservoxr quallty controls can aid in predicting the dxstrlbutlon of

: reservorrs sultable for geopressured geothermal energy productlon.
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INTRODUCTION

. This report is part of a major study of the reservoir parame'ggps for‘geqpressured
geothermal energy in the Gulf Coast region, funded by the Department of E'nergy‘, and
administered by the Bureau of Economic Geology, The Univérs_i;y of Texas_’é’t_ A.u’stinl.
This report concéntrates on shale mineralogy, using X-ray analysis ,bqth‘to i,denti»fy‘ and
to quantify individual minerals in the shales. Zones of abnormal subsurface pressure
receive special attention. ' |

Shale sainples from wells in two geopresslréd geot,heyrmgrxl‘fairways are oompared’
in this study. The Vicksburg Fairway (Loucks, 1978; Loucks and others, 1979) is
represented by:. (1) 36 samples from Shell Oil Company {1 Dixie Mortgage_ Loan
Company, Hidalgo County, Texas; and (2) 33 samples from Shell Oil Company/Delhi-
Taylor Oil Corporation #3 A.A. McAllen, Hidalgo County, Texas. The Brazoria
.Fairway (Bebm,t aﬁd others, 1976, 1978; Loud<s and others, 1977, 1979) is lrgprgsented
by:. (1) 23 samples from Gulf Oil Corporation #2 Texas State Lease 53034, Brazoria
County, Texas; and (2) 33 samples from General Crude Oil Compgpy[Deparﬂnent of
Energy #1 Pleasant Bayou, Brazoria County, Texas. ;

The purpose of this report is to provide data that will be heﬁlpf,ulfin answering two
fundamental questioﬁs. First, what are the mineralogical pararﬁeters of geopressured
zones in regions with poor reservoir characteristics (Vicksbqrg Fa'irlway‘) as vcompared
to regions with good reservoir characteristics (Bra;oria Fairwe_xy)?, _Sgcond,.what
mineralogical evidence is present that will help to determine the extent of inter_actién

between shales and sandstones during diagenesis?
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- ANALYTICAL METHODS
- Sample Preparation -

Both selection of sample mtervals and sample preparatmn were performed by the
Bureau of Economic Geology. Some of ‘the #1 Pleasant Bayou samples were obtained -
from full-diameter cores; all other samples were in the form of cuttings. Each sample
was sieved and hand-picked under a microscope to remove sand and silt. Samples were
then crushed with mortar ahd pestle and-eeparated into two fractions: (1) approximate-
ly two grams with size greater than & ¢ and (2) approximately six grams with size
greater than 2.5¢. Estimates of sample purity are approximately 90% shale in the
greater-than-4 @ samples; fapproximétely 65% shale in the greater-than-2.5  samples.
The greater-than-4 @ (less-than-62-micron) fraction was reserved for X-ray determina-
tion of the bulk mineralogy. |

The greater-than 2.5 ¢ fraction was used for preparatnon of ornented clay
samples as follows: - ‘ o '

(1) calcite was reinoved:by t'reetment with IO%HCl-
(2) organic matter was removed by treatment with 50% H2°2’
(3) salts were removed by repeated oentrlfugnng with deionized water until the
' wash water did not react with AgNO3;

(4) pH was adjusted to 8.5 by addition of 5% NaOH; -

" (5)  sample was dispersed In deionized water and allowed to settle so that a
- 'less-thah-iwe-microxfi fraction could be separated, pipetted onto glass

" slides, and allowed to dry
© X-Ray Analysis — Bulk Mineralogy
Diffractometer tracings were obtalned- with a Philips diffractometer ;utilizing a

scintillation detector and pulse heigh‘t analyzer, CuKa radiation was generated at 35
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kilowatts and 15 milliamperes. Each sample was scanned from 4°20 to 70°20 at a rate
of 1° per minute with 1° divergence and scatter slits and a 0.1 mm receiving slit.

The method of Schultz (1964) was used to make semiquantitative estimates of
the weight percent for total clay, barite, analcime, quartz, potassium feldspar,
plagioclase feldspar,. éalcite, ankerite, dolomite, siderite, pyrite, and hematite. The
degrees 28, CuKa radiation, for those peak positions used in determining bulk
mineralogy (téble A-1) are from Schultz (1964) and Chen (1977). The number of
mineral constituents present in any one sample (table A-2) ranged from four to nine.
The variation in the weight percent sums of each sample's constituents differed for
each well (table A-2). These sums have been normalized to 100% in reporting values
for individual samples. Although the precision is at best + 10% of the amount present
and the accuracy is even less reliable (Hower and others, 1976), major changes in
individual mineral contents are readily observed, and this method is considered useful

for noting mineralogical trends with depth.‘
X-Ray Analysis — Oriented Clay Samples

Each of the less-than-two-micron oriented clay samples was scanned from 2°20
to 36°20 three separate times: (1) oriented clay sample with no further treatment;
(2) after solvation with ethylene glycol for a minimum of 12 hours in a vacuum
desiccator; and (3) after heating to 550°C (1022°F) for one hour. Machine settings
were the same as those used for the bulk mineralogy samples, with the exception that
some samples required different kilovolt and milliampere settings to keep the
diffractometer traces within the range of the chart recorder. In these situations,
however, the three clay scans for any one sample were produced at identical settings.

The methods of Johns and others (1954) and Perry and Hower (1970) were used to
make semiquantitative estimates of the weight percent of illite, kaolinite, chlorite,

and mixed-layer illite-smectite. The term "illite" is used in this report to mean
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Table A-1. Degrees 28 (CuKa) peak positiéns for determining . -
bulk mineralogy (from Schultz, 1964; Chen, 1977). Supplemental
peak positions were used as a check for identification.

Major Supplemental
Mineral ‘ Peak Position Peak Position -
total clay 19.9 34.6
barite . 25.8 . 42.8
analcime 26.0 30.5
quartz 26.6
potassium
feldspar 27.5
plagioclase 28.0
calcite _ 29.4
ankerite 30.8 41.0
dolomite 30.9 41.2
siderite 32.1 52.8
pyrite 33.1 | . 56.3
hematite o333 " 35.8
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- Table A-2. Minimum and maximum number of coexisting mineral
constituents; and minimum and maximum weight percent sums of
coexlstmg mmeral constituents determined by the method of

Schultz (1964).
#1 Dixie = | #2 Texas ~  #1
Mortgage #3 A. A. State Pleasant
Loan Co. McAllen Lease Bayou
minimum number
mineral ‘ 4 4 4 4
cpnstituents
maximum number ' .
mineral 6 6 9 8
constituents . : .
minimum sum of _
mineral . 89 91 80 - - .90
constituents'
méximum sum of
mineral 109 110 112 109

constituents

116




discrete illite that} is, illite that is not involved in the mixed-layering of illite and the
swelling 'clay, .'sm'eCtite.‘ ‘l'he proportlons of illite and- smectlte in the mixed-layer
“phase were determined by scanmng the solvated sample from 15°26 to 18 26 at %°20
* per minute (Reynolds and Hower, 1970)

, lt'is well l_rnown that a semiquantitative estimate of individual clay minerals is
extremely difflcult to‘ obtain. The values determined by any of the techniques
presently in 'use are influenced by: “the sampling technique; the method of sample
preparatlon; "nthe X-ray : instrwnentation; the need to solvate and heat the samples
between X-ray scans; thev resolution of lndividual peaks as compared to background;
degree -‘_of crystallinity and size of “individual particles; variations in the chemical
com'positi'on- and'the experience 'and “judgment of the investigator. ‘l'herefore,
' mdxvxdual values reported 1n this study should be used with great cautlon. However,
_because all samples were prepared and examined in the same manner, the relatlve

values in each ‘well can be used to determine mlneraloglcal trends with depth

. RESULTS | ‘
General Staternen_t N

‘l‘he data fall into two categorles- (l) bulk mineralogy, and (2) clay mineralogy.
Bulk rmneralogy includes ‘weight percent estlmates of quartz, calcite, dolomite,
: slderite, an_ke_rrte, potassmm ,feldspar,_ plagiocl_ase feldspar, pynte, hematite, ba_rite,
‘ arialcime, ‘and'all clay cohstituents grouped together as "total clay.” All values were
determlned from the less-than-62-m1cron fraction. | '

Clay mlneralogy mcludes welght percent estimates of kaolinte, discrete ilhte,
chlorite, and mixed-layer illite-smectite. All clay values were determmed from the
'less-than-two-micron fraction. No dlscrete smectite was observed in any of the

samples. The relative pr0portions of illite and’ smectite in the mxxed-layer phase have
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beén calculé.ted; these data are presented as both a percentage of the mixed-layer
pﬁ_ase and as a weight percent of the total sample. There is some unéertainty in
determining the proportion of illite and smectite from the diffréctograms. This is due
to the difficulty in choosing the maximum peak-height position of a rather broad peak.
This 'range of uncertainty has been included in both tal;les and ﬁgunes. -

Equilibrium temperatures for each well have been Calculated usmg ‘the relation
developed by Kehle (Bebout and others, 1978, p. 74). |

Bulk Mineralogy

Hidalgo County, Texas
#1 Dixie Mortgage Loan Company

Quartz and calcite (fig. A-1; table A-3) are both quite similar in weight percent
values at all depths., Calcite averages épproximately 11 weight percent in shallower
samples and about 14 weight percent in deeper samples. Quartz averages about 11
weight percent in samples shallower than 3,500 ft (1,675 m), and about 13 weight
percent in deeper samples. |

At shallow depths, total clay (fig. A-1; table A-3) averages approximately 68
weight percent. Below 5,500 ft (1,675 m), the trend of total clay weight percén‘t is
toward slightly lower values.

Pofassium feldspar (fig. A-2; table A-3) is rathér constant in amount at all
depths, averaging approximately two weight percent. Plagioclase féldspar (ﬁg. A-Z;
table A-3) avérages five weight percent in shallower samples, and gradually increases -
10 an average of about nine weight percent in deeper samples: |

Hématite (fig. A-2; table A-3) is found in seven samples shallower than 6','000‘th
(1,830 m); pyrite (fig. A-2; table A-3) is present in six deeper sam'pies. Barite
(fig. A-2; table A-3) is présent in only five samples; it may be authigenic in origin, but

~most probably it is a contaminant from drilling fluids.
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Figure A-1l. - Shell Ol Company #1 Dixie 'Mortrgage Loan Compaﬁy, Hidalgc; Co'unty,'
Texas: Semiquantitative weight percent estimates for quartz, calcite, and total clay.
Data from table A-13.

119




Table A-3. {1 Dixie Mortgage Loan Co.: Semiquantitative wenght
percent estimates for mineral constituents in
less-than-62-m1cron fraction. 4

sample depth | Total Potassium Plagio-

(ft) Quartz Calcite Clay Feldspar clase Hematite ' Pyrite Barite
1,454 - 1,485 11 15 68 1 3 2 0 0
1,79 - 1,824 11 11 72 2 4 0 0 0
2,164 - 2,195 11 -9 68 2 6 -0 0 4
2,534 - 2,575 10 15 69 1 5 -0 0 0
2,904 - 2,934 11 13 64 2 6 4 0 0
3,180 - 3,211 10 12 67 3 6 -0 0 0
3,421 - 3,451 11 11 71 2 6 .0 0 0
3,733 - 3,764 11 13 69 2 5 0 0 0
4,113 - 4,224 12 7 70 3 5 4 0 0 -
4,550 - 4,580 12 10 68 1 5 4 0 0
4, 850 - 4,830 10 9 71 2 5 3 0 0 -
5,150 - 5,180 11 9 69 2 5 4 0 0.
5,550 - 5,580 12 9 67 1 6 6 0 0
5,910 - 5,970 12 10 70 2 7 -0 0 0
6,360 - 6,350 13 15 67 1 5 0 0 0
6,630 - 6,660 12 9 68 2 9 0 0 0
6,900 - 6,960 13 10 65 3 5 0 4 0
7,200 - 7,230 11 10 69 3 6 0 0 0
7,670 - 7,730 12 10 - 64 2 8 0 4 0
8,120 - 8,150 14 11 63 2 6 0 4 0
8,500 - 8,540 11 9 69 2 7 0 0 2
8,990 - 9,000 12 10 64 1 9 0 0 4
9,370 - 9,380 14 13 61 1 7 0 0 4
9,720 - 9,750 12 11 63 1 6 0 4 0
10,100 - 10,120 12 14 55 2 17 0 0 0
10,740 - 10,760 15 11 63 2 9 0 0 0
11,090 - 11,120 12 12 66 3 8 0 0 "0
11,640 - 11,670 13 13 - 60 3 10 -0 0 .0
11,890 - 11,920 12 14 61 1 8 0 0 4
12,210 - 12,240 15 18 - 59 1 7 -0 0 0
12,490 - 12,510 15 16 63 0 6 -0 0 0
12,71 - 12,835 13 16 63 0 g 0 0 0
12,835 - 12,871 7 1 74 2 13 -0 4 0
13,010 - 13,060 13 15 62 1 9 0 0 0
13,400 - 13,430 15 15 60 -1 9 0 0 0
13,520 - 1 3 0 8 0

13,930 20 2 e
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Figure A-2. Shell Oil Company #1 Dixie Mortgage Loan Company, Hidalgo Couﬁty, '

Texas: Semiquantitative weight p

plagioclase feldspar, hematite, pyrite, and barite. Data from table A-3, |
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#3 A. A. McAllen

Quartz (fig. A-3; table A-4) averages. about nine v}eight percent in _samples
shallower than 8,000 ft (2,440 m), and inereeses slightly to an average of 11 weight
percent in deeper samples. In contrasf, calcite (fig. A-3; table A-4) has a h1gher
average content, about 11 weight percent, at depths shallower than 8,000 ft (2,440 rn),
and decreases slightly to an average of approximetely nine weight percent.

Total clay (fig. A-3; table A-4) average approximately 73 weight percent in
samples shallower than 8,000 ft (2,440 m), and decreases siightly to an average of
about 71 weight percent. o |

Both potassi.um feldspar and plagioclase feldspar (fig. A-4; table A-4) are quite
constant in weight percent estimates. Approximately' one weight percent\,potassium
feldepar is found throughout all samples. About four weight percent of plagioclase
feldspar occurs in samples shallower than :8_,000 ft (2,440 m); about five weight .perc‘ent
occurs in deeper samples. _

Hematite (fig. A-4; table A-4) is present in four samples from less than 6,000 ft
(1,830 m) in depth; pyrite (fig. A-4; table A-4) is present in 12 of the 20 samples
deeper than 6,000 ft (1,830 m). Barite vand analcime (table A-4) are both present in
only one sample each. Barite is prpbably a contaminant from the drilling fluids;

analcime is probably authigenic.

Brazoria County, Texas

{##2 Texas State Lease 53034

Quartz content (fig. A-5; table A-5) averages 10 weight percent in sam‘ples

shallower than 10,500 £t (3,200 m), and then increases slightly in deeper samples to an

, average of 13 weight percent.

Calcite (fig. A-5; table A-5) is erratxc in 1ts dlstnbutmn but shows a definite

trend from higher weight percent esumates above 10,000 £t (3,050 m), rangmg from 3

to 19 wexght percent, to a more consistent average of three weight 'percent below

10,000 £t (3,050 m).
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Figure A-3. Shell Oil Company/Delhi-Taylor Oil Corporation #3 A.A. McAllen,
Hidalgo County, Texas: = Semiquantitative weight percent estimates for quartz,
calcite, and total clay. Dashed lines indicate missing less-than-62-micron samples.

Data from table A-4. : , .
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Table A-4. #3 A. A. McAllen: Semiquantltatlve ‘weight
percent estimates for mineral constituents in
less-than-62-m1cron fraction. -

Sample depth

Total Potassium Plagio-
Quartz Calcite Clay Feldspar clase Hematite Pyrite

Barite Analcime

(t)

2,183

2,558

2,809

3,120

3,437

3,780 - 3,797
4,125

4,450 o
4,720 - 4,751
5,002 - 5,033
5,253 -. 5,285
5,569 - 5,600
5,820 - 5,852
6,133 - 6,165
6,385 - 6,417
6,694 - 6,726
7,038 - 7,070
*7,383
*7,727

7 [ 979 - 8 9 050
8,294 - 8,324
8 ’ 595 - 8 [ 600
8,842 - 8,874
9,076 - 9,107
9,395 - 9,427
9,708 - 9,738
10,060 - 10,090
10,302 - 10,333
10,613 - 10,644
*10,926
11,777 - 11,808

10 11 71

1 5 0 0
10 13 73 1 3 0 0
8 12 76 0 & .0 0
8 12 75 1 4 0 0
9 13 74 1 3 0 0
11 13 66 1 4 % 0
9 11 76 1 3 0 0
8 1l 71 1 4 4 0
10 10 72 1 6 0 0
11 10 75 0 4 0 0
10 10 72 1 4 4 0
9 9 72 1 8 0 0
11 9 7% 1 3 2 0
9 9 73 1 3 0 4
9 9 72 1 5 0 4
9 12 75 1 3 0 0
9 10 77 1 3 0 0
12 9 67 2 5 0 4
10 g8 71 1 5 0 4
11 g8 €9 2 6 0 4
10 g 71 2 & 0 4
11 9 €9 15 0 4
12 6 76 2 5 0 0
11 7 7 1 5 0 4
12 8 €9 2 5 0 4
11 9 70 0 5 0 0
11 7 78 1 & 0 0
. 10 69 1 6 0 0
13 1l 73 0 4 0 0
11 5 75 1 4 0o &
11 15 68 1 5. 0 0
12 9 €9 0 6 0 4
13 5 70 1 7 0 4

OO0OI1LOOOODOI OFOOCOOOO0OOCO ! 1 OOOO-OOOOOOOAOOOOOO
coco'!'ococo! ococoocoocooo! ' cooocoocoocOoO0O0OOCOON

*no less-than-62-micron sample available
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Figure A-4. Shell Oil Cdmpany’/D‘elhi-Taylor Oil Corporation #3 A.A. McAllen,

- Hidalgo County, Texas:  Semiquantitative welght percent estimates for potassium

feldspar (K-feldspar), plagioclase feldspar, hematite, and pyrite. Dashed lines indicate.

‘missing less-than-62-micron samples. Data from table A-4.
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Figure A-5. Gulf Oil Corporation #2 Texas State Lease 53034, Brazoria County,
Texas: Semiquantitative weight percent estimates for quartz, calcite, and total clay.
Dashed lines indicate a missing less-than-62-micron sample. Data from table A-5. -
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Table A-5. {}2 Texas State Lease 53034- Semiquantitative weight
percent estimates for mineral constituents in
less-than-62-micron fraction.

Sample depth Total Potassium Plagio-
(ft) Quartz Calcite Clay Feldspar clase Pyrite Siderite Ankerite Barite
5,19 - 5,225 11 4 75 2 3 4 1 0 0
5,287 - 5,350 9 4 74 3 2 7 1 0 0
5,598 - 5,630 10 7 70 3 2 4 1 0 4
6,002 - 6,096 9 9 68 3 3 4 0 0 4
6,314 - 6.379 10 10 70 3 2 4 0 0 0
6,848 - 6,911 10 12 65 2 2 4 1 0 4
6,974 - 7,067 9 14 64 3 2 4 1 0 - 4
7,347 - 7 409 9 6 75 2 3 4 0 1 0
7,641 - 7,734 11 3 75 1 3 6 0 0 0
8,335 - 8,416 — - - - - - - - -
8,989 - 9,114 8 10 67 1 2 5 1 1 5
9,303 - 9,33% 11 - 4 73 1 "2 4 0 1 4
9,699 - 9,730 9 12 70 1 3 6 0 0 0
10,011 - 10,060 11 6 71 0 & 4 0 0 0
10,385 - 10,448 10 -4 79 1 3 4 0 0 0
10,760 - 10,791 12 & 74 0 6 0 0 0 4
11,197 - 11,269 12 2 74 0 5 2 0 0 5
11,478 - 11,579 11 3 82 0 4 0 0 0 0
11,760 - 11,822 14 2 73 1 5 0 0 0 5
12,041 - 12,135 12 3 76 1 4 4 0 0 0
12,396 - 12,473 14 2 70 0 3 4 0 0 6
12,697 - 12,791 12 & 71 0 2 4 0 2 4
13,133 - 13,246 15 .3 79 0 4 0 0 0. 0

* #nb less-than-&2-micron sample available
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- Total day values (fig. A-5; table A-5) sh_ow) 'a‘ , éraemé increase, with depth,
changing from an a'\?'erage of 70 weight percent toan ayerage of 75 Aweigfht perce_nt. o
Potassium feldspar (fig. A-6; table A-5) decreases with _depth from,an average of
three n/eight percent to less than one weight percent. PctaSSiurn feldspar is absent in
seven of the 10 samples below 10,000 £t (3,050 m). |

Plagioclase feldspar (fig. A-6; table A-5)is constant at an everage of two weight

percent in samples shallower than 10,000 ft (3,050 m). At that depth the plagioclase

: __content increases to an average of four weight percent.

Pyrite (fig. A-6; table A-5) is present in 18 of the 23 samples exammed Siderite

: '“(ﬁg A-6; table A-5) is present in six samples. ~Ankerite (tig. A°63 table A-5) is

present_ in four samples and barite (fig. A-6; table A-5) is present in ll_‘ Samples. Both

the siderite and ankerite are considered authigenic in origin% The barite may be

auttﬁgenic, but it probably is due to contamination from the drilling mud ‘

#1 Pleasant Bayou

Quartz content (fig. A-7- table A-6) is variable~ begmmng at an average of 15

welght percent . between 2,000 and #,000 ft (610 and 1,220. m); decreasmg to five

- "v_wexght- percent at 6,700 ft (2,040 m); increasing to 14 wenght peroent at 8,300 ft
', (2,530 m); and gradually mcreasmg to an average of 16 weight percent in deeper

. samples.

Calcite (fig. A-7; table A-6) also is variable: beginning at 10 weight percent at

B ;'2,200 ft (670 m); mcreasmg to 28 weight percent at 6,700 ft (2,0#0 m)‘ decreasmg
, rapxdly to six welght peroent at 7,800 £t (2,380 m) ‘l'his extreme vamatlon probably is
g due to the presence of fossil fragments. Below 7,800 ft (2,380 m), the ca.lcue content

3 E igradually decreases to zero.

 The total clay content (fig. A-7; table A 6) shows a gradual increase with depth
in weight percent estimates from approximately 60:""'w”eight ;percent in- snallower

samples to 75 weight percent in deeper samples.
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Figufe A-6. Gulf Oil Corbora*’tioni’_#z Texas State Lease 53034, Brazoria County,.'

Texas: Semiquantitative weight percent estimates for potassium feldspar (K-feldspar),

plagioclase feldspar, pyrite, siderite, ankerite, and barite. Dashed lines indicate a .

missing less-than-62-micron sample. Data from table A-5.
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calcite, and total clay. Data from table A-6
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Table A-6. #1 Pleasant Bayou: Semiquantitative weight
percent estimates for mineral constituents in
less-than-62-micron fraction.

Sample depth  Total Potassium Plagio-
(ft) Quartz Calcite Clay Feldspar clase Dolomite Siderite Pyrite Barite
2,185 14 10 70 2 2 1 0 0 0
2,335 15 13 67 2 4 0 0 0 0
3,860 15 19 56 2 4 4 0 0 0
4,347 12 13 68 3 3 1 0 0 0
5,630 - 5,660 8 20 68 2 2 0 0 0 0
6,020 - 6,050 7 27 62 2 2 0 0 0 0
6,703 5 28 62 | 2 2 0 0 0
7,110 - 7,140 7 19 66 2 2 0 0 4 0
7,400 - 7,430 11 20 64 2 3 0 0 0 0
7,800 - 13 .6 64 3 7 0 2 6 0
&,100 14 8 66 3 4 0 1 4 0
8,330 - 8,360 15 7 68 2 3 0 0 4 0
8,400 15 5 65 3 7 0 0 4 0
8,690 - 8,720 13 5 63 1 1 0. 1 4 12
9,020 - 9,050 14 9 62 2 2 0 1 4 &
9,320 - 9,350 13 5 64 1 5 0 2 6 4
9,380 - 9,410 15 5 66 2 4 0 2 6 0
9,590 - 9,620 15 5 71 1 3 0 1 4 0
92,890 - 9,920 15 4 62 1 5 0 1 6 7
10,232 13 5 68 3 8 0 0 -0 4
10,430 - 10,460 16 2 68 4 5 0 0 0 4
10,700 - 10,730 14 3 66 3 5 0 0 4 6
11,000 - 11,030 15 3 70 4 3 0 0 0 0
11,210 - 11,240 16 3 67 4 -5 0 0 0 4
11,540 - 11,570 16 2 66 3 3 ) 0 4 6
11,750 - 5 0. &1 4 4 0 0 6 0
11,930 - 11,960 15 1 72 3 4 0 0 4 0
12,320 - 12,350 14 3 70 3 5 0 0 S 0
12,630 17 o 70 3 5 0 0 6 0
13,130 - 13,160 16 3 65 5 5 0 0 4 0
13,610 - 13,640 18 2 70 2 4 0 0 4 0
14,078 14 0 78 2 3. 0 0 4 0
15,592 11 0 81 3 4 0 0 0 0
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Potassium feldspar (fig. A-8; table A-G)‘is essentially unchanged with depth at
an average of two weight percent. 'Plagiodasé'feldspar (fig. A-8; table A-‘Sl) increases
from an average of three weight percent in samples shallower than 7,500vft (2,290 m)
to an average of nine weight percent in deepér samples. ' |

Dolomite (table A-6) is present in four samples at depths less than 7,000 ft
(2,135m). Siderite and pyrite (fig. A-8; table A-6) are indicators of a reducing
environment. Barite (fig. A-8; table A-6) is considered a contaminant _‘from‘ the

drilling mud.
Clay Mineralogy

Hidalgo County, Texas

#1 Dixie Mortgage Loan Company
Although individual clay mineral contents vary widely from sample to sample,
.depth trends can be observed: (1) kaolinite increaées (fig. A-é; table A-7); (2) discrete
illite decreases (fig. A-9; table A-7); (3) mixed-layer illite-smectite decreases
(figs. A-9 and A-10; table A-7); (4) mixed-layer illite increases (fig. A-10; »ta‘ble A-7)
and (5) mixed-layer smectite decreases (fig. A-10; table A-7). |
The proportions of- illite and smectite in mixed-layer illite-smectite (fig. A-11;
table A-8) show three distinct zones that characterize the physical arrangement of
illite and smectite within the mixed-layer phase:
(1) At depths shallower than 5,750 £t (1,750 m) and proportions of-ilii’t,e layers
40% and léss, the illite gnd smectite afe arranged in a random in'éerstratifif
| cation. |
(2 Between 5,750 ft (1,750 m) and 7,450 ft (2,270-m), and with proportions of
illite layers of 59 to 70%, the illite and smeétité‘afe arranged i,nf a weak
brder interstratification. This ordering is not_,e'd‘by £he presence of é wéak

;ﬁperlatti_ce reflection between’ the illite: and smectite peaks on the
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Figure A-9. Shell Oil Company #1 Dixie Mortgage Loan Company, Hidalgo County,

Texas: Semiquantitative weight percent estimates for kaolinite, discrete illite, and
mixed-layer illite-smectite (mixed-layer I/S). -Dashed lines indicate a missing less-
than-two-micron sample. Data from table A-7.
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Table A-7. i1 Dixie Mortgage Loan Co.: Semiquantitative
weight percent estimates of clay constituents in
less-than-two-micron fraction,

Sample dépth ‘Discrete . Mixed Mixed  Mixed

~(ft) Kaolinite  Illite  Illite/Smectite Illite Smectite Chlorite
1,454 - 1,485 7 12 49 14 35 0
1,794 - 1,824 6 12 5 16 39 0
2,164 - 2,195 1 16 : 51 17 34 0
*2,534 - 2,575 - - - - - - -
*%2,904 - 2,934 2 12 50 - - 0
3,180 - 3,211 4 19 44 7 37 0
3,421 - 3,451 2 9 60 13 47 0
3,733 - 3,764 . 3 17 48 11 37 0
4,113 - 4,224 4 20 48 17 31 0
4,550 - 4,580 2 10 56 12 44 0
- 4,850 - 4,880 2 13 55 22 33 0
- 5,150 - 5,180 1 6 61 24 37 0
5,550 - 5,580 | 7 €0 24 36 0
5,910 - 5,970 2 9 64 38 26 -0
6,360 - 6,390 9 8 50 34 16 0
6,630 - 6,660 3 14 50 31 19 0
6,900 - 6,960 4 6 55 39 16 0
. 7,200 - 7,230 2 3 64 42 22 0
7,670 - 7,730 3 3 58 45 13 0
8,120 - 8,150 1} 6 45 37 8 1
8,500 - 8,540 15 7 48 40 8 0
8,990 - 9,000 3 2 60 50 10 0
9,370 - 9,380 4 3 54 47 7 0
9,720 - 9,750 9 4 50 45 5 1
10,100 - 10,1200 17 12 26 23 3 0
10,740 - 10,760 16 14 32 28 4 0
11,090 - 11,120 12 5 49 43 6 0
11,640 - 11,670 11 7 41 36 5 0
11,890 -~ 11,920 5 2 S4 47 7 -0
12,210 - 12,240 19 5 33 29 4 1
12,490 - 12,510 28 0. 33 30 3 2
12,714 - 12 835 21 8 3 29 4 0
12,835 - 12,871 7 0 67 T 62 5 0
13,010 - 13,040 38 5 19 16 3 1
13,400 - 13,430 29 & 2 - 23 3. -1

13,920 - 13,930 )4 15 38 33 5 -0 .

" #no less-than-two-micron sample available |
. *xjllite/smectite proportions not determined
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anure A- 10. Shell Oil Company #1 Dixie Mortgage Loan Company, l-hdalgo County,

Texas: Semiquantitative weight percent estimates of mixed-layer illite, mixed-layer

smectite, and total mixed-layer illite-smectite (mixed-layer 1/S). Dashed lines
~indicate ‘either a missing less-than-two-micron. sample or no detectlon of 1lhte and
- smectite proportxons. Data from table A 7. :
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Table A-8. #1 Dixie Mortgage Loan Co.: Proportions of
mixed-layer illite and smectite; uncertainty
in terms of illite content; type of ordering.

Sample depth Illite Uncertainty Smectite \
(ft) (%) (% lllite) (%) Ordering
1,454 - 1,485 29 26 - 33 71 Random
1,79 - 1,824 29 26 - 33 71 Random
2,164 - 2,195 33 29 - 36 67 Random
*2,534 - 2,575 - -_— - L m—
**%2,904 - . 2 934 - | w— - -—
3,180 - 3,211 16 4 - 22 84 Random
3,421 - 3,451 22 16 - 26 78 Random
3,733 - 3,764 22 16 - 26 78 Random
4,113 - 4,224 36 29 - 42 64 Random
4,550 - 4,580 22 16 - 26 78 Random
4,850 - 4,880 40 36 - 42 60 Random -
5,150 - 5,180 . 40 36 - 42 60 Random
3,550 - 5,580 40 36 - 42 60 Random.
5,910 - 5,970 59 56 - 61 41 Weak
6,360 - 6,390 67 66 - 69 33 Weak
6,630 - 6,660 61 59 - 62 39 Weak
6,900 - 6,960 70 66 - 73 30 Weak
7,200 - 7,230 66 65 - 70 34 Weak
7,670 - 7,730 77 75 -79 23 Strong
8,120 - 8,150 82 81 - 83 18 Strong
- 8,500 - 8,540 83 82 - 84 17 Strong
8,990 - 9,000 &y 83 - 86 16 Strong
9,370 - 9,380 87 8 - 88 13 Strong
9,720 - 9,750 89 8 - 91 11 Strong
10,100 - 10,120 &8 8 - 89 12 Strong
10,740 - 10,760 89 8 - 91 11 Strong
11,090 - 11,120 87 8 - 88 13 Strong
11,640 - 11,670 88 8 - 89 12 Strong
11,890 - 11,920 87 86 - 88 13 Strong
12,210 - 12,240 88 &7 - 89 12 Strong
12,490 - 12,510 91 89 - 93 9 Strong
12,714 - 12,835 &9 88 - 91 11 Strong
12,835 - 12,871 93 91 - 95 7 - Strong
13,010 - 13,040 86 84 - 87 14 Strong
13,400 - 13,430 = 88 87 - 89 12 Strong
13,920 - 13,930 87 8 - 88 13 Strong

*no less-than-two-micron sample available
**proportions not determined
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diffractogram of the solvated, oriented clay sample, In addition, the shape
of the "average" miic'ed-layef peak for the untréated sample changes
significantly, The calculated equilibrium | témberature at the boundafy
between random and weak order zones is 79°C (174°F) (fig. A-11).

(3) Below 7,450 ft (2,270 _h), and proportions of illite layers 77% and more,
illite and smectite are arranged in a strong order interstratification. This
type of ordering is noted by a distinct superlattice reflection between the
illite and smectite peaks on tvhe‘ diffractogram of the solvated, oriented
sample. The calculated equilibrium temperature atv the boundary between
weak order and strong order zones is 97°C (207°F) (tig. A-11).

_‘l'he boundary m;rkers between random, weak, and strong order also are valuable

in outlining general relationships between discrete illite and kaolinite (fig. A-9):
(1) within the random order zone, more discrete illite than kaolinite is present;
(2) within the weak order zone the discrete illite and kaolinite are. subequal in content;
and (3) within the strong order zone kaolinite dominates over discrete illite.

The depth at which the mixed-layer illite curve (fig. A-10) crosses the mixed-
layer smectite curve is on the boundary between random and weakrorder zones, The
boundary between the weak and strong order zones is located between a mixed-layer
smectite content of 13 to 16 weight percent. |

In samples from depths shallower than 4,700 ft (1,430 m), the weight pércent

content of discrete iliite (fig. A-9) and mixed-layer iliite (fig. A-10) are unchanged; in
samples deeper than 4,700 ft (1,430 m), definite changes are pres;ent. This may be an
indication that diagenetic changes begin in the shales at a c.iepth of 4,700 ft (1,436 m).
The calculated equilibrium’ temperature at 4,700 ft (1,430 m) is 69°C (156°F).
Chlorite (table A-7) occurs in six sémples, all of which are.in the strong order

zone,
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#3 A. A. McAllen

Clay mineral trends with depth are the same as those observed for #1 Dixie
Mortgage Loan: - (1)kaolinite increases (fig. A-12; table A-9); (2) discrete illite
decreases (fig. A-12; table A-9); (3) mixed-layer illite-smectite decreases (figs. A-12
and A-13; table A-9); (4) mixed-layer illite increases (fig. A-13; table A-9); (5) mixed-
léyer smectite decreases (fig. A-13; table A-9). o

The propoftions of illite and smectite in rﬁixed—layer illite smectite (fig. A-14;
table A-10) show three distinct ordering zones: (i) at depths shallower than 7,850 ft
(2,390 m), and illite proportions of 45% and less, random interstratificaﬁon is
observed; (2) between 7,850 ft (2,390 m) and 9,000 ft (2,740 m), and with illite propor-
tions of 60 to 70%, the interstratification is weak order; and (3) for samples‘deepér
than 9,000 ft (2,740 m), and illite proportions of 75% and greater, the interstratifica-
tion is strong order. The calculated equilibrium temperatures between the zones are:
(1) 86°C (187°F) at the random/weak order boundary; and (2) 106°C (223°F) at the
weak/strong order boundary |

As observed in the #1 Dixie Mortgage Loan, the content of discrete illite and
kaolinite is related to the ordering. bound;ries. In the random order zone, discrete

illite is more abundant than kaolinite (fig. A-12). The values are equivalent in the

 weak order zone, and kaolinite generally exceeds discrete illite in the strong order

zone.

The curve for mixed-layer illite (fig. A-13) crosses the curve for mixed-layer
smectite very near the random order/weak order boundary. Unfortunately, no less-
than-62-micron sample was availabie for s;ample locations of 7,383 ft (2,250 m) or
7,727 £t (2,355 m), 50 a total clay value could not be determined. Therefore, a more
accurate estimate of the "crossover" depth cannot be determined. The boundary

between weak and strong order is located between a mixed-layer smectite estimate of

- 15 to 16 weight percent.

- 140




@ Kaolinite -
r A Discrete illite -
3 e '-,Mixed-ldyer‘illite/smecti'e
2,000
~41,000
4,000
6,000
- 2,000
=
[~ %
[
Q
8,000 &
10,000 7P0%°
-14,000
I400:0> N [ N I S U 1 1 o
o _._‘zo;_j .40 60 80 loo

Welqht percent

Flgure A-12, Shell ‘Oil Company/Delhx-Taylor 011 Corporation #3 A. A. McAllen,

Hidalgo County, Texas: .Semiquantitative weight percent estimates for kaolinite,
discrete llhte, and mixed-layer illite-smectite (mlxed-layer 1/S). Dashed lines indicate
either a missing less-than-two-micron sample or no total clay value avanlable. Data
'from table A-9.
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Table A-9. #3 A. A. McAllen: Semiquantitative
weight percent estimates of clay constituents in
- less-than-two-micron fraction.

Sample depth Discrete Mixed Mixed  Mixed :
(ft) Kaolinite Illite  Illite/Smectite [llite Smectite Chlorite

2,183 1 7 63 23 40 0
2,558 1 15 56 25 31 0
2,809 2 14 61 16 45 0
* 3,120 - - - -— - -
3,437 4 19 52 17 35 0
3,780 - 3,797 3 10 53 17 36 0
4,125 2 21 53 24 29 0
4,450 2 19 50 15 35 0
4,720 - 4,751 3 22 47 19 28 0
5,002 - 5 033 2 14 59 21 38 0
5,253 - 5,285 2 19 41 18 33 0
5,569 - 5,600 3 17 52 17 35 0
5,820 - 5,852 2 15 .57 ' 21 36 0
6,133 - 6,165 3 20 50 13 37 0
6,385 - 6,417 2 9 60 22 38 0
6,694 - 6,726 1 8 66 22 44 0
7,038 - 7,070 (3 12 59 21 38 0
**7,383 - - - - - -
*%7.727 -— - - -— - -
7979 - 8,050 8 5 54 38 16 0
8,294 - 8,324 7 11 53 32 21 0
8,595 - 8 600 2 6 61 40 20 0
8,82 - 8,874 8 4 60 36 24 0
9,076 - 9,107 12 11 45 34 11 0
9,395 - 9,427 11 11 54 41 13 0
9.708 - 9,738 6 0 65 53 12 0
10,060 - 10,090 15 5 49 37 12 0
10,302 - 10,333 19 13 34 29 3 4
10,613 - 10,644 16 0 62 47 15 0
*%]10,926 - - - - - -
***11,777 - ll ,808 37 0 32 —— - O
12,110 - 12,141 16 5 52 43 9 0
. 12,460 - 12,491 17 0 57 52 5 2
*%12.,768 - - - -— - -
13,077 - 13,107 12 3 47 44 3 5
13,323 - 13,355 21 10 32 28 4 5
6 34 28 6 1

13,601 - 13,632 28

o less-than-two-micron sample available
*¥no total clay value available
xx#jllite/smectite proportions not determined
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Figure A-13. Shell Oil Company/Delhi~Taylor Qil Corporation #3 A. A. McAllen,
Hidalgo County, Texas: Semigquantitative weight percent estimates for mixed-layer
illite, mixed-layer smectite, and total mixed-layer illite-smectite (mixed-layer 1/S).
Dashed lines indicate either a missing less-than-two-mjcron sample or no total clay
valye avajlable. Data from table A-9,
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Table A-10. #3 A. A. McAllen: Proportions of
- mixed-layer illite and smectite; uncertainty
of illite content; type of ordering.

Sample depth

llite Uncertainty Smectite
(ft) (%) (% 1llite) - (%) Ordering
2,183 36 33 - 40 64 - Random
2,558 45 42 - 47 55 Random
2,809 26 22 - 29 T4 Random
*3,120 - —_— - Y e
3,437 33 29 - 36 67 Random
3,780 - 3,797 33 29 - 36 67 Random
4,125 45 42 - 47 55 . Random
4,450 29 26 - 33 71 Random
4,720 - 4,751 40 36 - 42 60 Random
5,002 - 5,033 36 33 - 40 64 Random
5,253 - 5,285 36 33 - 40 L 64 Random
5,569 - 5,600 33 .29 - 36 67 Random
5,820 - 5,852 36 - 33 - 40 64 Random
6,133 - 6,165 26 22 - 29 . 74 Random
6,385 - 6,417 36 33 - 40 64 Random
6,69 - 6,726 33 29 - 36 67 Random
7,038 - 7 070 36 33 - 40 64 Random
7,383 - : . 40 . .36 - 42 - 60 Random
7,727 40 36 - 42 60 Random
7,979 - 8,050 70 66 - 73 30 . Weak
8,294 - 8,324 60 57 - 63 40 Weak
8,595 - 8,600 66 65 - 70 34 Weak
8,842 - 8,874 - 60 57 - 63 40 Weak
9,076 - 9,107 75 73 -77 25 Strong
9,375 - 9,427 75 73 - 77 25 Strong
9,708 - 9,738 < 82 81 - 83 18- Strong
10,060. - 10,090-. 75 73 - 77 25 Strong
10,302 - 10,333 .- 8 83 - 86 16 ‘Strong
10,613 - 10,644 75 - 73 -.77 25 Strong
10,926 82 8l - 83 18 Strong
**11 777 - 11,808 - —— - | ey
12,110 - 12,14} 83 82 - 84 17 Strong
12,460 - 12,491 91 89 - 93 9 Strong
12,768 B 89 88 - 91 11 Strong
13,077 - 13,107 .93 91 - 95 7 Strong
13,323 - 13,355 89 88 - 91 11 Strong
13,601 13,632 - 82 81 - 83 18 Strong

#no less-than-two-micron sample available
**illite/smectite proportions not determined
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The weight percent values for discrete illite (fig. A-12) and mixed-layer illite
(fig. A-13) begin to change at 6,300 ft (1,920 m). The calculated equilibrium tempéra-
ture for this depth is 58°C (136°F). |

Chlorite (table A-9) occurs in five samples, all of which are in the strong order

zone.

Brazoria County, Texas

##2 Texas State Lease 53034

Clay mineral trends with depth are: (1) kaolinite increases (fig. A-15; table
A~ 171); (2) discrete illite is unchanged (fig. A-15; table A-11); (3) mixed-layer illite-
smectite decreases (figs. A-15 and A-16; table A-11); (4) mixed-layer illite increases
(fig. A-16; table A-11); (5) mixed-layer smectite decreases (fig. A-16; table A-11).

The proportions of illite and smectite in mixed-layer illite-smectite (fig. A-17;
table A-12) show three distinct ordering zones: (l1)random interstratification is
observed at depths shallower than 9,850 ft (3,000 m) and illite proportions of 52% and
less; (2) weak order interstratification occurs between 9,850 ft (3,000 m) and 11,000 ft
(3,350 m) and with illite proportions of 57 to 63%; (3) strong order interstratification is
noted deeper than 11,000 ft (3,350 m) and illite proportions of 75% and greater. The
calculated equilibrium temperatures at zone boundaries are: (1) 116°C (241°F) at the
random/weak order boundary and (2) 128°C (272°F) at the weak/strong order boundary.

Note that these temperatures are approximately 30°C higher than those in the Hidalgo

- County wells.

A distinct change occurs in illite-smectite proportions within the random order
zone at 7,500 ft (2,290 m) (fig. A-17). This type of change was not observed in the
Hidalgo County wells. The calculated equilibrium temperature at 7,500 ft (2,290‘m) is
92°C (198°F). This change at 7,500 ft (2,290 m) may mark the top of the geopressured

zone,
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Table A-11. #2 Texas State Lease 53034: Semiquantitative

weight percent estimates of clay constituents in
less-than-two-micron fraction.

Discrete Mixed Mixed Mixed

Sample depth _ :

(ft) Kaolinite Illite  Illite/Smectite Illite Smectite Chlorite
5,194 - 5,225 12 8 56 12 4y © 0
5,287 - 5,350 14 8 53 12 41 -0
5,598 - 5,630 10 4 57 13 44 0
6,002 - 6,096 7 5 55 14 (3 0
6,314 - 6,379 11 8 52 1T 4l -0
6,848 - 6,911 10 5 50 13 37 0
6,974 - 7,067 15 7 42 9 .33 0
7,347 - 7,409 14 6 56 15 41 0
7,641 - 7,734 19 6 50 21 29 0
8,335 - 8,416 - - - - - -
8,989 - 9,114 15 5 47 22 25 0
9,303 - 9,334 18 7 47 24 23 0
2,699 - 9,730 18 4 48 25 23 0

10,011 - 10,060 16 6 49 28 21 0.
10,385 - 10,448 18 10 51 32 19 -0
10,760 - 10,791 30 7 38 24 14 0
11,197 - 11,269 27 7 40 30 10 0
11,478 - 11,579 25 10 47 37 10 0
11,760 - 11,822 31 7 34 27 7 |
12,041 - 12,135 34 0 42 34 8 0
12,396 - 12,473 22 6 42 34 8 0
12,697 - 12,791 37 8 27 22 5 0
13,133 - 13,246 54 8 17 14 3 0

*no total clay value available
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Table A-12. #2 Texas State Lease 53034: Proportions of

mixed-layer illite and smectite; uncertainty
of illite content; type of ordering.

Sarhple depth Illite = Uncertainty Smectite

(ft) (%) (% lllite) (%) Ordering
3,194 - 5,225 22 16 - 26 78 Random
5,287 - 5,350 22 16 - 26 78 Random
5,598 - 5,630 22 16 - 26 78 Random
6,002 - 6,090 26 22 - 29 74 Random
6,314 - 6,379 22 16 - 26 78 Random
6,848 - = 6,911 26 22 - 29 74 Random
6,974 - 7,067 22 16 - 26 78 Random
7,347 - 7,409 26 22 - 29 74 Random
7,641 - 7,734 42 , 40. - 45 58 Random
8,335 - 8,4l6 45 42 - 47 55 Random
8,989 - 9,114 47 45 - 49 53 Random
9,303 - 9,334 - 52 49 - 54 48 Random
9,699 - 9,730 52 49 - 54 48 Random
10,011 - 10,060 57 - 54 - 60 43 Weak
10,385 - 10,448 63 60 - 65 37 Weak
10,760 - 10,791 63 60 - 65 37 Weak
11,197 - 11,269 75 73 -77 25 Strong
11,478 - 11,579 79 77 - 81 21 Strong
11,760 - 11,822 79 77 - 81 21 Strong
12,041 - 12,135 81 79. - 82 19 Strong
12,396 - 12,473 = 82 81 - 83 18 Strong
12,697 - 12,791 83 82 - 84 17 Strong -
13,133 - - 83 18 Strong

13,246 82 &1
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- Another difference between this well and those in 'Hidalgo County is the lack of
correlation of discrete illite and kaolinite (fig. A-15) as compared to the ordering
zones, |

The curve for mixed-layer illite (fig. A-16) crosses the curve for mixed;layer
smeetite,very near the boundary between random and weak order. In this well, the
boundary is better described as the depth at which the two minerals diverge signifi-
cantly from each other in weight percent. The boundary between week order and
strong order is between mixed-layer smectite values of 10 to 14 weight percent.

‘I'he welght percent estimates of kaolinite (fig. A-15) and mrxed-layer illite
(fig A-16) begin to change significantly at the same depth, 7,500 ft (2,290 m), as that
for the change in illite-smectite proportionS‘ noted above.

Chlorite (table_ A-li\) occurs in only one sample, 11,760 £t (3,585 m), which is in
the strong order zone.

!

#1 Pleasant Bayou

Clay mineral trends with depth are quite different compared 7to trends in the
other wells: (1) kaolinite is unchanged (fig. A-18; table A-13); (2) discrete illite
decreases (fig. A-18; table A-13); (3) mixed-layer illite-smectite increases (figs‘. A-18
and A-19; table A-13); (4) mixed-layer illite increases (fig. A-19; table A-13);
(5) mixed-layer smectite decreases (fig. A-19; table A-13). a M ,

The proportions of illite and smectite‘, in mixed-layer illite-smectite (fig. A-20;
table A-14) show ordering zones that are 'well defined en the basis of illite proportion:
(1) random interetratiﬁcatipn is observed in samples shallower than 11,400 ft (3,475 m)
and illite proportions of 49% and lese; (2) weak order interstratification is noted vrith
illite proportions of 63 to 66%,. but no depth relationship is present; and (3) strong
order interstratification is present at illite proportions of 79% and greater, but agam
no depth relatlonsth exists. The data from thlS well indicate that the ordermg is

more dependent on illite-smectite propornons than on burial _depth. The calculate“d‘
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Table A-13. #1 Pleasant Bayou: Semiquantitative
weight percent estimates of clay constituents in
less-than-two-micron fraction.

Sample depth Discrete Mixed Mixed Mixed
(ft) Kaolinite Illite Illite/Smectite Illite Smectite Chlorite
2,185 22 22 26 9 17 0
2,335 15 11 - #0 13 27 0
3,860 13 8 35 6 29 0
4,347 20 19 29 6 23 0
5,630 - 5,660 14 13 38 11 27 3
6,020 - 6,050 5 5 51 11 40 0
6,703 6 5 51 17 34 0
7,110 7,140 5 6 55 16 39 0
7,400 - 7,430 10 13 40 12 - 28 0
7,800 15 8 40 10 30 0
8,100 i1 0 55 12 43 0
8,330 - 8,360 22 11 3 8 27 0
8,400 7 S 52 15 37 0
8,690 - 8,720 9 6 49 13 36 0
9,020 - 9,050 17 10 35 12 23 0
9,320 - 9,350 17 7 40 16 24 -0
9,380 - 9,410 13 4 50 18 32 0
9,590 - 9,620 15 6 51 18 33 0
9,890 - 9,920 12 3 47 .16 3] 0
10,232 3 4. 61 22 39 0
10,430 - 10,460 4 0 64 30 34 0
10,700 - 10,730 16 9 42 19 23 0
11,000 - 11,030 5 2 62 30 32 0
11,210 - 11,240 11 5 52 24 28 0
11,540 - 11,570 15 3 48 30 18 0
11,750 6 0 75 66 9 0
11,930 - 11,960 14 7 50 33 17 -0
12,320 - 12,350 17 8 45 29 16 0
12,630 15 6 50 40 10 0
13,130 - 13,160 10 (3 49 32 17 0
13,610 - 13,640 13 0 57 45 12 0
14,078 13 5 59 48 11 0
15,592 2 0 79 68 11 0
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Figure A-19. General Crude Oil Company/Department of Energy #1 Pleasant Bayou,
Brazoria County, Texas: Semiquantitative weight percent estimates for mixed-layer
illite, mixed-layer smectite, and total mixed-layer illite-smectite (mixed-layer 1/S).
Data from table A-13
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Figure A-20. General Crude Ol Company/Department of Energy #1 Pleasant Bayou,
Brazoria County, Texas: Estimated illite and smectite proportions in mixed-layer
illite-smectite. Sample sources are both full-diameter core and cuttings. Data from

table A-14.
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Table A-14. Pleasant Bayou: Proportions of mixed-layer illite and smectite;
uncertainty of illite content; type of of ordering. Note: Sample depth
~ with a single number represents a core sample; a range of depth
represents a composite sample from cuttings.

Uncertainty - Smectite

Sample depth Illite
(ft) (%) (% 1lite) (%) Ordering
2,185 36 29 - 42 64 Random
2,335 33 26 - 40 67 Random
3,860 16 4 - 22 84 Random
4,347 : 22 16 - 26 - 78 Random
5,630 5,660 29 22 - 33 71 Random
. 6,020 6,050 22 16 - 26 78 Random
6,703 33 29 - 36 67 Random
7110 - 7,140 29 26 - 33 71 Random
7,400 - 7,430 29 26 - 33 71 Random
7,800 26 .22 - 29. 74 . Random
8,100 22 16 - 26 78 Random
8,330 - 8,360 22 16 - 26 78 Random
8,400 ‘ 29 26 - 33 71 Random
8,690 - 8720 26 22 - 29 74 Random
9,020 - 9,050 - 33 29 - 36 67 Random
9,320 - 9,350 40 36 - 42 60 Random
9,380 - 9,410 36 33 - 40 64 Random
9,590 - 9,620 36 33 - 40 . 64 Random.
9,80 - 9,920 33 29 - 36 67 Random
10,232 36 33 - 40 64 Random
10,430 - 10,460 47 4 - 49 53 Random
10,700 - 10,730 45 40 - 49 55 - Random
11,000 - 11,030 49 &5 - 54 51 Random
11,210 - 11,240 &7 45 - 49 53 Random
11,540 - 11,570 63 60 - 65 37 Weak
11,750 : 88 87 - 89 12 Strong
11,930 - 11,960 66 65 - 70 34 Weak
12,320 - 12,350 65 63 - 66 35 Weak
12,630 79 77 - 81 21 Strong
13,130 - 13,160 - 66 65 - 70 34 Weak
13,610 - 13,640 79 - 75 - 82 21 Strong
14,078 AT -1 .77 - 83 19 Strong
86 & - Strong
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equilibrium temperatures are: (1) 119°C (249°F) between the random order zone and
the first sample with weak order interstratification; and (2) 123°C (253°F) at the
sample depth, 11,650 ft (3,550 m), for the boundary between weak order and the first
sarhple with strong order interstratification.

The lack of depth correlation for ordering  boundaries i',sA due to samples at
11,750 £t (3,580 m) and 12,630 £t (3,850 m). As noted in table A-14, these two samples
are from core; the immediately adjacent samples are from cuttings va.nd give values
that are averages over a 30-ft interval. The lack of depth correlation may be a
function of different sample sources. If only samples from cuttings are considered
(fig. A-21), the weak/strong order boundary is at 13,400 ft (4,020 m) and a calculated
ecjuilibrium temperature of IQZOC (288°-F). Mixed-layer illite has a propartion range.
of 66 to 79% at this alternate weak/strong order boundary. -

A distinct change in slope of the graph for illite-smectite' proportions at
approximately 8,800 ft (2,630 m) (fig. A-20) is interpreted as marking the top of the
geopressured zone (Freed, 1979). This change corresponds to a pore fluid pressure
gradient of 0.465 psi/ft and a calculated equilibrium temperature of 89°C (192°F).

The rapid change in illite-smectite proportion between 11,200 ft (3,415 m) and
11,750 ft (3,580 m) (fig. A-20) corresponds to a pore fluid pressure gradieﬁt of
0.7 psi/ft and a calculated equilibrium temperature of approximately 121°G (25I°F). |

Discrete illite and kaolinite (fig. A-18) do not have the relationship seen in the
Hidalgo County wells.

The curve for mixed-layer illite crosses the curye for mixed-layer smectite at
the bou;)déry between random order and the ﬁrét weak order sample; Note that this
"crossover" point consistently has been located in each well ét thé boundary between
random and weak order interstratification. Although the weak to st;eng‘ order
boundary is not defined on the basis bf depth, it is distinctly obseryed between 12 and

16 weight percent smectite (fig. A-19). Note that strong order interstratification is
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Figure A-2l. General Crude Oil' Company/Department of Energy #1 Pleasant Bayou,
Brazoria County, Texas: Estimated illite and smectite proportions in mixed-layer
illite-smectite. Sample soutces are only cuttings. Data from table A-14.
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consistently found when smectite content is less than approximately 15 weight
percent.
Chlorite (table A-13) is present in only one sample, at a depth of 5,630 ft

(1,715 m). This chlorite is interpreted as detrital in origin.

DISCUSSION AND CONCLUSIONS
Mixed-Layer Illite-Smectite

Mixed-layer illite-smectite relations have been a focus of interest in the Gulf
Coast petroleum industry for over 20 years. Powers (1959, 1967) and Burst (1959) were
among the first to discuss the ﬂuid-rélease mechanism involved in the transformation
of smectite to illite. It was the study by Burst (1969) which caught,the attention of
clayr researchers, Since then several field investigations have examined mixed-layer
illite-smectite on the Gulf Coast (Boles and Franks, 1979; Hower and others, 1976;
Perry and Hower, 1970; Schmidt, 1973; van Moort, 1971). In addition, experimental
work has been undertaken to help explain field relationships (Eberl and Hower, 1977;
Hiltabrand and others, 1973; Peri'y and Hower, 1970; Reynolds and Hower, 1970; Velde,
1977). However, only Burst (1969)‘, Powers (1967), and Schmidt (1973) discussed the
relationship betwéen abnormal subsurface pressures and the smectite to illite transfor-
mation within the mixed-layer phase. |

Two different reaction méc.hariisms'for the transformation of smectite to illite
have been suggested. The first (Hower and others, 1976) adds both K* and AI*? to
produce illite. .In the second (Boles and Franks, 1979) Alt3 .acts as an immobile
cbmponent in the system and only K* is added to smectite.. . As noted’ by Boles and

Franks (1979), the ions released by either ‘re'action are essentially the same, btif the

quantities given up when Al+3

+3

is considered to be immobile are much greater than

from the reaction with Al"” as a mobile component. :
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One important consequence of the reaction with Al*~ as an immobile component .

is a significant weight loss of mixed-layer illite-smectite as the proportion of illite

‘within the mixed-layer phase increases (Boles and Franks, 1979). If the amount of

mixed-layer illite-smectite had been initially the same for each clay sample, then this
Weight loss during the reaction would be approximately 20%, as the illite proportion

increases from 30% to 80%. This 20% weight loss in mixed-layer illite-smectite is

observed in both Hidalgo County wells (figs. A-9 and A-12) and #2 Texas State Lease

53034 (fig. A-15). If the reaction suggésted by Boles and Franks (1979) is adopted as a
model for this study, then the supply of mixed-layer illite-smectite was fairly constant
during the depositional history for each of these three wells. ‘

Mixed-layer illite-smectite for #1 Pleasant Bayou (fig. A-18) has a weight
percent trend which does not conform to the weight loss expected for the reaction of
Boles and Franks (1979); in fact, the trend with depth actually increases. Using the
model of Boles and Franks (1979), this increase in mixed-layer phase with depth could
be explained if the depositional history had an-exceptionally high percentage of mixed-
layer illite-smectite supplied in early stages, followed by a decreasing: supply of
mixéd-layer phase. The unusually high amount of original mixed-layer phase would
more than compensate for-the 20% weight loss in deeper mixed-layer illite-smectite
samples.

This analysis of change in amount of mixed-layer material through time is also

consiétent with the reaction suggested by Hower and others (1976). In this case, the

- weight loss during reaction would be very slight (Boles and Franks, 1979) and the

~ mixed-layer illite-smectite content would not vary significantly if a constant supply of -

mixed-layer phase had -béeh available initially. An increased amount of mixed-layer
illite-smectite during the early stages of deposition would result in more mixed-layer

phase in deeper samples, even after diagenesis.
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The smectite to illite reaction within the mixed-layer phase requires K* from an
external source. The source for K* in both Hidalgo County wells and in #1 Pleasant
Bayou appears to be the breakdown of discrete illite. Potassium feldspar is unchanged
in these wells (figs. A-2, A-4, and A-8) and a correlation is suggested by the decrease
in discrete illite weight percent (figs. A-9, A-12, and A-18) and a corresponding
change in mixed-layer illite and smectite proportions (figs. A-11, A-14, and A-20). In
#2 Texas Stafe Lease 53034, a similar correlation is 5ugge§ted between the decrease in
potassium feldspar (fig. A-6) and the change in mixed-layer illite and smectite
proportions (fig. A-17). In this case, K* is generated by the breakdown of potassium
feldspar. Note that discrete illite content is unchanged (fig. A-15).

The chemical reactions within the mixéd-layer illite-smectite have been shown
by others to be independent of stratigraphic boundaries (Burst, 1969; Hower and
others, 1976; Perry and Hower, 1970; van Moort, 1971). The same appears to be true
for ordering relationships within the mixed-layer phase. The saﬁmple depths for the
change from random to weak order interstratification range frorp 5,750 £t (1,750 m) to
11,400 £t (3,475 m) (table A-15), and range from 7,450 ft (2,270 m) to 11,650 ft
(3,550 m) (table A-15) for the change from weak to strong order. interstratification.
Clearly, depth of burial does not control either change. Temperature seems to be
more consistent (table 15) but the 31° to 40°C (88° to 104°F) difference between
the Hidalgo County wells and those from Brazoria County indicates that other factors
are involved. Illite proportions ére compatible (table A-15) with a range of common
values: (1) 52 to 57% in all wells for the random to weak order transforrhation; (2) 70
to 75% in all wells for the weak to strong order change. A relationship between
ordering and the proportions of illite-smectite has been noted by Eberl and Hower
(1977), Hower and others (1976) and Reyholds and Hower (1970). However, the
ordering was thought to be primarily a function of temperature. This study suggests

that the proportions of illite and smectite have a strong influence on ordering.
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Table A-15. Comparison of sample depth, equilibrium temperature, and illite proportion
range for the random to weak order change and the weak to strong order change
; for each well,

€91

A. Random to weak order change.

sample . equilibrium | range of -
depth temperature illite figure
sample source | (1) - Q) proportion % number
#1 Dixie Mortgage Loan . 5,750 79 40 - 59 11
##3 A. A. McAllen ' 7,850 86 45 - 60 14
##2 Texas State 2,850 116 52 -57 17
-{#1 Pleasant Bayou 11,400 119 49 - 63 20
B. Weak to strong order change.
- sample equilibrium range of
depth temperature illite figure
sample.source (ft) C) proportion % number
##1 Dixie Mortgage Loan 7,450 97 70-77 11
##3 A. A. McAllen 9,000 106 70-75 14
##2 Texas State 11,000 128 63-75 17
{#1 Pleasant Bayou ‘ - 11,650 123 66 - 79 20
*(13,400) (142) (66 - 79) (21)

*based only on samples from cuttings




The ordering mechanism suggested by Sawhney (1967) and discussed by Eberl and
Hower (1977) may explain the importance of the proportions of illite and smectite.

Assume that the diagenetic reactions discussed above have been initiated. As the

smectite changes to illite, water is given off and K* is fixed in the water-

exchangeable cation position. An illite unit (outer tetrahedral layer/octahedral
layer/tetrahedral layer/central K* layer/tetrahedral layer/octahedral layer/outer tet-
rahedral layer) would be formed. The distance between the outer tetrahedral layers
would be shorter than when water and exchangeable cations were present in the
central layer. As suggested by Sawhney (1967) this shortened distance wouldr induce
polarization of electron densities tov}ard the central K* layer, and the outer
tetrahedral layers would become less negative. This would reduce the probability of
- fixing K* in the positions immediately adjacent to these outer tetrahedral layers
because there would not be enough negative charge available. This polarization effect
assures that each side of the total illite unit would be bounded by water and
exchangeable cations. In this manner, ordering is produced by providing smectite
layers on each side of an illite unit.
~ Eberl and Hower (1977) note that multiple groups of illite layers may be needed
to provide enéugh'polarizing power to inhibit formation of adjacent illite layers; they
suggest groups of two illite layers. The occu:}rence of strong ordering at an illitg
proportion of approximately 75% indicates a three-to-one ratio of ihite to smectite,
which suggests that groups of three jllite units are needed to generate enough
polarizing power. Once. this strength is achieved, the illite-smectite int'erlayering
-shduld be stable until quite high temperatures, at which point thermal energy will
force the breakdown of the remaining water ihterlayers.
The existence of triple-layer illite. units in mixed-layer illite-smectite has been
noted by Reynolds and Hower (1970). They suggest that this type of order, labeled ISII

order, would occur only at illite proportions of 90% or greater. The X-ray patterns for
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this report hoWeyer,‘ cl‘early show ISIl superlattice reflections for theb solvated clays
from every sample also havmg strong order 1nterstrat1f1catlon. This ISH superlattice
reflection is present in one of the followmg forms: (l) a dominant single peak; (2) a
doublet of superlattice reflections, one from an ISHI unit, the other from a single-
illite/smectite (IS) unit; (3) a shoulder on a dominant IS peak; or (4)a broad peak
incorporating both ISHI and IS reflections. Thus, ISI units exist for illite proportions
ranging from 75 to 93%. | | | |

The occurrence of weak ordering would imply eithers (;) that enough ISII groups
have formed to generate a superlattice spacing which can be barely detected by X-ray
analysis; or (2) that the ordering is IS in nature. The first appearance of weak ordering
at approximately 50% illite proportion suggests that IS ordering is achieved first, but
is not stable enough to inhibit‘ further prodoction of illite layers. The ordering then

proceeds to ISHI units,
‘Other Changes in the Shales

The breakdown of discrete illite in the Hidalgo County wells is compensated for
by an increase in kaolinite confent (ﬁgs.’A_-§ and ‘A-12). This suggests that kaolinite
: forrhs asa result of the discrete illite brea'kdown. A similar correlation can be seen in
. ##2 Texas State Lease 53034 vbetween, potassium feldspar (fig. A-6) and kaolinite
r(fig. A-15). - The trends in #1 Pleasant Bayou for discrete illite and kaolinite
(fig. A-18) appear at first glance'to have no similar correlation. However, if the
~deposmonal tustory in #1 Pleasant Bayou had an- unusually high mlxed-layer illite-
smectite content in the early stages, the. am0unt of initial kaolinite may have: been
correspondmgly-,small,' or perhaps veven nonexrstent.' If such were the case, the
| productxon in deeper sa.mples of authngemc kaolinite from the breakdown of illite
‘would provide most 'if not all, of- the observed kaohmte. ‘l'hus, a constant value for
kaohmte throughout the #1 Pleasant Bayou samples would still be consnstent with

- kaohmte formmg from discrete illite.
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Two reaction systems can be identified: (1) mixed-layer phase/discrete illite/
kaolinite; and (2) mixed-layer phase/potassium feldspar/kaolinite. Each of these would
supply excess silica, which would explain the increase Qith depth in quartz content
observed in each well (figs. A-1, A-3, A-5, and A-7). The increase in plagiociase
feldspar, also observed in each well (figs. A-2, A-4, A-6, and A-8), is probably related

to these reaction systems, with Na' and Ca"'z

‘supplied during the mixed-layer
smectite/illite change, and the remaining components obtained ffom the breakdown of
either discrete illite or potassium feldspar.

The temperatures at which changes take place in the shales are different for the
Brazoria and Hidalgo County wells. Changes in the Brazoria County wells take place
at approximately 30°C higher than the corresponding changes in the Hidalgo County
wells. This is the case for the initiation of mixed-layer smectite/illite changes, the
breakdown of disc;?ete illite or potassium feldspar, the formation of kaolinite, the
appearance of weak order mixed-layer illite-smectite, and the first gppegrancé of

strong order illite-smectite,
- Shale/Sandstone Interaction

The sandstones in the wells of Hidalgo County differ from those of Brazoria
County in some important characteristicé; The sandstones in Hidalgo County (Loucks,
1978; Loucks and others, 1979) are chemically unstable and include feldspar, carbonate
rock fragments, and volcanic rock frag‘rhents._ In contrast, the sandstones in Brazoria
cou@ty (Bebout and others, 1976; Loucks and others, 1977, 1979) are more stable
chemically containing less feldspar and less carbonate and volcanic rock fragments.
These differences in the sandstone characteristics of each cd'xmij appear ‘to have a
bearing on the interrelationship between shales and sandstones. |

It appears that the shales of the Hidalgo County wells do not provide carbonate

to the surrounding sandstones. Calcite content in the Hidalgo County wells is either
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unchanged (fig. A 1) or has a minor decrease (fig. A-3). This indicates that carbonate
is retained in the shales. ,

_Chlorite in the shales of the Hidalgo County ,welisiiabl,es A-7 and A-9) appears
only in the zone:with most diagenetic change; with tempefatdres in excess of lOO?C
(212°F).. This chlorite is considered authigenic and is thought to forin; due to the
interaction of magnesium and iron, supplied by the mixed-layer smectite/illite change
(Boles and Franks, 1979; Hower and others, 1970), with discrete illite. Chlorite formed
in this manner would have a high aluminum content. Maénesium and iron are involved
in fofming aluminous .'c‘hlorite within the shales; therefore, these elements are
restricted'to.the shales. |

The shales in the wells from Brazoria County are quite different, Calcite
content (ﬁgs A-5 and A-7) decreases markedly with depth. Also, with the éxception
of one sample, no iron and magnesium silicates form in the shales. Therefore, it is
assumed that carbonate, iron, and magnesium migrate out sf the shales. Excess silica

is ‘probébly also lost,

SUMMARY

(1) Mixed-layer srﬁeétite _changes to mixed-layer illite according to the reaction
‘suggested by Boles and Frénlqs (1579) With Al+3 acting as an immobile com-
ponent. " | | | | | | ‘

("2)' The source of K for the mlxed-layer smecnte/xlhte reaction is either dlscretek
inxte or potassxurn feldspar, but not both minerals i in the same well.

(3) Ordermg in the mxxed-layer 1lhte-smect1te takes place in two stages, random to
weak order and weak to strong order.. These changes appear to be related to

ﬂhtelsmectxte proportxons. (a) random to wgak order takes place at an 1lhte’
‘proportion of approximately 50%; and (b) weak to strong order takes place at an

illite proportion of approximately 75%. Ordering is produced by electron
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o)

(5)

(6)

@

®

polarization within illite units, which inhibits formation of other .illite units in
neighboring positions. Weak order has IS units, but sufficient polarization is not
developed for strong order until ISII units are generated.

Increase in quartz with depth is due to silica supplied by the reactions stated in
(1) and (2).

Increase of plagioclase feldspar content with depth is due to reaction of Na* and

"'2, provided by the mixed-layer smectite/illite reaction, with the products of

Ca
the breakdown of either discrete illite or potassium feldspar. _
In Hidalgo County limited materials, perhaps only silica, are supplied by the
shale; carbonate content is unchanged, and magnesium vand iron are involved in
forming aluminous chlorite in the shales. Major diagenetic reactions begin at
temperatures of approximately 60° to 70°C (140° to 158°F). ‘Weak order mixed-
layer illite-smectite forms at 80° to 85°C (176° to 185°F); the strong order
mixed-layer phase forms at 100° to 105°C (212° to 221°F).

In Brazoria County silica, carbonate, iron, and magnesium are supplied by the
shales. Major diagenetic reactions begin at approximately 90°C (194°F). Weak
order mixed-layer illite-smectite forms at 115° to 120°C (239° to 248°F); the
strong order mixed-layer phase forms at approximately 12:?o to 130°C (2570 to
266°F). Note that these temperatures are roughly 25° to 30°C (77° to 86°F)
higher than those observed for the same changes in Hidalgo County.

Kaolinite forms from the breakdown of either discrete illite or potassium

feldspar, but not both in the same well.
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APPENDIX B
USE OF ISOTOPIC DATA FOR INTERPRETATION OF DIAGENETIC HISTORY

Authigenic carbonates, quartz, albite, arid kaolinite from saridstones in Géneral
Crude Oil/Department of Energy Nos. 1 and 2 Pleasant Bayou and other néatby weils
have been analyzed for stable isotopes to giin a better undérstanding of diagenetic

history. Stable isotopé ratios of authigenic materials are useful in this regard because

they represent a record of the conditions that prevailed at the time precipitation

occurred,

Oxygen and carbon isotopic values for both minerals and water are reported in

.§ -notation:

( 1 80/ 1 60)sample - (180/ 16O)standard
(180/ 16O)Standard

s1800, - x 1000

The standard SMOW (standard mean ocean water; Craig, 1961); the approximate 6180

for sea water = 0%, is commonly used to report oxygen isotopic values for water and

silicates. The PDB standard (Peedee belemnite; defined by Urey) is often used for
oxygén and carbon isotope measurements on carbonates. A mineral or water is said to

becorie "lighter" as the proportion of the light isotope iricreases, whereas "heaviet"

samples have relatively greater amounts of the héavier isotope. I §1%0 of sarhple A

18

is less than § '°Q of sample B, A is said to be "lighter" than B, or B "heavier" than A.

Figute 1 illustrates a typical relationship between the oxygen isotopic comiposi-
tion of a mineral and thé temperature and isotopic composition of water (8 ISGH 0)
' 2

. . s 18~ - ;
under which the mineral formed. A single § Opmi neral value can resu!j: from a

number of § 18OH o-temperature combinations. According to the diagram; the
5C _
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represents a single §
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Figure B-1. Schematic diagram showing the relationship between temperatures,

6180 ,vand 6180 of a mineral precipitated from aqueous solution, Each curve

H, O 4
: 180
miner mineral

"heavier" 6r "lighter", relative to the solid curve, in the direq:tions of the diagonal

value, 6180 values become progressively
al ] &

arrows. See the text for further explanations.
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sl n value shown by the solid curve could have formed equally well from sea
water at some low temperature (1) or from a heavier water (x) at some higher

temperature (2). Equations relatmg these three parameters (temperature, § 18

618

Oy o
HZO

) for common authigenic mmerals are available in numerous publications
(Friedman and O'Neil, 1977). |
To make interpretations about the temperature at which a‘ mineral formed, it is

618

necessary to know the limits of H o variations. Likewise, if the limits of

2 ,
temperature varjation are known, the 6§ 18 min value can reveal something about the

[ 180H o value in effect at the time of cementation.
2
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L1

Appendix C. Isotopic analyses of carbonate minerals (reported relative toPDB).

Sample Depth é 18O ) 130

Number* Well Name (ft) PDB PDB Petrographic Features.

1024 Phillips 12,858 -10.3 -1.0 Minor grain replacement; mainly cement; post-quartz
{#f1 Houston "Z" overgrowth. ‘

1038C Phillips 12,228 9.7 -2.5 Post-quaftz overgrowth; mainly cement; minor grain
##2 Gunderson replacement.

1038D Phillips 12,228 -7.9 -3.5 Post-quartz overgrowth; mainly grain replacement;
#2 Gunderson minor cement.

1045 Phillips 12,236 -6.9 +1.3 Pre-quartz overgrowth poikilotopic cement; some grain
##2 Gunderson replacement.

1061A Phillips 12,371 -7.9 -5.9 Pre-quartz overgrowth nodule; non-ferroan poikilotopic
##2 Rekdahl calcite. ‘

1061B-C Phillips 12,371 -8.1 -5.1 Post-quartz overgrowth (?); mainly grain replacement,
##2 Rekdahl

1061B-D Phillips 12,371 -7.4 -4.5 Post-quartz overgrowth (?); mainly grain replacement,
##2 Rekdahl some cement.

1065C Phillips 12,398 -10.4 -2.15 Poikilotopic non-ferroan cement and grain replace-
##2 Rekdahl ment; post-quartz overgrowth (?).

1065D Phillips 12,398 -10.0 -2.4 Mainly grain replacement.
##2 Rekdahl

1077 Phillips 11,951 -5.7 -2.7 Pre-quartz overgrowth; poikilotopic cement with minor
#F-3 Houston grain replacement. _

1086 Phillips 12,175 -7.6 -3.7 Mainly grain replacement, undulose.

{#{F-3 Houston




6L

Sample

Appendix C continued.

§1%0

13

‘ ' Depth §°°C _
Number* Well Name (ft) PDB PDB Petrographic Features
1091 Phillips 14,821 -10.3 -2.9 Poikilotopic undulose ferroan calcite; some grain
##1 Houston "GG" ’ replacement. '
- 1148C Phillips - 16,189 -10.9 -3.1 Non-ferroan calcite grain replacement and minor
#1 Houston "JJ" cement; post-quartz overgrowth.
1148D Phillips 16,189 -3.8 -2.3 Ferroan dolomite grain replacement, subhedral.
' ##1 Houston "JJ"
1161 Phillips 16,253 9.3 4.7 Poikilotopic cement; post-quartz overgrowth;
_ {1 Houston "JJ" \ some grain replacement.
1173¢ Phillips 16,755 -10.0 -3.2 Approximately 1/3 grain replacement, 2/3 poikilotopic
#1 ‘Houston "JJ" cement; post-quartz overgrowth (?). ,
1173D Phillips ; 16,755 -8.5 -2 05 Mostly grain replacement.
{1 Houston "JJ"
1177 Phillips 16,779 -3.8 -3.0 Subequal cement and grain replacement; unknown rela-
##1 Houston "33" : tive timing to quartz.
1200B Humble #1 Vieman - 11,798 -3.5 -9.6 Poikilotopic calcité; pre-quartz overgrowth.
1203 Humble #1 Vieman 11,810 -8.3 -6.4 Poikilbtopic calcite; pre-quartz overgrowth.
1205 Humble #1 Vieman 12,172 -8.0 -8.7 Poikilotopic calcite; pre-quartz overgrowth.
1206 Humble #1 Vieman 12,174 =5.4 -25.9 Nodule of strongly undulose poikilotopic calcite; mainly
: cement but also invades grains; pre-quartz overgrowth,
.1208C Humble #1 Vieman 12,176 5.4 -22.65 Nodule of strongly undulose poikilotopic calcite; mainly

cement but also invades grains; pre-quartz overgrowth.
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‘Appendix C continued.

Pleasant Bayou

Sample ' Depth 6 l80 8 13 :
Number* Well Name (ft) PDB PDB Petrographic Features
1208D Humble #1 Vieman 12,176 -3.2 -25.6 Some portion of nodule; not seen in thin section.
1221C Humble #1 12,257 4.6 -3.6 Grain replacement and cement.
Freeport-Sulphur '
1221D Humble #1 12,257 -7.0 4.4 Grain replacement and cement.
Freeport-Sulphur ’
1232C Humble #1 17,783 -11.0 -4.8 Mainly grain replacement; some cement; post-quartz
Skrabanek overgrowth.
1232D . Humble #1 17,783 -9.2 -3.0 Undulose grain replacement,
Skrabanek
1962 GCO/DOE #1 4,345 -5.0 -3.4 87.2% poikilotopic ferroan calcite, 8.45% non-ferroan
v -Pleasant Bayou : : grain replacement, 4.4% forams; pre-quartz overgrowth.
1963 GCO/DOE #1 6,705 -7.0 -4.0 94.4% sparry ferroan calcite, 2.6% non-ferroan grain
Pleasant Bayou replacement; pre-quartz overgrowth.
1964 :GCO/DOE #1 .6,707 4.4 -2.7 Euhedral, pore-filling ferroan dolomite.
‘ Pleasant Bayou . : :
1065 GCO/DOE #1 10,215 -8.3 -10.1 79.7% poikilotopic ferroan calcxte, 20.3% non-ferroan
Pleasant Bayou M grain replacement. _ :
1968 ' GCO/DOE #1 10,223 6.1 9.5 69.6% poikilotopic ferroan calcite, 30.4% non-ferroan
S Pleasant Bayou ‘ ~ grain replacement.
1969 GCO/DOE #1 10,225 -7.2 -7.0 41.6% poikilotopic calcite (mostly ferroan), 54.2%

non-ferroan grain replacement, 4.2% forams.
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* Sample

Appendix C continued.

C Depth (o) .
- . _Number* - - Well Name RN (3] PDB PDB - Petrographic Features
1970 o - GCO/DOE #1. 10,227 5.4 4,7 "~ 100% non-ferroan grain replacemént. |
' "Pleasant. Bayou : - ‘ : ’
1976 - " GCO/DOE i 10,259 -8.4 -=8.8 90.0% pmkilotopnc ferroan calcite, 10.0% grain
. - Pleasant Bayou v . replacement (mostly non-ferroan). _
1980 . - GCQ/DOE #1. 10 ,'267‘ - -6.2 -7.8 77.5% poxknlotopnc ferroan calcnte, 22.5% non-ferroan
- - Pleasant Bayou . ' grain replacement. ‘
1981 ' GCO/DOE #1 11,733 815  -7.9 95.8% poikilotopic ferroan calcite, 4.2% non-ferroan
: Pleasant Bayou " grain replacement., ‘
199 . . GCO/DOE #1 11,763 . -9.3 6.7 Non-ferroan poikilotopic calcite; minor forams; post-
RN -Pleasant Bayou : - quartz overgrowth,
- 1999 - - GCO/DOE #1 - 11,773 -9.0 7.1 Non-ferroan poikilotopic calcite; post-'qﬁarti overgrowth,
4 Pleasant Bayou . ‘ ' ‘
2010 GCO/DOE #1 14,061 -11.2 -6.1 Non-ferroan calcite cement.
o Pleasant Bayou ‘ o
2011 . GCO/DGE # 14,080 -11.2 =5.65 Non-ferroan calcite éement.
R - Pleasant Bayou S ' L ' o
2028C GCO/DOE #1 14,775 8.7 2.5 Not recognized in thin section.
. Pleasant Bayou ' : ;
2028D 'GCOIDOE ##1 14,775 7.7 -4.6 Ferroan grain replacement.
Pleasant Bayou
2029C GCO/DOE 1 14,757 -12.8 4.2

Pleasant Bayou

Ferroan (?); post-quartz overgrowth cement,
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Depth -

- Appendix C continued.

Sample - o o c -

Number* Well Name (ft) PDB _pDB Petrographic Features

2029D | ~ GCO/DOE #1 14,757 6.9 -1.5 Mainly grain replacement.
Pleasant Bayou , ' ’

2050 GCO/DOE #1 15,183 -12,2 -2.4  Post-quartz overgrowth cement; some grain replace-

- ~ Pleasant Bayou “ment,

2065 GCO/DOE #1 15,586 -11.7 0.0 'Post-quartz overgrowth cement; some grain replace-
Pleasant Bayou ment, '

2069 : GCOID_OE #2: .14,685‘ | 8.7 -5.3 Poikilotopic ferroan calcite; pré-quartz overgrowth;
Pleasant Bayou. ' 91.5% cement, 8.5% grain replacement.

Mollusc GCO/DOE- #1 4,830 - -0.23 +3.25  Unaltered aragonite; from Miocene shale.

B Pleasant Bayou '
Mollusc GCO/DOE i1l 5,200 -2.3 -0.9 Unaltered aragonite; from: Miocene shale.
: ' Pleasant Bayou. o ‘

-*D = dolomite; C = calcite associated with dolomite; samples with no letter designation are calcite.
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Table D-1. Pleasant Bayou Samples.
‘ Carbonate Compositions

Sample # Depth

1962 4,345 ft
(1,324 m).
e
o~
1999 11,773 ft
- (3,589 m)
2040 15,162 ft
: (4.621 m)
2045 15,173 ft
' (4,625 m)
2069 14,285 ft
. (4,476 m)

Appendix D.

Description

Poikilotopic
cement

Grain
replacement

Foram

Poikilotopic
cement

-Grain
replacement

Sparry cement

Sparry cement

Grain
replacement

--Poikilotopic

cement

184

%MgO = %SO  %CaO0 %MnO %FeO
0.41 0.04 57.93 0.28 2.37
0.53 0.11 56.80 0.15 2.72
1 0.49 0.04 52.95 0.20 2.54%
0.48 0.07 52.77 0.23 2.79
0.57: 0.09 50.95 0.25 2.93
0.56 0.11 51.37 0.13 2.76
0.45 0.09 52.50 0.30 2.63
0.38 0.04 52.78 0.30 2.59
0.28 0.10 54.20 0.18 1.48
0.32 -0.14 54.05 0.13 1.86
0.11 0.18 54.86 0.00 0.03
0.07 0.12 55.44 0.02 0.00
0.09 0.13 54.35 0.00 0.03
0.34 0.06 55.33 1.16 0.73
0.37 0.16 55.49 1.19 0.82
0.23 0.07 56.38 1.02 0.56
0.28 0.13 . 55.18 1.18 0.75
0.39 0.25 55.48 0.93 0.68
0.29 0.09 54.75 1.01 .0.70
0.39 0.18 54.32 1.20 0.86
0.41 0.15 57.29 1.36 0.98
0.32 0.19 53.54 1.26 0.85
0.03 0.02 - 57.19 0.09 0.00
0.33 0.07 57.28 1.12 0.65
0.21 0.15 57.98 0.86 0.46
0.21 0.08 57.48 1.12 0.32
0.38 0.09 57.02 1.39 0.59
0.15 0.07 55.61 0.76 0.36
0.25 0.06 58.55 0.90 0.46
0.12 0.06 57.72 1.53 0.29
0.59  0.11 55.26 1.25 2.12
0.54 0.17 53.64 1.28 2.35
0.60 0.17 54.30 1.39 2.04
0.57 0.17 52.89 1.32 2.23
0.44 0.16 54.38 1.18 1.67
0.51 0.11 54,15 1.39 1.86
0.53 = 0.12 54.73 1.33 2.00
0.45 0.13 54.89 1.23 1.70
0.51 . 0.1% 54.06 1.28 2.04

rgr—




Sample # Depth

2069 - - 14,685 ft
(4,476 m)

Table D-1 continued.

Description

_Poikilotopic

cement

Grain

replacement

' %MgO.

185

- %SrO0 %Ca0 %MnO %FeO
0.46 0.16 56.62 1.28 1.88 -
0.52 0.17 56.73 1.26 1.86
0.55 0.10 53.94  1.24 1 98
0.48 0.12 J4.66 1.26 1.80
0.46 0.13 4.4 1.09 1.97
0.43 0.12 53.07 1.07 1.86
0.14 0.16 56.34 1.60 0.71
0.28 0.13 57.76 1.38 1.02
0.30 0.12 55.92 1.52 1.00




“Sample # Depth
2136 11,791
(3,59
2235 12,500
(3,810
2258 12,656
(3,858

Table D-2. McAllen Ranch Field Samples.
Carbonate Compositions

m)

ft
m)

ft
m)

Appendix D.

Description ‘

Sparry cement

Sparry cement

Grain
replacement

Sparry cement

Grain
replacement
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(-

%MgO %SO %CaO  %MnO %FeO
0.22 0.32  50.59 0.46 0.41
0.18 0.30  56.19 0.41 0.3%
0.20 .0.28  54.47 0.41 0.30
0.19 0.31  54.80 0.43 0.39
0.15 0.28 = 55.32 0.38 0.36
0.19 0.32  53.95 0.48 0.42
0.19 0.30 55.18 0.46 0.36
0.14 0.27 55.78 0.36 0.30
0.20 0.33  55.46 0.43 0.35
0.14 0.0l 55.24 0.04 0.0l

- 0.00 0.03 56.45 0.05 0.00
0.05 0.07 55.73 0.30 0.15
0.69 0.04 53.92 1.32 0.02




Appendix D.
Table D-3. Pleasant Bayou Samples,
- Feldspar Compositions

- | '
Sample # - . Depth - Nazo MgO A1203 SiO2 KZO .Ca0 TiO2 FeO Type*
1962 4,345 ft - 0.96 0.02 18.66 65.78 15.29 0.07 0.00 0.00 K,
(1,324 m) 0.91 0.02 18.49 66.03 15.07 0.03 0.0&% 0.00 K,
0.93 0.02 18.58 65.90 15.18 0.05 0.00 0.00 KZ
1999 11,773 £t 11.93  0.00 20.11 68.60 0.05 0.04 0.00 0.00 P
. \ (3,589 m) 0.60 0.02 '18.99 63.82 15.57 0.06 0.00 0.0l K
' "~ 11.71  0.00 20.08 69.18 0.04 0.06 0.00 0.00 P
11.8 0.02 19.63 67.61 0.06 0.06 0.03 0.00 P
2040 15,162 ft  0.33 0.00 18.89 65.63 16.39 0.00 0.00 0.00 K
(4,621 m) 0.52 0.00 18.65 64.18 15.70 0.00 0.04 0.00 Kf
11.37 0.02 19.82 68.71 0.0l 0.27 0.07 0.00 P
11.64 0.02 19.73 €8.42 0.03 0.18 0.09 0.00 pf
2045 15,173 ft 11.48 0.02 20.23 68.19 0.07 0.03 0.03 0.00 P
(4,625 m) 11.85 0.02 19.79 69.43 0.04 0.04 0.00 0.00 P
11.97 0.02 20.13 69.33 0.04 0.03 0.00 0.00 P
11.82 0.02 20.00 €9.05 0.12 0.02 0.00 0.00 PS
11.80 0.02 19.79 67.47 0.10 0.00 0.00 0.00 P"
11.49 0.02 19.37 €8.5¢ 0.09 0.02 0.00 0.00 PS
11.9¢ 0.05 20.41 €8.13 0.0%4 0.01 0.04 0.00 P"
12.13  0.03 19.8 70.12 0.02 0.02 0.06 0.00 pf
2071 14,639 ft 10.21 0.02 21.86 66.11 0.04 2.68 0.07 0.05 P
(4,477 m) 10.62 0.02 2i.73 67.14 0.06 2.04 0.04 0.07 pf
11.63 0.00 20.06 72.79 0.02 0.04 0.07 0.02 P
11.62 0.02 20.12 71.8 0.02 0.02 0.04 0.05 P
11.45° 0.02 20.40 71.21 0.00 0.01 0.07 0.02 P
2074 14,695 ft 11.77 0.00 19.22 69.09 0.03 0.02 0.04 0.00 P
(4,479 m) 11.85 0.00 19.46 6€9.17 0.0%4 0.02 0.05 0.00 p§
11.78 0.00 19.29 69.06 0.05 0.03 0.00 0.00 P
11.79 0.02 19.21 €8.3% 0.06 0.02 0.0l 0.00 Pf
11.70 0.00 19.49 68.20 0.03 0.03 0.00 0.00 P
11.71 0.00 19.47 67.29 0.04 0.02 0.04 0.00 P
11.76  0.00 19.25 68.31 0.02 0.02 0.00 0.00 P"
11.66 0.00 19.66 67.85 0.04 0.07 0.03 0.0l pf
12.01  0.00 19.66 68.43 0.00 0.00 0.05 0.00 P
11.71 0.00 19.70 67.87 0.03 0.02 0.06 0.00 pf

*K, , = repeated analyses of potassium feldspar grain

K, = average of replicate analyses

P or K = single analysis of plagioclase or potassium feldspar grain, respectively
P or K ¢ = analysis of plagioclase or potassium feldspak core

w—J : Pr or -Kr = analysis of plagioclase or potassium feldspar rim
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~_ Appendix D. '
Table D-4. McAllen Ranch Field Samples.

Feldspar Compositions

Sample # Depth Nazo MgO Ale3 SiO2 Kzo. Ca0 ‘l'iO2 FeO Type*
2110 10,829 ft 11.74 0.02 19.60 68.09 0.04 0.17 0.00 0.02 P
(3,301 m) '
2136 11,791 ft 11.72 0.00 19.61 68.83 0.06 0.22 0.00 0.00 P
(3,594 m) 11.62 0.02 19.72 70.00 0.07 0.11 0.04 0.00 P
12.02 0.02 20.31 70.13 0.02 0.12 0.01 0.01 P
11.82 0.02 20.25 69.90 0.04 0.17 0.00 0.00 P
12.05 0.02 20.15 68.78 0.02 0.18 0.03 0.00 P
12.07 0.02 20.01 70.13 0.05 0O.l1% 0.00 0.00 P
11.47 0.00 19.91 68.7¢ 0.03 0.27 0.00 0.00 P
1.00 0.02 18.80 66.38 15.28 0.04 0.05 0.09 K
2235 12,500 ft 11.80 0.02 20.07 69.00 0.04 0.1%3 0.01 0.0l o.g**
(3,810 m) 11.8¢ 0.02 19.59 69.06 0.04 0.25 0.01 0.00 o.g.
2236 12,519 ft 11.61 0.02 19.8 69.57 0.04 0.04 0.00 0.00 o.g.
(3,816 m) 11.80 0.00 19.58 69.27 0.06 0.11 0.00 0.00 P
11.52 0.00 19.75 69.37 0.04 0.16 0.00 0.00 P
11.43 0.00 19.96 ¢68.92 0.13 0.18 0.04 0.00 Pc
11.65 0.00 19.58 6%.88 0.00 0.14 0.00 0.00 P
11.34 0.02 19.63 68.48 0.06 0.14 0.14%4 0.00 Pf

*See footnotes under Pleasant Bayou Feldspar Compositions.

**o,g, = plagioclase overgrowth.
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