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RESEARCH SUMMARY

Structure, Facies, and Internal Properties of the Frio 'A' Reservoir,
Hitehcock N.E. Field, Galveston County, Texas. :

Bureau of Economic Geology, The University of Texas at Austm,
GRI Contract No. 5084-212-0924. :

R. J. Finley/R. A. Morton
May 1, 1984-July 31, 1985

To evaluate the mechanism of secondary gas recovery by co-
production in a slightly geopressured watered-out reservoir. This
involved making a geologic interpretation of the field and defmmg
the reservoir parameters adequately for reservoir engmeermg and
modeling analysis.

To investigate the potential for shale dewatering occurring as a
result of fast pressure drawdown during co-production of gas and
water.

To investigate the hydrocarbon sources for gas and condensate, i.e.,
whether they are. locally derived or have migrated from deeper
levels. ,

The Hitchcock N.E. field was placed in a regional context, espe-
cially the facies and structure of the Frio 'A' sandstone. Emphasis
was placed on the facies influence on reservoir continuity, porosity,
and permeability as well as the diagenetic modification of porosity
and permeability. Shale dewatering was examined in the context of
three types of fluid movement: original migration of hydrocarbons,
shale dewatering from burial, and pressure drawdown due to produc-
tion. The source of the gas and condensate is being investigated by
a number of geochemical techniques.

The N. E. Hitchcock field, which produces from the Frio 'A' or
9,100 ft sandstone, is defined by a northwest plunging anticline of
moderate relief. It is truncated on its southeast flank by a major
fault downthrown several hundred feet to the south. Several minor
faults displace the original pay zone and may influence enhanced gas
recovery efforts in the reservoir.

The Frio 'A' sandstone, which occurs at the top of the Frio
Formation in the Chocolate Bayou area, forms part of a construec-
tive delta lobe in the N. E. Hitchecock field. It consists of a stacked
sequence of distributary-mouth-bar sandstones which grades into a
thin delta destructional unit and is overlain by the transgressive
shallow-marine Anahuac shale. Marine reworking of the Frio 'A'



Technical

Approach

sandstone has resulted in its broad lateral extent and internal
contmu1ty although thin shale breaks vertically partition the reser-
voir. Much of the preserved excellent porosity (X 30%) and permea-
bility (* 1,000 md, 0.99 um 2) in the Frio 'A' sandstone is due to its
distributary-mouth-bar origin. The porosity and permeablhty were
subsequently modified by diagenetic reactions.

The Frio 'A' aqulfer extends some eight miles southwest of the N. E.
Hitchcock field to the Alta Loma and Sarah White fields. It is
confined on its northern and southern flanks by major growth faults.
The continuity of the Frio 'A' sandstone has bearing on any plans to
control water influx by drilling additional guard wells below the gas-
water contact. However, reservoir modeling suggests that the
faults are not sealing during co-production pressure drawdown.

Variable areas of indurated authigenic kaolinite zones developed in
the Frio 'A' sandstone adjacent to thin shale units probably result
from fluids emitted from the shales which have a consistent illite-
smectite composition. Slight reductions in salinity during produe-
tion at the Prets No. 1 well may be evidence for contemporaneous
dewatering of shales.

Shale pyrolysis data indicate that the Anahuaec and Frio shales are of
too poor a quality and are too immature to have generated appre-
ciable hydrocarbons.: Furthermore isotope data for the Prets No. 1
condensates imply a marine organic source for these fluids.
Thermal and hydrocarbon maturity data indicate that the Upper Frio
was subjected to an extended period of hot, extremely saline,
basinal-fluid flow. This fluid flow appears to have introduced the
hydrocarbons, and caused albitization of feldspars and formation of
carbonate cements.

Base maps and a selected number of well logs were acquired in order
to prepare new cross sections and maps illustrating the stratigraphie
characteristics of the Frio 'A' sandstone. Depositional systems and
constituent facies were defined from maps and cross sections in
conjunction with published information (Galloway and others, 1984).
Detailed geologic mapping of the Frio 'A' sandstone, and a detailed
description of a core cut in the Delee No. 1 well were conducted to
estimate the size, extent and compartmentalization of the reservoir
for simulation purposes. Shale Frio 'A' sandstone compositional
changes were examined by a number of techniques at the Frio 'A'
sandstone boundary for evidence supporting shale dewatering and
the diagenetic history of Frio sandstones. Forty shale samples were
subjected to total organic carbon and Rock-Eval pyrolysis analyses.
These data give an indication of the quantity of hydrocarbons in the
shales (and hence available during shale dewatering) and the shale
thermal maturity. Detailed gas chromatography-mass spectrometry
analyses are presently being done on samples of gas and condensate
from the Prets and Delee No. 1 wells. These data should bear on the
source of the hydrocarbons. The hydrogen and oxygen isotope ratios

-of formation waters coexisting with hydrocarbons in the Prets
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No. 1 and Delee No. 1 wells are being measured and will be used to
define the source of the waters.
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INTRODUCTION

Investigations into the feasibility of gas production from watered-out reservoirs have
developed from research into the production of gas from hot brines in geopressured
iaquifers along the Gulf Coast (Dorfman, 1982). Dorfman (1982) predicted that watered-out
gas reservoirs would become more important ias an economic source of natural gas. Co-
production of watered-out, hydropressured gas reservoirs and geopressured prospects
appears to be economically viable (Greg‘ory‘ and others, 1983).

Co—production of oil with geobressured gas could significantly improve the economie
prospects of gas utilization thus improving the reserves of both energy resources (Weres
anci bthers, 1984).

As part of GRI's Unconventional Natural Gas Research Program, the Bureau of
Economic Geology and the Center for Energy Studies, both located at The University of
Texas at Austin, have contributed to a joint projegt on the Hiteheock N.E. field (Galveston
County). This project was entitled "Coordination of Geological and Engineering Research in
Support of Gulf Coast Co-production" and involved the following‘ research objectives.

1) Placing the Hitcheock N. E. field in a regioilal context, especially the facies and
structure of the Frio 'A' reservoir sandstone. During 1984 the Frio 'A' (9,100 ft or top Frio)
sandstone was correlated in more than 200 electric logs over the Hitcheock, Hitchcock
N.E., Alta Loma, Sarah White, and Chocolate Bayou oil and gas fields. Regional sandstone
distribution (thickness and percentage) maps and facies niaps have been drawn which tie
the Hitchecock N.E. field to the Chocolaté Bayou field (Brazoria County) to the west. The
Frio 'A' sandstone is represented by two units’ in many areas and these have been mapped
separately and in combination. The sandstone distribution and facies maps allow an
assessment to be made of the depositional environment of the Frio 'A’ sandstone. |

2) Detailed geologic mapping (structure, grzoss sandstone thickness, and net sandstone

thickness above original gas-water contact) of the Frio 'A' sandstone in the Hitchcock N.E.



fieid was needed to understand the size, extent, and compartmentalization of the reservoir
for simulation purposes. Local cross sections were constructed over the Hitchcoeck N.E.
field in ‘an attempt to determine the degree of reservoir compartmentalization. A search
was made for thin shale breaks/permeability barriers which may be important during rapid
drawdown relative to long-term primary production. The completed maps were made
available to the Center for Energy Studies who then modeled the Hitechcock N.E. reservoir
using the pressure drawdown enhancement techﬁique.

3) An examination was made of the potentiai for shale dewatering occurring as a
result of fast preséure drawdown during co-production of gas and water. This shale water
would help to replenish pressure. This entails discriminating between three types of fluid
mbvement:

a) Original migration of hydrocarbons from the source and emplacement in the

trap.

b) Shale dewatering as a consequence of compaction and pressure/temperature

increase due to burial ef‘fects.

e)  Shale fluid flow (dewatering) during production.

In 1984 the Secondary Gas Recovery Delee No. 1 co-production well penetrated the
Frio 'A' (9,100 ft) reservoir sandstone in the Hitehcock N.E. field. One hundred and thirty
feet (40 m) of core were cut over this depleted gas-condensate accumulation, of which the
upper 34.5 feet (10.5 m) consisted of the overlying Anahuac Formation shales. A detailed
correlation between rate of penetration of the drill bit and the induection logs had been
maintained prior to coring to accurately fix the core position. Cuttings samples were also
collected over the whole interval from lower Miocene to total depth in this well. A
detailed core description was made'on site and the core examined under ultraviolet light

for the presence of liquid hydrocarbons.



The availability of shale samples at some distance from, adjacent to, and within the
Frio 'A' sandstone as a result of this coring operation allowed shale dewatering to be
investigated by several approaches.

Shale compositional changes were examined at the Frio 'A' sandstone boundaries and
adjacent thin shale layers within the reservoir using Scanning Electron Microscope (SEM)
and Energy Dispersive Spectrometer (EDS) techniques, X-ray diffraction, inductively-
coupled-plasma analysis (elemental), and detailed core descriptions at our laboratories.
Shale compositions were estimated and a large number of cross plots and ternary diagrams
constructed of elemental composition, elemental ratios, and other parameters. These data
were then examined for any evidence supporting shale dewatering.

Compositional changes within the Frio 'A' sandstone were also investigated using the
SEM-EDS technique as well as by doing a detailed core description. Thin shale or
permeability barriers were recorded during this procedure. A search was made for zones
showing excessive authigenic cementation which might be evidence of either shale
dewatering or original fluid movement during migration of hydrocarbons into the reservoir.
This information has been combined with diagenetic models for the Frio Formation and has
been used to decipher the diagenetic history of the Frio 'A' sandstone. The clay
composition, sequence, and distribution bear on permeability variation and quality in the
reservoir,

Detailed petrographic work is still to be done on the samples analyzed with the
SEM-EDS. Four samples of sandstone were also subjected td inductively-coupled-plasma
elemental analysis to estimate the concentrations of certain elements with large neutron-
capture cross sections. These data were made available to Dr. H. Dunlap for calibration
of certain logs in the Delee No. 1 well.

4) An investigation was conducted on the source of the gas and condensate in the .
Frio Formation with particular emphasis on the Hitchcock N.E. field. This is a

continuation of an integrated geologic study of the Pleasant Bayou-Choecolate Bayou area,



Brazoria County, Texas, sponsored by the U.S. Department of Energy. The purpose of this
research was to determine whether the hydrocarbons present in the Hitchcock field are
locally derived by shale dewatering or have migrated up from deeper levels. Should the
hydrocarbons have a local derivation, there could be an additional influx frofn the shales by
fast pressure drawdown during production. The methods followed in this investigation are
outlinéd below. |

The thermal maturation of the Anahuac shales, shale stringers within the Frio 'A'
sandstohes, and Frio shales below the Frio 'A' sandstone was studied. Vitrinite reflectance
analyses were conducted on forty shale samples from this interval by Robertson Research
(U.S.) Ine., and their data are given in the appendix. The vitrinite reflectance data were
combined with modeled thermal maturity using the present geothermal gradient in the
Hitehcock N.E. field area and hydrocarbon maturity using the naphthene concentration in
the oils to estimate the depth at which the hydrocarbons formed. Shale samples near the
Frio 'A' sandstone were examined for the thermal effects of migrating hot-hydrocarbon
bearing fluids.

Forty shale samples were subjected to total organic carbon and Rock-Eval pyrolysis
analyses by Geochem Laboratories, Inc., and these analyses are listed in the appendix.
These data have given an indication of the quantity of hydrocarbons present in the shales
(and hence available during shale dewatering), the amount released by pyrolysis, the
relative amount of oxygen and hydrogen in the kerogen, and its thermal maturity. An
indication of the kerogen quality and its hydrocarbon productivity bears on the local
derivation of hydrocarbons in the Hitchcock N.E. field.

Detailed gas-chromatography-mass spectrometry analyses are presently being done
by Geochem Laboratories, Inc., on samples of gas and condensate from the Phillips Prets
No. 1 and S.G.R. Delee No. 1 wells; Hitchcock N.E. field. It was hoped that these data

would be available at the time of writing this report. However, considerable delay in



starting production’ on the Delee No. 1 well has resulted in only preliminary analyses being
available. The entire analys1s procedure is outlined in the appendix. | |

The C4-Cq gasolme range and Cqi5+ paraffin-naphthene (P-N) gas—chromatography
analyses and Cl5+ gas chromatography—mass spectrometry analyses will be correlated with
‘Geochem source rock extract analyses at the Pleasant Bayou No. 1 well (Brazoria County)
over the entire sampled interval (2,072 ft-16,500 ft, 630 m-5,030 m). These analyses should
indicate whether or not the hydrocarbons are derived from Oligocene se‘diments.

The C4-Cg gasoline‘range data have been and will be used to estimate the maturity
of the sediments using the methods of Young and others (1977). Biomarker analyses will be
used to investigate the g‘eological environment of the source rocks and hence assist in
‘ fixing its probable location when combined with depth data from other work.

Detailed earbon and hydrogen isotope analyses of the gases and condensates from the
Prets No. 1 and Delee No. 1 wells are being conducted by Coastal Science Laboratories,
Inc. (Table 1). These data wili giye an estimate of the temperature of formation (maturity
of the source rock) and the depositional environment of the source rocks. It may be
possible to estimate the effects of migration and mixing using the methods of Schoell
(1983). Geothermal gradient and vitrinite reflectance data from the’ Hitcheock N.E. field
have been combined with hydrocarbon maturity in estimating a depth of hydrocarbon
generation.

The hydrogen and oxygen isotope ratios of the formation waters co-existing with the
hydrocarbons in the Prets No. 1 and Delee No. 1 wells are being measured and will be
compared to isotopic ratios i‘rom authigenic cements in Brazoria County and other oil
fields in the Gulf Coast (Loucks, Richmann, and Milliken, 1981). Some data already exist
and are discusSed in this report. Isotopic data are used to define the source of the waters

(Table 1).



. Table 1. Isotope Analyses of Hydrocarbons and Formation Waters,

813C and §2H, methane:

Hitchcock N. E. Field.

- 813C, gas components (Cg, C3, C4, C5, CO2):

813/C, condensate:

§180 and §2H, water:

Isotopes

Oxygen §180

Hydrogen 6D -
Carbon §13C
§180 V's 8D

5180 v's §13C

Sulfur §34S

Large Cdmponent from

Shale Dewatering

Heavy 6180 for quartz
overgrowing indicates

depths

Constant?

Constant?

formation at shallower

Large Component from Basinal
Brines

5180 constant in formation fluid
with depth - no indication of
source of formation fluid

8D becomes depleted with
increasing depth of formation
fluid

813C becomes depleted over
temperature range 100° to 120°C
(212° to 215°F) and then increases
with increasing depth

Distinguishing genetiec groups of
waters

Distinguishing genetic groups of
waters

‘Formation water source

identification



The nickel and vanadium contents of the oils at the Prets No. 1 and Delee No. 1 wells
are being meaéured by Geochem Laboratories, Ine., and will be of use when additional work
is done on oil-source rock correlations in the Friovand older formations.

This report presents the results of investigations into the struétural, stratigréphic,
facies and diagenetic confrols of porosity and permeability in the Hitehcock N.E. field.
These data bear on the size and continuity of the field and the best location for guard wells
to reduce water influx into this depleted reser?oir, and the degree of shale dewatering

“oceurring during pressure drawdown.
Regional Setting

The Hitchcock N.E. field lies beneath parf of the townsites of Hitehcock and
LaMarque in Galveston County some 15 miles (9 km) northwest of the City of Galveston
(fig. 1). The producing reservoir (Frio 'A', or 9,100 ft) sandstone is widely distributed in a
belt parallél to the Texas coastline and has produced from many fields along the Texas Gulf
Coast and southern Louisiana (Anderson and others; 1984). |

The Frio 'A' | sandstone occﬁrs below the T2 marker horizon at the top of the
Oligdcene Frio Formation. The geostatic gradient fs about 0.6 psi/ft (13.6 kPa/m) at the
level of the Ffio 'A' reservoir (fig. 2) which has an average temperature of 215°F (101°C)
(fig. 3). However, the top of the geopressured zone occurs about 7,200 ft (2,200 m) below
sea level at the Hitcheock N.E. field, sorhe 400 ft (120 m) below the top of the Anahuac
Formation (fig. 2). This reservoir is slightly geopressured in contrast to the Mt. Selman co-
productibn test which was normally pressured.

The Hitchcoc‘k N.E. field is located Oh the seaward fring‘e of the Houston Delta
system (fig. 4). The following discussion of ‘the regional geology is from Gallbway and
others (1982). Several minor, laterally coalesced, vertically repétitive deltaic. cycles
compose the Houston Delta system which is the main locus of terrigenous accumulation iri’

the Frio. Elongate to lobate deltas formed during the most regressive phases in the Lower
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Frio and more arcuate deltas during periods of general transgression and shoreline retreat
in the upper Frio (Galloway and others, 1982).

During middle Frio deposition, deltas were supplied by large fluvial channel systems
(Chita-Corrigan Fluvial System) some 16 to 20 miles (25 to 33 km) north and wést of the
Hitcheock N.E. field. Net-sand isopachs show that the positions of the fluvial axes changed
substantially with time (Galloway and others, 1982).

Pl,atform—delta' sequences from 50 to 30‘0 ft thick (15 to 90 m) characterize the
middle and upper Frio in the Houston Delta system. Blocky sandstones record the
development of multistoried wave-reworked sandstones of recurrent delta-destructional
phases. The deltas became smaller as successive lobes shifted landward. Transgression and
wave-reworking produced thick time-transgressive blanket sandstones. There was constant
switching of the delta lobes, destructional marine reworking, and inundation of the
abandoned sites (Galloway and others, 1982). |

The depositional style of the Upper Frio was strongly influenced by the Anahuac
marine transgression. This shale wedge, which pinches out updip, marks the invasion of a
comparatively sediment-starved shelf and contains a neritic fauna. In part it was deposited
contemporaneously with and is indistinguishable from the Upper Frio prodelta muds

(Galloway and others, 1982).
Structure

During Frio deposition growth faulting produced a closely spaced pattern of strike-
parallel, broadly arcuate fractures (Galloway and others, 1982). The Frio 'A' aquifer at the
N. E. Hitcheock field occurs within an ovoid fault block some 10.5 miles (17 km) long and
4.6 mﬂes (7 km) wide (fig. 5). Isoléted circular to ovoid areas of thick sand accumulation
may represent sites of major growth faulting or salt-withdrawal basins (Galloway and
others, 1982). The fault block lies within an area characterized by deeply buried salt

diapirs (T. E. Ewing, personal communication, 1985).
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The Hitchcock N.E. field is defined by a northwest plunging anticline of moderate
relief (fig.'6). It is truncated on its southeast flank by a major northeast trending growth
fault with several hundred feet of throw. This fault forms the southern boundary of the
reservoir and aquifer (figs. 5 and 6).

A fault wedge upthro'wn some 50 ft forms the northwest flank of the field. This
wedge formed contemporaneously with Frio 'A' sandstone deposition as there is a marked
change in sandstone thickness and facieé across it. Three other arcuate, northeast trending
normal faults disseet the east flank of the reservoir and have throws which vary from 30 to
60 ft (9 to 18 m) (fig. 6). The two western faults appear to have isolated the Cockrell
No. 1-Lowell Lemm well from both the Phillips No. 1 Prets well to the west and other wells
td the east (Anderson and others, 1984; W. A. Parisi, personal communication, 1984, fig. 6).

A major east-west scissor fault (concave to the north) lies directly south of the
Secondary Gas Recovery (S.G.R.) No. 1 Delee well (fig. 6). Though its throw exceeds 100 ft
(30 m) in the west, its displacement decreases to 30 ft (9 m) over the crest of the structure
(fig. 6). Two other en echelon scissor faults dissect the original Frio 'A' pay zone in the
southern part of the Hitchcock N.E. anticline (fig. 6). However, the throw. on these faults
is less than 50 ft (15 m) on the western flank of the reservoir (fig. 6). These scissor faults
do not disrupt the continuity of the reservoir which is evident from the subsurface pressure
history. The whole region experienéed an almost even pressure drop from the Phillips No. 1
Delaney (DE) in the north to the Phillips No. 1 Sundstrom (S) in the south over a 24 year
period from 1957 to 1981 (Anderson and others, 1984).

Cores from the S.G.R. No. 1 Delee well indicate that thin shale and other permeabil-
ity breaks appear to stratify the Frio 'A' reservoir (fig. 7). Larger shale breaks are also
evident on electric logs from the Phillips No. 1 Prets and Thompson wells. Some of these
breaks are clearly permeability barriers as they formed basal seals onté which heavier
hydroearbons have accumulated from gravity settling. This local vertical partitioning and

the minor faults that isolate parts of the Frio 'A' reservoir possibly explain the different
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oil-gas dew poihts and oil percentages found in PVT analyses of fluids from the Prets and
Thompson wells. The location and throw of these minor faults and the position of shale
breaks will influence enhanced gas recovery. Detailed mapping of the fault plane and
juxtaposition of thin sandstone units should assist in identifying isolated sections of the

reservoir and the best location for guard wells to reduce water influx into the reservoir.

A Stratigraphy

Depositional Environment of the Frio 'A' Sandstone

In the Hitchéock N.E. field, the Frio 'A' sandsfone consists of a stacked sequence of
distributary-mouth-bar sandstones and thin delta destructional units and is overlain by the
transgressive Anahuac shale (fig. 7). The facies distribution of the Frio 'A' sandstone has
been analyzed using spontaneous potential (SP) profiles in an area extending from the
Hitehecock N.E. field in the east to the Pleasant Bayou field some 11.5 miles (18.4 km) to
the west. All major sandstone systems in the Hitchcock N.E. area exhibit a transition from
thiek, composite upward—coarsening sandstones updip to serrate sandstones downdip (fig. 8). .
The well-defined lobate to elongate net-sandstone thickness pattern (fig. 9) is evidence for
deposition in a high-constructive lobate delta.

A distributary appears to have prograded some 3 miles (5 km) southeastward from the
fault wedge forming the northwest flank of the Hitcheock N.E. field during the deposition
of the Frio 'A' sandstone. This‘ distributaryb progressively formed a major distributary-
mouth-bar deposit on the southern downthrown block of the fault wedge. Further
progradation resulted in deposition of a thickened sandstone on the downthrown southeast
side of the major growth fault forming the southern boundary of the Hitchcock N.E.
reservoir (figs. 8 and 9). SP profiles of distributary-mouth-bars are thinner and generally
upw‘ard fining within the northwest fault wedge indicating their proximity to the distri-

butary system. Thicker, composite upward-coarsening SP profiles are present in the south
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and east of the Hitchcock N.E. field. Continuous delta front sandstones occur in more

distal positions (fig. 8).

Facies Influence on Reservoir Continuity

Normally distributary-mouth-bar sandstones are composed of cross-stratified sand-
stones and silts displaying a wide variety of primary sedimentary structures (Coleman and
Prior, 1980). The general lack of such structures and the massive nature of the Frio 'A'
sandstone in the Hitehcock N.E. field is considered evidence for vigorous marine reworking.
The strong marine influence resulted in the broad lateral extent and good internal
continuity of the 'A' sandstone. The continuity of the Frio 'A' sandstone over the whole
region must be considered in the placement of guard wells to control water influx.

The northeast orientation of the major growth faults strongly influenced sandstone
thickness trends in the Frio 'A' aquifer as well as routes of water movement from the
southwest. Hence guard wells should be located between fracture systems on the
southwest side of the reservoir to effectively reduce the influx of water. Any attempts to
isolate the Hiteheock NE field from the aquifer by fracturing and grouting lmust take
account of the preferential orientation of fracture systems in the region. Should fracture
systems acecidentally be formed in the field, the flow characteristics of the reservoir may

be severely affected by grouting.

Facies Influence on Porosity and Permeabilify

Modern and ancient distributary mouth-bars are commohly composed of medium to
fine-grained well-sorted sand with large primary sedimentary structures and thus compose
favorable potential reservoirs for hydrocarbons (Morton and others, 1983; Coleman and
Prior, 1980). Much of the preserved excellent porosity (* 30%) and permeability
(* 1,000 md, 0.99 umz) in the Frio 'A' sandstone is due to its distributary-mouth-bar oriéin

(Table 2).
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‘The permeability and porosity pattern for the Frio 'A' sandstone in the S.G.R. No. 1
Delee core shows a general upward decreése which is normally characteristic of an upward
_ fining pattern (pattern 2, Morton and others, 1983, Table 1). However, grain size
measurements of the mouth-bar sandstones in the cored interval indicate a consistent
medium grain size (fig. 7). This implies either an upward decrease in sbrting or an increase
in diagenetic cements.

. Within the massive distributary mouth-bar sandstones -the upward decrease in
permeability appears to be controlled by an increase in the calcite cement content, though
occasional very thin carbonaceous layers are present. The lower mouth-bar sandstorjes
which contain only minor calcareous streaks display permeabilities up to 1,000 md
(0.99 umz) whereas in the shallower well-cemented mouth-bar sandstone permeability is
only a few hundred millidareys. |

Porosity and permeability are indirectly related to internal stratification' because
sediment structures are partly controlled by grain size (Morton and others, 1983; Pryor,
1973). In Oligocene sandstones the relative ranking of permeabilities from highest to
lowest corresponds to (1) foresets and largefscale troughs, (2) horizontal and low-angle,
parallel-inclined stratification, and (3) small—sy‘calé troughs and ripple stratification (Morton |
and others, 1983). This relationship is demonstrated by the difference in permeability'
between the ﬁpper calcite-cemented distributary-mouth-bar sandstones and the overlying
transgressive sandstones. Per;neabilities in the massive to indistinetly laminated mouth-bar
sandstones are an order of magnitude greater than permeabilities in the transgressive
sandstones. The latter sandstones are well stratified, more poorly sorted and commonly
coarser grained (fig. 7).

Diagénetic Modification of Porosity and Permeability

Primary porosity and permeability at the Hitchcock N.E. field were subsequently

modified by diagenetic reactions and leaching by organic acids. @Based on regional

investigations of diagenesis the following parageneses are indicated (Loucks and others,
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1981). Early clay coats formed around quartz grains and feldspars were leached. This was
followed by euhedral quartz overgrowth development énd secondary leaching of pore spaces
(fig. 10). Remaining feldspars were then albi‘tized and kaolinite crystallized in leached
pore spaces (Loucks and others, 1981) (fig. 10). At the Hitchcock N.E. field, iron-chlorite
formation appears to postdate quartz overgrowths and framboidal pyrite on which it has
formed. Radiating caleium sulfate crystals have formed on quartz overgrowths and appear
to be related to crystéllization of fluids during the drying out of the core. Gypsum is
unstable at the Frio 'A' reservoir temperatures and pressures (Blatt and others, 1972).

0Oil is present throughout the S. G. R. No. 1 Delee core from both above and below
the original gas/wafer contact at + 9,105 ft (2;775 m) BMSL (figs. 3 and 4). P. Randolph
(personal communication, 1984) suggests that this oil possibly is being expelled from

g‘eopressured shale below the Frio 'A' sandstone.
Shale Dewatering

The potential for shale dewatering occurring as a result of pressure drawdown during
production has been examined. " This entails diseriminating between three types of fluid
movement.

a) Original migration of hydrocarbons from source and emplacement in a trap.‘

b) Shale dewatering as a consequence of compaction and pressure/temperature

increase during burial.

c) Shale fluid flow (dewatering) during production.

Original Fluid Migration

Maturation data in shales can be used as an indicator of hot fluid flow in adjacent
sandstones (Light, 1985; Tyler and other;, 1985). |

The Pleasant Bayoﬁ geopressured—geothermal test wells in Brazoria County display a

maturity anomaly which cannot arise as a consequence of simple conduction (Ewing and

others, 1984). The corrected maturity in the Upper Frio (above T5) appears much higher
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than that indicated when the present (and appai'ent regional) geothermal gradient is applied R
to the burial history of those strata (fig. 11) (Ewing and others, 1984). In contrast the
maturity of the Lower Frio (below T5) is congistent with the present geothermal gradient
(fig. 11). The higher thermal maturity of tﬁe Frio (T2 to T5 succession) is believed a
consequence of héatin}g by updip migration of hot basinal fluids formed during compaction
and diagenesis of slope shales (fig. 12) (Ewing and others, 1984; Burst, 1969). A reduction
to almost normal pressure in the Upper Frio may have allowed fluid migration to occur,
while fluid movement would have been sldwer or static in the highly geopressured Lower
Frio (pre-T5 succession) (fig. 12). Consequently, -the maturity of the Lower Frio was not
~ increased (Tyler and others, 1985). |

Maturity data from the Delee No. 1 well (Hitchcock N.E. field) suggest however that
in general the Anahuac shales tend to be more mature above the Frio 'A' sandstone than
Frio shalés within the reservoir. This is evident when the thermal maturity estimated by
vitrinite reflectance is compared to the theoretical thermal maturity using Lopatin's
method (Waples, 1980) and a burial history model (figs. 13 and 14). An anomaly of this kind
may be related to higher geopressure and consequent increased geothermal gradient in the
Anahuac (fig. 15) (Lewis and Rose, 1970), but it clearly is not a result of increased
geothermal gradient as a result of hot fluid flow in the Frio 'A' sandstone. The thermal
anomaly above the Frio 'A' saﬁdstone occurs some 1,000 ft shallower in the Delee No. 1
well than the anomaly in the Pleasant Bayou test wells (Ewing and others, 1983) and hot
upwelling fluids may have cooled to arhbient temperatures by the time they had reached
these shallower levels. Evidence for a deep source for the Delee No. 1 fluids will therefore
have to be sought in hydrocarbon compositional and isotopic data.

The ecomposition of the hydroecarbons in oil change as they mature and this variation
may be used to estimate the time of oil formation (Young and others, 1977). The

caleulation of hydrocarbon ages for the gasoline range hydrocarbons is based on the
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apparent disproportionation of naphthenes to give paraffins and aromaties (Table 3) (Light,
Tyler and Ewing, in prep.).

Young and others (1977) used 10 naphthenes (cyclopentane to ethyleyclopentane), 17
paraffins (isopentane to n. heptane), and 2 aromaties (benzene and toluene) in their
calculations. They were unable to improve the accuracy of the method by deleting certain
of the individual compounds or groups of compounds. Detailed C4—-Cq hydrocarbon extract
analyses from cuttings samples from the Pleasant Bayou test wells (Brazoria County) and
gas/condensate/oil from the Prets No. 1 well Hitchcoek N.E. field are available. These
analyses include however only 9 naphthenes, 16 paraffins, and 2 aromatics (Brown, 1980).
Though the calculated ages (fig. 16) for the Delee No. 1 and Pleasant Bayou test wells are
not directly compatible with Young and others' (1977) data, the error is probably not large
as almost the complete suite of gasoline range hydrocarbons is considered. The calculated
age for the Prets No. 1 gasoline range hydrocarbons is older than the age of the formation
in which they occur.

The basis of the hydrocarbon age calculati‘on method assumes that the disproportiona-
tion reaction of naphthenes depends on the effects‘ of time and temperature. The
naphthene concentration (Cp) is related to time and temperature by the following equation
(equation 5, table 3).

Natural logarithm C, = intercept + slope x (time-temperature integral (TTI)) (Young
and others, 1977).

This has been calibrated for gasoline-range hydrocarbons in clastic reservoirs (Young and

others, 1977).

When the naphthene fractions of the Pleasant Bayou No. 1 well and Prets No. 1 well
are expressed as TTI and are plotted against depth the highly geopressured lower Frio
(pre T5 marker horizon)‘ and some of the shallow Miocene have high naphthene concentra-
'cionsE (i.e., low maturity or TTI). Conversely, most of the Miocene, Anahuae, and Upper

Frio show low naphthene concentrations (i.e., high maturity or TTI). The high maturities
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Table 3. Disproportionation reaction for naphthenes.

From Reznikov, 1967.

Disproportionation reaction for naphthenes

4N = 3P + 1A (1) (Reznikov, 1967)
Normalized naphthene concentration
_ N
Cn= NP+ @
Time rate change of concentration
dC
Er -KC (3)
Reaction rate "constant"
E
Natural logarithm of normalized naphthene concentration
LnC b - e (5
nCn = - =
e RT dt + a
t=0
Time temperature index
t=t i _E".___
TTI = e RT . (6) (equations 2-6 from
£=0 Young and others, 1977)
N = naphthenes R = universal gas constant
P = paraffins T = absolute temperature °K
A = aromatics b = constant
Cn = normalized naphthene concentration
t = time at which reaction concentration is C
K = reaction rate constant at temperature t
e = = base of natural logarithmic system
E = activation energy of the reaction
a = constant (equal to LnC at t=0)
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(TTI) shown by the hydrocarbons above the T5 marker horizon (Miocene, upper and middle
Frio) compared to the thermal maturity of their containing sediments derived from the
burial history indicate that these fluids have migrated up from more deeply buried, more
mature source rocks (fig. 11). High geopressure below the T5 marker horizon probably
arrested fluid flow and the hydrocarbons present are more locally derived. The discrepancy
between the hydrocarbon maturity data and the burial history maturity profile below T5 in
the lower Frio Formation may represent a standard error in the calculation of the maturity
(TTI) from naphthene concentration.

The presence of an anomalous concentration of Cg5-Cr7 gasoline range hydrocarbons in
the T3 to T5 sucecession in a zone of relatively low wetness is consistent with the idea that
they have been introduced (Browh, 1980). The thermal maturity (vitrinite reflectance)
above the top of the Frio is lower than the maturity of the hydrocarbons in their containing
rocks (fig. 11). This is probably a consequence of the fluids having lost their heat tb the

surrounding formations by the time they had reached these shallower levels (fig. 11).

Shale Dewatering from Burial Effects

| Shales tend to be water wet due yto the preferential adsorption of water on grain
surfaces because of strong electrostatic forces active between the fine clay grains and
pore fluids (Hinch, 1980). The effect of adsorption is to cause "dynamic" structuring of the
water close to the mineral grain surfaces (Hinch, 1980). The structured water close to the
grain surfaces though highly mobile on a molecular scale is immobile in a hydrodynamiec
sense.

Shale water is lost by compaction due to burial until about only 10 layers of water
molecules separatesbthe clay grains near the top of geopressured shale (Hinch, 1980). After
this movement of the hydratéd ions is inhibited because they are close in size to the
average pore size and the shales maintain a constant porosity (Hinch, 1980). However,

Newton (in Hinch; 1980) noted that hydrocarbon accumulations in the Gulf Coast are
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associated with waters having slightly subnormal salinity. This may be a result of
dewatering of the surrounding geopressured shales (Hinch, 1980). The sandstones at the
Frio 'A' level in the Delée No. 1 well are geopressured (geopressure gradient 0.6 psi/ft)
while geopressure starts at 7,200 ft (2,200 m) some 1900 ft (580 m) shallower than the
pi'oducing reservoir (fig. 2). We can therefore expect the shales surrounding the Frio 'A'
sandstone at the Delee No. 1 well to have already entered a zone of fairly constant
porosity and for the shale water to average around 2 to 10 layers separating clay grains
(ﬂinch, 1980). Hinch (1980) has argued that the generation of hydrocarbons in the
geopressured zone can result in an increase in water content. However, the very low total
organic carbon content of the shales in the Delee No. 1 well (averaging 0.35% TOC) and
immature nature of the woody hydrocarbons make water production difficult (see section
on shale pyroiysis data). |

The content of structural water within the shale can be estimated by the analysis of
the hydrogen and carbon content of the ’products of shale pyrolysis at very high
temperatures. These analyses will be done at the Mineral Studies Laboratory at the Bureau
of Econbmic Geology in the next control period. The carbon and hydrogen content of shale
organic material pyrolized at different temperatures should give a straight line whiech will
intercept the hydrogen axis‘at 0% carbon. This intercept will give the remaining amount of
hydrogen tied up in structured water. This structured water can be compared to the bound
water estimated by log analysis and may be uséd to estimate the maximum amount of
water available for shale dewatering.

Smectite begins to alter to illite when temperatures have exceeded 90 to 100°C
(194°4212°F) and when potassium and aluminum are présent in the pore waters (Foscolos
and others, 1976; Powell and others, 1978). The temperature at the level of the Frio 'A'
sandstone is close to this value (215°F, 101°C) in the Hitchcock N.E. field (fig. 3) (Light,
1985).
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“Early work had suggested that during the transformation of sméctite to illite a mixed
layer silicate formed in which aluminum substituted for silicon in the tetrahedral position
promoting a chafge deficit which resulted in potassium being absorbed on the clay surface.
This potassium bwas believed to dispiace caleium, magnesium, or iron while water sloughed
off into the solution (Foscolos and others, 1976; Powell and others, 1978). These changes
were believed to be recognized by a reduction of the d001 spacing of a Ca-saturated
smectite from 1.56 to 1.20 um in the mixed layer clay (Foscolos and Powell, 1980).

The amount of water lost by dehydration during the smectite-illite transition was
estimated at 270 to 290 mg per gram of clay (Mooney and others, 1952) which represents
10-15 percent of the compacted bulk volume of argillaceous sediments (Burst, 1969). This
period of apparent clay dehydration coincides with a maturity level of 0.5% Ro (Foscolos
and others, 1976; Powell and others, 1978). Tﬁe maturity at the Delee No. 1 well at the
level of the Frio 'A' sandstone exceeds this amount (+ 0.6% Ro, fig. 14).

The Anahuaec shales overlying the sandstones in the Delee No. 1 well were initially
subjected to X-ray diffraction analyses in an attempt to find evidence to support clay
dewatering during production. Nadeau and others (1984) have however demonstrated that
materials representing commonly interstratified clay minerals are composed of aggregates
of fundamental particles whose X-ray diffraction patterns result from interparticle
diffraction. What was taken formerly to be randomly interstratified smectite-illite is
composed of primary populations of illite and smectite particles (Nadeau and others, 1984).
During diagenesis smectite particles become unstable and dissolve While illite particles are
formed (Nadeau and others, 1984). When the smectite has completely gone, the remaining
population consists of elementary illite and thi’cker illite particles which when examined
under XRD appear to be regularly interstratified smeectite-illite with 50% or more illite
(Nadeau and others, 1984). Consequently the reduction in the (XRD) d001 spacing during

the smectite-illite transformation can no longer be taken as an indication of the amount of
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water lost by dehydration but is rather a measure of the change in elementary illite
particle size. |

ICP elemental analyses were conducted on seven shale samples from above, within,
and at the base of the Frio 'A' sandstone by the Mineral Studies Laboratory at the Bureau
of Economic Geology (Table 4). These data have been used in place of the XRD
information to estimate the illite content of the shales. A fernary diagram showing the
relative percentages of K9O to CaO and NagO and FegO3 and MgO in the shales was
constructed.‘ These shale compositions were then compared to those of pure cl‘ay,end-
members from which thé approﬁcimate illite percentage and the silica concentration in the
shales was estimated (fig. 17) (Deer, Howie and Zussman, 1969). The illite percentage
appears to be fairly erratic in the clays and lies mainly between 50 and 70%, while the
silica content of the shales is more consistent (fig. 17).

The transformation of smectite to illite is potentially important if water and ions
released by this reaction migrate into sandstones where they may affect diagenesis
(Loucks, Richmann and Milliken, 1981).‘

Boles and Franks (1979) have showed that smectite-illite transformation reactions
with aluminum as an immobile component release significantly more cations (silica release
inereases more than five times) than do reactions in which aluminum is considered a mobile
component (Loucks, Richmann and Milliken, 1981). Provisional data had suggested that the
aluminum had been mobile in the shales directly overlying the Frio 'A' sandstone (fig. 18) in
the Delee No. 1 well. However additional SEM-EDS analyses of the clay fraction over this
interval indicate that it has a very consistent illite-smectite composition. The apparent
decrease in alumina appears entirely due to an increase in the content of detrital
components in the clay (mostly quartz), a consequence of the upward-fining nature of the
upper boundary of the Frio 'A' sandstone. Aluminum can therefore be considered immobile

in the smectite-illite transformation reaction and this reaction in the Anahuaec shales
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Table 4. Inductively coupled plasma (ICP) analyses for shale
samples from the S.G.R. Delee No. 1 well.

SAMPLE NO.

LAB. NO.

LOC ID

SiO»
Nao0

TOTAL

Sr
Ba
Zr

(Wt %)

2 1
84-822 84-324
9092 9070
SHALE SHALE
63.95 62.76

1.71 66
2.60 2.71
2.14 2.11
1.31 58
18.59 17.87
5.33 5.74
0.84 0.83
0.03 0.05
<0.25 <0.25
96.50 95.31
250 280
460 360
180 180

10
84-854
9194* 3"

SHALE

66.76
2.04
3:15
1.78
1.58

16.49
4.00
0.77
0.0l

<0.25

96.58

160
290
510

LOC ID depth footage from Delee No. 1 well, Hitchcock N.E. field.
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9
84-855

1T 11°

SHALE

61.27
1.73
3.33
2.08
3.39

16.33
4.13
0.82
0.02

<0.25

93.10

270
430
210



Table 4. (continued)

SAMPLE NO. 8 6 7 5
LAB. NO. 84-817 84-819 84-819(FINE) 84-821
s 9100" 10.75" 9100' 6" 9100" 6" 9099" 5.5"
LOC ID SHALE SHALE SHALE SHALE
Si07 (Wt %) 76.76 70.24 61.69 67.75
Na0 " 1.56 1.24 0.56 2.05
K20 " 1.91 2.15 2.60 2.68
MgO " 1.30 1.30 2.63 12
Ca0 " 1.50 0.83 0.70 1.67
Al703 " 10.95 12.97 19.92 16.50
Fe;03 " 4.49 3.49 6.10 3.83
TiO, " 0.36 0.55 0.86 0.73
MnO " 0.02 0.01 0.01 0.01
P,05 " <0.25 <0.25 <0.25 <0.25
TOTAL 98.85 92.78 95.07. 97.04
Sr " 260 250 150 300

Ba " 450 1,020 740 410

Zr " *80 150 160 200

LOC ID depth footage from Delee No. 1 Well, Hitchcock N.E. field.
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directly above the Frio 'A' sandstones would release significant amounts of silica and other
elements to the reservoir. The transformation reaction is outlined below. |

Smectite + Al*3 + K+ = illite + amorphous Si-

+ various amounts of CaZ2*,
Mg2t, Fe2* and interlayer HoO
(Hower and others, 1976)

The ’c-lay water containing amorphous silica probably migrated into the Frio 'A!
sandstones during dewatering where the silica crystéllized out aé authigenic quartz
overgrowths (Morton, 1983). These authigenig quartz overgrowths formed at temperatures
of 75° to 80°C (167° to 176 °F) in Brazoria Cdunty (Loucks, Richmann and Milliken, 1981).

‘Kaolinized feldspars and authigenic kaolinite cement are ‘vpresent throughout fndst of
the Frio 'A' reservoir in the Delee No. 1 well. There does not seem to be a marked increase
in kaolinite content in the upper parts of the reservoir as would be expected if major
introduction of é11umina rich fluids had occurred as a result of the smectite-illite
transformation. Howevef, a thin shale layer (9,179 to 9,182 ft, 2,798 to 2,799 m) near the
base of the Frio 'A' reservoir is surrounded by a very indurated sahdstone which contains
spotty patches of authigenic kaolinite cement. The spotty zone is some 20 inches thick
above the shale but only 4 inches thick below the shale, and is the best evidence for the
introduction of fluids formed by clay dewatering which resulted. in crystallization of
authigenic kaolinite in the sandstones. Crystallization of abundant kaolinite in the
adjacent sandstones has greatly reduced their reservoir quality.

Authigenic kaolinite is abundant in sandstones over the depth range 8,000 ft (2,438 m)
to at least 17,700 ft (5,395 m) in Brazoria County (Loucks, Richmann, and Milliken, 1981§
Ewing and others, 1983). Iﬁ general the precipitation of kaolinite postdates the formation
of quartz overgrowths and the subsequent leaching of calcite and formation of secondary
porosity (Kaiser and Richmann, 1981). Major authigenic kaolinite began rto crystallize in
the Frio sandstones in Brazoria County around 100°C (212°F) (Loucks, Richmann, and

Milliken, 1981). The smectite-illite transition in the shales begins at 90° to 100°C (194 to
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212°F), which is similar to the temperature of major crystallization of authigenic kaolinite
(Fbscolos et al., 1976; Loucks, Richmann, and Milliken, 1981). The present temperature of
the Frio 'A' sandstone at the Hiteheock N.E. field isv around 101°C (215°F) indicating both
" that illite should have begun to form from smeectite and that major authigenie kaolinite
should have begun to erystallize.

Measured pH values (6.2-7.1) of Frio Formation waters in Brazoria County (Kharaka
ahd ofhers, 1979) indicate that the fluids lie within the chlorite and not kaolinite stability
field, confradicting petrographic evidence (Kaiser and Richmann, 1981). The stability of
these two minerals is controlled essentially by the pH and Mg-Fe log activity product of
the fluids (Kaiser-and Richmann, 1981). However, Kharaka and others (1979) have shown
that pH values measured at well sites and wéllhead temperatures are up to 2 pH units
greater than the estimated (and probable) pH in the formation.itself. Hence the measured
pH values of 6.9-7.74 at the Huff A No. 1, Delee No. 1, Thompson No. 1, and Prets No. 1
wells (Kharaké and others, 1979; Randolph, 1985) probably represent an ibn situ pH in the
formation of 5-6. Kaolinite is stable in formation waters with pH values from 5-6 in
Brazoria County (Kaiser and Richmann, 1981), which explains its abundance in the Delee
No. 1 core. The increased value of the measured pH compared to the true in situ value
may result from dilution of the formation water by condensed water vapor produced with
the natural gas‘(Kharaka‘ and others, 1977). This is believed responsible for many of the
reports of less saline than normal water in the geopressured zone (Kharaka and others,
1977).

The relative stability of feldspar versus kaolinite has been examined by Kaiser and
Richmann (1981). I[n shallower hydropressured waters plagioclase is stable at terﬁperatures
less than 100°C, while kaolinité is' stable relative to plagioclase under geopressured
conditions. The fact that the Frio 'A' sandstone is some 2,000 ft (609 m) below the top of

geopressure in the Hitchcock N.E. field in a zone with a geopressure gradient of 0.6 psi/ft
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(fig. 2) is the probable explanation why there has been widespread replacement of feldspar

by kaolin in this reservoir.

‘Shale Dewatering During Produection

There is very little evidence presently available which can be used to demonstrate
shale fluid flow (dewatering) during production. However, the formation water at the
Phillips Prets No. 1 well has been analyzed on three occasions, eight years égo (Kharaka
and others, 19775 and more recently by IGT and the University of Houston staff (Randolph,
1985). There is uncertainty about the quality of the early analyses and differences in the
sampling points and procedures. Nevertheless the slight decrease in chloride ion concen-
tration of about 5.5 to 8.7% may indicate shale dewatering (Table 5). Fowler, using 94
water analyses from Frio sandstones in the Chocolate Bayou field, has calculated the
percentage change in chloride ion production over long periods of time, whiéh is a result of
dilution of the original formation waters by waters squeezed out of the shales adjacent to
the aquifers with the declining pressures in the reservoir sandstones. Reductions in
chloride ion concentration varied from 0.5 to 42.3% in ten of the rgservoirs in which shale
dewatering is believed to have occurred with a mean value of some 18.5% (Fowler, 1978).
The‘Frb'io 'A' sandstone showed a 12.4% reduction in salinity in the Chocolate Bayou field
over a production period of some 18 years. The fact that the Hitchecock N.E. field has
produced for some 25 years (Anderson and others, 1984) indicates that this order of
variétion in the chloride ion concentration is to be expected if major shale dewatering did
occur due to pressure drawdown. To more accurately investigate the effects of shale
dewatering during the co-production of the Hitchcock N.E. field it is proposed that the
time dependent variation of the elemental composition of brine produced at the Delee
No. 1 well be measured. This should be done ovér a long time interval and the analyses
made periodically to see if there is a systematic change in the concentrations of major,

trace, and rare-earth element concentrations. These concentrations can be related to the
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Table 5. Brine Analyses Results, Phillips Prets No. 1 Well.

Kharaka and Southern Pet. University of L.G.T.,
others, 1977 Lab. Inc., 1982 Houston, 1984 1985
Sampling Prets
Point ? Brine Tank Separator Separator
TDS 44,600 38,700 44,000
Li 4.0 3.56
Na 17,000 14,400 16,800
K 160 120
Rb 0.40
Ca 470 511 420
Mg 85 79 70.4
Sr 35 37.0
Ba 16 <l 16.8
Fe 0.1 15 11.3
Mn 0.4 0.5
B 41
NH3 17.0 15.0
HpS 0.62
HCO3 643 637
CH3COO 750
Cl 25,200 23,000 23,800
Br 25
I 15
SOy 34 20 10.4
SiO, 65 64
pH 6.9 7.74
§D -14.5 SMOW

elemental concentrations in ml/L
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effects of shale dewatering or to water introduction from deeper levels (water drive from a
large aquifer or leaky faults). It may be possible by measuring the amount of elemental
variation to estimate the volume of water being added by shale dewatering and thus
estimate the reduction in pressure depletion of the reservoir during rapid pressure
drawdown.

The content of iron in the formation fluids shows a large increase from 0.1 to 11 to
15 mg/L in the Prets No. 1 well when the earlier and more recent analyses are compared
(Table 5). This iron may be derived from oxidation of casing in the production wells over
the long period of production (25 years) of the Hitchcock N.E. field. However, the data
available only apply to the last 8 years of production.

The variation of elemental abundance, compounds, and isotopes has been plotted
against both depth and chlorine content for wells in Brazoria and Galveston Counties. Most
elements show a trend with depth with values from the Prets No. 1 well tending to plot on
the opposite end of the trend compared to those from the Pleasant Bayou geopressured-
geothermal wells (fig. 19) (Kharaka and others, 1977).

The 8§D (Deuterium/Hydrogen) value becomes depleted with depth in Brazoria and
Galveston Counties (fig. 20) (Kharaka and others, 1977) and the variation in 6D over time
in the Delee No. 1 well should indicate whether shale dewatering is occurring or the fluids
are more deeply sourced. A similar but larger variation is shown by the concentration of

short chain aliphatic acids (C9-Cs) (fig. 21) (Kharaka and others, 1977).
Shale Pyrolysis Data

Forty shale samples from the Anahuac and Frio Formations in the Delee No. 1 well
were subjected to total organic carbon and Rock-Eval pyrolysis analyses by Geochem
Laboratories, Inc.

The total organie carbon (TOC) in shales averaged 0.35% (range 0.17-1.06), which

indicates that these shales are very poor hydrocarbon source rocks (Table 6a and b). One
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sample from 6,863 ft (2092 m) had a TOC of 1.06% while a thin coaly shale within the top
of the Frio 'A' sandstone at 9,104 ft 5 inches contained 0.58% TOC. Total organie carbon
contents‘of Frio shaies beneath the Frio 'A' sandstone are variable (0.20 to 0.44% TOC) but
on average are lean (mean = 0.33% TOC).

Rock-Eval pyrolysis is a technique used to evaluate the maturity of source rocks, a |

procedure that involves heating a shale sémple in the absence .of oxygen to break down
large hydrocarbon molecules into smaller ones (Milner, 1982; Dutton, in press). Dutton (in
press) has outlined the pyrolysis procedure. As the temperature is gradually increased, the
sample will first give off hydroecarbons (S1) that are already present in the rock either in a
free or adsorbed state (Tissot and Welte, 1978). When the temperature is raised further,
kerogen in the sample will generate new hydrocarbons (S2), imitating in the laboratory the
natural process of hydrocarbon generation. Finally, the COg that is generated during
pyrolysis is measured (S3) as an indication of the type of kerogen in the sample, whether it
is humie (oxygen rich) or sapropelic (hydrogen-rich) (Hunt, 1979). Thermal maturity is
measured by comparing the temperature of maximum evolution of thermally-cracked
_hydrocarbons (T-max°C) versus the proportion of free hydrocarbons (Sl) in the sample
compared to total hydrocarbons (Sl + S2), that is, T-max°C versus S1/(S1 + S2). An
example of the various peaks and a key for interpreting the pyrolysis data are given in
figure 22 (Dow,‘ 1981).

The source potential (values of S2) for the shales in the Delee No. 1 well averages
0.13 mg/g (range .03-.76 mg/g), well below the 2.5 mg/g upper limit for poor source
potential (table 6a and b, fig. 22). The thin coaly shale within thel top of the Frio 'A'
sandstone has a slightly better source potential of 0.4 mg/g while deeper Frio shales at
9,370-9,392 ft have source potentials of 0.76 mg/g. The source potential values indicate
that it is extremely unlikely that the condensate in the Frio 'A' reservoir could have been

been derived from either the Anahuac or Frio shales.
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The ratio of $2/S3 provides a general indication of kerogen quality (type) and reveals
whether oil or gas‘is likely to be generated (Dow, 1981). Dry gas generating kerogens have
S2/S3 values less than 2.5. S2/S3 values for the Delee No. 1 well average 0.35 (range
0.1-1.6), which suggests that the kerogen is a poor source even for dry gas (fig. 22).

| The hydfogen and oxygen index data for shales in the Delee well indicate that the
ke_rbgen is of type IIl, consisting essentially of woody and coaly material (fig. 23). The
T-max°C values for all these samples are less than 435°C, indicating that this lignitic
material is immature (fig. 24). However, many of the samples contained such a small
quantity‘ of organic matter (kerogen) that it was insufficient to produce a valid T-max°C.

§13C values have been estimatbed for the aromatics and the saturates in oil from the
Prets No. 1 well by Coastal Science Laboratories, Ine., Austin, Texas. Calculations of the
canonical variable from these data and prisfane—phytane ratios (figs. 25 and 26) indicate
that the Prets No. 1 oil is correctly classified as a non-waxy oil sourced from marine
organie matter. This is in contrast to the terrigenous nature of the kerogen in the Anahuac
and Frio shales and implies that these oils have been sourced from other (deeper)

formations.

CONCLUSIONS

The high porosity (+30%) and permeability (+1,000 md, 0.99 um2) of the Frio 'A’
reservoir in the Hitehcock N.E. field are largely the result of deposition in a distributary-
mouth-bar complex. As a consequence of extensive marine reworking the lateral extent of

this sandstone will allow free access to water influx from the southwest extension of this
aquifer.

The location of the Hitehcock N.E. field on the northeast flank of the large faulted
Frio 'A' aquifer isolated to the north and south by northeast trending fault systems has
bearing on the best locatiqn of guard wells below the gas-water contact to control water
influx. |
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Minor faults which dissect the Hitchcoek N.E. field may locally isolate certain parts
of the pay zone where shale or permeability breaks are present. Knowledge of the position
and extent of these zones will also control the best placement of guard wells. However,
reservoir modeling suggests that the faults are not sealing over the fairly long time frame
‘of pressure drawdown dﬁring co—production. ‘

Vitrinite reflectance at the kDOW—D.O.E. Pleasant Bayou wells, supported by hydro-
carbon maturation and isotope data, indicates that the upper Frio was subjected to an
extended period of hot, extremely saline, basinal—fluid flow. This fluid flow‘ appears to
have introduced ‘hydrocarbons into these sandstones, caused albitization of the feldspars,
and formed the carbonate cements.

Elemehtal composition data for Anahuac and Frio shales at the Delee No. 1 well
indicate that they have a consistent illite-smectite composition and no clear evidence was
found for shale dewatering. However, .Spotty indurated authigenic kaolinite zones,
developed in the Frio 'A' sandstone adj'acent to thin shale units, probably result from fluids
‘emitted from the shales. Slight reduction in salinity during production at the Prets No. 1
well rﬁay be evidence for contemporaneous dewatering of shales.

Shale pyrolysis data indicate that the Anahuac and Frio shales contain coaly or woody
kerogen of very poor hydrocarbon source quality. Furthermoré, all the samples appear
immature. In contrast isotope data indicate that the Prets No. 1 condensates are derived

from marine organie matter further supporting a deep source for these fluids.

IMMEDIATE RESEARCH PLANS

The initial part of the effort by the Bureau of Economic Geology will be to screen
previously unidentified candidate reservoirs for enhanced gas recovery during the next
contract period. Work on this project has begun. In the process of identifying these

reservoirs we will refine previously used criteria and will develop new criteria that can be
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applied in selecting potential co-production reservoirs. The best 10 (+2) fields will be
selected for detailed reservoir evaluation. These data will be made available to groups
conducting reservoir simulation that are contrécted to the Gas Research Institute. They
will determine the total reservoir initial volume and estimate the recoverable gas reserves
using the co-production of gas and water pressure drawdown enhancement procedure.

Work on the Delee No. 1 well will be continued but on a reduced scale. The Shale
Frio 'A' sandstone boundary will be examined using scanning electron microscopy and
petrographic studies. These data bear on fluid migration and shale dewatering.

Gas chromatography/mass spectrometry and isotope analyses of hydrocarbons and
formétion fluids from the Prets and Delee wells are still to be received from Geochem
Labs., Inc., and Coastal Science Labs., Inec., respectively. These data will be statistically
compared by computer with hydroecarbon extract data from shales from the Pleasant Bayou
test wells for the entire Frio, Anahuac, and‘Miocene sequence (16,500 ft in total). This will
attempt to locate the source of the hydrocarbons.

It is proposed that detailed major, trace, and rare-earth analyses be conducted
periodically on produced fluids from the Delee No. 1 well as well as the shales surrounding
the Frio 'A' sandstone. These data should indicate the amount of shale dewatering that is

occurring as a result of the pressure drawdown during the co-production of gas and water.
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APPENDIX

Detailed listing of Geochem Labs., Inc., anélyses of hydrocarbons and shales from the
Prets No. 1 and Delee No.bi wells.

Sample Preparation

Routine preparation - sample handling - dry cuttings: includes inventory, sieving of
samples to remove cavings, crushing and grinding, compositing, and packaging.

Source Rock Analyses

Total organic carbon and Rock-Eval pyrolysis analysis.

Crude 0Qil Characterization
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