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R. J. Finley/R. A. Morton/M. H. Dorfman/K. Sepehrnoori 

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 defining 
the reservoir parameters adequately for reservoir engineering 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 hydroc~bon sources of gas and condensate, i.e., 
whether they are locally derived or have migrated from deeper 
levels. 

To numerically simulate the future performance of the Hitchcock 
N.E. field. 

To evaluate the possibility of quantitative gas saturation calculation 
using several current open-hole logs. 

To evaluate sanding prediction using compressional and shear wave 
velocities from the digital sonic log run in open hole. 

To continue the study of short-term variation in mud and mud 
filtrate resistivity. 

To advise on logging programs in the Delee No.1 well. 

The Hitchcock N .E. field was reviewed in a regional context, 
especially the facies and structure of the Frio 'A' sandstone. 
Emphasis was on the facies influence on reservoir continuity, 
porosity, and permeability as well as on 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 production. The sourc~ of the gas and condensate is being 
investigated by a number of ge~chemical techniques. 



Results 

Numerical simulation of the Hitch~oCk N.E. field is being carried 
out by completing four separate tasks. These tasks are: 

(1) Model physical dimensions of the field through grid block 
configurations based upon subsurface maps of the Hitchcock 
N.E. field. 

(2) Gather and determine the reservoir fluid properties and petro
physical properties of the reservoir rock. 

(3) Adjust the reservoir properties and the grid block configura
tion of the field to allow simulated pressures to match 
historical pressures. 

(4) Use the reservoir description which resulted in the best 
pressure match to simulate the future performance of the 
Hitchcock N.E. field. 

Gas affects porosity estimates from the neutron log and from the 
density log differently. This has long been used as a qualitative gas 
indicator in open-hole log interpretation. It was intended to 
evaluate the use of these logs, along with the gamma spectrometry 
tool and the lithodensity log, as a quantitative measure of gas 
saturation in the Delee No.1 well. There are no good methods 
presently available for estimating gas saturation quantitatively from 
well logs. 

The Hitchcock N.E. field, which produces froni 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 construc
tive delta lobe in the Hitchcock N.E. field. It consists of a stacked 
sequence of distributary-mouth-bar sandstones that grades into a 
thin delta destructional unit and is overlain by the transgressive 
shallow-marine Anahuac shale. Marine reworking of the Frio 'A' 
sandstone has resulted in its broad lateral extent and internal 
continuity, although thin shale breaks vertically partition the 
reservoir. Much of the preserved excellent porosity (~3096) and 
permeability (+1,000 md, 0.99 ~m2) in the Frio 'A' sandstone is due 
to its distributary-mouth-bar origjn. The porosity and permeability 
were subsequently modified by dia~enetic reactions. 

The Frio 'A' aquifer extends som~ 8 mi southwest of the Hitchcock 
NeE. field to the Alta Lorna and S rah White fields. It is confined on 
its northern and southern flank by major growth faults. The 
continuity of the Frio' A' sands one has bearing on any plans to 
control water influx by drilling! additional guard wells below the I 

I 
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Technical 
Approach 

gas-water contact. However, eservoir modeling suggests that the 
faults are not sealing during on pressure drawdown. 

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

Shale pyrolysis data indicate that the Anahuac 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. Ther
mal 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 hydro
carbons and caused albitization of feldspars and formation of 
carbonate cements. 

At the time this report was written, a satisfactory pressure match 
of historical pressures had not been achieved. Hence, no attempts 
were made to simulate the future performance of the Hitchcock 
N.E. field. 

No data were gathered for quantitative gas saturation calculations 
or on compressional and shear wave velocities as no open-hole logs 
were run at the Delee No.1 well. However, studies at the 
Delee No.1 well show that there are large short-term variations in 
mud and mud-filtrate resistivity while a well is being drilled. 
University of Texas personnel were present at the Delee No.1 well 
site when the cased hole logs were run, and advised on logs to be 
included in this package. 

The boron concentration in the Frio 'A' sand was found to be 
unexpectedly high (10 to 44 ppm) and must be corrected for when 
interpreting some types of neutron logs. 

Base maps and a selected number of weUlogs were acquired in order 
to prepare new cross sections and maps illustrating the stratigraphic 
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 pelee No.1 well were conducted to 
estimate the size, extent, and Qompartmentalization of the reser
voir for simulation purposes. Sh,le 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 sa

1
dstones. Forty shale samples were 

subjected to total organic carbo and Rock-Eval pyrolysis analyses. 
These data give an indication of he quantity of hydrocarbons in the 
shales (and hence available duri, g shale dewatering) and the shale 



Project 
Implications 

thermal maturity. Detailed gas ~hromatOgraPhy-maSS spectrometry 
analyses are currently being done on samples of gas and condensate 
from the Prets No.1 and Delee No.1 wells. These data should have 
bearing on the source of the hydrocarbons. The hydrogen and 
oxygen isotope ratios of formation waters coexisting with hydro
carbons in the Prets No.1 and Delee No.1 wells are being measured 
and will be used to define the source of the waters. 

Most of the reservoir properties and the transmissibility across the 
fault blocks within the hydro~arbon reservoir are adequately 
defined. Satisfactory pressure matches of historical data were 
obtained over a 10-yr period; however, when the simulation was 
extended to a 30-year period large variations between simulated 
pressures and historical pressures resulted. The large variations 
between simulated pressures and historical pressures within the 
10- to 30-yr timeframe are believed to be caused by inaccuracies in 
the definition of the field's aquifer size and the aquifer's petro
physical properties. Simulation runs indicate that the aquifer size 
of the field is between 2.4 billion barrels and 3.99 billion barrels and 
that the aquifer permeability is approximately 400 millidarcys (md). 

The latest simulation runs, which are currently being pro~essed, are 
evaluating an aquifer size of 2.8 billion barrels and an aquifer 
permeability of 400 millidarcys (md). These values for the size of 
the aquifer and the hydrocarbon reservoir are expected to allow a 
closer match between historical and simulated pressures. 

Once a satisfactory match between simulated and historical 
pressures has been achieved, simulation runs will be made to project 
the future performance of the Hitchcock N.E. field under various 
production scenarios. These forecasts will be incorporated in a final 
report of the work described herein. 

During the drilling of Secondary Gas Recovery Delee No.1 well, 
Hitchcock N.E. field, Galveston County, Texas, it was possible to 
sample the mud and mud makeup water daily and also to obtain 
samples of barite, bentonite, lignosulfonate, and other additives 
used in the mUd. However, it proved impossible to monitor the 
volume of mud makeup water added. Water was added to the mud in 
several places, and it was not possible to devise a system for 
measuring daily water additions. An ideal system would use a water 
meter installed so as to measure only mud makeup water, not water 
used in washing down the rig floor, etc. Such data may be obtained 
in the Texas Oil and Gas Co. Bruce No.1 well, Alta Lorna N. field, 
Galveston County, Texas. 

Results of these projects aren important part of the GRI 
Co-Production Research Program 0 locate and evaluate reservoirs 
where research production tests can be conducted. The best 
possible geological mapping and d finition of reservoir properties 
are necessary for the reservoir ngineering studies designed to 
enhance gas production. These det iled geochemical studies on the 
reservoir rock and fluid have also provided improved understanding 
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of the possible sources of th~ gas and of how the fluids have 
migrated in the reservoir syste," 
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STRUCTURE, FACIES, AND INTERNAL PROPERTIE~ OF THE FRIO 'A' RESERVOIR, 
HITCHCOCK N.E. FIELD, GALVESTON COUNTY, TEXAS 

by M. P. R. Light 

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 

aquifers along the Gulf Coast (Dorfman, 1982). Watered-out gas reservoirs were predicted 

to become more important as an economic source of natural gas (Dorfman, 1982). 

Co-production of watered-out, hydropressured gas reservoirs and geopressured prospects 

appears to be economically viable (Gregory and others, 1983). Co-production of oil with 

geopressured gas could significantly improve the economic prospects of gas utilization, 

thus improving the reserves of both energy resources (Wares and others, 1984). 

As part of GRI's Unconventional Natural Gas Research Program, the Bureau of 

Economic Geology and the Center for Energy Studies, Iboth located at The University of 

Texas at Austin, have contributed to a joint project on the Hitchcock N.E. field (Galveston 

County). This project, entitled "Coordination of Geological and Engineering Research in 

Support of Gulf Coast Co-Production," involved the following research objectives. 

(1) Placing the Hitchcock N. E. field in a regional context, especially the facies and 

structure of the Frio 'A' reservoir sandstone. In 1984 the Frio 'A' (9,100 ft or top Frio) 

sandstone was correlated in more than 200 electric 10!gs over the Hitchcock, Hitchcock 

N.E., Alta Lorna, Sarah White, and Chocolate Bayou oil and gas fields. Regional sandstone 

distribution (thickness and percentage) maps and facies maps have been drawn that relate 

the Hitchcock N.E. field to the Chocolate Bayou field (~razoria County) to the west. The 

Frio 'A' sandstone is represented by two units in man~ areas, and these units have been 

mapped separately and in combination. The sandstone Idistribution and facies maps allow 
I 

an assessment to be made of the depositional environment of the Frio' A' sandstone. 

1 



(2) Detailed geologic mapping (of structure, gross s ndstone thickness, and net 

sandstone thickness above original gas-water contact) of tie Frio 'A' sandstone in the 

Hitchcock N.E. field was needed to understand the size, extemt, and compartmentalization 

of the reservoir for simUlation purposes. Local cross sections were constructed over the 

Hitchcock N.E. field to determine the degree of reservoir compartmentalization. A search 

was made for thin shale breaks/permeability barriers that may be important during rapid 

drawdown relative to long-term primary production. The completed maps were made 

available to researchers at the Center for Energy Studies who then modeled the Hitchcock 

N.E. reservoir using the pressure drawdown enhancement technique. 

(3) An examination was made of the potential for shale dewatering occurring as a 

result of fast pressure drawdown during co-production of gas and water. This shale water 

would help to replenish pressure. This analysis entails discriminating between three types 

of fluid movement: 

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 effects; and 

c) 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 Hitchcock 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 ft (10.5 m) consisted of the overlying Anahuac Formation shales. A detailed 

correlation between rate of penetration of the drill bit and the induction logs had been 

maintained before 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 was examined under ultraviolet 

light for the presence of liquid hydrocarbons. The availab~lity of shale samples at some 
I 
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distance from, adjacent to, and within the Frio 'A' ne as a result of this coring 

allowed shale dewatering to be investigated by several approaches. 

Shale compositional changes were examined at the Frio 'A' sandstone boundaries and 

in 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 (elementa!), and detailed core descriptions at the Bureau's 

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 phenomena that could cause 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 
I 

permeability barriers were recorded during this! procedure. A search w~s 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 was combined with diagenetic models of the Frio Formation and used to 

decipher the diagenetic history of the Frio 'A' sandstone. The clay composition, sequence, 

and distribution affect permeability variation and quality in the reservoir. 

Detailed petrographic work is still to be done on the samples analyzed by SEM-EDS. 

Four samples of sandstone also underwent 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. Henry F. 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 I Hitchcock N.E. field. This is a 
I 

continuation of an integrated geologic study of the P~easant Bayou-Ch~colate Bayou area, 
! , 

Brazoria County, Texas, sponsored by the U.S. Departlment of Energy. The purpose of this 
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research was to determine whether the hydrocarbons present 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 from the shales by 

fast pressure drawdown during production. Methods followed in this investigation are 

outlined below. 

The thermal maturation of the Anahuac shales, shale stringers within the Frio 'A' 

sandstones, and Frio shales below the Frio 'A' sandstone was studied. Vitrinite reflectance 

analyses were conducted on 40 shale samples from this interval by Robertson Research 

(U .5.) Inc. (see appendix). Vitrinite reflectance data were combined with modeled thermal 

maturity using the present geothermal gradient in the Hitchcock N.E. field area and with 

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 
i 

examined for the thermal effects of n;tigrating hot-hydrocarbon-bearing fluids. 

Forty shale samples underwent total organic ca.rbon and Rock-Eval pyrolysis analyses 

by Geochem Laboratories, Inc. (see appendix). These data indicate the quantity of 

hydrocarbons present in the shales (and hen-ce available during shale dewatering), the 

amount released by pyrolysis, the relative amount of oxygen and hydrogen in the kerogen, 

and its thermal maturity. Kerogen quality and hydrocarbon productivity relate to the local 

derivation of hydrocarbons in the Hitchcock N.E. field. 

Detailed gas chromatography-mass spectrometry analyses are currently 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 ~reliminary analyses being 

available. The entire analysis procedure is outlined in the appeddix. 

The C4-C7 gasoline-range and C15+ paraffin-naphthene (P-N) gas chromatography 

analyses and C15+ gas chromatography-mass spectrometry analyses will be correlated with 
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Geochem source rock extract analyses at the Pleasant Bayou No.1 well (Brazoria County) 

over the entire sampled interval (2,072 ft to 16,500 ft; 630 m to 5,030 m). These analyses 

should indicate whether or not the hydrocarbons are derived from Oligocene sediments. 

The C4-C6 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 geological environment of the source rocks and hence to assist in 

fixing its probable location when combined with depth data from other work. 

Detailed carbon 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 will give 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 Hitchcock N.E. field 

have been combined with hydrocarbon maturity in estimating a depth of hydrocarbon 

generation. 

Hydrogen and oxygen isotope ratios of the formation waters coexisting with the 

hydrocarbons in the Prets No.1 and Delee No.1 wells are being measured and will be 

compared to isotopic ratios from authigenic cements in Brazoria County and other oil 

fields in the Gulf Coast (Loucks and others, 1981). Some data already exist and are 

discussed in this report. Isotopic data are used to define the source of the waters (table 1). 

The nickel and vanadium contents of the oils at the Prets No.1 and Delee No.1 wells 

are being measured by Geochem Laboratories, Inc., and will be of use when additional work 

is done on oil-source rock correlations in the Frio and cl>lder formations. 

This report presents the results of investigations into the structural, stratigraphic, 

facies, and diagenetic controls of porosity and perm~ability in the Hitchcock N.E. field. 
I 

These data bear on the size and continuity of the fiel1' the best location for guard wells to 

! 
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Table 1. Isotope analyses of hydrocarbons and formation waters, 
Hitchcock N. E. field. 

013C and 02H, methane: 

013C, gas components (C2, C3, C4, C5, C02): 

013/C, condensate: 

0180 and 02H, water: 

Isotopes 

Oxygen 0180 

Hydrogen oD 

Carbon 013C 

0180 V's oD 

0180 V's o13C 

Sulfur 034S 

Large Component from 
Shale Dewatering 

Heavy 0180 for quartz 
overgrowing indicates 
formation at shallower 
depths 

Constant? 

Constant? 

Large Component from Basinal 
Brines 

0180 constant in formation fluid 
with depth - no indication of 
source of formation fluid 

oD becomes depleted with 
increasing depth of formation 
fluid 

013C becomes depleted over 
temperature range 212° to 215°F 
(100° to 120°C) and then increases 
with increasing depth 

Distinguishing genetic groups of 
waters 

Distinguishing genetic groups of 
waters 

Formation water source 
identification 
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reduce water influx into this depleted reservoir, an~ the degree of shale dewatering 

occurring during pressure drawdown • 

REGIONAL SETTING 

Hitchcock N.E. field lies beneath part of the townsites of Hitchcock and LaMarque in 

Galveston County 15 mi (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 parallel to the 

Texas coastline and has produced from many fields along the Texas and southern Louisiana 

Gulf Coast (Anderson and others, 1984). 

The Frio 'A' sandstone occurs below the T2 marker horizon at the top of the 

Oligocene Frio Formation. The geostatic gradient is about 0.6 psi/ft (13.6 kPa/m) at the 

level of the Frio 'A' reservoir (fig. 2), which has an average temperature of 215°F (101°C) 
i 

(fig. 3'). However, the top of the geopressured zone occurs about 7,200 ft (2,200 m) below 

sea level at the Hitchcock N.E. field, 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-

production test, which was normally pressured. 

Hitchcock N.E. field is located on the seaward fringe of the Houston delta system 

(fig. 4). The following discussion of the regional geology is from Galloway and others 

(1982). Several minor, laterally coalesced, vertically repetitive deltaic cycles compose the 

Houston delta system, which is the main locus of terrigenous accumulation in the Frio. 

Elongate to lobate deltas formed during the most regressive phases in the Lower 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 supp~ied by large fluvial channel systems 

(Chita-Corrigan fluvial systel!!) 16 to 20 mi (25 to 33 km) north and west of the Hitchcock 
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N.E. field. Net-sand isopachs show that the Posi~ions of the fluvial axes changed [ 
substantially with time (Galloway and others, 1982). 

Platform-delta sequences from 50 to 300 ft (15 to 90 m) thick 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). 

Upper Frio depositional style was strongly influenced by Anahuac marine transgres-

sion. This shale wedge, which pinches out updip, marks the invasion of a comparatively 

sediment starved shelf and coritains a neritic fauna. In part it was deposited contempo-

raneously 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 

Hitchcock N. E. field occurs within an ovoid fault block that is 10.5 mi (17 km) long and 

4.6 mi (7 km) wide (fig. 5). Isolated 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). 

The Hitchcock N.E. field is defined by a northw~st-plunging anticline of moderate 

relief (fig. 6). It i~_ truncated on its southeast flank by ~ major northeast-trending growth 
, 
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fault with several hundr'ed feet of throw. This fault ~orms the southern boundary of the 

reservoir and aquifer (figs. 5 and 6). 

A fault wedge upthrown some 50 ft (15 m) forms the northwest sector of the field. 

This wedge formed contemporaneously with Frio 'A' sandstone deposition; sandstone 

thickness and facies change markedly across it. Three other arcuate northeast-trending 

normal faults dissect the east flank of the reservoir and have throws that vary from 30 to 

60 ft (9 to 18 m) (fig. 6). The two western faults appear to have isolated the Cockrell 

No. I-Lowell Lemm well from both the Phillips No.1 Prets well to the west and other wells 

to 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). Although 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 reservoir continuity, which is evident from the subsurface pressure 

history. The whole region underwent 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 the 24-yr 

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 

permeability 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 onto which 

heavier hydrocarbons have accumulated from gravity settling. This local vertical parti-

tioning and the minor faults that isolate parts of the F~io 'A' reservoir possibly explain the 

different oil-gas dew points and oil percentages fou1d in pressure-volume-temperature 
I 

relationship (PVT) analyses of fluids from the Prets and Thompson wells. The location and 
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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. 

STRATIG RAPHY 

Depositional Environment of the Frio 'A' Sandstone 

In the Hitchcock N.E. field, the Frio 'A' sandstone 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 was 

analyzed using spontaneous potential (SP) profiles in an area extending from the Hitchcock 

N.E. field in the east to the Pleasant Bayou field 11.5 mi (18.4 km) to the west. All major 

sandstone systems in the Hitchcock N.E. area exhibit a transition from thick, 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 of deposition 

in a high-constructive lobate delta. 

A distributary appears to have prograded 3 mi (5 km) southeastward from the fault 

wedge forming the northwest flank of the Hitchcock N.E. field during deposition of the 

Frio 'A' sandstone. This distributary 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 ~he Hitchcock N.E. reservoir (figs. 8 
I 

and 9). Spontaneous potential profiles of distributary ~outh bars are thinner and generally 
I 

upward-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 del+-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 Hitchcock N.E. field is considered to be evidence of vigorous marine 

reworking. This strong marine influence resulted in the broad lateral extent and good 

internal continuity of the 'A' sandstone. 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 

I 

.. 
i 
L 

r' 

southwest. Hence guard wells should be located between fracture systems on the reo 

southwest side of the reservoir to effectively reduce the influx of water. Any attempts to 

isolate the Hitchcock N.E. field from the aquifer by fracturing and grouting must take 

account of the preferential orientation of fracture systems in the region. Should fracture 

systems accidentally be formed in the field, the flow characteristics of the reservoir may 

. be severely affected by grouting. 

Facies Influence on Porosity and Permeability 

Modern and ancient distributary mouth bars are commonly composed of medium- to 

fine-grained, well-sorted sand having large primary sediimentary structures. Thus they are 

favorable potential reservoirs for hydrocarbons (Coleman and Prior, 1980; Morton and 

others, 1983). Much of the preserved excellent porosity (:t 30 percent) and permeability 

(:t 1,000 md, 0.99 lJ.m2) in the Frio 'A' sandstone is due to its distributary-mouth-bar origin 

(table 2). 
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J Table 2. Porosity and permeability rJultS from the 
S.G.R. No.1 Delee well 

.] 
Core 

J Depth Horiz. 
Feet Porosity Perm. 
BKB • % Md Cycles 

. J 9101.5 10.9 1.7 

9106.5 24.9 442 

] 9108.5 30.6 265 

9113.1 26.2 328 

] 9116.0 25.9 624 

9119.3 27.8 717 

] 9122.3 27.2 1193 

9125.6 23.5 158 

] 
9128.6 26.1 29 

9131.4 29.9 644 

9134.7 28.5 1017 

] 9137.3 28.7 918 

9140.4 22.4 ~121 

] 9143.3 30.0 815 

9146.3 28.7 2911 

] 9149.4 30.9 3709 

9152.2 29.5 4446 

] 
9155.7 27.7 79 

9158.3 25.3 204 

9161.4 31.1 1044 .] 
9164.4 25.4 22 

9167.6 32.1 1885 

] 9170.2 29.5 572 

9173.2 32.0 1761 

J 9175.4 29.0 977 

9178.1 29.2 2266 

J 
9182.1 28.0 1452 

9186.2 33.7 i 1493 

9189.2 28.2 1382 

J 9192.1 30.8 1134 
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The permeability and porosity pattern of the Frio 'A' sa1dstone in the S. G. R. No.1 

Delee core shows a general upward decrease that 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 sorting 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 

very thin carbonaceous layers are occasionally present. The lower mouth-bar sandstones, 

which contain only minor calcareous streaks, display permeabilities up to 1,000 md 

(0.99 Ilm2), whereas in the shallower well-cemented mouth-bar sandstone permeability is 

only a few hundred millidarcys. 

Porosity and permeability are indirectly related to internal stratification because 

sediment structures are partly controlled by grain size (Pryor, 1973; Morton and others, 

1983). In Oligocene sandstones the relative ranking of permeabilities from highest to l.<>west 

corresponds to (1) foresets and large-scale troughs, (2) horizontal and low-angle, parallel

inclined stratification, and (3) small-scale troughs and ripple stratification (Morton and 

others, 1983). This relationship is demonstrated by the difference in permeability between 

the upper calcite-cemented distributary-mouth-bar sandstones and the overlying transgres-

sive sandstones. Permeabilities in the massive to indistinctly laminated mouth-bar sand-

stones 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). 

Diagenetic Modification of Porosity and Permeability 

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

modified by diagenetic reactions and leaching by organic acids. On the basis of regional 
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investigations of diagenesis, the following parageneres are indicated (Loucks and others, 

1981). Early clay coats formed around quartz grainsland feldspars were leached. This was 

followed by euhedral quartz overgrowth development and secondary leaching of pore spaces 

(fig. 10). Remaining feldspars were then albitized 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 calcium sulfate crystals have formed on quartz overgrowths and appear 

to be related to crystallization of fluids during drying of the core. Gypsum is unstable at 

the Frio 'A' reservoir temperatures and pressures (Blatt and others, 1972) • 

Oil is present throughout the S. G. R. No.1 Delee core from both above and below 

the original gas-water contact at ± 9,105 ft (2,775 m) BMSL (figs. 3 and 4). Phillip L. 

Randolph (personal communication, 1984) suggested that this oil is possibly being expelled 

from geopressured 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 discriminating between three types of fluid 

movement. 

a) 

b) 

c) 

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

Shale dewatering as a consequence of compaction and pressure/temperature 

increase during burial. 

Shale fluid flow (dewatering) during production. 

Original Fluid Migration 

Maturation data in shales can be used as an i$dicator of hot fluid flow in adjacent 

sandstones (Light, 1985; Tyler and others, 1985). 
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Figure 10. Frio diagenetic sequence in Brazoria County, ~lOdified from Loucks and others 
(1981) and Milliken and others (1981). I 
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The Pleasant Bayou geopressured-geothermal test wells in Brazoria County display a 

maturity anomaly that cannot arise as a consequenqe of simple conduction (Ewing and 

others, 1984). The corrected maturity in the Upper Frio (above T5) appears much higher 

than that indicated when the present (and apparent regional) geothermal gradient is applied 

to the burial history of those strata (fig. 11) (Ewing and others, 1984). In contrast, the 

maturity of the Lower Frio (below T5) is consistent with the present geothermal gradient 

(fig. 11). The higher thermal maturity of the Frio (T2 to T5 succession) is believed to be a 

consequence of heating by updip migration of hot basinal fluids formed during compaction 

and diagenesis of slope shales (fig. 12) (Burst, 1969; Ewing and others, 1984). A reduction 

to almost normal pressure in the Upper Frio may have allowed fluid migration to occur, 

while fluid movement would have been slower 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 the Anahuac shales tend to be more mature above the Frio 'A' sandstone than are Frio 

shales 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' sandstone occurs some 1,000 ft (305 m) 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 ambient temperatures by the time they reached 

these shallower levels. Evidence of a deep source for the Delee No.1 fluids will therefore 

have to be sought in hydrocarbon compositional and isPtopic data. 
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1980). 
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The composition of the hydrocarbons in oil chang s as they mature, and this variation 

may be used to estimate the time of oil formation (You g and others, 1977). Calculation of 

hydrocarbon ages for the gasoline-rang,e hydrocarbons is based on the apparent dispro

portionation of naphthenes to create paraffins and aromatics (table 3) (Light and others, in 

preparation). 

Young and others (1977) used 10 naphthenes (cyclopentane to ethylcyclopentane), 17 

paraffins (isopentane to n. heptane), and 2 aromatics (benzene and toluene) in their 

calculations. They were unable to improve the accuracy of the method by deleting certain 

individual compounds or groups of compounds. Detailed C4 -C7 hydrocarbon extract 

analyses from cuttings from the Pleasant Bayou test wells (Brazoria County) and 

gas/condensate/oil from the Prets No.1 well (Hitchcock N.E. field) are available. These 

analyses include only 9 naphthenes, 16 paraffins, and 2 aromatics (Brown, 1980). Though 

the calculated ages (fig. 16) of the Delee No.1 and Pleasant Bayou test wells are not 

directly compatible with Young and others' (1977) data, the error is probably small because 

almost the complete suite of gasoline-range hydrocarbons was considered. The calculated 

age of the Prets No.1 gasoline-range hydrocarbons is older than the age of the formation 

in which they occur. 

The hydrocarbon-age calculation method assumes that the disproportionation reaction 

of naphthenes depends on the effects of time and temperature. Naphthene concentration 

(Cn) is related to time and temperature by the following equation (equation 5, table 3). 

Natural logarithm Cn = intercept + slope x (time-temperature integral (TTl)) (Young 

and others, 1977). 

This equation has been calibrated to gasoline-range hydrocarbons in clastic reservoirs 

(Young and others, 1977). 

When the naphthene fractions of the Pleasant Ba~ou No. 1 well and Prets No. 1 well 
i 

are expressed as TTl and are plotted against depth the highly geopressured Lower Frio 

(pre-T5 marker horizon) and some of the shallow Mioc¢ne have high naphthene concentra-
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Table 3. Disproportionation reactitn for naphthenes. 

Disproportionation reaction for naphthenes 

4N = 3P + 1A 

Normalized naphthene concentration 

N 
Cn = N+P+A 

Time rate change of concentration 

dC 
dt = -KC 

Reaction rate "constant" 

E 
K = be - RT 

Natural logarithm of normalized naphthene concentration 

t=t 
LnCn = -b J 

t=O 

Time temperature index 

_l 

_l 
e RT dt + a 

(1) 

(2) 

(3) 

(4) 

(5) 

(Reznikov, 1967) 

TTl = J t=t 

t=O 
e RT dt (6) (equations 2-6 from 

Young and others, 1977) 

N = naphthenes R = universal gas constant 

P = paraffins T = absolute temperature 0 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=O) 
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tions (i.e., low maturity or TTl). Conversely, most of the Miocene, Anahuac, and Upper 

Frio samples show low naphthene concentrations (i.e., hi maturity or TTl). The high 

maturities (TTl) 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 (TTl) from naphthene concentration. 

An anomalous concentration of C5-C7 gasoline-range hydrocarbons in the T3 to T5 

succession in a zone of relatively low wetness is consistent with the idea that they have 

been introduced (Brown, 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 discrepancy is probably a consequence of the fluids having lost their heB:t to 

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

Shale Dewatering from Burial Effects 

Shales tend to be water wet due to the preferential adsorption of water on grain 

surfaces because of strong electrostatic forces active between the fine clay grains and 

pore fluids (Hinch, 1980). Adsorption causes "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 hydrodynamic sense. 

Shale water is lost by compaction due to burial until aibout only 10 layers of water 

molecules separate the clay grains near the top of geopressur~d shale (Hinch, 1980). After 
I 

this, movement of the hydrated ions is inhibited because t~ey are close in size to the 

average pore size and the shales maintain a constant porosity (Hinch, 1980). However, 
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Newton (in Hinch, 1980) noted that hydrocarbon mulations in the Gulf Coast are 

associated with waters having slightly subnormal This may be a result of 

dewatering of the surrounding geopressured shales (Hinch, 1980). Sandstones at the Frio 'A' 

level in the Delee No.1 well are geopressured (geopressure gradient of 0.6 psi/ft), whereas 

geopressure starts at 7,200 ft (2,200 m) some 1,900 ft (580 m) shallower than the producing 

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 (Hinch, 1980). Hinch 

(1980) stated that the generation of hydrocarbons in the geopressured zone can result in an 

increase in water content. However, the low total organic carbon (TOC) content of the 

shales in the Delee No.1 well (averaging 0.35 percent TOC) and immaturity of the woody 

hydrocarbons make water production difficult (see section on shale pyrolysis data). 

The content of structural water within the shale can be estimated by analysis of 

hydrogen and carbon contents of the products of shale pyrolysis at very high temperatures. 

These analyses will be done at the Mineral Studies Laboratory at the Bureau of Economic 

Geology in the next control period. Plots of carbon and hydrogen contents of shale organic 

material pyrolized at different temperatures should form a straight line that will intercept 

the hydrogen axis at 0 percent carbon, and will indicat,e the remaining amount of hydrogen 

tied up in structured water. This structured water, which can be compared to the bound 

water estimated by log analysis, may be used to estimate the maximum amount of water 

available for shale dewatering. 

Smectite begins to alter to illite when temperatures have exceeded 194° to 212°F 

(90° to 100°C) and when potassium and aluminum are present in the pore waters (Foscolos 

and others, 1976; Powell and others, 1978). The temqerature 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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Previous workers suggested that during the tion of smectite to illite a 

mixed-layer silicate formed in which aluminum substituted or silicon in the tetrahedral 

position, promoting a charge deficit that resulted in potassiu being adsorbed on the clay 

surface. This potassium was believed to displace calcium, 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 dOOl spacing of a Ca

saturated smectite from 1.56 to 1.20 \.lm in the mixed-layer clay (Foscolos and Powell, 

1980). 

The amount of water lost by dehydration during the smectite-illite transition was 

estimated to be 270 to 290 mg/g of clay (Mooney and others, 1952), which represents 

10 to 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 percent Ro 

(Foscolos and others, 1976; Powell and others, 1978). The maturity at the Delee No.1 well 

at the level of the Frio 'A' sandstone exceeds this amount (+ 0.6 percent Ro, fig. 14). 

Anahuac shales overlying the sandstones in the Delee No.1 well were initially 

analyzed by X-ray diffraction 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 is completely gone, the remaining 

population consists of elementary illite and thicker illite particles, which when examined 

under XRD appear to be regularly interstratified smectite-iUite with 50 percent or more 

illite (Nadeau and others, 1984). Consequently, the reduction in the (XRD) dOOl spacing 
i 

during the smectite-illite transformation can no longer be t~ken as an indication of the 
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amount of water lost by dehydration but rather is • ~easure of the change in elementary 

illite particle size • 

Inductively-coupled plasma (ICP) elemental analyses were conducted by the Mineral 

Studies Laboratory at the Bureau of Economic Geology on seven shale samples from above, 

within, and at the base of the Frio 'A' sandstone (table 4). These data were used in place of 

the XRD information to estimate the illite content of the shales. A ternary diagram 

showing the relative percentages of K20 to CaO and Na20 and Fe203 and MgO in the 

shales was constructed. These shale compositions were then compared to those of pure clay 

end members, from which the approximate illite percentage and the silica concentration in 

the shales were estimated (fig. 17) (Deer and others, 1969). The illite percentage appears 

to be fairly erratic in the clays and lies mainly between 50 and 70 percent, whereas 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 

and others, 1981). Boles and Franks (1979) showed t.hat smectite-illite transformation 

reactions with aluminum as an immobile component release significantly more cations 

(silica release increases more than five times) than do reactions in which aluminum is 

considered a mobile component (Loucks and others, 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 smectite-illite composi-

tion. The apparent decrease in alumina appears to be 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 bounda:ry of the Frio 'A' sapdstone. Aluminum can therefore be 
I 

considered immobile in the smectite-illite transfor1ation reaction. This reaction in the 

Anahuac shales directly above the Frio 'A' sandstones would release significant amounts of 

silica and other elements to the reservoir. The transformation reaction is as follows: 
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Table 4. Inductively coupled plasma (ICP) an for shale 
samples from the S. G. R. Delee No. 1 we 1. 

SAMPLE NO. 
LAB. NO. 

LOCID 

Si02 

Na20 

K20 

MgO 

CaO 

Al203 

Fe203(T) 

Ti02 

MnO 

P205 

TOTAL 

Sr 

Ba 

Zr 

(Wt %) 

" 
" 
" 
" 
" 
" 
" 
" 
" 

" 
" 
" 

2 
84-822 
9092' 

SHALE 

63.95 

1. 71 

2.60 

2.14 

1.31 

18.59 

5.33 

0.84 

0.03 

<0.25 

96.50 

250 

460 

180 

1 
84-824 
9070' 

SHALE 

62.76 

1.66 

2.71 

2.11 

1.58 

17.87 

5.74 

0.83 

0.05 

<0.25 

95.31 

280 

360 

180 

I 
I 

10 
84 ... 854 

9194' 3" 
SHALE 

66.76 

2.04 

3.15 

1.78 

1.58 

16.49 

4.00 

0.77 

0.01 

<0.25 

96.58 

160 

290 

510 

LOC 10 (Location identification) depth footage from Delee No.1 well, 

Hitchcock N.E. field. 
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9 
84-855 

9179' 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 
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SAMPLE NO. 
LAB. NO. 

LOCID 

Si02 

Na20 

K20 

MgO 

CaO 

A1203 

Fe203 

Ti02 

MnO 

P205 

TOTAL 

Sr 

Ba 

Zr 

(Wt %) 

" 
" 
" 
" 
" 
" 
" 
" 
" 

" 
" 
" 

Table 4. (continu d) 

8 
84-817 

9100' 10.75" 
SHALE 

76.76 

1.56 

1. 91 

1.30 

1.50 

10.95 

4.49 

0.36 

0.02 

<0.25 

98.85 

260 

450 

*80 

6 
84-819 

9100' 6" 
SHALE 

70.24 

1.24 

2.15 

1.30 

0.83 

12.97 

3.49 

0.55 

0.01 

<0.25 

92.78 

250 

1,020 

150 

7 
84-819(FINE) 

9100' 6" 
SHALE 

61.69 

0.56 

2.60 

2.63 

0.70 

19.92 

6.10 

0.86 

0.01 

<0.25 

95.07 

150 

740 

160 

LOC ID (Location identification) depth footage from Delee No.1 Well, 

Hitchcock N.E. field. 
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5 
84-821 

9099' 5.5" 
SHALE 

67.75 

2.05 

2.68 

1.82 

1.67 

16.50 

3.83 

0.73 

0.01 

<0.25 

97.04 

300 

410 

200 



Table 4. (continued) 

DUPLICATES QUALITY ASSURANCE 

SAMPLE NO. 3 4 Cody Shale Green River 

LAB. NO. 84-822 USGS Shale-USGS 
9092' SHALE SCO-l SGR-l 

Run 1 Run 2 Found Accepted Found Accepted 

Si02 (Wt %) 64.36 63.53 62.81 62.3? 28.73 28.3? 

Na20 " 1.71 1.71 0.90 0.9? 3.00 3.0? 

K20 " 2.60 2.59 2.74 2.7? 1.50 1.6? 

MgO " 2.14 2.14 2.63 2.6? 4.25 4.5 

CaO " 1.31 1.31 2.65 2.6? 8.57 7.2? 

Al203 " 18.62 18.55 13.63 13.6? 6.53 6.5? 

Fe203(T) " 5.34 5.32 5.32 5.1? 3.05 3.2? 

Ti02 " 0.84 0.83 0.62 0.64? 0.26 0.26? 

MnO " 0.03 0.03 0.05 0.05? 0.03 0.03? 

P205 " <0.25 <0.25 * 0.21 0.29? <0.25 0.4? 

Sr " 255 257 216 200? 502 500? 

Ba " 457 465 570 500? 260 300? 

Zr " 199 171 100 150? <41 70? 

LOC ID (Location identif ication) depth footage from Delee No. 1 Well, 

Hitchcock N.E. field. 
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EXPLANATION 

K Kaolinite 
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Figure 17. KFC diagram showing the elemental compositions of Anahuac and Frio shales 
compared to pure clay end members (Deer, Howie, and Zussman, 1969). The estimated 
illite and silica concentration in the clays is also shown. 
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Figure 18 Estimated concentrations of illite, silica, and alufina versus depth in the Delee 
No.1 well, Hitchcock N.E. field. ! 

I, ., 
I-I 
II 
L, 
R I 
I , 

I I 
I 

I 
( 

[ I 
I 

~ • 
& 
[I 

l • 
I l. 

l 
L • 

I 



.. ] 

.] 

~] 

.J 

. J 

~] 

'J 

Smectite + AI+3 + K+ = illite + amorphous Si+4 + amounts of Ca2+, 

Mg2+, Fe2+ and interlaye: H20 (Hower and others, 1976) 

The clay water containing amorphous silica ~robably migrated into the Frio 'A' 

sandstones during dewatering where the silica crystallized as authigenic quartz over-

growths (Morton, 1983). These authigenic quartz overgrowths formed at temperatures of 

167° to 176°F (75° to 80°C) in Brazoria County (Loucks, and others, 1981) • 

Kaolinized feldspars and authigenic kaolinite cement are present throughout most 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 alumina rich fluids had occurred as a result of the smectite-illite 

transformation. However, 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 sandstone 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 of 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 iI1 the depth range of 8,000 ft (2,438 m) 

to at least 17,700 ft (5,395 m) in Brazoria County (Loucks and others, 1981; Ewing and 

others, 1983). In general, precipitation of kaolinite postdates formation of quartz 

overgrowths and subsequent leaching of calcite and formation of secondary porosity (Kaiser 

and Richmann, 1981). Major authigenic kaolinite began to crystallize in Frio sandstones in 

Brazoria County at around 212°F (lOOOC) (Loucks ard others, 1981). The smectite-illite 
I 

transition in the shales begins at 194 ° to 212°F (90r to 100 ° C), which is similar to the 

temperature of major crystallization of authigenic kaolinite (Foscolos and others, 1976; 

Loucks and others, 1981). The present temperature of the Frio 'A' sandstone at the 
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Hitchcock N .E. field is about 215 ° F (101 ° C), whi indicates both that illite should have 

begun to form from smectite and that major genic kaolinite should have begun to 

crystallize. 

Measured pH values (6.2 to 7.1) of Frio Formation waters in Brazoria County 

(Kharaka and others, 1979) indicate that the fluids lie within the chlorite field and not the 

kaolinite stability field, contradicting petrographic .evidence (Kaiser and Richmann, 1981). 

The stability of these two minerals is primarily controlled by the pH and Mg-Fe log 

activity product of the fluids (Kaiser and Richmann, 1981). However, Kharaka and others 

(1979) showed that pH values measured at well sites and wellhead 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 to 7.74 at the Huff A NO.1, Delee No.1, Thompson No.1, and 

Prets No.1 wells (Kharaka and others, 1979; Randolph, 1985) probably represent an in situ 

pH of 5 to 6 in the formation. Kaolinite is stable in formation waters with pH values from 

5 to 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). Dilution of formation water may account 

for the reports of less saline than normal water in the geopressured zone (Kharaka and 

others, 1977). 

The relative stability of feldspar versus kaolinite was examined by Kaiser and 

Richmann (1981). In shallower hydro pressured waters, plagioclase is stable at temperatures 

of less than 214°F (lOO°C), whereas kaolinite is stable relative to plagioclase under 

geopressured conditions. The fact that the Frio 'A' sapdstone is 2,000 ft (609 m) below the 
I 

top of geopressure in the Hitchcock N.E. field in a ~one with a geopressure gradient of 

0.6 psi/ft (fig. 2) is the probable explanation of the w,despread replacement of feldspar by 

kaolin in this reservoir. \ 
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Shale Dewatering During P oduction 

Little evidence is currently available that can be used to demonstrate shale fluid flow 

(dewatering) during production. ~owever, formation water at the Phillips Prets No.1 well 

was analyzed on three occasions, once 8 years ago (Kharaka and others, 1977) and twice in 

1985 by the Institute of Gas Technology (IGT) and the University of Houston staff 

(Randolph, 1985). Although the quality of the early analyses and differences in the 

sampling points and procedures raise some questions, the slight decrease in chloride ion 

concentration of about 5 . .5 to 8.7 percent may indicate shale dewatering (table 5). Fowler 

(1970), using 94 water analyses from Frio sandstones in the Chocolate Bayou field, 

calculated the percentage change in chloride ion production over long periods of time. 

Reduced chloride ion production is a result of dilution of the original formation waters by 

waters squeezed out of the shales adjacent to the aquifers having declining pressures in the 

reservoir sandstones. Reductions in chloride ion concentration varied from 0.5 to 

42.3 percent in 10 of the reservoirs in which shale dewatering is believed to have occurred; 

mean value is 18.5 percent (Fowler, 1978). The Frio 'A' sandstone showed a 12.4 percent 

reduction in salinity in the Chocolate Bayou field over an 18-year production period. The 

fact that the Hitchcock N.E. field has produced for 25 yr (Anderson and others, 1984) 

indicates that this amount of variation 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, the time-dependent variation of the elemental composition of brine produced at the 

Delee No.1 well should be measured. This investigation should be done over a long time 

interval and analyses should be made periodically to: determine if the concentrations of 
I 
I 

major, trace, and rare-earth elements change systemafiCallY. These concentrations can be 

related to the effects of shale dewatering or to w,er introduction from deeper levels 
I 

(water drive from a large aquifer or leaky faults). ~t may be possible by measuring the 

amount of elemental variation to estimate the volume of water being added by shale 
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Table 5. Brine analyses results, Phillips ts No. 1 well. 

Kharaka and Southern Pet. University of IGT, 
others, 1977 Lab. Inc., 1982 Houston, 1984 1985 

Sampling Prets 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 <1 16.8 

Fe 0.1 15 11.3 

Mn 0.4 0.5 

B 41 

NH3 17.0 15.0 

H2S 0.62 

HC03 643 687 

CH3COO 750 

Cl 25,200 23,000 25,000 23,800 

Br 25 

I 15 

S04 34 20 10.4 

Si02 65 64 

pH 6.9 7.74 

oD -14.5 SMOW 

elemental concentrations in mg/L 

46 



-
.] 

.] 

.J 
~] 

.] 

] 

] 

] 

] 

] 

] 

] 

'] 

] 

] 

] 

I 

dewatering and thus to estimate the reduction in press~re depletion of the reservoir during 

rapid pressure drawdown. . 

Iron content in the formation fluids increases to 15 mg/L in the Prets No.1 well 

(table 5). This iron may be derived from oxidation of casing in the production wells over 

the long (25 yr) production period of the Hitchcock N.E. field. However, the data available 

only apply to the last 8 yr of production. 

The variation of elemental abundance, compounds, and isotopes was plotted against 

both depth and chlorine content of wells in Brazoria and Galveston Counties. Most 

elements show a trend with depth and values from the Prets No.1 well tend to plot on the 

opposite end of the trend compared with those from the Pleasant Bayou geopressured 

geothermal wells (fig. 19) (Kharaka and others, 1977). 

The 00 (deuterium/hydrogen) value becomes depleted with depth in Brazoria and 

Galveston Counties (fig. 20) (Kharaka ~nd others, 1977) and the variation in 00 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~he concentration of 

short chain aliphatic acids (C2-C5) (fig. 21) (Kharaka a.nd others, 1977). 

SHALE PYROLYSIS DATA 

Forty shale samples from the Anahuac and Frio Formations in the Delee No.1 well 

underwent total organic carbon and Rock-Eval pyroly~is analyses by Geochem Laboratories, 

i 

Inc. The total organic carbon (TOC) in shales averaged 0.35 percent (range 0.17 to 1. 06), 

which indicates that these shales are very poor hydrocarbon source rocks (table 6a and b). 

One sample from 6,863 ft (2,092 m) had a TOC of 1.06 percent whereas a thin coaly shale 

within the top of the Frio 'A' sandstone at 9,104 ft 5 inches contained 0.58 percent TOC. 

Total organic carbon contents of Frio shales benea~h the Frio 'A' sandstone are variable 
I 

(0.20 to 0.44 percent TOC) but on average are lean (~ean = 0.33 percent TOC). 
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Figure 19. Strontium versus chloride in formation water, Brazoria and Galveston Counties 
(data from Kharaka and others, 1977). Positions of the Prets No.1 and Pleasant Bayou 
geopressured-geothermal test wells are shown for comparison. Normal evaporite curve 
from Collins, 1975. 
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Figure 20. oD SMOW versus depth in formation wa Brazoria and Galveston Counties 
(data from Kharaka and others, 1977). Positions of tljte Prets No.1 and Pleasant Bayou 
geopressured-geothermal test wells are shown for comp$rison. 
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Figure 21. Concentration of short chain aliphatic acids (C2-C 5) versus depth in formation 
water, Brazoria and Galveston Counties (data from Kharaka and others, 1977). Positions of 
the Prets No. 1 and Pleasant Bayou geopressured-geothermal test wells are shown for 
comparison. 
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Table 6a. 
RESULTS OF ROCK-EVAL PYROLYSIS 

Depth 
GeoChea Interval Tmax S 

(a!} g) 
S T.O.C. Hydrogen Oxygen SlUIIple No. (Feet) (c) (agfs> (agJg) PI PC* (vt.:t> Index Index 

3013-001 6758 409 0.02 0.30 1.41 0.06 0.02 0.85 35 165 
3013-002 6863 430 0.02 0.26 1.42 0.07 0.02 1.06 24 133 
3013-003 6887 416 0.01 0.05 0.48 0.17 0.00 0.36 13 133 
3013-004 7020 391* 0.02 0.07 0.48 0.25 0.00 0.28 25 171 
3013-005 7113 386* 0.01 0.11 0.57 0.08 0.01 0.47 23 121 
3013-006 7176 415* 0.01 0.09 0.53 0.10 0.00 0.35 25 151 
3013-007 7216 375* 0.02 0.09 0.79 0.20 0.00 0.34 26 232 
3013-008 7262 405* 0.02 0.08 0.42 0.20 0.00 0.32 25 131 
3013-009 7294 354* 0.00 0.06 0.45 0.00 0.00 0.34 17 132 
3013-010 7392 410* 0.02 0.08 0.44 0.20 0.00 0.33 24 133 
3013-011 7534 354* 0.03 0.07 0.36 0.30 0.00 0.27 25 133 

c:n 3013-012 7679 395* 0.01 0.14 0.50 0.07 0.01 0.39 35 128 .... 3013-013 7858 394* 0.01 0.07 0.35 0.12 0.00 0.26 26 134 
3013-014 7990 377* 0.00 0.06 0.36 0.00 0.00 0.27 22 133 
3013-015 8126 415* 0.01 0.07 0.32 0.12 0.00 0.27 25 118 
3013-016 8304 413 0.02 0.09 0.28 0.20 0.00 0.30 30 93 
:JOll-OU -------8432 385* 0.03 0.10 0.36 0.25 0.01 0.30 33 120 
3013-018 8602 409* 0.02 0.08 0.22 0.20 0.00 0.27 29 81 
3013-019 8759 406* 0.02 0.09 0.21 0.20 0.00 0.30 30 70 
3013-020 8913 415* 0.02 0.14 0.48 0.12 0.01 0.64 21 75 
3013-021 8999 360* 0.01 0.07 0.28 0.12 0.00 0.31 22 90 
3013-022 9070 337* 0.03 0.08 0.24 0.30 0.00 0.30 26 80 
3013-023 9083.5 423* 0.03 0.07 0.25 0.30 0.00 0.20 35 125 
3013-024 9092 376* 0.02 0.06 0.20 0.25 0.00 0.23 26 86 
3013-025 9099'5.5" 323* 0.02 0.03 0.14 0.50 0.00 0.17 17 82 
3013-026 9100 329* 0.02 0.08 0.28 0.20 0.00 0.22 36 127 
3013-027 9100 6" 314* 0.02 0.05 0.17 0.33 0.00 0.17 29 100 
3013-028 9100 7.25" 299* 0.02 0.07 0.25 0.25 0.00 0.17 41 147 
3013-029 9101 318* 0.02 0.09 0.28 0.20 0.00 0.21 42 133 
*The S2 value, or quantity of kerogen pyrolyzed to bitumen, ia insufficient to produce a valid Tmax 

T.O.C. • Total organic carbon, wt.% S3 • CO2 produced froa kerogen pyrolysis Oxygen 
Sl · Free hydrocarbons, ag HC/g of rock (ag C02/g of rock) Index · ag C02/g organic carbon 
S2 • Residual hydrocarbon potential PC* · 0.083 (Sl + S2) PI · sl1s1 + 52 

(ag HC/g or rock) Hydrogen Tmax • Temperature Index, degrees C. 
Index · mg HC/g organic carbon 
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Table 6b. 
RESULTS OF ROCK-EVAL PYROLYSIS 

Depth 
GeoChe .. Interval Tmax S (-:~g) (a:~g) Sample No. (Feet) (c) (agrg) PI 

3013-030 9104 5" 421 0.04. 0.40 0.38 0.09 
3013-031 9179 U" 403* 0.02 0.07 0.20 0.25 
3013-032 9194 3" 425 0.03 0.20 0.19 0.14 
3013-033 9262 423 0.01 0.21 0.49 0.05 
3013-034 9288 416 0.01 0.15 0.32 0.06 
3013-035 9302 401* 0.01 0.12 0.35 0.08 
3013-036 9340 302* 0.01 0.03 0.44 0.25 
3013-037 9351 336* 0.01 0.10 0.37 0.10 
3013-038 9367-9371 377* 0.03 0.29 0.30 0.09 
3013-039 9370-9392 333 0.27 0.76 0.47 0.26 
3013-040 9392-9402 343 0.02 0.15 0.31 0.12 

*The 52 value. or quantity of kerogen pyrolyzed to bitumen. is insufficient to produce a valid Tmax. 

T.O.C. 
Sl 
S2 

• Total organic carbon. wt.% 
• Free hydrocarbons. _g HC/g of rock 
• Residual hydrocarbon potential 

(mg HC/g or rock) 

83 • CO2 produced froa kerogen pyrolysis 
(_g C02/g of rock) 

PC* • 0.083 (SI + 82) 
Hydrogen 
Index • _g HC/g organic carbon 

PC* 

0.03 
0.00 
0.01 
0.01 
0.01 
0.01 
0.00 
0.00 
0.02 
0.08 
0.01 

Oxygen 
Index 
PI 
Tmax 

T.O.C. Hydrogen Oxygen 
(wt.%) Index Index 

0.58 68 65 
0.21 33 95 
0.35 57 54 
0.44 47 111 
0.37 40 86 
0.34 35 102 
0.20 15 220 
0.27 37 137 
0.43 67 69 
0.43 176 109 
0.29 51 106 

• _g 002/g organic carbon 
• s11s1 + 52 
• Temperature Index. degrees C. 
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Rock-Eval pyrolysis is a technique used to eval ate the maturity of source rocks, a 

procedure that involves heating a shale sample in t absence of oxygen to break down 

large hydrocarbon molecules into smaller ones (Milner, 1982; Dutton, in press). Dutton (in 

press) outlined the pyrolysis procedure. As the temperature is gradually increased, the 

sample will first give off hydrocarbons (Sl) 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 C02 that is generated during 

pyrolysis is m~asured (S3) as an indication of the type of kerogen in the sample, whether it 

is humic (oxygen-rich) or sapropelic (hydrogen-rich) (Hunt, 1979). Thermal maturity is 

measured by comparing the temperature of maximum evolution of thermally cracked 

hydrocarbons (T-maxOC) versus the proportion of free hydrocarbons (Sl) in the sample 

compared to total hydrocarbons (Sl + S2), that is, T-max ° C versus Sl/(Sl + S2). An 

example of the various peaks and a key for interpreting the pyrolysis data are given in 

figure 22 (Dow and Page, 1981). 

Source potential (values of S2) of the shales in the Delee No.1 well averages 

0.13 mg/g. (range 0.03 to 0.76 mg/g), well below the 2.5 mg/g upper limit for poor source 

potential (tables 6a and 6b, fig. 22). The thin coaly shale within the top of the Frio 'A' 

sandstone has a slightly better source potential of 0.4 mg/g, whereas deeper Frio shales at 

9,370 to 9,392 ft (2,856 to 2,863 m) have source potentials of 0.76 mg/g. Source potential 

values indicate that it is extremely unlikely that the condensate in the Frio 'A' reservoir 

could have been been derived, from either Anahuac or Frio shales. 

The S2/S3 ratio provides a general indication of kerogen quality (type) and reveals 

whether oil or gas is likely to be generated (Dow a d Page, 1981). Dry gas generating 

kerogens have S2/S3 values of less than 2.5. Delee o. 1 well S2/S3 values average 0.35 

(range 0.1 to 1.6), which suggests that the kerogen, is a poor source even for dry gas 

(fig. 22). 
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KEY FOR PYROLYSIS DATA INTERPRETATION: 

Source potential - values of S2 < 2.5 poor 
2.5-5.0 marginal 

> 5.0 oood 
< 2.5 dry gas 

Petroleum type-values of S2/ S3 

2.5-5.0 wet oas 
> 5.0 oil 
< 435 Immature 

Generation lones-values of T-max (Oe) 

435-470' ail 
450+ gas 
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Figure 22. Key for pyrolysis data interpretatit)n (Dow, 1981) with average values from the 
Delee No. 1 well. 
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Hydrogen and oxygen index data on shales in th Delee well indicate that the kerogen 

is type III, consisting essentially of woody and co y material (fig. 23). The T- maxo C 

values for all these samples are less than 815°F (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-maxoC. 

Estimated o13C values were made for the aromatics and the saturates in oil from the 

Prets No.1 well by Coastal Science Laboratories, Inc., Austin, Texas. Calculations of the 

canonical variable from these data and pristane-phytane ratios (figs. 25 and 26) indicate 

that the Prets No.1 oil is correctly classified as a nonwaxy oil sourced from marine 

organic 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 percent) and permeability (±1,000 md, 0.99 J.1m2) of the Frio 

'A' reservoir in the Hitchcock 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. 

Location of the Hitchcock N.E. field on the northeast side of the large faulted Frio 

'A' aquifer isolated to the north and south by northeast-trending fault systems has bearing 

on the best location of guard wells below the gas-water contact to control water influx. 

Minor faults that dissect the Hitchcock N.E. fi,ld may locally isolate certain parts of 
! 

the pay zone where shale or permeability breaks arr present. Knowledge of the position 

and extent of these zones will also control the best placement of guard wells. However, 
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Figure 23. Van Krevelen diagram showing the source rock quality of Anahuac and Frio I,' 
shales from the Delee No.1 well. 

I 
56 



J 
J 
] 

] 

] 

] 

] 

] 

] 

] 

J 
J 
J 
J 
J 

J 

J 

J 

J 

u 
o 
x 
« 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
470-. ____ +-____ L-1 __ ~1~--_+-----L1--+_~1-----~1----L-1--~ 

WET GAS 

460~----47~rT~~~~~~~------~------------------_+ 
~/ /V // / //// //// 

450-

440-

IMMA-
430- TUR~ 

420-

~ ~ 
~ ~ 
v OIL '. 
~ ./ 

V/ / 
V / 
[///////////// 

• • 
o , •• 

410- o 

400 • 
• 

390 

• 

• 

• 

• .. 
• 

• 

• 
• 

EXPLANATION 

o Accurate T Max values 

• T Max not reached due 
to insufficient organic 

matter 

::E 380- -
~ . 

370 

360-

• 
350-

o 
340-

330-

320~ 

310 

o 0.1 

• 

• 

• 

o 

• • 

• 

• 

• 

0.2 0.3 0.4 

• 

T 
0.5 I 0.6 

I 

0.7 

-
I 

0.8 0.9 

QA -.3475 

Figure 24. Pyrolysis maturity diagram (T-MaxoC ver s 81/81 + 82) showing immature 
nature of the Delee No.1 shales. 
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reservoir modeling suggests that the faults are not sealing the fairly long timeframe 

of pressure drawdown during co-production. 

Vitrinite reflectance at the Pleasant Bayou geopressured geothermal test wells, 

supported by hydrocarbon 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. 

Elemental composition data on Anahuac and Frio shales at the Delee No.1 well 

indicate that they have a consistent smectite-illite composition. No clear evidence was 

found for shale dewatering. However, spotty indurated authigenic kaolinite zones, 

developed in the Frio 'A' sandstone adjacent to thin shale units, probably result from fluids 

emitted from the shales. Slight reduction in salinity during production at the Prets No. 1 

well may be evidence of contemporan.eous dewatering of shales. 

Shale pyrolysis data indicate that the Anahuac and Frio shales contain coaly or woody 

kerogen of very poor hydrocarbon source quality. Furthermore, all the samples appear to 

be immature. In contrast, isotope data indicate that the Prets No.1 condensates are 

derived from marine organic matter, further supporting a deep source for these fluids. 

IMMEDIATE RESEARCH PLANS 

Initial research 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 crittria that can be applied in 

selecting potential co-production reservoirs. The best 10 (±2>i fields will be selected for 

detailed reservoir evaluation. These data will be made availatle to groups contracted to 

the Gas Research Institute that are conducting reservoir simulktion. They will determine 
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the total reservoir initial volume and estimate the rec erable 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 

formation fluids from the Prets and Delee wells are still to be received from Geochem 

Laboratories and Coastal Science Laboratories, respectively. These data will be statisti

cally compared by computer with hydrocarbon extract data from shales from the Pleasant 

Bayou test wells for the entire Frio, Anahuac, and Miocene sequence (16,500 ft [5,029 m] 

total). This procedure will aid in locating the source of the hydrocarbons. 

We propose that detailed major, trace, and rare-earth element analyses be conducted 

periodically on produced fluids from the Delee No.1 well and on the shales surrounding the 

Frio 'A' sandstone. These" data should indicate the aJIlount 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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SUBSIDENCE AND SURFACE FAULTING IN THE HUSTON-GALVESTON AREA, 
TEXAS--A RESULT OF DEEP FLUID ITHDRAWAL? 

by Thomas E. Ewing 

INTRODUCTION 

The environmental effects of the production of geopressured geothermal fluids have 

been extensively considered in recent years. Various researchers have concluded that 

surface subsidence and fault reactivation are the most significant non-spill hazards of long-

term production (Gustavson and Kreitler, 1976). Since long-term tests of geopressured 

geothermal test wells will not be available for some time, a useful approach for evaluating 

these hazards is to examine cases where subsidence or fault reactivation is caused by fluid 

production at intermediate depths (2,000 to 10,000 ft [610 to 3,050 mD, searching for 

principles that <!an be extrapolated to deep, high-volume production • 

. Examination of high-altitude aerial photographs showed that active faulting in the 

Texas Coastal Zone (where subtle elevation changes are most easily noted) is limited to the 

area northeast of Matagorda County in the Houston salt-structure province. Subsidence in 

the area of the Caplen oil field, Galveston County, was noted earlier on low-altitude 

photographs (R. A. Morton, personal communication, 1984). However, upon closer study it 

appears that this feature is probably linked with additional faulting to the north, forming a 

fault system similar to the one in the Genoa-Webster area southeast of Houston. 

FAULTING IN THE CAPLEN AREA 

Surface faulting in the Caplen area (fig.' 1) is easily visible on 1982 aerial 

photographs. Fault scarps have formed across a major, washover fan on Bolivar Peninsula. 

Two conspicuous scarps bound a sector showing no sub$idence. Subsidence east and south 

of these two scarps has been sufficient to flood most ~f the central part of the fan, and 

only a few levees of distributary channels are above ~he water. Levees of this sort are 
, 
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Figure 27. Surface faulting and subsidence in the Caplen and Robinson Lake areas, as 
detected on 1982 aerial photographs taken for the General Land Office, and subsurface 
faults at about 7,000 ft from well data. Faults in East Bay from Verbeek and Clanton 
(1981, their fig. 3a). 
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Figu~e 28. Production of oil and gas versus depth in Caplen field through 1979. Data from 
International Oil Scouts Association (1983). 1 
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EAST BAY FAULT SYST M 

Faults in the Caplen area are apparently connected with active normal faults 

observed to the north in the Robinson Lake area (fig. 27). Photographs of that area clearly 

show fault scarps in 1982 and (inconspicuously) in 1956, but not in 1930. The faults 

transect beach-ridge complexes along East Bay. The scarps outline a complex graben, with 

more down-to-the-east than down-to-the-west faults. In East Bay, which separates the two· 

. areas of surface faulting, faults extending to the seabed can be mapped using high

resolution seismic reflection data. These faults are traceable northward into onshore 

faults, as noted by Verbeek and Clanton (1981), but only a short data gap separates them 

from the Caplen faults. 

The Robinson Lake - East Bay faults are not aSSOCiated with significant fluid produc

tion. A few gas wells are found (Robinson Lake gas field), but production is minor. 

Taken as a whole, the East Bay system forms a gently arcuate graben from Robinson 

Lake to Caplen field, where it apparently divides' into southwest- and southeast-trending 

half-grabens (fig. 29). The northeast limit of the complex is indefinite at present, owing to 

cultivation and the absence of diagnostic wetland vegetation. The graben system is located 

over a subsurface high that bounds two basinal areas. To the east is the major salt

withdrawal basin located west of High Island salt dome; basin-rimming normal faults are 

mapped on the Robinson Lake-Caplen high. 

The only significant fluid production within the fault system is that from the 7,000-ft 

(2,134-m) level of Caplen field--at the system's southern extremity. However, more than 

200 million bbl of oil and similar quantities of water have been produced from Miocene 

sandstones at High Island salt dome. Ground-water production in the area is insignificant, 

as all subsurface waters have salinities of greater t an 3,000 ppm (Petitt and Winslow, 

1957; Wesselman, 1971). 
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Figure 29. East Bay fault system compared with subsurfa~e structure. The faults form 
grabens on subsurface highs rimming the Onion Bayou salt-w~thdrawal basin. 
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If this faulting is humanly induced (as its post- 930 development seems to indicate), 

the only cause appears to be fluid withdrawals throug oil and gas wells. Furthermore, the 

only significant production that could affect the entire fault complex is that of High Island. 

From High Island to the East Bay fault system the Lower Miocene sandstone reservoirs 

show excellent lateral continuity (fig. 30). The major producing zones (7 and 9) at Caplen 

can be correlated in detail with zones on the west and southwest flanks of High Island 

dome. Production at High Island is from many sandstones, but Lower Miocene sandstones 

correlative to zones 7 through 10 are major reservoirs there as well (Miocene "2-3," "4," 

and "5"). 

GENOA-WEBSTER FAULT SYSTEM 

The geometry of the East Bay fault system bears close resemblance to the weIl
i 

studied surface faults southeast of Houston, here called the Genoa-Webster fault system. 

In this area, graben-bounding faults active since the 1930s form an irregular horseshoe open 

to the northeast around a salt-withdrawal basin, here called the Genoa basin. The faults 

have formed above the saIt-cored subsurface ridges and domes of South Houston, Mykawa, 

Webster, and Clear Lake (fig. 31). Other surface faulting is present to the northeast at 

Goose Creek (where faulting has been closely tied to oilfield activities since the 1920s), to 

the north at Clinton, and to the south at Hastings. The area has undergone major amounts 

of deep fluid withdrawal (over 1,200 million bbl of oil alone), mostly from the Upper Frio 

(Marg-Frio) sandstone at 6,000 to 7,000 ft (1,829 to 2,134 m) depth. This sandstone forms 

an easily correlatable unit, up to 600 ft (183 m) thick, of sUbstantial lateral continuity. 

This fault complex, however, lies near the ~enter of a major regional bowl of 

subsidence. The Genoa basin corresponds closely ~o the center of most rapid historic 

subsidence (Gabrysch and Bonnet, 1975; Kreitler, 19t7). The ~owl has been convincingly 

attributed to withdrawal of ground water from Shall1W, unconsolidated aquifers. This has 

i 
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Figure 30. Stratigraphic section from Caplen to High lsI d, showing continuity of Lower 
Miocene sandstone reservoirs. 
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led previous workers to attribute fault reactivation to differential subsidence in the 

shallow section (Kreitler, 1977), rather than to an oilfield-i duced effect. From first-order 

releveling in the area, oilfield-related subsidence has been shown to be minor, on the order 

of inches (Holzer and Bluntzer, 1984). 

The question then arises: why does the graben system so neatly outline the shape of 

the Genoa salt-withdrawal basin? The ridges and basins appear to have only a very slight 

expression at shallow horizons, except for the shallow salt piercement at South Houston 

dome. Would shallow fluid withdrawals cause such a pattern? 

A MODEL TO BE TESTED 

The two fault systems are similar in geometry and timing. They might possibly 

represent responses to different types of fluid withdrawal, shaped by similar subsurface 

structural conditions. Alternatively, though, they may be responses to the same humanly 

induced compaction--which would be related to withdrawal of subsurface fluids from 

depths of 4,000 to 8,000 ft -(1,220 to 2,433 m). Furthermore, the faulting is not restricted 

to the immediate vicinity of producing oil and gas fields, but is a regional response, as is 

shown by the faulting at Robinson Lake .. 

One possible factor is regional depressuring of continuous sandstone bodies within the 

salt-withdrawal basins. Most of the prolific Gulf Coast reservoirs are known to have 

produced from a strong water drive, caused by large aquifer systems (Galloway and others, 

1983). Large-volume production from permeable sandstones may cause a slight regional 

reduction in regional aquifer pressure, leading to both reservoir and aquiclude compaction 

over a wide area. Such widespread compaction would be efficlently translated into surface 

subsidence (Geertsma, 1973). Compaction within the withdra'Yal basins may set up tension 

over the surrounding salt ridges, leading to the generation of ,abens over them. 
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This is only a preliminary conjecture. Additional study is, however, warranted. The 
I 

Pleasant Bayou geothermal reservoir, for example, is located within a major salt-

withdrawal basin. Could large-volume, long-term fluid production from this much deeper 

aquifer create graben faults similar to those at Genoa and East Bay? Additional work 

should include quantitative modeling of the amount of regional depressuring and resultant 

compaction expected, as well as modeling for predicting the fault movements resulting 

from both regional and local compaction. 
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APPENDIX: Detailed listing of Geochem Labs., Inc., nalyses of hydrocarbons and shales 

from the Prets No.1 and Delee No.1 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 Oil Characterization 

C4 -C7 detailed gasoline-range gas chromatographic analysis. 

C15+ liquid chromatographic separation, involves topping of less than C15+ fraction, 

deasphaltening and liquid chromatographic separation to isolate C15+ paraffin-naphthene 

(P-N) hydrocarbon, C15+ aromatic (AROM) hydrocarbon, and C15+ N-S-O nonhydrocarbon 

fractions. 

Desulfurization of C15+ paraffin-naphthene (P-N) hydrocarbon and C15+ aromatic 

(AROM) hydrocarbon fractions. 

Nickel-vanadium elemental analysis. 

API gravity and specific gravity. 

GC/MS/DS analysis of C15+ aromatic (AROM) hydrocarbon fraction of crude oil. 

Saturate Terpane and Sterane Hydrocarbons - liquid chromatography to obtain C15+ 

paraffin-naphthene (P-N) hydrocarbon, C15+ aromatic (AROM) hydrocarbon, C15+ N-S-O 

nonhydrocarbon. 

Molecular sieve removal of n-alkanes from C15+ paraffin-naphthene (P-N) 

hydrocarbons. 

Re-isolation of n-alkanes from molecular sieves (not necessary for terpane/sterane 

studies). 

GC/MS analysis of isolated fraction. 

81 



Monoaromatic steranes - liquid chromatography to C15+ paraffin-naphthene 

hydrocarbon, C15+aromatic (AROM) hydrocarbon, and C15+N-S-0 nonhydrocarbon resins. 

Monoaromatic steranes - liquid chromatography to obtain 1, 2, and 3-ring aromatic 

compounds. 

Monoaromatic steranes - GC/MS analysis of isolated monoaromatic fraction. 

Crude Oil to Crude Oil correlation - Crude Oil to Source Rock correlation - Tier II 

similarity analysis, cluster analysis, and ordination. Comparison with shale extract data 

from Pleasant Bayou No.1 well. 

Gas chromatographic analysis (glass capillary column) of C15+ paraffin-naphthene 

(P-N) hydrocarbon. 

List of isotope analyses conducted by Coastal Science Laboratories, Inc., on hydrocarbon 

and formation water samples from the Prets No.1 and Delee No.1 wells. 

Isotopes 

013C and 02H 

013C 

013C 

013C 

0180 and 02H 

silica gel column chromatography 

Sample 

methane 

condensate 

chromatographic fractions 

water 

condensate 

R? 
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REFLECTED LIGHT MICROSC PY DATA 

A sample of ground rock is treated successively with hydrochloric and hydrofluoric acids to 
concentrate the kerogen, then freeze-dried, mounted in an epoxy plug, and polished. 
Kerogen type is identified with the aid of blue light fluorescence • 

The visual kerogen analysis data table contains visual percentage estimates of each 
principal kerogen type and kerogen background fluorescence data. These data are also 
displayed on the histograms with relative amounts of solid bitumen and coked material . 

The histograms show measured reflectance values of all vitrinite present and on all 
material with the visual appearance of vitrinite. Shaded values (marked with *) are those 
used to calculate the interpreted vitrinite reflectance maturities. Unshaded values are 
interpreted to be oxidized vitrinite, recycled vitrinite, or possibly misidentified material 
such as solid bitumen, pseudo-vitrinite, or semifusinite. When samples analyzed contain no 
vitrinite or nonindigenous vitrinite or have an insufficient number of readings to allow a 
reliable maturity determination to be made, then the mean value for that sample is shown 
as N.D. (Not Determined). Alternate maturity calculations are possible on a few samples. 
The histograms are identified by a Robertson ResearQh sequence number (RRUS No.) and 
depth or other notation. 

ABBREVIATIONS USED IN VISUAL KEROGEN 
ANALYSIS DATA SHEET AND HISTOGRAMS 

Am 
Ex 
Vit 
Inert 
Ro 
Bkg FI 

= 
= 
= 
= 
= 
= 

Amorphous Kerogen 
Exinite 
Vitrinite 
Inertinite 
Vitrinite Reflectance Mean in Immersion Oil 
Background Fluorescence 
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VISUAL KEROGEN ANALYSIS - EFLECTED LIGHT 

DE LEE 11 - HITCHeD K FIELD 

Project No. RRUS/84 IT/84411 

SAMPLE IDENTIFICATION REFLECT. EROGEN CHARACTERISTICS TOC 
I 

RRUS ID I DEPTH (Feet> Ro ¥t Aj"- E Kif. Vi t"" Inert'" Fluor .,. 

1 CTGS. 6758.0 0.39 5 10 65 20 None 
2 CTGS. 6881.0 0.31 25 10 60 5 Low 
3 CTGS. 7020.0 0.38 20 10 30 10 L 0\,01 

~ 
4 CTGS. 1110.0 0.44 25 5 5S 15 Low 
5 CTGS. 1116.0 0.44 20 5 60 15 Med 

6 CTGS. 7216.0 o .41 55 5 30 10 Med 
7 CTGS. 7262.0 0.49 50 5 30 15 High 
8 CTGS. 1392.0 0.46 65 5 20 10 High 
9 CTGS. 7534.0 0.46 3~ 1 0 40 15 High 
10 CTGS. 1677.0 0.51 60 5 30 5 Med 

1 1 CTGS. 7858.0 0.49 35 5 50 10 Med 
12 CTGS. 7990.0 0.58 70 5 20 tr Ned 
13 CTGS. 8126.0 0.52 80 0 10 10 Med -- 14 CTGS. 8304.0 0.41 80 0 5 15 Ned 
15 CTGS. 8429.0 0.51 55 15 20 10 Med 

I 

16 CTGS. 8602.0 0.57 70 50 15 10 Med 
. .J 17 CTGS. 8759.0 0.58 15 0 15 10 Low 

18 CTGS. 8913.0 0.65 55 5 30 10 Low 

1 
19 CORE 9010.0 0.68 60 0 30 10 Low 
20 CORE 9083.0 0.66 45 5 40 10 Low 

...J 
21 CORE 9092.0 0.67 30 0 65 5 None 
22 CORE 909'9.0 0.64 25 0 65 10 Low 

1 23 CORE 9100.0 0.70 20 10 60 10 Med 
24 CORE 9100.5 0.64 55 10 30 5 Low 

..J 25 CORE 9100.0 0.59 60 5 15 20 None 

J 
26 CORE 9100.8 0.64 45 15 30 10 Low 
27 CORE 'n01.0 0.70 75 0 15 10 Low 
28 CORE 9103.3 0.66 85 0 10 5 Med 
29 CORE 9104.5 0.56 40 5 SO 5 Low 
30 CORE 9125.0 0.58 55 t r 3S 10 Low 

] 31 CORE 9141.0 95 0 5 tr Med 
32 CORE 9149.0 9Q 0 5 5 Low 
33 CORE 9167.5 90 0 5 5 Low 

J 
34 CORE 9119.9 0.73 45 0 35 20 Low 
35 CORE 9194.3 0.60 35 5 50 10 Low 

36 CORE 9262.0 0.63 45 10 35 10 Low 
37 CTGS. 9302.0 0.58 40 IS 35 10 Ned 

J 38 CTGS. 9340.0 0.60 30 5 50 15 Low 
39 CTGS. 9367.0 40 5 40 15 Ned 
40 CTGS. 9392 .. 0 45 5 40 . 10 None 

] 

] 

] 

] 

] 85 



D 
E A 
P 
T • 
" E 

S e 

IS 3 

4 

15 

5 

6 
28 

L 
I 
T 

" 0 
L 
0 • y 

DE LEE ~I - HITCHCOCK F 

PRO F I L E 
GENERAT! 

'.2- 1211 '1 { '.8- S88I rl \lET { .8-18888 rl DRY { 1."12488 rl 
OIL 1 ..... 147.'l GAS .. 1-17281 rl GAS 3.2-2951l8 rt 

RANDO" REfLECTANCE 
I.' 1.1 I 2 3 .. 

MATURATION PROFILE, BASED O~ VITRINITE 
REFLECTANCE DATA 
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J 
.J 

.J 

.J 
] 

] 

] 

] 

] 

] 

] 

'J 
'J 
] 

] 

] 

DE LEE -I - HITC OCK FIELD 
7 

1." 2.0 3.0 ~." 
VITRINITE REFLECTANCE (RANDOM %l 

ORDERED REFLECTANCE VALUES. 
*".25 '0.32 '0.36 ,".38 '0.47 1.20 
*".3" "" 32 '''.36 '''.39 ''' ... 7 
'''.3'' *e.33 'B. 36 '111.39 '0. ~8 
'B.30 '" . 33 *B . 36 '" . ~0 'B. 48 
'0.30 '111.33 *B.37 'B.4B '0.5111 
'111.31 '''.33 '111.38 '111.4~ '111.51 
*B.31 *111.3" *111.38 *B..... '111.51 
*111.31 '1.34 *111.38 '111.~5 '111.52 
*111 . 31 '1.36 *111 . 38 'I ... 6 'B. 55 
*B.32 '1.36 '1.38 '1."7 '111.56 

DE LEE -I - HITCHCOCK FIELD 
25 

N 

~ 2. 

P 15 

i .1" 

i ~ 
B~~~~~~~~~~~~~~~~ 

III." ,." 2.0 3.0 ~." 
VITRINITE REFLECTANCE (RANDOM Xl 

ORDERED REFLECTANCE VALUES: 
*".26 '111.33 'B.35 '''.38 ''' ... 1 
'111.29 '''.3~ *0.35 *0.39 '0."2 
*1II.3B '111.3" *".35 *111.39 ,o."2 
*111.30 '111.3" *B.36 '0.39 'B.4~ 
*111.31 '0.3" '0.37 '0.39 'B."5 
*111.31 '0.3~ '111.37 '0.40 '111.45 
*111.31 *0.3" *111.37 *111.~0 '111.~6 
*111.32 *0.3 .. '0.37 *0.4" *".~7 
*111.33 *".35 *0.38 '''.40 '''.4; 
'111.33 *11.35 '11.38 '''.~0 '111.51 
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RRUS No. • 
ID • CTGS. 

DEPTH • 6758.111 
• 2059.8 

* = Ro MATURITY 

• VALUES • 50 

MEAN B.3g 
5TD DEV 0.07 
MEDIAN 0.38 
MODE 0.35 

HISTOGRAM, 
Renge: B- 4% 

Increment: O.10% 

~EROGEN DESCRIPTION 
Amorphou. 
Ex Inl ,. 
Vltrlnl,. 
I ner tin I t. I 

Bec~ Fluor I 

Bltum.n 
Co~. 

RRUS No .• 2 
ID • CTGS. 

5 X 
IB X 
65 X 
20 % 

None 
Non. 
'r 

F, 
M 

DEPTH • 6887." Ft 
2099.2 M 

, • Ro MATURITY 

• VALUES • 50 

MEAN 0.37 
5TD DEV 0.05 
MEDIAN 0.37 
MODE ".35 

HISTOGRAM: 
Renge: 0- ~s 

Increment. ".10S 

~EROGEN DESCRIPTION 
Amorphous 25 X 
Exlnil. '''X 
V i t r i nit. 60 % 
I ner, I nit e I 5 X 

Bec~ Fluor I 

B i lumen 
Co~. 

Low 
Non. 
Non. 



DE LEE -I - HITCHCOCK 
25 

" "." 1 ." 2.O 3.O ... " 
VITRINITE REFLECTANCE CRANDOM Xl 

ORDERED REFLECTANCE VALUES: 
*B.3B *B.39 *B ..... *B ... 5 *0.53 
*".3" *B.39 *".H *"."6 *0.53 
*B.33 *".41 *".44 *"."8 *0.53 
*".33 *B.41 *8 ..... *"."8 *".56 
*B.35 *8.'" *B ..... *B ... 9 *".57 
*8.37 *".42 *8.45 *".5" 8.64 
*B.38 *".43 *B.45 *8.58 0.65 
*".38 *8.43 *8.45 *B.5B 0.72 
*B.38 *B ... 3 *" ... e *B.52 0.86 
.0.38 *B ..... 'B."5 *B.52 ".95 

DE LEE -I - HITCHCOCK FIELD 
25 

~ i 2B 

~ 15 

~ '" I e 

B~~~~~~~~~~~~~~~~~ 
B." 1.0 2." 3.B ... " 

VITRINITE REFLECTANCE CRANDOM %1 

ORDERED REFLECTANCE VALUES: 
B.25 *B.33 *".38 *8.41 *".5" 
".28 *".34 *".38 '''.41 '''.53 
".28 '''.34 *B. 38 '''.43 *".53 

*".3" *".35 *".39 '''.44 *".5" 
*".3" *B.35 *B.39 *"."4 *B.54 
,".3" *".36 *8.39 ," ..... *".5" 
*" . 31 ," . 37 *8 ... 8 '" ... 5 *8. S9 
*8.32 '''.37 *" ... " '''.''S *".62 
*".33 *".37 *"."8 *"."6 8.67 
*B.33 *8.38 *8 ... 8 *8 ... 6 8.88 
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RRUS No. I 5 

DEPTH I 7176." 
I 2187.2 

, • Ro MATURITY 

• VALUES .. 5 

MEAN a ..... 
STD DEV a.06 
MEDIAN e ..... 
MODE 0 ... 5 

HISTOGRAM. 
Renge, a- 4l 

Increment. ". 1 e% 

KEROGEN DESCRIPTION 
Amorphous 28 X 
E)C Inl ,. 5 X 
V I ,r- I n I ,. sa % 
I nero, I n I ,. I I 5 X 

Beck Fluor- I Med 
BI ,ulII.n ,r-
Cok. Non. 

RRUS No .• 6 
ID I eTGS. 

F, 
M 

DEPTH • 72IS." F, 
I 2199." M 

* • Ro MATURITY 

• VALUES I 45 

MEAN a."1 
STD DEV 0.a8 
MEDIAN 0.39 
MODE 0.35 

HISTOGRAM. 
Renge. 0- 4% 

Increment. 0.10% 

KEROGEN DESCRIPTION 
Amor-phoua 55 % 
E)Clnl'e 5 % 
V i T r- 1 niT e 3" % 
I ner Tin I te, I" % 

Beck Fluor I Med 
Bi tumen fr 
Coke None 
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DE LEE • I - H IT CHt: I'ICK FIELD 

° O.O 1." 2.O 3.O ~.0 
VITRINITE REFLECTANCE (RANDOM Xl 

ORDERED REFLECTANCE VALUES, 
'0.26 *".33 *".37 *111.~0 *0.~3 
'''.27 '111.33 '''.37 '0.~0 '0.43 
*111.28 ,".33 '0.37 *B.~B '0.~~ 
'B.3B 'B.33 'B.37 'B.40 '0.~5 
'B.3B 'B.35 'B.38 'B.~I '111.~5 
*B.31 'B.35 'B.38 'B.'" 'B.~6 
'B.31 'B.35 'B.3Q ,B.'" '0."& 
*B.32 'B.36 *B.3Q 'B."2 '0.47 
'B.33 'B.36 *B.3Q *B.~3 '0.~Q 
*B.33 'B.36 *B.4B 'B.43 'B.52 

DE LEE ., - HITCHCOCK FIELD 

° B.B 1.111 2.O 3.B 4.O 
VITRINITE REFLECTANCE (RANDOM :u 

ORDERED REFLECTANCE VALUES, 
*".28 '0.38 'B.~2 'B.45 *O.52 
'0.2Q '111.38 '111."2 '111.~5 '111.52 
'0.31 'B.38 '1II.~2 '111."5 '0.52 
'0.33 '0.3Q *B.~2 'III.~& *0.52 
*111.33 'III.~B *B.H '1II.~7 *B.53 
*0.3" *1II.~111 *B.H *111 ... 7 *B.53 
*B.3" 'B.~B *111 ..... *111."8 'B.56 
*B.35 '''.~I *B ..... *1II.~8 *B.57 
*B.36 "'.~I *0 ..... *111.50 ,".61 
"'.37 *" ... , *B.~5 *".5B *B.62 
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RRUS No. I 3 
ID I CTGS. 

DEPTH I 7B2B.B F, 
,213Q.7 M 

* • Ro MATURITY 

• VALUES I 5B 

MEAN 0.38 
STD DEV 0.06 
MEDIAN 0.38 
MODE 111.35 

HISTOGRAM, 
Renge, 0- <4% 

Increment, B.10% 

~EROGEN DESCRIPTION 
Alllorphoua 
E)C Inl t. 
Vitrinite 
I ner tin I ,. I 

BDck Fluor I 

BI tUlllen 
Cok. 

RRUS No. , .. 
ID I CTGS. 

2B X 
10 % 
30 X 
lB X 

Lo. 
None 
Non. 

DEPTH I 71'''.'' F, 
,2167.1 M 

* = Ro MATURITY 

• VALUES , 50 

MEAN 0.<4~ 
STD DEV 0.08 
MEDIAN B.~3 
MODE 0.~5 

HISTOGRAM, 
RDOnge, 0- .. % 

Increment, 0.10X 

~EROGEN DESCRIPTION 
Alllorphoua 25 X 
E)llni'. 5 I 
V I 'r I n i ,e 55 X 
I ner, I n i ,e I 1 5 % 

Beck Fluor I 

Si tUlllen 
Coke 

Lo. 
None 
None 



25 

N 
U i 2~ 
~ 

H5 

i 10 

9 5 N 
~ 
,,~~~~~~~~~~~~ 

III.B I.B 2.B 3.B ".B 
VITRINITE REFLECTANCE (RANDOM Xl 

ORDERED REFLECTANCE 
*B.32 
'B. 3 ... 
*B.36 
*B.37 
'B.39 
U.39 
*B.39 
'B ..... 
* ..... , 
'B .... , 

N 
U 

25 

i 2B 

~ 15 

~ lB 

I 5 

*B .... 2 *".52 
*B .... 3 *".5'" 
*" ....... *B.62 
*B .... 5 *B.62 
*B ... 6 *B.63 
*B .... 7 *B.6'" 
*" .... 9 *B.67 
*B.51 *B.68 
*B.51 *B.68 
'B.52 'B.7B 

VALUES. 
B.75 
B.79 
B.87 
B.91 
loBB 
1.83 

DE LEE *' - HITCHCOC~ FIELD 

0~~~~~Hh~~~~~~~~~~~ 
0.0 1.0 2.B 3.0 4.0 

VITRINITE REFLECTANCE (RANDOM Xl 

ORDERED REFLECTANCE 

'" . 29 *" . 38 '" .... 4 
*0.29 *B. 38 '" .... .. 
*B.32 *B .... 0 'B .... 6 
*B.33 *B.'" 'B.46 
*B.3'" *B.41 *B .... 9 
*B.35 *B .... , *".51 
*" . 36 *" . 42 *".52 
*B.36 *1ii1. .. 3 'B. 56 
*B.37 *B .... 3 *B.56 
*".38 *B ... 4 *".57 

VALUES. 
*0.59 
'0.6B 
'B.6B 
*".64· 
'B.64 
*0.67 
'B.68 
'B.71 

I . "3 
2.B" 
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RRUS No. • 7 
ID • CTCS. 

DEPTH • 7262.0 
• 2213.5 

* = Ro MATURITY 

" VALUES • 30 

MEAN 0.49 
STD DEV " . 11 MEDIAN 0.47 
MODE ".45 

HISTOGRAM: 
Rl:lnge. 0- 4X 

IncremenT. ".10X 

KEROGEN DESCRIPTION 
Amorphous 
E)C ini te 
Vitrinite 
I ne,. tin IT. • 

Bec" Fluo,. • 
81tumen 
Co". 

RRUS No .• 8 
ID • CTGS. 

50 X 
5 X 

30 X 
15 I 

High 
SmCtll 
None 

FT 
M 

DEPTH • 7392.B FT 
• 2253.1 M 

, = Ro MATURITY 

" VALUES • 38 

MEAN 0.46 
STD DEV 0.11 
MEDIAN 0.44 
MODE 0.45 

HISTOGRAM: 
Rl:lnge: 0- 41 

Increment: 0.10X 

KEROCEN DESCRIPTION 
Amorphous 
E)CiniT. 
Vitrinlt. 
I n.r Tin It. • 

BCtck Fl uo,. I 

Bitumen 
CoII.e 

65 X 
5 S 

20 % 
1111 I 

High 
tr ,,. 



] 

.J 
] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

l 

25 
N 
U i 2B 

~ 15 

~ 10 
A' 

i 5 

0~~~~~~~~~~~~~~~~~ 
0.0 1.0 2.0 3.0 ".0 

VITRINITE REFLECTANCE [RANDOM Xl 

ORDERED REFLECTANCE VALUES, 
'''.33 'IlL" I '" . "8 '0.69 
'''.3'' '''.''3 '0."9 0.78 
*0.35 'III. "3 ," . 52 " .83 
*0.36 *111."3 *0.5" 0.86 
,III. 37 *111. .... *0.5" " . 87 
.e.37 *111."5 *0.55 ".9111 
*0.38 *111."5 *111.55 B.95 
'0.39 *" ."5 *111 . 55 I .05 
*0.39 *111 ... 5 *111.66 1.09 
'B."I '0."8 'B.66 1.13 

DE LEE -I - HITCHCOC~ FIELD 
25 

N 
U i 2111 

P 15 

~ 10 

¥ 5 
g 

o 
111.0 1." 2.0 1.0 4.0 

VITRINITE REFLECTANCE (RANDOM X~ 

ORDERED REFLECTANCE VALUES, 
*111.39 
*111 ... 1 
*111 ... 1 
*B ... .. 
*111 ... 7 
*111 ... 8 
*111 ... 8 
*111 ... 9 
*1II.5a 
'0.5a 

'0.53 
*O.5 .. 
*111.55 
*".63 
'111.69 
*111.71 

111.76 
B.79 
0.8' 
0.84 

0.87 
B.9" 
0.98 
B.99 
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RRUS No. I 9 
ID I CTGS. 

DEPTH I 753-i.0 Ft 
I 2296. -i M 

* = Ro MATURITY 

• VALUES 31 

MEAN 0.-i6 
STD DEV 0.09 
MEDIAN 0.-i5 
MODE 0."5 

HISTOGRAM: 
Renge: O- 4X 

Increment: 0.10X 

~EROGEN DESCRIPTION 
Amorphous 
Ex In 11e 
Vi tr i" Ite 
I ner t I" 1 tel 

Bl:1cil Fluor I 

Bi tUllle" 
Cot.. 

RRUS No. I 10 
ID I CTGS. 

35 X 
10 X 
40 X 
15 X 

High 
tr 
t,.. 

DEPTH 7677.0 FT 
2339.9 M 

* = Ro MATURITY 

• VALUES I 16 

MEAN 0.51 
STD DEV 0.09 
MEDIAN 0.50 
MODE 0.45 

HISTOGRAM, 
Renge, 0- 4X 

Increment, 0.10X 

KEROGEN DESCRIPTION 
Amorphous 
Ex i"i te 
VITrl"ite 
I ner T I" I tel 

Boc" Fluor I 

Bitumen 
Co"e 

60 X 
5 X 

30 X 
5 X 

Med 
tr 
None 



DE LEE ., - HITCHCOC~ IELD 

25 
N 
U i 20 

~ 15 

"" N 5 

~ 
0 
O.O 1.O 2.O 3.0 4.0 

VITRINITE REFLECTANCE (RANDOM %1 

ORDERED REFLECTANCE VALUES, 

'0.3O *0.44 *0.40 '0.68 
*0.37 *0.45 '0.51 *0.S9 
*0.40 *0.45 *0.52 O.8O 
'0.41 '0.~S *0.53 0.S3 
'''.41 *&1.47 *".55 0.S6 
*".41 *0.47 *".56 0.S7 
'0.42 *".47 *0.58 0.9" 
*".42 *".48 '''.S'' 0.03 
*0.44 *". ~o *".S3 1.02 
,a."4 ''' ... 0 *".S5 1.31 

DE LEE ., - HITCHCOCK FIELD 
25 

1.O 2.O 3.O 4.0 
VITRINITE REFLECTANCE (RANDOM %1 

ORDERED REFLECTANCE VALUES, 
O.28 *0.63 0.95 

*0.46 *0.S7 0.95 
'0.5O *,'.70 O.97 
*0.51 O.76 0.99 
*0.52 O.77 1.OO 
*0.56 O.86 1.O7 
'0.58 O.87 1. 38 
*0.58 0.89 1.82 
*0.6O O.9O 
*0.62 0.92 
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RRUS No. , 11 
ID , CTGS. 

DEPTH , 7858.O Ft 
,2395.1 M 

* = Ro MATURITY 

• VALUES 32 

MEAN 0.~9 
STD DEV 0.09 
MEDIAN 0.47 
MODE 0.~5 

HISTOGRAM, 
Ronge, O- 4% 

Increment, O.10% 

~EROGEN DESCRIPTION 
Amorphous 
Ex In Ite 
Vitrinite 
I ner tin I 1 e , 

Soc" Fluor , 
B i lumen 
Coke 

RRUS No. , 12 
ID I CTGS. 

35 X 
5 X 

50 X 
10 S 

Med 
,r 
None 

DEPTH 7990.O FT 
2-435.-4 M 

* = Ro MATURITY 

• VALUES I 12 

MEAN 0.58 
STD DEV 0.07 
MEDIAN 0.58 
MODE 0.55 

HISTOGRAM, 
Ronge: 0- -4l 

IncremenT. 0.10% 

~EROGEN DESCRIPTION 
AmorphOus 
Ex;nlTe 
ViTriniTe 
lner Tin I Te 

Bock Fluor , 
BiTumen 
Coke 

70 X 
5 X 

20 S 
2 X 

Med 
lr 
None 



] 

.J 

.J 
] 

] 

] 

] 

] 

] 

] 

J 
J 
] 

J 

'I 
J 

25 
N 

~ 2" 

~ 15 

~ 10 

~ 5 

DE LEE ., - HIT K FIElD 

0~~~~~~~~~~~~~~~~ 
e.0 1.0 2.0 3.0 ~.0 

VITRINfT£ REFLECTANCE (RANDOM Xl 

ORDERED REFLECTANCE VALUES: 
*".38 O.85 
*0.44 I.SQ 
*0.4Q 
*".SI 
*O.52 
*0.S5 
",. SS 

O.81 
8.82 
8.83 

DE LEE ., - HITCHCOCK FIELD 

N 
U 

25 

i 28 

~ 15 

R 10 

I 5 

0~~~~~~~~~~~~~~~~ 
0.0 1.0 2.0 3.O 4.0 

VITRINITE REFLECTANCE (RANDOM %l 

ORDERED REFLECTANCE VALUES, 
*".37 0 .SQ 
*0.40 
'0.<42 
*0.44 
*0.44 
*0.58 
*".SQ 
*11I.S1 

0.81 
a.87 
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RRUS No. I 13 
ID , CTGS. 

DEPTH , 812S.0 FT 
, 2<47S.8 M 

* = Ro MATURITY 

• VALUES r 

MEAN 
STD DEV 
MEDIAN 
MODE 

HISTOGRAM. 

7 

0.52 
0. 10 
0.51 . 
0.65 

Renge. 0- ~X 
IncremenT: 0.1"X 

~EROGEN DESCRIPTION 
Amorphous 
E)C In; te 
Vitrinite 
I ner tin I ,. I 

Back Fluor I 

81 tumen 
Coke 

RRUS No .• 14. 
ID • CTGS. 

S" % 
" % 1" % 

10 " 
Med 
tr 
Non. 

DEPTH • B30~.0 FT 
• 2531.1 M 

* = Ro MATURITY 

• VALUES 8 

MEAN 0.47 
STD DEV 0.08 
MEDIAN 0.44 
MODE 0.45 

HISTOGRAM: 
Renge: 0- 4% 

IncremenT: 0.10% 

~EROGEN DESCRIPTION 
AmorphOUS 80 S 
E)C in i 1 e ° X 
Vitrinite 5 % 
I ner tin I 1 e r 1 5 S 

Beck Fluor, Ned 
BiTumen Tr 
Coke None 



25 
N 

~ 2. 

~ 15 

~ la 

~ 5 

a~~~~+r~~~~~~~~~~~~ 
0.a l.a 2.O 3.O 4.a 

VITRINITE REFLECTANCE (RANDOM %l 

ORDERED REFLECTANCE VALUES. 
a.33 '0.72 

*".41 ".85 
''''.43 1.12 
*".46 
*".53 
*0.53 
*".58 
*0.61 
*".SQ 
*".72 

DE LEE .1 - HITCMCOC~ FIELD 
25 

N 
U i 20 

~ 15 

~ 10 

; 5 

0~~~~~~~~~~~~~~~~ 
0.O 1.0 2.0 3.0 4.0 

VITRINITE REFLECTANCE (RANDOM Xl 

ORDERED REFLECTANCE VALUES, 
a.38 '0.60 
a.40 ,a.60 

*0.44 *0.74 
,a.46 '0.76 
,a.46 B.83 
'0.50 0.87 
*0.55 0.88 
,a.56 
,".57 
'0.59 
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RRUS No. I 15 
ID I CTGS. 

DEPTH • 8429.0 F, 
I 2569.2 M 

* = Ro MATURITY 

• VALUES I 10 

MEAN O.57 
STn DEV O.11 
MEDIAN' O.58 
MODE O.55 

HISTOGRAM. 
Ronge. 0- 4X 

Increment, 0.10X 

~EROGEN DESCRIPTION 
Amorphous 
Ex Inl'. 
Vitrinite 
I ner, 1 n i , e I 

Bock Fluor I 

BI tumen 
Coke 

RRUS No. I 16 
ID I CTGS. 

55 X 
15 % 
20 % 
10 X 

Med 
Smo11 
Hone 

DEPTH • e602.0 FT 
I 2621.9 M 

, = Ro MATURITY 

• VALUES I 12 

MEAN O.57 
STDDEV 0.10 
MEDIAN 0.57 
MODE 0.55 

HISTOGRAM, 
Ronge: 0- 4% 

Increment, 0.10X 

~EROGEN DESCRIPTION 
Amorphous 
Ex I n I, e 
Vitrinite 
I ner tin I t e • 

Bock Fluor I 

Bitumen 
Co"e 

70 % 
50 X 
15 X 
10 S 

[ 

L 
[ 

[ 

[ 

[ 

[, 

[ 

1. 



-, 
J 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

l 

DE LEE ., - HI FJELD 

25 

N 
U i 20 

P 
15 

i 10 

¥ 5 N g 

° O.O 1.O 2.O 3.0 ".0 
VITRINITE REFLECTANCE (RANDOM %l 

ORDERED REFLECTANCE VALUES, 
Ill. 36 *".6" 
Ill ... 0 ,".6" 

'"."2 '''.7Q 
*IIl ... 3 
*0.50 
'~.!5" 
*0.56 
'0.SQ 
'".61 
'0.S3 

DE LEE ., - HITCHCOCK FIELD 

N 
U 

25 

i 20 

~ 15 

~ 10 

i 5 

CAVINGS? 

0~~~~~~~~~~~~~~~~ 
O.O 1.0 2.O 3.0 4.0 

VITRINITE REFLECTANCE (RANDOM Xl 

ORDERED REFLECTANCE VALUES: 
0.2Q 0.81 
0.30 
0.30 
0.30 
0.36 
III. .. 0 
0."2 
0."5 

*0.S" 
*0.66 
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RRUS No. I 17 
ID I CTGS. 

DEPTH I 8759.0 Ft 
2669.7 M 

, :: Ro MATURITY 

tJ VALUES II 

MEAN 0.58 
STD DEV 0.10 
MEDIAN 0.59 
MODE 0.65 

HISTOGRAM: 
ROl"Ige: 1Il- U 

Increment: 0. I III X 

~EROGEN DESCRIPTION 
Amorphous 75 X 
Exln!te ° X 
Vitrinite 15 X 
Inert inl1e I 10 X 

Bocir. Fluor I Low 
Bi tumen tr 
Co". None 

RRUS No. I 18 
ID I CTCS. 

DEPTH 8913.0 
I 271S.7 

, :: Ro MATURITY 

• VALUES 2 

MEAN Ill. 65 
STD DEV 0.01 
MEDIAN IIl.SS 
MODE Ill. 65 

HISTOGRAM: 
ROl"Ige: 0- 4X 

Increment: 0.10X 

~EROGEN DESCRIPTION 
Amorpnous 55 X 
Ex ini te 5 X 
V i t r i n i ,e 30 X 
I ner tin i te, 1 0 X 

Boe" Fluor I 

8 i lumen 
Co ... e 

Low 
Srne 11 
None 

Fl 
M 



25 

~ 
M 2a 

I 
~ I~ 

~ la 

i 5 

a~~~~~~~~~~~~~~~~~ 
a.a 1.0 2.a 3.a 4.a 

VITRINITE REFLECTANCE (RANDOM Xl 

ORDERED REFLECTANCE VALUES. 
'111.58 
*111.61 
'111.6'" 
*1II.6~ 
*a.6~ 
*111.66 
*a.78 
*a.7a 
,a.72 
,a.72 

25 

~ i 2111 

~ 15 

~ 10 

I e 

'111.77 
*111.78 

1.12 
1.15 
1.23 
1.~~ 

DE LEE ., - HITCHCOCK FJELD 

0~~~~~~~~~~~~~~~~ 
a.a 1.0 2.a 3.a 4.a 

VITRINITE REFLECTANCE (RANDOM Xl 

ORDERED REFLECTANCE VALUES, 
*111.55 
*0.59 
*111.61 
*111.62 
*111.62 
*a.S3 
*8.6~ 
*a.67 
*a.68 
*a.78 

*111.71 
*111.73 
*8.75 
*0.78 

O.83 
O.92 
1.1" 
1. ... 3 
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RRUS No. : lQ 
ID I CORE 

DEPTH 9079.0 F, 
I 276".5 M 

'* = Ro MATURITY 

• VALUES 12 

MEAN 0.68 
STD DEV 0.06 
MEDIAN O.70 
MODE 0.75 

HISTOGRAM, 
Ronge. O- "X 

I ncremen,: 0. lOX 

~EROGEN DESCRIPTION 
Amorphoua 
Ex i n i 1 e 
Vi'rlnit. 
I ner' I n I 'e I 

Boc" Fluor 
81 tumen 
Co". 

RRUS No. I 2a 
ID • CORE 

60 % 
9 % 

30 X 
10 X 

Lo. 
1r 
None 

DEPTH I 9083.0 FT 
• 2768.5 M 

'* = Ro MATURITY 

• VALUES 1 .. 

MEAN O.66 
STD DEV 0.06 
MEDIAN O.67 
MODE O.65 

HISTOGRAM. 
Ronge, 0- 4% 

Increment, 0.10X 

~EROGEN DESCRIPTION 
AmorphOUS 
Ex j n I te 
VitriniTe 
I ner Tin j t e • 

Soc" Fluor I 

S j fumen 
Colo.. 

45 X 
5 % 

40 % 
10 X 

Lo. 
tr 
None 

L ~ .. --
~ 
I , 
, 
I 
~ 

I -t ... 

I 
~ 
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] 

] 

] 

] 

] 

] 

J 
J 

DE LEE ., - HI ",I[I'~"'''',,, FJELD 

25 
N 
U i 2B 

P 15 

~ 10 

~ 5 

~ 
B~~~~~~~~~~~~~~~ 
B.8 1.8 2.8 3.8 ~.0 

VITRINITE REFLECTANCE (RANDOM %1 

ORDERED REFLECTANCE VALUES, 
*".53 
*".65 
*".65 
*B.67 
*0.S8 
*B.71 
*8.71 
*8.76 

1. 8B 
1.84 

1.16 
1.54 

DE LEE ., - HITCHCOC~ FIELD 
25 

N 
U i 28 

P 15 

~ 10 

f 5 
g 

1.0 2.0 3.0 
VITRINITE REFLECTANCE (RANDO~ %1 

I 

ORDERED REFLECTANCE 
0.~3 ,".65 ".g3 

*".50 '0.60 1.13 
*".51 '''.78 
'''.56 'B.71 
'''.57 '8.71 '*" . 58 ,*".72 
,*".6&1 '''. 7~ 
*B. 61 '" . 76 
'''.63 8.7Q 
'" . 65 &1 . 7'1 

! 

VALUES. 
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4.0 

RRUS No. , 21 
ID , CORE 

DEPTH , Q0g2.8 FT 
, 2771.2 M 

'* a RO MATURITY 

• VALUES , 8 

MEAN 0.67 
STD DEV 0.06 
MEDIAN 0.68 
MODE 0.65 

HISTOGRAM, 
Renge, 8- ~% 

Incre~en'l 0.10% 

KEROGEN DESCRIPTION 
Amorphous 
Ex ini ,. 
VI,rlnlt. 
I n.r tin I ,. , 

Beck Fluor t 

Bitumen 
Cok. 

RRUS No. t 22 
ID t CORE 

30 % 
o % 

65 % 
5 % 

None 
None 
None 

DEPTH I g0g9.0 F1 
I 2773.4 M 

'* = Ro MATURITY 

• VALUES , 17 

MEAN ".64 
STD DEV 0.08 
MEDIAN 0.65 
MODE 0.75 

HISTOGRAM. 
Rengel 0- 4% 

Incre~enT. 0.10% 

~EROGEN DESCRIPTION 
A~o"'PhOU. 
Ex in i T e 
Vitrinite 
I ner Tin i 1 e , 

Beck Fluor I 

Bi Tumen 
Coke 

25 X 

" % 65 I 
1" I 

Low 
tr
Non. 



DE LEE ., - HITC COC~ FIELD 
25 

i 28 

~ 15 

i Ie 

f 5 

e~~~~~~~~~~~~~~~~~ 
e.e I.e 2.O 3.O 4.O 

VITRINITE REFLECTANCE CRANDoM Xl 

ORDERED REFLECTANCE VALUES, 
*0.S3 *e.74 O.88 
*0.S4 e.78 e.88 
*e.ss e.7Q e.92 
*e.S7 e.80 
*e.7e &11.81 
*e.71 e.81 
*".72 ".83 
,e.73 8.84 
*".74 8.86 
'''.74 8.87 

DE LEE ., - HITCHCOC~ FIELD 

N 
U 

25 

i 20 

~ 15 

R 10 
i 

~ . 
0~~~~r+~~~~~~~~~~ 
e.0 1.0 2.O 3.O 4.0 

VITRINITE REFLECTANCE CRANDoM Xl 

ORDERED REFLECTANCE VALUES: 
*0.50 ,0 . 75 
*8.5S 1.29 
*0.57 
*0.58 
'''.S3 
*0.S7 
*0.S8 
*0.S9 
'0.60 
*0.71 
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RRUS No. I 23 
ID : CORE 

DEPTH 9100.0 
, 2773.7 

* = Ro MATURITY 

• VALUES I II 

MEAN 0.70 
STD DEV 0.0<4 
MEDIAN 0.71 
MODE 0.75 

HISTOGRAM, 
R~nge: 0- 4X 

Fr 
M 

I ncremen t : 0. 10% 

KEROGEN DESCRIPTION 
Amorphous 20 % 
Exlnlf. 10 % 
V j r r I n Ire S0 % 
I n.r r I n I f e I I 0 % 

B~ck Fluor, Ned 
Bi fumen fr 
Coke None 

RRUS No. , 24 
ID I CORE 

DEPTH 9U'0.5 Ff 
,2773.8 M 

* = Ro MATURITY 

• VALUES I II 

MEAN 0.S4 
STD DEV 0.07 
MEDIAN 0.S7 
MODE 0.S5 

HISTOGRAM: 
R~nge: 0- 4% 

IncremenT: 0.10% 

~EROGEN DESCRIPTION 
Amorphous 55 
Ex ini te 10 
ViTrinite 30 
I ner r I nit e , 5 

B~ck Fluor I Low 
Bitumen None 
Colle None 

% 
% 
% 
% 

[ 

l 
[ 

[ 

[ 

l 
[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

l 
[ 

l 
L 
l 



J 
] 

.J 
] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

J 
J 
J 
J 

J 

25 
. DE LEE -I - HJTCrCOCK FJELD 

I 

N 

i28 

~ 15 

~ 10 

i 5 

0~~~~~~~~~~~~~~~~~ 
0.0 1.0 2.0 3.O ~.0 

VITRINITE REFLECTANCE (RANDOM Xl 

ORDERED REFLECTANCE VALUES, 
0. ~7 
0.-47 
*0.5~ 
*0.55 
"".56 
"9.59 
*9.63 
"".68 

25 

~ i 29 

~ 15 

~ 19 

~ 5 

DE LEE .1 - HITCHCOCK FIELD 

"~~~~4+~~~~~~~~~~~ 
9.0 1.9 2.O 3.O 4.9 

VITRINITE REFLECTANCE (RANDOM Xl 

ORDERED REFLECTANCE VALUES, 
9.48 

"0.56 
"9.56 
*9.57 
*0.58 
*0.59 
*9.62 
*9.63 
*9.63 
*9.65 

*9.66 
*0.68 
*0.69 
*0.72 
*9.77 

9.87 
1 . "9 
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RRUS No. , 25 
ID : CORE 

DEPTH 9'00.7 FT 
2773.9 M 

* = Ro MATURITY 

• VALUES , 6 

MEAN 0.59 
STD DEV 0.05 
MEDIAN 0.59 
MODE 0.55 

HISTOGRAM, 
Renge, 9- 4% 

IncremenT' 9.19% 

~EROGEN DESCRIPTION 
Amorphou. 
Ex i niT e 
VITriniTe 
Inert Inl Te , 

BeCk Fluor , 
BI Tumen 
COke 

RRUS No. , 26 
ID , CORE 

60 % 
5 % 

15 I 
2" I 

None 
None 
None 

DEPTH , 9199.8 FT 
, 2773.9 M 

" = Ro MATURITY 

• VALUES , 1 ~ 

MEAN 0.6~ 
STD DEV 0.96 
MEDIAN 0.63 
MODE 0.65 

HISTOGRAM, 
Renge, O- ~X 

IncremenT, 0.10% 

~EROCEN DESCRIPTION 
Amorphous 
Ex Inl Te 
VITriniTe 
I ner Tin I T e ,--

Beck Fluor , 
BiTumen 
Coke 

45 % 
15 % 
30 % 
10 X 

Low 
Smell 
None 



25 
N i 20 

~ 15 

~ 10 

; 5 

DE LEE -I - HITCH OCK FIELD 

0~~~~~~~~~~~~~~~~~ 
0.B 1.9 2.9 3.0 4.O 

VITRINITE REFLECTANCE (RANDOM Xl 

ORDERED REFLECTANCE VALUES, 
~a.58 
*a.Sl 
,a.S5 
*0.SS 
*a.S7 
*a.70 
*B.72 
*B.7" 
*B.75 
*B.77 

25 

N i 20 

~ 15 

~ I a 

; " 

*B.77 
:1IB.79 

0.83 
a.ga 
8.g! 
8.g .. 
8.gg 

DE LEE -I - HJTCHtOCK FIELD 

B~~~~~~~~~~~~~~~~ 
0.21 1.0 2.0 3.0 40 

VITRINITE REFLECTANCE (RANDOM Xl 

ORDERED REFLECTANCE VALUES: 
*0.57 
*a.58 
*B.SS 
*0.7" 
*8.7S 
8.80 
B.a .. 
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RRUS No. , 27 
ID , CORE 

DEPTH , g191.0 FT 
,2774.0 M 

'* = Ro MATURITY 

• VALUES, 12 

MEAN 0.79 
STn DEV 0.0S 
MEDIAN 0.72 
MODE 0.75 

HISTOGRAM: 
Ronge, 0- 4X 

IncremenT, 0.10X 

~EROGEN DESCRIPTION 
Amorphoua 75 I 
E~lnlTe 0 I 
ViTriniTe 15 X 
J ner Tin I Tel 0 I 

Bock Fluor, Low 
B; TUlllen tr 
COke Hone 

RRUS No. , 28 
ID • CORE 

DEPTH 9103.3 FT 
, 2774.7 M 

'* = Ro MA TUR ITY 

• VALUES , 5 

MEAN 0.S6 
STD DEV 0.08 
MEDIAN 0.66 
MODE 0.75 

HISTOGRAM: 
Ronge. 0- 4X 

IncremenT: 0. lOX 

~EROGEN DESCRIPTION 
Amorphous 85 X 
Ex in i fe " X 
VITrini,e 10 I 
InerT In; ,e, 5 I 

BOCII Fluor I 

B i fumen 
Colle 

Med 
Smoll 
None 
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DE LEE ., - HJTC~OC~ FIELD 

0~~~~~~~~~~rn~~~~~~ 
0.0 1.0 2.0 3.O 4.O 

VITRINITE REFLECTANCE (RANDOM %1 

ORDERED REFLECTANCE VALUES. 
*0.-45 
*0.-46 
*'L-4Q 
*0.-49 
*0.51 
*0.51 
*O.52 
*0.53 
*B.53 
'B.53 

N 
U 

25 

i 20 

~ 15 

~ 10 

i 5 

*0.53 *0.60 
*0.5-4 *0.6O 
*0.55 *0.61 
*0.55 *0.61 
'0.55 *0.61 
*".56 *0.62 
*0.56 *0.63 
*O.58 *B.6" 
*B.58 *0.65 
*0.59 

DE LEE ., - HICHCbC~ FIELD 

0~~~~~~~~~~rn~~~~~~ 
O.0 1.0 2.0 3.0 4.0 

VITRINITE REFLECTANCE (RANDOM %1 

ORDERED REFLECTANCE VALUES, 
O.44 

'0.-4g 
*0.56 
*0.58 
*0.59 
*0.62 
*0.67 

0.8B 
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RRUS No .• 29 
ID • CORE 

DEPTH 9104.5 FT 
• 2775. I M 

* = Ro MATURITY 

• VALUES 29 

MEAN 0.56 
STD DEV O.05 
MEDIAN O.55 
MODE 0.55 

HISTOGRAM, 
Ronge, 0- 4% 

IncremenT,0.10% 

~EROGEN DESCRIPTION 
Amorphous 
Ex I n IT e 
ViTriniTe 
I ner tin I t e • 

40 % 
5 X 

50 X 
5 X 

Bock Fluor • 
81 Tumen 
Coke 

Lo. 
None 
None 

RRUS No. , 30 
JD I CORE 

DEPTH QI2!S.0 
2781.3 

* = Ro MATURITY 

• VALUES , 6 

MEAN O.58 
STD DEV 0.06 
MEDIAN 0.5Q 
MODE 0.55 

HISTOGRAM, 
Ronge, 0- 4% 

IncremenT, 0.10% 

~EROGEN DESCRIPTION 
Amorphous 55 % 
ExinlTe ,r % 
Vi'r I n I 1 e 35 % 
I ner 1 i n I 'e I '" J 

Bocll Fluor I 

Bitumen 
Colle 

L·o. 
Smoll 
None 

FT 
M 



DE LEE -, - HITC COCK FIELD 

25 

BARREN 

e~~~~~~~~~~~~~~~~~~ 
e.e I.e 2.0 3.0 ~.0 

VITRINITE REFLECTANCE (RANDOM Xl 

ORDERED REFLECTANCE VALUES, 
0.00 

DE LEE -I - HITCHCOCK FIELD 
25 

BARREN 

1.0 2.0 3.0 ~ 
VITRINITE REFLECTANCE (RANDOM I' 

ORDERED REFLECTANCE VALUES, I 

i 0.00 
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<4.0 

RRUS No. I 31 
ID : CORE 

DEPTH g'-4'.S FT 
I 2786.2 N 

MEAN I N.D. 

HISTOGRAM, 
Range, 0- 4% 

IncremenT,0.10% 

KEROGEN DESCRIPTION 
Amorphous gS X 
Ex In i T e 0 X 
VITrlniT. 5 % 
InerTIniT. I Tr X 

Bac~ Fluor I Med 
Bi Tumen Tr 
Co~e Non. 

RRUS No. I 32 
ID , CORE 

DEPTH g'<4g.0 FT 
I 2788.6 M 

MEAN I N.D. 

HISTOCRAM. 
Range. 13- 41 

IncremenT, 13.113% 

KEROCEN DESCRIPTION 
Amorphous g0 % 
Ex in I fe " % 
ViTrinlfe 5 % 
I ner Tin i Te, 5 J 

Back Fluor I 

B I fumen 
Coke 

Low 
Small 
Non. 

[ 
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DE LEE -I - HIT HCOCK FIELD 

BARREN 

0++~~~~~~~~~~~~~~~ 
0.0 1.0 2.0 3.0 4.0 

VITRINITE REFLECTANCE (RANDOM XI 

ORDERED REFLECTANCE VALUES: 
0.00 

N 
U 

25 

i 20 

~ 15 

R 10 E 

; 5 

DE LEE -, - HITCHCOCK FIELD 

RECYCLED MATERIAL? 

0~~~~~~~~~~~~~~~~ 
0.0 1.0 2.0 3.0 4.0 

ORDERED 
*0.62 
*0.67 
*0.79 
*0.79 
*0.80 
0:82 
0.82 
III. 82 
0.82 
0.82 

VITRINITE REFLECTANCE (RANDOM XI 

REFLECTANCE 
0.84 1.14 
".87 I. 16 
".89 1.21 
9.91 , .23 
0.93 1.26 
9.93 
9.99 
I .06 
I. iii!! 
1.12 

VALUES, 

103 

RRUS No. : 33 
ID , CORE 

DEPTH , 9167.5 Ft 
2794.3 M 

MEAN N.D .. 

HISTOGRAM, 
Renge. 0- 4X 

Inere~enf, 0.10X 

KEROGEN DESCRIPTION 
A~orphou. 90 X 
E)I in Ita 0 X 
Vitrlnlt. 5 % 
Inert Inl t., 5 % 

Bee" Fluor , 
8i fu~.n 
Co". 

RRUS No. , 34 
ID , CORE 

Low 
tr 
None 

DEPTH 9179.9 Ff 
I 2798.0 M 

* .. Ro MATURITY 

• VALUES I 5 

MEAN 0.73 
STD DEV 0.07 
MEDIAN 0.79 
MODE 0.75 

HISTOGRAM: 
Renge. 0- 4X 

Inere~ent' 0.10X 

KEROGEN DESCRIPTION 
Amorphous 
E)linife 
Vitrinite 
Inert inl te 

Bee" Fluor 
Bi tumen 
COile 

45 X 
o % 

35 I 
20 X 

Low 
tr 
None 



25 

~ i 28 

~ 15 

~ 10 

¥ 5 

~ 
0 
0.0 

DE LEE .1 - HIT HCOCK FIELD 

1.0 2.0 3.0 ".0 
VITRINITE REFLECTANCE [RANDOM %l 

ORDERED REFLECTANCE VALUES, 
*0 ... 9 *0.5S *0.59 *0.S" *0.70 
*0.50 *0.5S *0.S0 *0.S" *0.83 
"'.52 *0.57 *0.S0 *0.S4 
*8.54 *8.57 *0.61 *0.S" 
*8.5" *0.57 *0.61 *0.S5 
*0.54 *O.57 *0.61 *0.65 
*0.55 *0.58 *0.62 '0.S6 
*8.55 *8.59 '0.63 *8.67 
*0.55 *8.59 *0.63 *0.S7 
*0.56 '0.59 '0.63 *8.68 

DE LEE .1 - HITCHCOCK FJELD 
25 

N 
U i 2e 

~ 15 

~ Ie 

! " 
e~~~~~~~~~~~~~~ __ ~ __ 
0.0 1.O 2.0 3.O 4.0 

VITRINITE REFLECTANCE (RANDOM ~) 

ORDERED REFLECTANCE VALUES. 
0.31 *0 ... S *0.S3 *0.7S 
O.33 '0.48 *0.S3 '0.81 
O.37 *0."9 *0.67 
e.38 *0.50 *0.S9 
0.40 *0.50 *0.70 
0.41 *0.54 *O.7O 
e.42 *0.S9 *0.7O 
O.043 *0.59 *O.71 
0."3 *0.61 *O.71 
e ..... ,o.61 '0.72 
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RRUS No .• 35 
ID • CORE 

DEPTH • 9l94.3 FT 
• 2802." M 

* = Ro MATURITY 

• VALUES • "2 

MEAN O.60 
STD DEV 0.06 
MEDIAN 13.60 
MODE B.S5 

HISTOGRAM: 
Range. 13- 4% 

IncremenT: O.10% 

KEROGEN DESCRIPTION 
Amorphous 35 % 
Ex i ni te 5 % 
V i t r I niT. 50 % 
I ner Tin I ,.. 10 % 

8eck Fluor I 

81 Tum.n 
Cok. 

RRUS No .• 3S 
ID I CORE 

Low 
Smell 
None 

DEPTH • 9262.0 FT 
• 2823. I M 

* = Ro MATURITY 

• VALUES I 22 

MEAN 9.63 
STD DEV 0.10 
MEDIAN 0.63 
MODE 0.75 

HISTOGRAM, 
Ronge: 9- 4% 

IncremenT: 0.10X 

KEROGEN DESCRIPTION 
Alllorphous 45 % 
Ex in I Te 19 % 
Vitrinite 35 I 
I ner T I rli t e • Ie I 

SocII Fluor • Low 
S I Tumen ,ro 
Colo.e Non. 

I 
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DE LEE ., - HITC OCK FIELD 

0~~~~~~~~~~~~~~~~~ 
0.0 1.0 2.0 3.0 <4.0 

VITRINITE REFLECTANCE (RANDOM %l 

ORDERED REFLECTANCE VALUES. 
0.<40 .0.5" *0.6Q 
1i:L <45 *0.56 
0.47 *0.50 

*e. <40 '0.50 
'0.50 '0,63 
'0.51 *e.63 
'0.51 ,a,63 
'''.51 '''.6~ 
'0.52 '0.67 
'''.53 '''.67 

DE LEE ., - HITCHCOCK FIELD 
25 

~ 2. 

~ 15 

~ 10 

; e 

0~~~~~~~~~~~~~~~~~~~ 
a.0 1.0 2.O 3.O 4.O 

VITRINITE REFLECTANCE (RANDOM %l 

ORDERED REFLECTANCE VALUES. 
a. <45 ,e. 58 
e.45 '0.61 
e.47 '0.63 

'" . <48 '''.67 
'" . 5" ,e. 68 
*".53 '" . 76 
*e . 53 '" . 78 
*0.56 
'0.56 
*".58 
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RRUS No. I 37 
ID I CTCS. 

DEPTH I 0302.0 Ft 
L 2835.2 M 

* = Ro MATURITY 

• VALUES I 18 

MEAN 0.58 
STD DEV 0.07 
MEDIAN 0.59 
MODE 0.55 

HISTOGRAMI 
Rengel 0- 4% 

Increment. e.le% 

KEROGEN DESCRIPTION 
AIIIO,-phOU8 
Ex Ini te 
Vitrinite 
I ne,- tin It. I 

Bee" Fluo,. I 

BI tUlllen 
Co". 

RRUS No. I 38 
ID I CTCS. 

40 % 
15 % 
35 % 
10 % 

Med 
t,
None 

DEPTH g34a.0 Ft 
2846.8 M 

, = Ro MATURITY 

• VALUES 14 

MEAN 0.60 
srD DEV 0.09 
MEDIAN O.58 
MODE 0.55 

HISTOCRAM: 
Rcnge: 0- 41 

Increment. 0.10X 

KEROCEN DESCRIPTION 
Amorphoua 3" % 
Ex In it e 5 % 
V I ,,. I nit e 50 X 
Inertinite I 15 % 

8cc" Fluor I Low 
Bi IUlllen tr 
CO"e None 



25 
DE LEE -, - HITC1"0C' FIELD 

N i 2" 
RECYCLED MATERIAL? I. 

~ 15 

~ '" i 5 

e~~~~~~~~~~~~~~~~~ 
B.e '.0 2.0 3." ~.0 

VITRINITE REFLECTANCE {RANDOM Xl 

ORDERED REFLECTANCE VALUES, 
B.70 t .23 
0.72 1.25 
B.73 
0.7" 
0.19 
B.8' 
0.91 
0.92 
0.8S 
0.95 

DE LEE -, HITCHCOC~ FIELD 
25 

~ i 20 
C"VINGS 

~ 15 

i 10 

i 5 

B~~~~~~~~~~~~ __ ~~~ 
B.a I.B 2.121 3.121 ".0 

VITRINITE REFLECTANCE [RANDOM Xl 

ORDERED REFLECTANCE VALUES, 
a.042 
e.043 
e.047 
121.048 
e.<4; 
I2I.~0 
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RRUS No. I 39 
ID I CTCS. 

DEPTH I 9367.0 Ft 
I 2855.1 M 

MEAN N.D. 

HISTOCRAM, 
RClnge, 121- ~l 

IncremenT, 0.10X 

KEROGEN DESCRIPTION 
Amorphou8 
E>c Inl te 
Vltrinlt. 
I ner tin I tel 

Becll Fluor I 

Bi tumen 
Co"e 

RRUS No. I 4121 
ID I eTCS. 

"0 X 
5 I 

40 I 
15 I 

Med 
Hone 
Non. 

DEPTH ,g3g2.0 Ft 
, 2862.7 M 

MEAN N.D. 

HISTOGRAM, 
Renge: 121- 4% 

IncremenT, 121.'0% 

~EROGEN DESCRIPTION 
Amorphous 
E>c in I tit 
ViTrinite 
I ner Tin I Te, 

Bee" Fluor I 

8 i lumen 
Co"e 

45 I 
5 X 

40 I 
'" I 

None 
Tr 
None 

..... , 
; 
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J 
] 

Detliled Com ositionl' Data for rude Oil 

J. Simple No. 3013-041 

] GROSS OIL COMPOSITION (%) 

less thin C15+ Fraction 

J C15+ Friction 

58.3 

41.7 

] 
DETAILED C4-C7 COMPOSITION (NORM.%) 

] !sobutlne 
n-Butane 
Isopentane 

] 
n-Pentane 
2.2-Dimethylbutane 
Cyclopentane 

] 
2.3-Dimethylbutane 
2-Methylpentane 
3-Methylpentane 
n-Hexane 

] Hethylcyclopentane 
2,2-Dimethylpentane 
Benzene 

] 
2.4-Dimethylpentane 
2,2.3-Trimethylbutane 
Cyclohexane 

] 
3,3-Dimethylpentane 
l.l-Dimethylcyclopentane 
2-Methylhexane 
2,3-Dimethylpentane 

] 1,c;s-3-Dimethylcyclopentane 
3-Methylhexane 
l,trans-3-Dimethylcyclopentlne 

] 
1.trans-2-Dimethylcyclopentlne 
3-Ethylpentlne 
n-Heptane 

] 
l,cis-2-Dimethylcyclopentane 
Methylcyclohexane 
Toluene 

] MOLECULAR RATIOS 

] 
2-methylpentane/3-methylpentane 
1sopentane/n-pentane . 
cyclohexane/methylcyclopentane 

] met~cyclopentane/met~lcyclohexane 

] 

C15+ OIL COMPOSITION (%) 

Aspha'tene(ASPH) 1.0 
Paraffin-Naphthene(P-N) 81.3 
Aromatic HC{AROM) 16.7 
Eluted NSO 0.5 
Non-eluted NSO 0.5 

COMPOSITION OF C15+ SATURATE HYDROCARBONS 

S n-Alkanes 36.3 
S Isoalkanes 5.6 
S C19 & C20 Isoprenoids 
S Naphthenes 58.1 

Sat/Arom 4.86 
Asph/NSO 1.00 

CPI Index A 1.06 
CPI Index B 1.08 

ip-C19/fp-C20 2.69 

NOR~~LIZED PARAFFIN DISTRIBUTION (%) 

107 

nelS 
ne16 
ne17 
1 p-C19 
nC18 
1p-C20 
ne19 
nC20 
nC21 
nC22 
ne23 
n,e24 
ne25 
ne26 
ne27 

~
'C28 
e29 
C30 
,e31 
~C32 
~C33 
nC34 
nC35 



DETAILED 

GEOCliEM SAMPLE NtMBER 3013-0!ll 
CLIENT r~D. NO. N.E. Hitchcock Fie~d 

, ------------------------------------------_. 
lSOBUTANE 
N-BUTANE 
I SO PENTANE 
N-PENTANE 
2,2-DIMETHYLBUTANE 
C'lo.OPENTANE 
2,3-DIMETHYLBUTANE 
2 -METHYLPENTANE 
3-METHYLPENTANE 
N-HEXANE 
METHY C'l 0.0 PENTANE 
2,2-DlMETHYLPENTANE 
BENZENE 
2,4-DIMETHYLPENTANE 
2,2,3-TRIMETHYLBUTANE 
C'l o.OHEXANE 
3,3-DIMETHYLPENTANE 
1,1-DIMETHYLcra.oPENTANE 
2-METHYUiEXANE 
2,3-DlMETHYLPENTANE 
1,CIS-3-DIMETHYLC'lCLOPENTANE 
3-ME.'THYLHEXANE 
1 TRANS-3-DIMETHYLC'lo.OPENTANE 
1 TRANS-2-DlMETHYLcro.OPENTANE 
3-ETHYLPENTANE 
2,2,4-TRlMETHYLPENTANE 
N-HEPTANE 
1;CIS-2-DlMETHYLcro.OPENTANE 
METHY cr CLOHEXANE 
1,1,3-TRIMETHYLC'la.oPENTANE -
2,2-DIMETHYUiEXANE 
ETHYL C'l o.OPENTANE 
TOLUENE 

~-C7 HYDROCARBON CONTENT/PPM--

MOLE ruLAR RATIOS 

2-METHYLPENTANE/3-METHYLPENTANE 
ISOPENTANE/N-PENTANE 
cr o.OHEXANE/METHYLcr a.oPENTANE 
METHYL C'l CLO PENT /METHYL C'l o.OHEX 

!I.O 
5.6 
8.1 
7.6 
1.0 
0.7 
1.6 
6.1 
3.7-
8.2 
3.7 
0.6 
1.3 
0.9 
0.3 
6.!I 
O.!I 
0.7 
!I.6 
0.0 
0.7 
3.7 
0.3 
1.3 
0.3 ~ 
0.0 
6.5 
0.2 

10.0 
O.!I 
0.3 
O.!I 

10.3 

1.7 

1.66 
1.07 
1.70 
0.38 I 

I 

- CS COMPOUNDS , 
•• PPM VALUES ARE EXPRESSED AS VOLUMES OF GI~ PER MILLION VOLUMES OF ClJTTINGS 
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CRUDE OIL ANALYSIS RESULTS 

GeoChem Sample No.: 3013-041 
Client Identification No.: N.E. Hitchcock Field 

GROSS COMPOSITION 

Less than C15+ •••••••••••••••••••••••••••••••••••• 58.3% 
C15+ •••••••••••••••••••••••••••••••••••••••••••••• 41.7% 

C15+ COMPOSITION 

RATIOS 
! 

~sphaltene· (ASPH) ••••••••••••••••••••..•••••••••• 
Paraffin-Naphthene Hydrocarbons (P-N) •.•••••••••• 
Aromatic Hydrocarbons (AROM) •••••••••.••••••••••• 
Eluted NSO Compounds (NSO) ••••••••••••••••••••••• 
Noneluted NSO Compounds (NSO) •••••••••••••••••••• 

P-N -AROM = 4.86 

ASPH 
tiSO - 1.00 
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1.0% 
81.3% 
16.7% 
0.5% 
0.5% 



..... ..... 
Q 

Geo<hM 
S .. ple 
Nu.ber 

3013-:'l~J 

~ .. -. ~.~ - .L-'~-r-' 

Client 
Identification 

Number 

N. E ___ HitchcoclLl'teld 

~ 
i 
~ 

j 
r--, 

GeoOle. 
SalllPla 
llullber 

]0 13-oJt 1 

Saturate Hydrocarbon Analyses 

.Su.mary ot Parattin-Naphthene Distribution 

• • • CoP COP 
Client 

Identification 
Number 'arattin Isoprenoid Naphthene Index A Index B ip19/ip20 

H.- E. 
Hitchcock Field 36.3 5.6 58.1 1.06 1.08 2.69 

Saturate Hydrocarbon Analyses 

Nor .. lized 'arattin Distribution 

•••• J •••• J J • J J J J • J J. J ••• 
nC15 nC16 nC17 ip19 nC18 ip20 nC19 nC20 nC21 nC22 nC23 nCZlf nC25 n(26 nC27 nC28 n(29 n(30 nC31 nC32 nC33 nC3Jt nC35 

tl.l-U.!i 9.' 9.8 8.2 3-.~ 7.2 6.3 5.5 11.11 If.O 3.11 2.9 2.3 1.9 1.3 1.1 0.7 0.5 O.Jt 0.2 0.2 0.1 

,M·4 ~ ,.,..., "......, p!'!"'."""f ,......., ,......., j'"\ j'"\ r--t r--T r--T , ... '-', 



I..- 1..- 1..-

J 
I 

15 

16 

1..- L..-.: L...; L..-.: L-.J L-.J L.....I L.....I. L.....I L.....I L......J L...J L...J L...J L....J L.....J 

C1S+ Paraffin-Naphthene (P-N) Hydrocarbon 

GeoChem Sample No. 3013-041 

Client I.D. No. N.E. Hitchcock Field 

34 35 
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NUMERICAL SIHULATION OF THE N.E. HITCHCOCK FIELD 

GALVESTON COUNTY, EXAS 

ABSTRACT 

The natural gas industry has numerous natural gas fields that have 

watered-out before full reserve recovery could be achieved. In many of 

these fields, substantial volumes of gas reserves have been left behind. 

Hhether or not the remaining reserves in these fields can be recovered 

depends upon the operator's 2.bHity to economically co-produce ldrge 

volumes of gas and water. 

The Northeast Hitchcock Field of Galveston County, Texas is a 

retrograde-gas field where excessive water production has caused the 

abandonment of several ~7ells. Currently, four wells are producing from 

this field and a fifth well has just been placed on production. One of the 

current producers is a well which was abandoned in 1977 because excessive 

water production made the well uneconomic to produce. This well has been 

returned to commercial production by co-producing the gas and water at high 

rates. Determination of the economic viability of co-producing wells 

requires economic analyses of the projected future production from these 

';-7ells. The following report delineates the status of The University of 

Texas' reservoir simulation study to project the future performance of the 

Northeast Hitchcock Field. 
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NUMERICAL SI~ruLATION OF THE NORTH AST HITCHCOCK FIELD 

GALVESTON COUNTY, 

1. INTRODUCTION 

The primary objective of this report is to present the results of work 

done by the University of Texas towards numerically simulating the future 

performance of the Northeast Hitchcock Field. The assumptions and the 

accuracy of the data used in developing these results are important because 

the end use will be a performance prediction that will be used to assess 

the economic viability of increasing reserve recover)" from the Northeast 

Hitchcock Field by co-producing large volumes of formation water along with 

formation gas. The very nature of the co-production concept is a high risk 

venture since it deals with gas wells and/or gas fields y;'here the wat't:r 

production has become so high that continued operations are no longer 

economic, i. e., "watered-out". The Northeast Hitchcock Field is a field 

with wells at or approaching watered-out status. 

The D.O.E. "BOAST" numerical simulator l is being used to develop a 

forecast of future production from the Northeast Hitchcock Field. This 

goal is being carried out by completing the obj ective as four separate 

tasks. These tasks are to: 

1. 

2. 

J. 

Obtain a geologic description of the fielci and model the field's 

physical dimensions through grid block configurations. 

Gather and determine the reservoir fluid properties and the 

petrophysical fluid properties of the reservoir rock. 

Use and adjust the reservoir propertie~ and the reservoir grid block 
i 

configurations to simulate a match of historical pressures. 
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4. Use the reservoir description havin the best pressure match to 

simulate the future performance of the Northeast Hitchcock Field. 

This report details the assumptions. the work, and the results [ 
obtained from working on tasks I, 2, and 3. At the present time, satisfac- [ 
tory matches of" historical pressures have not been developed. Hence, no 

predictions of future performance of the Northeast Hitchcock Field are [ 

available. Performance predictions will be forthcoming in a final report, 

after satisfactory matches of historical pressure have been achieved. [ 
The remainder of this report details the assumptions, the work and the 

results obtained from work on the first thre~ tasks. 
[ 

[ 
2. NORTHEAST HITCHCOCK FIELD GEOLOGY A1~ 

THE PHYSICAL DHlENSIONS OF THE RESERVOIR [ 
2.1 Geology [ 

The Northeast Hitchcock Field is located in Galveston County and is 

iITmediately south of the towns of Hitchcock and La Marque. Production is [ 

from the Frio "A" sand, which is located approximately 9100 feet below sea 

level. The NE Hitchcock (Frio) reservoir is situated on a northwest [ 
plunging anticline that is truncated on" the southeast by a regional fault. 

Correlation analyses of the open hole logs in the field indicate that 
[ 

several smaller faults exist throughout the reservoir which were created by [ 
larger regional faults along the Gulf Coast. 

A structure map depicting the top of th~ Frio pay zone in the North- [ 

east Hitchcock Field can be seen on Figur1e 1. This map provides an 

estimate of the location of secondary faUltj' which were created ,.hen the 

larger regional fault, trending in a northeast direction, developed. Also 

indicated on Figure 1 is the estimated location of the original gas-water 
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L 
contacts throughout the field. Analyses of he electric logs in the field [. 

indicate that the original subsea depth of t gas-water contact was around 

9106 feet subsea,2 as indicated on the structure map. (See Figure 2). 

The depositional environment of the Frio "A" reservoir copsists 

primarily of delta front and distributary mouth bar sands. The pay zone of 

the reservoir is overlain by approximately; 2000 feet of Anahuac shale 

whereas nearly 3000 feet of Fric shale lies at the base of the Frio pay. A 

map depicting how the gross pay of the Frio "A" sand is distributed 

throughout the field is attached as Figure 3. Figure 4 presents an isopach 

map of the net gas sand in the Northeast Hitchcock Field. The net pay 

thickness for this map was derived by subtracting out the pay interval s 

containing shale streaks and the streaks of very tight reservoir rock from 

the gross pay. The net pay determination was made through the use of core 

data and well logs of the wells in the field. 

2.2 Northeast Hitchcock Field Reservoir 

The Northeast Hitchcock Field was discovered in September of 1957 as 

an over-pressured, gas-condensate reservoir. In the period from September 

1957 to January 1982, twelve wells were drilled and completed in the field. 

Additional development began with the implementation of co-production, and 

the thirteenth well was drilled and completed i~ February 1985. As cf June 

1985, only five wells were producing from the Northeast Hitchcock Field. 

The locations of these wells are indicated on Figures 1, 3, and 4. The 

well name, operator, and the well code number, as used by this report, for 

each well in the field are detailed on Table 

A reservoir fluid study performed in 

indicated that the Northeast Hitchcock Field 
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TABLE 1 

LIST OF WELL CODE NUMBERS, OPERATOR MID WELL NAlIE 

Well Code 
Number Operator Well Name 

1 Phillips Petroleum Co. Davis "D" No. 1 

2 Phillips Fetroleum Co. Delaney No. I 

':.! Phillips Petroleum Co • Huff "A" No. I ..J 

4 Phillips Petroleum Co. Pretts t-To. 1 

5 Phillips Petroleum Co. Sundstorm A No. 1 

6 Phillips Petroleum Co. Thompson Trustee No. 1 

7 John lV. Mecom Kipfer Et Al Unit No. , , 

8 Unknown Unknown 

9 Phillips Petroleum Co. Davis "D" No. 1 

10 Phillips Petroleum Co. Louise "A" Unit No. I 

16 Phillips Petroleum Co. Lasala No. 1 

20 Cockrell Corporation Lowel Lemm ~ro . 1 
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retrograde behavior. Subsequent pressure urveys in the field revealed 

that the aquifer underlying the field was pr viding pressure support to the 

reservoir. Estimates of the reservoir propEjrties for both the hyder.carbon 

reservoir and the underlying aquifer are listed on Table 2. 

2.3 Reservoir Dimensions 

The simulation of the Northeast Hitchcock Field '.ITas limited to an 

areal study where the properties of the reservoir were allowed to vary 

along an X-Y axis projected upon the horizontal surface of the field. The 

structure map of the top of the Frio "A" sand ~vas used to define the grid 

block representation of the reservoir. Figure 5 illustrates how the grid 

block configuration approximates the areal shape of the reservoir. This 

figure also reveals that the entire field was modeled using a grid block 

configuration that is 30 x 25 units in dimension. The individual [dod 

blocks used in the hydrocarbon portion of the reservoir are all of equal 

size and have physical dimensions of 588.2 feet by 588.2 feet. 

The properties of the reservoir which varied in the vertical direction 

were the amount of net gas sand, gross sand thickness, and the level of the 

gas-water contact. The amount of net gas sand for each grid block was 

determined from the isopach map of the original net gas sand. The net gas 

sand was defined as the amount of productive, hydrocarbon-filled reservoir 

rock above the gas-water contact. The gross sand thickness and the level 

of the gas-vlBter contact were used to determine the amount of net pay \\Thich 

is connected between faults and was used to define the amount of reservoir 

rock in the aquifer which is interconnecte!l between faults. Structural 

cross-sections were created to make these d,terminations and some of them 

are included in Appendix A. 
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TABLE 2 

HYDROCARBON RESERVOIR AND AQUIFER PROPERTIES 3 

Pay Zone, at Discovery 
Pressure datum, ft subsea 
Productive area, acres 
Average net pay, ft 
Productive gas volume, acre-ft 
Porosity, % of bulk volume 
Pore volume, l1bbl 
Water saturation, % of bulk volume 
Gas pore volume, Mbbl 
Gas in place, MMcf @ 14.65 psia & 60°F 
Condensate in place, MSTB 

Gas, at Discovery 
Pressure at datum, psia 
Temperature at datum, of 
Gas gravity, full wellstream (Air = 1.0) 
Gas formation volume factor, Mcf/res bbl 
Gas composition 
Condensate content, STB/~llicf 
Condensate gravity, API 

Cumulative production, 7-1-84 
Gas, MMcf 
Condensate and oil, MSTB 
~vater, Mbbl 

Producing Rate, First half of 1984 
Gas, Mcf per day 
Condensate and oil, STB per day 
l<!ater, Bbl per day 
Gross producing well count during period 

Aquifer, at Discovery 
Productive area, acres 
Average net sand, ft 
Net volume, acre-feet 
Porosity, % of net volume 
Pore volume, Mbbl 
Total dissolved solids in brine, ppm 
Compressibility, l/psi 

Above hydrostatic 
Below hydrostatic 
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pres~ure 

pres lure 

I 

9,070 
1,450 

31 
44,880 

30 
104,450 

25 
78,340 

]25,8]0 
12,580 

5,750 
216 

0.94 
1. 606 

Table 3 
100 

52.8 

84,470 
5,265 
7,990 

2,200 
129 

5,814 
5 

17,760 
70.4 

1,249,760 
32 

3,100,000 
40,000 

12E-6 
6E-6 
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2.4 Aquifer Dimensions L 
The small decrease in reservoir press re, along with large volumes of 

gas, condensate, and water production, gave indications that the e.c;uifer L 
underlying the Northeast Hitchcock Field was providing pressure support to 

the reservoir. The production histories of the Northeast Hitchcock Field 
[ 

in terms of condensate/gas ratio, subsurfac¢ pressures, and full wellstream [ 
gas production are listed in Tables 3, 4, and 5, respectively. The water 

production history of the field is listed in Table 6. [ 
Studies were made to evaluate the size and effect of the aquifer prior 

to simulating the future performC1nce of the field. Hater influx l 
calculations were made using the method of Fetkovitch. 2 ,3 The results of [ 

this analysis indicated that the aquifer volume should be approximately 

thirty times the size of the hydrocarbon reservoir volume. This aquifer [ 
volume was taken into account in the grid block configuration by increasing 

the size of the grid blocks which were lying outside of the hydrocarbon 
[ 

reservoir. More details concerning how much of an effect the aquifer has 

had en the reservoir pressures in the Northeast Hitchcock Field are 

delineated in the section describing efforts to match historical pressures. 

3. FLUID DATA, PETROPHYSICAL DATA AND ITS USE AS INPUT DATA 
[ 

3.1 Fluid Data [ 
As early as September of 1959, it was known that the reservoir fluid 

of the Northeast Hitchcock Field was a retrograde condensate system. This 
[ 

information was disclosed through the only complete reservoir fluid [ 

analysis for the field, which was perfo~ed by P-V-T, Inc. , Pet.roleum 

Analysts of Houston, Tex:as, Septemb r 29, 1959. 
11 The study vas on [ 

! 

Company's performed on a recombined sample from the PHillips Petroleum 

132 



L..-J 1-......: '---J 1-.,.; L...J L...J L....J L....J '---..J L....i L....J L.J L....J L......J L......J L......J L...J t-...J L-..i 

1 

TA!LI!). CONDI!NSATI!/CAS RAnO HISTORY TABLE - 4 SUBSURFACE PRI!.SSURE DATA 

}TB ~ond~suelMMs;1 Full "'ell Strum !;!~1 bl: "'~II Subsurface prusure ~diuSl~d to ~~70 fut subs~ •• p'i~ 
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TABLE' - CAS PRODUCTION HISTORY I Mel/Day Full Wellstream Cas by Well 

Yr-Half I 2 __ 3 4 --' 6 __ 7 __ 8 __ 9 10 16 20 Total [ 
-n:2 }02 ---rrr )T7 1,526 934 lOii -- J:"ill 

I }9-1 }38 429 1,'80 2,}19 HI 5,637 
59-2 130 142 3'1 413 131 1,167 
60-1 29} 357 191 498 HO 4H 2,365 

[ 60-2 '09 1,414 2,23' 2,'20 1,730 2,673 2,112 13,248 
61-1 38 U8 1,4'0 8U 1,689 1,669 III H4 7,237 
61-2 731 962 792 863 774 1,121 633 261 6,137 I 62-1 949 1,317 1,387 836 61! " 906 6H 4n 7,124 
62-2 69} 1,402 1,2" 1,340 1,2'9 1,454 893 687 8,98' 
63-1 1,392 2,670 3,038 3,473 3,044 280 2,61! 2,336 801 19,657 [ 63-2 1,142 3,090 2,680 2,930 3,613 H8 3,914 1,969 297 20,233 
64-1 6'0 3,174 2,'26 3,031 2,674 6'4 2,'89 2,246 292 17,836 

I 64-2 426 3,176 2,U1 3,233 2,696 '87 3,OH 2,082 269 18,401 
6'-1 397 3,274 ),366 3,468 3,44) 64' ),070 2,220 62 19,94' 
65-2 311 3,2H 2,911 3,)19 3,328 810 3,'32 2,161 19,623 

[ 66-1 2" 3,819 ),126 3,762 3,731 609 3,604 2,284 21,280 
66-2 292 3,973 3,8n 3,973 3,&76 )48 3,742 1,403 21,440 
67-1 293 4,'98 4,HO ',127 4,222 264 ',025 679 24,678 

I 67-2 2U 4,643 4,669 4,743 3,693 91 4,H6 433 23,136 
68-1 2'4 ',6'1 4,131 4,4'6 2,H9 5,399 37 22 ,477 
68-2 230 ',142 ',133 ',003 2,213 4,n4 22,30' [ 69-1 204 ',497 ',361 6,)14 1,'21 4,$!9 2),486 
69-2 224 '.'80 ',691 ',49) 734 3,748 21,170 
70-1 187 6,247 ',"0 3,8$2 'I' 2,090 lS,441 "J 70-2 1'3 ',963 ',"0 2,794 -_I 896 1',837 
71-1 169 ','4' ',360 1,697 30' "2 13,628 

L 71-2 120 ',710 ',!!3 '67 269 441 12,990 
72-1 66 6,144 ',860 342 241 1'1 12,804 
72-2 6,311 ',292 763 12,366 "I 73-1 4,637 2,)36 240 7,213 
73-2 3,4n 1,359 _,812 
74-1 2,790 702 3,492 I. 74-2 2,213 226 2,439 
75-1 1,73' 300 2,035 
75-2 1,370 212 1,'82 

.J 76-1 1,278 139 1,417 
76-2 1,123 6 1,129 
77-1 1,043 1,043 
77-2 848 84S 
73-1 n9 759 
78-2 6$l 653 

.-1 79-1 3'6 356 
79-2 408 408 
80-1 2'2 174 426 
10-2 466 "6 1,022 
!I-I 60 463 '23 -1 SI-2 122 356 471 
12-1 21' '30 1,072 I,SI6 
12-2 911 320 1,'12 2,113 I U-I 917 "70 265 '16 2,238 

Cum. MMet 367 2,356 23,176 11,733 13,70' 10,071 192 1IS6 11,272 4,'26 '70 H9 86,7)3 

,.J 
SOURCE: Anderson,l.l..Peterson,K.P .• and Parisi .W.A., "lnhanced Production from ..1 a Slightly Geopressured Water-Drive Gas Condensate Field." Proceedings 

1984 Unconventional Gas Recovery Symposium. Pittsburgh. Pa., Hay 13-15, 
1984 (SPE/DOE/GRI 12866) pp. 341-350. i 
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T",BLE' - ...... TER PRODUCTION H1STbRY 

Barrels WaterlDay by Well 

Yr-Half ~ 2 __ 3 4 -1 .-! -1. -.! ---1 -.!Q ---.!! .1Q. Total 
-n:2 ---0 

] n-I I 3 4 
n-2 11 0 0 11 
60-1 21 0 0 21 
60-2 U n 2 2 2 I ID 
61-1 a6 146 0 I 3 0 236 

] 
61-2 129 I I 0 0 DI 
62-1 233 2 I I 0 0 237 
62-2 23a I 4 2 3 I I a 2}1 
63-1 2ao 2 I 4 6 2 3 16 321 
63-2 420 2 3 3 3 11 I 2 10' no 
64-1 414 0 0 2 0 29 I I 371 IU 

] 64-2 191 I I I 0 2' I 0 210 '00 
"-I 210 I 3 2 I 69 110 I 60 4'7 
6'-2 177 1 I I I 109 2 17 309 
66-1 U7 3 I I I 21) 2 U9 '97 
66-2 243 I I I 10 244 3 249 n2 

] 
67-1 210 I 2 I 99 264 14 422 I,OD 
67-2 219 3 2 I )06 112 34 '21 1,2n 
61-1 222 4 2 , 376 100 40 749 
61-2 119 2 I 3 4'9 161 122 
69-1 178 I I 3 '66 229 97& 
69-2 176 I I " 343 249 &2' 

] 70-1 DO 4 2 D7 146 In '94 
70-2 14' 3 I 197 19' 174 7., 
71-1 In 2 I 219 191 214 172 
71-2 1&6 ) I .,1 244 329 914 
72-1 4' 2 , 174 233 120 629 

] 
72-2 11 0 0 11 
73-1 113 39' 246 n4 
73-2 329 ai' 1,114 
7.-1 262 "4 at6 
7_-2 362 26' 627 
n-I 262 32} }&7 

] 
n-2 322 '19 141 
76-1 716 316 1,0'2 
76-2 662 32 694 
77-1 12' 324 
77-2 772 772 
78-1 784 784 

] 71-2 830 130 
79-1 '0' '0' 
79-2 '27 '27 
10-1 47) 0 473 
aO-2 146 0 346 

] 
81-1 113 0 113 
81-2 172 0 172 
&2-1 }&2 7 0 '89 
82-2 1,606 , 0 1,611 
83-1 1,206 2,078 49 277 3,430 

] Cum Ma )0 176 2,216 979 222 '91 209 II 3" 2" 1'3 'I ',968 

] 

] 

] I 

SOURCE: .... ~'".l. L .• ""~,".K. P .. "d p""'.W. A.. "l""d P"d.", '" fro. 
a Slightly Geopressured Water-Drive Gas Condensa e Field," Proceedings 
1984 Unconventional Gas Recovery Symposium, Pitt burgh, Pa., Hay 13-15, 

] 
1984 (SPE/DOE/GRI 12866) pp. 341-350. . 
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Thompson Truste~ Well No.1, herein referr d to as Well No.6. 

The D.O.E. "BOAST" simulation mode was designed to simulate the 

performance of oil reservoirs where three phases, oil, water, and gas, 

could be flo\<7ing. on comprises the major flowing phase. The "BOAST" 

model WClS not designed to account for retrograde phenomena but can be 

modified to simulate the performance of a gas reservoir. In order to use 

the "BOAST" model to simulate the gas reservoir performance of the 

Northeast Hitchcock Field, the fluid properties of the water from the 

aquifer were inputted into the oil property portion and water property 

portion of the program. The properties of the equilibrium gas \lTere input 

in the gas phase portion of the program. The input required by the "BOAST" 

model for these two flowing phase were: the viscosity of the water and the 

equilibrium gas, the formation volume factors of water and the equilibrium 

gas, and the equilibrium gas-water ratios of both the flowing end 

stationary water phases. Plots of the e,quilibrium gas viscosity versus 

pressure and water viscosity versus pressure are shown on Figures 6 and 7, 

respectively. Plots of the formation factors for both the equilibrium gas 

and water are shown on Figures 8 and 9, respectively. In order to simplify 

matters, the equilibrium gas-water ratio for both the flowing and 

itationary water phases were set equal to zero. The fluid property values 
[ 

presented on Figures 6 through 9 were used as the input data in the "BOAST" [ 

model. Details concerning how the fluid properties of Figures 6 through 9 

were determined can be seen in Appendix B. [ 
I 
: [ 

3.2 Petrophysical Data 

Average values for the porosity, Iconnate water saturation, and [ 
absolute permeability were assigned to allbf the grid blocks within the 

[ 
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] 

] boundaries of the field. The exception occ rred when the grid blocks \Olere 

used to represent a fault. In these cases, he transmissibility was varied 

] in order to account for complete sealing, partial sealing, or no sealing 

] 
due to the fault. The average values used as input were as follows: 

Porosity 30% 

] Connate water saturation 25% 

Absolute permeability 1000 md (millidarcy) in the X-direction 

] 1100 md in the Y-direction 

] 
The interphase behavior of the reservoir fluids within the pore space 

was defined by the imbibition-capillary pressure curve shown on Figure 10 

J and the relative permeability curves for gas and water, shown on Figure 11. 

The imbibition-capillary pressure curve was derived as an average curve for 

] reservoir rock having 1000 md permeability. The data used 'in this 

] 
determination were from the drainage capillary pressure curves of the Eaton 

Operating Co., Inc.'s S.G.R. No.2 Louise Unit. The drainage capillary 

J pressure curves used in creating Figure 10 had absolute permeabilities of 

1120 md and 1140 md. No imbibition-capillary pressure curves were 

] available for verification of the imbibition-capillary pressure curve found 

in Figure 10. The drainage capillary curves used as a basis for Figure 10 

] can be seen in Appendix C. The relative permeability curves were derived 

] 
as average relative permeability curves for 30 percent porosity sands in 

the Texas Gulf Coast. The end points of the curves were set according to 

] the results found in the March 6, 1985 Special Core Analysis report OIl 

] 

J 

the Eaton Operating Co., Inc.' s Louise l' nit No.2. 

(endpoint to endpoint) for the gas and wat r relative permeability curves 

ranged from 0.2 to 0.75. The residual gas aturation was determined to bE:: 

The saturations 

0.2 whereas the residual oil saturation was determined tc be 0.25. The 

I 
...J 
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relative permeability curves used as in ut in the "BOAST" model are 

contained on Figure 11. 

A maj or assumption vms made in the decision to use the "BOAST" 

simulation model to simulate the performance of the Northeast Hitchcock 

Field. This assumption was that the liquid-dropout phenomenon, common to 

retrograde gas-condensate reservoirs, was not large enough to significantly 

reduce the permeability of the reservoir as the reservoir experienced 

pressure depletion. Two factors led the authors to believe that this 

assumption was reasonable in light of the quality and type of information 

available for this study. The first reason was that the aquifer appears to 

be large enough to prevent the reservoir from having significant pressure 

reduction before most of the hydrocarbons have been recovered. The second 

reason was that the maximum amount of liquid dropout is less than 8 percent 

of the pore space throughout the pressure range likely for pressure 

depletion. A review of the relative permeability curve for gas (Figure 11) 

reveals that an 8 percent increase in liquid saturation will have its n,ost 

drastic effect in reducing the permeability of the rock to gas when the 

liquid saturation is initially at or near the connate water saturation. 

Since most of the wells in the field are at or near a v!atered-out status, 

the liquid saturation of the reservoir is expected to be close to 70 

percent. In this range of liquid saturations on the relative permeability 

curve, an 8 percent increase in liquid saturation of the pore space would 

have a relatively insignificant effect on the permeability of the reservoir 

to gas when compared to the permeability of the reservoir to water. Hence, 

the liquid dropout phenomena associated Wilh retrograde condensation is not 

expected to have a notable effect on the future performance of the 

Northeast Hitchcock Field at present. 
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The liquid dropout curve for the Northea t Hitchcock Field IS reservoj r 

fluid under conditions similar to the isoth rmal depletion expected for the 

Northeast Hitchcock Field can be viewed in Figure 12. Appendix D details 

the calculations determining the amount of liquic dropout froD the 

equilibrium gas as the reservoir fluid undergoes isothermal depletion. 
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J 
] 4. ADJUSTMENT OF RESERVOIR PROPERTIES AND RID BLOCK CONFIGURATIONS 

TO MATCH HISTORICAL PRESSURES 

] Early atteI!lpts to match historical . pressures were limited to 

] 
evaluating the effects of sealing, partially sealing, and nen-sealing 

faults surrounding the fault block containing Wells No. 2 and No.6. 

] Simulation runs incorporating totally sealing faults gc>.ve pressul'c 

histories which fell below historical pressures. This phenomenon suggested 

] that the following could be true of the fault block containing Wells No. 2 

and No.6: 

] 
1. The reservoir volume being drained by Hell No. 2 and Ko. 6 is 

] larger than the volume contained within the fault block 

containing Wells No. 2 and 6. 

] 2. The faults bounding the fault block are not completely sealing. 

] 
3. Additional pressure support, as indicated by the historical data, 

was being provided by the aquifer located outside the fault 

] block. 

For the above reasons, subsequent attempts to match historical 

] pressures were made by adjusting the transmissibility between fault blocks. 

This method gave satisfactory pressure· matches of historical data over 

] short periods of time. 

] 
The successful results obtained from adjusting the fault block 

transmissibilities were carried over to the attempts to match historical 

] pressures for the entire field. In the initial attempts to match pressure 

for the entire field, the hydrocarbon pore volume of the Northeast 

Hitchcock Field was set at 104,450 thousan~ reservoir barrels whereas the 
I 

aquifer volume 'tolaS set at 620,000 thousahd reservoir barrels. Again, 

several combinations of sealing, partially ~ealing, and non-sealing faults 
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were evaluated. As in the single fault block evaluation, simulation runs 

using totally sealing faults gave pres ures which fell below historical 

data. Simulation runs using both partially sealing and non-sealing faults 

gave pressures which were higher than historical data. The best pressure 

match had a maximum variation of 10 psi higher than historical data. All 

of these attempts to match historical pressures covered a five year period. 

wl1en history matching efforts were extended to cover a twelve year 

period, the simulated pressures during the first five years fell slightly 

above the historical pressures whereas during the last seven years the 

simulated pressures fell below historical pressures. Plots comparing 
{ 

simulated pressures to historical pressures for Wells Nos. 2, 3, 4, 5, 6, [ 

and 9 are shown on Figure 13 through 18. The downward trend of the 

simulated pressures from the point where they are higher than historical [ 
pressures indicates that the following could be true concerning the 

underlying aquifer: 

1. The aquifer is large enough to prevent the pressure from 

declining after extended production from the hydrocarbon portion 

of the reservoir. 

2. The permeability of the aquifer restricts flow into the 

hydrocarbon bearing fault blocks to the extent that pressure 

support from the aquifer is more dominant at pressures below 4000 , 

psi. 

An evaluation of the aquifer was made using the method of Fetkovitch. 2,3 ( 

This evaluation revealed that the aquifer was approximately thirty times t 
the size of the hydrocarbon reservoir +r five times the aquifer sizto 

indicated by the grid blocks shown in Fikure 5. More details concerning t 
the use of the method of Fetkovitch are fdescribed in Appendix E. The 
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f. 

increased aquifer volume was taken into ace unt by increasing the size of [ 

the grid blocks lying inside the aquifer. T e study also revealed that the 

aquife'r permeability was less than the permeability of the hydrocarbon [ 
reservoir. Subsequent simulation runs incorporated increased aquifer size [ 
and decreased aquifer permeability. 

The latest pressure match was based on an aquifer size of 3,990,000 [ 

~rnBL (1000 reservoir barrels) and an aquifer permeability of 400 

millidarcies. Plots comparing the simulated pressures to historical [ 
pressures for this pressure Qatch on Wells Nos. 2, 3, 4, 5, 6, and 9 are 

contained on Figures 14 through 24. The latest results indicate that ~he 
[ 

aquifer in the Northeast Hitchcock Field is smaller than 3,990,000 HBBL [. 
reservoir barrels because the simulated pressures appear to follow a trend 

which falls above the trend of historical pressures. [ 

5. FINAL NOTE 

Additional simulation runs are currently being processed using 

slightly smaller aquifer volumes in an effort to obtain better matches 

between simulated and historical pressures. Forecasts of the futur~ 

performance of the Northeast Hitchcock Field under various production 

scenarios will be made and submitted in a final report after satisfactory 

pressure matches have been achieved. 
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APPENDIX A 

The appendix contains structural cross sections which w~re used to 

determine the amount of reservoir rock which was interconnected above and 

below the gas water contact. These cross sections were aligned according 

to the grid columns or the grid rows of the grid block representation of 

the reservoir. The grid block configuratiort and the structural 

cross ·sections contained in this appendix are listed on the following pE.ge. 
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~------------------...... .........-
APPEl\1JJIX B 

The following pages describe the calculations required to determine 

the formation volume factors and viscosities of the flowing gas and ~\7ater 

phases. The flowing gas phase is assumed to be 100 percent equilibriunl gas 

whereas the flowing water phase is assumed to be 100 percent aquifer water. 

The calculations are divided into two sections. The first section presents 

the calculations required for the equilibrium gas and the second section 

presents the c2lculations for the aquifer water. 

Eleven tables are included to describe the calculations of fluid 

properties. 
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T. Equilibrium Gas: 

The depletion study found on page 9 the reservoir fluid analysis 

performed by P-V-T, Inc. served as the basic data for these fluid property 

6 7 calculations. ' These calculations required determination of the 

pseudo-critical temperature, pseudo-criti~al pressure, and specific gravity 

for each molecular composition at the various pressures in the depletion 

study. The equations used to determine these properties are as follows: 

Pseurio-Critical Temperature, T 
pc 

.where 

T 
pc 

n 

n 
L 

i=1 
(Y. • T .) /100 

1 Cl 

total number of molecular components, i 

Y. mole percent of component i 
1 

T . 
Cl 

critical temperature of component i 

in degrees Rankine 

Pseudo-Critical Pressure, P pc 

P = pc 

where n 

Y. 
1 

P = 
ci 

n 
L 

i=l 
(Y .• P .) /100 

1 Cl 

total number of molesular components, i 

mole percent of comp~nent i 

critical pressure of ;component i 

in pounds per square in absolute 
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Specific Gravity, SG
T 

SG'T' ... 

where n = 

v = ·i 

SG. 
1. 

n 
L: 

i=l 
(Y. • SG.) /100 

1. 1. ' 

total number of molecular components, i 

mole percent of component i 

specific gravity of component i 

Treatment of the Heptanes Plus: 

It should be noted that the specific gr2vity of the heptallE:S plus 

found in the depletion study was calculated via the following equation. 

SG 
Heptanes Plus 

Molecular Weight of Heptanes Plus 
Molecular Weight 6f Air 

In the above equation, air was assumed to have a molecular weight of 28.97 

lb/mole. Tables listing the calculations of specific gravity and the 

pSEudo-critical temperatures and pressures of the equilibrium gas can be 

found on Tables B-1 through B-11. 

The pseudo-critical properties of the heptanes plus components were 

determined from correlation charts developed by Katz et ale found on page 

III of the Handbook of Natural Gas Engineering. 7 

After determining the specific gravities, the pseudo-critical 

temperatures and the pseudo-critical pressures, the pseudo-reduced 

r 

r 

.. 
r 

r 
l 

temperatures and pressures were evaluated. The pseudo-reduced temperatures r 
~. 

and pressures were calculated through use of the following expressions. 

Pseudo-Reduced Temperature, 'T' 
~PR 

Reservoir Tern era ure (degrees Rankine) 
Pseudo-Critical Temp (degrees Rankine) 
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-Pseudo-Reduced Pressure, PpR 

Reservoir Temperature (psia) 
Pseudo-Critical Pressure (psia) 

The values of the pseudo-reduced temperature and pressure and the 

specific gravity were then used to determine the gas deviation factor, the 

gas viscosity, and the gas formation volume factor. The gas deviation 

factor, Z, was calculated using the method developed by Hall and 

5 Yarborough. This method involved solving a non-linear equation for the 

"reduced" gas density, then substituting the "reduced" density into an 

equation representing the gas deviation factor. These equations were 

developed from the Starling-Carnahan equation of state and they are- as 

where 

Z 

Z = 

= 

= 

I 

2 
0.06125 PPR(l/TpR) exp(-1.2(1-(1/TpR») ) 

y 

gas deviation factor 

pseudo reduced pressure 

pseudo reduced temperature 

Y "reduced" gas density 

The non-linear equation defining the reduced gas density is as follows: 

2 
0.06125 PPR(l/TpR) exp(-1.2(1-~1/TpR)) ) + 

I 
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Y + y2 + y3 _ y4 

(1 _ Y) 3 



2 (2.18 + 2.82(1/TpR » 
+ (90.7(l/TpR) - 242.2(l/TpR) + 42.4(l/TpR) )Y , = 0.0 

The gas viscosity was calculated using a computer algorithm listed in 

the August 16, 1965, Oil and GAS Journal article, "Computer Routine Treats 

8 Gas Viscosity as a Variable," by John R. Dempsey. The computer algorithm 

presented by this article represents a multivariant regression equation of 

the gas viscosity correlations developed by Carr, Kobayashi, and Burrows. 

The gas properties required as parameters in this regression equation were 

the specific gravity of the gas, and the pseudo-reduced temperature and 

pressure of the equilibrium gas. 

The formation volume factor of the equilibrium gas was detf~rrnined by 

6 expressing the real gas equation of state as follows: 

where 

B 0.0283 zT 
g p 

B 
g 

z 

T 

p 

= gas formation volume factor in units of reservoir 

cubic feet per standard cubic feet 

gas deviation factor 

reservoir temperature in degrees Rankine 

reservoir pressure in psia 
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II. Aquifer Water: 

The viscosity of the aquifer water was determined from a correlation 

developed by Carlton 9 Beal. This correlation determines the water 

viscosity as a function of temperature and is expressed through the 

following equation. 

exp(I.003 - 1.479xl0-2 T + 1.982xl0-S T2) 

where water viscosity in centipoise 

T reservoir temperature in degrees Farenheit 

y "reduced" gas density 

The formation volume factor of the aquifer water was determined by 

means of the following equation: 

where 

B . 
\171 

B wi 

B w 
sc 

CW 

P 
sc 

p. 
1 

= 

B (1 - CW(P - P.» w sc 1 
se 

formation volume factor of the aquifer 

average reservoir pressure. Pi (psia) 

formation volume factor of the aquifer 

and 60 degrees Farenheit 

water compressibility, 3.0 10-6 .-1 
x PSl 

pressure at standard conditions, 14.65 

average reservoir pressure (psia). 
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TABLE B-1: Equilibrium Gas Properties at 5742 and 5649 psia. 212°F 

~JOLE CRITICAL CRITICAL SPECIFIC 
COHPONENT FRACTION. TEMP. PRESSURE GRAVITY Y.T Y.P Y. (SG) 

'7 (OR) T (psia) P (SG) 1 C 1 C 1 
if C c 

Nitrogen 1.57 227 493 0.9672 3.564 7.740 0.0152 

Carbon Dioxide 0.18 548 1071 1.5195 0.986 1. 928 0.0027 

Hethane 81.11 343 668 0.5539 278.207 541.815 0.4493 

Ethane 5.05 550 708 1.0382 27.775 35.754 0.0524 

Propane 2.88 666 616 1.5225 19.181 17.741 0.0438 

.... 
~ I-Butane 1.11 735 529 2.0068 8.159 5.872 0.0223 
Q 

N-Eutane 1.03 765 551 2.0068 7.880 5.675 0.0207 

I-Pentane 0.52 829 490 2.4911 4.311 2.548 0.0130 

N-Pentane 0.54 845 489 2.4911 4.563 2.641 0.0135 

Hexanes 1.18 913 437 2.9753 10.733 5.157 0.0351 

!!eptanesf __ {~56 2 __ 4.83 1240 400 5.3849 59.892 19.320 0.2601 

TOTALS 100.00% 425.291 646.191 0.9281 

p = 1. Olf82 5649 psis. Z(HaII-Yarborough) 
. 3 

p 5742 psia. ZeH 11 Y b h) = 1.0576 a -nr oroug 

p = 20.1185 Ibm/ft gas p = 20.2680 Ibm/ft3 
gas 

,.-~~r--I~"""''---''---'r--T'---'r---l'''''''''''''''-----' . ."""IJIII'II7L ...,.,."..., ~~I .'" . "r " • - • •• • • • • 

I""·-.~-~--""----
!"""""---r "r 
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TABLE B-2: Equilibrium Ga.s Properties at 5045 psia and 212°F 

HOLE CRITICAL CRITICAL SPECIFIC 
COMPONENT FRACTION, TEHP. PRESSURE GRAVITY Y.T Y,P Y. (SG) 

Y. (OR) T (psia) P (SG) 1. c 1 C 1. 

1. C C 

Nitrogen 1. 57 227 493 0.9672 3.564 7.740 0.0152 

Carbon Dioxide 0.18 548 1071 1.5195 0.986 1. 928 0.0027 

Methane 81.55 343 668 0.5539 279.717 544.754 0.4517 

Ethane 5.55 550 708 1.0382 29.920 38.515 0.0565 

ProEane 2.85 666 616 1.5225 18.981 17.556 0.0434 

..... 
I-Butane 0.96 735 529 2.0068 7.056 5.078 0.0193 ...:J ..... 

N-Butane 1.15 765 551 2.0068 8.798 6.337 0.0231 

I-Pentane 0.48 829 490 2.4911 3.979 2.352 0.0120 

N-Pentane 0.44 845 489 2.4911 3.718 2.152 0.0110 

Hexanes 1.04 913 437 2.9753 9.495 4.545 0.0309 

Heptanes + (156) 4.43 1220 390 5.2813 52.948 16.926 0.2292 

TOTALS 100.00% 419.162 647.883 0.8950 

z = 0 9 Q04 (Pall-Yarborough) . J 

1 
P = 18.3378 Ibm/ft-

gas 
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TABLE B-3: Equilibrium Gas Properties at 4633 psia and 212°F 

HOLE CRITICAL CRITICAL SPECIFIC 
COMPONENT FRACTION, TEHP. PRESSURE GRAVITY Y.T Y.P Y. (SG) 

Y. CR) T (psia) P (SG) 
]. c 1. C 1. 

1. C C 

Nitrogen
l 

1.57 227 493 0.9672 3.564 7.740 0.0152 

Carbon Dioxide 0.18 548 1071 1.5195 0.986 1. 928 0.0027 

Methane 82.28 343 668 0.5539 282.220 549.630 0.4557 

Ethane 5.43 550 708 ' 1. 0382 29.865 38.444 0.0564 

Propane 2.76 666 616 1. 5225 18.382 17.002 0.0420 

~ 
~ I-Butane 1.06 735 
to.) 

529 2.0068 7.791 5.607 0.0213 

N-Butane 1.01 765 551 2.0068 7.7'V 5.565 0.0203 

I-Pentane 0.52 829 490 2.4911 4.311 2.548 0.0130 

N-Pentane 0.46 845 489 2.4911 3.887 2.249 0.0115 

Hexanes 0.69 913 437 2.9753 6.300 3.015 0.0205 

Heptanes + (145) 4.04 1175 380 5.0052 47.470 15.352 0.2022 

TOTALS 100.00% 412.503 649.080 0.8608 

Z (Hall-Yarborough) ~ 0.9570 

Pgas = 16.7620 Ibm/ft 3 

r--: r----i r-; r----l r, ,..--, ,.---, ,.-.--, 
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TABLE B-4: Equilibrium Gas Properties at 4045 psia and 212°F 

MOLE CRITICAL CRITICAL SPECIFIC 
COMPONENT FRACTION, TEMP. PRESSURE GRAVITY Y.T Y.P Y. (SG) 

Y. (OR) T (psia) P (SG) ~ c ~ c ~ 

~ c c 

Nitrogen 1.57 227 493 0.9672 3.564 7.740 0.0152 

Carbon Dioxide 0.18 548 1071 1.5195 0.986 1. 928 0.0027 

Methane 83.35 343 668 0.5539 285.891 556.778 0.4617 

Ethane 5.45 550 708 1.0382 29.975 38.586 0.0556 

Propane 2.71 666 616 1.5225 18.049 16.694 0.0413 

~ I-Butane 1.02 735 529 2.0068 7.497 5.396 0.0205 ...::I 
w 

N-Butane 0.96 765 551 2.0068 7.344 5.290 0.0193 

I-Pentane 0.45 829 490 2.4911 3.731 2.205 0.0112 

N-P-entane 0.43 845 489 2.4911 3.634 2.103 0.0107 

Hexanes 0.58 913 437 2.9753 5.295 2.535 0.0173 

Htptanes + (136) 3.30 1120 375 4.6945 36.960 12.375 0.1549 

TOTALS 100.00% 402.926 651. 630 0.8114 

z( 1 = 0.9181 .Hal .-Yarborough) 

p E 14.3793 Ibm/ft3 
gas 



TABLE B-·5: Equilibrium Gas Properties at 3371 psia and 212°F 

MOLE CRITICAL CRITICAL SPECIFIC 
COMPONENT FRACTION, TEMP. PRESSURE GRAVITY Y.T Y.P Y. (SG) 

(OR) T (psia) P eSG) 
1 C 1 C 1 

Y. 
1 C C 

Nitrogen 1.57 227 493 0.9672 3.564 7.740 0.0152 

Carbon Dioxide 0.18 548 1071 1. 5195 0.986 1. 928 0.0027 

Methane 84.38 343 668 0.5539 289.423 563.658 0.4674 

Ethane 5.49 550 708 1.0382 30.195 38.869 0.0570 

ProEane 2.70 666 616 1. 5225 17.982 16.632 0.0411 

.... 
I-Butane 1.03 735 529 2.0068 7.571 5.449 0.0207 ...:a 

~ 

N-Butane 0.92 765 551 2.0068 7.038 5.069 0.0185 

I-Pentane 0.46 829 490 2.4911 3.813 2.254 0.0115 
---

N-Pentane 0.38 845 489 2.4911 3.211 1.858 0.0095 

, Hexanes 0.66 913 437 2.9753 6.026 2.884 0.0196 

Heptanes + (128) 2.23 1070 360 4.4184 23.861 8.0280 0.0985 

TOTALS 100.00% 393.670 654.369 0.7617 

z = 0.8883 (HaJl-Yarborough) 

p = 11.6267 Ibm/ft 3 
gas 

~~~r-, 
..... . L L...-.. L--- L 
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TABLE B-6: Equilibrium Gas Properties at 2801 psia a.nd 212°F 

MOLE CRITICAL CRITICAL SPECIFIC 
COHPONENT FRACTION, TEMP. PRESSURE GRAVITY Y.T Y,P Y. (SG) 

Y. (OR) T (psia) P (SG) ~ c ~ c ~ 

~ c c 

Nitrogen 1.57 227 493 0.9672 3.5M 7.740 0.0152 

Carbon Dioxide 0.18 548 1071 1.5195 0.986 1. 928 0.0027 

Methane 85.40 343 668 0.5539 292.922 570.472 0.4730 

Ethane 5.32 550 708 1.0382 29.260 37.666 0.0552 

Propane 2.69 666 616 1.5225 17.915 16.570 0.0410 

~ I-Butane 0.98 735 529 2.0068 7.203 5.184 0.0197 ~ 
Ql 

N-Butane 0.85 765 551 2.0068 6.503 4.684 0.0171 

I-Pentane 0.42 829 490 2.4911 3.482 2.058 0.0105 

N-Pentane 0.35 845 489 2.4911 2.958 1. 712 0.0087 

Hexanes 0.56 913 437 2.9753 5.113 2.447 0.0167 

Heptanes + (124) 1.68 1025 335 4.2803 17.220 5.6280 0.0719 

TOTALS 100.00% 387.126 . 656.089 0.7317 

Z(Ball-Yarborough) ~ C.8777 

p = 9.39240 Ibn/ft 3 
gas 



TABLE B-7: Equilibrium Gas Properties at 2262 psin and 212°F 

MOLE CRITICAL CRITICAL SPECIFIC 
COMPONENT FRACTION, TEMP. PRESSURE GRAVITY Y.T Y.P Y. (SG) 

Y. (OR) T (psia) P (SG) ~ c ~ c ~ 

~ c c 

Nitrogen 1.57 227 493 0.9672 3.564 7.740 0.0152 

Carbon Dioxide 0.18 548 1071 1.5195 0.986 1.928 0.0027 

Methane 86.00 343 668 0.5539 294.980 574.480 0.4764 

Ethane 5.50 550 708 1.0382 30.250 38.940 0.0571 

Propane 2.71 666 616 1. 5225 18.049 16.694 0.0413 

.... I-Butqne 0.97 735 529 2.0068 7.130 5.131 0.0195 .... 
Q') 

N-But.ane 0.88 765 551 2.0068 6.732 4.849 0.0177 

I-Pentane 0.34 829 490 2.4911 3.233 1.911 0.0097 

N-Pentane 0.36 845 489 2.4911 3.042 1. 760 0.0090 

Hexanes 0.46 913 437 2.9753 4.200 2.010 0.0137 

Heptanes + (119) 0.98 1005 335 4.1077 9.8490 3.2830 0.0403 

TOTALS 100.00% 382.015 658.726 0.7026 

Z (Pall-Yarborough) = 0.8807 

Pgas = 7.2713 Ibm/ft 3 

~; ,--, ~I r-i r-1 r--1 rI rI ,---, rJ r! r-l r-l r-l rI ,-'1 1 
1 
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COHPONENT 

Nitrogen 

Carbon Dioxide 

Methane 

Ethane 

Propane 

~ I-Butane .... .... 
N-But.1ne 

I-Pent-aRe------

N-Pentane 

Hexanes 

Heptanes + (115) 

TOTALS 

TABLE B-8: Equilibrium Gas Properties at 1753 psia and 212°F 

MOLE CRITICAL 
FRACTION, TEMP. 

Y. (OR) T 
1 C 

1.57 227 

0.18 548 

86.10 343 

5.43 50 

2.74 666 

0.97 735 

0.88 765 

0.39 829 

0.33 845 

0.51 913 

0.90 980 

100. OO/~ 

ZeRall-Yarborough) = 0.8903 

Pgas = 5.5352 Ibm/ft 3 

CRITICAL SPECIFIC 
PRESSURE GRAVITY Y.T 
(psia) P (SG) 

1 C 

C 

493 0.9672 3.564 

1071 1.5195 0.986 

668 0.5539 295.323 

708 1. 0382 29.865 

616 1. 5225 18.248 

529 2.0068 7.130 

551 2.0063 6.732 

490 2.4911 3.233 

489 2.4911 2.789 

437 2.9753 4.656 

335 3.9696 8.820 

381.346 

Y.P 
1 C 

Y. (SG) 
1 

7.740 0.0152 

1. 928 0.0027 

575.148 0.4769 

38. 4l~4 0.0564 

16.878 0.0417 

5.131 0.0195 

4.849 0.0177 

1.911 0.0097 

1.614 0.0082 

2.229 0.0152 

3.0150 0.0357 

658.887 0.6989 



TABLE B-9: Equilibrium Gas Properties at 1177 psia and 212°F 

HOLE CRITICAL CRITICAL SPECIFIC 
COMPONENT FRACTION, TEHP. PRESSURE GRAVITY YiTc Y.P Y. (SG) 

Y. (OR) T (psia) P (SG) 1. c 1. 

1. C c 

Nitrogen 1.57 227 493 0.9677.. 3.564 7.740 0.0152 

Carbon Dioxide 0.18 548 1071 1.5195 0.986 1.928 0.0027 

Methane 85.98 343 668 0.5539 294.911 574.3116 0.4762 

Ethane 5.62 550 708 1.0382 30.910 39.790 0.0583 

Propane 2.77 666 616 1. 5225 18.448 17.063 0.0422 

..... 
0.99 735 529 2.0068 7.277 5.237 0.0199 ...;J I-Butane 

00 

N-Butane 0.87 765 551 2.0068 6.656 4.794 0.0175 

I-Pentane 0.40 829 490 2.4911 3.316 1 

N-Pentane 0.32 845 489 2.4911 2.704 1.565 0.0080 

Hexanes 0.46 913 437 2.9753 4.200 2.010 0.0137 

Heptanes + (111) 0.84 975 335 3.831.5 8.1900 2.8140 0.0322 

TOTALS 100.00% 381.162 659.247 0.6959 

z, tHall-Yarborough) = 0.9148 

Pgas = 3.6014 Ibm/ft
3 

_~~~fi4!!t"\~fI!!II!R\~~f'I'!!"'iII'\r"""""\I"""""""'~~""""" 
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TABLE B-10: Equilibrium Gas Properties at 668 psia and 212°F 

HOLE CRITICAL CRITICAL SPECIFIC 
COMPONENT FRACTION, TEMI'. PRESSURE GRAVITY Y.T Y,P y, (SG) 

Y. (OR) T (psia) P (SG) 1. c ]. C 1 

1 C C 

Nitrogen 1.57 227 493 0.9672 3.564 7.740 0.0152 

Carbon Dioxide 0.18 548 1071 1.5195 0.986 1.928 0.0027 

Methane 84.94 343 668 0.5539 291. 34li 567.399 0.4705 

Ethane 5.95 550 ·708 1.0382 32.725 42.126 0.0618 

Propane 3.09 666 616 1. 5225 20.579 19.034 0.0470 

I--' I-Butane 1.11 735 529 2.0068 8.159 5.872 0.0223 .... 
co 

N-Butane 1.07 765 551 2.0068 8.186 5.896 0.0215 

II'eutane 0.42 829 490 2.4911 3.482 2.058 0.0105 

N-Pentane 0.29 845 489 2.4911 2.451 1.418 0.0072 

Hexanes 0.48 913 437 2.9753 4.382 2.098 0.0143 

Heptanes + (105) 0.90 980.0 400.0 3.6244 8.8200 3.6000 0.0326 

TOTALS 100. OOi~ 384.678 659.169 0.7056 

Z (Hall-Yarborough) = 0.9449 

Pgas = 2.0020 Ibm/ft 3 



TABLE B-11: Separator Gas Properties 

SEPARATOR PRESSURE = 870 psig 
SEPARATOR TEMPERATURE 88°F 

MOLE CRITICAL CRITICAL SPECIFIC 
COMPONENT FRACTION, TEMP. PRESSURE GRAVITY Y.T Y.P Yi(SG) 

Y. (OR) T (psia) P (SG) ~ c J. C 

J. C c 

Nitrogen 1.77 227 493 0.3672 4.9029 8.7261 0.0171 

Carbon Dioxide 0.20 548 1071 1.5195 1.0960 2.1420 0.0030 

Methane 88.53 343 668 0.5539 303.6579 591. 3804 0.4904 

Ethane 5.15 550 708 1.0382 28.3250 36.4620 0.0531 

..... 
Propane 2.36 666 616 1.5225 15.7176 14.5376 0.0359 00 

c 

I-Butane 0.73 735 529 2.0068 5.3655 3.8617 0.0146 

N __ Butane 0.60 765 551 2.0068 4.5900 3.3060 0.0120 

I-Pentane 0.21 829 490 2.4911 1. 7409 1. 0290 '0.0052 

N-Pentane 0.16 845 489 2.4911 1. 3520 0.7824 0.0040 

Hexanes 0.20 913 437 2.9753 1. 8260 0.8740 0.0060 

Heptanes + 0.09 972.3 396.9 3.4596 0.8751 0.3572 0.0031 

TOTALS 100. 00% 369.4489 663.4584 0.6444 

'" 0.8681 L'SEPARATOR CONDITIONS 

P = 2.5976 ibm/eu ft 
gas 

r-"1 r:---v ~ r--1 r-n ,....-, ,....-, ,....-, r---1 r---1 r-1 r-1 r-1 r-1 ,-, ,--, 1--' :- "~ ,. 
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APPENDIX C 

The following pages contain the relevant capillary pressure test 

results and the capillary pressure curves from the December 5, 1984 Special 

Core Analysis Report on core samples from the Eaton Operating Co., Inc.'s 

Louise Unit No.2. 
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SPECIAL CORE ANALYSIS STUDY 

FOR 
Eaton Operating Co., Inc. 

Secoundary Gas Recovery Inc. No. 2 Louise 
Hitchcock Field 

Frio Sand Formation 
Galveston County, Texas 

File Number: SCAL 305-84092 

r . -"' 
Special Core Analysis ,l: !, ~ lAB 
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CORE LABORATORIES, IHC. 

December 5, 1984 

fa ton Opera ting Co., Inc. 
3104 EcHoe, Sui te 200 
Houston, Texas 77027 

Attention: Mr. Lonnie L. Anderson 

Subject: Special Core Analysis Study 
Second3ry Gas Recovery Inc. No.2 Louise Unit 
Hi tchcock Field 
Frio Sand Formation 
Galveston County, Texas 
File Number: SeAL 305-84092 

Gentlemen: 

Special Core Analysis 
LAB 

In a letter dated August 10, 1984, Mr. Lonnie L. Anderson of Eaton Opersting 
Co., Inc. requested that Core Laboratories, Inc. perform the following special 
core analysis on core !IE teria I recovered from the subject we 11: (1) Forma tion 
Resistivity Factor and Formation Resistivity Index determinations, (2) 
Porous-Plate rrethod Air-Brine Capillary Pressure tests, and .(3) Steady-State 
Water-Gas Relative Permeability Tests. The samples used for testing are 
lithologically described and identified as to sample number and depth interval 
on page 1 of this report. 

Full diam:ter core lIB terial representing three coring intervals Core No. 1 
9065.0 to 9109.7 feet, Core No.2, 9113.0 to 9171.0 feet and Core No.3, 9173.0 
to 9194.6 feet; W3.S subrni tted for use in this study. Sixteen one-inch snd 
fifteen one and one mlf-inch diarreter cylindrical core plugs were obtained 
using a diamond drill bit with water as the bit coolant and lubricant. Tn= 
s3.mples were extracted of hydrocarbons using toluene, leached of salts with 
metmnol, and oven-dried at a temperature of 180 degrees Fahrenheit. 
Permeability to air snd Boyle's law porosities' (using helium as the gaseous 
medium) were rreasured on the cleaned and· dried samples. These results are 
presented on page;.: 

The samples selected for electrical properties and capillary pressure tests 
were evacuated and pressure saturated with a 40,poo ppm sodium chloride brine. 
The resistivity of ttE brine and brine saturated! core plugs were rreasured over 
a period of several d3.ys until ttE resisti vi ty' values stabilized, indica ting 
tmt ionic equilibrium wi thin ttE core plugs had been attained. 

TtE samples were desaturated using humidified ir in a porous plate cell. At 
selected pressures, equilibrium saturations re attained and the sample 
resisti vi ties were rreasured. TtE resul ts of the form tion factor rreasurements 
and ~esisti vi ty index determina tions are presented in tabular form on page ]J ~ 
and 1n graphical form on pages Ae'through .. 131.1 the capillary pressure test 
resul ts are presented in tabular form on page A4 and in graphical form on pages 
AS" through 2(. :;. I) 
;./ 30 . 185 



Ea ton Op= ra ting Co., Inc. Page two 

Using Archie I s equa tion, a cemen ta tion exponent "m'l of 1.93/ is ca lcula ted for 
this sui te of 53mples. Th? forma tion resisti vi ty index versus 53 tura tion 
relationships yield 53tura tion exponents "n" ranging from 1.78 to 2.36. For 
your convenience, a composi te plot of th? resi.sti vi ty-53 tura tion relationships 
for this suite of 53mples, yielding an "n" value of 2.03 is presented on page 
25. / . 

Tre core plugs selected fo[' steady-state W3ter-oil relative permeability tests 
are currently in our Callas facili ty for testing. Wh=n tre analysis is 
completed, tre results will be forwarded in an addendum to this report. 

It tas been a pleasure to provide Eaton Operating Co., Inc. with this study. 
Should you have any questions or require furth?r assistance, please feel free 
to contact us. 

Very truly yours, 

mRE LAIDRATORIES, INC. 

W.K. Hudson 
Laboratory Supervisor 
Sp=cial Core Analysis 
Houston, Texas 

WKH/grrn/sle 
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Sample 
1.0. 
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CORE LABORATORIES, INC. 
Specia.1 Core Analysis 

Page 20 of 30 
File SCAL 305-84092 

SUlflARY OF CAPilLARY PRE3SURE TES]' RESULTS 

Ea ton Ope ra ting Company, Inc. 
S.G.R. Inc. No.2 Louise Unit Fluid System: Air-Water 
Frio Sand Formation 
Hi tchcock Field Test Method: . Porous-PIa te Cell 
Galveston CoLmty, Texas 

Pressure, psi 1 2 4 8 15 35 

Permeabili ty 
Depth, to Air, Porosity 
feet mi llidarcys percent Brine Sa tura tion , percent pore space 

910S 419 28.7 88.6 53.6 44.5 36.8 32.3 30.8 

9113 301 29.7 79.0 58.1 53.5 48 .• 0 42.0 39.8 

9119 1120 30.1 65.0 47.1 41.5 36.3 32.1 30.7 

9125 167 29.2 100.0 91.3 65.9 54.5 48.4 47.2 

9131 592 29.8 85.8 61.8 50.6 42.3 38.1 37.9 

9137 1140 3::>.3 aQ.6 42.5 35.2 29.8 28.3 26.0 

9149 3500 32.8 46.1- 27.1 23.1 20.3 18.8 18.3 

9155 204 27.5 100.0 95.8 66.1 48.0 44.1 44.0 

9173 159J 32.3 80.8 43.2 36.6 20.6 28.4 27.8 

9192 1510 31.3 99.3 41.2 28.6 23.6 21.4 21.2 
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CORE LABORATORIES. I 
PClroln.m R.un..o;. £"';rwni", 

DALLAS. TEXAS 

Page 2 3 of 30 
file SeAL 305- 84092 

Comp:my ---'E ...... a ......... t lo,Lonl.L-.>.LO¥P.J.;.e ...... r..ca ...... tu.i...uD'-tg7--l-C ...... 0L-,,---lTu.D.u.C..:...-_ formation ~F,-r.L...J.I...l· 0"'--_______ _ 

Well S . G. R. No. 2 Lo u is e Un it County __ ~GoWia.!..ollo...:yue .... s.ut....,o""'n..L..-____ _ 
field Hitchcock State_-l-_T.:.,e::::.:..:.x:;;:.a""'s _______ _ 

Sample 6 

Permeability to Air: 1120 

o 10 20 30 60 70 80 100 

Brine Setur.tion. Percent Pore Sp~ 
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CORE LABORATORIE . INC. 
PCfTOkwm ~,E"6i '" 

DALLAS. TEXAS 

Page 26 of 30 
File SCAL 305-84092 

Company _-==E:..:::a:...::t:...::o:..!.n"---..!O.:..Jp;::..:e:::...rt:.,;a~tAi.un~g~C~o:..... ...... ,~Il..In...a.;c ....... , _ Formation ---o..F ..... r .... j~oL--_______ _ 
Well S. C. R, No. 2 Louise Unit COUrlty_-----'C;;".;:a_l;:...v.:...;e=.s.::.,t.::.,on=-_____ _ 
Field Hit chcock State __ ~T..::e...;;x;;.::a;;.::s:....-_______ _ 

Sample 12 

Permeability to Air: 1140 

, , 

, ' 

10 20 30 50 70 80 90 100 

Brine Saturltion, P.rcent Pore Space 
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APPENDIX D 

The following page contains a table detailing the calculations of the 

amount of liquid dropout from the equilibrium gas as it undergoes 

isothermal depletion. The experimental data listed in the table were taken 

from page 7 of the September 29, 1959, Reservoir Fluid Study of the 

11 
Thompson Trustee 1.)"ell No. 1. 
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TABLE D-1 

CALCULATION TABLE FOR LIQUID-DROPOUT OF THE 
NORTHEAST HITCHCOCK FIELD RESERVOIR FLUID 

AT 212°F 

GIVEN: Equilibrium Cell c.harge with 0.48025 lbs. of Reservoir Fluid 

EQUILIBRIUN 
CELL 

PRESSURE 
(PSIA) 

1252 

1962 

3155 

4190 

5035 

5572 

5630 

5649 

EQUILIBRIUN 
CELL 

VOLUNE 
(CC) 

2284 

1569 

997 

796 

708 

670 

666 

665 

OBSERVED 
LIQUID 
VOLUME 

(CC) 

97.88 

101. 74 

96.68 

73.50 

31.45 

2.78 

0.05 

0.0 

PERCENT 
LIQUID IN 

CELL 
VOLUNE 

4.29 

6.48 

9.70 

9.23 

4.44 

0.41 

0.008 

0.0 

PERCENT LIQUID 
IN (1-S1,) 

RESERVOIR PORE 
VOLm-rnS 

3.22 

4.86 

7.28 

6.92 

3.33 

0.31 

0.006 

0.0 

NOTE: The liquid referred to in the above table is hydrocarbon liquid. 
Also, the greatest amount of hydrocarbon liquid dropout occurs 
around 3155 psia. Also, Sw = 0.25. 
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APPENDIX E 

The method of Fetkovitch4 ,5 for finite a ifers was used to evaluate 

the size of the aquifer in the Northeast Hitchcock Field. This method 

modeled the reservoir as a single well field having either a radi.al or 

linear aquifer. In the case of the Northeast Hitchcock Field, a finite 

radial model \vas chosE::n to describe the relationship betv7een the 

hydrocarbon reservoir and the aquifer. In order to obtain a representat1Ve 

model, the model's reservoir characteristics and geometric dimensions were 

adjusted through a trial-and-error process until the model was capable of 

matching the field's production and pressure his~tory. The approXimate size 

of the aquifer in the Northeast Hitchcock Field was determined through this 

trial-and-error process. 

A computer algorithm was used to facilitate the trial-and-error 

process. This algorithm evaluated the gas reservoir pressures resulting 

from fluid production and water influx, and it can be seen on the following 

page (Figure E-·l). The basic equations used in the method proposed by 

Fetkovitch are described below. 

Inflow equation describing the flow of the aquifer into a hydrocarbon 

reservoir: 

where 

= 
dW 

e 
dt 

J(p - p) 
a 

qw water influx rate (BBL' s of 'l-1Btl,er Per Day) 

J aquifer productivity index (BEL's of l-Tater Per Day IpSI) 

p reservoir pressure at the hydrofarbon-water 

average pressure in the aquifer! (PSI). 
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\ 

I n=n+1 I 

t;,.W k = 
On 

Time step = n J 

I W 
- ( On ') 
P'n-l 

= Pj 1- -. - . 

I 
WeI 

I k = 1 I 

k = 1 

Ip~_p~-11 _ TOL 

W. Ej) n-l 

G 

p~=p~-l 

I k=k+1j 

+ 

k = iteration counter 
TOL = tolerance pressure 

difference (psi) 

Prediction of gas reservoir pressures resulting from fluid withdrawal 
and water influx (Fetkovitch). 

SOURCE: 

Figure E-l. Flowchart Describing the Computer Algorithm 

For the Method of Fe~kovitch 
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Aquifer Material Balance equation ing the amount of ,.;rater 

encroachment as the maximum possible expansi n of the aquifer minus the 

expansion of the aquifer when the aquifer pressure equals p : a 

where 

W water encroachment volume (BBL's) 
e 

c C
w 

+ c
f

' or the compressibility of the aquifer water plus 

the formation compressibility (PSI-I) 

\-1. = initial water volume (BBL' s) 
1. 

Pi initial aquifer pressure (PSI) 

Pa = average pressure in the aquifer (PSI) 

The method of Fetkovitch uses the two basic equations above in a form that 

represents the average pressure and the amount of water influx during 

discrete time intervals. These equations are: 

AQUIFER MATERIAL BALANCE 

where 

= 

n 
L !:J.We. 

J j=l 
Pi [ 1 - 'He. 

1. 

average reservoir pressure for time interval n-l (PSI) 

initial reservoir pressure (PSI) 

~w . water encroachment volume uring time interval ~ (BEL's) 
eJ 

We. ~W.p., the aquifer size (BBL's). 
1. 1. 1. 
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..... --------------------

WATER INFLUX 

H 

where 

e 
n 

He. 
1. - ) (1 _ e(-Jpiiltn/Hei) 

Pn 

th average aquifer pressure at the end of the Cn-i) 

time interval (PSI) 

~(p 1 + pk), average reservoir-aquifer boundary 
n- n 

pressure during the nth time interval (PSI) 

RADIAL FLOH MODEL (Semisteady State) 

where 

J = 
-3 7.8 x 10 fkh 

(~ r /r - 3/4) , 
e g 

productivity index for a finite radial 

aquifer (BEL's of Water Per Day/PSI) 

f 6/360 , where 8 was taken to be 60 degrees for the 

Northeast Hitchcock Field 

h aquifer height (ft) 

k = aquifer permeability (md) 

r radial distance from aquifer boundary to producing 
e 

well in feet 

r = radial distance from boundary of the hydrocarbon reservoir 
g 

to the producing well in feet •. 

The iterative method of Fetkovitch also considers the effect of gas 

withdrawals and water j_nflux into the reservoir through use of the 

following reservoir w~terial balance equtticn. 
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RESERVOIR MATERIAL BALANCE 

where 

z 

Gp = n 

G 

He 
n 

E. 
~ 

Pi Gp 
(l - G

n
) / (l z. 

~ 

Wek E. 
n ~) 
G 

gas deviation factor at pressure Pn 

gas produced at time n (standard cubic feet) 

original gas in place (standard cubic feet) 

water encroachment at time n (BBL's) 

I/Bg. , initial gas expansion factor 
1 

(standard cubic feet/reservoir cubic feet) 

Pi initial reservoir pressure (PSI) 

z. initial gas deviation factor 
1 

Bg
i 

initial gas formation volume factor (See Appendix B) 

Several runs were made using the computer algorithm before 

satisfactory matches between historical pressures were obtain~d. The 

trial-and-error runs were made by varying the r /r ratio in the radial 
e g 

flow model representation of the reservoir. The rese~voir characteristics 

assumed to be constant throughout the matching process were: 

theta, e = 60 degrees 

porosity, cp = 0.30 

permeability, k = 400 md 

total compressibility, C = 9.6 x 10-6 psi-I 

An adequate match of historical pressures was obtained when the r /r ratio 
e g 

was set to 5.5. At this ratio, the aquifer po e volume calculated to be 

3,100,000 MBBL. The hydrocarbon reservoir po e volume was taken to be 

104,450 MBBL. These calculations indicate that the aquifer is 

approximately 30 times the size of the hydrocarbon reservoir pore volume. 
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Most of the equations and the compute algorithm presented in this 

Appendix are described in greater deta:l in I Chapter 9 of the Fundamentals 

of Reservoir Engineering by L. P. Dake. 
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APPENDIX F 

In order to predict the amount of condensate produced by each well, 

the relationship between the amount of liquid hydrocarbons dissolved in the 

equilibrium gas (wellstream gas) and the reservoir pressure need to be 

determi~ed. This relationship could then be used to determine the liquid 

production from a well as a function of the e,quilibrium gas produced and 

the average reservoir pressure of the well's drainage area. 

The relationship described above was determined using equilibrium cell 

data found on page 7 of the September 29, 1959, Reservoir Fluid Study on a 

recombined fluid sample from the Thompson Trustee Well No.1. 11 

Calculations determining the amount of liquid hydrocarbon dissolved in the 

equilibrium gas are contained on the following page. 
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GIVEN: 

TABLE F-1 

DETERMINATION OF THE AMOUNT OF DISSOLVED HYDROCARBON 
LIQUID CARRIED IN THE EQUILIBRIlJIvI GAS 

Page 7 of 1985 Reservoir Fluid Study - Liquid Phase Volume Observations 

Volumes charged into the equilibrium cell: 

121.19 cc liquid at 80°F and 1200 psia 
5.94661 cu. ft. gas at 60°F and 14.65 psia 

MAJOR ASSUHPTION: The effects of liqujd compressibility are considered 
negligible. 

CELL A. Initial B. Ob~erved (A-B) Dissolved liquid 
PRESSURE Liquid Liquid Volume BBL 

(psia) Volume (cc) Volume (cc) cc 
I 

BBU: 5.94661 cu ft 

1252 121.19 97.88 23.31 1.599 _10- 4 2.690-10-5 

1962 121.19 101.74 19.45 1.335 _10- 4 2.245-10-5 

3155 121.19 96.68 24.51 1.682·10 -4 2.829-10-5 

4190 121.19 73.50 47.69 3.273-10 -4 5.504-10-5 

5035 121.19 31.45 89.74 6.159.10-4 1.036·10 -4 

5572 1.21.19 2.78 118.41 8.1.26-10- 4 1.336·10 -4 

5630 121.19 0.05 121.14 8.313 _10-4 1.398-10 -4 

5649 121.19 0 121.19 8. 31Lf ·10 -4 1.398·10 -4 

5899 121.19 0 121.19 8.314.10-4 1.298-10 -4 

*CO~VErrSION FACTOR: 6.86268.10-6 EBL/cc 

BBL 
~ \0 . 

26.9 

22.4 

28.3 

55.0 

103.6 

136.6 

139.8 

139.8 

139.8 
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PART 3 

RESEARCH IN WELL LOGGING 

by H. F. Dunlap, James H. Dupree, Jr., and Tom A. Lowe 

July 1985 

Center for Energy Studi~s 
The University of Texas at Austin 

Austin, Texas 78713 



DISCUSSION 

Research in \Jell Logging 

., 
.i 

Our original research objectives were to: (1) evaluate the possibility 

1 of quantitative gas saturation calculation using the density log, neutrol" 

log, lithodensity log, and the gamma spectrometry tool logs run in open 

] hole; (2) evaluate sanding prediction using compressional and shear wave 

1 
velocities from the digital sonic log run in open hole; (3) continue our 

study of short term variation in mud and mud filtrate resistivity; and (it) 

J generally advise on logging programs and interpretation in the Delee it 1 

well. 

1 Unfortunately, no open hole logs were run in the Delee #1 well, due to 

1 
the occurrence of unexpected high pressure gas stringers near total depth. 

This ruled out items (1) and (2) of our original objectives. The cement 

.1 job over the Frio "A" zone of interest was poor, as indicated by the ceraent 

bond log and the cement evaluatio~ tool. This meant that the density log, 

1 if run in the cased hole, could not be corrected for cement effects in the 

casing-formation annulus, so the density log was not run. 

In addition to the cement bond log and the cement evaluation tool, 

1 Schlumberger ran the digital sonic (long linear array) log, compensated 

neutron log, natural gamma ray spectroscopy log, and the gamma ray spectro-

scopy tool (uses gamma ray spectroscopy from neutron capture and inelastic 

neutron scattering to estimate C, 0, H, Si, Ca, S, Cl, and Fe content). 

We hoped that it would be possible to estimate shear velocity, as well 

as compressional velocity, from the cased ole digital sonic log. To date 

this has not been possible. We have suggested to Schlumberger that they 
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try to derive the shear velocity values f the Stonely wave velocities 

(which arc obtainable from the Delee Logs) the wellbore geometry. They 

have said they would attempt this, but no Iresults are a';ailable to date. 

If we can get both shear and compressional wave velocities in the Delee 

well, we can check sanding prediction methods against the actual sanding 

behavior in this well. It is quite possible that sanding will be a problem 

at high production rates in this well. 

We were able to get data on research objective (3) - study of short 

term variation in mud and mud filtrate resistivity in the Delee well. A 

paper on this subject was presented at the 6th U. S. Gulf Coast Geopres-

sured-Geothermal Energy Conference at the University of Texas, February 

4-6, 1985 (copy attached). We were able for the first time to obtain data 

on effect of makeup water resistivity (but not makeup water volume) on mud 

and mud filtrate resistivity. In the Delee well, barite is not a major 

contributor to NaCI in the mud, as compared to lignosulfonate, NaCH, and 

other additives. 

We found the boron ~oncentration in the Frio A sane was unexpectedly 

high (10 to 44 ppm). These high concentrati~ns must be corrected for when 

using the gamma spectroscopy tool sigma data (neutron capture cross section 

data). 
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EFFECT OF MAKEUP WATER AND MUD ADDITIVES ON DRIllING FLUID RESISTIVITY* 
H. F. Dunlap, James H. Dupree Jr., and Tom A. lowe 

The University of Texas at Austin 
Petroleum Engineering Department 

Austin, Texas 78712 

ABSTRACT 

Recent studies show that there are large short term variations in mud and mud fil
trate resistivity in drilling wells. Standar4 deviation of Rmf (log header) vs. 
Rmf (actual) averaged 50% in five wells studi~d (Williams and Dunlap, 1984). 
There are several causes of these short term fluctuations, one of which is short 
term variation in mud makeup water resistivity and volume. Data on variation in 
mud makeup water resistivity (but not volume) were obtained for the first time in 
the Delee #1 well, Hitchcock Field, Galveston County, Texas. In this well, at 
least, makeup water resistivity correlates well with mud resistivity. Data are 
now being collected for the Texas Oil and Gas Co. Bruce #1 well, N. Alta loma 
Field, which will include both makeup water resistivity and volume. 

INTRODUCTION 

It is important in log interpretation to know the value of the mud filtrate resis
tivity (Rmf) at the time a zone is drilled. A large part of the mud filtrate, 
probably one-half or more, is lost to porous and permeable zones at the time they 
are drilled (spurt loss). The remainder of the filtrate is lost gradually over a 
period of days or weeks as the well is drilled deeper. Knowledge of the mud fil
trate resistivity is important in log interpretation, being needed in the cal
culation of formation water resistivity from the SP log, and in calculation of 
formation factor, porosity, and water saturation using the shallow investigation 
resistivity logs (Rxo logs). 

SP-derived formation water salinities were used as a major screening factor by the 
Department of Energy, Geothermal Energy Division, in testing the feasibility of 
dissolved methane production from deep, hot geppressured aquifers in South Texas 
and louisiana. Dissolved methane decreases with increases in salinity, and zones 
with relatively fresh water were desired for t sting; however, the waters of zones 
chosen on the basis of SP-derived salinities w re usually far more saline than 
calculated. 

In the course of research designed to improve 
salinity predictions, Dunlap and Dorfman (1981 
due in part to large short term variations in 

he accuracy of SP-derived water 
suggested that the errors could be 

m and Rmf values which differ 

*Presented at 6th U.S. Gulf Coast GeopressureQ-Geotherma1 Energy 
Conference, Austin, Texas, February, 1985. 
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significantly from lag header values, which are 
pretation. Further work by Williams and Dunlap 
term (daily) variations in Rm and Rmf indeed occ 
were available. Average standard deviation be 
was 40%. For Rmf, the standard deviation in the 

raditionally used in log inter-
1984) showed that large short 
rred in five wells for which data 
en actual Rm and log header Rm 
e wells was 50%. 

The causes of these large short term variations in mud properties are complex, but 
the following factors are certainly involved. 

1. The addition of soluble salts, some present as impurities, in common mud 
additives such as bentonite, barite, lignosulfonate, etc. 

2. Inflows of relatively salty formation water when the mud pressure momen
tarily falls below formation pressure during drilling, when pulling pipe, 
or when drilling into a high pressure zone. 

3. Variations in resistivity and volume of makeup water added to the mud during 
drill ing. 

Williams and Dunlap (1984) discuss factor #1 in some detail. No data on factor #2 
are presently available to us. Such data might be obtained by continuously mon
itoring mud resistivity in and out of hole. The present paper reports for the 
first time the effect of makeup water on mud resistivity. 

THE EXPERIMENT 

During the drilling of Secondary Gas Recovery DeLee #1 well, Hitchcock Field, 
Galveston County, Texas, it was possible to sample the mud and makeup water daily, 
and also to obtain samples of barite, bentonite, lignosu1fonate, and other addi
tives used in the mud. However, it proved impossible to monitor the volume of mud 
makeup water added. Water was added to the mud in several places, and we were not 
able to devise a system for measuring daily water additions. An ideal system would 
use a water meter installed so as to measure only mud makeup water, not water used 
in washing down the rig floor, etc. We hope to obtain such data in the Texas Oil 
and Gas Co. Bruce #1 well, N. Alta Loma Field, Galveston County, Texas. 

The resistivities of the makeup water, mud, and mud filtrate for the DeLee #1 well 
are shown as a function of depth in Fig. 1. There is an obvious correlation 
between mud and mud filtrate resistivity, and makeup water resistivity. We suspect 
that if makeup water volumes had been known, the correlation would be even stronger. 
From 2500' to approximately 3600', and from approximately 6100' to TO, water from 
a nearby water well was used for mud makeup. From approximately 3600' to about 
6100', public utility water was used due to maintenance operations on the water 
well. The larger variations in makeup water resistivity can be attributed to using 
different makeup water. The smaller variations can be attributed to short term 
variations naturally occurring within each makeup wa~er type. 

Mud additives used in the DeLee #1 well were analyzed for salt content. Table 1 
shows salt contributions, expressed as sodium, for th additives that were used in 
significant amounts. For barite. bentonite, and lign sulfonate, amounts of sodium 
contributed to the drilling fluid were obtained by re istivity measurements on mix
tures of each additive with distilled water and assum"ng negligible contributions 
from other cations (the effects of which are yet to b analyzed). Sodium con
tribution from caustic soda (NaOH) was calculated dir~ctly. Table 1 indicates that 
for the DeLee #1 well, caustic soda was the principal contributor of sodium, while 
lignosulfonate and bentonite also contributed significant amounts. Barite data 
from Table 1 show that for the DeLee #1 well, sodium\addition by contamination 
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Fig. 1 Resistivity of mud, mud filtr4te, and makeup water 
vs. depth, DeLee #1 well, Hitchcock Field. 
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TABLE 1 Sodium Contributions itives, DeLee #1 Well 

Total Total 
Weight % Sacks lbs Sodium 

Additive Sodium Added Added 

Barite . <0.01% 4902 < 39 

Bentonite 0.43% 384 163 

Lignosulfonate 3.73% 423 782 

Caustic Soda 57.5% 107 3076 

in barite is negligible. Added together, caustic soda, lignosulfonate, and ben
tonite additions to the drilling fluid contributed more than enough sodium (if pre
sent as Na+ in solution), to account for all conductivity and resultant Rm and Rmf. 
Clearly, sodium content in drilling fluid additives affects Rm and Rmf signifi
cantly, and large additions over a short period of ~ime will ·cause changes in Rm 
and Rmf, as noted by Williams and Dunlap (1984). : 

Chemical reactions within the drilling fluid system must be accounted for also, as 
they play an important role in determining the amount of ions actually in solution 
and hence Rm and Rmf. Currently, a model accounting for chemical reactions is 
being developed to quantify all factors, including makeup water and additives, 
which result in short term variations in Rm and Rmf in drilling wells. 

In the DeLee #1 well, no open hole log runs were made, so no comparisons with log 
header values of Rm and Rmf were possible. 

USE OF ION SELECTIVE ELECTRODES 

Williams and Dunlap (1984) presented data suggesting it might be possible to infer 
Rmf from ion selective electrode measurements on the mud, without filtering the 
mud. Figure 2 (Williams and Dunlap, 1984) shows their data on laboratory muds and 
filtrates using a Na+ ion selective electrode. The correlation is excellent. 
Measurements: on the field mud sampled in the Delee #1 well are shown in Fig. 3. 
The salinity correlation based on the Na+ion selective electrode between mud and 
mud filtrate is again excellent. However; we suspec~ that it may not be practical 
to infer accurate values of Rmf using ion selective electrodes in mud. Other ions 
in addition to Na+ may be present in the filtrate in amounts that would signifi
cantly affect Rmf and would not be accounted for by the Na+ electrode. A differ
ent ion sel~ctive electrode must be used to measure the activity of each ion in the 
mud (Ca++, Mg++, Cl-, etc.). Hence, several electrodes may be needed to· accurately 
obtain Rmf. If more than two ion selective electrodes need to be used to obtain 
accurate Rm~ ·it may be quicker and .simpler to obtai~ a reasonable approximation of 
Rmf using the conventional method of filtration and irect measurement using an 
ohmmeter, as we have done for the Delee #1 well in F g. 1. Further research is 
necessary to determine the suitability of ion select ve electrodes in determining 
mud filtrate resistivity in drilling wells. 
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CONClUS IONS 

1. Variations in makeup water resistivity corr late with variations in mud and 
mud filtrate resistivity in the Delee #1 well. Variations in makeup water 
resistivity should be measured daily and th se variations controlled to 
obtain more uniform mud properties. 

2. Sodium content in mud additives significantly affects Rm and Rmf in the 
DeLee #1 well. In this well, caustic soda contributed the largest amount of 
sodium, and lignosu1fonate and bentonite also contributed significant 
amounts. Salt contamination in the barite used was negligible. 

3. It will be necessary to plan the system for obtaining mud makeup water vol
ume several days in advance of spudding the well, so the necessary water 
meter and piping layout can be installed. 

ACKNOWLEDGEMENTS 

This work was supported by The Gas Research Institute, and data ~~provided by 
them and Secondary Gas Recovery, Inc. The encouragement and assistance of 
Dr. Myron Dorfman of The University of Texas is gratefully acknowledged. 

REFERENCES 

Bauer, H. H., G. D. Christian, and J. E. O'Reil1y (1978). Instrumental Analysis, 
Allyn and Bacon, Inc., Boston, Chapts. 1-2. 

Dunlap, H. F., and M. H. Dorfman (1981). Problems and partial solutions in using 
the S.P. log to predict water salinity in deep hot wells. Trans. Geothermal 
Resources Council, 5, 283-286. 

LOr Interpretation Charts (1972). ,Schlumberger Lt~., U.S.A. 
Wi liams, H., and H. F. Dunlap (1984). Short term 'variations in drilling fluid 

parameters: their measurement and implications. Log Analyst, 25(5)., 3-9. 

211 


	coordination of geological and engineering research in support of gulf coast first scan
	coordination of geological and engineering research in support of gulf coast 2nd scan.tiff
	coordination of geological and engineering research in support of gulf coast 3rd  scan.tiff.tiff
	coordination of geological and engineering research in support of gulf coast 4th scan.tiff.tiff
	coordination of geological and engineering research in support of gulf coast final scan.tiff.tiff



