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A major objective of the GRI Staged Field Experiment Program has been to 
develop technology using experiments conducted in field laboratories. To test 
technology on in-situ stress profiling, real-time hydrauliC fracture analysis and 
pre- and post-fracture well performance analysis. In particular, SFE No. 3 
provided the opportunity to perform experimentation designed to verify hydraulic 
fracture height. 

Significant amounts of potentially recoverable natural gas exist in low-permeability 
sandstone formations located in sedimentary basins throughout the United States. 
However, a combination of technical and economic constraints prevents the 
widespread commercial exploitation of these resources. These constraints include 
(1) uncertainty as to the parameters critical to gas production from tight sands 
and (2) lack of a conSistently effective hydraulic fracturing treatment method 
that allows economic gas production from tight gas sands. GRI analyses indicate 
that evolutionary improvements In technologies and practices could significantly 
increase the amount of cost-competitive gas recoverable from tight sands. 

The major focus of GRI's strategy to improve technology is to conduct an 
integrated program emphasizing three major R&D needs: (1) improved geology 
and resource parameter quantification; (2) enhanced stimulation techniques 
including real-time analysis and control of hydraulic fracturing parameters; and 
(3) improved fracture diagnostics for determining fracture azimuth, fracture height 
and overall fracture dimensions. 

To effectively acquire data, perform research experiments and validate models 
and technology in a relatively unrestricted environment, a research well drilled 
and completed under the supervision and control of GRI contractors was 
required. With a GRI-controlled well, more intensive open-and cased-hole data 
acquisition programs could be implemented, and a completion program could 
be structured around the acquisition and evaluation of research data. In drilling 
and completing the SFE No.3 well, each of the GRI Tight Gas Sands Program 
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Contractors could field their technologies with extended time and risk allocations. 
The high-quality data set collected would be analyzed and subsequently 
integrated into a complete characterization of the Travis Peak low permeability 
reservoirs. These characterizations, in turn, would support the reservoir testing 
and fracture stimulation programs designed to improve gas recovery from tight 
sandstone reservoirs. 

Between September 1988 and March 1989, the Taylor Sandstone in the lower 
Cotton Valley Formation was drilled, testHd and fracture treated in the SFE No. 
3 well. Initially, an extensive open-hole data acquisition program was imple
mented in SFE No.3. This program included coring, MWD logging, wireline 
logging (multiple passes) and open-hole stress testing. USing the recovered 
core, comprehensive geologic analyses and extensive routine and special core 
analyses in the Travis Peak and Cotton Valley Formations were performed. 
After casing was set, the data acquisition program included wireline logging to 
estimate fracture height and evaluate cement bond and cased-hole stress tests. 

An extensive data set was also collected during well testing and fracture 
treatments performed in the Taylor Sandstone. Pre-fracture flow and pressure 
buildup testing were performed and resulted in estimates of formation properties. 
Two mini-fracs were also performed to gather data for estimating fracture height 
and azimuth and to acquire information to calibrate the fracture propagation 
model. Interpretation of passive seismic data indicated that the mini-frac had 
a height of approximately 300 ft and strike of N77°E. 

The main hydraulic fracture treatment consisted of over 1.1 million pounds of 
proppant and 9,500 barrels of fluid. All of the important fracture treatment data 
were monitored, measured and recorded during the treatment. Post-fracture 
well testing was performed, and the data were analyzed using a three-phase, 
three-dimensional reservoir simulator. A history match resulted in estimates 
of fracture and formation properties. On the basis of the post-fracture data, 
it is estimated that SFE No. 3 will produce 1.14 BCF over a 20-year period 
from the completed interval. 
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INTRODUCTION 

SFE No. 3 is the third well in a series of 
four Staged Field Experiments (SFE) being 
conducted by the Gas Research Institute 
(GRI) of Chicago, Illinois. SFE No. 3 was 
drilled as the Mobil Cargill Unit No. 15 in 
the Waskom Field, Harrison County, Texas. 
The well was spud on September 6, 1988, 
and was drilled to a total depth of 9,700 ft. 
Engineering and geologic data were mea
sured and analyzed on the Travis Peak 
Formation and the Cotton Valley Formation. 
Both of these intervals are major gas-pro
ducing formations In East Texas. 

A major objective of the GRI Staged Field 
Experiment program has been to develop 
technology using experiments conducted in 
field laboratories. SFE No. 3 provided a 
field laboratory site to test technology on in
situ stress profiling, fracture diagnostics, 
real-time fracture analysis, and post-fracture 
well performance analysis. The Cotton 
Valley Formation in SFE NO.3 provided an 
ideal laboratory for the verification of the 
technology developed by GRI during the 
Tight Gas Sands research project. This 
report documents the detailed information 
and results from GRI's research efforts on 
the Cotton Valley Formation in SFE NO.3. 

OPEN-HOLE DATA ACQUISITION 

An extensive open-hole data acquisition 
program was performed in SFE No.3. 
Approximately 374 ft of core were cut in the 
Travis Peak, the Travis Peak-Cotton Valley 
transition zone and the lower Cotton Valley 
interval. Routine core analyses were per
formed on 320 plugs to measure values of 
water saturation, permeability, porosity and 
grain denSity. SpeCial core analyses were 
run on 38 plugs. Values for dynamic me
chanical properties, electrical properties, 

relative permeability relationships and capil
lary pressure! functions were all determined 
using Cotton Valley core samples. In gener
al, excellent data were obtained. All avail
able information indicated that the Cotton 
Valley Taylor Interval was a typical low per
meability gas reservoir that possessed ideal 
characteristics for conducting hydrauliC frac
turing experiments. 

Open-hole logs were run on six different 
occasions as SFE NO.3 was drilled. Open
hole logging data were also obtained using 
measurement-while-drilling (MWD) systems. 
Several of the open-hole logging runs were 
made to study the effects of mud filtrate 
invasion on the readings from logging tools. 
A comprehensive logging suite was run at 
the conclusion of drilling to obtain data for 
calculating permeability-thickness (kh) pro
files, porosiw-thickness (4)h) profiles, in-situ 
stress (0'.) profiles and formation lithology. 

From the combined log and core analysis, 
the total kh in the Cotton Valley Taylor sand 
was calculated to be 0.33 md-ft with an 
average porosity of 6 percent and an aver
age water saturation of 41.3 percent. The 
bulk density log, the neutron log and the 
sonic log were all used to obtain estimates 
of porosity and in-situ stress. The logs 
were calibrated with in-situ stress test and 
core measurements. All equations used for 
these computations are included in this 
report. 

One of the major results from the GRI re
search effort concerns the development of 
a methodology for completing and stimulat
ing low permeability gas reservoirs. The 
normal method used by virtually all operat
ors is to perforate a well based solely on 
the estimates of porosity and water satura
tion from the open-hole log analysis. Those 
data for the Taylor sand in SFE No. 3 are 
included in Figure E-1. The GRI contractor 
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Figure E-1 Pre-Fracture Analysis Results 
for the Completion Interval, 
SFE No.3 

team has determined that a better methcd 
of well completion is to consider three dif
ferent profiles of data prior to determining 
where to place the perforations. The opera
tor should look at the <ph profile, the kh 
profile and the in-situ stress profile. Then, 
using both three-dimensional fracture propa
gation models and three-dimensional reser
voir models, one can determine the optimum 
location for the perforations to connect the 
better, gas-productive intervals to the well
bore via a hydraulic fracture. 

Details of the calculations of in-situ stress 
for SFE No. 3 are included in this report. 
Figures E-1 and E-2 illustrate the results 
from t,e log analyses where estimates of 
<ph, kh and 0'. have been computed using 
the combined information from logs, cores 
and stress tests. 

E-2 

Figure E-2 Permeability-Thickness Profile 
and Stress Profile of the Com
pletion Interval in SFE No.3 

A mud logging system was used on SFE 
No.3 from 5,700 ft to 9,700 ft (total depth). 
SFE No. 3 provided a test site for several 
new hardware and software systems being 
developed for mud logging programs. A 
new system was tested to obtain samples 
of cuttings continuously while drilling. Even 
though the system did not perform perfectly, 
the information obtained on the cuttings 
analysis were very informative. 

A series of open-hole stress tests were run 
to obtain estimates of in-situ stress above 
and in the Taylor zone and to determine 
fracture azimuth using open-hole logging 
images. The Bureau of Economic Geology 
(BEG) used all of the log, core and stress 
test information to provide detailed geologic 
descriptions of the regional and local geolo
gic setting for SFE No.3. All of the de-



tailed sedimentilogical analyses of the cores 
have been included in this report. Of partic
ular interest was the cored interval at the 
transition between the Travis Peak and 
Cotton Valley Formations. 

The Bureau of Economic Geology demon
strated that diagenesis had a different effect 
on the 'Travis Peak Formation than on the 
Cotton Valley Taylor sand. The BEG has 
found that in the Travis Peak Formation, the 
presence of quartz overgrowths leads to 
extremely low formation permeabilities. If 
the Travis Peak sands were initially coated 
with a layer of clay, the precipitation of 
quartz overgrowth was stunted and permea
bility was maintained at a higher level. In 
contrast, the findings in the Cotton Valley 
Taylor sand were just the oppOSite. In the 
Cotton Valley Formation, the intervals with 
quartz cement maintained higher permeabi
lity. The zones. with an abundance of clay 
were the lower permeability intervals. De
tailed discussion of all the geologic findings 
is included In this report. 

The BEG also studied the cores, the forma
tion microscanner and the borehole teleview
er data to estimate the preferred direction 
of fractures in the Cotton Valley Formation. 
On the basis of its findings, the preferred 
direction appears to be N80oE. A detailed 
discussion of the natural fractures and the 
structural setting in East Texas has been 
included in this report. 

CASED-HOLE DATA ACQUISITION 

After casing was set, a series of cased-hole 
logs was run to help estimate fracture height 
and to evaluate the cement bond for SFE 
No.3. In addition, several cased-hole 
stress tests were run in the Bossier shale 
and in the Taylor sand. These tests were 
later used to calibrate the mechanical prop
erties logs to obtain a detailed in-situ stress 
profile. The GAl research team has con-

cluded that several stress test measure
ments are normally required to properly 
calibrate the in-situ stress prOfile. Seldom 
can one use the data measured solely from 
open-hole logs and still obtain the correct 
stress profile. Detailed discussions of the 
in-situ stress profile and the steps needed 
to properly compute Ox are included in this 
report. 

PRE-FRAC1'URE WELL TESTS 

After thoroughly analyzing the open-hole 
data, the Cotton Valley Taylor sand was 
perforated from 9,225 to 9,250 ft and 9,285 
to 9,330 ft on January 24, 1989. After per
forming a perforation bailout treatment, the 
well produced 50 MCFD and 8 BWPD at 0 
psi flowing tubing pressure (FTP). The well 
was producEld for seven days, then shut in 
for a seven-day pressure buildup test. The 
analysis of the pressure buildup test resulted 
in the following estimates of formation prop
erties: 

Permeability-Thickness (kh), md-ft 
Gas Permeability (k

Q
), md 

Net Pay Thickness (h), ft 
Skin (s) 
Extrapolated Reservoir Pressure 

(P*), psi 

0.378 
0.01 

27 
+0.1 

3,400 

After the pressure buildup test, the first mini
fracture treatment was pumped on February 
17, 1989. After the mini-fracture treatment, 
the well produced at 310 MCFD and 8 
BWPD at a FTP of 150 psi. The well was 
produced for six days and then was shut in 
for another pressure buildup test on March 
2, 1989. The analysis of the second pres
sure buildup test resulted in the following 
information: 

Permeability-Thickness (kh), md-ft 
Gas Permeability (kQL md 
Net Pay Thickness (h), ft 

0.88 
0.022 

40 
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Skin (s) 
Extrapolated Reservoir Pressure 

(P*), psi 

-3.2 

3,600 

A comparison of the results from the two, 
pre-fracture pressure buildup tests led to the 
conclusion that additional pay was con
nected to the perforations as a result of the 
first mini-fracture treatment. SFE No.3 was 
definitely more productive after the first mini
fracture treatment. In addition to an in
creased kh product, the data indicated the 
average reservoir pressure to be slightly 
higher after the mini-fracture treatment. 

FRACTURE TREATMENT DATA ACQUISI
TION 

The main purpose of Mini-Frac No. 1 was 
to allow Teledyne Geotech to gather data 
for estimating fracture height and fracture 
azimuth. On the basis of its analysis of 
data from Mini-Frac No.1, Teledyne Geo
tech estimated the top of the fracture at 
±9,125 ft and the bottom of the fracture at 
±9,425 ft. The fracture azimuth was esti
mated to be N7]oE. 

Resources Engineering Systems (RES) also 
analyzed the data from Mini-Frac No. 1 
using FRACPRO, a 3-D fracture model de
veloped by RES for the GRI Tight Gas 
Sands Program. Using that information, 
RES estimated the top of the fracture to be 
at about 9,144 ft and the bottom of the 
fracture to be at about 9,368 ft. The total 
leakoff coefficient (Ct) from Mini-Frac No. 1 
was estimated to be 0.001 ttl min. 

Mini-Frac No. 2 was pumped immediately 
prior to the main fracture treatment on 
March 16, 1989. The data from Mini-Frac 
No. 2 was used to calibrate the fracture 
propagation model. 

The main fracture treatment consisted of 

• 576 bbl of slickwater 
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• 9,006 bbl of gel 

• 1,168,900 Ibm of 20/40 Ottawa mesh 
sand 

• 8 Ibm/gal maximum sand concentra
ticm 

All of the Important hydraulic fracture treat
ment data were monitored, measured and 
recorded during both the mini-fracture and 
the main fracture treatments. Before and 
during the treatments, extensive fracture 
fluid quality control operations were con
ducted by S. A. Holditch & ASSOCiates, Inc. 
The fluid viscosity data were supplied to 
RES for its real-time analysis of the hydrau
lic fracture treatment again using FRACPRO. 

The treatment was pumped down the cas
ing-tubing annulus so that the bottom hole 
pressure could be measured continuously 
with a pressure gauge run inside the tubing. 
The main fracture treatment was pumped as 
designed. On the basis of the RES analysis 
of the trE~atment, the following dimensions 
were reported. 

Created Fracture Length, 1t 1,751 
Propped Fracture Length, ft 1,403 
Created Fracture Height at Wellbore, ft 307 
Propped Fracture Length at We llbore, ft 296 
Created Fracture Width at Wellbore, in. 0.72 

A visual depiction of the hydraulic fracture 
dimensions In SFE NO.3 is given in Figure 
E-3. 

POST-FRACTURE PRODUCTIVITY ANAL y. 
SIS 

After the hydraulic fracture treatment, the 
well was produced and detailed measure
ments of the gas flow rates, water flow 
rates, condensate flow rates and flowing 
tubing pressures were obtained and re
corded. Experience gained through the GRI 
research effort has shown that exact mea-



Siress Prcfde 

Figure E-3 Proppant Concentrate Profile at Treat
ment Shut-In Using Log-Derived Stresses 

surements of the producing characteristics 
immediately after a hydraulic fracture treat
ment are critical data for an engineer who 
is attempting to obtain accurate estimates 
of the propped and created fracture dimen
sions. The GRI research team has learned 
that multi-phase, multi-dimensional models 
are required to match all of the data during 
and after a hydraulic fracture treatment. 
Even though such an analysis can be ex
pensive and time consuming, it is the only 
known method of determining the correct 
fracture dimensions, especially if a well is 
slow to clean up the fracturing fluids. 

For this report. the final reservoir analysis 
was obtained using a three-phase, three
dimensional reservoir simulator called 
SABRE. Using SABRE. a history match 
was performed of the water injection data. 
the production data after the hydraulic frac
ture treatment and the pressure buildup data 
that were measured in SFE No.3. Core 
and log analyses .also provided critical input 
data into the model. The results from the 
analysis show clearly that only about the 
first 200 ft of the fracture had cleaned up at 
the time the pressure buildup test was run. 

As such, the results of the analyses of the 
pressure buildup data using the Single-phase 
models are not surprising. Those models 
estimated fracture lengths on the order of 
200 ft (see Section 8.2). 

The main parameters that were varied dur
ing the match were formation relative perme
ability, fracture half-length, and fracture con
ductivity. Details concerning the history 
match are included in this report; however, 
the analysis resulted in the following es
timates of fracture and formation properties. 

Created Fracture Length. 1t 1,515 
Propped Fracture Length, ft 1,100 
Fracture Conductivity for First 600 ft. 

md-ft 1.880 
Fracture Conductivity for Last 500 ft. 
~~ ~ 

Formation Gas Permeability. md 0.04 
Total Porosity. % 8.6 
Net Pay Thickness. ft 40 
Reservoir Pressure, psi 3.620 
Drainage Area. acre 170 

The results from the SABRE analysis of the 
post-fracture production and pressure build-
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up test were very compatible with pre-frac
ture analyses and the analyses of the treat
ment reported by RES. Figure E-4 shows 
a schematic of the reservoir model used to 
perform the history match analysis. 

The results illustrated by Figure E-4 repre
sent the final match of production measured 
after using a chemical treatment to dissolve 
gel residue in the fracture. After the pres
sure buildup test, the well was loaded with 
water so that cased-hole logs could be run. 
The Halliburton product, OptiKleen, was 
used in the first 500 bbls of the kill fluid 
while logging was performed. During the 
five-day period, approximately 3,000 bbls of 
water were lost in the fracture. Most of this 
water went into the fracture and allowed the 
OptiKleen chemical to contact some of the 
gel residue left in the fracture. As a result, 
production has been increased. 

Table E-1 is a summary of production tests 
from SFE NO.3. 

Cumulative production as of July 1, 1990, 
was 156.1 MMCF of gas. 22,600 BW and 

535 BC. Essentially all of th~ load water 
from the injection tests and fracture treat
ment has been recovered. 

On the basis of an analysis of the post
fractum data, it has been estimated that 
SFE No. 3 will produce 1.14 BCF of gas 
over a 20-year period. The initial gas-in
place for SFE No. 3 was 2.13 BCF in a 
160-acre drainage area. Therefore, a recov
ery efficiency of approximately 54 percent 
is predicted for SFE NO.3. 

This report is a detailed accounting of the 
data collected and the analyses of those 
data by the GRI research team. As one 
would Elxpect, however, not all the details of 
these analyses were included in this report. 
Moreover, additional research using these 
data sets will be conducted on an on-going 
basis. As a consequence, a bibliography of 
additional information has been included for 
use by interested parties. For more infor
mation, contact the Gas Research Institute, 
CER Corporation or S. A. Holditch & Associ
ates, Inc. 

1-1 ----1845 II -·------1 
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Figure E-4 Reservoir Model for Final History 
Match, SFE No.3 



Table E-1 Summary of SFE No. 3 Production Tests 

Gas Water Condensate 
Flow Flow Flow Tubing 
Rate, Rate, Rate, Pressure, 

Date MCFD BWPD SCPD psig Remarks 

June 15, 1989 290 8 1.2 1,000 prior to PBU 

Aug. 27, 1989 580 60 1.0 550 after cleanup 
treatment 

Jan. 1, 1990 420 40 1.0 375 

July 1, 1990 350 24 1.0 230 20/64-inch choke 
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1.0 Introduction and Summary 

1.1 CONCEPT OF STAGED FIELD 
EXPERIMENTS 

Significant amounts of potentially recoverable 
natural gas exist in low-permeability sand
stone formations located In sedimentary 
basins throughout the United States. 
Development of the tight gas resource has 
only occurred in those limited areas charac
terized by thick and fairly uniform forma
tions, which, when hydraulically fractured, 
provide gas at production rates high enough 
for commercial exploitation. In more 
complex areas, the risks associated with 
drilling and stimulating are too high to allow 
full development of this resource without the 
use of advanced technology. 

To permit lower cost exploitation of the full 
potential of the tight gas resource base, the 
Gas Research Institute has Initiated an R&D 
program to do the following: 

1) determine the relationship between 
geologic and engineering parameters; 

2) further characterize tight gas reser
voirs and Improve resource estimates; 

3) identify and evaluate potential new 
tight gas sands technologies; 

4) identify parameters critical to forma
tion evaluation and gas production; 

5) understand more clearly the mechan
isms of hydraulic fracture propagation 
and control; 

6) diagnose fracture shape and down
hole conditions based on surface 
parameters; and 

7) provide the capability to change 
fracture treatment designs in real time. 

--... ~ ..... '.'.'.'.'.'.'.' ... '.' ... '.'~.'.'.'.~ .... ~ ....•... -.--

To Integrate each of these goals, GRI
controlled Staged Field Experiments (SFEs) 
are being conducted to validate the effec
tiveness of technologies developed through
out the GRI Tight Gas Sands Program. In 
addition, SFEs are being conducted to 
determine the most effective combination of 
techniques for formation evaluation, hydraulic 
stimulation and completion to reduce the 
cost of producing gas from tight formations. 

Research on SFE Nos. 1 and 2 focused on 
the Travis Peak Formation in East Texas. 
The results of this research have been 
previously documented (CER Corporation 
and Holditch & Associates, 1988; 1989; 
1990). Verification of the technology's 
applicability to the Cotton Valley Formation 
in East Texas was the objective of the SFE 
NO.3 well. This document provides detailed 
information and results of GRI's research 
efforts in that formation. 

As in the previous SFE wells, a group of 
GRI contractors was organized to conduct 
an integrated research program. The 
contractors who participated in conducting 
the research program on SFE No. 3 are 
shown in Table 1-1. Individuals from these 
organizations who performed the research 
and prepared the materials included in this 
report are also listed in this table. The 
individual reports were compiled, integrated 
and edited by GRI Tight Gas Sands 
Program management and CER Corporation. 

1.2 SFE NO. 3 SITE SELECTION 
CRiTERIA 

When GRI originally planned the Staged 
Field Experiment Program, specific goals 
were outlined for each SFE well. The 
individual goals of each SFE were con
sidered when choosing the location for the 

-1-



Table 1-1 Contractors Involved in SFE No. 3 Research Programs 

Organization Project Responsibility Contributing Authors 

Bureau of Economic Assist in site selection process; design Shirley P. Dutton 
Geology (BEG) -- The coring program; perform geological Stephen E. Laubach 
University of Texas at research and evaluations Robert S. Tye 
Austin Timothy N. Diggs 

CER Corporation Implement open hole data acquisition Richard E. Peterson 
programs; provide proJect acministration; Eric R. Monson 
document project activities 

Resources Recommend hydraulic fracture design; Michael P. Cleary 
Engineering Systems monitor fracture treatment parameters in Chris Wright 

real time; analyze and model hydraulic Phil Lewis 
fracture treatments 

ResTech Houston Design formation evaluation and data William Howard 
acquisition programs; evaluate log data and Don Luffel 
recommend completion intervals; determine 
stress profile from log data 

S.A. Holditch & Perform drilling and completion engineering Stephen A. Holditch 
Associates, Inc. services; perform and analyze well tests; Bradley M. Robinson 

design and implement hydraulic fracture William S. Whitehead 
treatments; function as GRl's lead technical Brad C. Walters 
contractor 

Teledyne Geotech Acquire and interpret borehole microseismic James E. Fix 
data for fracture dimensions and azimuth Kenneth D. Mahrer 
analysis Jack G. Swanson 

Report 
section 
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well. However, the selection of the Travis 
Peak as the initial "laboratory" in which to 
conduct the research dates back to studies 
conducted early in the project (Finley, 1984). 
The geologic and engineering studies 
planned for the first two SFE wells dictated 
that these wells be drilled where productive 
sandstones existed near the top and base 
of the Travis Peak Formation. The upper 
Travis Peak interval is the portion of the 
formation where historically a majority of the 
gas production has occurred. The lower 
Travis Peak is where a majority of the gas
in-place exists; however, the lower interval 
is not often completed by operators due to 
low permeability and difficulties in fracture 
stimulation. In addition, the potential for 
excessive water production also exists in the 
lower Travis Peak. Even though it was 
desirable to create a pure laboratory 
environment, it was also felt that realistic 
conditions should be maintained. For these 
reasons, the first two SFEs were drilled in 
the Waskom and North Appleby Fields of 
East Texas. 

The research associated with SFE No.3 
represents a transitional period in the GRI 
Tight Sands project. Additional work was 
needed to understand the Travis Peak; 
however, because SFE No.4 was to be 
completed in an entirely different basin and 
formation, there was an obvious need to 
begin technology transfer during SFE No.3. 
Because a well-known tight gas formation 
existed below the Travis Peak (the Cotton 
Valley), it seemed logical to drill through the 
Travis Peak and complete SFE No.3 in the 
Cotton Valley Formation. Thus, the objective 
of SFE No. 3 was not only to continue the 
work initiated on the Travis Peak, but also 
to begin evaluating the technologies, 
techniques and models developed by GRI 
in the Tight Sands project on the Cotton 
Valley Formation. 

One of the problems with the Travis Peak 
is that it consists primarily of interbedded 

siltstones, sandstones and sandy mud
stones. No thick, pure shale intervals exist 
in the Travis Peak; therefore, adequate 
barriers to vertical fracture growth are not 
present. Consequently, all of the modeling 
and fracture measurements that were 
conducted in the Travis Peak indicated that 
circular-shaped fractures would be created. 
Even though the ability to analyze and 
model fracture treatments in the Travis Peak 
has progressed, it was obvious that only 
one dominant fracture geometry (circular) 
existed. To properly verify the fracturing 
models developed by GRI, additional 
geometries had to be analyzed. Treatments 
which created vertically-contained hydraulic 
fractures need to be analyzed. 

The lower Cotton Valley (Taylor) sand 
offered the proper environment for this 
research to progress. In certain areas of 
East Texas, the Taylor sandstone is 
bounded by thick shales that are believed 
to be good barriers to vertical fracture 
growth. It was decided, therefore, to select 
a site for the SFE No. 3 where the Taylor 
sand could be used as the research 
laboratory. Other site-selection criteria 
included: 

• The SFE well should offset existing 
production in the Cotton Valley Taylor 
sandstone to maximize the probability 
of penetrating a gas-productive pay 
interval. 

• The Taylor sandstone in offsetting 
wells should have required a hydraul
ic fracture treatment to enhance gas 
production. 

• Offsetting wells should also have 
Travis Peak gas production, in order 
to continue research objectives in the 
Travis Peak Formation. 

• Total depth to the base of the Cotton 
Valley should be less than 10,000 ft. 
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After meeting with several operators, the 
Waskom Field of Harrison County, Texas, 
was selected as the most favorable site for 
SFE No.3. The Waskom Field was 
attractive because GRI had previously 
participated in several cooperative research 
wells in the area, and SFE No. 1 was 
located there. As a result, the Tight Gas 
Sands Program contractors were familiar 
with the Travis Peak section in the Waskom 
Field. The regional and specific location of 
the SFE No.3 well is shown in Figures 1-1 
and 1-2, respectively. Well information 
applicable to SFE No. 3 is shown in Table 
1-2. 

1.3 PRINCIPAL ADVANCEMENTS 
RESUL l1NG FROM SFE RESEARCH 

Since the beginning of the project, SFE No. 
3 was planned as a culmination pOint for the 
technologies developed early in the program. 
In 1984, the GRI cooperative well program 
and SFE program was initiated, and GRI 
pioneered significant developments in 
formation evaluation, fracture treatment 
monitoring, fracture treatment analysis and 
fracture diagnostics. SFE 3 was designed 
to demonstrate the usefullness of these 
technologies prior to moving the research 
program to a new basin. 

1.3.1 In-Sltu Stress Profiling 

Because the effect of the in-situ stress 
profile on the fracture geometry Is so 
important, significant research effort has 
been devoted to developing the procedures 
required to obtain accurate stress data. 
Due to cost, stress tests cannot be con
ducted in each individual layer within, above 
and below the formation of interest; there
fore, a methodology was developed to 
correlate the results of stress test analyses 
with open-hole log data to compute a 
vertical stress profile. In SFE Nos. 1 and 
2, most of the stress data were obtained in 
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cased hole, then a liner was set over the 
tested intervals to isolate the perforations. 
While sufficient for research purposes, this 
completion practice is not practical for 
routine operations. To improve the well 
completion and reduce the cost of obtaining 
stress data, a new approach was used on 
SFE No.3. For this well, several open
hole tests were run above and below the 
Taylor sand. Then several cased-hole 
stress tests were run below and in the 
Taylor sand to obtain data needed to 
calibrate the logs. 

The stress profile was used directly in 
formulating a completion strategy and in 
designing the hydraulic fracture treatment. 
For example, consideration was given to 
perforating the lower Taylor sand. However, 
based on the stress profile and the fracture 
geometry predicted by the model, it ap
peared that the hydraulic fracture, if initiated 
only in the upper Taylor sand, would grow 
through the thin shale interval below and 
into the lower Taylor sand. Therefore, to 
avoid potential problems with additional 
perforations below the main Taylor sand, the 
decision was made not to place perforations 
in the lower sand. The analysis of the 
hydraulic fracture treatment later indicated 
that the fracture did grow down into the 
lower Taylor sand. 

1.3.2 Fracture Height Analysis 

Production engineers commonly try to 
evaluate the created fracture height at the 
wellbore using conventional radioactivity and 
temperature logging tools. The literature 
contains several articles regarding the 
interpretation and validity of these production 
logs (Cooke, 1979; Dobkins, 1981; Bundy, 
1982; Gadeken and others, 1989). The 
estimates of fracture height using these logs 
are usually inaccurate because the depth of 
investigation for these tools is only a few 
inches. If a fracture is more than 1 to 2 ft 
from the wellbore, a gamma ray or tempera
ture log will not be able to detect it. 
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Table 1-2 SFE No. 3 Well Information 

Permitted Well Name: Cargill Unit No. 15 
Completed Well Name: Staged Field Experiment (SFE) No.3 

Lessee and SFE Partner: 

Well Operator: 
API Well Number: 

Mobil Exploration and Production, USA 

S.A. Holditch & Associates, Inc. 
42-203-31726 

Location: Simpson Holloway A-295; 606 It FNWL and 4,083 ft FNEL, 
Harrison County, Texas 

Field: Waskom 

Elevations: 311 .0 ft (Ground Elevation) 
332.5 ft (KB Elevation and Depth Datum) 

GRI has been conducting fracture diagnos
tics research since 1983. One promising 
concept developed by GRI to estimate 
fracture azimuth and height is to use a 
three-component geophone to gather data 
after a mini-fracture or hydraulic fracture 
treatment. Teledyne Geotech, the principal 
GRI contractor for this work, has developed 
a method that uses the geophones to 
measure the level of microseismic activity 
associated with the hydraulic fracture. The 
technique for determining fracture orientation 
was developed during SFE Nos. 1 and 2. 
The refinement of the HIZ ratio method for 
determining fracture height was demon
strated during SFE No.3. 

The fracture height determined using the 
Teledyne Geotech method was compared to 
the estimated values of fracture height as 
determined from conventional logging 
techniques. The RES fracture propagation 
simulator, FRACPRO, was also used to 
estimate a value for created fracture height. 
It appears that the Teledyne Geotech 
estimate of created fracture height In SFE 
No. 3 agreed very well with the fracture 
propagation modeling results. The conven
tional production logging techniques under
estimated the created fracture height (which 
is usually the case) by a substantial amount. 

GRI has developed a mora accurate method 
to measure the created fracture height. This 
technology is vitally important when one is 
attempting to design an optimal fracture 
treatment or interpret results from a fracture 
treatment. 

1.3.3 Hydraulic Fracture Analysis 

A primary objective of the four Staged Field 
Experiments has been to provide a field 
laboratory for the development and verifica
tion of fracture analysis technology (three
dimensional fracture models and remote 
sensing equipment). At the conclusion of 
SFE No.3, the goal was to have a system 
developed for analyzing the fracture in real 
time. Essentially, this goal was accom
plished. GRI has a system that can be 
used in the field to determine fracture 
azimuth, fracture height and fracture length. 
A 3-dlmensional fracture propagation model 
can be used to compute the shape and 
extent of the fracture in real time with data 
measured at the well site during the fracture 
treatment. 

Resources Engineering Systems (RES) has 
developed a computer van, known as the 
Treatment Analysis Unit (TAU), that houses 
the hardware and software needed to 
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analyze a fracture treatment in real time. 
The GRI-funded TAU has been developed 
during the course of the Tight Sands 
program and has been the control center for 
fracture diagnostics during the SFE project. 

The fracture treatment on SFE No. 3 was 
analyzed in real time by RES using 
FRACPRO. FRACPRO is a lumped 3-D 
model developed by RES for GAL Using 
input data from the pre-fracture formation 
evaluation plus the data measured during 
the fracture treatment, RES successfully 
matched the bottomhole treating pressures 
recorded during the fracture treatment of 
SFE No.3. Based upon this match, a 
prediction of fracture growth was generated 
as the treatment was being pumped. Even 
though an excellent match of the predicted 
vs. actual pressures was obtained, additional 
analysis is still being conducted with 
FAACPRO. Difficulties were encountered 
when modeling the mini-frac and main 
fracture treatment because fluids with 
different viscosities were distributed in the 
fracture. Because the Initial version of 
FAACPAO averaged the viscosity distribu
tion into a single value, matching the data 
from SFE No. 3 was complicated. As a 
result, radial weighting factors have now 
been added to FAACPAO to better simulate 
multiple fluid viscosities in the fracture. 

Using its full 3-D numerical simulator 
(R3DH), RES has history matched the 
treatment data from SFE NO.3. In conjunc
tion with A3DH, a finite element mesh was 
used to model the crack tip, thereby 
improving the calculation of fracture treating 
pressures. 

1.3.4 Post-fracture Performance 
Analysis 

During the GAl Tight Gas Sands Program, 
experience has shown that conventional well 
test analysis techniques used on tight gas 
reservoirs will not usually provide accurate 
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estimates of permeability, fracture length, 
fracture conductivity and/or drainage area. 
Most simple analysis techniques assume 
that a Single-phase fluid is being produced 
from a single, homogeneous formation. 
However, in most tight gas reservoirs, both 
gas and water are produced from multiple 
layers consisting of sandstones, siltstones 
and shales. As a result, the assumptions 
made to develop the conventional well 
analysl~l techniques are Invalid and results 
obtainelj from conventional well analysis 
methods do not adequately describe the 
comple:< reservoir. 

In the GRI Tight Gas Sands Program, S.A. 
Holditcl1 & ASSOCiates, Inc. has used 
numerical reservoir simulators to analyze the 
post-fracture performance. The models are 
used to simulate both the production data 
and pressure buildup data. Production 
characteristics such as gas breakthrough 
time, fracture fluid cleanup, and gas/water 
ratio histories have all been identified as 
important parameters In determining reser
voir and fracture properties. Analysis of 
post-fracture performance using numerical 
models is a time-consuming process; 
however, the numerical results are needed 
to understand previous treatments and to 
improvet the design for future wells. GRI is 
funding research to develop a new genera
tion of reservoir simulators that can run on 
personal computers with minimal data. 
These new PC models will allow the 
practicing engineer to analyze post-fracture 
data on a more routine basis. 

The analysiS of SFE No.3 indicates that the 
results obtained from numerical modeling of 
the post-fracture performance provide more 
reliable estimates of reservoir and fracture 
properti

'
9s than do conventional analysis 

techniques. The conventional techniques 
generally underestimated the values for 
fracture properties due to the fact that 
complete cleanup of fracturing fluids was not 
obtained. Therefore, the production and 



pressure transient data were affected by the 
presence of this water. By using a two
phase, numerical simulator, these effects 

were taken Into account and the resulting 
analyses were more realistic and more 
reliable. 
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2.0 SFE No. 3 Data Acquisition Objectives and 
Results 

Open- and cased-hole data acquisition pro
grams on the SFE No.3 well were designed 
by the team of GRI TIght Gas Sand Pro
gram contractors. The objectives of these 
programs, the data actually acquired and a 
discussion of the SFE No. 3 drilling and 
completion operations are provided in the 
following sections. A chronological summary 
of these operations is provided in Table 2-1. 

2.1 OPEN-HOLE DATA ACQUISITION 

2.1.1 Drilling Operations Summary 

SFE No. 3 drilling operations occurred be
tween September 6 and November 13, 
1988, under the overall supervision of S.A. 
Holditch & Associates, Inc. Total depth of 
the well was 9,690 ft. The time vs. depth 
curve for the drilling operations Is shown in 
Figure 2-1. An 8-3/4-in. hole was drilled 
through the Travis Peak and Cotton Valley 
Formations with 7-in. production casing ulti
mately set and cemented. Figure 2-2 illus
trates a wellbore schematic showing details 
of the casing and cementing for the well. 

2.1.2 Coring Objectives and Results 

The overall SFE No.3 coring objective was 
to recover 390 ft of 4-in. diameter core from 
the Travis Peak and Cotton Valley Forma
tions. More specifically, this overall objec
tive was subdivided into coring rationales for 
the following depth intervals in the SFE No. 
3 well: 

7,351 - 7,411 ft 
This is a potentially productive interval 
in the lower Travis Peak with anomal
ously low resistivity sandstones that 
are of interest for formation evalua-

tion studies. Special core preservation 
techniques would be used to evaluate 
the effect of clay dehydration on mea
sured core properties. 

7,868 - 7,946 it 
This interval includes the contact of 
the Travis Peak with the Cotton Valley. 
Core from this interval would be used 
to refine geological interpretations of 
the Cotton Valley and Travis Peak 
stratigraphy. 

9,017 - 9,047 It 
This Is a shale interval overlying the 
Taylor sandstone which would provide 
important information on its hydraulic 
fracture barrier characteristics. 

9,199 - 9,367 It 
Within this interval is the entire upper 
Taylor sandstone completion objective. 
It would provide the basis for exten
sive geological and petrophysical 
analysis. 

9,449 - 9,509 It 
This interval includes the lower Taylor 
sandstone and the Bossier shale and 
would aid the evaluation of its fracture 
barrier and geological characteristics. 

The core intervals were based on correla
tions, performed by the Texas Bureau of 
Economic Geology, to nearby reference 
wells: the Mobil Cargill Gas Unit Nos. 8 and 
10 and the Mobil McLofflin Unit No.3. 

Coring operations implemented on SFE No. 
3 resulted in a total recovery of 373.6 ft of 
4-in. diameter core. Results of the indivi
dual coring runs are shown in Table 2-2. 
All but one core run used a 30-ft barrel 
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Table 2-1 Operations Summary, SFE No.3, Harrison County, Texas 

Spud Well 
Log Run No.1 
Set Surface Casing (1,480 ft) 
Log Run No.2 
Set Intermediate Casing (6,315 ft) 
Log Run No.3 
Core Interval No.1 (7,351 - 7,411 ft) 
O.H. Stress Test No. 1 (7,406 - 7,411 ft) 
Log Run No.4 
Core Interval No.2 (7,868 - 7,945 ft) 
O.H. Stress Test No.2 (8,074 - 8,079 ft) 
Log Run No.5 
O.H. Stress Test NO.3 (9,012 - 9,017 ft) 
Core Interval No.3 (9,017 - 9,046 ft) 
O.H. Stress Test No.4 (9,041 - 9,046 ft) 
Core Interval No. 4 (9,199 - 9,367 ft) 
Top of C.V. Taylor Sand - 9,200 ft 
O.H. Stress Test No.5 (9,362 - 9,367 ft) 
Core Interval NO.5 (9,449 - 9,502 ft) 
O.H. Stress Test No.6 (9,595 - 9,600 ft) 
Reach T.D. (9,700 ft) 
Open-Hole Logs 
Set Production Casing, Release Rig 

Cased-Hole Logs 
C.H. Stress Tests (Bossier Shale) 
C.H. Stress Tests (Taylor Sand) 

Drilling 

Completion 

Perforate Taylor Sand, 9,225 - 50 ft, 9,285 - 9,330 ft 
Production Testing 
Pressure Buildup Test 
Cased-Hole Logs 
Pre-Mini-Frac Surveys 
Mini-Frac Test, Logging 
Production Testing 
Pressure Buildup Test 
Injection Surveys 
Main Fracture Treatment 
Spectral GR Logging 
Production Testing 
Pressure Buildup Test 
Kill Well, Run Logging Surveys 
Production Testing 
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Sept. 6, 1988 
Sept. 8, 1988 
Sept. 9, 1988 
Sept. 21, 1988 
Sept. 22, 1988 
Sept. 30, 1988 
Sept. 30 - Oct. 1, 1988 
Oct. 2, 1988 
Oct. 5, 1988 
Oct. 6-7, 1988 
Oct. 9, 1988 
Oct. 15, 1988 
Oct. 16, 1988 
Oct. 17, 1988 
Oct. 18, 1988 
Oct. 20-26, 1988 

Oct. 26, 1988 
Oct. 28-29, 1988 
Oct. 31, 1988 
Nov. 2, 1988 
Nov. 2-11, 1988 
Nov. 13, 1988 

Nov. 29 - Dec. 5, 1988 
Dec. 5-6, 1988 
Dec. 13-15, 1988 
Jan. 24, 1989 
Jan. 27 - Feb. 3, 1989 
Feb. 3-10, 1989 
Feb. 11-12, 1989 
Feb. 15-16, 1989 
Feb. 17-24, 1989 
Feb. 24 - Mar. 2, 1989 
Mar. 2-8, 1989 
Mar. 11, 1989 
Mar. 16, 1989 
Mar. 22, 1989 
Mar. 23 - June 16, 1989 
June 16 - July 14, 1989 
July 24-28, 1989 
July 29, 1989 - Present 
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Table 2-2 Results of SFE NO.3 Coring Operations 

Core 
No. 

Cored Interval, 
ft 

Core Recovery, 
ft 

Core Barrel 
Efficiency, % 

Rats, 
ftlhr 

1 7,351.0 - 7,381.0 

2 7,381.0 - 7,411.0 

3 7,868.0 - 7,888.6 

4 7,888.6 - 7,916.7 

5 7,916.7 - 7,949.7 

6 9,017.8 - 9,046.8 

7 9,199.0 - 9,229.4 

8 9,229.4 - 9,259.6 

9 9,259.6 - 9,283.0 

10 9,283.0 - 9,313.3 

11 9,313.3 - 9,321.3 

12 9,321.3 - 9,340.0 

13 9,340.0 - 9,367.9 

14 9,449.0 - 9,469.0 

15 9,469.0 - 9,482.0 

16 9,482.0 - 9,502.0 

Totals and Averages 

(Core No. 14 used a 60-ft barrel). Core 
barrel efficiency, which is the ratio of the 
footage cut divided by the actual footage 
attempted on the particular run, averaged 
78.9 percent {23.7 ft per 30-ft barrel}. This 
relatively high percentage indicated that the 
coring assembly used (a 30-ft outer core 
barrel, 6-3/4-ln. 00, stabilized at the top, 
middle and near the bit; and a 30-ft inner 
barrel, 4-in. 10, with brass stabilizer pads 
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28.7 9S.0 3.6 

30.0 100.0 3.8 

20.6 68.7 2.9 

23.9 93.7 5.6 

26.6 96.7 4.0 

25.7 9S.7 2.6 

30.0 100.0 1.8 

30.2 100.0 2.8 

23.3 78.0 1.4 

28.3 100.0 1.7 

7.4 27.3 1.5 

18.9 63.0 1.8 

27.9 100.0 1.8 

19.1 33.0 1.9 

13.0 43.0 2.3 

20.0 66.0 2.0 

373.6 78.9 2.6 

brazed on at 10-ft intervals) improved core 
recovery when compared to using SO-ft, 
stabilized core barrels. 

Processing and handling of all SFE No. 3 
core was performed by CER using compre
hensive techniques designed to provide a 
consistl~nt, high-quality core product to sub
sequent analysts of the core. The core 
handling techniques used on SFE No.3 are 



fully described in CER Corporation and S.A. 
Holditch & Associates, Inc. (1990) but basi
cally included an on-site trailer where core 
segments were reassembled; marked for 
depth and orientation; macroscopically de
scribed (lithology and fractures); preserved 
in oxygen-barrier sleeve materia!; and boxed 
prior to shipment to the Texas Bureau of 
Economic Geology (Austin) for slabbing and 
detailed geologic analysis. 

2.1.3 Core Orientation Objectives and 
Results 

To provide data primarily for the orientation 
of natural and induced fractures in Travis 
Peak and Cotton Valley core, three tech
niques were used: downhole surveys, paleo
magnetic analysiS and borehole imaging. 

Only Core Interval NO.9 was oriented with 
a downhole electronic survey device. The 
tool operated from the beginning of Core 
No. 9 at 9,260 ft to a depth of 9,277 ft 
when a downhole power failure terminated 
data acquisition. Throughout the interval 
over which survey data were acquired, 
scribes on the core were either absent, or 
when visible, severely rotated about the 
core's circumference. Orientation data con
firmed the rotation of the inner barrel. Due 
to the inner barrel rotation and the tool fail
ure, consistent usable orientation information 
was not obtained with this technique. 

Paleomagnetic core orientation data were 
acquired over intervals selected after the 
core was recovered and shipped to the 
Texas Bureau of Economic Geology. Using 
this technique, a total of 34.7 ft of core was 
oriented. 

The main sources of orientation data were 
derived from wireline logging tools which 
included the Borehole Televiewers (BHTV) 
of Amoco, Mobil and Schiumberger-Doll 
Research and the Schlumberger Formation 
Microscanner (FMS). Fractures ob.-;erved in 

the core were correlated to the BHTV and 
FMS oriented images to determine true 
fracture strikes. Utilizing the two borehole 
imaging logs, 163 of the 204 (SO percent) 
observed core fractures were oriented. 
Further discussion of core fractures is pre
sented in Section 3.3. 

2.1.4 Geophysical Wlrellne Logging 
Objectives and Results 

Log data quality control and supervi
sion/coordination of open-hole logging opera
tions on SFE No.3 were the joint responsi
bility of GRI contractors ResTech Houston 
and CER Corporation. Tasks included coor
dination of the field operations and logistics, 
verification of tool calibrations and data 
quality, selection of logging speeds, presen
tation formats/scales and data distribution. 

For the SFE No. 3 well, six open-hole log
ging runs were designed by the GAl con
tractor team. Implementation of the open
hole logging program, in general, would 
provide GRI contractors with the necessary 
data for the following: 

• identification of zones with significant 
gas saturation, porosity and permeabil
ity; and 

• development of a stress profile in 
intervals to be hydraulically fractured. 

The individuai run objectives, log data pro
cured and observations recorded during 
each of the logging runs performed in the 
open hole on SFE No. 3 are described 
below. 

2.1.4.1 Surface Logging OperatIons (Run 
No.1) 

Log Suite: 
Dual Induction/Gamma Ray/ 

Spontaneous Potential 
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Depths Logged: 
o to 1,481 ft 

The objective of the surface logging run was 
to acquire a complete record of the forma
tion resistivity up to the conductor casing. 
The data acquired on this run are summar
ized in Appendix 1. 

2.1.4.2 Intermediate Logging Operations 
(Run No.2) 

Log Suite: 
Dual Induction Focused Log/GR/SP 
Long Spaced Sonic/Caliper 
Z-Density (Photoelectric Effect) 
Formation Multitester/GR 

Depths Logged: 
1,470 to 6,311 ft 

The objective of the intermediate logging run 
was to acquire a record of the resistivity and 
porosity characteristics of the formations to 
be isolated behind the intermediate casing 
string. In addition, formation pressure data 
were required in the upper Travis Peak 
sandstones to quantify the pressure deple
tion that may have resulted from nearby well 
production. The measurements acquired 
during this logging run are summarized in 
Appendix 1. 

2.1.4.3 First TP/CV Logging Operation 
(Run No.3) 

Log Suite: 
Dual Induction Focused Log/GR/SP 
MicroLaterolog/Caliper/GR 
MicroLaterolog/Caliper/GR 
Proximity Log/Caliper 
GRlMiniLog 

Depths Logged: 
6,310 to 7,354 ft 

Logging Run No. 3 was the first of three 
intermediate logging operations whose major 
objective was to monitor the rate of invasion 
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of drilling fluid filtrate into the formation (I.e., 
time-lapsed resistivity logging). To attain 
this objective, mud weight would be main
tained at an over-balanced 10.0 Ibm/gal from 
the bottom of intermediate casing (6,310 ft) 
to the depth of this logging run (7,354 ft). 
A caliper survey of the wellbore was also 
planned to monitor the deterioration of the 
borehole as drilling operations continued. 
Log data acquired during Run No. 3 are 
summarized in Appendix 1. 

2.1.4.4 Second TP/CV Logging Operation 
(Run No.4) 

Log Suite: 
Dual Induction Focused Log/GR/SP 
Dual Induction Focused Log/GR/SP 
Z -Density (Photoelectric )/Caliper/GR 
Proximity Log 

Depths Logged: 
6,310 to 7,868 ft 

An objective of this run was to obtain the 
same types of resistivity measurements (for 
monitoring filtrate Invasion) collected on the 
previous run. To acquire this invasion vs. 
elapsed time data, logging Run No.4 would 
be performed 7 to 10 days after Run No 3. 
Between Run Nos. 3 and 4, drilling fluid 
density would continue to be maintained at 
10.0 Ibm/gal. In addition, formation density 
data would be acquired on this run rather 
than risk the possibility of obtaining poor
quality data (due to borehole rugosity) on 
the final open-hole logging run. Caliper log 
data would also be acquired to continue 
monitoring wellbore enlargement. The log 
data actually collected on Run No. 4 are 
summarized in Appendix 1. 

2.1.4.5 Third TP/CV Logging Operation 
(Run No.5) 

Log Suite: 
Dual Induction Focused Log/GR/SP 
Proximity Log/GR 
Z·.oensity (Photoelectric )/GRlCaliper 



Depths Logged: 
6,310 to 9,018 ft 

Log Run No.5 was the final of three inter
mediate logging runs planned in the Travis 
Peak and Cotton Valley. In this run, resis
tivity data to quantify mud filtrate invasion 
and "insurance" density measurements (ac
quired prior to borehole deterioration) were 
emphasized. To exaggerate drilling fluid 
filtrate invasion, mud weight was increased 
from 10.0 Ibm/gal to 10.7 Ibm/gal at 8,079 
ft; it was maintained at this level to the 
depth of this logging run (9,018 tt). The 
logging data collected on this run are sum
marized in Appendix 1. 

2.1.4.6 Final Logging Operation (Run No. 
6) 

Log Suite: 
Proximity Log/GR 
Dual Induction Focused Log/GR/SP 
Z-Density/Caliper/GR 
Compensated Neutron 
Long Spaced SonicIWaveforms 

(Amoco) 
Borehole Televiewer (Amoco) 
Digital SonicIWaveforms 
Electromagnetic Propagation Log 
LithoDensity Log/Caliper 
Neutron Log/GR 
Formation Microscanner/GR 
4-Arm Caliper 
Modular Reservoir Testing Tool/GR 
Digital Sonic Waveform 

ToollWaveforms 
Borehole Televiewer 
Stratigraphic High Resolution 

Dipmeter/4-Arm Caliper Dipole 
Sonic/GR 

Geochemical Log/Natural GR 
Rotary Sidewall Coring Tool 
Borehole Televiewer (Mobil Research) 
Shear Wave Sonic Log (Mobil 

Research) 
P-Wave Sonic Log (Mobil Research) 
Stonely Wave Sonic Log (Mobil 

Research) 

High Resolution Induction 
6-Arm Microsonic Dipmeter 
Quadrapole Sonic Log - Large Source 
Quadrapole Sonic Log - Small Source 
Sonic Echo Log 

Depths Logged: 
4,550 to 9,690 ft 

The objectives of the final logging operation, 
Run No.6, were to acquire a comprehen
sive set of log data to assist in formation/ 
reservoir evaluation, development of a com
pletion strategy, and hydraulic fracture diag
nostic research. Thus, the logging program 
was designed to accumulate data for the 
following interpretations: 

• conventional log Interpretation of matrix 
porosity, lithology components, water 
saturation and permeability; 

• rock mechanical properties and forma
tion pressures to develop a stress 
profile; 

• identification and correlation of bore
hole images to core fractures for deter
mination of orientations; 

• quantification of the effects of filtrate 
invasion on the log interpretation re
sults; and 

• assessment of the drilling fluid sys
tem's ability to stabilize the borehole 
while exposed to the drilling fluid. 

The logging data collected on this run are 
summarized in Appendix 1. 

2.1.5 Downhole Measurements-Whlle-Drlll
Ing 

A Measurement-While-Drilling (MWD) data 
acquisition program was planned in the 
Travis Peak Formation. This interval was 
selected because drilling operations (and 
MWD data acquisition) would not be inter-
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rupted by any coring operations. In addi
tion, a wide range of formation characteris
tics would be encountered as drilling pro
gressed from the upper to the middle Travis 
Peak. The specific objectives of the MWD 
program were to acquire the following: 

• downhole mechanical drilling measure
ments (e.g., weight on bit, torque) as 
inputs for continuing research in relat
ing rock strength to in-situ stress; and 

• formation resistivity data Immediately 
after penetration by the bit and prior 
to significant drilling fluid filtrate inva
sion. This data would then be incor
porated into the time-lapsed wire line 
logging resistivity data set. 

The MWD equipment fielded consisted of a 
specially-designed drill collar housing the 
transducers, downhole electronics and a 
data transmission telemetry system. At the 
surface, a unit received and recorded the 
data versus time and drill depth. In the drill 
string, the collar was placed directly above 
the bit. 

The following sections document the data 
acquired in each of the MWD logging de
scents performed by Schlumberger-Anadril 
between September 24 and September 29, 
1988. 

2.1.5.1 MWD Descent No.1 

Descent No. 1 with the first MWD collar 
acquired Gamma Ray (GR), resistivity (short 
normal), surface rotary torque and weight on 
bit, rate of penetration, rotary speed, down
hole bit torque and weight on bit and bore
hole azimuth and drift measurements over 
the interval 6,365 to 6,811 ft. A wiring fail
ure in the collar caused erratic downhole bit 
torque and GR data, forcing a discon
tinuance of drilling operations to replace the 
MWD logging device. 
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2.1.5.2 MWD Descent No. 2 

Upon exchanging the failed MWD collar for 
a functional one, Descent No.2 commenced 
collecting data at 6,811 ft. Downhole bit 
torque and weight on bit and GR data were 
acquired to 6,966 ft while reliable short nor
mal resistivity measurements ceased at 
7,031 ft. A wiring failure In the collar was 
the source of the data loss at this depth. 
Since a replacement tool was not immedi
ately available, drilling operations continued 
to the next scheduled wireline logging run 
depth at 7,348 ft. The functioning part of 
the MWD tool (surface rotary torque and 
weight on bit, rate of penetration, rotary 
speed and borehole azimuth and drift) ac
quired data to 7,348 ft. 

Severe abrasive wear to the MWD collar 
during Descent No. 2 resulted in the loss of 
several external wiring cover plates on the 
MWD collar, allowing the destruction of the 
underlying wires. Further acquisition of data 
was discontinued after Descent No. 2 as a 
result of the harsh drilling environment and 
the unavailability of another MWD collar. 

2.1.6 Surface Measurements~Whlle--Drllllng 

2.1.6.1 Routine Mudlogglng 

Mudlogging and data logging services, per
formed by EXLOG, began at 5,700 ft and 
continued on a 24-hour basiS until total 
depth was reached at 9,700 ft. Services 
included drill cuttings sample collection from 
the shale shaker tailings, sample description, 
continu()us total mud gas and gas chromato
graph. These data were recorded by a 
next-generation database software and com
puter hardware system. SFE No.3 served 
as a beta test site for this new system. 
One feature of the advanced software is the 
computE~r-generated mud log included in 
CER Corporation and S.A. Holditch & As
sociates, Inc. (1990). 



2.1.6.2 Drilling and Formation Data~ 
logging 

To support research directed at evaluating 
rock strength and its relationship to in situ 
stress, drilling and formation properties were 
measured and recorded at the surface. 
These data were merged with the downhole 
MWD data set. To acquire these data, a 
network of remote transducers, strategically 
placed on the drilling rig equipment, pro
vided signals to the computer-based digital 
recording system housed in the mudlogging 
unit. Measurements acquired by these sen
sors are listed in Table 2-3. 

2.1.6.3 Drill Cuttings Sampling 

To develop equipment designed to automati
cally collect drill cuttings, Western Atlas 
Core Laboratories fielded prototype equip
ment at the SFE No. 3 site. The cuttings 
sampler was designed to provide a con
tinuous automatic sampling of drill cuttings 
that would be more representative of the 
interval penetrated than that obtainable from 
cuttings collected at the shale shaker. The 
cuttings sampler accumulated drill cuttings 
in clear acrylic cylinders (3 in. in diameter 

by 18 in. in length) which were periodically 
replaced. One cylinder would typically col
lect samples from 2 to 5 ft of drilled section. 

Operation of the cuttings sampler on SFE 
No. 3 commenced at approximately 7,600 
ft. Problems encountered with the Internal 
plumbing and accelerated sample collection 
caused by the high solids content of the 
drilling fluid, dictated running the unit inter
mittently to 9,500 ft. Drill cuttings were 
collected over the intervals: 7,615 to 7,635 
ft; 7,828 to 7,856 ft; 7,870 to 7,921 ft; 9,150 
to 9,170.7 ft; 9,345 to 9,357 ft and 9,449 to 
9,499 ft. 

2.1.7 Open~Hole Stress Testing 

The objectives of the open-hole tests were 
(1) to determine, in the open-hole environ
ment, the average in-situ closure stress il1 
specific lithologies of the Travis Peak and 
Cotton Valley Taylor sand and (2) to create 
open-hole fractures that could be imaged 
with the BHTV and FMS to obtain fracture 
azimuth. By developing the methodology 
needed to conduct and interpret an open
hole stress test procedures and interpreta
tion, the technique might become more 

Table 2-3 Data Measured by Surface Transducers During Drilling 

Drilling Parameters 

Mud Hydraulic Parameters 

Formation Evaluation 

Rate of penetration 
Surface weight on bit 
Rotary speed 
Surface rotary torque (min, avg, max) 
Hook load 
Driller's depth 

Standpipe pressure 
Pump flow rate 
Pump pressure 

Interpreted lithology 
Lagged total gas (min, avg, max) 
Chromatograph (C1 through nC4) 

-19-



"routine" and more useful to operators. 
Because the fracture induced by the open
hole stress test can sometimes be over
cored, the characteristics of the fracture can 
be observed directly. Through orientation 
of the fracture found in the recovered core 
and by wireline tool images of the fracture 
in the borehole wall, fracture azimuth can 
also be measured. 

In SFE Nos. 1 and 2, the in-situ stress 
profile was determined accurately by per
forming a large number of cased-hole stress 
tests. However, because many of these 
tests involved zones above the completion 
intervals, it was necessary to set a liner in 
each of the wells to isolate the stress test 
perforations. This added significantly to the 
cost of the operations. To eliminate the 
need for a liner to be set in SFE No.3, the 
stresses in the zones above the Cotton 

Valley completion interval were determined 
from open-hole stress tests only. Thus, the 
open-hole stress tests were concentrated in 
shales above the Taylor sandstone and in 
a lower Travis Peak sandstone. 

Overall, six intervals were stress tested in 
the open hole. Table 2-4 summarizes the 
relevant information for these six intervals. 
For the open-hole tests, drilling mud was 
used for the injection fluid. The injection 
rates ranged from 5 to 20 gal/min. For 
each test, th e well was drilled or co red to 
a specified depth. Then two DST packers 
were set approximately five feet above the 
bottom of the hole, with a perforated anchor 
pipe touching bottom. In the bottom packer, 
a shut-in nipple was run to allow downhole 
shut-in when the wire line pressure gauge 
was lowered through the drillpipe. The 
tested interval was between the bottom 

Table 2-4 Summary of Open-Hole Stress Tests 

Test 
No. 

1 

2 

3 

4 

5 

6 
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Interval, 
ft 

7,406 - 7,411 

8,074 - 8,079 

9,013 - 9,018 

9,041 - 9,046 

9,363 - 9,368 

9,595 - 9,600 

lithology Objective 

Mudstone/siltstone Travis Peak shale 

Shaly limestone CV "8" limestone 

Shaly limestone Shaly fracture barrier 200 ft 
above upper Taylor sandstone 

Shaly limestone Shaly limestone fracture barrier 
above upper Taylor sandstone 

Shale Shale between upper and lower 
Taylor sandstone 

Shale Bossier shale 



packer and the total depth of the borehole. 
Bottomhole pressures were measured using 
a downhole quartz pressure gauge with a 
surface readout and CER's High Speed 
Data Acquisition System. This specially 
modified surface and downhole equipment 
is capable of acquiring pressure data up to 
85 samples per second. During each open
hole stress test, bottom hole pressure and 
temperature, injection rate, surface injection 
pressure and surface annulus pressure were 
monitored and recorded. 

After conducting Stress Test No.3, Core 
No.6 was cut in an attempt to overcore the 
stress test-induced fracture. No stress test
induced fracture was observed in the core, 
indicating either the fracture did not propa
gate downward into rock cut by the core 
bit or the fracture was outside the area of 
rock cut by the core bit. Three stress tests, 
Nos. 1,4 and 5, were performed immediate
ly below Core Nos. 2, 6 and 13, respective
ly, so that core data could be acquired in 
rock immediately adjacent to the stress 
tested interval. The remaining two stress 
tests, Nos. 2 and 6, were not located near 
any core intervals .. 

The BHTV and FMS borehole imaging de
vices were logged over the six stress test 
Intervals. Fractures, which were interpreted 
to be induced by the stress tests, were 
observed in three of the stress test intervals 
on the image logs. 

2.2 CASED-HOLE DATA ACQUISITION 

2.2.1 Cased-Hole Logging 

An extensive cased-hole logging program 
was planned for the SFE No.3 well primari
ly for the determination of fracture height 
following various hydraulic fracturing events 
(e.g., injectionlballout, mini-and main fracture 
treatments). In addition, the cased-hole log
ging would provide data to indicate the qual
ity of cement bonding in potential completion 

intervals. Specific objectives and data ac
quired in each of the cased-hole runs are 
summarized in the following sections. 

2.2.1.1 Pre-Perforation Logging Opera
tions (Run No.7) 

Log Suite: 
Tube Wave Reflection Log (Mobil 

Research) 
Cement Bond LogNariable Density 

Log/GR 
Casing Collar Locator 
Cement Evaluation Log 
Borehole Gravimeter 
Continuous Microseismic Radiation 

Survey 
Anisotropic Shear Wave Log (Mobil 

Research) 
Long Spaced Acoustic Log (Mobil 

Research) 
Shear Wave Acoustic Log (Mobil 

Research) 
Temperature Log 
Quadrapole Sonic 

Depths Logged: 
250 to 9,650 ft 

The objective of the pre-perforation logging 
operations (Run No.7) was to acquire base
line cement bond quality, acoustical and 
microseismic radiation data before perforat
ing the well. These data would be com
pared to equivalent data following various 
fracturing treatments to determine fracture 
height. In addition, borehole gravimeter 
density measurements were planned to 
determine if formation density anomalies 
existed. By comparing data from the stan
dard, shallow-investigating, open-hole forma
tion density tool with data from a deep-in
vestigating, cased-hole borehole gravimeter, 
such anomalies could be identified. In addi
tion, the gravimeter data would be used to 
derive the overburden pressure gradient. 
The log data obtained during this cased
hole run are outlined in Appendix 1. 
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2.2.1.2 Post-Perforatlon/Pre~Mlnl-Frac 
Treatment Logging Operations 
(Run No.8) 

Log Suite: 
Tube Wave Reflection Log (Mobil 

Research) 
Cement Evaluation Log/GR 
Cement Bond LogNariable Density 
Casing Collar Locator 
Continuous Microseismic Radiation 

Survey 
Tracer Scan Log 

Depths Logged: 
8,800 to 9,639 ft 

In Logging Run No.8, the objective was to 
obtain acoustical, microseismic radiation and 
spectral gamma ray data to add to the data
base being accumulated for fracture height 
determinations. This run was to be con
ducted prior to Mini-Frac No. 1 but after 
having perforated the well. Between these 
two operations, multiple injections were per
formed (e.g., stress tests, injectionlballout 
treatment) which would have created hy
draulic fractures. A summary of the Run 
No. 8 logging operations and data collected 
is shown in Appendix 1. 

2.2.1.3 MlnloFracture Treatment logging 
Operations (Run No.9) 

Log Suite: 
Continuous Microseismic Radiation 

Survey 
Tube Wave Reflection Log (Mobil 

Research) 
Cement Bond LogNarlable Density 

Log/GR/CCL 
Cement Evaluation Log/GR/CCL 
TracerScan Log 

Depths Logged: 
8,800 to 9,590 ft 
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Log Run No. 9 was designed to acquire 
acoustical, microseismic radiation and spec
tral gamma ray data for comparison to that 
obtained on the previous runs (Nos. 7 and 
8) and to estimate the height of the fracture 
induced in the mini-frac treatment. A sum
mary of the data actually acquired and log
ging operations implemented in Run No. 9 
is shown in Appendix 1. 

2.2.1.4 Post-Main Fracture Treatment 
Logging Operations (Run No.1 0) 

Log Suite: 
Tracer Scan Log 
Cement Bond LogNariable Density 

Log/GR/CCL 
Cement Evaluation Log/GR/CCL 
Tube Wave Reflection Log - Small 

Source (Mobil Research) 
Tube Wave Reflection Log - Large 

Source (Mobil Research) 
Continuous Microseismic Radiation 

Survey 
Quadrapole Sonic 

Depths Logged: 
8,700 to 9,516 ft 

The objective of Log Run No. 10 was to 
acquire fracture height data following the 
main fracture treatment. Descent No.1 was 
executed several days after the treatment. 
The remaining descents were not performed 
for several months due to flow back and 
pressure buildup testing operations. The log 
data acquired in Run No. 10 are summar
ized in Appendix 1. 

2.2.2 In-Situ Stress Testing 

Cased-hole stress tests were perlormed to 
determine the in-situ closure stresses in the 
Cotton Valley Taylor sandstone and the 
underlying Bossier shale interval. Open
hole stress tests were concentrated in the 
Hmey shale above the Taylor sand. With 
the data collected from the open-hole and 



cased-hole stress tests, log-calculated 
stresses could be calibrated and an accur
ate stress profile could be developed for use 
in fracture treatment design and modeling. 

The six cased-hole stress tests performed 
on SFE No. 3 included three tests in the 
Bossier shale below the Cotton Valley Taylor 
sandstone and three tests in the Taylor 
sand. The depth intervals of these tests are 
shown in Table 2-5. For the cased-hole 
tests, 10-lbm/gal brine water was used. As 
in the open-hole tests, injection rates varied 
from 5 to 20 gal/min. For each test, a one 
foot interval was perforated with two perfora
tions. The intervals were isolated with 
straddle-type packers run on the tubing 
string. A downhole shut-in tool was used on 
each test. The three tests in the Bossier 
shale (CHST 1, 2 and 3) were performed 
December 5 and 6, 1988. Bottomhole pres
sure and temperature, injection rate, surface 
injection pressure, and surface casing pres
sure were monitored and recorded using the 
GRI Treatment Analysis Unit (TAU). Bot
tomhole pressure and temperature were 
measured using a Panex electronic gauge 
with surface readout. The three tests per
formed in the Taylor sand (CHST 4, 5 and 
6) from December 13 to 15, 1988, were 

monitored and recorded using CER's High 
Speed Data Acquisition System. 

2.3 SUMMARY OF WELL TESTING AND 
COMPLETION OPERATIONS 

2.3.1 Pre-Fracture Tests 

To effectively design and implement the 
optimal fracture treatment for SFE No.3, it 
was necessary to quantify reservoir proper
ties. The important properties are formation 
permeability, average reservoir pressure, 
apparent skin and reservoir size. These 
properties are obtained from well tests. 
Well tests such as production tests (which 
accurately monitor gas, water and conden
sate flow rates) and pressure buildup tests 
(which accurately measure bottomhole pres
sures) are needed to characterize the forma
tion. These data are then analyzed to ob
tain the desired reservoir properties which 
are, in turn, used in the fracture design 
models and reservoir simulators to optimize 
the stimulation recommendation. 

Pre-fracture well tests on SFE No. 3 in
cluded two flow tests and two pressure 
buildup tests from the Taylor sandstone 

Table 2-5 Summary of Cased-Hole Stn~ss Tests 

Test Depth, ft Objective 

CHST1 9,630 - 9,631 Bossier shale 

CHST2 9,600 - 9,601 Bossier shale 

CHST3 9,554- 9,555 Bossler shale 

CHST4 9,324 - 9325 Taylor sandstone 

CHST5 9,266 - 9,267 Taylor sandstone 

CHST6 9,227 - 9,228 Taylor sandstone 
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perlorations (9,225 to 9,250 ft and 9,285 to 
9,330 ft). The initial flow test was con
ducted after a perloration bailout treatment. 
The well was produced for seven days be
tween January 27 and February 2, 1989. 
This flow period included two to three swab 
runs per day to be sure the well was not 
loading up. The average flow rate for the 
production period was 50 MCFD and 8 
BWPD. The flowing wellhead pressure was 
essentially zero, while the flowing bottom
hole pressure was 507 psia. Production was 
through a 48/64-in. choke. After the initial 
production period, a seven-day pressure 
buildup test was perlormed and analyzed by 
S.A. Holditch & Associates, Inc. to obtain 
estimates of reservoir properties. 

The analysiS of this pressure buildup test 
led to the following values: 

kh::: 0.378 md-ft 
k ::: 0.014 md 
h ::: 27 ft 
s ::: +0.1 
P*::: 3,400 psi 

After the first pressure buildup test, a mini
frac was perlormed on February 17, 1989. 
During the mini-frac, Teledyne Geotech 
conducted geophone surveys to determine 
fracture orientation. 

The well was then opened on February 24, 
1989, for another flow test. SFE No.3 was 
produced for six days at an average flow 
rate of 310 MCFD and 8 BWPD on a 24/64-
in. choke. The flowing wellhead pressure 
was 150 psi, and the measured flowing 
bottomhole pressure was 727 psi. This 
production period was followed by a six
day pressure buildup test from March 2 to 
8, 1989. The analyses of the two pre-frac
ture pressure buildup tests are discussed 
in detail in Section 6.1. 

The analysis of the second pre-fracture 
pressure buildup test resulted in the follow
ing values: 

-24-

kh:: 0.88 md-ft 
k ::: 0.022 md 
h := 40 ft 
s "" -3.0 
p'::: 3,600 psi 

Apparently, the mini-fracture treatment con
nected additional pay to the wellbore. 

2.3.2 Fracture Treatments 

A second mini-frac (No.2) was pumped on 
March 16, immediately prior to the main 
fracture treatment. The main purpose of the 
second mini-frac was to provide data for use 
in calibrating the 3-D fracture models. A 
total of 1,281 bbl of 40-lbm/gal linear gel 
and 290 bbl of slick water (flush) were 
pumped at 50 bbl/min down the casing
tubing annulus at an average pressure of 
3,450 psi. The instantaneous shut-in pres
sure (ISIP) was measured to be 2,450 psi. 
The ma.in fracture treatment was performed 
on the Cotton Valley (Taylor) sandstone 
following the second mini-frac. The primary 
purpose of the treatment was to provide the 
opportunity to collect data for analysiS by 
various fracture diagnostic contractors, so 
they could calculate and/or measure the 
dimensions of the hydraulic fracture. There
fore, the treatment volumes and operations 
were designed primarily for their benefit. 
Unlike past SFE wells, however, specific 
emphasis was also placed on optimizing gas 
recovery efficiency from this particular reser
voir. 

The main fracture treatment consisted of 
pumping 576 bbl of treated water as pre
pad followed by 9,006 bbl of 50-Ibm/gal and 
40-lbm/gal crosslink gel carrying 1,168,900 
Ibm of 20/40-mesh Ottawa sand. The maxi
mum sand concentration achieved was 8 
Ibm/gal. The treatment was pumped at an 
injection rate of 50 bbl/min with an average 
treating pressure of 3,000 psi. The treat
ment was successfully pumped to comple
tion. Additional details of the treatment can 
be found in Section 8.0. 



Several operators (Mobil, Amoco, Texaco) 
and service companies (Halliburton, Dowell
Schlumberger) provided continuous support 
and valuable input to the treatment design. 
GRI wishes to acknowledge the support and 
effort put forth by these companies. Al
though the final treatment was influenced by 
many of their recommendations, in general 
it was designed using the methodology de
veloped in the GRI research program (speci
fically, on previous co-op wells in the Travis 
Peak). 

2.3.3 Post-Fracture Tests and Production 
History 

To determine the effectiveness of the hy
draulic fracture treatment in SFE No.3, 
post-fracture well tests were conducted. 
The post-fracture tests consisted of a long
term production test and an extended pres
sure buildup test. Flow rates (including 
gas, water, and condensate) were measured 
from the beginning of the post-fracture flow
back. Surface and bottomhole pressures 
were also measured during both the flow 
period and the shut-in period. The objec
tives of these tests were to supply the 
necessary data for reservoir simulation his
tory matching so that the reservoir and frac
ture properties could be evaluated and then 
compared to the results of the fracture de
sign models and the fracture diagnostic 
techniques used on this well. 

To initiate testing after the fracture treat
ment, the well was flowed back to induce 
fracture closure. A total of 48 bbl of water 
was produced in 1-1/2 hours (average flow
back rate of 0.5 bbl/min) through a 4/64in. 
choke. The well was then shut in until 7 
a.m. on the following day, March 17, 1989, 
when it was opened to a trac tank on a 
6/64-in. choke. SFE No. 3 produced only 
water for about four days, and on March 20, 
the well was killed with a 10-lbm/gal brine 
so that the wellbore could be cleaned out 
to the PBTD. A packer was then run into 

the well, and a post-fracture gamma ray log 
was run. On March 23, the well was 
swabbed and began flowing to a tank on a 
20/64-in. choke. It was later changed to a 
10/64-in. choke. On the morning of March 
25, after about 40 hours of flow, the well 
began making gas. At 8 a.m. on March 26 
the gas rate had increased to 260 MCFD on 
a 12/64-in. choke with a flowing tubing pres
sure (FTP) of 1,335 psig. The water flow 
rate was 335 BPD. 

The gas flow rate continued to increase 
during the flow test. On April 11, bottom
hole pressure gauges were run into the well, 
and an absolute open flow (AOF) test was 
run for the Texas Railroad Commission. 
Maximum flow rate during this test was 583 
MCFD on a 14/64-in. choke with a FTP of 
1,060 psig. At the conclusion of the AOF 
test, the well was put back on a 12/64-in. 
choke. On April 21, SFE No. 3 was shut 
in for six hours while the sales line was 
connected. All further testing was into the 
gas sales line. 

Flow testing was continued for a period of 
about six weeks. Gas flow rate increased 
to 580 MCFD on May 8, through an 18/64-
in. choke with a water rate of 105 BPO and 
a condensate rate of 4.6 BPO. Gas produc
tion then began deClining slowly until June 
15 when SFE NO.3 was shut in for a pres
sure buildup test. At shut-in, the well was 
producing 290 MCFD, 8 BWPD and 1.2 
SCPO through an 18/64-in. choke with a 
FTP of 1,000 psig. 

After about two hours of shut-in, the lubrica
tor began leaking and the well was opened 
to the sales line again. It was produced for 
an additional 32 hours and was shut in 
again for the pressure buildup test at 7 p.m. 
on June 16, 1989. At shut-in, the flow rates 
had stabilized to approximately the same 
rates as before the initial two-hour shut-in 
period. Flowing bottomhole pressure at shut
in was 1 ,856 psia. A total of 659 hours of 
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pressure buildup data were acquired. When 
the buildup test was ended at 8 a.m. on 
July 14, 1989, the bottomhole pressure was 
2,716 psia and surface pressure was 2,200 
psig. 

After the pressure buildup survey, SFE No. 
3 was again opened to the sales line. Flow 
rate Initially increased to a maximum of 610 
MCFD on a 9/64-ln. choke with a FTP of 
1,450 psig, but It soon began to decline. 
On July 24, the well was shut in and killed 
using fluid that contained Halliburton Opti
Kleen chemicals. The tubing and packer 
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were then pulled so that additional post
-fracture logging tools could be run. Logging 
was completed by July 28 and the well was 
returned to production after swabbing and 
flowing approximately 80 percent of the load 
fluid. At this point, a compressor was also 
Installed. Maximum flow rate since that time 
has been 580 MCFD, 60 BWPD and 1 
SCPD on an 18/64-in. choke with a FTP of 
550 pslg. As of January 1, 1990, the well 
was making 420 MCFD and 40 BWPD on 
an 18/64-ln. choke with a FTP of 375 psig. 
Cumulative production was 99.4 MMCF of 
gas, 14,175 bbl of load water (out of 16,500 
bbl of total load) and 360 bbl of condensate. 



3.0 Geological Analysis of the Travis Peak Formation 
and Cotton Valley Sandstone 

Geologic studies based on SFE NO.3 core, 
logs and well tests were performed by the 
University of Texas at Austin, Bureau of 
Economic Geology (BEG). Sedimentological 
studies, presented in Section 3.2, Include (1) 
regional and local stratigraphic analyses and 
{2} detailed studies of the diagenesis and 
physical properties of Travis Peak and Cot
ton Valley reservoir rocks and surrounding 
fracture barriers. In Section 3.3, the struc
tural studies focus on natural and artificially
created fractures and on the state of stress 
in East Texas. The following sections pro
vide detailed geological analyses in each of 
the above areas. 

3.1 GEOLOGIC SETTING 

3.1.1 Regional Structural Setting of the 
East Texas Basin 

SFE No. 3 is located in Waskom Field, 
Harrison County, East Texas, in the northern 
Gulf of Mexico BaSin. The structural setting 
of the study area and its surroundings is 
depicted in Figure 3-1 a. The northern Gulf 
of Mexico structural province is character
ized by gentle bedding dips, open periclinal 
folds, normal faults and various structures 
caused by diapiric movement of salt. The 
Sabine Arch is a large, basement-cored, 
low-amplitude anticline that marks the east
ern side of the East Texas Basin. SFE No. 
3 is located on the northwest flank of the 
Sabine Arch, an area which is highlighted 
in Figure 3-1 a by the shaded rectangle. 
Figure 3-1b illustrates this area in greater 
detail. It shows the positions of SFE No.1 
(Waskom Field), SFE No.2 (North Appleby 
Field), SFE NO.3 (Waskom Field) and sev
eral GRI Tight Gas Sands Program coopera
tive wells. 

Current stresses in the Travis Peak and 
Cotton Valley primarily reflect loading by 
overlying sedimentary rocks and mild gulf
ward extension. The orientation of the 
greatest principal stress is vertical, and the 
least principal stress is typically oriented 
normal to regional fault trends (see Figure 
3-1 a). Three factors suggest that the mod
ern least horizontal stress in the study area 
trends generally north-northwest: (1) recent 
movement on east-northeast-trending normal 
faults near the Elkhart-Mount Enterprise 
fault zone (Collins and others, 1980), (2) 
hydraulic-fracture stress tests (Holditch and 
others, 1987), and (3) borehole-breakout 
trends (Baumgardner and Laubach, 1987). 

3.1.2 Local Structural Setting of Waskom 
Field 

As seen in Figure 3-2, Waskom Field is 
located on a gentle structural dome. The 
Cotton Valley and Travis Peak produce 
primarily from structural traps associated 
with the Sabine Arch and with numerous 
salt structures (Kosters and others, 1989). 
The Waskom structure exists in a region of 
northwesterly dipping beds, and the top of 
the Travis Peak occurs at approximately 
6,000 ft below sea level. The top of the 
Cotton Valley occurs at approximately 8,000 
ft below sea level. Saucier and Finley 
(1984) and Saucier and others (1985) postu
lated that the Waskom structure is a salt
cored, low-amplitude anticline that developed 
syndepositionally as a consequence of un
equal loading of the underlying salt during 
Travis Peak progradation from the north
west. At least one well over the Waskom 
structure, the Arkla Waskom-Smackover No. 
1, penetrated salt at a depth of 11,341 ft. 
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3.1.3 Regions! Stratigraphy and Deposi
tional Systems of the Travis Peak 
Formation and Cotton Valley Group 

Sandstones of the Jurassic Cotton Valley 
Group and Lower Cretaceous Travis Peak 
Formation represent the first major prograda
tion of terrigenous clastics into East Texas 
after the opening of the Gulf of Mexico in 
the Jurassic (Seni and Jackson, 1983). 
From bottom to top, the Cotton Valley Group 
consists of the Bossier shale, the Cotton 
Valley sandstone (also called the Schuler 
Formation), and in some places, the 
Knowles limestone. A thin, transgressive
marine deposit, the Knowles limestone over
lies the Cotton Valley sandstone in the distal 
parts of the East Texas 8asln, but pinches 
out updip (to the northwest). Where the 
Knowles limestone is absent, the Travis 
Peak-Cotton Valley contact is considered to 
be unconformable (Tye, 1989). The end of 
Travis Peak deposition was also marked by 
marine transgression; the top of the Travis 
Peak is picked at the base of the limestones 
of the overlying Sligo Formation. 

Depositional history of Cotton Valley sand
stones has been summarized by Thomas 
and Mann (1966) and by Wescott (1983). 
In Louisiana and Mississippi, Cotton Valley 
sandstones probably were deposited in a 
strike-fed, strandplain-barrier bar depositional 
system with most of the sediment being 
derived from the ancestral Mississippi River. 
Cotton Valley sandstones on the Sabine 
Arch generally are interpreted as barrler
island deposits (Wescott, 1983) that may 
have had a different sediment source than 
the Mississippi River. Cotton Valley sand
stones in the East Texas Basin are inter
preted by Wescott (1983) as having been 
supplied by fluvial-deltaic systems with 
source areas In the Ouachita Mountains to 
the north and west. Sedimentation rates 
appear to have been fairly continuous, 
resulting in a relatively continuous prograda
tional sandstone-shale sequence (Wescott, 
1983). 
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The main Cotton Valley reservoir on the 
Sabine Arch in East Texas is the Taylor 
sandstone, which occurs at the base of the 
Cotton Valley Interval, directly above the 
Bossier shale (Presley and Reed, 1984). 
Along the northern part of the Sabine Arch, 
the Taylor interval consists of one or more 
upward-coarsening reservoir sandstones. 
The Taylor pinches out to the south in cen
tral Panola and Rusk Counties (Presley and 
Reed, 1984). 

The Travis Peak Formation in East Texas 
was probably a major fluvial-deltaiC system 
that prograded from the northwest (Bushaw, 
1968; Saucier and others, 1985; Tye, 1989). 
It has been divided into two main depOSi
tional systems: a middle fluvial system and 
a paralic system that gradationally underlays 
and overlays the fluvial deposits. The 
1,600-ft-thick, sandstone-rich fluvial interval 
is Interpreted as a braided- to meandering
stream system containing stacked sand
stones that individually range from 10 to 50 
ft thick (Dutton, 1987; Tye, 1989). In the 
study area, the upper paralic system ranges 
from 150 to 600 ft thick. The lower paralic 
deposits are less than 100 to 300 ft thick. 
The paralic system, which contains thinner 
sandstones and a higher percentage of 
mudstone beds, was depOSited in a range 
of environments, including coastal-plain, 
marsh, estuary, bay, and tidal-flat (Finley 
and others, 1985; Dutton, 1987; Tye, 1989). 

3.1.4 local Stratigraphic Setting of Was-
kom Field 

In its entirety, the Travis Peak section in 
Waskom Field is approximately 2,000 ft 
thick, and the Cotton Valley sandstone and 
Knowles limestone together are about 1,500 
ft thick. The top of the Travis Peak Forma
tion In SFE No.3 is at 5,908 ft below kelly 
bushing (KB), or 5,576 ft below sea level (-
5,576 ft SL). The top of the Cotton Valley 
(Knowles limestone) is at 7,943 ft KB 
(-7,611 ft SL). The Taylor sandstone inter
val occurs from 9,200 to 9,356 ft KB (-8,868 



to -9,024 ft SL). The top of the Bossier 
shale is at 9,435 ft KB (-9,103 ft SL). 

3.2 SEDIMENTOLOGICAL ANALYSES -
SUMMARY AND CONCLUSIONS 

The availability of core and log data from 
the SFE No. 3 well permitted BEG to per
form detailed stratigraphic and petrologiC 
studies of the Travis Peak Formation, Cotton 
Valley sandstone and Bossler shale. An 
understanding of tight sandstone reservoirs, 
from a regional to a microscopic perspec
tive, was attained from these analyses and 
integrated into other Tight Gas Sands Pro
gram research areas. 

Subsurface data from SFE No. 3 indicate 
that environments of deposition of the cored 
intervals range from fluvial (lower Travis 
Peak) to marginal marine (base of Travis 
Peak and lower Cotton Valley) and marine 
(BOSSier). Sandstones and mudstones de
posited in the lower Travis Peak represent 
deposition in meandering fluvial channels 
and laterally adjacent floodplain environ
ments. Interbedded sandstones and mud
stones at the base of the Travis Peak are 
indicative of sediments deposited in paralic 
environments, including bays or estuaries. 
These nearshore-marine environments devel
oped during the earliest stages of Travis 
Peak deposition, following deposition of the 
Cotton Valley Knowles limestone. 

Fossiliferous mudstones in the lower Cotton 
Valley (above the Taylor sandstone) are 
interpreted as being deposited in oyster 
bioherms that developed in low-energy mar
ine bays. Sandstones and mudstones in the 
Taylor interval were depOSited in a marine
shoreline setting. In an upward direction, 
the environments represented include the 
following: (1) shoreface, (2) microtidal barrier 
island, (3) lagoon and washover, (4) microti
dal barrier Island, (5) tidal inlet, and (6) 

marsh-lagoon. This vertical sequence was 
,formed by an initial shoreline regression, a 
subsequent transgression, and later relative 
sea level stillstand as indicated by the stack
ing of barrier and tidal-inlet deposits. 
Shales from the upper Bossier were depos
ited in a low-energy shelf environment below 
normal wave base. 

Sandstone geometry, continuity and internal 
heterogeneity influence reservoir perfor
mance and well-to-well communication. 
Small-scale bedforms, biogenic structures, 
clay drapes and scour surfaces create fluid
flow barriers and segment reservoirs. Sand
stones with the best reservoir potential in 
the lower Travis Peak are fluvial channels 
oriented parallel to depositional dip. Reser
voir quality decreases in channel margins 
(levees), in tops (abandoned channel depos
its), and in interchannel areas where silt
stones and mudstones accumulated. 

The best reservoir sandstones in the Cotton 
Valley are barrier-island depOSits oriented 
parallel to depositional strike and tidal-inlet 
sandstones oriented perpendicular to deposi
tional strike. Reservoir quality decreases 
vertically in lagoon and washover depOSits 
above barrier-island sandstones and in 
abandoned-inlet depOSits above tidal-inlet 
sandstones. Marsh and lagoon mudstone 
deposits cap the Taylor sandstone and form 
a seal for hydrocarbons. 

Petrographic analysis of SFE No. 3 core 
provided detailed reservoir descriptions that 
aided in the development of the completion 
strategy. Thin-section point-count data sup
plied accurate information on mineral com
position, which was used to calibrate geo
phYSical log responses. Petrographic data 
also indicated zones of potential fluid sensi
tivity. For example, locally abundant an
kerite cement in the Travis Peak and Cotton 
Valley could form a damaging iron-hydroxide 
gel if it were treated with acid. 
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Finally, the petrographic data indicated im
portant differences between Travis Peak and 
Cotton Valley reservoir sandstones. Where
as Travis Peak sandstones are cemented 
primarily by quartz, calcite is the most 
extensive cement in many Cotton Valley 
sandstones. The calcite-cemented zones 
have the lowest permeability within the Tay
lor sandstone, unlike the quartz-cemented 
sandstones which exhibit higher porosity and 
permeability. 

Important differences also exist in the com
position of the finer-grained deposits inter
bedded with the sandstones. Mudstones 
interbedded with Travis Peak sandstones 
contain significant volumes of sand- and silt
sized grains, in addition to clay-sized parti
cles. Mudstones in the Cotton Valley have 
a much higher percentage of clay-sized 
grains, particularly in the Bossier shale. 
Mudstones in the lower Cotton Valley sand
stone interval contain abundant oyster frag
ments in a clay matrix. Because of the 
finer grain size, mudstones in the Cotton 
Valley are more likely to be effective fracture 
barriers than are mudstones in the Travis 
Peak. 

3.2.1 Stratigraphy of Travis Peak and 
Cotton Valley, Waskom Field 

Figures 3-3 and 3-4 show the SP and resis
tivity (RILO) logs from SFE No. 3 in the 
cored intervals of the Travis Peak Forma
tion, Cotton Valley sandstone and Bossier 
shale. The perforated intervals in the Cot
ton Valley Taylor sandstone are shown in 
Figure 3-4. Travis Peak core was recovered 
from 7,351.0 to 7,409.8 ft (Cores 1 and 2, 
labeled Zone 1) and from 7,868.0 to 7,943.3 
ft (Cores 3 to 5, labeled Zone 2). The 
Travis Peak core samples are from 1 ,443 
to 2,035 ft below the top of the formation. 
Cotton Valley core was recovered from 
9,017.8 to 9,043.5 ft (Core 6, labeled Zone 
3) and 9,199.0 to 9,367.9 ft (Cores 7 to 13, 
labeled Zone 4). These Cotton Valley core 
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samples are from 1,075 to 1,425 ft below 
the top of the Cotton Valley Group. Bossier 
shale core was recovered from 9,449.0 to 
9,500.0 ft (Cores 14 to 16, labeled Zone 5). 

Shown in Figure 3-5, the cross section of 
the lower Cotton Valley sandstone interval, 
including the Taylor, is based on data from 
SFE No.3 and adjacent wells. Figure 3-2 
traces the path (A to A') on a structure map 
of the top of the Taylor sandstone. In Was
kom Field, the Taylor sandstone consists of 
an upper sandstone that is up to 100 ft 
thick and a lower sandstone up to 25 ft 
thick. The division between upper and low
er Taylor sandstones in SFE No. 3 occurs 
at a depth of 9,360 ft. Both the upper and 
lower Taylor sandstones are elongated, 
trending northeast-southwest across Waskom 
Field, as illustrated by net sandstone isoliths 
shown in Figures 3-6 and 3-7. 

3.2.2 Macroscopic Core Descriptions and 
Interpreted Depositional Environ
ments 

Macroscopic sedimentary characteristics of 
16 cores representing five stratigraphic inter
vals from SFE No. 3 were logged using 
standard sedimentologic techniques. A hand 
lens and binocular microscope were used to 
provide a better visual estimate of the range 
in sediment grain sizes present. The verti
cal scale at which the cores were logged is 
1 in. = 5 ft (Tye and others, 1989). The 
following primary characteristics are noted 
on the logging form: rock type, sedimentary 
structures (primary and biogenic), sediment 
grain size, and texture (sorting). Also in
cluded in the descriptions are secondary 
attributes such as induration, color, relative 
occurrence of carbonate cement, bedding 
contacts (scoured, sharp, gradational, brok
en, etc.), and accessories (bitumen, organic 
material, diagenetic nodules). 

To simplify the following discussion of the 
cored zones, each stratigraphic interval is 

described separately in descending order 
of occurrence. Lithologic and sedimentary 
descriptions are given for the lithofacies that 
comprise each stratigraphic interval, and 
the vertical lithofacies arrangement is dis
cussed. For clarity, the label assigned to 
each facies also identifies the zone in which 
it occurs. An example is Facies 1.4. This 
label signifies the fourth type of facies in 
Zone 1. Next appears an interpretation of 
the depositional environments represented 
by the cores. These interpretations are 
based solely on data obtained from the SFE 
No. 3 well and are somewhat general. The 
environments of deposition range from fluvial 
(Zone 1, Travis Peak) to marginal marine 
(Zone 2, Travis Peak and Zones 3 and 4, 
Cotton Valley), and marine (Zone 5, Bos
sier). 

3.2.2.1 Travis Peak Formation 

Seven lithofacies are present in the upper 
cored interval of the Travis Peak Formation 
(see Zone 1, Figure 3-3). They are, in 
order of decreasing abundance, (1) rippled 
to planar-laminated sandstone; (2) planar 
crossbedded sandstone; (3) burrowed to 
rippled, muddy sandstone; (4) planar-lamin
ated to burrowed sandstone; (5) burrowed 
sandy mudstone; (6) sandstone and clay
clast conglomerate; (7) burrowed to lamin
ated mudstone. These categories will be 
referred to as Facies 1.1 - 1.7, respectively. 

The gamma-ray log Signature of Zone 1 
(Figure 3-3) signifies the presence of two 
stacked sandstones: a basal, 17-ft-thick, 
sharp-based and sharp-topped sandstone 
with a blocky-appearing log pattern and an 
upper, 42-ft-thick sandstone with a bell
shaped log pattern. Approximately 10ft of 
mudstone and muddy sandstone separate 
the sandstones. Only the upper 6 ft of the 
basal sandstone was cored, and it consists 
of Facies 1.1 and 1.4. Four feet of rippled 
sandstone (Facies 1.1) grade upward into 
laminated and burrowed sandstone (Facies 
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1.4) that is in turn overlain by 4 ft of lamin
ated mudstone (Facies 1.5). Within the 
muddy interval between the sandstones 
overlying Facies 1.5 is an upward-coarsen
ing, rippled and burrowed sandstone (Facies 
1.3) that is 5 ft thick. Facies 1.2 abruptly 
overlies Facies 1.3, forming the basal por
tion of the second sandstone. Planar cross
bedded sandstone of Facies 1.2 grades 
upward into a thick sequence (33.5 tt) of 
Facies 1.1 rippled sandstone. Three minor 
scoured contacts represent the only signifi
cant sedimentary breaks in Facies 1.1. At 
the top of the cored interval, Facies 1.1 is 
separated from Facies 1.6 by a scoured 
contact, and Facies 1.6 is capped by lamin
ated mudstone of Facies 1.7. 

Sandstones and mudstones found in Zone 
1 represent deposition in fluvial channels 
and laterally adjacent floodplain environ
ments. Facies 1.1 and 1.2 in the lower and 
upper sandstones were deposited by current 
flow through fluvial channels. The domi
nance of ripple-laminated sandstone and the 
"upward-fining" log and lithologic character 
imply deposition in a meandering-fluvial 
system. The basal crossbedded sandstone 
(Facies 1.2) probably was formed by the 
migration of sand waves or transverse bars 
along the channel bottom. The planar and 
trough-ripple lamination, parallel lamination 
and rare root traces in Facies 1.1 are indic
ative of deposition in upper channel reaches 
(point bar) and levee environments. 

Mudstones and muddy sandstones separat
ing the two sandstones are indicative of 
abandoned-channel (Facies 1.4, 1.6 and 
1.7), lacustrine (Facies 1.5), and overbank 
(Facies 1.3) deposits. The finer-grained 
sediments in Facies 1.6 and 1.7 that cap 
the channel deposits accumulated in re
sponse to the abandonment of the channels. 
The lacustrine deposits may represent a 
small pond or ox-bow lake, or they may 
have accumulated in an extensive floodplain 
lake. The muddy sandstone overlying the 

lacustrine deposits was probably formed by 
flood-induced processes that resulted in 
deposition of a prograding crevasse splay 
o!" lacustrine delta. 

The best potential reservoir sandstones in 
the lower Travis Peak are fluvial channels 
oriented para.llel to depositional dip. Highest 
permeability in the lower Travis Peak in SFE 
No. 3 occurs from 7,384 to 7,398 ft (log 
depth) in planar crossbedded, medium- to 
fine-grained sandstone. Reservoir quality 
decreases at channel margins (levees) and 
tops (abandoned channel deposits), as well 
as in interchannel areas where siltstones 
and mudstones accumulated. 

3.2.2.2 Travis Peak-Cotton Valley Transi
tion 

Four lithofacies occur within the 71.1-ft-thick 
Travis Peak-Cotton Valley transition interval 
in Zone 2, shown in Figure 3-3. In order of 
decreasing abundance, they are (1) rippled, 
silty sandstone; (2) burrowed, fossiliferous, 
silty sandstone; (3) fossiliferous, sandy mud
stone; and (4) sandy mudstone. These 
facies will be referred to as Facies 2.1 - 2.4, 
respectively. 

The gamma-ray log signature for Zone 2, in 
the Travis Peak-Cotton Valley transition, 
reveals four sandstones with sharp bases 
and tops that range from 9 to 17 ft thick, as 
shown in Figure 3-3. Thin (2 to 5 tt) shaly 
interbeds separate the sandstones and thus 
impart a serrate character to the gamma
ray log. The shalier sections of Zone 2 are 
comprised of Facies 2.3 and 2.4. These 
facies are present at the base of the cored 
interval and between the sandstones. Fac
ies 2.1 forms the basal portion of the sand
stone beds, and it can abruptly overlie Fac
ies 2.3 or 2.4. In most instances, Facies 
2.1 is gradationally overlain by Facies 2.2. 
Facies 2.2 forms the upper portion of the 
sandstone beds, and it generally fines up
ward into Facies 2.4. 
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These interbedded sandstones and mud
stones are indicative of sediments deposited 
in paralic environments that developed dur
ing early stages of Travis Peak deposition 
(Tye, 1989). Fossil content and sedimentary 
attributes of the finer-grained facies (Facies 
2.3 and 2.4) imply deposition in a semi
protected bay. The preservation of articu
lated and unabraded mollusk shells, the 
predominance of grazing burrows, and the 
presence of wave-formed ripple laminations 
indicate low-energy, marginal-marine to mar
ine deposition. Faunal diversity in the mud
stones and sandstones is low which sug
gests that fluvial systems may have emptied 
into this area. Such systems would produce 
brackish to marine conditions, indicating that 
the bay was actually an estuary. A well
developed, 3-ft-thick, oyster bioherm is pres
ent between 7,901.7 and 7,905.0 ft. The 
presence of mudstone matrix in the bioherm 
and the scarcity of wave- or current-formed 
structures in the mudstones implies deposi
tion in a protected environment. 

Sandstone beds abruptly overlie the bay 
mudstones and fine upward. Ripple cross
laminated sandstone at the base grades 
upward into burrowed and wavy-bedded 
sandstone. These sediments were depos
ited by relatively high-energy processes 
(wave, tidal current, storm) that formed thin 
shoals within the bay. An upward increase 
in burrowing activity in the shoal sandstones 
and the presence of root traces at the top 
of shoal sandstones indicate a progressive 
decrease In depositional energy and subaeri
al exposure of the shoal top. A thin marsh 
deposit and a storm-emplaced, fossiliferous, 
silty sandstone (7,874.0 to 7,876.0 ft) cap 
the uppermost sandstone in the cored inter
val. The stacked bay-shoal sequences 
imply that consistent depositional processes 
operated within a slowly subsiding basin. 
Perhaps because of progradation during 
early Travis Peak deposition, shoal sand
stones are thicker and somewhat better 
sorted at the top of the cored interval. 
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3.2.2.3 Cotton Valley Sandstone 

Two lithofacies occur in Zone 3, the mud
stone above the Taylor sandstone, as shown 
in Figure 3-4. Facies 3.1 is a fossiliferous 
sandy mudstone, and Facies 3.2 is a fossili
ferous silty mudstone. The gamma-ray log 
shows that this 26-ft-thick interval is relative
ly shaly, but there are three slightly sandier 
beds within it. The Facies 3.1 sediments 
that comprise these coarser beds generally 
contain less than 10 percent very fine
grained sandstone. Although Facies 3.1 and 
3.2 are both mudstones, the gamma-ray log 
is responding to the large increase in shell 
material and slight increase in sandstone in 
Facies 3.1. Occurrences of Facies 3.2 are 
thin and intercalated with Facies 3.1 beds. 

Facies 3.1 and 3.2 mudstones were depos
ited in a semi-protected or low-energy bay. 
Faunal evidence and sparse, wave-formed, 
physical sedimentary structures indicate that 
oyster bioherms grew in a low-energy mar
ine bay. Facies 3.1 represents deposits 
associated with the bioherms, whereas Fac
ies 3.2, which is finer grained, consists of 
bay deposits that apparently accumulated 
after the death of the bioherm. Bioherm 
demise probably occurred because of a 
change in hydrographic conditions (sea lev
el, waves, tides) in the bay. Other environ
mental possibilities include estuary, lagoon 
or marine shelf (within storm wavebase); a 
more precise explanation requires additional 
data. 

The following four lithofacies comprise Zone 
4, shown in Figure 3-4: (1) well-sorted, 
fine-grained sandstone; (2) pebbly fine
grained sandstone; (3) burrowed sandy mud
stone; and (4) fossiliferous silty mudstone. 
The gamma-ray log through the Taylor inter
val of the Cotton Valley depicts a basal, 22-
ft-thick, upward-coarsening sandstone that 
overlies a 40-ft-thick shale. Facies 4.1 oc
cupies the top 14 ft of this lowermost sand
stone. Below this sandstone are alternating 
beds of Facies 4.1 sandstone and Facies 



4.3 mudstone. The only occurrence of Fac
ies 4.4 is in this lower shale zone, just be
low the upward-coarsening sandstone. 

A 10-ft-thick mudstone that consists of alter
nating beds (2 to 5 ft thick) of Facies 4.1 
and Facies 4.3 separates the basal sand
stone from an overlying 120-ft-thick sand
stone. Facies 4.1 sandstone (approximately 
25 ft thick) occupies the basal portion of the 
upper Taylor sandstone, and it imparts an 
inverse-bell (upward-coarsening) shape to 
the log. This Facies 4.1 interval is erosion
ally overlain by stacked sequences of Facies 
4.2 sandstone. The thickness of Facies 4.2 
sandstones decreases upward, and near 
the top, thin beds of Facies 4.1 sandstone 
and Facies 4.3 mudstone divide the Facies 
4.2 region. The gamma-ray log represents 
the Facies 4.2 deposits as bell-shaped inter
vals (upward-fining) with thin shaly tops. 
The uppermost portion of the cored interval 
contains approximately 16 ft of Facies 4.1 
sandstone capped by 0.5 ft of Facies 4.2 
and 3.0 ft of Facies 4.3. 

Lithologic and sedimentologic characteristics 
of core from the lower Cotton Valley (Zone 
4) imply that the sediments were deposited 
in a marine-shoreline setting. In an upward 
direction, the environments represented are 
(1) shoreface, (2) microtidal barrier island, 
(3) lagoon and washover, (4) microtidal 
barrier island, (5) tidal inlet, and (6) marsh
lagoon. The vertical sequence was formed 
by an initial shoreline regression, a subse
quent transgression, and later, relative sea 
level stillstand as indicated by the stacking 
of barrier and tidal-inlet deposits. 

The basal sandstone was deposited by a 
regressive barrier island that prograded over 
a low-energy shoreface. Continued shore
line progradation resulted in deposition of 
back-barrier sediments (lagoon and wash
over, Facies 4.1 and 4.3) over the first bar
rier island. Marine transgression is indicated 
by the Facies 4.3 deposits at 9,315 ft and 
the presence of overlying barrier-island de-

posits. Progradation of a second barrier 
island was initiated because of a decrease 
in the rate of sea-level rise or an increase 
in sedimentation rate, or both. The barrier 
islands were probably similar to the microti
dal barrier islands that line the coast of 
North Carolina and the U.S. Gulf Coast. 
Physical sedimentary structures indicate 
wave processes were important in reworking 
the sandstones, but tidal influences were 
minimal by cl:>mparison. 

Tidal inlets eroded and reworked the second 
barrier-island deposit. Inlet migration and 
shoreline subsidence resulted in the incor
poration of stacked, tidal-inlet sequences in 
the uppermost portion of the Taylor sand
stone. Interbedded with the tidal-inlet depos
its are beds of Facies 4.1 sandstone that 
may represe!nt abandoned-inlet deposits. 
These deposits account for the upward
fining log cha.racter and emphasize the eph
emeral nature of the tidal-inlet channels. 
Marsh and lagoon deposits cap the cored 
portion of the Taylor sandstone. 

The best reservoir sandstones in the Cotton 
Valley are barrier-island deposits that are 
oriented parallel to depositional strike and 
tidal-inlet sandstones oriented perpendicular 
to depositional strike. Highest permeability 
in barrier-Island sandstones occurs in well
sorted, fine-grained sandstone with low-angle 
planar crossbeds; gently inclined to horizon
tally oriented parallel laminae; and current 
and wave ripple laminations. Examples of 
this facies occur at 9,284 to 9,294 ft and 
9,320 to 9,330 ft as shown in Figure 3-4. 

Other permeable zones occur at the base 
of tidal-inlet channels, for example from 
9,225 to 9,231 ft and from 9,243 to 9,250 
ft, as shown in Figure 3-4. These tidal
channel sandstones are (1) well-sorted, fine
grained sandstones with sedimentary struc
tures similar to the barrier-island deposits 
and (2) pebbly, fine-grained sandstones with 
erosional lower contacts and abundant peb
ble-sized chert clasts at the base. Planar-
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ripple cross lamination is the prevailing 
physical structure. Reservoir quality 
decreases vertically in lagoon and washover 
deposits above barrier-island sandstones 
and in abandoned-inlet deposits above tidal
inlet sandstones. Marsh and lagoon mud
stone deposits cap the Taylor sandstone 
and form a seal for hydrocarbons. 

3.2.2.4 Bossler Shale 

Two lithofacies occur in Zone 5, in the Bos
sier shale: (1) fossiliferous, silty mudstone 
and (2) fossiliferous. sandy mudstone. The 
gamma-ray log through this portion of the 
Bossier shale has a spiky appearance indi
cating that the sand content Increases up
ward, as shown in Figure 3-4. The spiky 
log character is a response to bedded shell 
material and increased sandstone content of 
Facies 5.2. Facies 5.1 comprises the basal 
30 ft of this cored interval; the upper 30 ft 
consists of interbedded Facies 5.1 and Fac
ies 5.2 deposits. Facies 5.2 becomes more 
abundant upward. 

The mudstones in this cored interval were 
deposited in a low-energy shelf environment. 
Rare ripple laminations and normally graded 
shell beds indicate that although this envir
onment was below the normal wave base. 
storm processes affected sedimentation. 
Association with a prograding shoreline 
(Taylor sandstone) is implied by the upward 
increase in sand (Facies 5.2). 

3.2.3 Petrographic Description 

Thin-sections of 48 samples from SFE No. 
3 were examined using standard petrograph
ic techniques to evaluate the mineralogy of 
detrital and authigenic phases. the porosity. 
and the grain size. Eighteen thin-sections 
are from the Travis Peak Formation; 24 
samples are from the lower Cotton Valley 
Taylor sandstone; 3 samples are from undif
ferentiated Cotton Valley above the Taylor 
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sandstone; and 3 samples are from the 
Bossier shale. Each thin-section was 
stained for plagioclase and orthoclase feld
spars (Amaranth and sodium cobaltinitrite. 
respectively) and for carbonate phases (ali
zarin red S and potassium ferricyanide). 

3.2.3.1 Grain Size 

Grain size of clastic and bioclastic particles 
(primarily oyster fragments) in these thin
sections was estimated visually. Grain size 
estimates of each thin-section. listed in 
Tables 3-1 and 3-2, pertain to terrigenous 
clastic framework grains only. Detrital clay 
matrix and bioclasts are not included in 
grain size estimates. 

Fifteen of 18 samples from the Travis Peak 
Formation are fine- to very fine-grained 
sandstone (0.06 to 0.25 mm). whereas the 
remaining 3 samples are medium sandstone 
(0.25 to 0.50 mm). Sandstones from the 
Cotton Valley exhibit a wider range in grain 
size, primarily because of the presence of 
granule- to pebble-sized fossil fragments. 
Bioclasts observed in thin-section reach a 
maximum size of about 1 cm (long dimen
sion). but whole oyster shells up to about 
4 cm across are present in some intervals 
of the core. Twenty of 24 samples from the 
Taylor sandstone are fine- to very fine
grained sandstone, and the remaining sam
ples are medium sandstone. Framework 
grains in the samples from undifferentiated 
Cotton Valley above the Taylor sandstone 
are coarse silt and very fine sand. With a 
content of 25.5 to 29.0 percent clay-sized 
fines. these samples are classified as mud
stone. which contains a mixture of clay-. silt-
and sand-sized grains. Framework grains 

in three samples from the Bossier shale are 
medium to coarse silt. The volume of clay
sized fines varies from 55.5 to 81.0 percent. 
so these samples are classified as mud
stones and claystones. in the textural classi
fication of Folk (1974). 



Table 3-1 Petrographic Analyses of SFE No. 3 Core. Travis Peak Formation Samples 

Framework Grains Matrix 

Depth, it Quartz Plagioclase Orthoclase MRF Chert Clay Clasts Mica Other Clay-Sized Fines 

7354.5 49.0 3.5 2.0 2.5 0 3.0 0.51 0 14.0 
7357.4 54.0 5.0 1.5 2.0 0.5 0 0 0 0 
7370.1 64.0 2.0 0 1.5 0 0.5 0 0 0 
7383.7 69.0 1.0 0 0.5 1.0 0 0 0 0 
7386.0 63.5 0.5 0 0 1.0 0 0 0.52 0 

7386.1 68.0 0 0 2.0 0 0.5 0 0 0 
7392.2 62.5 1.0 0.5 0.5 1.0 0 0 0 0 
7399.5 38.0 1.0 1.0 0 0 0 0 0.53 58.5 
7407.9 66.0 1.5 0.5 1.0 0 0.5 0 0.54 1.5 

7876.7 66.5 2.5 0 1.5 0 0 0 0 0 
7881.5 67.5 3.5 0 0 0 1.5 0 0 0 
7883.5 62.0 10.0 0.5 0 0 1.0 0 0 0.5 
7895.75 28.0 0 0 0 0 0 0 0 0 
7897.4 63.5 0.5 0.5 0 0 0.5 0 0 0 

7917.8 64.0 4.0 0 0.5 0 0 0 0 2.0 
7925.7 13.5 0 0 0 0 0 0 0 9.5 
7930.8 65.5 3.0 0 0.5 0.5 1.5 0 0 0 
7943.2 26.5 0 0 0 0 0 0 0 2.5 

1 Muscovite 2Sandstone fragment 3Tourmaline 4Plutonic rock fragment 

5Two rock types present in sample: ankerite-cemented sandstone and sparsely sandy limestone 

Continued 
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~ Table 3-1, Continued 

Cements Porosity 
Grain Sizes 

Depth, ft Quartz Dolomite Ankerite Illite Chlorite Kaolinite Other Primary Secondary mm 

7354.5 11.5 3.5 9.0 0 0 0 0 1.5 0 0.105 
7357.4 19.5 0 0 7.0 1.0 0 1.51 4.5 3.5 0.113 
7370.1 18.5 0 0 0 1.0 1.0 0.5 1 8.0 3.0 0.165 
7383.7 14.5 0 0 4.0 0 1.5 0 7.0 1.5 0.218 
7386.0 21.5 0 0 0 0.5 0.5 0 10.0 2.0 0.338 

7386.1 14.0 0 0 1.0 1.5 0.5 0 9.0 3.0 0.300 
7392.2 17.5 0 0 0.5 0.5 1.0 0 12.5 2.5 0.263 
7399.5 1.0 0 0 0 0 0 0 0 0 0.060 
7407.9 19.5 0 0 2.0 0 0.5 0.5 1 3.5 2.5 0.173 

7876.7 17.5 0 0 1.0 0.5 0.5 0 6.0 4.0 0.128 
7881.5 10.0 2.5 3.0 0 0 0.5 0 9.0 2.5 0.102 
7883.5 16.0 0 2.0 0 1.0 0 0 4.5 2.5 0.098 
7895.7 1.0 0 67.55 2.0 0 0 1.52 0 0 0.165 
7897.4 19.5 0 10.5 0 0.5 0 1.52•3 2.0 1.0 0.135 

7917.8 13.0 0 16.0 0.5 0 0 0 0 0 0.068 
7925.7 0 2.5 72.55 0 0 0 2.02." 0 0 0.060 
7930.8 15.5 1.0 2.0 0 4.0 0 0.52 4.0 2.0 0.113 
7943.2 2.0 0 66.05 0 0 0 3.02 0 0 0.105 

1Anhydrite 2Pyrite 3Reservoir Bitumen 4Calcite 51ncludes replaced grains 



Table 3-2 Petrographic Analyses of SFE No. 3 Core, Cotton Valley Group Samples 

Cements Porosit~ 
Grain Size I 

Depth, ft Quartz Ankerlte1 Fe-Calcite2 mite Chlorite Pyrite Other Primary Secondary mm 

9022.5 0 21.0 7.0 0 0 0.5 0 0 0 0.075 
9028.4 0 1.0 34.5 0 0 3.0 0 0 0 0.056 
9034.5 0 35.0 0 0 0 1.5 0 0 0 0.053 

9207.5 14.0 6.0 0 5.0 0 0 0 1.0 1.0 0.113 
9210.5 12.5 1.5 0 5.0 0 0 0 0 1.0 0.135 
9210.6 9.0 0 0 0 0 1.5 0 3.5 2.5 0.135 
9213.4 0 8.0 61.5 0 0 0 0 0 8.03 0.2634 

9218.4 13.5 9.5 0 0 0.5 0.5 0 0 1.0 0.180 

9232.0 14.5 0.5 0 3.0 0.5 0 0 1.0 0.5 0.128 
9240.9 11.5 3.0 0 0 0.5 2.0 1 0 0.5 0.128 
9249.5 15.5 5.5 0 5.0 0.5 0 0 2.5 0.5 0.158 
9252.5 13.5 2.0 0 0 3.0 1.0 0 2.5 1.0 0.113 
9260.6 7.0 3.0 0 0 0.5 2.0 0 0.5 0 0.165 

9270.0 8.0 0 39.0 1.0 0 0 0 0 0 0.261 
9275.6 22.0 2.5 0.5 0 0 0 0 1.5 0 0.165 
9280.6 4.5 5.0 0 0 0 0.5 0.55 0.5 0 0.135 
9281.1 2.5 0 34.5 0 0 0.5 1.05 0 0 0.105 
9295.0 21.0 0.5 0 4.5 0 0 0 3.0 1.0 0.135 

9295.2 15.0 0 0 0 1.0 0 0 3.5 2.0 0.135 
9310.5 0.5 0 38.0 0 0 0 0 0 0 0.195 
9322.9 1.0 2.5 0 0 0 5.0 0 1.0 1.5 0.075 
9326.0 8.5 1.0 0.0 0 0 0 0 1.5 1.5 0.083 
9329.0 14.5 0.5 0.0 5.5 3.5 0 0 1.0 0.5 0.090 

9333.2 19.0 1.0 0 0 0 0 0 0 0 0.105 
9341.3 1.5 0 12.5 0 0 3.0 0 0 0 0.060 
9358.5 7.0 0 26.5 0 0.5 0 0 0 0 0.098 
9364.0 0 2.0 0 0 0 7.0 0 0 0 0.060 
9457.7 0 2.5 0.5 0 0.5 3.0 0 0 0 0.034 
9475.0 0 2.5 0 0 0 5.5 0 0 0 0.038 
9496.0 0.5 3.0 0 0 0 3.5 0 0 0 0.034 

.J::,. 1lncludes dolomite 21ncludes calcite 3After fossil dissolution 4Clastic fraction only fossils average 2.5 mm Continued 
YJ 5Albite 
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Table 3-2, Continued f" F:ramework Grains Matrix 

Depth, ft Quartz Plagioclase Orthoclase MRF Chert Clay Clasts Mica Other Clay-Sized Fines 

9022.5 18.5 0 0 0 0.5 0 0 23.5' 29.0 
9028.4 12.0 0 0 0 0 0 0 24.0' 25.5 
9034.5 19.0 0.5 0 0 0 0 0 15.0' 29.0 

9207.5 57.5 9.5 1.5 1.0 0 1.0 0 0 2.5 
9210.5 60.5 9.0 4.5 2.0 0 1.5 0 0 2.5 
9210.6 61.5 8.0 8.5 2.5 0 1.5 0 0 1.5 
9213.4 13.4 0 0 0.5 0 0 0 8.0' 0.5 
9218.4 59.0 4.5 2.0 0 0 0.5 0 0.5' 8.5 

9232.0 59.5 8.0 5.0 3.5 0 1.5 0.54 1.02 0.5 
9240.9 59.0 4.0 1.5 1.0 0 0 0 0.53 16.0 
9249.5 59.0 4.5 2.0 0.5 0.5 0 0 3.0' 1.0 
9252.5 54.5 7.0 2.0 5.5 0 2.5 1.05 0 4.5 
9260.6 63.0 2.5 0.5 0.5 0 0 0 0.5' 20.9 

9270.0 45.0 0.5 0.5 0.5 0 1.0 0 2.0' 2.5 
9275.6 61.0 4.5 3.0 3.0 0 0 0 1.0' 1.0 
9280.6 63.0 4.5 2.0 0.5 0 0 1.55 0 17.5 
9281.1 49.0 9.0 2.0 0.5 0.5 0.5 0 0 0 
9295.0 59.5 5.0 3.5 1.5 0 0 0 0 0 

9295.2 66.0 7.0 1.0 1.0 0 1.5 0 0 2.0 
9310.5 56.5 2.5 1.0 0 0 0.5 0 1.0' 0 
9322.9 52.0 4.5 0 1.5 0 0 0.54 0 30.5 
9326.0 52.5 9.0 2.0 3.0 0 3.0 0 0 14.0 
9329.0 55.0 13.5 0 2.0 0 1.0 0 0 3.0 

9333.2 64.5 4.0 2.0 1.5 0 0.5 0 0 7.0 
9341.3 46.5 6.0 0 0 0 3.0 1.04.5 0 26.5 
9358.5 54.5 4.0 0.5 4.0 0.5 0.5 1.0· 0.56 0 
9364.0 17.0 5.5 0.5 0.5 0 0 0.54 0 66.5 

9457.7 35.0 2.0 0.5 0 0 0.5 0 0 55.5 
9475.0 11.5 0 0 0 0 0 0 0.5' 80.0 
9496.0 11.0 0 0 0 0 0 0 1.0' 81.0 

1 Fossil Fragments 2"fourmaline 3Zircon 4Muscovite 5Biotite 6Volcanic rock fragment 



3.2.3.2 Minerai Composition and Porosity 

Travis Peak Formation 

Sandstones from the Travis Peak Formation 
in SFE NO.3 are mineralogically mature and 
have the same narrow range of framework 
grain compositions as other Travis Peak 
sandstones (Dutton, 1987). Eleven of 18 
samples are quartzarenites (or possibly 
diagenetic quartzarenites produced as detri
tal feldspar grains dissolved with increasing 
burial depth), whereas the remaining seven 
samples are subarkoses (Tables 3-1 and 3-
2). For the most part, the suite of Travis 
Peak samples chosen for study are clean 
sandstones. Only seven of the samples 
examined contain detrital clay matrix. 

Detrital quartz comprises 85.5 to 100.0 per
cent of essential framework constituents 
(quartz, feldspar, rock fragments) in these 
sandstones (Tables 3-1 and 3-2). Total 
feldspar content, which ranges from 0.0 to 
10.5 percent, is dominated by plagioclase. 
Plagioclase in all thin-sections did not ac
cept Amaranth stain, suggesting that it was 
converted to diagenetic albite during burial 
diagenesis. Orthoclase is present in 7 of 18 
thin-sections and has a maximum value of 
2.0 percent. Rock fragments, in every case 
chert or low-rank metamorphic rock frag
ments, are volumetrically insignificant, mak
ing up between 0.0 and 4.0 percent of the 
essential framework grain fraction. 

Authigenic cements and replacive minerals 
constitute between 1.0 and 32.0 percent of 
the rock volume in 15 of 18 thin-sections 
(Table 3-1). The remaining three sections 
are from the Travis Peak-Cotton Valley tran
sition zone. In these samples, authigenic 
phases (primarily ankerite) constitute from 
71.0 to 76.5 percent of the whole rock vol
ume. Authigenic quartz, kaolinite, illite, 
chlorite, dolomite, pyrite, anhydrite and 
reservoir bitumen are other pore-filling sub
stances present in Travis Peak samples 
from SFE NO.3. 

Quartz cement is the most abundant authi
genic phase in most samples, making up as 
much as 21.5 percent of the whole rock 
volume. Quartz cement averages 16.7 per
cent in the 13 sandstones that are not domi
nated by ankerite or detrital clay matrix. 
This average is Significantly less than the 
average volume of 23.5 percent quartz 
cement observed in Travis Peak sandstones 
from the Ho!ditch SFE No. 2 (Laubach and 
others, 1989). It is, however, close to the 
overall average for quartz cement in clean 
Travis Peak sandstones in East Texas (Dut
ton, 1987). 

Illite, chlorite and kaolinite are common 
authigenic clays occurring in primary and 
secondary pores in Travis Peak sandstones. 
Whereas only one of 13 samples from SFE 
No.2 contains kaolinite (Dutton and others, 
1987), 7 of 18 samples from SFE No. 3 
contain at least 0.5 percent kaolinite. Authi
genic clays are volumetrically more impor
tant in Travis Peak sandstones that are free 
of carbonate phases (Table 3-1). Although 
the total volume of authigenic clays in SFE 
No. 3 samples does not exceed 8 percent 
(it is more commonly less than 2 percent), 
the net effect of these clays is to further 
clog pore throats already narrowed by quartz 
overgrowths. 

Ankerite and dolomite occur as pore-filling 
cements and replacive minerals (commonly 
after feldspars) in many Travis Peak sand
stones. Ankl3rite is the most common min
erai in samples containing carbonate ce
ment. Dolomite is present in only 4 of 18 
samples and has a maximum volume of 
only 3.5 percent of the whole rock volume. 
Ankerite occurs in volumes of up to 72.5 
percent in samples in which it has exten
sively replaced framework grains and fossil 
fragments. In Travis Peak sandstones from 
SFE No.3, other authigenic phases are 
present only as accessory minerals. They 
probably have little effect on overall reser
voir quality. 
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Primary intergranular pores, secondary pores 
produced by the dissolution of feldspar 
grains, and microporosity within detrital and 
authigenic clays contribute to total porosity 
In the sandstones examined. Total porosity, 
the sum of primary and secondary porosity, 
varies from 0.0 to 15.0 percent in the 18 
thin-sections examined. Values reported in 
Table 3-1 for total thin-section porosity are 
commonly lower than porosity measured by 
porosimeter because of the presence of 
microporosity within clays. Microporosity 
cannot be quantified petrographically. Ex
cluding samples containing more than 70 
percent total cement and replacive minerals 
(which have no visible porosity), total thin
section porosity in Travis Peak sandstones 
in SFE No. 3 averages 8.0 percent. 

Influence of Fibrous Illite on Permeability 

An experiment carried out in conjunction 
with ResTech and Core Labs was conducted 
on Travis Peak samples from SFE NO.3 to 
determine if extraction and air drying of 
plugs damages the morphology of fibrous 
illite in pore systems and consequently al
ters measured permeability. Previous stud
ies have shown that when fibrous illite is 
present in core samples, the method of 
sample preparation can alter fundamental 
petrophysical properties, including permeabil
ity (de Waal and others, 1988; Pallatt and 
others, 1984). 

In tight gas sandstones, the permeability 
measurement of interest is that of gas under 
reservOir stress at connate water saturation. 
This value is generally interpreted from log 
response, which is calibrated by core perme
ability measurements. Gas permeability is 
measured on dry core at In-situ stress and 
then corrected for the slippage effect to 
convert to absolute, dry-core permeability 
(Luffel and others, 1989). Absolute dry
core gas permeability must then be adjusted 
to a brine permeability (at 100 percent water 
saturation); in low-permeability sandstones, 
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brine permeability commonly is lower than 
absolute, dry-core gas permeability (D. 
Luffel, Personal Communication, 1990). 
Relative permeability to gas is then mea
sured to determine the effect of variable 
water saturation. 

If even minor amounts of fibrous illite are 
present in the sample, then the method of 
sample preparation can significantly alter air 
and brine permeability, as well as the rela
tionship between them. This alteration is 
attributed to the change in morphology that 
illite undergoes during air drying. As a gas
liquid interface passes through the pore, its 
surface tension is sufficient to collapse the 
delicate fibers and matt them against the 
pore walls. Critical-point drying and freeze 
drying are the two techniques that dry the 
sample without the presence of a gas-liquid 
interface and preserve the pore-bridging 
arrangement of the illite fibers. Gas perme
abilities of air-dried samples are higher than 
those measured on samples that have been 
critical-point dried (de Waai and others, 
1988). 

In this experiment, ten pairs of plugs were 
collected from the Travis Peak fluvial-chan
nel sandstone at 7,382.5 to 7,390.5 ft. End 
trims from each plug were saved for Scan
ning Electron Microscope (SEM) observation. 
Each SEM sample was divided into three 
parts. One part was air dried at room tem
perature. A second part was flash frozen 
in liquid nitrogen and then placed in a vac
uum flask and dried for 48 hours under 
vacuum (freeze dried). The third part under
went Dean-Stark extraction, methanolleach
ing, and then vacuum oven drying at 230°F 
(extraction dried). 

The morphology of illite in its unaltered state 
was determined by SEM analysiS of the 
freeze-dried samples. Illite commonly coats 
feldspar grains; it also occurs in secondary 
pores generated by feldspar dissolution. 
Although it coats detrital quartz grains as 



well, illite appears to nucleate on impurities 
on the grains rather than on the quartz 
itself. Illite does not grow on quartz over
growths, and conversely, quartz overgrowths 
are unable to form on grains that have been 
coated by illite. 

Two types of illite morphology occur. The 
first has the appearance of short blades, 
approximately 5 J.Lm in height and 10 J.Lm in 
width, that line the walls of pores. The 
ends of these sheets taper to fibers that 
extend another 3 to 5 J.Lm into pores. The 
second morphology consists of illite fibers 
that project across pore spaces (pore-bridg
Ing illite). These fibers are 10 to 30 J.Lm 
long and 0.1 J.Lm thick with variable width. 
It is likely that they began as smaller fibers 
like those associated with the bladed illite. 
Their pore-bridging configuration is probably 
due to a more advanced growth stage. 
Examples of illite in freeze-dried samples 
are shown in Figure 3-8: 

• Figure 3-8a is of the sample from 
7,389.9 ft, showing fibrous illite that 
has replaced a feldspar grain. Scale 
bar is 1 00 J.Lm. 

• Figure 3-8b illustrates the lack of illite 
in pores between quartz overgrowths 
in the sample from 7,388.8 ft. Scale 
bar is 100 J.Lm. 

• Figure 3-8c is a close-up view of Fig
ure 3-8b, showing fibrous illite coating 
a detrital quartz grain. Scale bar is 10 
j.lm. 

• Figure ;3-8d illustrates the bladed-illite 
morphology in the sample from 7,388.2 
ft. Scale bar is 10 J.Lm. 

Air drying and extraction drying both caused 
the fibrous illite to collapse and matt against 
pore walls. In some cases, the collapse of 
fibers was so complete that it was difficult 
to determine that fibrous illite had been 

present. Only by high magnification of the 
pore walls could the matted fibers be 
detected. The shorter, bladed illite also 
showed evidence of damage and collapse, 
but in general, it was better preserved than 
the fibrous iUite. Compadsons of freeze
dried versu:s extraction-dried or air-dried 
samples are shown in Figure 3-9: 

• Figure 3-9a illustrates delicate illite 
fibers from the freeze-dried part of the 
samph~ from 7,388.8 ft. Scale bar is 
10 J.Lm. 

• Figure 3-9b shows collapsed illite fi
bers from the extraction-dried part of 
the sample from 7,388.8 ft. Scale bar 
is 10 l.Lm. 

• Figure 3-9c is a view of illite fibers in 
the fn~eze-dried part of the sample 
from 7,382.7 ft. Scale bar is 10 J.Lm. 

• Figure 3-9d shows matting and col
lapse of illite fibers in the air-dried part 
of the sample from 7,382.7 ft. Scale 
bar is 10 J.Lm. 

The effect of the changed illite morphology 
on petrophysical properties is discussed in 
detail in Section 4.2.3. In general, it 
resulted in a 2.6X increase in permeability 
to air compared to permeability to brine 
measured on preserved core. Brine perme
abilities of cleaned and extracted cores were 
an average of 1.5X higher than brine perme
abilities measured on the same plugs before 
cleaning and extraction. 

Cotton Valley Sandstone 

Although sandstones from the Cotton Valley 
are also classified as subarkoses or quartz
arenites, they exhibit considerably more 
variation in framework grain composition 
than overlying Travis Peak sandstones, as 
shown in Table 3-2. Cotton Valley samples 
from SFE NO.3 are more feldspathic, more 
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Figure 3-8a Freeze-Dried Sample in Which Fibrous Illite Has 
Replaced Feldspar Grain, SFE No. 3 

Figure 3-8b Freeze-Dried Sample Which Lacks Significant J/lite 
Growth, SFE No. 3 



Figure 3-8c Freeze-Dried Sample With Fibrous Illite Coating Quartz 
Grain, SFE NO.3 

Figure 3-8d Freeze-Dried Sample With Bladed Illite Morphology, 
SFE NO.3 
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Figure 3-9a Delicate Illite Fibers in Freeze-Dried Sample 
from 7,388.8 tt, SFE No. 3 

Figure 3-9b Collapsed Illite Fibers in Extraction-Dried Part 
of Sample from 7,388.8 tt, SFE No. 3 



Figure 3-9c Illite Fibers in Freeze-Dried Part of Sample 
from 7,382.7 tt, SFE No. 3 

Figure 3-9d Matted and Collapsed Illite Fibers in Air-Dried Part 
of Sample From 7,382.7 ft, SFE No. 3 
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lithic, and more matrix-rich than are Travis 
Peak samples. The prevalence of feldspar 
is rather surprising because deeper burial 
should result in more extensive feldspar 
dissolution and in progressive enrichment of 
the framework fraction of detrital quartz. It 
is possible that abundant detrital clay matrix 
may have inhibited fluid flow through the 
Cotton Valley sandstones, thus decreasing 
rates of feldspar dissolution. Only 3 of 27 
Cotton Valley thin-sections are matrix-free. 
The remaining samples contain as much as 
66.5 percent detrital clay matrix. Much of 
the matrix observed in the sandstone sam
ples may have been mixed into the sand
rich horizons during bioturbation. 

Most of the Cotton Val/ey samples are sub
arkoses. Detrital quartz comprises from 
76.4 to 100.0 percent of essential framework 
constituents. Total feldspar content ranges 
from 0.0 to 16.5 percent whole rock volume, 
or up to 20.5 percent of essential framework 
grains. As in the Travis Peak, the feldspar 
fraction in the Cotton Valley is dominated by 
plagioclase, but orthoclase makes up a high 
proportion of total feldspar content in a few 
samples. The sample from 9,210.6 ft con
tains 8.5 percent orthoclase, or slightly more 
orthoclase than plagioclase (Table 3-2). As 
observed in the Travis Peak samples, plagi
oclase did not accept Amaranth stain; it has 
apparently been converted to diagenetic 
albite. Rock fragments, commonly of low
rank metamorphic origin, constitute between 
0.0 and 8.0 percent of the essential frame
work fraction. Because fossil fragments are 
interpreted to be of intrabasinal (allochemi
cal) origin, they were not included in calcula
tions of framework-grain ratios. 

In addition to having framework-grain com
pOSitions that are distinct from Travis Peak 
samples, Cotton Valley sandstones from 
SFE No. 3 also have a different suite of 
authigenic phases. Authigenic quartz and 
ferroan calcite are the most common diagen
etiC minerals. They are accompanied by 
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ankerite, iron-free calcite, dolomite, pyrite, 
chloritE! and albite. 

Quartz cement is the most abundant authi
genic phase in most samples, including the 
one shown in Figure 3-10. However, in the 
Cotton Valley more than the Travis Peak, 
other pore-filling phases are locally of great
er importance than the quartz. Carbonate 
cement (calcite, ferroan calcite and ankerite) 
is the 1110st abundant authigenic mineral in 
eight samples. Quartz cement attains a 
maximum volume of 22.0 percent of the 
whole rock volume in the sample from 
9,275.6 ft (Table 3-2), but it averages only 
14.1 percent in samples having quartz as 
the dominant authigenic phase. While the 
lower volume of quartz cement is at least 
partly a function of the greater matrix con
tent, early carbonate cements are significant 
in that they inhibited quartz preCipitation. 
This effect, however, appears to have great
er importance in the Cotton Valley than in 
the Travis Peak. 

Averaging about 30 percent of whole rock 
volume, ferroan calcite is the dominant auth
igenic phase in several samples -- for in
stance, the one seen in Figure 3-11. Fer
roan calcite reaches a maximum volume of 
39.0 percent in the sample from 9,270.0 ft, 
where it Is the dominant pore-filling phase. 
Based on the color of stained samples, 
there appears to be a gradation between 
iron-rich and iron-free calcite in Cotton Val
ley sandstones. Ferroan and non-ferroan 
calcite pre-date quartz cement, resulting in 
strong local inhibition of quartz preCipitation. 

Samples that have been extensively 
cemented by calcite and ferroan calcite have 
the lowest porosity and permeability in the 
Taylor sandstone. In contrast, sandstones 
that are dominantly quartz-cemented have 
retained better reservoir quality. Thus, the 
zones with the best permeability in the per
forated intervals in the Taylor sandstone 
occur where there is little or no calcite or 



•• --------------------65mm--------------------~~ 

Figure 3-10 Photomicrograph of Quartz-Cemented Sandstone 
from 9,275.6 ft (Taylor Sandstom~) 

~~---------------------65mm--------------------~~ 

Figure 3-11 Ferroan-Calcite Cement Filling Primary Pores and 
Intragranular Secondary Porosity (Taylor Sandstone) 
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ferroan calcite cement, as will be shown on 
the Pre-Fracture Analysis log (Figure 4-7). 

Cotton Valley sandstones from SFE No.3 
contain much smaller volumes of authigenic 
clays than do Travis Peak sandstones (Ta
ble 3-2). Pyrite, present in many Cotton 
Valley samples, reaches a maximum volume 
of 7 percent of the whole rock volume in the 
sample from 9,364.0 ft. 

Clearly, the diagenetic histories of Cotton 
Valley and Travis Peak sandstones are quite 
different. Because of the importance of 
carbonate phases, reservoir quality of Cotton 
Valley sandstones cannot be directly 
equated with quartz cement content, as is 
commonly the case in Travis Peak sand
stones. In addition, the greater amount of 
iron-bearing carbonate phases in the Cotton 
Valley may result in completion problems. 
For example, if carbonate-cemented horizons 
are treated with acid, an iron-hydroxide gel 
will form. 

Total porosity in Cotton Valley sandstones 
is the sum of primary porosity, secondary 
porosity developed during feldspar dissolu
tion, and microporosity within detrital and 
authigenic clays. Another form of secondary 
porosity was developed locally where fossil 
fragments (probably originally aragonite) 
dissolved. This dissolution produced pores 
visible to the unaided eye, creating secon
dary porosity as great as 8 percent (9,213.4 
ft). Some secondary pores were subse
quently filled with a late generation of fer
roan calcite cement or with ankerite (Figure 
3-11). In general, samples from the Cotton 
Valley have considerably higher poroslmeter 
porosity than thin-section porosity because 
of the relative abundance of detrital clay 
matrix and, therefore, microporosity. 

Total thin-section porosity in samples from 
SFE No.3 is conSistently lower in Cotton 
Valley sandstones than Travis Peak sand
stones, in part because of the relatively high 
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matrix content. Ten Cotton Valley samples 
contain no visible macroporosity, although 
five of them contain abundant detrital clay 
matrix (25.5 to 66.5 percent) and thus 
should have considerable microporosity. 
The other samples that lack visible porosity 
contain abundant pore-filling quartz, ferroan 
calcite and ankerite cements. They have 
low porosimeter porosity and permeability. 

3.3 STRUCTURAL GEOLOGY ANALYSIS 
OF SFE NO.3 DATA - OBJECTIVES 
AND CONCLUSIONS 

Objectives of structural studies included 
charactE~rization of fractures, evaluation of 
fracture·-imaging logs, and determination of 
stress directions in the Cotton Valley sand
stone. 

Core and log data show that fractures are 
common in the lower Cotton Valley Taylor 
sandstone. They are vertical extension 
fractures that are open or partly open in 
subsurface, but they differ from fractures in 
the Travis Peak by having calcite as the 
principal mineral fill. Even where they ap
pear filled with calcite, mlcroporosity and 
large, interconnected macropores exist within 
the fractures. Such fractures need to be 
considered in hydraulic fracturE' treatment 
design and reservoir evaluation. 

Fracture detection with Formation Microscan
ner and borehole televiewer logs was suc
cessful, but the distinction between natural 
and drilling-induced fractures using these 
data remains difficult. The strike of drilling
induced fractures in core and borehole 
breakouts, as detected with borehole tele
viewer logs, was used to determine stress 
directions. Moreover, It was used to predict 
an east··northeast (80°) strike of hydraulic 
fractures created in the vicinity of SFE No.3. 

Finally, potential Cotton Valley fracture bar
rier rocks (mudstone and shale) contrast 



sharply with Travis Peak silty mudstones. 
They lack the drilling-induced fractures which 
were quite extensive in the Travis Peak, 
providing qualitative evidence that Cotton 
Valley and Travis Peak barrier rocks behave 
differently. 

3.3.1 Analysis of Natural Fractures 

Fracture analysis distinguished natural from 
drilling-induced fractures and established the 
opening mode, distribution, attitude, strike, 
length in core, width, shape and mineral fill 
of the natural fractures. Results of the 
analysis are tabulated In Tables 3-3 and 
3-4. Fracture orientation was determined by 
paleomagnetic core-orientation techniques for 
selected intervals. Another orientation meth
od was correlation of fractures in core to 
oriented fracture images on wellbore-imaging 
borehole televiewer (BHTV) or on Formation 
Microscanner (FMS) logs (E.R. Monson, 
Written Communication, 1989). Each of 
these orientation techniques were discussed 
In Section 2.1 .3. 

The strike of drilling-induced fractures may 
indicate the horizontal stress directions near 
SFE NO.3. These fractures are described 
in the following section. Preliminary descrip
tions of fractures were made by researchers 
from the BEG and CER. Further study of 
fractures using binocular, petrographiC and 
scanning electron microscopes was carried 
out at the BEG. 

3.3.1.1 Physical Characteristics and 
Abundance of Natural Fractures 

Vertical natural extension fractures and frac
ture zones are present in core from the 
Taylor sandstone (Cotton Valley sandstone) 
and from sandstones in the lower Travis 
Peak. Figure 3-12 is a photograph of natur
al extension fractures in core from 9,246 to 
9,241 ft (data listed in Table 3-3). Few 
natural fractures occur in intervening shale, 

and no fractures were found in the underly
Ing Bossier shale. Travis Peak sandstone 
core has 15 fractures or fracture zones, and 
the Taylor sandstone has 32 fractures or 
fracture zones. Fracture zones are defined 
In this study as closely-spaced, coplanar 
parallel or en echelon fractures. As indi
cated by Figure 3-13, fractures In sandstone 
are uniformly distributed throughout the Tay
lor sandstone interval, without any apparent 
systematic variation with depth of abundance 
or length in core. 

Fractures in the Taylor sandstone are filled 
or partly filled with calcite and quartz, calcite 
being the predominant fracture-filling mineral. 
Fracture-filling quartz is not as widespread 
as it is in the Travis Peak Formation; it is 
present in only a portion of the Cotton Val
ley fractures. Quartz preCipitated in frac
tures before calcite. The calcite occurs as 
massive whitl~ crystals that variably fill frac
tures. The volume of fracture porosity filled 
by calcite va.ries considerably, in one ex
ample ranging from <10 percent to 100 
percent within a single fracture (Figure 3-
12). 

Fractures in the Taylor sandstone are exten
sion fractures that have opened by move
ment normal to fracture walls. In cross 
section, Taylor sandstone fractures are lens
shaped (elliptical). Commonly, fractures 
have simple, gradually tapering terminations. 
Fracture dips are generally subvertical (>85° 
and commonly >89°), but considerable frac
ture curvature is evident in individual frac
tures (Figure 3-12), resulting in opposed dip 
directions for different parts of a single frac
ture. Fractures in the Taylor sandstone are 
tall and narrow with heightlwidth ratios of 
3,000 to 6,000. Short, wide, vug-like frac
tures, common in some deep Travis Peak 
core (e.g., the lower zone of SFE No.2; 
Laubach and others, 1989), were not ob
served in Cotton Valley core from SFE No. 
3. Fractures and interconnected fracture 
zones range in height from a few inches to 

-55-



Table 3-3 Natural Fractures in SFE No. 3 Core 

Fracture Top Bottom 
ID Corel Depth, Depth, Length, Midpoint, Width, Mlnera-
Frac No. ft ft ft ft mm logy Strike Dip 

1, N2 -7355.9 -7356.7 0.8 -7356.3 0.05 q? 84 
1, N3 -7557.8 -7557.9 0.1 -7557.9 0.05 q? 88 
1, N5 -7360.5 -7361.6 1.1 -7361.1 0.05 89 
1, N6 -7361.4 -7361.8 0.4 -7361.6 q 90 
1, N7 -7362.7 -7364.0 1.3 -7363.4 0.05 q 88 
1, N10 -7369.7 -7371.1 1.4 -7370.4 q 86 
2, N2 -7385.6 -7386.5 0.9 -7386.1 q 85 
2, N9 -7408.1 -7408.6 0.5 -7408.4 0.15 q 89 
3, N4 -7875.2 -7875.5 0.3 -7875.4 0.05 
3, N6 -7878.4 -7879.0 0.6 -7878.7 0.10 87 
3, N7 -7878.4 -7879.8 1A -7879.-1 0.15 90 
3, N10 -7881.1 -7881.5 0.4 -7881.:3 0.05 89 
3, N12 -7887.0 -7888.8 1.8 -7887.!~ 0.10 q? 89 
5, N3 -7928.8 -7929.2 0.4 -7929.0 q?,c? 89 
5, N4 -7929.8 -7930.2 0.4 -7930.0 0.05 q?,c? 90 
5, N6 -7931.4 -7933.0 1.6 -7932.2 c? 86 
8, N7 -9237.9 -9238.2 0.3 -9238.1 0.05 q,c? 89 
8, N12 -9246.3 -9246.7 0.4 -9246.5 0.64 C 89 
8, N14 -9248.7 -9249.7 1.0 -9249.2 0.05 q,c 87 
8, N15 -9249.4 -9251.0 1.6 -9250.2 0.50 q,c 88 
8, N16 -9251.0 -9251.1 0.1 -9251.1 0.50 q,c 
9, N1 -9259.6 -9260.1 0.5 -9259.9 0.05 q 90 
9, N2 -9259.6 -9260.1 0.5 -9259.9 0.05 90 
9, N7 -9265.0 -9266.1 1.1 -9265.6 0.05 q,c 89 
9, N10 -9272.5 -9273.0 0.5 -9272.8 q,c 85 
9, N11 -9273.7 -9274.2 0.5 -9274.0 0.05 89 
9, N13 -9275.2 -9276.3 1.1 -9275.8 0.05 c? 88 
9, N14 -9276.6 -9277.0 OA -9276.8 0.05 q,c? 85 
9, N16 -9279.0 -9280.0 1.0 -9279.5 0.05 q?,c? 88 
9, N18 -9282.5 -9283.1 0.6 -9282.8 87 
10, N3 -9286.8 -9288.0 1.2 -9287.4 0.05 77.1 86 
10, N6 -9288.4 -9289.1 0.7 -9288.8 0.05 q? 74.1 82 
10, N12 -9291.0 -9291.8 0.8 -9291.4- q 83.1 90 
10, N18 -9303.1 -9304.6 1.5 -9303.9 0.33 q 87 
10, N19 -9305.8 -9309.9 4.1 -9307.9 89 
10, N20 -9306.0 -9306.4 OA -9306.2 1.10 q?,c 89 
10, N21 -9310.9 -9311.2 0.3 -9311.1 q?,c 87 
11, N2 -9313.0 -9313.2 0.2 -9313.1 c? 89 
11, N5 -9316.8 -9317.3 0.5 -9317.1 c? 88 
11, N8 -9317.4 -9318.1 0.7 -9317.8 0.05 89 

-56-



Table 3-3, Continued 

Fracture Top Bottom 
ID Corel Depth, Depth, Length, Midpoint, Width, Mlnera-
Frac No. ft ft ft ft mm logy Strike Dip 

11, N9 -9317.7 -9318.1 0.4 -9317.9 0.05 c? 88 
11, N12 -9319.6 -9320.4 0.8 -9320.0 c 88 
12, N1 -9321.1 -9322.2 1.1 -9321.7 0.05 87 
12, N5 -9325.8 -9326.2 0.4 -9326.0 0.05 87 
12, N16 -9336.0 -9336.5 0.5 -9336.3 0.05 86 
12, N18 -9337.1 -9338.8 1.7 -9338.0 0.15 85 
13, N5 -9341.6 -9341.8 0.2 -9341.7 c 78 
13, N6 -9342.7 -9344.2 1.5 -9343.5 0.05 89 
13, N7 -9342.8 -9344.1 1.3 -9343.5 0.05 89 
13, N15 -9356.3 -9356.9 0.6 -9356.6 c 90 

q = quartz 
c = calcite 

Table 3-4 Coring-Induced Fractures in SFE No. 3 Core 

ID Corel Top Depth, Bottom Depth, Length, Width, 
Frac NO. ft ft ft mm Strike Dip 

1, C4 -7359.9 -7360.0 0.1 45 
1, C8 -7367.0 -7367.3 0.3 80 
1, C9 -7368.5 -7368.9 0.4 86 
1, C11 -7374.6 -7374.9 0.3 85 
1, C12 -7376.0 -7376.5 0.5 82 
1, C13 -7376.8 -7377.0 0.2 79 
2, C1 -7381.5 -7382.0 0.5 86 
2, C3 -7391.9 -7392.0 0.1 78 
2, C5 -7405.2 -7405.4 0.2 78 
2, C6 -7405.4 -7405.6 0.2 58 
2, C7 -7407.0 -7407.1 0.1 83 
2, C8 -7407.2 -7407.7 0.5 89 
3, C1 -7869.1 -7870.1 1.0 90 
3, C2 -7874.2 -7874.9 0.7 83 
3, C3 -7874.2 -7874.2 0.0 75 
3, C5 -7876.2 -7876.9 0.7 90 
3, C6 -7878.4 -7879.0 0.6 87 
3, C7 -7878.5 -7879.9 1.3 90 
3, C8 -7879.4 -7879.8 0.4 78 
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Table 3-4, Continued 

10 Corel Top Depth, Bottom Depth, Length, Width, 
Frac No. tt ft ft mm Strike Dip 

3, C9 -7880.4 -7881.1 0.7 81 
3, Cll -7884.0 -7884.6 0.6 86 
4, C1 -7889.S -7889.8 0.3 7S 
4, C2 -7890.3 -7890.4 0.1 87 
4, C3 -7890.7 -7890.9 0.2 88 
4, C4 -7891.2 -7891.3 0.1 88 
4, CS -7895.0 -7896.5 1.5 84 
4, C6 -7897.6 -7898.0 0.4 80 
4, C7 -7900.3 -7900.7 0.4 80 
4, C8 -7905.3 -7908.4 3.1 89 
4, C9 -7911.0 -7911.6 0.6 83 
5, C1 -7916.7 -7917.1 0.4 88 
5, C2 -7928.5 -7929.1 0.6 69 
5, C5 -7930.5 -7930.8 0.3 85 
5, C8 -7942.4 -7943.3 0.9 86 
6, C1 -9030.7 -9030.9 0.2 42 
6, C2 -9032.0 -9033.0 1.0 90 
6, C3 -9043.2 -9043.3 0.1 68 
7, C1 -9203.8 -9204.1 0.3 76 
7, C2 -9204.7 -9204.9 0.2 0.10 73 
7, C3 -9205.2 -920S.3 0.1 76 
7, C4 -9205.2 -9205.3 0.1 89 
7, C5 -9207.3 -9208.3 1.0 0.03 81 
7, C6 -9207.3 -9207.6 0.3 0.03 81 
7, C7 -9209.2 -9209.4 0.2 0.03 81 
7, C8 -9210.0 -9211.2 1.2 54 
7, C9 -9211.0 -9211 .1 0.1 0.05 5 
7, C10 -9211.8 -9211.9 0.1 6 
7, C11 -9211.8 -9212.0 0.2 0.03 83 
7, C12 -9212.0 -9214.4 2.4 85 
7, C13 -9214.8 -9215.2 0.4 84 
7, C14 -9214.9 -9215.2 0.3 0.05 83 
7, C15 -9216.0 -9216.2 0.2 66 
7, C16 -9216.2 -9216.5 0.3 89 
7, C17 -9216.8 -9217.7 0.9 0.05 89 
7, C18 -9217.7 -9218.0 0.3 79 
7, C19 -9218.6 -9218.8 0.2 0.03 83 
7, C20 -9222.3 -9222.4 0.1 68 
7, C21 -9224.0 -9225.3 1.3 86 
7, C22 -9225.3 -9225.4 0.1 0.03 66 
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Table 3-4, Continued 

ID Corel Top Depth, Bottom Depth, Length, Width, 
Frac No. tt ft ft mm Strike DIp 

7, C23 -9226.4 -9227.7 1.3 85 
8, C1 -9229.7 -9229.8 0.1 75 
8, C2 -9230.0 -9230.1 0.1 75 
8, C3 -9230.3 -9230.4 0.1 65.4 74 
8, C4 -9234.0 -9234.6 0.6 72.4 84 
8, C5 -9236.5 -9237.0 0.5 90 
8, C6 -9237.4 -9237.7 0.3 78 
8, C8 -9238.3 -9238.6 0.3 62 
8, C9 -9239.0 -9239.1 0.1 75 
8, C10 -9243.0 -9243.2 0.2 71 
8, C11 -9245.0 -9245.4 0.4 80 
8, C13 -9246.4 -9246.7 0.3 82 
8, C14 -9248.7 -9249.7 1.0 87 
8, C17 -9251.3 -9251.5 0.2 78 
8, C18 -9251.9 -9253.4 1.5 89 
8, C19 -9254.4 -9255.7 1.3 78 
8, C20 -9255.5 -9255.7 0.2 71 
8, C21 -9256.1 -9256.3 0.2 76 
8, C22 -9257.4 -9257.8 0.4 85 
8, C23 -9259.0 -9259.4 0.4 0.03 63 
9, C3 -9261.0 -9262.4 1.4 89 
9, C4 -9262.9 -9263.0 0.1 71 
9, C5 -9263.4 -9264.0 0.6 86 
9, C6 -9264.0 -9264.1 0.1 0.03 68 
9, C8 -9267.1 -9267.5 0.4 67.6 78 
9, C9 -9267.3 -9267.6 0.3 0.03 70.5 86 
9, C12 -9274.0 -9274.1 0.1 0.03 69 
9, C17 -9280.1 -9280.2 0.1 79 
10, C1 -9283.5 -9284.2 0.7 81 
10, C2 -9286.8 -9287.0 0.2 0.03 73 
10, C3 -9287.2 -9288.0 0.8 86 
10, C4 -9287.8 -9288.6 0.8 0.03 76.6 85 
10, C5 -9288.4 -9289.0 0.6 77.6 83 
10, C7 -9289.3 -9289.7 0.4 0.03 84.6 79 
10, C8 -9289.5 -9289.7 0.2 0.03 82.6 73 
10, C9 -9290.1 -9290.7 0.6 0.03 86.1 89 
10, C10 -9290.4 -9290.7 0.3 0.03 92.1 77* 
10, C11 -9291.0 -9291.3 0.3 0.03 85.6 82 
10, C12 -9291.0 -9291.8 0.8 
10, C13 -9292.4 -9294.0 1.6 0.03 76.6 60 
10, C14 -9295.0 -9297.6 2.6 0.03 76.4 90 

-59-



Table 3-4, Continued 

ID Corel Top Depth, Bottom Depth, Length, Width, 
Frac No. tt tt It mm Strike Dip 

10, C15 -9297.6 -9298.1 0.5 0.03 76.1 67 
10, C16 -9298.7 -9299.3 0.6 82.1 85 
10, C17 -9301.5 -9302.2 0.7 86.6 70 
11, Cl -9313.0 -9313.2 0.2 90 
11, C3 -9315.1 -9315.3 0.2 67 
11, C4 -9316.0 -9316.5 0.5 0.03 81 
11, C6 -9316.9 -9317.0 0.1 0.03 63 
11, C7 -9317.2 -9317.4 0.2 71 
11, Cl0 -9319.6 -9319.9 0.3 83 
11, Cl1 -9319.6 -9319.9 0.3 87 
12, C2 -9321.1 -9322.2 1.1 65 
12, C3 -9324.9 -9325.1 0.2 72 
12, C4 -9325.4 -9326.2 0.8 89 
12, C6 -9326.6 -9326.7 0.1 0.03 72 
12, C7 -9327.2 -9327.5 0.3 88 
12, C8 -9328.3 -9328.4 0.1 59 
12, C9 -9328.6 -9328.7 0.1 0.03 61 
12, Cl0 -9330.0 -9330.4 0.4 78.6 78 
12, Cll -9331.1 -9331.2 0.1 0.05 68.6 72 
12, C12 -9332.5 -9332.7 0.2 0.03 74.9 76 
12, C13 -9333.0 -9334.1 1.1 67.4 85 
12, C14 -9334.6 -9335.1 0.5 74.4 85 
12, C15 -9335.4 -9335.7 0.3 69.9 87 
12, C17 -9336.3 -9336.9 0.6 0.05 72.4 79 
13, C2 -9340.1 -9340.4 0.3 0.03 79 
13, C3 -9340.4 -9341.0 0.6 85 
13, C4 -9340.5 -9341.1 0.6 82 
13, C8 -9348.6 -9348.8 0.2 0.03 64 
13, C9 -9348.7 -9348.9 0.2 0.03 62 
13, Cl0 -9348.9 -9349.0 0.1 0.03 61 
13, Cl1 -9349.0 -9349.1 0.1 0.03 44 
13, C12 -9349.2 -9349.3 0.1 0.03 54 
13, C13 -9349.2 -9349.3 0.1 0.03 49 
13, C14 -9354.0 -9354.3 0.3 0.03 61 
13, C16 -9358.5 -9358.7 0.2 0.03 64 
13, C17 -9358.7 -9358.8 0.1 0.03 67 
13, C18 -9359.0 -9359.1 0.1 0.03 73 
13, C19 -9359.0 -9359.1 0.1 0.03 76 
13, C20 -9359.2 -9359.4 0.2 0.03 46 
13, C21 -9359.5 -9359.6 0.1 0.03 49 
13, C22 -9359.8 -9360.0 0.2 0.03 48 
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Table 3-4, Continued 

ID Corel Top Depth, Bottom Depth, Length, Width, 
Frac No. ft ft ft mm Strike 

13, C23 -9360.2 -9360.4 0.2 0.03 
14, C1 -9449.0 -9449.2 0.2 
14, C2 -9450.3 -9450.5 0.2 0.03 
14, C3 -9453.3 -9453.9 0.6 0.03 
14, C4 -9458.0 -9458.6 0.6 

14, C5 -9458.8 -9459.5 0.7 

14, C6 -9460.0 -9460.3 0.3 
14, C7 -9466.6 -9466.8 0.2 
15, C1 -9469.0 -9469.2 0.2 
15, C2 -9470.5 -9470.7 0.2 
15, C3 -9479.2 -9479.4 0.2 

*Strike of 20 petal fractures (-9290.4 to -9290.7) 

Figure 3-12 Photograph of Natural 
Extension Fractures in 
the Taylor Sandstone 
at a Depth of 9,246 
to 9,251 ft 

Dip 

54 
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85 
31 
53 
46 
45 
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Figure 3-13b Vertical Fracture Length 
(Height) of Natural Fractures 
in Taylor Sandstone Plotted 
Against Depth, SFE NO.3 

over four feet (Figure 3-13). Most individual 
fractures are less than two feet tall, but 
these fractures are arranged in more contin
uous vertical networks than fractures in the 
lower zone of SFE No.2. Vertical intercon
nection of fractures within the Taylor sand
stone is also suggested by fracture traces, 
seen in Figure 3-14, that were imaged with 
BHTV and FMS. 
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3.3.1.2 Natural Fracture Strike 

Natural extension fractures strike east-north
east in SFE No.3 (Table 3-3). The azimuth 
of 30 natural fractures in the upper Taylor 
sandstone (Zone 4) was determined by 
correlating fractures in core with BHTV and 
FMS images. Fracture strike ranges from 
005° to 175°, with a vector mean strike of 
082°. Three natural fractures in the Taylor 
sandstone that were oriented by paleomag
netic methods have strikes of 077°, 074° 
and 083° (Table 3-3), in agreement with 
BHTV and FMS observations. These results 
are also in agreement with fractures strikes 
in the Travis Peak in Waskom Field (Dutton 
and others, 1988). 

3.3.1.3 Considerations for Reservoir 
Development 

Observations of SFE No. 3 core indicate 
that natural fractures are abundant in the 
cored interval of the Taylor sandstone. 
Some clf the fractures are open in the sub
surface, Tall fractures in the Taylor sand
stone may indicate fractures that are more 
extensive (longer) in plan view. Such frac
tures are more likely to be interconnected 
laterally, and therefore, are more likely to 
enhance reservoir permeability. On the 
other hand, many fractures in the Taylor 
sandstone are partly or completely filled with 
calcite, potentially reducing their effective
ness as conduits for fluids. However, even 
fractures that macroscopically appear filled 
have considerable microporosity that locally 
is interconnected within the fracture. Wide
spread calcite in natural fractures should be 
taken into account in engineering operations 
in Taylor sandstone to avoid damage to the 
natural fracture system. 

Evidence from drilling-induced fracture strike, 
borehole breakout orientation, and previous 
hydraulic fracture treatments in Waskom 
Field indicates that natural fractures are 
subpara.llel to the maximum horizontal stress 
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Figure 3-14 Examples of BHTV and FMS Logs Imaging Fractures 
in the Taylor Sandstone 

direction in this area (Dutton and others, 
1988). Thus, hydraulic fractures will tend to 
propagate subparallel to natural fractures, 
and natural fractures may be opened during 
fracture treatment. 

3.3.2 Drilling-Induced Fractures and Direc
tion of SHmax 

Drilling-induced fractures were distinguished 
from natural fractures based on criteria 
described by Kulander and others (1979). 

These criteria include (1) location of fracture 
origins near or within core, (2) characteristic 
fracture shapes, and (3) absence of mIneral
Ization. Fracture surface structures (plume 
structure and arrest lines) and fracture 
shape were used to identify 'fracture origins. 

A total of 156 drilling-induced fractures were 
identified in SFE No. 3 core (Table 3-4). 
Fracture dips are generally steep (>70°). 
As Figure 3-15 illustrates, heights of drilling
induced frac:tures range from a few inches 
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Figure 3-15 Lengths of Drilling-Induced 
Fractures in SFE No. 3 Core 

to over three feet, with most fractures less 
than one foot tall. Widths of induced frac
tures were measured where the core had 
not separated completely along the fracture. 
These widths are probably not representa
tive of subsurface induced-fra,=fure widths. 

In the upper Taylor sandstone, 32 petal and 
44 petal-centerline fractures were oriented 
by using distinctive features visible on BHTV 
or FMS logs and core. In addition, 23 drill
ing-induced fractures were independently 
oriented by paleomagnetic techniques (Van 
Alstine, 1988). The means of fractures in 
six intervals oriented by paleomagnetic 
methods range from 067° to 081 0, as shown 
by Figure 3-16. The overall mean strike is 
072°. The vector mean strike of 76 drilling
Induced fractures in the upper Taylor sand
stone oriented by reference to borehole
imaging logs is 078°. 

Previous work in the Travis Peak Formation 
suggests that drilling-induced petal and pe
tal-centerline fractures strike parallel to maxi
mum horizontal stress (SHmax)' and that 
they can therefore be used to predict the 
propagation direction of hydraulic fractures 
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(Laubach and Monson, 1988). Drilling-in
duced fractures in the Taylor sandstone 
indicate east-northeast propagation of the 
hydraulic fracture. A mean strike of 078° is 
indicated by fractures oriented by reference 
to BHTV and FMS images. A mean strike 
of 072° is indicated by the average strike of 
fractures in core oriented by paleomagnetic 
methods. The difference between these 
means is not significant in view of the un
certainties in tool orientation. These results 
are consistent with determinations of hori
zontal stress directions from analysis of 
borehole breakouts, which indicate east
northeast maximum horizontal stress. 

The distribution of drilling-induced petal and 
petal-centerline fractures in the Cotton Valley 
differs from that of the Travis Peak Forma
tion. In the Travis Peak, petal and petal
centerlinE~ fractures are present in equal 
numbers in both sandstone and intervening 
silty mudstone and muddy siltstone. Many 
of the longest petal-centerline fractures are 
in muddy rock types. The number of drill
ing-induced fractures per foot of Taylor 
sandstone core is greater than in typical 
Travis Peak sandstone, but in the Bossier 
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Figure 3-16 Drilling-Induced Fracture Strike 
in SFE No. 3 Core 

shale and in shales within the lower Cotton 
Valley in SFE No.3, petal-centerline frac
tures are virtually absent. These differences 
may indicate that compared to silty mud
stone in the Travis Peak, mudstone and 
shale (potential fracture-barrier rock) in the 
Cotton Valley Group in SFE No.3 are less 
readily fractured, at least by drilling opera
tions. Contrasts in mineralogy, which oc
curred during early burial, probably account 
for the greater apparent resistance to frac
turing in the Cotton Valley and Bossier 
shales. 

3.3.3 Open-Hole Stress Test Fractures 
and Direction of SHmax 

As discussed Section 2.1.7, six open-hole 
stress tests (OHST) were performed in the 
intervals shown in Table 2-4. One attempt 
was made to over-core the induced fracture; 
however, this attempt did not successfully 
result in recovery of an OHST fracture. 

The BHTV and FMS borehole-imaging de
vices were logged over the OHST intervals. 

Fractures, interpreted to have been hydraul
ically induced during the stress test, were 
observed in three of the stress test intervals. 
Table 3-5 lists the stress test intervals, ob
served fracture intervals and interpreted 
azimuths. The average azimuth of 0860 is 
again consistent with other determinations 
of horizontal stress direction which indicate 
east-northeast maximum horizontal stress. 

3.4 APPLICATION OF GEOLOGICAL 
ANALYSES TO THE SFE NO. 3 
COMPLETION STRATEGY 

At Waskom Field, data from core and logs 
from SFE No. 3 and adjacent wells have 
established a foundation upon which predic
tions about reservoir origin, degree and type 
of diagenesis, and occurrence of natural 
fractures can be made. Stratigraphic analy
sis of core from SFE No. 3 indicates that 
the upper perforated interval in the Cotton 
Valley Taylor sandstone is producing from 
two tidal-inlE~t channels that are separated 
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Table 3-5 Orientation of Open-Hole Stress Test Fractures 
Observed on the FMS and BHTV 

Stress 
Test 
No. 

1 

4 

5 

Stress Test 
Interval, 

ft 

7,406 - 7,411 

9,041 - 9,047 

9,362 - 9,367 

by foreshore deposits. The lower perforated 
interval is producing from two, microtidal 
barrier-island, sandstone deposits that are 
separated by lagoon and washover deposits. 
Thin-section point counts supplied data on 
mineral composition that was used to cali
brate geophysical log responses. Petrogra
phic data indicate that calcite is the most 
extensive cement in many Cotton Valley 
sandstones. The calcite-cemented zones 
have the lowest permeability within the Tay
lor sandstone, whereas quartz-cemented 
sandstones have retained higher porosity 
and permeability. Thus, the best permeabil
ity in the perforated intervals occurs in sand
stones that contain little or no calcitec ce-
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Log 
Interval, 

ft 

7,411 - 7,417 

9,044 - 9,046 

9,355 - 9,365 

True 
Azimuth, 
degree 

ment, as will be shown on the Pre-Fracture 
Analysis log in Figure 4-7. 

Knowledge of the characteristics and distri
bution of natural fractures permitted these 
structures to be taken into account In frac
ture treatment design (described in Section 
7.1). Experiments to monitor and test meth
ods of documenting hydraulic fracture propa
gation (described In Sections 6.2.3, 8.4 and 
8.5) were deSigned using stress directions 
Inferred from core data. In addition, aware
ness of natural fractures In Cotton Valley 
reservoir rocks can be used to refine engi
neering reservoir evaluation (see Sections 
8.2 and 8.3). 



4.0 Well Log and Core Analyses in the Cotton 
Valley Formation 
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Petrophysical modeling was conducted by 
ResTech Houston using well logs and core 
analyses acquired in the SFE No. 3 well. 
The purpose of this modeling was to per
form the following functions: 

• Test the applicability of methods 
developed in the Travis Peak data 
set to a different geological horizon 
(Cotton Valley). 

• Evaluate the data to Interpret litholo
gy, porosity, water saturation, perme
ability and rock mechanical properties 
using the Travis Peak methodology. 

• Develop an accurate closure stress 
profile using log-derived and in-situ 
stress data. 

• Acquire core-derived measurements 
of reservoir flow properties for use in 
engineering studies and in advanced 
techniques of reservoir modeling. 

• Identify the Cotton Valley intervals 
that have potential for gas produc
tion. 

The following section of this report describes 
the techniques of analysis and compares the 
results to those from core analyses. 

4.1 RESUL 1S OF WELL LOG ANALYSES 
AND SELECTION OF COMPLETION 
INTERVALS 

The gross interval from 9,198.0 to 9,345.5 
ft was selectively completed between 9,225 
and 9,250 ft and between 9,285 and 9,330 
ft In the Cotton Valley Taylor sand. The 
results of the petrophysical analysis across 

the Taylor interval are displayed in Figure 
4-1. Results of select types of core analy
ses are also shown on the figure. Table 
4-1 displays average values for porosity, 
water saturation and permeability. Two 
different sets of values are shown: gross 
interval and gas sand. The values for 
"gross interval" are the averages for the 
entire Taylor section including all the various 
lithologies. The values listed for "gas sand" 
are calculated based on 2 percent porosity 
and 70 percent water saturation cut-offs. 
These cut-offs were used to establish the 
amount of gas-saturated sand within the 
completed interval only, an amount which 
may not represent the net gas pay. 

The petrophysical analyses for this well 
used the same methodology developed in 
the Travis Peak Formation. As shown on 
Figure 4-1, the close agreement between 
log analyses and. core analyses indicates 
that the methodology developed in the Tra
vis Peak may be successfully applied to 
the Cotton Valley. This agreement is also 
confirmed by well test analyses discussed 
In the section pertaining to log-derived per
meability (Section 4.1.1.6) of this report. 

4.1.1 Log Analysis Methodology and 
Petrophysical Modeling 

Methodologies associated with petrophYSical 
formation evaluation in the Travis Peak have 
previously been reported (Howard and Hunt, 
1986; and Luffel and Others, 1989). The 
drilling of SFE NO.3 provided an excellent 
opportunity to test the applicability of these 
technologies In a geologic horizon underlying 
the Travis Peak, yet still in the same basin. 
In SFE No. :3, approximately 245 ft of core 
was acquired from the Cotton Valley to 
assist in the verification of log analysis re-
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Table 4-1 Zone Summary, Completed Interval 

Parameter 

Thickness, ft 

Average Porosity 

Average Water Saturation 

Permeability-Thickness, md 

suits. The following sections of this report 
describe the methodologies used to develop 
log interpretations and compares these log
derived results to those from core analyses. 

4.1.1.1 Log Data Normalization 

Mobil Exploration and Production, U.S. pro
vided data from five offset wells to aid in log 
analysis parameter selection and to provide 
a calibration data set for use in the SFE No. 
3. A" of these offset wells were drilled in 
the Waskom Field into or through the Cotton 
Valley Formation. To check for errors, a 
base histogram of the wells was established 
for each appropriate logging curve. When 
the SFE No. 3 was logged, the resulting 

Gross Interval 

147.5 

0.039 

0.569 

0.34 

Gas Sand 

68.0 

0.060 

0.413 

0.33 

histograms were compared with the corres
ponding calibration data sets, and the appro
priate re-calibrations were made. 

Miscalibration of logging tools has been we" 
documented in the past {Kukal and Others, 
1983; and Conolly, 1974}. Indeed, Res
Tech's prevlc)us experience In the Travis 
Peak indicates that about 50 percent of the 
porosity logs commonly require some type 
of normalization. Table 4-2 lists the field
wide values for neutron, density and sonic 
logs. Also listed are logging service compa
ny (Western-Atlas and Schlumberger) histo
gram modes for the three logging values in 
SFE No.3. 

Table 4-2 Histogram Modes and Shift Required for Data Normalization 

Data Set 

Field wide 

WA run 

SWS run 

60 

60 

none 

Shift 
Required 

0.0 

0.0 

2.60 

2.62 

2.60 

Shift 
Required 

0.00 

-0.02 

0.00 

0.11 

0.11 

0.11 

Shift 
Required 

0.0 

0.0 

0.0 
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4.1.1.2 Borehole Effects on Density and 
Sonic Data 

Most wellbores drilled through tight gas 
sands have frequently-occurring, stress
induced borehole breakouts. Where these 
breakouts occur, the density and sonic log 
data may be invalid due to poor density
tool pad contact or due to longer sonic-tool 
transit times caused by the breakout. 

These invalid readings were compensated 
for in the data processing. If one of these 
values appeared to be invalid, the corres
ponding depth interval was flagged. The 
porosity of a flagged interval was then deter
mined from the density data alone. How
ever, if the density data was invalid, porosity 
was calculated with an algorithm using the 
sonic data: 

Eq. 4-1 

where 

41e = effective porosity 

41s = porosity derived from the sonic 
log 

Vsh = shale volume 

41sh ::: shale correction factor 

Frequently, both sonic and density log data 
were invalid. When this situation occurred, 
a maximum porosity was assigned to the 
sands; this value was then adjusted accord
ing to the shaliness of the sand. 

4.1.1.3 Lithology Determination 

Based on petrographic analyses, framework 
grains in the Cotton Valley consist primarily 
of quartz with a smaller fraction of feldspars 
that are plagioclase dominated (letter report 
to GRI by BEG, 1989). Authigenic quartz 
and ferroan calcite are the most common 
diagenetic minerals, and they are accom
panied by ankerite, iron-rich calcite, dolom-
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ite, pyrite, chlorite and albite. In comparison 
to Travis Peak sandstones, Cotton Valley 
sandstones in SFE No. 3 contain much 
smaller volumes of authigenic clays. Cotton 
Valley rock samples in SFE No.3 are free 
of authigenic illite and kaolinite, although 
small amounts of chlorite may be observed. 
Detrital matrix is probably illite or mixed
layer illite-smectite, except where the matrix 
has been partially converted to chlorite. 

Because of the amount of iron-rich carbon
ates in the Cotton Valley, estimations of 
various lithology percentages from well logs 
are difficult. X-ray diffraction and thin-sec
tion analyses provided the basis for log
calculated lithology. The semi-quantitative 
nature of X-ray diffraction analyses makes 
the fully quantitative thin-section analyses 
the more desirable measurement. A draw
back to thin-section analysis is its inability 
to distinguish the mineralogy of clay-sized 
fines. Experience has shown that grouping 
the clay-sized fines together as a calibration 
point for various log-derived clay indicators 
provides a useful log estimation of clay 
volume. This volume estimate can then be 
used to correct porosity log responses for 
clay effect. Of all the rock constituents 
present in the Cotton Valley, clay had the 
most dramatic effect on well log response. 

After a calibrated clay volume was deter
mined, volumes of other minerals were cal
culated with several simultaneous equations 
that used the Schlumberger Geochemical 
Log (GLT) data to provide the base values. 
The responses of iron, calcium and silica 
from geochemical log data were sufficient to 
solve for the remaining lithology values once 
the clay volume was established. 

Figure 4-2 is a graph of clay volume from 
thin-section analysiS versus log-derived clay 
volume. Several clay indicators were plotted 
against the thin-section data to determine 
those with the highest correlation coefficient. 
Table 4-3 shows the clay Indicators and 
their respective correlation coefficients. 
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Figure 4-2 Comparison of Log-Derived Clay Volume 
and Thin-Section Clay Volume 

Table 4-3 Thin-Section Correlation 
Coefficients for Various 
Clay Indicators 

Clay 
Indicators 

Gamma Ray 

Thin-Section Analyses 
Correlation Coefficient 

Apparent Grain Density 

Aluminum Yield 

0.92551 

0.85469 

0.90242 

0.93236 Final Vc1ay 

Response equations were written from these 
relationships, and the minimum value of the 
three was used in the analyses for volume 
of clay. The remaining mineral volume was 
broken into three components: quartz, calcite 
and iron carbonate. Iron calcite, ankerite 

and dolomite were all grouped into one 
category because of the subtlety of the 
differences in their respective log responses. 
Moreover, because of similar difficulties 
distinguishing feldspars from quartz using 
log analyses, the volume of feldspars was 
not determined. Figure 4-3 presents the 
results of the lithology calculations along 
with the thin-section analyses results. 

4.1.1.4 Porosity Determination 

Two methods have been recommended for 
determining porosity in the Travis Peak 
Formation (Howard and Hunt, 1986). The 
first method uses the results from the lithol
ogy determination to calculate a grain densi
ty (Patchett and Coalson, 1982) and the 
electromagnetic propagation tool data (Ken
yan and Baker, 1984) to determine fluid 
density. After these values are obtained, 
the bulk density log is used to directly der
ive porosity (Alger and Others, 1963). Use 
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of this technique requires extreme accuracy 
in the lithology determination as well as 
high-quality, electromagnetic propagation log 
data. Unfortunately, in most of the wells in 
the Travis Peak or Cotton Valley, hole 
rugosity is a severe problem which negative
ly affects each of these. 

The second method used to evaluate the 
SFE No. 3 well employs a shale-corrected 
crossplot of the neutron and density log 
data. In small quantities, the effects of the 
heavy minerals have opposite (and almost 
equal) effects on the shale-corrected neutron 
and density values. The effect of gas is 
similar in that both log values are affected 
in opposite ways. For this technique, equa
tions for porosity can be written as follows: 

Eq.4-2 

and 

Eq. 4-3 

where 

cl>oe = effective porosity from density 
log 

cl>o = porosity derived from the den-
sity log 

cl>Osh :: shale correction factor for den
sity log 

cl>Ne = effective porosity from neutron 
log 

cI> N ::: porosity derived from the neu-
tron log 

cl>Nsh = shale correction factor for neu
tron log 

Once the two effective porosities are de
rived, the calculation of porosity (cI» can be 
treated in two ways. For cases in which 
cl>Ne > I\>oe (I.e., when heavy minerals are 
present), 

cl>Ne + cl>Oe Eq. 4-4 
cI> = 2 

For cases i~ which cl>Na < cl>Oe 
gas is prese,nt), 

~Ne + 4c1>Oe 
$;:; i 5 

i 

(ie., when 

Eq.4-5 

Density and ,neutron porosity are weighted 
in Equation ~-5 to reflect the effect of gas 
on both mea$urements. Figure 4-4 displays 
the results at this analysis on the SFE No. 
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3 well. As cpan be seen, significant scatter 
occurs in th.e lower porosity region. This 
scatter is common when porosity is not 
uniform throl;Jghout the sands and when the 
vertical resolution of the logging tools is 
different from the sampling frequency of the 
core analysis. 

4.1 .1.5 Water SaturatIon 

The dual w~ter model (Clavier and Others, 
1984) was used for water saturation deter
mination in SFE No.3. The dual water 
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model assumes that the water associated 
with the shales is bound to the shale matrix 
and is of a different salinity than the water 
associated with the sands. Required input 
to the dual water model includes free water 
resistivity, "m" (cementation factor), and "n" 
(saturation exponent). A value of 0.048 
ohm m at 7soF was chosen for free water 
resistivity based on measurements on Cot
ton Valley water samples in the area. The 
values of "m" and "n" were taken from com
posite plots of the electrical properties of 
seven core samples from the Cotton Valley. 
These values were 2.07 for "m" and 1.S0 
for "n". Figure 4-S presents the resulting, 
calculated water saturations and the water 
saturations from core analyses corrected to 
in-situ conditions. 

4.1.1.6 Permeability 

Permeability was estimated by comparing 
core properties to log porosities. Core per
meabilities and porosities were measured 
routinely on dry cores under net overburden 
pressures. The permeabilities obtained were 
permeabilities to helium corrected for Klink
enberg effect. To correct these values to 
in-situ conditions, two algorithms were ap
plied. One converts the Klinkenberg gas 
permeabilities to permeabilities of the cores 
saturated with brine. The other uses varia
tions in water saturation to calculate effec
tive permeability to gas. Section 4.2.2.2, 
Relative Permeability Behavior, discusses 
how these relations were derived for the 
SFE NO.3. 

The equation relating Klinkenberg-corrected 
gas permeability (k.x,) to porosity measured 
at net overburden stress Is 

k.x, = 178.89 cp3.50 Eq. 4-6 

To convert this permeability to a brine per
meability (~) requires a correction using th 
equation 

Eq.4-7 
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Finally, to correct this brine permeability to 
a net permeability to gas requires an equa
tion similar in form to that developed by 
Corey (19S4), which allows for the variances 
of water saturation. The equation is 

[

0.97 - S j 3.22 
kg=kb w 

0.97 - Siw 

where 

kg = gas permeability 

Sw = water saturation 

Eq.4-8 

Siw = irreducible water saturation 

Table 4-1 summarized average property 
values for the completed interval. Log
calculated kh was 0.33 md-ft, which agrees 
quite well with the pre-frac well test analysis 
results of 0.38 md-ft (see Section 6.1). The 
permeability results are plotted along with 
Sw in Figure 4-S. The pre-fracture flow rate 
was SO MCFD, confirming the low per
me abilities calculated by log analysis. 

4.1.2 Interpretation Techniques and Ap-
plication of Acoustic Well Log 
Data to Calculations of Rock 
Mechanical Properties and In-Situ 
Stress 

4.1.2.1 Introduction 

In-situ stress has been widely accepted as 
the most important control factor for the 
vertical growth of hydraulic fractures (Nolte 
and Smith, 1979). The ability to determine 
stress profiles and, therefore, to predict the 
vertical growth of hydraulic fractures, is an 
essential part of a successful stimulation 
treatment in tight gas reservoirs. Depending 
on the rock stress In and adjacent to a 
treatment zone, vertical height growth may 
become excessive as fracture pressure in
creases. The consequence, in many cases, 
may be poor well performance because the 
desired propped length was not achieved or 
because the fracture extended into a water-
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producing interval (Whitehead and Others, 
1987). Thus, understanding the most proba
ble growth pattern is critical to the success
ful design and implementation of hydraulic 
fracture treatments. 

There are published techniques for comput
Ing In-situ stress profiles from log responses 
and from core analyses (Tixier and Others, 
1973). These techniques relate either dyna
mic or static elastic parameters to in-situ 
stresses. Techniques using log-derived 
results must be verified and calibrated with 
in-situ stress measurements from micro-in
jection tests. This step ensures that the log 
Is properly calibrated even when some other 
stress Is present that has not been 
accounted for in the model. The following 
sections describe the data and analysis 
methods needed for calculation of in-situ 
stress profiles from logs. 

4.1.2.2 Basis for Calculating LogaDerlved 
Stress 

Log-based methods for calculating closure 
stress use the shear and compressional 
velocities (V s and V rJ along with density 
(Pb) in some modifiea form of Hooke's law: 

1 v v 
ex = -(Sx - Sp) --(Sy - Sp) --(Sx - Sp) 

E E E 
Eq.4-9 

where Ex is the elastic strain in the x direc
tion; E is Young's modulus; Sx' Sy' Sz are 
the stresses (actually stress gradients, but 
will be referred to as stresses in the remain
der of this section) in the x, y, z directions; 
Sp is the stress gradient produced by the 
internal pore pressure; and v is Poisson's 
ratio. Note that when Ex is assumed to be 
zero and Sx ::;; Sy ::;:; Sh (closure stress) and 
Sz "" Sy (overburden stress), Equation 4-9 
reduces to the classical equation, 

Eq.4-10 
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When the formation pressure is normal and 
is near original conditions, Sp is equated to 
pore pn3ssure gradient (see Equation 4-17). 
When a production depletion transient has 
occurred, a non-linear relationship of the 
pore pressure gradient is used for Sp (see 
Equation 4-18). 

Equation 4-10 has been used to compute 
closure stress in the Travis Peak Formation. 
Howevetr, some adjustments were necessary 
before Equation 4-10 could be applied suc
cessfully in the Taylor section of the Cotton 
Valley Formation. 

One disadvantage associated with using log 
data in calculations of in-situ stress is that 
only the elastic component of stress can be 
estimated. Other factors, such as ductility 
of the formation, residuals of tectonic 
stresses, and thermal and subsidence his
tory of the basin, cannot be included in this 
analysis because the theory only relates the 
horizontal stress component to the vertical 
component through Poisson's ratio. For
tunately, in many cases such as SFE No. 
3, which is located in a passive basin, all 
these non-elastic vari2.bles can be lumped 
together into a single variable. In the Taylor 
sand interval of the Cotton Valley Formation, 
this variable has been designated as the 
empirical factor called "X". To calibrate the 
log-computed stresses using actual mea
sured values, the following equation was 
used: 

where 

Sh == minimum horizontal stress gradient 

Sy =: vertical (overburden) stress gradi
ent 

Sp::;: stress gradient produced by pore 
pressure 



v :; Poisson's ratio 

X ;: empirical stress factor 

Measured stress values from the cased
hole stress tests are found in Table 4-4. 

Previously, Sv was determined to be 1.03 
psi/ft and Sp was found to be 0.5 psi/ft. 
Using these values In Equation 4-10 yielded 
stresses that were too low In the Bossier 
shale and too high in the Taylor sand (furth
er discussion will be provided in Section 
5.2.1). Therefore, the X factor needs to be 
large and positive in shale and conversely, 
negative in the gas sands. 

Fortunately, the neutron data provided the 
needed correlation. Neutron porosity values 
are much larger than true porosity in Bossier 
shale, and, conversely, the neutron porosity 
Is much lower than true porosity in gas 
sands. In the case of SFE No.3, the X 
factor is related to the neutron response as 
follows: 

X :; 0.794 C!>nls - 0.075 Eq. 4-12 

where C!>nls is the neutron porosity in lime
stone units as recorded. 

Figure 4-6 is a crossplot of the stress gradi
ents computed with Equations 4-11 and 4-12 
versus the measured stress gradients (see 
Section 5.2). The correlation coefficient (r) 

for these test data is 0.99. The agreement 
,between the calculated and the measured 
stress gradient values is excellent. 

Two possible explanations are offered as to 
why the neutron log seems to work so well 
for determining the X factor. First, the sonic 
log (used to evaluate Poisson's ratio) and 
the neutron log are both influenced by the 
gas saturation of the formation. In sand
stones, the gas has approximately an equal 
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Figure 4-6 Computed Closure Stress Gra
dient Versus Measured Closure 
Stress Gradient In the Cotton 
Valley Formation of SFE No. 3 

Table 4-4 Results of Cased-Hole Stress Tests, SFE NO.3 

Depth, ft 

9,227.0 - 9,229.0 
9,266.0 - 9,268.0 
9,324.0 - 9,326.0 
9,554.0 - 9,556.0 
9,600.0 - 9,602.0 
9,630.0 - 9,632.0 

LithOlogy 

Sandstone 
Sandstone 
Shaly Sand 

Shale 
Shale 
Shale 

Fracture 
Closure, psi 

5,400.0 
5,275.0 
5,800.0 
7,950.0 
7,950.0 
8,200.0 

Stress Gradient, 
pallft 

0.585 
0.569 
0.622 
0.832 
0.828 
0.851 
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but opposite effect on the responses of the 
two respective logs. As such, using the 
neutron log to calculate the X factor in gas
saturated sandstones tends to compensate 
for the gas effects introduced by using the 
sonic log to calculate Poisson's ratio. Sec
ond, in shale, the horizontal stress is some
times larger than that calculated from the 
Poisson ratio equations. In these cases, 
there is probably a non-elastic component 
of stress present. The Inference here is 
that this non-elastic component of stress is 
related to the amount of water present in 
the shales, which is a function of the neu
tron porosity of the shale. Thus, if one 
shale has a higher indicated neutron porosi
ty than another, the shale with the highest 
porosity contains more water. The shale 
that contains more water will have a larger 
horizontal-to-vertical stress gradient ratio. 

4.1.2.3 Determination of Poisson's Ratio 

For the purposes of this analysis, Poisson's 
ratio is defined as the ratio of the transverse 
expansion to the longitudinal stress when a 
body is compressed. The Poisson's ratio of 
rocks may be determined from static loading 
tests or from acoustic (dynamic) measure
ments. The static loading tests tend to yield 
a wide range of values. The scatter may 
be due, at least in part, to damage of the 
sample from the opening and closing of 
microcracks. The dynamic (acoustic log) 
loading produces very smail oscillations 
because the load variations are too smail to 
make the microcracks open and close. The 
elastic parameters used in the remainder of 
this discussion, namely either Poisson's ratio 
or Young's Modulus, are the values deter
mined by the dynamic, acoustic log mea
surements, which have tended to give more 
consistent resuits. 

Poisson's ratio (v) is related to the ratio (R) 
of compressional velocity (V p) to shear ve
locity (V s) using the following expressions: 
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Eq. 4-13 

v= Eq. 4-14 

The velocities are extracted by computer 
processing the full-waveform, acoustic log 
data. Since these extracted velocities do 
vary with gas saturation, the calculated val
ue for Poisson's ratio will also vary with 
gas saturation. However, no consistent and 
satisfactory means have been found to cor
rect the acoustic logs for gas effects. As 
such, the log velocity values are used as 
processed, i.e., at in-situ gas saturation to 
calculate Poisson's ratio. 

4.1.2.4 Poroelastlclty 

The classical approach for computing clos
ure stress (Sh) is Equation 4-10 which re
lates Sh to Poisson's ratio, the overburden 
stress (Sv)' and the stress gradient resulting 
from the Internal pore pressure (Sp) (Hu
bbert and Willis, 1957). In this approach, 
Sp is assumed to be linearly related to the 
pressure gradient (Pg) by either one of the 
following equations of poroelasticity: 

Sp ... (1 - ~) Pg Eq. 4-15 

Sp ... (1 - ~ - cp) Pg Eq. 4-16 

The term ~ Is the biot constant, which is the 
ratio of compressibility of the solid rock 
(such as quartz) to the compressibility of 
the drained porous rock (such as sand
stone). Porosity is denoted by cp and Pg is 
formation pressure gradient. 

The disadvantage to using Equations 4-15 
or 4-16 is that ~ cannot be determined from 
log analysis. It must be determined from 



special core analysis. In addition, the linear 
relationship of Sp to Pg is often criticized 
because in the limit when P. = 0, the com
puted closure stress using Equation 4-1 0 is 
too low. Attempts to use the actual mea
sured ~ values in the Travis Peak study 
have not yielded acceptable results. In fact, 
using any value for ~ that is greater than 
zero reduced the correlation coefficient be
tween measured stresses and computed 
stresses. When the formation pressure is 
from 0.6 times normal to normal, the follow
ing relationship is recommended: 

Eq. 4-17 

If a production depletion transient has oc
curred, such as when formation pressure 
is drawn down to less than 0.6 times nor
mal, the Sp term used in Equation 4-16 
must be somewhat larger than Po if com
puted stresses are to fit measured stresses. 
(Note that this condition is equivalent to 
setting ~ to a negative value in Equations 
4-15 or 4-16.) Therefore, if pressure is less 
than 0.6 times normal pressure, use of the 
hyperbolic relationship between Sp and P g' 
described in Equation 4-18, is recom
mended. 

Eq. 4-18 

where the coefficients ao' a1 and a2 for the 
Travis Peak Formation are 1.15, 2.80 and 
1.00, respectively. 

4.1.2.5 Calculation of Formation Pressure 

The largest component of Equation 4-10 is 
the formation pressure term. In fact, in 
normally-pressured zones, the formation 
pressure term contributes well over one half 
of the closure stress. Formation pressure 
must be known or closely estimated for any 
calculations of closure stress to be accurate 
enough for use in fracture design and engi
neered completions. In the more permeable 

zones, pressure can be found from wireline 
testing, but permeable zones are scarce in 
tight gas sand intervals. 

Formation pressure was determined in 21 
of 46 Repeat Formation Tester (RFT) sets 
on SFE No. 1 (generally high permeability). 
However, on SFE No. 2 where very low 
permeability zones were encountered, only 
one successful RFT pressure was recorded 
in 57 attempts. Numerous attempts failed 
to yield a single valid pressure record in 
the Cotton Valley interval of SFE No.3. 
Formation pressure remains a critical un
known for computing stresses in individual 
rock layers. 

Performing a pre-fracture pressure buildup 
analysis to determine pressure is time con
suming and, realistically, is not likely to be 
implemented in each layer of a multi-layered 
interval. Even if such buildup testing were 
performed in the interval to be fractured, the 
formation pressure in the boundary layers 
Is still needed to compute a stress profile. 
Developing efficient methods of measuring 
formation pressure remains a major chal
lenge to computing stress profiles in layered 
reservOirs. 

4.1.2.6 Closure Stress Calculations 

Closure stresses were computed on SFE 
No. 3 using Equations 4-11, 4-12 and 4-
17. These computed stresses have proven 
to be reliable indicators of fracture growth 
not only in the Travis Peak Formation, but 
also in the Cotton Valley Formation. The 
results of these computations as well as 
the moduli computations are presented on 
Figure 4-7. The closure stress gradient is 
labeled CPG, the Poisson's ratio is labeled 
POlS, and Young's modulus is labeled Y.M. 
The importance of a closure stress profile 
in a comprehensive completion design will 
be described more fully in Section 5.2. 
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Figure 4-7 Pre-Fracture Analysis Results for the ~ompletion Interval, SFE No.3 
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4.1.2.7 Determination Of Elastic Proper
ties with Acoustic Logs 

Elastic moduli are determined from acoustic 
data with the Equations 4-19 through 4-23. 

1 [~:r -2 
v =- Eq.4-19 

where the v is Poisson's ratio, and Vp and 
V 5 are compressional and shear velocities. 

G = c Pb V2s Eq.4-20 

where G is shear modulus, Pb is bulk den
sity, and c is a units constant. 

E = 2G (1 + v) Eq. 4-21 

where E is Young's modulus. 

waveform, aco~stic log acquisition and pro
cessing is not inearly this accurate. Addi
tional informati<l>n on this subject is provided 
in the "Full Waye Acoustic Logging (FWAL) 
Forum" sectionl of Res Tech's final report to 
GRI (1988). i 

I 
I 

4.1.2.8 Suml11sry 
I 

In-situ stress .nd moduli profiles accurate 
enough for us~ in hydraulic fracture design 
can be deter1nined from integrated log 
analysis provid~d a few injection-type stress 
tests are avail$ble and formation pressures 
are known. Tp calibrate the stress profile, 
two to four in-situ stress tests are needed 
if formation pr,ssure is known; six to eight 
in-situ stress tests are needed if formation 
pressure is n~t known. Once calibrated, 
these stress profiles are not only useful for 
fracture desigr, but are also useful for 
selection of p~rforation intervals. 

Technical challenges in the area of stress 
~= GE Eq. 4-22 profiling inclu~e: 

9G - 3E 

where Kb is bulk modulus. 

Eq.4-23 

where cb Is bulk compressibility. 

Young's modulus determination from acous
tic logs is a severe test of the acoustic log 
accuracy. Using the derivative of Equation 
4-21, a 1 percent error in Pb' V p and V 5 

results in a 3.2 percent error in Young's 
modulus calculations. A small error trans
lates into a much larger error because the 
modulus equation contains the product of Pb 
and a squared velocity term. Even so, this 
percentage error is acceptable if the acous
tic log data are truly accurate within 1 per
cent. Experience to date is that the full-

• improvilng the formation pressure 
determination in very tight rocks, 
includi~g mudstones; 

• improvi~g the techniques of analyzing 
acoustiE log responses to minimize 
the ne;ative impact of insufficient 
precisi n in recorded velocities, 
regardl ss of the tool or the service 
compary; 

• gaining a better understanding of the 
elastic I strain term of Hooke's law 
(see ERuation 4-9); and 

i 
I 

• developing an alternative method or 
metho s for determining stress (such 
as ma be found in rock strengths 
derive from a drilling model) to 
verify, nhance or replace the acous
tic log responses. 
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4.2 RESULTS AND APPLICATION OF 
CORE ANALYSIS 

Core analyses provide a valuable link to log 
analyses in building reliable petrophysical 
models for formation evaluation, especially 
in geologic formations such as the Cotton 
Valley in East Texas where this type of 
integration has not been done extensively. 
In the SFE No.3, a major purpose of the 
coring and core analysis program was to 
test the applicability of formation evaluation 
methods developed in the Travis Peak on 
the Cotton Valley Formation. 

The core from SFE No. 3 was studied pri
marily for application in geological analyses, 
formation evaluation, in-situ stress prediction, 
and hydraulic fracture design and analysis. 
This section addresses the core analyses 
aimed at formation evaluation. These analy
ses can be broken further into two categor
ies: 

• routine core analyses (porosity, water 
saturation, permeability and grain 
density) that are performed on one 
sample each foot; and 

• special core analyses (mechanical, 
electrical, relative permeability, and 
capillary pressure properties) that 
are much more difficult to conduct 
and, hence, are performed on only 
10 to 15 core samples. 

In addition to the tests described above, a 
special study was performed using Travis 
Peak core samples from SFE NO.3 to de
termine the effects of clay dehydration on 
core analyses. Most of the data previously 
collected on the Travis Peak in the Tight 
Gas Sands Program Involved use of ex
tracted, resaturated cores. This special 
study in SFE No.3 was performed to deter
mine to what extent these previous results 
are satisfactory, to determine what correc
tions might be needed, and to provide 
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guidelines on future core analyses in other 
geologiC formations. 

4.2.1 Routine Core Analysis Measure
ments 

Routine core analyses were performed on 
320 core samples taken from 374ft of re
covered conventional core to measure por
osity, water saturation, permeability and 
grain density. In addition, these same mea
surements were made on 21 rotary sidewall 
cores taken after the well reached total 
depth (6 in the Travis Peak and 15 in the 
Cotton Valley). In the conventionally-cored 
section, 59 ft of core was recovered from 
the Travis Peak, 71 ft from the Travis Peak! 
Cotton Valley transition, 192 ft from the 
Cotton Valley, and 52 ft from the Bossier. 
Results of these routine conventional and 
sidewall core tests were reported by West
ern Atlas International (WAI) Core Lab 
(1989a, 1989b). The results appear in Ap
pendix 2. 

4.2.1.1 Introduction 

Routine core analyses performed were simi
lar to those done on SFE No. 1 and No. 2 
(CER Corporation and S.A. Holditch & Asso
Ciates, Inc., 1988 and 1989). However, in 
SFE No.3, no tritium tag was used in the 
drilling mud, since previous experience has 
shown that drilling-mud filtrate invasion into 
the cores in the Travis Peak is not a major 
factor. Cores were described, preserved in 
an oxygen-barrier sleeve (ProtecCore) at the 
wellsite, then transported to the BEG core 
repository in Austin. The cores were re
moved from their protective sleeves and 
fitted together. A natural gamma ray scan 
was made for correlation with the downhole 
well logs, and the cores were slabbed 1/3 
to 213 using water as a cutting fluid. The 
213 core pieces (butts) were re-preserved 
and transported to WAI Core Lab Houston 
for plugging and routine core analyses. 



Overall, a total of 318 core samples were 
taken at 1-ft intervals from the 370 ft of 
recovered core. Most of these samples 
were core plugs 1.5 in. in diameter, although 
in a few cases, those in which shales were 
involved, core pieces were used. The rou
tine tests performed were as follows: 

• As-Received Saturation 

- Water saturation (Sw) 

- Oil saturation (So) in the sidewall 
cores only 

• Porosity 
- Porosity of the dry, conventional 

cores with measurable gas per
meability at both 800 psi and net 
overburden (NOB) stress 

- Porosity, measured at ambient 
conditions, of the dry shale cores 
(or pieces), the conventional core 
plugs with visible fractures, and 
the sidewall cores 

• Permeability 
- Measured helium permeability of 

the sidewall cores at 200 psi 
stress 

- Measured helium permeability and 
Klinkenberg-corrected helium per
meability of the dry, conventional, 
non-fractured cores at 800 psi and 
NOB stress 

• Grain Density 
- Measured grain density on the 

dry cores at ambient conditions 

The as-received fluid saturations were mea
sured in the following manner. In the case 
of the conventional core plugs, since no oil 
content was expected and since no tritium 
mud tag was used, the water content was 
determined by measuring weight loss after 
drying the plugs in an oven at 230°F. This 
method is more reliable than Dean Stark 
extraction when no oil is present. In the 

case of the sidewall cores, Dean Stark ex
traction with boiling toluene was used fol
lowed by oven drying. 

Porosity of the dry shale plugs, the sand
stone plugs containing fractures, and the 
sidewall cores was measured at ambient 
conditions only. For these plugs, grain 
volume was measured in a cell using heli
um, and bulk volume was measured by 
immersion in mercury. For the other core 
plugs, porosity was measured at both 800 
psi and NOB sleeve pressure. In these 
cases, pore volume was measured directly 
in the core which was confined in a sleeve 
while grain volume was measured at am
bient conditions In a cell. For core plugs 
with < 0.001 md at NOB stress, no porosity 
was measured at NOB. 

Permeability of the sidewall cores was mea
sured using helium at 200 psi sleeve pres
sure in a low pressure core holder. For the 
conventional core plugs, permeability was 
measured with helium at 800 psi and NOB 
stress using the WAI Core Lab, CMS-300, 
automated measuring system. These mea
surements provide Klinkenberg factor, turbu
lence factor and Klinkenberg-corrected gas 
permeability (k.x,). The value k.x, is more 
representative of gas permeability at reser
voir pore pressure. Permeabilities of core 
plugs with fractures (usually coring induced) 
were not measured since they are not repre
sentative of true matrix permeabilities. Of 
the 318 conventional core samples taken for 
analysis, 122 core plugs either contained 
fractures or were otherwise unsuitable for 
permeability testing. For the 196 core plugs 
with permeal:>ility measured at 800 psi 
sleeve pressure, 166 showed permeability 
> 0.001 md at NOB pressure. Value of 
NOB pressure was assumed to be 0.52 
times depth. 

4.2.1.2 Results of Routine Core Analysis 

Detailed results of the routine plug and side
wall core analyses have been documented 
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{WAI Core Lab, 1989a and 1989b}. Histo
grams of all the permeabilities (k.x,) and por
osities measured at 800 psi sleeve pressure 
are shown, along with other statistics, in 
Figures 4-8 and 4-9 for the Cotton Valley 
section. For the same Cotton Valley sec
tion, Figure 4-10 provides a histogram of the 
grain densities, and Table 4-5 summarizes 
the core data that was collected. Results 
of the entire analysis of the 21 sidewall 
cores are shown in Table 4-6. 

As can be seen on the graphical and tabu
lar summaries, permeabilities (k.x,) measured 
at 800 psi on the cores are low in all the 
Cotton Valley samples. In fact, at NOB 
stress, only two non-fractured core plugs 
showed k.x, greater than 0.1 md, and only 
one core plug showed porosity greater than 
10 percent. 

4.2.2 Special Core Analysis Measure
ments 

Special core analyses were performed on 
38 core plugs from 18 separate depths (4 
in the Travis Peak, 10 in the Cotton Valley 
and 4 in the Bossier shale) from the con
ventionally cored intervals of SFE NO.3. 
These special tests included measurement 
of permeability and porosity, dynamic me
chanical properties, electrical properties, 
relative permeability behavior, and capillary 
pressure properties. These results have 
been previously reported (WAI Core Lab, 
1989c). 

4.2.2.1 Introduction 

On February 10, 1989, representatives of 
BEG, SAH, WAI Core Lab and ResTech 
met at BEG in Austin and selected core 
depth locations from which core plugs were 
to be taken for special core analyses. 
These analyses were performed by WAI 
Core Lab in Dallas on 38 core plugs from 
18 depth locations. The special tests can 
be grouped into four categories: 
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• Dynamic Mechanical Properties - 14 
core plugs, 1-ln. diameter 

- Basic properties (helium porosity 
and grain density) 

- Acoustic compressional and shear 
velocity and calculated dynamic 
elastic moduli at three or four 
levels of water saturation and at 
in-situ stress 

- Tensile strength of wafers from 
the end of the same 14 plugs, 
measured by loading until failure 

• Electrical Properties - 8 core plugs, 
1.5-in. diameter 

- Basic properties (helium porosity, 
brine porosity, helium permeability, 
grain density) 

- Formation resistivity factor at NOB 
stress 

- Resistivity at different water satur
ations at NOB stress 

- Cation exchange capacity (CEC) 
from end trims 

• Relative Permeability Behavior - 8 
core plugs, 1.5-in. diameter 

- Basic properties (helium porosity, 
brine porosity, helium permeability, 
grain density) 

- Brine permeability at NOB stress 

- Gas and water relative permeabi-
lity during unsteady state gas 
injection, at NOB stress 

• Capillary Pressure Properties - 8 
core plugs, 1-in. diameter 

- Basic properties {helium porosity, 
brine porosity, helium permeability, 
grain density} 

- Air-brine capillary pressure using 
high speed centrifuge 

For measurement of mechanical properties, 
14 core samples representing a variety of 
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Table 4·5 Summary of Routine Core Analysis Results, SFE No. 3 

ZONE AND CUTOFF DATA CHARACTERISTICS REMAINING AFTER CUTOFFS 

ZONE: ZONE: PERMEABILITY: 
Idenlilication Collon Valley Number 01 Samples 167 
Top Deplh 9017.8 It Thickness Represented 167.0It. Flow Capacity 
Bollom Depth 9367.9 It Arithmetic Average 
Number 01 Samples 181 POROSITY: Geometric Average 

Harmonic Average 
DATA TYPE: Storage Capacity 287.00 -It. Minimum 

Porosity (HELIUM) Arithmetic Average 3.4% Maximum 
Permeability K~(800psi) Minimum 0.9% Median 

3.7 md-It 
0.039 md 
0.017 md 
0009 md 
0.001 md 
0523 md 
0.015 md 

Maximum 10.5% 
Standard Dev. (Geom) K·1 o±o 520md Median 2.9% 

CUTOFFS: Standard Deviation ±2.1% 
Porosity (Minimum) 0.0% HETEROGENEITY 
Porosity (Maximum) 100.0% (Permeability): 
Permeability (Minimum 00000 md 
Permeabilily (Maximum) 1000. md GRAIN DENSITY: Dykslra-Parsons Var. 0.622 
Water Saturation (Maximum) 100% Lorenz Coefficient 0.407 
Oil Saturation (Minimum) 0.0% Arithmetic Average 2.69 gm/cc 
Grain Density (Minimum) 250 gm/cc Minimum 2.65 gm/cc 
Grain Density (Maximum) 3.00 gm/cc Maximum 2.80 gm/cc AVERAGE SATURATIONS 
Lithology Excluded NONE Median 2.67 gm/cc (Pore Volume): 

Standard Deviation ±0.04 gm/cc Oil 0.0% 
Water 60.5% 
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Table 4-6 Results of Sidewall Core Analyses, SFE No. 3 

Horizontal SATURATION 
Permeability Porosity (Pore Volume) Grain 

Sample Depth, (200 psi), (Helium), Oil, Water, Density, 
Number ft md % % % gm/cc Description 

TRAVIS PEAK 

1 6504.0 6.60 13.1 0.0 87.8 2.65 Sst wh I vi gr hd no flu 
2 6468.0 1.90 12.1 0.0 89.7 2.66 Sst wh I vi gr hd no flu 
3 7104.0 1.30 9.2 0.0 89.3 2.65 Sst wh I m gr hd slily calc no Ilu 
4 7390.0 51.0 11.3 00 88.1 2.64 Sst wh I m gr hd slily calc no flu 
5 7505.0 5.30 157 0.0 87.1 2.65 Sst wh f vf gr hd calc no flu 
6 7732.0 230. 13.5 . 0.7 87.2 2.65 Sst wh m f gr fri mott dull yel flu 

COTTON V AllEY 

7 82110 8.7 0.0 94.2 2.65 Sst gry f gr hd no flu 
8 8352.0 0.17 11.0 15.5 64.5 2.65 Sst gry I gr In shly calc spotty bri yeiliu 
9 8359.0 0.01 5.7 17.3 43.2 2.65 Sst wh I gr l1d slily calc evn bri yel flu 

10 8511.0 0.02 8.3 8.9 33.7 2.66 Sst gry I vi gr evn dull yel flu 
11 8787.0 7.2 0.0 88.9 2.64 Sst gry I vi gr hd no flu 
12 8801.0 9.4 0.0 80.6 2.65 Sst wh I gr hd v slily calc no flu 
13 8957.0 0.03 10.5 0.0 85.0 2.66 Sst gry vf f gr v hd v slily calc no flu 
14 9060.0 5.5 0.0 85.5 2.70 Sst gry vi gr v hd shly shly calc no flu 
15 9207.0 1.5 0.0 85.4 2.68 Sst gry vi gr v hd v calc shy lam no flu 
16 9227.0 0.02 9.2 0.0 49.1 2.66 Sst gry vf gr v hd v shly calc no flu 
17 9289.0 0.03 9.2 0.0 90.5 2.65 Sst gry vi gr v hd v shly calc no flu 
18 9324.0 0.01 11.5 0.0 68.3 2.66 Sst gry vi gr v hd v slily calc no flu 
19 9390.0 5.3 0.0 67.6 2.69 Sst gry vi gr v hd slily calc shy lam no flu 
20 9414.0 0.07 9.2 0.0 85.1 2.67 Sst gry vi gr v hd shly calc no flu 
21 9600.0 6.1 0.0 91.3 2.72 Sh blk pity hd no flu 

Unsuitable lor analysIs 

00 
-;J 



lithologies from the Travis Peak, the Cotton 
Valley and the Bossier shale were selected. 
Acoustic compressional and shear velocities 
were measured on all plugs at as-received 
water saturations (Sw) and at NOB stress 
(0.5 psi/ft). The plugs were then centrifuged 
to about half of their Sw and allowed to 
equilibrate before the acoustic velocities 
were measured at NOB. Subsequently, the 
plugs were dried at 145°F and 60 percent 
relative humidity for one week, and acoustic 
velocities were remeasured at NOB. At this 
point, the porosities and grain densities of 
the plugs were also measured. The plugs 
were then fully saturated with brine and 
acoustic velocities remeasured at NOB. 
Afterwards, wafers (1-in. diameter x 0.5-in. 
length) cut from each plug were tested for 
tensile strength. Each sample was placed 
into a hydraulic load frame where a force 
was applied across the sample's diameter. 
The force required to split the wafer was 
measured, and with this information, the 
tensile strength at failure was calculated. 

Electrical properties were measured on eight 
1.5-in.-diameter, sandstone plugs (one Travis 
Peak, seven Cotton Valley). The fresh, 
preserved plugs were saturated with 150,000 
ppm NaCI brine and 10 pore volumes brine 
were injected. Resistivity was measured on 
each plug at 25°C and NOB stress (0.52 
psi/ft) in a two-electrode system at 1 kHz. 
Then the plugs were partially desaturated by 
centrifuge, equilibrated and weighed, and 
resistivity was remeasured at NOB. This 
process was repeated at a total of four to 
six intermediate values of Sw' Next, the 
plugs were cleaned and leached of salt, and 
basic properties were measured. On com
panion end trims from each plug, CEC was 
measured by wet chemistry on crushed 
samples. 

Relative permeability tests were performed 
on eight 1.5-in.-diameter plugs which were 
cut from the same long plug as the samples 
used for electrical measurements. The 

-88-

fresh, preserved plugs were saturated with 
~ 50,000 ppm NaCI brine and 10 pore vol
umes brine were injected. Permeability to 
brine was then measured at NOB stress. 
Next, with the core at NOB stress, humidi
fied gas was injected at constant pressure 
to displace the brine until a produced gas
water permeability ratio of 30 was reached. 
Gas and water permeabilities were calcu
lated from produced gas and water mea
sured as a function of time. Afterwards, 
the core plugs were cleaned and extracted 
of salt, and gas permeabilities and porosities 
were measured on the dry plugs. 

The same eight plugs were used to deter
mine the capillary pressure properties, al
though an adjustment in size was required. 
The original plans called for the capillary 
pressure tests to be run immediately follow
ing the relative permeability tests using the 
porous plate method. However, the per
meability was too low for the porous plate 
method, so the high-speed centrifuge was 
used instead. While the former needed a 
core 1.5 in. in diameter, the latter required 
a diameter of 1 in. Therefore, after the 
relative permeability tests were completed, 
the cores were extracted and dried, the 
basic properties were measured, and then 
the plugs were trimmed down to l-in. diam
eter. Permeabilities and porosities were 
measured on the 1-in.-diameter, dry cores. 
The extracted cores were then saturated 
with 150,000 ppm NaCI brine and capillary 
pressure determined in the centrifuge up to 
1,000 psi. 

4.2.2.2 Results of Special Core Analysis 

Mechanical Properties 

The results of the acoustic measurements 
of compressional (V R) and shear (V s) veloci
ties and the those of the rock moduli calcu
lations are shown in Table 4-7. These re
sults indicate an increase in compressional 
velocity of about 15 percent when going 



Table 4-7 Summary of SFE No. 3 Core Acoustic Velocities and Modulli Versus Water Saturation 

Net 
Sample Stress Shear Bulk Young's 
Depth, Pnet, Sw, Vp, Vs, Poisson's Modulus, Modulus, Modulus, 

ft psi % (ft/s) (ftls) RatiO psi * 106 psi * 106 psi * i06 

7354.5 3688 0.0 14020 9680 0.04442 3.0860 2.3582 6.4461 
9.5 14650 9680 0.11300 30800 2.9500 6.8600 

57.6 15345 9740 0.16264 3.1915 3.6663 7.4210 
100.0 14780 9140 0.19107 2.8593 3.6747 6.8113 

7386.0 3688 00 15060 10420 0.04101 3.3688 2.5468 70139 
57.6 15630 10420 0.10000 3.4869 3.1963 7.6711 

100.0 15930 10230 0.14947 3.4548 3.7764 7.9424 

7399.5 3688 0.0 14865 9760 0.12066 3.3101 3.2596 7 A190 
42.9 15560 9650 0.18800 3.2700 4.1500 7.7700 
71.3 14865 9270 0.18184 3.0214 3.7411 7.1416 

100.0 14865 8340 0.24501 2.6529 4.3177 6.6058 

9022.5 4543 0.0 14140 9060 0.15149 2.9340 3.2313 6.7569 
23.5 14640 9060 0.18977 2.9398 3.3821 6.9954 
70.7 15040 9530 0.16400 3.2700 3.7900 7.9620 

1000 16080 8960 0.27466 2.9117 5.4901 7.4228 

9034.5 4543 0.0 14660 9660 0.11653 3.3817 3.3821 7.5515 
35.0 15061 9328 0.18890 3.1648 4.0315 7.5253 
58A 15340 9275 0.21200 3.1400 4 AOOO 7.6100 

100.0 17280 9540 0.28051 3.3462 6.5073 8.5697 

9200.5 4543 0.0 14140 8830 0.18065 2.7724 3.4165 6.5464 
32.9 14940 9457 0.16547 3.1939 3.7091 7A449 
61.3 14810 9034 0.20300 2.9200 3.9500 7.0300 

100.0 17000 9290 0.28706 3.0567 6.1586 7.8683 



Table 4-7, Continue'd 

Net 
Sample Stress Shear Bulk Young's 
Depth, Pnet, Sw, Vp. Vs. Poisson's Modulus, Modulus, Modulus, 

ft psi 0/0 ftls Ws Ratio psi * 106 psi * 106 psi * 106 

9232.2 4655 0.0 13630 9430 0.04091 2.9454 2.2261 6.1318 
10.8 13400 9372 0.02100 2.9200 2.0800 5.9700 
52.9 15440 9830 0.15972 3.2531 3.6957 7.5453 

100.0 15740 9595 0.20452 3.3088 4.4960 7.9710 

9249.2 4655 0.0 15420 9510 0.19303 3.1681 4.1042 7.5592 
38.1 17850 9685 0.29130 3.3030 6.8114 8.5301 

100.0 18260 9511 0.31375 3.0853 7.2545 8.1067 

9295.0 4655 0.0 14500 10450 -0.04063 3.6119 2.1365 6.9303 
55.7 15780 10590 0.09039 3.7685 3.3448 8.2183 

100.0 16100 10125 0.17280 3.5033 4.1856 8.2173 

9329.0 4655 0.0 13390 9220 0.04907 2.7015 2.0949 5.6681 
7.4 13630 9110 0.09600 2.6500 2.3900 5.8100 

56.2 14390 9220 0.15179 2.7765 3.0613 6.3958 
100.0 14810 9110 0.19524 2.7816 3.6364 6.6493 

9364.0 4724 0.0 10620 7850 -0.10282 2.1369 1.0601 3.8343 
39.4 10830 7780 -0.03299 2.1145 1.2788 4.0895 
77.6 12100 7930 0.12300 2.6500 2.3900 5.8100 

100.0 12940 7230 0.27280 1.8632 3.4794 4.7430 

9460.0 4724 0.0 12440 9160 -0.09190 2.9010 1.7836 5.2687 
26.3 12820 9110 -0.00940 2.8824 1.8686 5.7109 
59,8 12920 8820 0.06400 2.7200 2.2100 5.7800 

100.0 14880 8680 0.24211 2.6658 4.2798 6.6224 



cO .... , 

Sample 
Depth, 

ft 

9496.0 

9475.0 

Net 
Stress 
Pnet, 

ps.! 

4724 

4724 

Sw, 
% 

0.0 
35.3 
57.5 

100.0 

0.0 
51.8 
95.3 

100.0 

Table 4-7, Continued 

Vp, Vs, Poisson's 
ftls Ws Ratio 

10290 7500 -0.06618 
11650 7190 0.19209 
12710 7310 0.25300 
12370 6370 0.32731 

10710 7760 -0.05177 
11450 7790 0.06817 
12980 7690 0.22900 
13070 7060 0.29373 

Shear Bulk Young's 
Modulus, Modulus, Modulus, 
psi * 106 psi * 106 psi * 106 

1.9987 1.0988 3.7328 
1,8856 2.3947 4.4241 
1.9300 3.2600 4.8300 
1.4327 3.6708 3.8033 

2.1169 1.2127 40147 
2.1524 1.7747 4.5983 
2.1200 3.2100 5.2100 
1.7970 3.7568 4.6496 



from dry to fully saturated core plugs. 
,Shear velocity showed little or no depen
dence on saturation. The basic properties 
of these plugs are shown in Table 4-8. 
Results of tensile strength at splitting failure 
for the companion wafers are shown in 
Table 4-9. 

Electrical Properties 

In the Cotton Valley, the seven preserved 
core plugs tested for electrical properties 
have stressed helium porosities ranging 
from 6.9 to 11.9 percent and stressed Klink
enberg permeabilities of 0.005 to 0.089 md. 
A graph of formation resistivity factor versus 
helium porosity, both measured at NOB 
stress. is shown in Figure 4-11 for the Cot-

ton Valley plugs. The average cementation 
exponent (m) is 2.07 (for a ;::; 1.00) based 
on a. best-fit line. This value agrees closely 
with previous results obtained in the Travis 
Peak Formation In the Tight Gas Sands 
Program. In addition, measurements of 
CEC made on end trims from each core 
range from 0.57 to 1.41 meq/100 gm of 
rock. These values, which reflect only mod
erate amounts of clay, can be used in the 
Waxman-Smits method of log analysis for 
calculating water saturation. 

On these same seven preserved Cotton 
Valley core plugs, electrical resistivity was 
measured at NOB stress for various de
creasing water saturations. The combined 
results of these measurements are pre-

Table 4-8 Basic Properties of Cores Used for Acoustic Measurements 

Grain 
Sample PorOSity, Density, 
Depth % glee Formation Lithological Description 

7,359.5 8.55 2.68 Travis Peak Sst, vf, gr, v slty, slily calc 

7,386.0 12.53 2.64 Travis Peak Sst, f gr, w/srt 

7,399.5 4.18 2.69 Travis Peak Sitst, hem 

9,022.5 2.57 2.72 Cotton Valley Ls, foss, sh 

9,034.5 2.22 2.76 Cotton Valley Ls, foss, sh 

9,200.5 3.23 2.73 Cotton Valley Ls, foss 

9,232.2 7.01 2.65 Cotton Valley Sst, vf gr, slty calc 

9,249.2 3.54 2.70 Cotton Valley Sst, fg, slty, pbl calc 

9,295.0 6.62 2.63 Cotton Valley Sst, vf gr, slty, slily calc 

9,329.0 10.64 2.64 Cotton Valley Sst, vf gr, slty, slily calc 

9,364.0 5.45 2.70 Cotton Valley Sh, calc 

9,460.0 4.59 2.69 Bossier Slst, calc 

9,475.0 3.68 2.72 Bossier Sh, calc 

9,496.0 3.63 2.75 Bossler Sh, calc 
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Table 4-9 Tensile Strength by Splitting of Wafers Companion to Acoustic 
Property Samples 

Depth, Length, 
ft In. 

7,354.5 0.485 

7,386.0 0.571 

7,399.5 0.541 

9,022.5 0.537 

9,034.5 0.511 

9,200.5 0.534 

9,232.0 0.503 

9,249.2 0.458 

9,295.0 0.517 

9,329.0 0.557 

9,364.0 0.521 

9,460.0 0.512 

9,475.0 0.468 

9,496.0 0.514 

Figure 4-11 Formation Resistivity 
Factor Versus Porosity 
Measured at NOB Stress 
for Cotton Valley, 
SFE No.3 
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sented in Figure 4-12, with resistivity index 
plotted versus water saturation. From this 
plot, the average value of the saturation 
exponent (n) -- slope of the best-fit line -
is found to be 1.50. This is substantially 
less than the average value of 1.91 found 
in extracted cores from the Travis Peak in 
eight Tight Gas Sands Program wells prior 
to SFE No.2. Note that in extracted cores 
from SFE No.2, "n" in the Travis Peak was 
1.39. Reasons for this rather wide swing in 
"n" are not clear; it requires further study. 

Relative Permeability Behavior 

As discussed earlier, gas/water permeability 
behavior was determined on eight preserved 
core plugs from SFE No.3. Seven of these 
plugs were from the Cotton Valley Forma
tion. A typical set of relative permeability 
curves is shown in Figure 4-13 for the Cot
ton Valley core plug at 9,295 ft, which has 
a k.x, to gas of 0.013 md and a brine k of 
0.0058 md. The brine permeability is the 
base for the relative permeabilities shown. 
Basic properties of the Cotton Valley core 
plugs used in the relative permeability tests 
are shown in Table 4-10. 

To apply these relative permeability data to 
log interpretation so that effective gas per
meability at reservoir conditions may be 
predicted, three steps were required. The 
methodology is similar to that reported previ
ously in a final GRI contract report 
(ResTech, 1988). 

First, a correlation of Klinkenberg-corrected 
gas permeability (k.x,) to porosity at NOB 
stress was required. This correlation is 
shown for the Cotton Valley cores in SFE 
No. 3 in Figure 4-14. The best-fit RMA 
(reduced major axis) line for these data 
describes the equation 

k.x, = 178.89 1\>3.50 Eq. 4-6 

where k.x, is in md and <l> is a fraction. 
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Next, a linkage of absolute brine per
meability to Klinkenberg gas permeability 
(kb to koo) was needed. This correlation is 
shown in Figure 4-15 for the seven Cotton 
Valley cores used for relative permeability 
tests. The best-fit RMA line is 

kb = 0.9531 k.x,1.19 Eq. 4-7 

Note that this equation is really appropriate 
solely for k.x, < 1.0. 

Last, to convert ~ to effective gas (kg) and 
effective water (kw) permeabilities, two cor
relations were needed that relate effective 
permeabilities to water saturation. For the 
effective gas permeabilities, the correlation 
shown in Figure 4-16 represents the best 
RMA line for six of the Cotton Valley cores 
used for relative permeability tests (one core 
at 9,249.2 1t with anomalous results was 
omitted). The equation for this best-fit line 
is 

Eq. 4-8 

For the effective water permeabilities, the 
correlation shown in Figure 4-17 represents 
the best RMA line for the same six Cotton 
Valley cores. The equation for this best
fit line is 

[
s - S· J 3.65 

kw=kb W IW 

1 - S· IW 

Eq.4-24 

In both these relative permeability correla
tions, Siw (irreducible water saturation) was 
assigned a value of 0.30 to 0.35 depending 
on the core involved. These correlations 
(Equations 4-6, 4-7, 4-8 and 4-24) were 
then applied to log-calculated <l> and Sw to 
derive effective gas and water permeability 
foot-by-foot, as well as permeability-thick
ness product within intervals of interest to 
predict well productivity. This methodology 
was described in Section 4.1.1.6. 
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Table 4-10 Basic Properties of Relative Permeability Test Cores 

Sample 
Depth 

9,207.5 

9,210.0 

9,232.2 

9,249.2 

9,295.0 

9,326.0 

9,329.0 
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Versus Porosity Measured at NOB Stress 
for Cotton Valley, SFE No. 3 
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ation for Cotton Valley, SFE No. 3 

Capillary Pressure Properties 

Capillary pressure was measured on the 
same eight core plugs used for relative 
permeability tests. Between the two types 
of tests, the plugs were extracted and 
trimmed to 1 in. diameter. These trimmed 
plugs have slightly different properties. 
Basic properties for the seven Cotton Valley 
core plugs are shown in Table 4-11. A 
typical capillary pressure curve is shown in 
Figure 4-18 for the plug at 9,295 ft. 

4.2.3 Effects of Clay Dehydration on 
Core Analysis 

Special tests were conducted on cores from 
ten depths in the Travis Peak in the SFE 
No. 3 to examine the effects of extraction 
and drying on flow, capillary and electrical 
properties. Brine permeability, relative per
meability, capillary pressure and electrical 
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measurements were made both before and 
after extraction and drying. In addition, 
SEM photos of companion core end trims 
were prepared from freeze-dried, air-dried 
and toluene extracted/dried samples. Re
sults of the study show that fibrous illites 
present collapse upon drying but partially 
rebound upon resaturation with brine. The 
only reservoir properties significantly affected 
are the effective permeability to water and 
capillary pressure behavior at intermediate 
water saturations. Properties not significant
ly affected include effective gas permeability 
and electrical resistivity as a function of 
water saturation. Detailed results of this 
study were presented by WAI Core Lab 
(1989d). 

4.2.3.1 Introduction 

In most of the core analyses performed for 
the Tight Gas Sands Program, normal pro-



Table 4-11 Basic Properties of Capillary Pressure Test Cores 

Sample Depth, 
ft 

Ambient Porosity, 
% 

Ambient Air 
Permeability , 

md 

9,207.5 

9,210.0 

9,232.2 

9,249.2 

9,295.0 

9,326.0 

9,329.0 

800 

.~ 600 

~ 
::J 

'" '" ~ 
c.. 400 

200 

7.9 

8.5 

9.0 

8.2 

8.8 

12.5 

12.0 

Sample Identification: 8A 
Permeability to Air: 0.06i5 md 
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o 20 40 60 80 100 

Brine Saturation. percent pore space 

Figure 4-18 Typical Air-Brine Capillary Pressure 
Behavior for Cotton Valley Sandstone, 
Sample Depth 9,295.0 ft 
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cedure was to extract and dry the core 
samples prior to measuring reservoir rock 
properties such as flow, capillary and electri
cal properties. The procedure was favored 
because the rocks were regarded as strong
ly water-wet for the gas-water system pres
ent In the reservoir. However, recent work 
by Tye, Laubach and Herrington (1989) 
shows that fibrous illites present in the Tra
vis Peak of East Texas are sensitive to the 
extraction and drying process. Previous 
work by Pallet and Others (1984) demon
strated that for rocks containing fibrous il
lites, extraction and drying collapsed the 
clay structured and caused the dry core gas 
permeability to increase several-fold over the 
brine permeability. Later, de Waal and 
Others (1988) showed that upon resaturation 
with brine, the fibrous illites largely rebound 
so that resaturated brine permp,ability is 
nearly equal to original brine permeability. 

There is no work reported on the effect of 
extraction, drying and resaturation on impor
tant reservoir properties such as gas/water 
effective permeability, capillary pressure and 
electrical properties. For the Tight Gas 
Sands Program, it is important to determine 
the magnitude of these effects to ascertain 
if any adjustments are needed in using the 
database generated previously for the Travis 
Peak. In addition, guidelines for future core 
analyses depend in part upon this informa
tion. 

To address these concerns, a special study 
was conducted on Travis Peak core from 
the interval 7,380 to 7,390 ft in the SFE 
No.3, a sandstone zone with good porosity 
and permeability. Preserved, full-diameter 
core from this interval was taken to WAI 
Core Lab (Dallas). A total of 40, horizontal, 
1.5-in.-diameter plugs were drilled at 10 
separate depths. At each depth, a .Iong 
plug was drilled across the diameter of the 
whole core; then two short plugs were 
drilled at the identical depth by rotating the 
core 90°. The long plug was cut in two 
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unequal sections. The short section was 
labeled A, while the long section was la
beled B. Three wafers were taken for pet
rographic analYSis. The two short plugs 
taken at 90° were labeled C and D. Each 
C plug was saturated with 150,000 ppm 
NaCI brine and flushed with 10 pore vol
umes of brine, after which brine permeability 
measured at 3,700 psi NOB stress. These 
10 plugs were then extracted with toluene 
and methanol, and dried at 230°F. Permea
bility and' porosity were then measured at 
NOB stress using helium. The plugs were 
resaturated with brine and permeability re
measured at NOB stress. 

Five sample depths were selected, and the 
B samples were tested as follows. 

• Relative Permeability (Preserved 
State). Each preserved plug was 
saturated with 150,000 ppm NaCI 
brine and flushed with 10 pore vol
umes of brine. Then brine permea
bility was measured at 3,700 psi 
NOB stress. Afterwards, humidified 
gas was injected at constant pres
sure to displace the brine until a gas· 
water permeability ratio greater than 
30 was reached. Volumes of pro
duced gas and water were recorded 
with time. From these data as well 
as water saturations, gas and water 
relative permeability were derived. 

• Capillary Pressure (Preserved State). 
Each of the plugs were resaturated. 
Brine and air-brine capillary pressure 
behavior were measured in a porous 
plate cell at several pressures from 
1 to 35 psi. 

• Relative Permeability (Restored). 
Following the capillary pressure tests, 
the same plugs were extracted and 
dried, and porosities and gas perme
abilities were measured. The cores 
were then resaturated with brine, 



permeability remeasured at NOB 
stress, and gas-water relative perme
ability remeasured. 

• Capillary Pressure (Restored). These 
same plugs were resaturated with 
brine and air-brine capillary was pres
sure remeasured. 

The A plugs from the same five depths as 
above were used for measurement of electri
cal properties. Each preserved plug was 
saturated and flushed with several pore 
volumes of 150,000 ppm NaCI brine. Resis
tivity was measured at room temperature 
and 3,700 psi NOB stress using a two-elect
rode cell at 1 kHz. The plugs were then 
desaturated to various lower water satura
tions using a porous plate cell, the resistivity 
being measured at NOB stress at each step. 
Subsequently, the cores were extracted and 
dried, and porosities and gas permeabilities 
were measured. The cores were resatur
ated and the above procedures and mea
surements were repeated. To provide com
plete electrical properties, CEC measure
ments were also made on end trims from 
each of the five core plugs. 

For petrographic study, preserved core end 
trims from each of the ten depths were 
examined by BEG using the SEM. To de
termine the effect of extraction and drying 
on the clay morphology, different core speci
mens were prepared four different ways. 
First, preserved pieces were flash frozen in 
liquid nitrogen and vacuum dried while froz
en. This process sublimates the ice crystals 
with little or no alteration of the original 
fibrous illite structure. Second, companion 
core pieces were air-dried at room tempera
ture. Third, companion core pieces were 
extracted with boiling toluene, leached with 
methanol, and then oven dried at 230°F. 
Fourth, companion end trims were taken 
from the five cores tested by WAI Core Lab 
after they had undergone flow testing, ex
traction, resaturation, flow testing and 

resaturation. These samples were prepared 
for SEM study by flash freezing and vacuum 
drying to determine how much rebound the 
clays exhibit by resaturation . 

4.2.3.2 Result:s of Study 

Permeability 

For the effect of extraction and drying on 
brine permeability, a comparison is shown 
for the 10 plug set (short plugs designated 
C) in Table 4-12. Helium porosity at 3,700 
psi NOB stress is Included as well. Note 
that in each case, kw extracted> kw pre
served, and on average, the increase is a 
factor of 1.5. This result is about what was 
expected. Further note that air permeability 
(ka) also measured at 3,700 psi NOB stress, 
is higher than either preserved or extracted 
kw. On average ka = 2.6(kw) preserved or 
ka = 1.5(kw) extracted. Thus, when proce
eding from preserved-core to dried-core to 
resaturated-col'e conditions, the clays 
change from the original fibrous state to a 
matted state, and then upon resaturation to 
a partially rebounded fibrous state. SEM 
photos shown in Figures 3-9a and 3-9b 
illustrate this effect, which was also dis
cussed in Section 3.2.3.2, Influence of 
Fibrous Illite on Permeability. 

These permeability changes are useful in 
showing the effect of core handling on the 
clay structure. However, to determine the 
influence on properties needes for reservoir 
engineering application, one must consider 
the specific effects on relative permeability, 
capillary pressure and electrical properties. 

Relative Permeability 

Typical behavior of the gas and water effec
tive permeability is shown in Figure 4-19 for 
the core plug from 7,387.8 ft. This sample 
is representative of the relative permeability 
data acquired from all five core plugs taken 
at 7,387.8 ft. Note that the effective gas 
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Table 4-12 Summary of Basic Core Properties for Travis Peak Samples Used 
in Clay Dehydration Study 

Stress Brine 
Permeability, 

Stress md Stress Air 
Sample Depth, ID, Porosity, 

Preserved Restored 
Permeability , 

ft % md 

7,382.5C 10.8 15 21 45 

7,383.3C 11.6 11 16 30 

7,383.7C 11.0 11 15 32 

7,384.0C 12.1 18 27 59 

7,384.7C 12.9 68 100 127 

7,387.8C 11.5 14 25 37 

7,388.2C 11.4 9 15 24 

7,388.8C 11.2 12 19 30 

7,389.9C 11.1 14 22 32 

7,390.5C 11.4 18 24 41 

0 
0 I I I , -

0,0 PRESERVED 

., • RESTORED 

Figure 4-19 Comparison of Ef-

KG 
fective Permeabil-

0 --- ity to Gas and 
Water of Preserved 

0 Versus Extracted/ 
::E 

Restored Core at 
::.::: 7,387.8 ft at 

__ L Various Gas 
----- Saturations -

0.0 .2 .6 .8 1.0 
SG 
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permeability as a function of Sw is about 
the same for either the preserved or the re
stored state. However, effective permeability 
to water is 3 to 5 times higher for the re
stored state in the intermediate range of Sw; 
at Sw = 100 percent, restored brine per
meability is 1.7 times the preserved state. 

This general behavior was found in all five 
cores. Evidently, the clay structure partially 
rebounds upon full brine resaturation. How
ever, as Sw is lowered, the residual altera
tion or matting of the clay fibers appears 
more pronounced in the smaller pore 
throats. These effects are magnified on 
effective water permeability at intermediate 
levels of Sw. 

capillary Pressure 

Typical behavior of the air-brine capillary 
pressure (PC> properties is shown in Figure 
4-20 for the same core plug from 7,387.8 
ft. There is little or no difference between 
preserved cores and extracted/restored 
cores for Pc < 2 psi. For higher values of 
Pc' the restored state shows lower Pc val
ues at any Sw' which corresponds to larger 
pore throats. The Pc data in Figure 4-20 
can be translated into pore throat distribution 
as a function of percent of pore space. 
Table 4-13 provides this information for all 
five cores, both preserved and restored, for 
pore throat sizes of 0 to 4 J.1m, 4 to 10 11m, 
and> 10 11m. After extraction and resatura
tion, on average about 6 to 7 percent of the 
pore space has enlarged throat radii that 
have increased from a size of 0 to 4 11m up 
to 4 to 10 11m. These observations are in 
harmony with the relative permeability ef
fects just discussed. 

Electrical Properties 

The electrical properties of the cores can be 
characterized in two ways. First, the resis
tivity of the brine saturated cores can be 
compared. This is best accomplished by 
comparing the cementation exponent (m) in 

the Archie relation of formation reSistivity 
factor (F) to porosity (~). 

F = ~-m Eq.4-25 

For the preserved cores, a best-fit correla
tion of F to ~ yields m = 2.01. After extrac
tion and resaturation, m = 1.96. This 
change Is probably not significant. 

Second, the resistivity of each core as a 
function of Sw can be compared before and 
after extractioll. Typical results, shown in 
Figure 4-21 for the core plug at 7,383.3 ft, 
Indicate that there is no significant difference 
In resistivity. This outcome is not surprising 
since electrical properties are not affected 
as much as permeability properties by 
changes in pore throat sizes. For complete
ness, note that resistivity as a function of 
Sw can be expressed through the relation 

Eq.4-26 

where 

n = saturation exponent 
Ro = resistivity at Sw = 100 percent 
AT == resistivity at each Sw 

For the five preserved cores, composite n 
"" 1.57 while for the restored cores, com
posite n ... 1.74; the difference between 
these is not regarded as significant. The 
composite n = 1.65 for all data. 

Summary 

This study shows that in the Travis Peak, 
fibrous illites collapse upon core extraction 
but partially rebound upon resaturation with 
brine. The only reservoir properties signifi
cantly affected are the effective permeability 
to water and ~:::apiUary pressure behavior at 
Intermediate water saturations. In gas reser
voirs where fibrous illites are present, the 
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Table 4-13 Pore Size Distribution for Travis Peak Samples Used in Clay 
Dehydration Study 

Sample Depth, 
ID, 
ft 

7,383.38 

7,383.78 

7,384.78 

7,387.88 

7,388.28 

Average 

Test State 

Preserved 
Restored 

~ 

Preserved 
Restored 

~ 

Preserved 
Restored 

~ 

Preserved 
Restored 

~ 

Preserved 
Restored 

~ 

Percent Pore Space for 
Pore Throiat Radius and 

Air-Brine C~lplllary Pressure 

0-4 jlm 
> 5 psi 

4-10jlm 
5 - 2 psi 

> 10 jlm 
< 2 psi 

49.5 19.5 31.0 
46.0 26.0 28.0 
+3.5 -6.5 +3.0 

44.5 14.0 41.5 
39.0 25.5 35.5 
+5.5 -11.5 +6.0 

33.0 11.0 56.0 
26.5 12.5 61.0 
+6.5 -1.5 -5.0 

39.5 18.0 42.5 
32.0 28.5 39.5 
+7.5 -10.5 +3.0 

40.5 27.0 32.5 
33.0 33.5 33.5 
+7.5 -6.5 -1.0 

+6.1 -7.3 +1.2 

flow, capillary and electrical properties 
should be measured on preserved cores 
unless mixed wettability is a factor. 

Most of the data previously collected on the 
Travis Peak in the Tight Gas Sands Pro
gram involved use of extracted, resaturated 
cores. In general, the data can be used 

with confidence except for effective water 
permeabilities that were measured at inter
mediate values of Sw' These permeabilities 
may be too high. Consequently, using 
these older core data to predict productivity 
of well completions could, in turn, lead to 
the prediction of erroneously high water cuts 
in zones with transition water saturations. 
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5.0 In-Situ Stress Testing and Stress Profiling 

5.1 IN-5ITU STRESS TESTING 

5.1.1 Introduction 

Of major concern to the design and 
modeling of hydraulic fracture treatments is 
the ability to correctly predict the vertical 
height growth of the fracture. If the 
hydraulic fracture grows significantly more 
In the vertical direction than anticipated in 
the original design, then fracture width and 
length will be less than designed. Essential
ly, the relative stress contrast between rock 
layers governs the vertical height growth. 
The fracture is more likely to be contained 
if the in-situ stress in the target interval is 
small compared to the in-situ stress in the 
potential barrier rocks. By physically per
forming tests to determine the stress 
contrast between layers, one can more 
accurately design an optimal fracture 
treatment to obtain the desired dimensions. 

On SFE No.3, In-situ stress tests were 
performed In both an open-hole and cased
hole environment in the lower Cotton Valley 
Formation. In these stress tests, very small 
fluid volumes (typically less than 100 gal) 
were pumped at low injection rates (less 
than 10 gal/min) to break down the isolated 
Interval. The falloff or flowback stages were 
then monitored until fracture closure 
pressures were obtained. A downhole shut
in tool was used during both the open-hole 
or the cased-hole stress tests to minimize 
the effects of wellbore storage. 

5.1.2 OpenzHole Stress Tests 

Table 5-1 presents the results of the six 
open-hole stress tests performed on SFE 
NO.3. As can be seen from the error 
range listed for each test, the quantitative 
analyses generally were not very definitive. 
The most definitive test appears to be the 

one conducted at 7,406 to 7,411 ft in the 
Travis Peak sandstone. 

In the open-hole environment, more 
definitive results were obtained in the 
sandstones as opposed to the shales 
because it is very difficult to get a packer 
to seal in a shale. When poor sealing 
occurs, it is often unclear which zone is 
actually being tested since fracturing occurs 
In the lowest stress interval exposed to the 
pressure increase. As such, the low 
stresses that were measured in the shales 
were probably measurements of the in-situ 
stress in a nearby sandstone. 

5.1.3 Cased-Hole Stress Tests 

Table 5-2 summarizes the results of the six 
cased-hole stress tests performed on SFE 
No.3. In general, these tests were easier 
to perform and less complicated to analyze 
than the open-hole stress tests. Relatively 
good packer seats in the cased hole allowed 
for better control of the point of injection. 
For the same reason, the confidence level 
of the cased-hole stress tests is much 
higher than that of the open-hole tests. 

There were three cased-hole stress tests 
performed in the Cotton Valley Taylor sand 
and three tests in the Bossier shale, which 
lies directly below the Taylor sand. Each 
test Included multiple pump-in/falloff and 
pump-in/flowback tests. Typically, the injec
tion rates were 5 to 10 gal/min with a total 
volume for each injection period of 25 to 50 
gal. A bottom hole shut-in tool was used for 
the falloff periods; however, wellbore storage 
still affected the pressure falloff to some 
degree, as expected. 

To determine the extent of wellbore storage 
effects, a log-log graph of the change in 
pressure after shut-in versus shut-in time 
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, ..... 
0 Table 5-1 SFE No. 3 Results of Open-Hole Stress Tests r:p 

Fracture !n-Situ Possible Range 
Closure Error Stress of Stress 

Test Depth, Pressure, Range, Gradient, Gradient, 
No. tt Lithology psi psi psilft psilft 

OHST1 7,406 - 7,411 Sandstone 4,750 -50, +150 0.64 0.63 - 0.66 

OHST2 8,074 - 8,079 Limestone 5,600 ±300 0.69 0.66 - 0.73 

OHST3 9,013 - 9,018 Shale 6,000 ±400 0.67 0.62 - 0.71 

OHST4 9,041 - 9,046 Limestone 6,300 -400, +300 0.70 0.65 - 0.73 

OHST5 9,363 - 9,368 Shale 6,200 -300, +200 0.66 0.63 - 0.68 

OHST6 9,595 - 9,600 Shale 6,500 ±500 0.68 0.63 - 0.73 

Table 5-2 SFE No.3 Results of Cased-Hole Stress Tests 

Possible 
Fracture ~n-Situ Range of 
Closure Error Stress Stress 

Test No. Depth, Pressure, Range, psi Gradient, Gradient, -L 
tt lithology psi psilft psi/ft 1 - v 

CHST1 9,630 - 9,631 Shale 8,200 ±100 0.85 0.84 - 0.86 0.380 

CHST2 9,600 - 9,601 Shale 7,950 ±100 0.83 0.82 - 0.84 0.430 

CHST3 9,554 - 9,555 Shale 7,950 ±100 0.83 0.82 - 0.84 0.340 

CHST4 9,324 - 9,325 Sandstone 5,800 ±250 0.62 0.60 - 0.64 0.205 

CHST5 9,266 - 9,267 Sandstone 5,275 ±75 0.57 0.56 - 0.58 0.300 

CHST6 9,227 - 9,228 Sandstone 5,400 ±100 0.59 0.58 - 0.60 0.210 



was constructed for each test. On such a 
graph, wellbore storage is characterized by 
a unit slope. One example, Figure 5-1, 
shows data gathered from the cased-hole 
stress test performed at 9,630 to 9,631 ft in 
the Bossier shale. 

The presence of a one-half unit slope on 
the log-log graph usually corresponds to a 
straight line on a square-root-of-time graph. 
This correlation assumes that for as long as 
the fracture remains open, the pressure 
decline after shut-in represents the linear 
flow regime caused by treatment fluid 
leaking into the formation. Therefore, a plot 
of the falloff pressure versus the square
root-of-time should yield a straight line. 

Figure 5-2, which again displays the data 
from the test at 9,630 to 9,631 ft, exhibits 
the behavior described above. When the 
fracture closed, the graph of pressure 
change versus the square-root-of-time began 
to deviate from a straight line. The point 
at which the falloff pressure first deviated 
from the linear-flow straight line indicates 
fracture closure. The fracture closure 
pressure, also called the in-situ stress, 
should be repeatable using multiple tests in 
the same interval as long as back stress is 
negligible. Indeed, this was the case for 
each of the six cased-hole stress tests. 

5.2 VERTICAL STRESS PROFILING 
THROUGH THE INTEGRATION OF 
LOG-DERIVED ROCK MECHANICAL 
PROPERTIES AND IN-SITU 
STRESS TESTS 

5.2.1 Introduction 

The performance of a well with a hydraulic 
fracture is controlled by the nature of the 
reservoir, the fracture and the well. To 
enhance the reservoir's productivity, the 
engineer must optimize the design and 
execution of well completions and fracture 

treatments. This optimization depends in 
part on the ability to accurately predict the 
effects of various treatment and completion 
scenarios. 

All predictions, especially those generated 
with simulators, require information about the 
reservoir. Most tight gas formations consist 
of several diffment layers of rock, each of 
which vary in composition, porosity, water 
saturation, permeability and areal extent, 
among other things. The vertical distribution 
of permeability has a particularly significant 
effect on the computation of flow rate versus 
time. 

The hydraulic fracture that connects the rock 
layers to the wellbore must be characterized 
as well. To determine the three-dimensional 
shape of a hydraulic fracture, detailed 
information is needed concerning the 
mechanical properties of all layers that will 
be connected by the fracture. Values of 
Young's modulus, Poisson's ratio, fracture 
toughness and in-situ stress are required as 
Input data for a hydraulic fracture simulator. 
Of primary importance to the calculation of 
fracture shape and extent is the in-situ 
stress profile. 

For most well completions, the operator 
perforates based upon the porosity and 
water saturation calculated by a petrophysi
cal engineer. Afterwards, the production 
engineer designs a fracture treatment for the 
interval perforated. However, research from 
the Tight Gas Sands Program, particularly 
the SFE wells, indicates that perforation 
placement should be based upon more than 
just the porosity and water saturation 
calculations; one should also consider the 
in-situ stress profile. 

Besides the petrophysical information, the 
completion engineer also must consider the 
porOSity-thickness (cI>h) profile, the permeabil
ity-thickness (kh) profile, and the in-situ 
stress profile. By using these profiles in 
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conjunction with 3-D hydraulic fracture 
models and 3-D reservoir flow models, one 
can choose the optimum perforation interval 
and fracture treatment. The data in the !)lh 
and kh profiles indicate conductive portions 
of the pay zone that, when connected to the 
wellbore, will provide adequate flow rates 
and ultimate recoveries. The in-situ stress 
profile can be used to determine which of 
those zones is most likely to have a 
contained fracture treatment, i.e., which one 
Is most likely to have a good connection. 

There are two methods for obtaining values 
of in-situ stress in a specific rock layer. 
One method, described in Section 5.1, is 
to perform an In-situ stress test which 
measures stress directly. The second 
method is to calculate values of Poisson's 
ratio with acoustic log data. Using Pois
son's ratio along with an estimate of the 
overburden stress and the reservoir pres
sure, the in-situ stress can be calculated 
based upon the properties of a poroelastic 
material. This technique is described in 
Section 4.1.2. 

There is potential error associated with 
calculating in-situ stress from log data (using 
poroelastic equations) because only the 
elastic component of stress can be esti
mated. Other factors such as tectonic 
stresses, thermal history of a formation, and 
subsidence history of a basin cannot be 
included in this analysis. The theory only 
relates the horizontal stress component to 
the vertical component through Poisson's 
ratio; other effects are neglected. 

Because of cost and operational considera
tions, stress profiles are not normally 
generated from in-situ tests alone, but rather 
from a combination of the two methods. By 
performing a discrete number of stress tests 
In specific types of lithology, log-derived 
stress values can be correlated with 
measured values to give a reliable estimate 
of stress in each layer. The resulting stress 
profile can then be empirically calibrated to 

account for the forces not attributable to 
elastic behavior. 

5.2.2 Review of SFE No. 1 and SFE No. 
2 Results 

GRI and the Tight Gas Sands contractors 
have made substantial progress in both 
developing and applying the concepts of 
permeability (kh) and stress (ax) profiling to 
decisions concerning well completion and 
stimulation. In 1986, when SFE No. 1 was 
completed, the technology for developing 
these profiles on a routine basis was in its 
formative stages. During SFE No.2 (1987 
to 1988), this t,echnology progressed rapidly. 
For all subsequent wells evaluated in the 
Tight Gas Sands Program, the use of kh 
profiles and stress profiles has been and will 
be standard operating procedure, as well as 
a continuing part of the research effort. 

SFE No. 1 marked the development of the 
first detailed, in-situ stress profile of the 
Tight Gas Sands Program. The profile was 
generated by correlating in-situ stress test 
measurements with values of Poisson's ratio 
computed from digital sonic logs. The 
following equations were derived to create 
the stress profile: 

CJc ... (1 _ Pig) [ V ] + P' 
1 - v 9 

Eq. 5-1 

and 

Pig'" 1.15 (2.8 p2 + 1}112 - 1 Eq.5-2 

where 

Pg :: formation pressure gradient, psilft 
pi 

'" effective formation pressure g 
gradient, psilft 

O'c "" in-situ stress gradient, psi/ft 

v ;: Poisson's ratio 

The in-situ stress profile computed from 
Equations 5-1 and 5-2 was presented in a 
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report detailing the results of SFE No. 1 
(CER Corporation and S.A. Holditch & 
Associates, Inc., 1988). Although the profile 
did not play a major role in the making of 
decisions about how SFE No. 1 should be 
perforated and treated, it was used after
the-fact to evaluate the hydraulic fracture 
treatment. 

For SFE No.2, a different equation was 
used to correlate measured closure stress 
values from in-situ stress tests: 

Sh = [ v ] (Sv - Sp) + Sp Eq. 5-3 
1 - v 

where 

Sh:::; minimum horizontal stress gradient, 
psi/ft 

Sv = vertical (overburden) stress gradient, 
psi/ft 

Sp:: stress gradient produced by pore 
pressure, psi/ft (see Equation 4-
17) 

v "" Poisson's ratio 

This equation was discussed in greater 
detail in Section 4.1.2.2 where it was 
referred to as Equation 4-10. 

Figure 5-3 shows the relationship of 
Poisson's ratio function and measured 
closure stress in SFE No.2 (CER Corpora
tion and S.A. Holditch & Associates, Inc., 
1989). These data suggest that the 
difference between measured closure stress 
and the value of v/(1-v) as calculated from 
logs can be explained by the variation in 
pore pressure between different layers of 
reservoir rock. 

Several important technological advances 
were made during the SFE No. 2 project. 
For the first time, both a detailed kh profile 

0.5_----------,---..,,...,..,..---_ 
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and a detailed stress profile were computed 
on a foot-by-foot basis using calibrated log 
data. These profiles were presented in a 
report giving the results of SFE No.2 (CER 
Corporation and S.A. Holditch & Associates, 
1989). Although they were used extensively 
in the post-fracture analysis of the lower 
Travis Peak, they were not used to plan the 
completion of the lower zone. 

It is in the upper Travis Peak of SFE No. 
2 that, for the first time in the Tight Gas 
Sands Program, the in-situ stress and kh 
profiles played a significant role in determin
ing the best strategy for completing and 
stimulating a well. Also, after the well was 
hydraulically fractured, the stress profile was 
again used to analyze the treatment data. 

5.2.3 Permeability and Stress Profiles 
for SFE No.3 

5.2.3.1 Calibration With Open-Hole Stress 
Tests 

After SFE No. 3 was logged and open-hole 
stress tests were conducted, ResTech 
generated a preliminary in-situ stress profile 
using sonic log and open-hole stress data. 
Figure 5-4 illustrates the preliminary profile 
for the lower 1,000 ft in SFE No.3. 

Although this profile represents the best 
estimate of stress using the open-hole test 
data for calibration, it was not used in the 
design or analyses of the fracture treatment 
for SFE No.3. Later comparison with the 
cased-hole data indicated that these open
hole data are not an accurate reflection of 
in-situ conditions. 

The open-hole stress test data suggest that 
in SFE No.3, very little difference in 
horizontal stress exists as a function of 

lithology. As ~:een in Table 5-1, the average 
in-situ stress gradient was 0.64 psi/ft in the 
sandstone, 0.70 psi/ft in the limestone and 
0.67 psi/ft in the shale. In contrast, the 
cased-hole data, listed in Table 5-2, 
revealed substantial differences in the 
measured stress in each rock layer. The 
open-hole data were deemed invalid 
because the fracture created during the test 
grew around the open-hole packer and 
actually broke down lower stress zones near 
the zone being tested. 

5.2.3.2 Calibration With Cased-Hole 
Stress Tests 

After casing was set in SFE No.3, six 
cased-hole in··situ stress tests were con
ducted to improve estimates of stress in the 
Bossier shale (between 9,500 and 9,650 ft) 
and the Cotton Valley Taylor zone (between 
9,200 and 9,450 ft). Within the Cotton 
Valley Taylor zone, stress tests were 
performed in the upper part of the sand, a 
shaly member below the upper sand and 
the lower part of the Taylor sandstone. 
Results for the cased-hole stress tests are 
presented in Table 5-2. 

Once the cased-hole test data were 
analyzed, it was apparent that the original 
log-derived values of stress, the open-hole 
test values and cased-hole test values did 
not correlate very well. Figure 5-5 is a 
graph of the ratio v/(1-v) vs. measured in
situ stress from the cased-hole tests. The 
solid line represents Equation 5-3 with X = 
0, Sv = 1.03, and Sp = 0.50. In general, 
stresses are lower in the sandstones (Nos. 
4 to 6) and higher in the shales (Nos. 1 to 
3) than classical equations indicate. 

A comparison of the initial stress profile 
using an elastic model and the measured 
stress from the cased-hole stress tests is 
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presented in Figure 5-6. The implications 
are similar to those of Figure 5-5. For the 
sandstones which have lower stresses, the 
computed curve appears somewhat reason
able, albeit a little high. However, for the 
higher stress shales, it is significantly lower 
than the measured values suggesting the 
presence of a non-elastic component of 
stress. 

When the cased-hole test results revealed 
that the open-hole data were not accurate, 
a new correlating parameter was developed 
resulting in the following equation: 

Sh =r -~-J(Sv - Sp) + Sp + X Eq. 5-4 
~ -vJ 

where X is an empirical stress factor. 
Equation 5-4 was also referred to in Section 
4.1 .2.2 as Equation 4-11. 

The empirical factor X was obtained from a 
graph of delta stress vs. neutron porosity for 
all layers of rock where stress was mea
sured. This factor was used to compensate 
for changes in stress due to changes in 
lithology, porosity and water saturation. It 

substantially changed the log-calculated 
stresses and properly correlated them with 
the results from cased-hole tests. Figure 5-
7 presents the final correlation between 
calculated in-situ stress using Equation 5-
4 and the cased-hole stress test results. 
The resulting stress profile is provided in 
Figure 5-8. Figure 5-8 also includes kh 
percentages. A mechanical properties 
profile generated for SFE No.3 is included 
in Figure 5-9. 

This new, more accurate stress profile was 
used successfully to assist In designing the 
SFE No. 3 completion, in performing real
time analyses of the fracture treatment, and 
in performing post-fracture analyses of both 
the production and fracture treatment data. 
It is important to recognize that empirical 
correlation of measured stresses and log 
data such as that described for SFE No. 3 
will be required for most situations. 

5.2.4 Summary of In-Sltu Stress Profiling 

During the Staged Field Experiment 
program, the GRI research team has 
demonstrated that in-situ stress profiles and 
kh profiles can be routinely generated from 
properly calibrated log data. This technolo
gy provides accurate results which, among 
other things, can be used to design and 
Implement a completion and stimulation 
strategy for a tight gas sand well. 

Simple elastic theory and log data should 
not be used to generate stress profiles. For 
accurate profiles, the log data must be 
calibrated with pressure buildup tests and 
in-situ stress tests. With proper petrophysi
cal analyses and field measurements, logs 
can be used to generate reliable values of 
kh, in-situ stress and modulus. The 
resulting vertical profiles are essential to 
successfully completing and stimulating in 
a tight gas sand reservoir. 
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6.0 Analyses and Interpretations of Pre-Fracture Data 
=_ .. = .... = .. = .. =. ====. =. = ... = ... =.> .. 7 ••• 7 •• = ... =.=. ==~= .. = ... = .... = .... = ... ,= ... = .... = . .&= .. = .. __ = ... = ... = .. = .... = .... =........ ... ................................................................ . 

6.1 PRODUCTION AND PRESSURE 
BUILDUP TESTS 

On January 24, 1989, SFE No. 3 was per
forated in the Cotton Valley Taylor sand 
over two Intervals: 9,225 to 9,250 ft and 
9,285 to 9,330 ft. The well was then 
produced for seven days through a three
phase portable separator to obtain accurate 
measurements of gas, condensate and wat
er flow rates. A 48/64-in. choke was used. 
Two to three swab runs were made daily 
to ensure that there was no liquid loading 
In the wellbore. The average flow rates 
were 50 MCFD and 8 BWPD. Although the 
flowing wellhead pressure was too small to 
measure, the flowing bottomhole pressure 
at the end of the flow period was measured 
at 507 psia. 

After producing for seven days, SFE No. 3 
was shut in on February 3, 1989, for a 
seven-day pressure buildup test. Bottom
hole pressures were recorded with an elec
tronic memory gauge run on slick line. After 
the shut-in period, the acquired bottomhole 
pressure data were analyzed to estimate 
formation properties. 

In performing conventional analyses of pres
sure transient tests, bottomhole pressures 
and shut-in times must be adjusted to ac
count for changing gas properties. The gas 
viscosity, Z-factor and gas compressibility 
are all pressure dependent; they change as 
pressure changes. Because the simplified 
equations used in pressure transient analy
ses were derived with the assumption that 
these values were constant (i.e., for slightly 
compressible liquids), the equations cannot 
be used to analyze gas wells. However, by 
using adjusted pressures and adjusted times 
(Lee, 1982), one can use the standard 
equations. 

Figures 6-1 and 6-2 are the Horner and 
type-curve plots of the pressure buildup 
data. Based on the type-curve match, it 
appears the correct Horner semi-log straight 
line necessary for analYSis was reached. 
Using ResTech's Pre-Fracture Analysis Log, 
a net pay of 27 ft was calculated for the 
perforated interval. Formation permeability 
to gas was 0.014 md with an apparent skin 
of +0.1. Extrapolation of the Horner semi
log straight line to infinite shut-in (Horner 
time = 1) yielded an extrapolated pressure 
(P*) of 3,400 psi. Because of the limited 
production from the reservOir, the average 
reservoir pressure was assumed to be about 
3,400 psi as well. The type-curve analysis 
confirmed the Horner analysis. 

After the initial pressure buildup test, a mini
frae was performed, followed by additional 
cased-hole logging. The well was then 
produced for six days. From February 24 
to March 2, 1989, flow rates were monitored 
prior to the sta.rt of the next pressure bUild
up test. The final flow rates before shut
In were 310 MCFD and 8 BWPD. Flow was 
through a 24/64-in. choke with a flowing 
wellhead pressure of 150 psig and a flowing 
bottomhole pressure of 727 psig. The six
day pressure buildup test that followed was 
of sufficient length to obtain reservoir proper
ties from conventional Horner semi-log and 
type-curve analyses. 

Figures 6-3 and 6-4 are the Horner plot and 
type-curve plot, respectively. Because of 
the much higher flow rates observed from 
this test versus the original flow test (50 
MCFD), additional net gas sand appeared 
to be in communication with the wellbore. 
This is reasonable since not all of the Taylor 
sand was perforated initially. Most likely, 
the fracture created during the mini-frac 
opened up new pay that had not been pre-
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viously exposed. Therefore, a net gas pay 
of 40 ft was used in the interpretation of this 
buildup test. 

The calculated formation permeability to gas 
was 0.022 md with an apparent skin of -3.2. 
This negative skin reflects the stimulation 
from the mini-frac. Extrapolation of the 
Horner semi-log straight line to infinite shut
in yielded a p' (and an average reservoir 
pressure) of 3,600 psi. This value is 200 
psi higher than that obtained from the initial 
buildup test, which also indicates additional 
communication with new net gas pay. The 
results of the type-curve analysis agreed 
well with those of the Horner analysis. 

6.2 EXECUTION AND ANALYSIS OF 
MINI-FRAC TREATMENTS 

6.2.1 Mlnl-Frac No.1 

6.2.1.1 Objectives and Design 

As with mini-fracs in previous SFE wells, 
Mini-Frac No. 1 provided a setting in which 
to perform fracture diagnostic experiments. 
The ultimate goal of these experiments was 
to develop improved methods for determin
ing the orientation and height of hydraulic 
fractures. 

Teledyne Geotech was the primary diagnos
tics contractor tor Mini-Frac No.1, which 
was performed on February 17, 1989. With 
a three-component geophone and orientation 
gyroscope on a wireline, microseismic activi
ty associated with the fracturing operation 
was recorded. Previous mini-fracs per
formed for diagnostic purposes utilized low 
friction, low viscosity water as the injection 
fluid; however, for SFE No.3, it was de
cided to evaluate the effects of thicker fluids 
on the microseismic activity. Consequently, 
both linear and crosslinked gel systems 
were used during this treatment. Table 6-1 
presents the pumping schedule. 
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As can be seen, the design proposed differ
ent volumes of gel in order to create a 
progressively larger fracture during each 
pump stage. Also, two different injection 
rates were planned so that the effects of 
injection rate on downhole treating pressure 
(as well as viscosity) could be evaluated. 

After each pump stage, Teledyne Geotech 
planned to acquire seismic data with a triaxi
al geophone stationed at various pOints in 
the well. To simplify the data analysis, the 
mini-trac stages were designed to create 
fracture lengths that were not multiples of 
each other. Shut-in times between stages 
were designed to be of sufficient length to 
allow complete fracture closure. 

After the mini-trac treatment was completed, 
the acoustic and radiation logging tools were 
run (Run No.9) from February 17 to 24, 
1989. These data acquired are described 
in Appendix 1. 

Mini-Frac No.1, in conjunction with Mini
Frac No.2 and the main fracture, provided 
an excellent opportunity to test the basic 
components of the fracture model developed 
by Resources Engineering Systems (RES) 
for GRI. By going from the highly complex 
conditions of the Travis Peak Formation 
(SFE Nos. 1 and 2) to the relatively simple 
environment of the Cotton Valley Formation 
(SFE No.3), researchers hoped to isolate 
the basic differences between the 
FRACPRO system and other models in the 
industry. In addition, they hoped to estab
lish FRACPRO's ability to make accurate 
and unique predictions (e.g., for fracture 
dimension and associated pressures) by 
collecting data from various tests (e.g., with 
different fluids, volumes and pump rates). 

6.2.1.2 Treatment Monitoring and Quality 
Control 

During Mini-Frac No.1, the GRI Treatment 
Analysis Unit (TAU) operated by RES was 



Table 6-1 Mini-Frac No. 1 Pumping Schedule 

Fluid Volume, bbl InJection Rate, bbllmln 

Stage Gel Type 
Design Actual Design Actual 

1 40-lbm linear 150 128 20 19.0 
2 40-lbm linear 300 298 40 38.4 

3 S.D., monitor falloff, run surveys 

4 40-lbm linear 600 547 40 41.3 
5 40-lbm linear 300 349 20 22.8 

6 S.D., monitor falloff, run surveys 

7 40-lbm x-link 450 308 20 18.9 
8 slickwater 342 312 40 35.6 

9 S.D., monitor falloff, run surveys 

Total 40-lbm gel: design:::::: 1,800 bbl and actual:;: 1,630 bbl 

on location to monitor the following parame
ters: casing pressure, bottomhole pressure, 
base gel viscosity, fluid temperature and pH, 
pump rate and cross-linker injection rate. 
These parameters were recorded by instru
ments placed at various pOints within the 
fracturing equipment. 

To monitor more specific fluid properties, 
S.A. Holditch & Associates, Inc. (SAH) used 
the GRI Rheology Van. A complete water 
analysis was performed, including tests for 
total chlorides, iron content, bacteria cul
tures, pH, phosphates and temperature. 
Once all of the gel was mixed in each tank, 
the base gel viscosity at three different 

shear rates wa.s measured using a Fann 35 
viscometer. The fluid that was to be cross
linked was tested in the Rheology Van for 
crosslinked viscosity using the Fann Model 
50 visco meters. These viscometers can 
subject the fluid to downhole temperature 
and shear rate. All of the fluids planned for 
use during the mini-frac tested satisfactorily. 

Because the treatment was pumped down 
casing to allow for the seismic traverses by 
Teledyne Geotech, a pressure gauge with 
surface readout could not be run into the 
well. As a result, a battery-powered elec
tronic pressure gauge with downhole mem
ory was used to record bottomhole treating 
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pressures. This gauge was retrieved after 
the treatment and subsequent analysis of 
the pressures was performed. These bot
tomhole pressures are illustrated in Figure 
6-5 which also denotes, by number, the 
major events during the treatment. These 
events are explained in Table 6-2. Figure 
6-6 presents all of the data streams mea
sured. 

6.2.2 Mlnl-Frae No. 2 

6.2.2.1 Objectives and Design 

The objective of the second mini-frac treat
ment was to gather additional data to cali
brate the 3-D fracture models and to esti
mate values of fluid 1055 coefficient. As a 
result, some of the analysis of Mini-Frac No. 
2 is coupled with the main-frac analysis in 
Section 7.0. 

Mini-Frac No. 2 was pumped just prior to 
the actual fracture treatment on March 16, 
1989. The fluid consisted of a linear (non
crosslinked) 40 Ibm CMHPG (carboxymethyl
hydroxypropyl guar). A total of 1,281 bbl of 
gel were pumped down the casing-tubing 
annulus and flushed to the perforations with 
290 bbl of slick water (total volume;;::; 1,571 
bbl). The tubing provided a "dead string" 
pressure measurement. 

The leakoff coefficient expected during the 
main frac treatment was estimated by allow
ing the pressure to fall off. Additionally, the 
pressures measured during the mini-frac 
were used to calibrate the 3~D fracture mod
el since the fluid properties were relatively 
constant. 

6.2.2.2 Treatment Monitoring and Quality 
Control 

During the mini-frac treatment, the GRI 
Rheology Van and the Treatment Analysis 
Unit (TAU) were on location to monitor vari
ous treating properties. The Rheology Van 
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was operated by SAH. The TAU, with its 
fracture monitoring trailer, was operated by 
RES personnel. 

In addition to measurement of fluid proper
ties, SAH personnel were responsible for 
conducting a total inventory of all materials 
and fluids both before and after the treat
ment. An analysis of each water tank was 
performed which included total chlorides, 
iron content, bacteria cultures, pH, phos
phates and temperature. Once the base gel 
for the mini-frac was totally mixed, the base 
gel viscosity was measured for each tank to 
insure proper gel loading. A Fann 35 vis
cometer was used to take the measure
ments at four different shear rates. These 
data for the base gel used during Mini-Frac 
No. 2 are given in Table 6-3. 

After the base gel viscosity measurements, 
the actual viscosities of the linear gel at 
downhole temperature were measured for 
eacn tank uSing Fann model 50 viscom
eters. These tests helped to ensure the 
proper mixing of the gel and provide viscos
ity data for input into the FRACPRO model. 

RES monitored and recorded all other perti
nent treating variables with the TAU. Fol
lowing Is a list of all the data monitored for 
Mini-Frac No.2 (as well as the main frac): 
casing, tubing and bottomhole pressures; 
fluid and bottom hole temperatures; base gel 
viscosity; proppant concentration; slurry pH 
and clean pH; and slurry, LGC, diesel and 
cross linker flow rates. Further details in
cluding tables and figures are provided in 
Section 7.2.2. 

The mini-frac treatment was pumped as 
designed with few problems. However, the 
Panex pressure gauge did start malfunction
ing during the treatment, as shown in Figure 
6-7. The apparent dead string specific 
gravity by comparison to bottomhole pres
sures was 0.949. This low value was the 
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Table 6-2 Major Events During Mini-Frac No.1, SFE NO.3 

Number Event 

1 Start pumping 40-lbm gel 

2 S.D. to fix leak 

3 Resume pumping at 20 bbl/min 

4 Increase rate to 40 bbl/min 

5 S.D. for falloff 

6 Start pumping gel at 40 bbl/min 

7 Decrease rate to 20 bbl/min 

8 S.D. for falloff 

9 Start pumping x-link gel 

10 S.D. -- lost prime 

11 Resume pumping 

12 X-link gel on perfs 

13 Increase injection rate to 40 bbl/min 

14 Finished treatment -- S,'o. 

15 Open well for flowback 

16 Change choke 
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Table 6-3 Base Gel Viscosity at Different Shear Rates for Mini-Frac No.2, SFE No.3 

Tank No. 
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2 

3 

4 

Fluid Type 

40 Ibm 

40 Ibm 

40 Ibm 

Viscosity at Various Shear Rates, cp 

100 rpm 200 rpm 300 rpm 600 rpm 

22.0 
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30.0 
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result of either a malfunctioning bottom hole 
gauge or the presence of gas in the dead 
string. Since the Panex bottom hole pres
sure gauge was transmitting data intermit
tently, it was replaced after Mini-Frac No.2 
and the tubing was circulated. No problems 
were experienced during the main fracture 
treatment. 

6.2.3 Mlcroselsmlc Analysis of Minl-Frac 
No.1: Azimuth and Height 

Teledyne Geotech's research in the Tight 
Gas Sands Program has focused on identi
fying, developing and evaluating commercial
ly feasible methods for reliable estimation of 
the dimensions and orientation of hydraulic 
fractures In tight natural gas reservoirs. 
Passive microseismic signals are the source 
of the information on the fracture geometry. 

One objective of Mini-Frac No. 1 was to 
provide the opportunity for collecting an 
additional data suite of passive microseismic 

information to be used for estimating fracture 
azimuth and height. In addition to the Mini
Frac No.1 data set, mlcroseismic data had 
been previously acquired following the injec
tion/ballout treatment and prior to any per
forations being placed in the casing. This 
entire data set provided the basis for frac
ture azimuth and fracture height analyses 
before conducting the main hydraulic frac
ture treatment. The results and analyses of 
these fracture orientation and fracture height 
surveys are included in the following sec
tions. 

6.2.3.1 Fracture Orientation Results and 
Analyses 

CMR During Mini-Fmc No. 1 Shut-In 
Stages 

In implementing Mini-Frac No.1, three sets 
of pumping stages were performed (see 
Table 6-1) to provide variable data for deter-
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mining fracture height and length dimen
sions. Prior to pumping, a three-component 
seismic sonde and an orientation gyroscope 
were lowered to the maximum depth possi
ble in the wellbore and clamped in place 
during the pumping. Prior to initiating the 
minl-frac, vertical traverses of the borehole 
were made with the oriented geophone. 
Continuous microseismic radiation (CMR) 
activity in the well was recorded for 4 to 8 
minutes at each of 12 depths during shut
in Stages 3 and 9 and at each of 22 depths 
during shut-in Stage 6. Many low-frequency 
signals, with dominant frequencies of 10-
20 Hz, were observed at 9,000 ft and 9,100 
ft during Stages 3 and 9. For these depths 
above the fracture, this type of event began 
to occur approximately one hour into Stage 
3 and about one hour and four minutes into 
Stage 9. The mean occurrence rate of 
these low-frequency signals recorded at the 
two depths above the fracture was one per 
minute. In addition, one low-frequency 
signal was observed at 9,590 ft during 
Stage 6. A large number of similar signals 
occurred during the flowback after the treat
ment was completed. Examples of these 
signals are shown in Figure 6-8. Orienta
tions of the particle motion of these signals 
were determined by application of the 
SMART processor to the first half-cycle of 
each signal. The SMART algorithm yields 
a best linear fit, in a least-squares sense, 
of the observed particle motion over a speci
fied time window and frequency band. 

For best results, the SMART processor is 
applied to the first half-cycle of a signal, and 
the frequency band accepted is centered on 
the dominant frequency of the signal. The 
low-frequency signals were recorded at 
9,000 ft, 9,100 ft and 9,590 ft during shut
in stages of Mini-Frac No.1. Resulting 
particle motion orientations, after rotating the 
observational axes to a north-east coordi
nate system, are shown in Figure 6-9. 
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Particle motion orientations for three of the 
signal sets -- those recorded at 9,100 ft 
during Stage 3, at 9,000 ft during Stage 9, 
and at 9,590 ft during Stage 6 -- are consis
tent with a fracture orientation azimuth of 
77° relative to North. Particle motions for 
signals recorded at 9,100 ft during Stage 
9 are oriented perpendicular to this direction, 
while signals recorded at 9,000 ft during 
Stage 3 are oriented 30° from the perpen
dicular direction. The differences in particle 
motion orientation observed for the five sets 
of low-frequency signals are not understood 
at this time. 

Low Frequency Signals During Flowback 

After all the pumping had been completed, 
the well was flowed back to provide seismic 
signals during fracture closure. This was 
the first time that passive microseismic data 
had been recorded during a flowback follow
ing a hydraulic fracture. While performing 
this flowback survey, a new class of low
frequency microseismic signals was ob
served. This class of signals was not ob
served in either of the two previous SFE 
wells and were infrequently observed during 
the 18 commercial and cooperative surveys 
performed over the last 4 years. The num
ber of events of a given amplitude can be 
estimated from the statistical distribution of 
amplitudes. The frequency content of these 
signals is between 5 and 50 Hz. The polar
ization of the initial part of these signals is 
oriented along the fracture. Additional re
search is expected to yield estimates of the 
fracture geometry and dimensions that can 
be provided at a reduced cost over the 
present microseismic fracture diagnostic 
surveys. The dimensions implied by these 
low-frequency signals are on the order of 
hundreds of feet rather than the tens of feet 
implied from the more common high-fre
quency signals. 
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Figure 6-9 Upper Hemisphere Stereographic Projection of Particle 
Motion Orientations for Low-Frequency Signals Recorded 
at 9,000 ft, 9100 ft and 9,590 ft During Shut-In 

The SFE No. 3 well was flowed back at 
rates of 1 to 5 bbl/min for approximately 90 
minutes, beginning approximately 2-1/2 
hours after starting Stage 9. The flowback 
was stopped for 4 minutes, approximately 
30 minutes after start of the flowback. 
Teledyne Geotech recorded 40 minutes of 
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three-component seismic data at a depth of 
9,590 ft during the f1owback. Although the 
background noise (CMR) was much stronger 
during the flowback, because of fluid noise 
resulting from the flowback, many low-fre
quency signals, with dominant frequencies 
of 17 to 25 Hz, were recorded during the 



flowback. The time-domain signatures of 
these signals were very similar for all the 
signals and quite different from the signa
tures of high-frequency signals typically 
recorded during shut-in following hydraulic 
fracture operations. 

One of the low-frequency signals recorded 
at 9,590 ft during flowback following Stage 
9 is compared in Figure 6-10 to a typical 
high-frequency signal recorded at the same 
depth during shut-in of the mini-frac. The 
signal-to-noise ratio (SIN) of the low-frequen
cy signals was much higher during the inter
val when the flowback was temporarily 
halted. The low-frequency signals tended 
to occur in swarms. Four of the low-fre
quency flowback signals are shown in Figure 
6-11. Separate distributions are given for 
non-swarm and swarm events. The two 

Typical 

UNFILTERED 

y 

5532 n .. /s 

.2 • 

signals depictE~d in the top row on this figure 
were recorded during the interval when the 
flowback was temporarily halted, while the 
two signals in the bottom row were recorded 
while the flowback was in progress. 

Amplitude and interval distributions of the 
low-frequency signals recorded at 9,590 ft 
during flowback are shown in Figure 6-12, 
for swarm events and non-swarm events. 
Included for comparison is one low-frequen
cy signal from 9,550 ft measured during 
Stage 6. The amplitudes are root-mean
square (RMS) signal amplitudes over a 0.1-
second time window, while the intervals are 
the time intervals between successive 
events. Both incremental and cumulative 
distributions are shown for the amplitudes 
and intervals. The Incremental distributions 
represent the number of occurrences (ampli
tude or interval) within a specified range, 
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LOW PASS FILTERED WITH 
CORNEll AT 100Hz 18 dB/OCTAVE 

y 

x 
" .. ., cv:rv·"'" Q 

4600 nlVs 

z 

.2 • 

Figure 6-10 Comparison of Low-Frequency Signals Recorded at 
9,590 ft During Flowback to TypicB'! High-Frequency 
Signals Recorded at 9,590 ft During Shut-In 
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while the cumulative distributions represent 
the number of occurrences (amplitude or 
interval) greater than a specified value. The 
amplitudes exhibit a power law distribution, 
similar to amplitude distributions observed 
for naturally-occurring seismic events, such 
as earthquakes. The interval distribution 
for the non-swarm events Is consistent with 
a Poisson process (events equally likely to 
occur at any time, I.e., no time dependence 
among the events). The overall occurrence 
rate for the flowback low-frequency signals 
was approximately two per minute, twice the 
rate observed for low-frequency signals 
recorded during shut-in of the mini-frac. 

Particle motion orientations of a selection of 
the low-frequency signals are shown in 
Figure 6-13. The particle motion orientation 
of the one low-frequency signal recorded at 
9,590 ft during Stage 6 of the mini-frac is 
included on this figure for comparison. The 
particle motions of the low-frequency flow-

N 

back signals are oriented 7]0 relative to 
North. The lOW-frequency character of these 
signals implies a source dimension of a few 
tens of feet to a few hundred feet, consis
tent with the expected dimensions of the 
induced fracture at the SFE No.3 well. The 
orientation of the particle motion of the sig
nals Is consistent with that expected for the 
seismic radiation from a vertically-oriented 
tensile fracture whose strike is in the direc
tion of the fracture induced by the hydraulic 
stimulation. Therefore, the azimuth of the 
minl-frac-Induced fracture at the SFE NO.3 
well is interpreted to be N77°E. 

6.2.3.2 Fracture Height Results and 
Analyses 

Introduction and Summary 

Teledyne Geotech has determined, both 
empirically and theoretically, that the back
ground seismic motion induced within a 

Stage 6 

Sonde at 9,590' 
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Figure 6-13 Upper Hemisphere Stereographic Pro
jection of Particle Motion Orientations 
for Low-Frequency Signals Recorded 
at 9,590 ft During Flowback 



hydraulically-fractured region can be used to 
determine hydraulic fracture height. It has 
been shown (e.g., Fix and Others, 1989) 
that the data shows a profound difference 
when recorded in the treatment well within 
and outside (I.e., above or below) the treat
ment-altered region. This change in data 
character is demonstrated when an average 
of the background horizontal component of 
motion, H, is directly compared to back
ground vertical component of motion, Z, 
through a ratio, H/Z. Data recorded above 
or below the treatment-affected zone show 
Z greater than H; data recorded within the 
zone show either H greater than Z or a 
marked and consistent reduction in Z com
pared to H. It has been found that a single, 
average value of H/Z for each recording 
depth shows the change and/or inversion of 
the H/Z ratio. The ratio is used because it 
has the advantage of reducing time-depen
dent source effects which have been linked 
to pressure and temperature diffusion of the 
treatment fluid. To define the change in 
H/Z, data must be recorded at a suite of 
depths whose overall expanse exceeds the 
extent of the treatment altered zone. 

Prior to the main hydraulic fracture treat
ment, microseismic data were recorded in 
the SFE No.3 well on three separate occa
sions. These microseismic surveys were 
performed pre-perforation, pre-mini-frac but 
post-perforation, and during shut-in stages 
of a nine stage mini-frac treatment. Cumu
latively, the surveys spanned from 8,700 ft 
to 9,610 ft with the perforation interval be
tween 9,225 ft and 9,330 ft. The result of 
an H/Z analysis of the data showed the 
following: 

• no seismic evidence of a hydraulic 
fracture before the treatment; 

• Post-Stage 2 of Mini-Frac No.1, top 
of the fracture at 9,175 ± 25 ft and 
bottom at 9475 ± 25 ft; and 

• Post-Stage 8 of Mini-Frac No.1, top 
of the fracture at 9,125 ± 25 ft and 
bottom at 9,425 ± 25 ft. 

Seismic data collected during and after the 
main hydraulic fracture treatment will be 
discussed in Sections 7.0 and 8.0. 

Field Operation and Data Acquisition 

In early December 1988, Teledyne Geotech 
recorded a pre-perforation baseline seis
micity survey (see Section 2.2.1.1). Data 
were taken at 24 depths between 9,610 and 
8,700 ft along an ascending traverse within 
the pressurized well. The pressure at the 
wellhead was fixed at 2,000 psi immediately 
prior to data recording at each depth. The 
24 depths were sufficient to determine a 
reliable background baseline. Table 6-4 
shows the recording depths and the occupa
tion times at each depth. Although not 
specifically shown in Table 6-4, typically 6 
minutes of 2,000 sample/sec data were 
recorded at each depth. For ease of report
ing and because of the consistency in the 
analysis of these data, only the results from 
a representative portion of this data set will 
be reported. 

On February 12, the post-perforation, pre
mini-frac microseismic data set was re
corded (see Section 2.2.1.2). Twelve depths 
were monitored. The "Pre-Frac" column of 
Table 6-4 indic::ates the depths occupied and 
the local (military clock) time of the record
ings. Note that the recording session con
sisted of interleaved ascending and de
scending travc3rses. At each depth, 4 min
utes of 2,000 sample/sec data were 
recorded. 

On February 17th, the actual mini-fracturing 
operation was performed. The' operation 
was divided into six pumping stages and 
three shut-in stages. During each pumping 
stage, the sonde was locked at the bottom 
of the hole. 
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Table 6-4 Depths (Relative to KB at 21.5 ft Above Ground Level) and Data Recording 
Inception Times (Local Military Clock Time) at the SFE No. 3--

Post-
Mini-Frae Minl-Frae Mini-Frae Main 

Depth, Pre-Perf Pre-Frae Stage 3 Stage 6 Stage 7 Massive 
ft Traverse Traverse Traverse Traverse Traverse Traverse 

8,700 03:50 
8,750 03:37 
8,800 03:18 
8,850 02:43 
8,900 22:24 
8,925 02:56 
8,950 22:41; 02:28 
8,975 22:48; 02:18 
9,000 02:02 18:21 09:22 12:00 18:04 22:58; 02:06 
9,025 01 :41 13:50 23:10; 01 :22 
9,050 01 :31 18:32 09:30 12:11 18:15 01 :11 
9,075 01 :21 13:41 
9,100 00:58 18:13 09:10 11 :52 17:54 23:20 
9,125 00:45 13:32 
9,150 00:25 18:39 09:38 12:20 18:30 00:57 
9,175 00:25 13:24 00:48 
9,200 00:14 18:05 09:02 11 :43 17:35 23:33 
9,225 00:02 13:58 
9,250 23:52 18:46 
9,260 23:47 
9,270 09:46 12:29 18:38 
9,275 23:43 
9,300 23:33 
9,325 23:23 
9,350 23:13 18:45 09:53 12:37 18:46 00:34 
9,375 23:02 13:16 
9,400 22:52 17:56 08:47 11 :30 17:21 23:53 
9,425 22:34 14:06 00:22 
9,450 19:56 19:02 10:02 12:44 18:55 00:07 
9,475 19:44 13:07 
9,500 19:33 17:48 08:35 11 :16 17:08 
9,525 14:14 
9,550 19:21 10:11 12:51 19:02 
9,575 12:59 
9,590 17:38 08:20 11 :03 16:56;19:18 
9,600 19:07 
9,610 18:51 

*for the Mini-Frac pump stages, time is relative to shut-in 
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During the first shut-in (Stage 3), a 12-depth 
microseismic survey was performed. Like 
the pre-frac survey the day before, this 
survey consisted of interleaved ascending 
and descending traverses with 4 minutes of 
2,000 sample/sec data recorded at each 
depth. The "Stage 3" column of Table 6-
4 Indicates the depths occupied and the 
clock time of the recording. Stage 6 micro
seismic monitoring consisted of 22 depth 
stations divided into 2 ascending and 2 
descending traverses. The "Stage 6" col
umn of Table 6-4 indicates the depths occu
pied and the clock time of the recording. 

During the final mini-frac shut-in stage (No. 
9). a 12-depth microseismic survey was 
performed. At the first three recording 
depths. 8 minutes of 2.000 sample/sec data 
were recorded; at the remaining depths. 4 
minutes of data were recorded. The "Stage 
3" column of Table 6-4 indicates the depths 
occupied and the clock time of the record
ing. Like the Stage 3 monitoring, the Stage 
9 monitoring was an interleaved ascending 
and descending traverse. 

Dsta Analysis and Results 

The first step in the SFE No.3 height deter
mination data analysis is shown in Figure 6-
14. The figure shows a comparison of 
average values of the RMS, or root-mean
square, of the background level of the data 
recorded before and during the mini-frac. 
These values were calculated from data sets 
in which the identifiable, discrete signals 
were removed and used 0.1-second win
dows on the sans signals data. As will be 
discussed below, some of the data sets 
recorded at SFE No. 3 had a very high 
level of electrical (60 Hz, harmonic) noise 
contamination. For this reason, all of the 
data used in the Figure 6-14 have been 60-
hertz comb-filtered (radius = 1.05). Because 
of the large variation in the data values, 
Figure 6-14 has been plotted in decibels 
(dB) relative to ground particle velocity of 1 

nm/s. For reference, a wellbore with the 
perforation interval indicated by the heavy 
lines is shown at the left in the figure. 

Some very interesting features are shown 
in Figure 6-14. First, note the very high 
background level of about 52 dB for the pre
mini-frac, post-perforation data. Since the 
motion data were taken with the well pres
surized and taking fluid, this level is probab
ly indicative of the fluid motion from the well 
into the formation. Note also, the extremely 
low level of about 25 dB of the mini-frac 
Stage 3 and Stage 6 data above the perfor
ations. At some of the stations, these data 
are below the pre-perforation RMS level. 
which should be the lowest baseline level 
for any of these data. The reason for the 
low level at these depths is not known. As 
a result of the analysis, only the data from 
post Stage 3 and Stage 9 were deemed 
reliable and were used for determining the 
height. 

Figure 6-15 is comparable to Figure 6-14 
with the exception that these data were 
calculated from the post-main fracture data 
set. Because the data were segmented, a 
number of values are given for various lev
els. The raw data used here did not have 
the 60-hertz noise problem; hence. Figure 
6-15 was ca.lculated from unfiltered, 0.1-
second RMS data. 

The apparently large variations seen in 
Figure 6-15 between 8,950 and 9,050 ft can 
be easily understood in conjunction with 
Table 6-4. The table shows these depths 
were repeat-observation depths, with the 
second monitoring occurring a minimum of 
2 hours after the first. The higher level 
values in Figure 6-15 (solid dots) were re
corded after the backfilling of the well that 
began at approximately 24:00. The higher 
background level was probably due to the 
subsequent fluid motion and tube wave 
noise. Note also above the 9,050-ft depth, 
the amplitude is about 20/25 dB comparable 
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to the Stage 3 and Stage 6 data plotted in 
Figure 6-14. 

As discussed above and previously (Fix and 
Others, 1989), the basis for the height deter
mination is the determination and analysis 
of the H/Z ratio as a function of depths, 
where H is the average of the RMS level of 
the horizontal motion component and Z is 
the same for the vertical component. The 
following figures show the values of H/Z 
calculated from the data at the various mon
ito rings. 

Figure 6-16 shows the HIZ ratios as a func
tion of depth using the unfiltered motion 
data from the pre-perforation recording tra
verse. For reference, the ResTech-deter
mined stress profile is also included in the 
figure. The main hydraulic fracture treat
ment data, which will be discussed in Sec
tion 7.0, have been high-pass filtered to 
eliminate the primary tool resonance pass
band below approximately 75 Hz. For com
parison, Figure 6-17 shows pre-perforation 
H/Z ratios after 75-hertz high-pass filtering. 

The most important characteristic in Figures 
6-16 and 6-17 is that no structure or height 
characteristic Is evident in the data. The 
H/Z ratios are consistently horizontal, show
ing H greater than Z with no abrupt change 
or Inversion. This characteristic is expected 
since no fracturing had occurred when the 
data were recorded and since it has been 
seen conSistently in pre-treatment data as 
described previously (Fix and Others, 1989). 
Figure 6-16 does show one interesting fea
ture. The amplitude of the unfiltered H/Z 
ratios seems to follow the lithology and the 
stress amplitude profile. The reason for this 
is not known. It may simply be a coinci
dence or it may be a demonstration of how 
the lithology affects ambient earth motion. 

Figure 6-18 shows the H/Z ratio as a func
tion of depth for the pre-mini-trac, post-per
foration data. These ratios were calculated 

from unfiltered data. H/Z ratios calculated 
using a variety of bandpass and combing 
filters produced essentially identical results. 
The unique and very unusual characteristic 
of Figure 6-18 is the consistency of H less 
than Z (I.e., H/Z negative in dB). This type 
of behavior in pre-frac data had never been 
seen prior to this data set. However, the 
reason for this behavior is easily explained 
in light of Figure 6-14. 

Figure 6-14 shows the background level of 
the pre-mini-frac, post-perforation data was 
uncharacteristically high considering the well 
had a minor amount of fracturing from the 
injection/ballout treatment. During this moni
toring, the well was pressured at approxi
mately 2,000 psi (wellhead pressure) and 
the formation was taking fluid. Under these 
Circumstances, Z greater than H at all 
depths was, probably, a signature of the 
fluid motion and associated tube waves. 
What is significant about this data set is that 
it does not contain much, if any, useful 
information. It is interesting to note that 
even though Z was greater than H, the 
amplitude of H/Z was very nearly constant. 

Figure 6-19 shows the H/Z ratios as a func
tion of depth for the mini-frac Stage 3 data. 
Because of noise contamination, especially 
a very high electrical noise (60 Hz plus odd 
harmonics), these ratios were calculated 
from data that was band passed between 
75 and 450 Hz and combed filtered for the 
60 Hz (comb radius = 1.05) noise. 

AS described in previous data sets (Fix and 
Others, 1989), the data in Figure 6-19 show 
the characteristic signature of the fracturing: 
an inversion in the H/Z ratio as a function 
of depth. Interpreting the H/Z inversion 
gives the top of the fracturing at 9,175 ± 25 
1t and the bottom of the fracturing at 9,475 
± 25 ft. 

The analysis of the mini-frac Stage 6 data 
was Inconclusive. The data were very noise 
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contaminated and could not be filtered to 
give any consistency in the H/Z ratio. There 
was, however, a hint in the data that the top 
of the fracture was effectively the same as 
the Stage 3 results. As a result, there will 
be not further discussion of the Stage 6 
data. 

Like the Stage 6 data, the Stage 9 data 
were very noisy. However, filtering of the 
data was effective in noise removal to give 
a consistent H/Z inversion. Figure 6-20 
shows the HIZ for the post Stage 9 monitor
ing. The data used in these calculations 
were low pass filtered at 450 Hz and 
notched (notch radius = 1.02) at 60 Hz and 
higher harmonics. Despite the anomalous 
H/Z value between the perforations, the H/Z 
inversion in Figure 6-20 gives the top of the 
fracture at 9,125 ± 25 ft and the bottom of 
the fracture at 9,425 ± 25 ft. These values 
of top and bottom indicate between Stages 
3 and 9, the top of the fracture grew up 
and the bottom of the fracture seemed to 
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close resulting in a shallower depth. Since 
the mini-frac did not include proppant, these 
dimensions are for the hydraulic size of the 
fracture. 

6.2.4 Analysis of Mlnl-Frac No. 1 With 
3-D Fracture Simulator 

Mini-Frac No. 1 data were analyzed by 
FRACPRO in three ways: net pressure mat
ches were obtained, the mini-frac dimen
sions were evaluated, and the main-frac 
dimensions were predicted. Each of these 
analyses are discussed in the following 
sections. 

6.2.4.1 Net Pressure Analysis 

Two matches of net pressure (bottomhole 
treating pressure minus closure pressure) 
were performed. One match, shown in 
Figure 6-21, utilized reseNoir stresses taken 
from the calibrated well log. Figure 6-22 

H/Z (dB) 
o 5 10 

8,950+---....~~"----'---r-------........ --.......,--+ 
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9,150 

9,350 

9,550 

Fracture Top 
9,125 +/- 25 ft 

Fracture Bottom _ 
9,425 +/- 25 ft 

Perforation Interval 

Figure 6-20 Mini-Frac Stage 9 HIZ Ratios Versus Depth 



1500 

1000 

500 

o 
0.0 

'T~-' ". 
., ....... L ....... >· 

". I 

2000 

1500 

.~ . . . . . . . . 
... . .... . .... or'" ... . .... or··········· ·· '[ ............. . 

••••••••. ~ .•.••.•.. -,... "'-:-;CC".-;-.-;-;J 1000 

J 
.: ........ ::~~~ .. ...:..:..: . . ....... . -. ., 

~~ I .:." .. ! .. : : '----. i : : . ......... .... : ... ............ : ........ ~:-:-"-J:. .... .. ....... ; ....... ....... ; .. ... .. " .. . .. 500 

''-.1 

100.0 

.. . ....... . . . .. .... . . : . . .. . . ...... . .. : .. . ... . .... .. ......... .. ..... . 

200.0 300.0 400 0 
Time (t-hnutes) 

o 

Figure 6-21 Mini-Frac No. 1 Pressure Match With Stresses From Logs 

2000 -- Meas'd Net (Ps 1l ---- Net Pr'essure (PsU 2000 

... ....... ~ ........ ...... :: .... .. ....... .. :. . .. . . . ...... ',' . . .. . . . ...... ; . . . . . .. ........ : ....... . ...... . ~ .. 

1500 .... . .......... : .......... .. . . :- . ........... . .; ... . . ... -: .......... . . . . -: ...... . ... . .... ; . . . ...... .. . . .. : .. .. ...... .. . . 1500 

1000 

500 

o 

. . 

· . .......... " ...... . ......... . ........... . · . . ..... .. : ...... .. . . .... . ~ ..... ....... . 
· . . . · . 

/:-:\ ....... : ...... .. 1000 

~ / ""-: 
···\,:········i 

\, : ~, il 
:,-....... -........... .1: 

---..... ..... ~ ..... . ....... ~.~. :-:--:--........... : .... : .. : .... ~ 

........... ;. ..... ":.;J .... ;. ... ... ....... .; ........ .. ... .. ~ ............... ~ ..... .......... ~ ............... ; ... .......... . 500 

0.0 100.0 200.0 

.. . . : ............ . . . ; ...... . . . 

300.0 400.0 
Time (f·llnutes) 

o 

Figure 6-22 Mini-Frac No. 1 Pressure Match With Modified Stresses 

f 
't1 ... 
I 
w c: 
j 
0 

~ 

§ 
" !. 

·145· 



illustrates the other match in which stresses 
were modified slightly to match more closely 
the measured net pressure response. 

A comparison of the log-derived stress with 
the modified stress for particular zones is 
given in Table 6-5. As seen in the "delta 
stress" column, some zones were not modi
fied at all. For zones in which stress was 
measured, the modifications resulted in 
stresses within 200 psi of the original, log
derived stresses. The maximum difference 
between values in zones without measure
ments was 400 psi. All stress modifications 
were positive, thereby creating higher stress 

contrasts between the perforated interval 
and layers above and below. The modified 
stresses are discussed again in Sections 
6.2.5 and 7.4. 

Frac fluid rheological properties for both 
matches, listed in Table 6-6, were based 
upon on-site rheometer measurements. 
These rheology data were modified to reflect 
the potential effects of temperature and 
water-shedding by gels (especially near the 
fracture perimeter). Leakoff parameters 
used in both matches are given in Table 6-
7, while the reservoir mechanical properties 
are given in Table 6-8. 

Table 6-5 Comparison of Stress Input for Each Layer for the FRACPRO Analysis 
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Top ,of Zone, 
ft 

9,030 

9,070 

9,115 

9,155 

9,170 

9,200 

9,250 

9,310 

9,340 

9,360 

9,380 

9,435 

9,455 

9,475 

9,575 

Log Stress, 
psi 

7,300 

7,800 

7,150 

6,600 

6,050 

5,600 

5,250 

5,850 

6,550 

7,300 

5,800 

6,400 

7,550 

8,400 

7,850 

Modified Stress, 
psi 

7,300 

8,200 

7,350 

6,600 

6,050 

5,800 

5,250 

6,050 

6,550 

7,300 

6,200 

6,700 

7,950 

8,400 

7,850 

Delta Stress, 
psi 

0 

400 

200 

0 

0 

200 

0 

200 

0 

0 

400 

300 

400 

0 

0 
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Table 6-6 Viscous Properties of the Fracture Fluid 

Gel Type 

Unxlinked n' 

Unxlinked k' 

Xlinked n' 

Xlinked k' 

Wbore Xlink 

Frac Xlink 

Vol Frac H2O . 
Fric P1 • ppt . 
Fric 01 • bbl/min . 
Fric P2 • ppt . 
Fric 02 • bbl/min 

2%KCI 

1.00000 

0.00002 

1.00000 

0.00002 

0.00000 

0.00000 

1.00000 

25.0000 

20.0000 

70.0000 

40.0000 

40-lbm 
linear 

0.56000 

0.01300 

0.56000 

0.01300 

0.00000 

0.00000 

0.98000 

25.6000 

20.0000 

40.0000 

40.0000 

* Fric P1 = psi/1000-ft of friction at fiowrate Fric 01 

Fric P2 = psi/1000-ft of friction at flowrate Fric 02 

40-ibm 
X-Link 

0.430000 

0.004400 

0.771000 

0.044000 

0.000000 

1.000000 

0.980000 

22.00000 

20.00000 

65.00000 

40.00000 

50-Ibm 
X-link 

0.43000 

0.06270 

0.72300 

0.06270 

0.00000 

1.00000 

0.98000 

20.0000 

20.0000 

55.0000 

40.0000 

Slickwater 

0.75000 

0.00010 

0.75000 

0.00010 

0.00000 

0.00000 

0.99000 

40.0000 

10.0000 

100.000 

20.0000 

50-Ibm 
linear 

0.43000 

0.06270 

0.43000 

0.06270 

0.00000 

0.00000 

0.98000 

10.0000 

10.0000 

100.000 

20.0000 



Table 6-7 Mini-Frac No. 1 Leakoff Parameters Used for the FRACPRO Analysis 

Formation Permeabiltiy, md 0.0065 

0.0010 

10.0 

100.0 

Initial Total Leakoff Coefficient, ftlv'min 

Reservoir Fluid to Filtrate Permeability Ratio 

Reservoir to Filter Cake Permeability Ratio 

Leakoff Interval Entire Fracture 

Table 6-8 Reservoir Mechanical Properties 
Used for the FRACPRO Analysis 

Top of 
Zone, Modulus, Poisson's 

ft psi Ratio 

. 
0 6,500,000 0.30 

9,180 8,700,000 0.18 

9,335 6,000,000 0.26 

* Although the interval from Oto 9,180 ft 
was assigned the same mechanical proper
ties, only the section from about 8,900 to 
9,180 ft was actually felt by the fracture. 

Perforation friction or other near-wellbore 
friction was calibrated by adjusting the num
ber of perforations taking fluid so as to 
remove discontinuities from the measured 
net pressure at rate changes. This resulted 
in 52 perforations, each 0.33 inches in diam
eter (an initial given value). 

lected by Teledyne Geotech during Mini
Frac NO.1. 

6.2.4.2 Mlnl-Frac Dimensions 

FRACPRO was used to evaluate the growth 
of Mini-Frac No.1. Figure 6-23, generated 
with log-derived stress data, traces the 
change In width, length, upper height and 
lower height over time. Similarly, Figure 6-
24 shows the dimensions that result using 
modified stresses. Dimensions at the end 
of each mini-frac stage are given for both 

Despite the treatment design which allowed 
for closure between stages, both matches 
indicated that closure did not occur between 
stages. Nevertheless, this fact did not signi
ficantly affect the microseismic data col-
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log-derived and modified stresses in Table 
6-9. 

With log-derived stresses, the maximum 
growth in upper and lower height was 137 
ft and 91 ft, respectively, or an interval from 
9,140 to 9,368 ft. Thus, the apparent per
meable zone from 9,225 to 9,325 ft was 
covered by the mini-frac. 

The maximum growth in upper and lower 
height using modified stresses was 133 ft 
and 91 ft, respectively, or an interval from 
9,144 to 9,368 ft. The calculated mini-frac 
dimensions covered the apparent permeable 
zone. As expected, the larger stress con
trasts in the modified stress profile gave 
correspondingly greater vertical confinement 
and greater length. 

In either case, the low stress zone from 
9,380 to 9,455 ft could not be confirmed nor 
denied from the analysis of data obtained 
during Mini-Frac No.1. 

6.2.4.3 Prediction of Main-Fracture Pres
sures and Dimensions 

Based on the analysis conducted on Mini
Frac No. 1 with associated best-fit param
eters (Tables 6-5 and 6-7), RES predicted 
the pressures and dimensions which would 
be associated with various main-fracture 
designs. RES postulated that a very small 
pad (about 5 percent) following Mini-Frac 
No. 2 would be sufficient, the idea being to 
get rapid fracture closure. However, the 
general consensus of the fracture design 
team tended toward larger pads. In particu
lar, the design shown in Figure 6-25, fa
vored early in the planning stages, involved 
a large pad as a "shadow frac." The pur
pose of the shadow frac was to aid in differ
entiating between the reservoir response 
behavior with and without proppant. 

Subsequent to the completion of SFE No. 
3, FRACPRO's ability to calculate and dis
play proppant distribution was upgraded 

Table 6-9 Mini-Frac No. 1 Dimensions at End of Pumping as Determined by 
FRACPRO Analysis 

Dimension Stage 1 Stage 2 Stage 3 Stage 4 

Using Stresses From Log: 

Fracture Wing Length, ft 312 643 718 686 
Fracture Upper Height, 1t 126 133 111 120 
Fracture Lower Height, ft 85 88 75 86 
Fracture Width (Max), in. 0.31 0.36 0.22 0.35 

Using Modified Stresses: 

Fracture Wing Length, ft 318 658 732 697 
Fracture Upper Height, ft 125 131 110 118 
Fracture Lower Height, ft 85 89 73 86 
Fracture Width (Max), in. 0.30 0.36 0.22 0.34 
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Figure 6-25 Net Pressure Prediction for Main Frac Based on Early 
Treatment Design 

substantially, the greatest impact being on 
calculations for treatments with optimized 
pad volumes. However, these changes did 
not significantly affect the calculations for 
SFE NO.3 because the pressure response 
was dominated by the in-situ stress distribu
tion; in comparison, the effect of proppant 
distribution was relatively minor. 

Based on information from Mini-Frac No.1, 
the predicted dimensions of the main frac
ture are shown in Figure 6-26; the propped 
dimensions are shown in Figure 6-27. As 
will be seen in Section 7.0, the final dimen
sions deduced from the main-fracture treat
ment data are quite close to those predicted 
on the basis of Mini-Frac No.1. Thus, a 
well-conducted minl-frac may yield the data 
required for fracture treatment optimization, 
while also serving to minimize leakoff during 
the main treatment. 

6.2.5 Analysis of Mlnl-Frae No. 2 With 
3-D Fracture Simulator 

6.2.5.1 Net Pressure Analysis 

Since Mini-Frac No. 2 bottomhole pressure 
data was acquired with a gauge in the dead 
tubing string, this data was used to calculate 
net pressure for the Minl-Frac No. 2 and 
main-frac pressure matches. A dead string 
specific gravity of 0.998, measured for the 
mair. frac, was used for both matches. 

Frac fluid rheological properties, shown in 
Table 6-6, were taken from on-site measure
ments and used for both the mini- and main 
fracs. These data were modified to reflect 
the potential effects of temperature and 
water-shedding by gels (especially near the 
fracture perimt3ter). Leakoff parameters for 
Mini-Frac No.2 and the main frac are given 
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In Table 6-10; they are comparable to those 
for Mini-Frac No.1 listed in Table 6-7. 

The net pressure matches for Mini-Frac No. 
2 and main frac are located in Section 
7.3.1. Like the Mini-Frac No. 1 analysis, 
this analysis yields one match generated 
with log-derived stresses and another match 
with modified stresses. These strGsses, 
found in Table 6-5, were discussed previ
ously. 

For Mini-Frac No.2, the pressure falloff after 
shut-in was characterized by an initial rapid 
decline, followed by an extended period of 
slow decline. A simple leakoff coefficient 
alone (Le., with constant fracture area or 
uniform stress) was not sufficient to match 
this behavior. Either the early or late shut-

in time portion of the falloff would have to 
be Ignored. The close-in stress contrasts 
influence the late time shut-in, a period 
when the net pressure curve declines very 
slowly. Thus, when analyzing pressure 
falloff data to determine leakoff coefficient, 
one should include the effects of stress 
contrasts and of continued fracture growth! 
contraction. 

6.2.5.2 Mini-Frac Dimensions 

Dimensions of Mini-Frac No. 2 calculated 
with both log-derived and modified stresses 
are located in Section 7.3.2 on the same 
figures as those for the main frac. Mini
Frac No.2 dimensions at the end of pump
ing are given by Table 6-11. 

Table 6-10 Mini-Frac No.2 and Main Frac Leakoff Parameters Used for the 
FRACPRO , Analysis 

Formation Permeabiltiy, md 

Initial Total Leakoff Coefficient, ftlJmin 

Reservoir Fluid to Filtrate Permeability Ratio 

Reservoir to Filter Cake Permeability Ratio 

Leakoff Interval 

0.0065 

0.0010 

10.0 

100.0 

Entire Fracture 

Table 6-11 Mini-Frac No. 2 Dimensions at End of Pumping as Determined 
by FRACPRO Analysis 

Dimension 

Fracture Wing Length, ft 

Fracture Upper Height, ft 

Fracture Lower Height, ft 

Fracture Width (Max), in. 

Using Stresses 
From Log 

967 

132 

87 

0.34 

Using Modified 
Stresses 

985 

129 

87 

0.34 
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7.0 Hydraulic Fracture Treatment of the Lower Cotton 
Valley Formation (Taylor Sandstone) 

7.1 TREATMENT OBJECTIVES AND 
DESIGN 

In SFE Nos. 1 and 2, GRI researchers 
attempted to control fracture height growth 
by manipulating the pump rate and the 
viscosity of the fluids. Unfortunately, there 
was Insufficient stress contrast to successful
ly limit fracture height even with these meth
ods. As a consequence, a near-circular 
fracture was created during most treatments. 

One goal of SFE No. 3 was to test the 
fracture diagnostic tools and techniques on 
a long, elliptical fracture. Afterwards, 
researchers could draw some conclusions 
regarding the real-time prediction for a varie
ty of fracture geometries. For SFE NO.3, 
the Taylor section of the Cotton Valley sand 
was chosen for the treatment because it 
was believed to be bounded by significant 
stress barriers. Such barriers make the 
growth of a long, elliptical fracture more 
likely. The main treatment was designed to 
create a propped fracture half-length of 
about 900 to 1 ,000 ft. 

The treatment design, along with the actual 
execution, is described in Table 7-1. The 
treatment consisted of 15 separate stages, 
the first being Minl-Frac No.2. The main 
distinction between Mini-Frac No.2 and the 
rest of the treatment was the presence of 
proppant in the main frac. The fracture 
treatment was pumped on March 16, 1989. 

After a short shut-in, the design called for 
a 1,000-bbl slickwater pre-pad to be 
pumped. The purpose of the slick pad was 
to initiate the hydraulic fracture and to prop
agate it using thin fluid. The thin fluid was 
to be followed by a 3,700-bbl thick pad 
(Stages 4 to 6). The early portions of the 
pad were designed for a 50-lbm/1000 gal 

delayed crosslink system. In Stage 5, 
12,600 Ibs of 100-mesh sand were to be 
added to evaluate the effects of sand on 
fluid entry pressures. Because substantial 
pressure increases were observed on previ
ous SFE wells when 100 mesh sand was 
used in the pad, it was Important to deter
mine if similar pressure responses occurred 
in the Cotton Valley. 

Following the thick pad, 5,500 bbl of gel 
were schedulE~d to be pumped while carrying 
1 ,184,000 Ibm of 20/40-mesh Ottawa sand 
at concentrations up to 8 Ibm/gal. The last 
stage was to consist of 300 bbl of slick
water as flush. 

In Staged Field Experiment No.2, one of 
the major concerns was to limit fracture 
height growth by minimizing fluid viscosity. 
For SFE No.3, no attempt was made to 
minimize viscosity. Instead, the design 
called for pumping a high viscosity fluid 
(1,000 cpl. Researchers then strived to 
keep viscosity constant downhole so that its 
effect on fracture height growth in the pre
sence of suspected barriers could be deter
mined. A liquid gel concentrate (LGC) sys
tem was uSHd to adjust the viscosity as 
required. 

Using this design, the size of the thick pad 
was 40 percent of the total volume. If one 
Included the pre-pad fluid, the total pad 
volume was designed to be 46 percent of 
the total fluid volume. Based on estimated 
values of pump time, shear rate and bottom
hole temperature, the fluid was designed to 
maintain apparent viscosity of between 900 
and 1,200 cpo According to the fracture 
treatment design model, a fluid viscosity in 
this range should have been sufficient to 
create a fracture wide enough to accept the 
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Stage 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Table 7-1 Fracture Treatment Design and Actual Treatment Volumes for SFE No. 3 

Fluid Volume, 
bbl 

Design Actual 

1,500 1,571 

0 0 

1000 576 

3000 2,908 

300 293 

400 477 

400 337 

500 500 

500 437 

600 623 

800 755 

900 807 

900 934 

900 935 

300 240 

Fluid 
Type 

40-lbm linear 

Shut-in 

Slickwater 

50-Ibm x-link 

50-Ibm x-link 

40-lbm x-link 

40-lbm x-link 

40-lbm x-link 

40-lbm x-link 

40-lbm x-link 

4O-lbm x-link 

4O-lbm x-link 

4O-lbm x-link 

4O-lbm x-link 

Slickwater 

Proppant 
Cone., 
Ibm/gal 

0 

0 

0 

0 

1 

0 

1 

2 

3 

4 

5 

6 

7 

8 

0 

Proppant Volume, 
Ibm 

Design Actual 

0 0 

0 0 

0 0 

0 0 

12,600 11,110 

0 0 

16,800 14,150 

42,000 41,120 

63,000 54,910 

100,800 105,330 

168,000 133,630 

226,800 227,250 

264,600 300,100 

302,400 292,420 

0 0 

Proppant 
Type 

none 

none 

none 

none 

100-mesh sand 

none 

20/40 Ottawa sand 

20/40 Ottawa sand 

20/40 Ottawa sand 

20/40 Ottawa sand 

20/40 Ottawa sand 

20/40 Ottawa sand 

20/40 Ottawa sand 

20/40 Ottawa sand 

none 



Table 7-2 Viscosity at 300 RPM of Batch-Mixed Fluid, SFE No.3 

Tank 
No. 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Gel 
Concentration, 
Ibm/1 ,000 gal 

50 

50 

50 

50 

50 

50 

50 

40 

40 

40 

40 

Table 7-3 

Temperature, 
of 

60.0 

59.6 

66.8 

64.0 

64.4 

62.4 

63.0 

64.4 

64.8 

66.0 

64.8 

Viscosity at 300 RPM of 
Continuous-Mix, 40-lbm 
Fluid, SFE No. 3 

Tank Temperature, Viscosity, 
No. of cp 

15 63.4 32.0 

16 64.8 40.0 

17 64.4 35.0 

18 65.4 33.0 

19 64.8 36.0 

20 66.2 30.0 

21 66.4 33.0 

22 65.6 33.0 
23 66.6 28.5 

Viscosity, 
cp 

50.0 

50.5 

45.0 

50.0 

44.0 

56.5 

56.0 

37.0 

35.0 

38.0 

34.0 
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proppant concentrations designed for SFE 
No.3 fracture treatment. 

7.2 TREATMENT MONITORING AND 
QUALITY CONTROL 

The hydraulic fracture treatment on SFE No. 
3 was pumped March 16, 1989. It was the 
focus of two different GRI research efforts: 
(1) measurement of fracture fluid rheology 
using the Rheology Van, and (2) 3-D frac
ture modeling utilizing the TAU. Each re
search project had its own requirements and 
needs with respect to monitoring. The treat
ment requirements were met and each con
tractor obtained the data necessary for their 
analysis. The following sections discuss in 
more detail the types of data measured and 
the analysis results. 

7.2.1 Quality Control of the Fracturing 
Fluids 

The GRI Rheology Van was on location to 
measure fracture fluid properties both before 
and during the actual treatment. In addition 
to the measurement of fluid properties, a 
total inventory of all materials and fluids was 
taken before and after the treatment. An 
analysis of each water tank, including total 
chlorides, iron content, bacteria culture, pH, 
phosphates and temperature, was con
ducted. 

For SFE No.3, the fracturing service com
pany was allowed to batch mix approximate
ly one-half of the fluid prior to the treatment. 
Afterwards, they utilized a liquid gel concen
trate to mix fluids semi-continuously for the 
remainder of the treatment. 

As illustrated in Table 7-2, considerable 
variation in linear gel viscosity of the batch
mixed fluids was observed. As shown In 
Table 7-3, there were also considerable 
variations in the linear gel viscosity of the 
continuously mixed fluids. Because the 
same LGC blender was used for batch 
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mixing and the semi-continuous mixing, it is 
reasonable that variations observed in one 
would also be observed in the other. None
theless, variations of this magnitude should 
not have been present at all. The LGC 
system should have provided tighter control 
over the mixing process. From these obser
vations, it is apparent that additional work 
will be required by the service industry to 
help minimize these problems. 

Prior to the treatment, actual crosslinked 
viscosities at downhole temperature were 
measured for each tank of batch-mixed gel 
using the Model 50 viscometers in the Rhe
ology Van. These tests help to ensure the 
actual· gel mixed in the field would behave 
as expected during the treatment. Figure 
7-1 presents the viscosity behavior of two 
samples of 50-Ibm gel at a reservoir temper
ature Of 2500 F. These pre-mixed samples 
contained all the additives used during the 
actual treatment. In general, the viscous 
behavior of this fluid is very consistent. 

Figure 7-2 shows data measured on two 
samples of 40-lbm gel. The difference In 
viscosity shown with these samples is often 
observed in the field because it is very 
difficult to mix precisely and test each sam
ple in an identical manner. Therefore, the 
field data are usually normalized by averag
Ing the results from two to three tests. 

Figure 7-3 is a plot of viscosities at bottom
hole temperature conditions for 40-lbm fluid 
(continuous mix) samples taken during the 
actual treatment. Again, similar variations 
in viscosities were observed. These varia
tions are likely due to the effect of crosslink
er on variable gel concentration. 

Generally, job execution during SFE No. 3 
was satisfactory, and service company ef
forts were probably typical of those ex
pended on a routine fracture treatment. 
Most researchers working to define fracture 
geometry understand that there will be varia-
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tions in downhole viscosity caused by the 
mixing process. If service companies im
prove their ability to mix gels during the 
treatment, then such variations in fluid prop
erties may become less of a factor in real
time analysis of fracture treatments. 

7.2.2 Measurement of Fracture Treat
ment Data 

The treatment was pumped down the cas
ing-tubing annulus so that the bottomhole 
injection pressures could be recorded by a 
pressure gauge run inside the tubing. Bot
tomhole treating pressures, as well as cas
ing and tubing pressures, are illustrated in 
Figure 7-4. Figure 7-5 profiles the proppant 
concentration as well as the cross-linker, 
LGC, slurry and diesel flowrates. Traces of 
the base gel viscosity, the clean and slurry 
pH levels, and the downhole and fluid tem
peratures are provided by Figure 7-6. 
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As can be seen by the comparison of de
sign and actual volumes in Table 7-1, the 
fracture treatment was pumped essentially 
as designed. A total of 9,006 bbl of 50-
and 40-lbm fracturing fluid were pumped 
during the main fracture treatment. This 
volume was in addition to 1 ,281 bbl of 40-
Ibm linear gel pumped in the mini-frac just 
prior to the main frac. A total of 1,168,910 
Ibm of 20/40 Ottawa sand was pumped at 
a maximum proppant concentration of 8 
Ibm/gal. 

The average treating pressure was approxi
mately 3,000 psi with an injection rate of 50 
bbl/min. A more detailed record of the 
treatment can be found in Appendix 3. 

There were rate changes during the main 
treatment that indicated that the perforations 
were probably eroding. The impact of this 
erosion on the net pressure analysis is 
discussed in the following section. 
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7.3 ANALYSIS WITH 3-D FRACTURE 
SIMULATOR 

7.3.1 Net Pressure Analysis 

The main-frac net pressure match that is 
generated with log-derived stresses (Table 
6-5) is given in Figure 7-7. The pressure 
match using modified stresses (Table 6-5) 
is shown iu Figure 7-8. The main trac 
treatment actually begins just after 250 
minutes; the time before corresponds to 
Mini-Frac No.2 and the subsequent shut
in. For both matches, the curves for mea
sured net pressure have been corrected for 
the measured reduction in near-wellbore 
friction. 

Fracture fluid rheological properties were 
taken from on-site rheometer measurements 
and were given in Table 6-6. As was dis
cussed previously, the fluid rheological prop-
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erties were modified somewhat to account 
for temperature effects and, more important
Iy, for the details of leading edge response 
(I.e., most of the pressure drop occurs near 
near the fracture perimeter). Leakoff param
eters (Table 6-9) are the same as those for 
Mini-Frac No.2. 

Comparison of Figures 7-7 and 7-8 reveals 
that Figure 7-8 (modified stresses) contains 
the better match. In Figure 7-7, the rapid 
drop in calculated net pressure at approxi
mately 300 minutes corresponds with the 
pOint when the fracture reached the low 
stress zone Indicated by the log-derived 
stress data at 9,380 to 9,455 ft. However, 
the measured net pressure curve shows a 
much smaller drop. This discrepancy was 
the rationale for Increasing stress in this 
zone, an interval in which no measured 
stresses were taken. 
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As was mentioned previously, the measured 
net pressure curves were corrected for per
foration erosion (or other reduction in near
wellbore friction) indicated by the bottomhole 
pressure response to changes in slurry rate 
during the main treatment. Consider Figure 
7-9 which presents three curves: the slurry 
rate, the measured net pressure with con
stant perforation friction, and the model net 
pressure using modified stresses. The 
measured net pressure has a discontinuity 
upon shut-in at about 480 minutes. This 
behavior indicates that, at the end of the 
job, excessive perforation friction was sub
tracted from the bottomhole pressure to 
arrive at measured net pressure. 

Table 7-4 shows the perforation erosion 
history calculated on the basis of bottomhole 
pressure response to rate changes during 
the main frac. From 330 to 480 minutes 
(shut-in), the average perf diameter changed 
from 0.330 in. to 0.444 in. Zero pump time 
is the same as zero time on the pressure 
match plots. 

To reconcile the mini- and main-frac shut
in pressure declines, the entire fracture was 
assumed to be leaking off. Nonetheless, 
there were a number of early events after 
the main-frac shut-in at 480 minutes. A 
short-time rapid drop (which could be just 
equilibration In the fracture) is followed by 
a very slow pressure falloff (which could cor
respond to pinching by barriers). The sub
sequent acceleration of falloff at about 525 
to 570 minutes (thought perhaps to be asso
ciated with break-out into a permeable stra
tum above) was just stabilizing when flow
back was initiated at 570 minutes. Thus, 
the match -- which missed many of the 
above details -- can be viewed only as 
indicative of an onsetting trend, perhaps 
consistent with Mini-Fracs Nos. 1 and 2. A 
much longer post-fracture falloff period 
would certainly have provided for a more 
definitive interpretation. 
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7.3.2 Main-Fracture Dimensions 

The created dimensions of the main fracture, 
based on fracture modeling, are given in 
Figures 7-10 and 7-11 for log-derived 
stresses and modified stresses, respectively. 
The change in upper and lower height, the 
length and the width are shown over the 
course of the mini- and main frac treat
ments. Similarly, the propped dimensions 
with both log-derived and modified stresses 
are illustrated by Figures 7-12 and 7-13. 
Table 7-5 lists the main-frac dimensions at 
the end of the shut-in. Fracture height 
interpretations based on microseismic data 
are presented in Section 8.4. 

The predicted dimensions calculated by 
using either log-derived or modified stresses 
were similar. For example, the fracture 
wing length using log-derived stresses was 
1 ,751 ft; it was 1 ,819 ft using modified 
stresses. The propped length estimates 
were 1 ,403 ft and 1 ,441 ft for log-derived 
and modified stresses, respectively. The 
modified stress profile gave lengths approxi
mately 4 percent greater and total heights 
approximately 3 percent smaller than the 
stress log profile. 

Proppant profiles for the main frac at shut
in are the subjects of Figures 7-14 through 
7-17. In Figures 7-14 and 7-15, different 
shadings and patterns represent the concen
tration (in Ibm/tt) of proppant in the fracture. 
The corresponding stress profiles are also 
indicated: log-derived stresses for Figure 7-
14 and modified stresses for Figure 7-15. 

The next two figures give similar information 
except that the proppant is shown in terms 
of the volume fraction of proppant within the 
slurry. Figures 7-16 and 7-17 are for log
dervived and modified stresses, respectively. 
Because the slurry becomes immobile at 
volume fractions of roughly 0.5 and above, 
figures of this type can indicate whether 
there is any possibility of screen out. 



--- Slurry Rate (Bpm) 
100.0 __ "eas'd Net (PS1·) 

2000 t 
__ ~~M~~~~ __ .~~ __ ~ __ ~ __ ~--_-~Ne~t~pr~;e~s~s~ur~e~~(P~5~1~) __ ~ 2000 

. ...... ; ......... ~ ......... ~. .. . ... ..................... . . ....... , ..... . .. .. : .. .. ...... : ... .. ..... : . . ........ : ......... . . . . .. . .. . . . 
75.0 
1500 .... ........... . . ; .... J.~>/~ 1500 

......... ~ ... .. .... ~ .. .. .... . " ......... ~ .. . . .... . :' . ..... . '\ ...... .. ', .... ... .. " . . . . ... . 

50.0 
1000 "i /i;· •. ·· .... ~ ..........•..................... t/ r~I-···· .,~: ~:~:~:~~;~:ll!········ ·· · ···· 1000 

25.0 
500 

'!J"\ 1':'''<: '' ..•......... : r'" r I····· ' ...•..........•..........•..... Iii. .........: ....... . 
I. ' . " . .......... ······I··.I..~t ...... . 500 

': : --" .. 11 I : 1'1 .! . I, 
.... J ···t.······· ....... ..... .. .. ···:···i(h ·········· 

0.0 :i : "i 

o +L--~--~~~-L--~--~--~F~------~--~-L~--~---+ 
0.0 100.0 200.0 300.0 400.0 500 0 600.0 

Time (l'-llnutes) 

Figure 7-9 Profiles of Slurry Rate, Measured Net Pressure Without Erosion 
Correction, and Model Net Pressure Using Modified Stresses 

Table 7-4 Main-Frac Perforation 
Erosion History 

Pump Perf Numloer 
Time, Diameter, of 
min In. Perfs 

0.0 0.330 52 

330.0 0.330 52 

380.0 0.394 52 

410.0 0.394 52 

480.0 0.444 52 
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Figure 7-11 Main Fracture Created Dimensions During Treatment Using 
Modified Stresses 
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Figure 7-12 Main Fracture Propped Dimensions During Treatment Using 
Log-Derived Stresses 

400.0 --- Prop Lower Ht (Ft) --. - Prop Cone (Lb/Ft2) 4 000 
-- Prop Length (Ft) ---- Prop Upper Ht (Ft) 2000 i-----~~~--~~--~~--~ ____ ~ __ ~ ____ ~~.~+-__ ~ ____ ~ __ --+400 0 

300.0 
1500 

200.0 
1000 

100.0 
500 

0.0 
o 

.. .. . · . . . . . . .. . ... .... . ; ... ..... . ~ ......... ,,: ......... .: ..... .. ... : ...... .... : .......... : .......... : ........ .. ~ . . . .. . ........ .... . . . ... .. . .. ... .. . · . . . . · . . . . · . . . . · . . . . · . . . · . . · . . .. ... .... .... ...... : ..... ..... :- ......... : ...... .... : ......... -: ......... -: ... ... .. . .... ... . -: .... ...... : ... . ..... : ........ . 
. . . 

.. ... . · . . . . . . . . . ... . •... : ......... ~ •. ...... • ~ ......... -: ..... ••... : .......... : .•. •• . . , .. : .•........ :.0 .. .. . .. . . . . 

. . .. 
••••• • • • ~ ............ . . ...... _o . . . .... . ... . ..... . .. ~ •••• • ••• ow •• • •••••• _ ••• · .. . · .. . 

. . . . ... : .... ... ... : .. ........ ; ........ . ;- ....... . . . . . . . . 

3.000 
300.0 

2.000 
200.0 

1.000 
100.0 

0.000 
0.0 

0.0 100.0 200.0 300.0 400.0 500.0 600.0 
Tlme (Mlnutes) 
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Table 7-5 Main Fracture Dimensions at End of Shut-In 
as Determined by FRACPRO Analysis 

Stresses Modified 
Parameters From Log Stresses 

Fracture Wing Length, ft 1,751 1,819 

Fracture Upper Height, ft 170 166 

Fracture Lower Height, ft 200 192 

Fracture Width (Max), in. 0.72 0.72 

Fracture Aspect Ratio 9.46 10.2 

Propped Length, ft 1,403 1,441 

Propped Upper Height, ft 136 130 

Propped Lower Height, ft 160 154 

Proppant Concentration, Ibm/ft2 1.85 1.88 

Propped Aspect Ratio 9.48 10.1 
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Figure 7-14 Proppant Concentration Profile at Treatment Shut-In Using 
Log-DerivedSuesses 
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Figure 7-17 Volume Fraction of Proppant in Slurry at Treatment Shut-In 
Using Modified Stresses 

Figures 7-16 and 7-17 reveal that there was 
little or no risk of screen-out. In addition, 
the concentration results using the two 
stress profiles were quite similar, as they 
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were for the dimensions. The average 
proppant concentration for the modified 
stress profile was about 2 percent less than 
for the log-derived stress profile. 



8.0 Post-Fracture Analysis 

8.1 PRODUCTION PERFORMANCE 

SFE No. 3 was fracture treated on March 
16, 1989, and post-frac production began 
the following day. It continued for 89 days 
at which time a post-frac pressure buildup 
test was performed. 

Figure 8-1 illustrates the post-frac production 
history up to the time of the pressure build
up test. Gas production began after approx
imately four days of flow during which 1 ,890 
bbl of water were produced prior to gas 
breakthrough. As illustrated, the gas rate 
steadily increased until it eventually stabil
ized at approximately 500 MCFD. Mean
while, the water rate continuously decreased 
before leveling off at approximately 25 BPD. 
On April 22, the well was opened to the 
sales line. The gas rate dropped to its final 

value of about 325 MCFD, flowing against 
a line pressure of 775 psi. 

On June 16, the well was shut in for an 
extended pressure buildup test. Total post
frac production at that point was 34,127 
MCF of gas, 8,992 bbl of water and 244 
bbl of condensate. The final flow rates 
prior to shut-in were 320 MCFD, 24 BWPD 
and 2 BCPD. 

8.2 CONVENTIONAL WELL TEST AND 
PRESSURE BUILDUP ANALYSIS 

Following the post-fracture production period, 
SFE No. 3 was shut in for an extended 
pressure buildup test on June 16, 1989 and 
it remained shut in until July 14, 1989. 
Total shut-in time was 661 hours. A sur-
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face-readout quartz pressure gauge was 
used to monitor the bottomhole pressures 
during the buildup test. The flowing bottom
hole pressure at the start of shut-in was 
1,871 psia. By the end of the shut-in peri
od, the bottomhole pressure increased to 
2,731 psia. 

Figure 8-2 shows a logarithmic plot of shut
in time vs. change In pressure during the 
pressure buildup test. Qualitative analysis 
of this plot shows that pseudo-radial flow 
was not reached and, therefore, a semi-log 
analysis was not applicable. As a result, 
this buildup test was evaluated quantitatively 
using type curves and linear flow analysis. 

Cinco type curves (Cinco, 1978) were used 
to obtain the match shown in Figure 8-2. 
An acceptable match of the late-time data 
was obtained which indicated that a short, 
high conductivity fracture was achieved. 
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The calculated reservoir and fracture proper
ties are listed in Table 8-1a. The same 
values for net gas pay (40 ft), total porosity 
(9.2 percent) and water saturation (30.0 
percent) used for the post-mini-trac pres
sure buildup test were also used for this 
analysis since the fracture treatment analysis 
indicated that the fracture stayed contained 
mainly within the Taylor interval. 

To verify the Cinco type-curve analysis, a 
similar analysis was performed using the 
Ramey-Barker type curves (Barker and 
Ramey, 1978). Unlike the Cinco curve, the 
Ramey-Barker curve used assumes infinite 
conductivity fractures; it also takes into ac
count wellbore storage. A good match of 
the actual data was obtained, as shown in 
Figure · 8-3. The results of the Ramey
Barker type-curve analysis, which assumed 
the same values tor the formation properties, 
are given In Table 8-1b. 

k : 0.02 md 
Lf : 196 It 
Cr : 96 
wkf = 1170 

EQUIVALENT ADJUSTED TIME, hours 
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Figure 8-2 Cinco Type-Curve Analysis Assuming Finite Conductivity 
Hydraulic Fracture 



Table 8-1 a Results of Cinco Type-Curve Match of Post-Fracture 
PBU Data 

In-Situ Permeability to Gas (kg), md 

Fracture Conductivity (ro~), md-ft 

Dimensionless Fracture Conductivity (Cr) 

Propped Fracture Half-Length (It), ft 

0.020 

1,170 

96 

196 
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Figure 8-3 Ramey-Barker Type-Curve Analysis Assuming Infinite 
Conductivity Hydraulic Fracture With WeI/bore Storage 

Table 8-1b Results of Ramey-Barker Type-CurvE~ Match of Post
Fracture PBU Data 

In-Situ Permeability to Gas (kg), md 

Fracture Conductivity (ro~), md-ft 

Dimensionless Fracture Conductivity (Cr) 

Propped Fracture Half-Length (It), ft 

0.021 

1,100 

> 100 

171 
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Figure 8-4 presents a linear flow analysis of 
the pressure buildup test. The straight line 
portion of the curve at square-root-of-time 
less than 10 represents an early linear flow 
period. Based on the gas permeability from 
the type-curve analyses (0.020 md) and the 
slope of this early straight line, the propped 
fracture length was calculated to be 206 ft. 

Although the type-curve analysis indicated 
that the semi-log, or Horner, plot could not 
be used to estimate the actual permeability, 
the semi-log plot could be used to approxi
mate the maximum permeability as well as 
the reservoir pressure. Figure 8-5 presents 
the results from the semi-log analysis. 

If one used the apparent straight line 
through the last few data points, the esti
mated permeability would be 0.042 md with 
a skin factor of -4.9. However, had the 
shut-in been continued until the proper 
straight-line portion was reached, the pres-

1500 

0 

sure curve would have continued to bend 
upwards so that the slope of the later data 
paints continuously increased. Of course, 
this behavior assumes there are no mitigat
ing factors such as a boundary. An in
crease in slope translates into a decrease 
in the estimated permeability. Therefore, the 
estimated permeability based on the slope 
of the last data points is a maximum value. 

To approximate reservoir pressure, a straight 
line was drawn from the last data point. Its 
slope was that which would result in a per
meability of about 0.020 md. Extrapolating 
this straight line to infinite shut-in time (Hor
ner time = 1) indicates a p' of at least 
3,600 pSia. This extrapolation, which proba
bly results in a good estimate for average 
reservoir pressure, assumes the following: 
the flow time was chosen correctly; the flow 
would have settled into radial flow during the 
extrapolated period; and there are no signifi
cant boundary or interference effects. 
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Figure 8-4 Linear Flow Analysis of Post-Fracture Buildup Test 
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Figure 8-5 Horner Analysis of Post-Fracture Buildup Test 

All of the different analysis methods agreed 
well. A summary of each analysis and a 
listing of the plotting functions and input 
parameters are included in Appendix 3. The 
combined results of the various conventional 
analyses are given by Table 8-1c. 

Even though the conventional analyses of 
the post-fracture pressure buildup data pro
vided consistent results, it is not believed 
that the results accurately describe the re
servoir. The estimates of kh = 0.8 md-ft 
and k = 0.02 md are probably accurate. 
The estimates of '-t = 200 ft and rokt = 1 ,170 
md-ft only depict the portion of the hydraulic 
fracture that has "cleaned-up" and is affect
ing gas flow at the time of the pressure 
buildup test. 

Based upon both the size of the hydraulic 
fracture treatment pumped on SFE No. 3 
and upon previous experience gained pri
marily during the GRI Tight Sands Research 

project during the past six years, it was 
obvious to researchers that a fracture longer 
than 200 ft was created and propped. The 
fracture was there, but the majority of it had 
not cleaned up enough to affect either the 
gas production or the pressure buildup test 
data. 

The conventional analyses methods assume 
single-phase fl()w of a constant viscosity, 
constant compressibility fluid. The methods 
also assume the fracture conductivity is 
constant in time and space. To overcome 
these assumptions, numerical simulation 
models must bl3 used to history match the 
production and pressure buildup data. 

8.3 RESERVOIR SIMULATION 

8.3.1 Description of Models 

Reservoir simulation can account for numer
ous factors that cannot be adequately 
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Table 8-1c Combined Results of Analytical Analyses of Post-Fracture 
PBU Data . 

Net Gas Pay (h), ft 40 

Total Porosity (4)), % 9.2 

Water Saturation (Sw)' % 

In-Situ Permeability (kg), md 

Fracture Conductivity (ro~), md-ft 

Dimensionless Fracture Conductivity (Cr) 

Propped Fracture Half-Length (~), ft 

30.0 

0.020 

1,170 (-00) 

93 

200 

modeled by conventional analytical tech- into three categories, presented below in 
niques. Examples include the following: Table 8-2. 

• multi-phase (gas-water) flow; 

• fracture cleanup and gas break
through behavior; 

• reservoir heterogeneity; and 

• multi-layered reservoirs. 

These factors can significantly impact the 
evaluation of post-fracture well performance. 
In SFE No.3. multi-phase flow and fracture 
fluid cleanup are particularly important. 
Following the main fracture treatment. SFE 
No.3 produced only water for several days. 
Moreover. water rates of at least 100 BPD 
were recorded for over two months. During 
the remaining producing period. the well 
produced at a water/gas ratio of about 0.1 
bbIlMCF. To properly simulate the effects 
of fracture fluid cleanup and subsequent 
water production, a multi-phase model must 
be used. 

Several models have been used to simulate 
flow from the Taylor sandstone completion 
in SFE No.3. The models can be grouped 
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Table 8-2 Description of Models Used 
in SFE No. 3 History Matching 

Model Model Phase 
Type Geometry Configuration 

1-0 Radial Single-Phase Gas 

II 2-D Areal Single-Phase Gas 

III 3-D Areal Two-Phase Gas-Water 

Schematics of the model geometries. radial 
and areal. are presented in Figure 8-6. 
When analyzing post-fracture performance, 
S.A. Holditch & Associates. Inc. generally 
starts with simpler models. then proceeds 
to more complex models to increase the 
accuracy of the results. The simplest 
models are the single-phase radial systems, 
such as Type I. Type II models add com
plexity by modeling the fracture. but these 
are also considered relatively simple be-
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cause multi-phase flow is not taken into 
account. Model complexity is further in
creased by moving from a radial geometry 
to an areal geometry. The final increase in 
complexity occurs when moving to a three
dimensional model and adding the water 
phase to the problem, as in Model Type 
III. 

The primary advantage of the simple models 
is speed. Radial models and single-phase 
models require considerably less computer 
time. Therefore, these models can be used 
to obtain qualitative and, to a limited degree, 
quantitative estimates of the fracture and 
reservoir properties required to match the 
post-fracture well history. Once an accept
able estimate of reservoir and fracture prop
erties is obtained with the simple models, 
more sophisticated models can be used to 
obtain a final history match of the reservoir 
performance. 

The use of radial models in history matching 
a hydraulically-fractured reservoir requires 
the transformation of fracture properties from 
a linear flow system to a radial flow system. 
In a radial model, the fracture is modeled 
by using a hydraulic fracture radius (rf) that 
is related to the fracture half-length (~) by 
the following equation: 

44 
rf::::;; -

21t 
Eq. 8-1 

This equation Simply assumes that the 
cross-sectional area of the radial fracture 
system at a radial distance of rf is equal to 
the cross-sectional area of the four sides of 
a hydraulic fracture with a half-length of Lr. 
Once a hydraulic fracture radius is obtained, 
the storage volume of the radial fracture 
system (<\>,) can be equated to the volume 
of the hydraulic fracture (<\>f) using the Equa
tion 8-2: 

24CO<\>f 
<\>r = 2 

1tr f 

Eq. 8-2 
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where 0) = fracture width. Using these two 
equations, a hydrauliC fracture can be simu
lated in a radial model (Type I). 

8.3.2 Analysis Using Type I Model 

Results of the radial model history matching, 
shown in Figure 8-7, were very similar to 
the conventional analytical results. An ex
cellent match of the observed bottomhole 
pressures during the post-fracture pressure 
buildup test was obtained. The input par
ameters appear in Table 8-3a. 

8.3.3 Analysis Using Type" Model 

The next step in the history matching pro
cess was to use a 2-D, single-phase, finite
difference reservoir simulator so that the 
propped fracture could be more accurately 
modeled. Initial input to this model was 
based on the results of the conventional 
analyses and the 1-D, Single-phase model. 
Reservoir and fracture properties, such as 
permeability and fracture length, were varied 
as necessary to obtain the best match pos
sible. 

Figure 8-8 presents the results of the first 
match obtained using thiS model. The 
match was based on the properties listed in 
Table 8-3b. These results were very similar 
to those achieved with both the conventional 
analyses (I.e., Horner analysis and type
curve analysis) and the Type I model simu
lation. However, the calculated fracture half
length was much less than the original de
sign value of 1,000 ft as well as the results 
of the fracture treatment analysis (Section 
7.3). Based on previous results from the 
GRI Tight Gas Sands Research Program, 
it was suspected that the Single-phase 
analyses results would not be indicative of 
the actual propped fracture length because 
of the water that still remaIned both in the 
fracture and in the reservoir when the pres
sure buildup test was run. 
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Figure 8-7 Results of 1-0, Single-Phase, Radial Model History Match 

Table 8-3a Parameters for 1-0, Radial, Single-Phase Model (Type /) 

Net Gas Pay (h), ft 

Formation Permeability (k), md 

Fracture Conductivity (c.okt) , md-ft 

Dimensionless Fracure Conductivity (Cr) 

Hydraulic Fracture Radius (rf), ft 

Equivalent, Infinite Conductivity, Fracture Half-Length (It), ft 

40 

0.011 

146 

229 
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Table 8-3b Parameters for 2-D, Areal, Single-Phase Model (Type /I) 

Net Gas Pay (h), ft 

Formation Permeability (k), md 

Fracture Conductivity (rokt), md-ft 

Dimensionless Fracure Conductivity (Cr) 

Fracture Half-Length (It). ft 
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Attempts were made at simulating a much 
longer fracture and accounting for the "un
seen" portion of the fracture by varying the 
fracture conductivity down the length of the 
fracture; thus, the conductivity would be 
high near the wellbore, decreasing out to 
the tip. Initially, very long fractures were 
simulated with no success. Reasonable 
matches of the production data and the 
pressure buildup data could not be obtained 
until the fracture length was reduced. 

The final match using this approach is 
shown in Figure 8-9. Reservoir and fracture 
properties used to obtain the match are 
presented in Table 8-3c. Although the cur
vature of the simulated data in Figure 8-9 
is not exactly that of the observed data, 
this match is sufficient to show that a longer 
total fracture length may be present. If so, 
the fracture conductivity away from the well
bore is apparently much less than the con
ductivity near the wellbore. 

8.3.4 Analysis Using FAST 

The final single-phase analysis performed 
on the SFE No. 3 post-fracture tests was 
accomplished using FAST. This model, 
which uses semi-analytic solutions, is being 
developed for GRI by Texas A&M University. 
FAST is designed to run much faster than 
a finite difference reservoir simulator and to 
give accurate results when history matching 
actual data or predicting future production. 
Figure 8-10 presents the graphical results 
of this history match. Analysis results used 
to generate this match are shown in Table 
8-3d. 

This match yielded an acceptable estimate 
of the reservoir and fracture properties. 
Moreover, FAST was much easier and faster 
to use than the more complicated, finite 
difference models. Still in the development
al phase, this model should be completed 
in 1990. thus providing a useful tool for 
analyzing gas reservoirs. 

8.3.5 Analysis Using a Type \\I Model 

Because of the water introduced into the 
system via the fracture treatment, this prob
lem should actually be treated as a two
phase flow situation. Correct modeling of 
the gas and water flow is essential to deter
mine the actual fracture and reservoir par
ameters. A two-phase analysis (Model Type 
III) will also result in a better prediction of 
reserves and fl,Jture flow rates for SFE No. 
3. 

The simulator used in this portion of the 
study (SABRE) was a three-dimensional, 
three-phase reservoir simulator. Only two
phase (gas-water) flow was considered in 
this work because the well produced only 
gas and water with negligible amounts of 
condensate. A two-dimensional areal model 
was deemed. sufficient for this study. 
Assuming a symmetrical drainage area and 
two equal wing-lengths of the fracture, only 
a quarter of th:e total area was simulated. 
Volumetric consistency was accounted for 
by using an interval thickness four times 
the actual thic~ness of the reservoir. 

The total numper of grids (or blocks) for 
the model was23 x 15 x 1 (in the x, y and 
z axes, respectively), where the x-axis was 
along the fract~re and the z-direction was 
the thickness. ,Twenty out of 23 grids were 
assigned for th~ fracture. Permeability and 
porosity were varied within the fracture grids 
to represent th~ propped and created frac
ture zones. Finer grids were used near the 
transitions be~een the propped and created 
fracture zones' and between the created 
fracture and the matrix. Figure 8-11 shows 
a diagram of the model grid system. 

Reservoir data .and rock properties used for 
the initial estimates came from core analy
ses, log analyses and the single-phase, 
post-fracture. pressure buildup analysis. 
History matching in this study was divided 
into three stages: (1) water injection; (2) 
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Table 8-3c Parameters for 12, Areal, Single-Phase Model (Type II) With Variable Fracture 
Conductivity 
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Net Gas Pay (h), ft 

Formation Permeability (k), md 

Average Fracture Conductivity ((j)~), md-ft 

Average Dimensionless Fracure Conductivity (Cr) 

Total Fracture Half-Length (It), ft 

Fracture Segment Length for Variable Conductivity Calculations, ft 

Fracture Conductivity of First Fracture Segment ((j)~), md-ft 

Fracture Conductivity of Second Fracture Segment ((j)~), md-ft 

Fracture Conductivity of Third Fracture Segment ((j)~), md-ft 

Fracture Conductivity of Fourth Fracture Segment ((j)~), md-ft 

40 

0.010 

36.0 

3.58 

320 

80 

10,000 

1,000 

100 

10 
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Figure 8-10 Results of Semi-Analytic Reservoir Model (FAST) History Match 

Table 8-3d Parameters for 2-0, Single-Phase, Semi-Analytic Model (FAST) 

Net Gas Pay (h), ft 

Formation Permeability (k), md 

Fracture Conductivity (rokt), md-ft 

Dimensionless Fracure Conductivity (Cr) 

Fracture Half-Length <1;), ft 

40 

0.02 

1,200 

76 

250 

10 5 
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production-pressure buildup; and (3) produc
tion after the pressure buildup test. 

The important parameter to be modeled in 
the injection stage was the total volume of 
water injected. When a half-fracture length 
of 200 ft was used (based on the pressure 
buildup analysis assuming single-phase flow 
in the reservoir), the formation could not 
take 12,247 bbl of fluid injected from SFE 
No. 3 with the constraints of a maximum 
injection pressure of 10,000 psi and total 
injection time of 3 days. 

When a created fracture length of over 
1,000 ft and essentially infinite fracture con
ductivity were used, the total volume of 
water injected (12,247 bbl) during all injec
tions could be placed into the reservoir. 
The primary purpose of modeling the water 
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injection was to obtain the proper saturation 
profile around the fracture. 

Figure 8-12 illustrates the gas and water 
production from SFE NO.3 before and after 
the post-fracture pressure buildup test. Gas 
flow rates were generally given as input 
data to the simulator when the well pro
duced both gas and water. The calculated 
values of water flow rate and bottom hole 
pressures were used as the history matching 
parameters. The exception was when the 
well produced only water. In that case, the 
water flow rate was input to the simulator, 
and gas breakthrough and bottomhole pres
sures were calculated. 

Sensitivity studies were conducted before 
trying to match the production data. The 
most sensitive parameters were found to be 
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formation relative permeabilities, fracture 
permeabilities and formation permeability. 
In trying to model the correct gas break
through time, hysteresis effects on the gas 
relative permeability in the formation, as 
shown in Figure 8-13, were found to be 
extremely important. The hysteresis effects 
account for the differences between imbibi
tion and drainage relative permeability 
curves. The imbibition curve shown on 
Figure 8-13 was generated by trial and error 
in order to obtain a good match on gas 
breakthrough time. 

When restarting the model to simulate the 
production period, the total created fracture 
length obtained from modeling the injection 
period was divided into propped and 
unpropped segments. This was simulated 
by changing the permeabilities and porosi
ties within the fracture. Once the model 
was set up, history matching of the rates 
and pressures was attempted by varying 
formation and fracture properties. Figures 
8-14 and 8-15 show the final matches of 
water rates and bottomhole pressures, 

respectively. No match of the gas flow 
rates is shown since the actual gas flow 
rates were used as input data. Excellent 
matches were obtained with the exception 
of the water rates in the first three weeks 
following the fracture treatment. This is 
probably due to either the incorrect modeling 
of the viscosity of the fracture fluid or the 
fact that fracture closure was not modeled. 
The properties used to obtain the matches 
shown in Figures 8-14 and 8-15 also 
resulted in an excellent match of the post
fracture pressure buildup test, shown in 
Figure 8-16. 

Figure 8-17 shows the reservoir schematic 
obtained from the history matching of the 
production and pressure buildup tests. Total 
created fracture length was 1 ,515 ft, which 
was very similar to the fracture length deter
mined by RES's fracture modeling. Propped 
fracture length determined from the two
phase modeling was 1,100 ft. This was 
much longer than the 200 ft determined 
from the single-phase analysis. However, 
the first 600 ft had a conductivity of 1 ,400 
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md-ft (k, = 35,000 md) while the last 500 ft 
had a conductivity of only 17 md-ft (k, = 430 
md). Thus, the segment of the fracture 
away from the wellbore was contributing little 
to the production from the well. 

Although the higher conductivity segment of 
the fracture is much longer than the fracture 
length determined from the single-phase 
analysis, it is important to remember that 
much of the injected water still remains in 
the fracture and the formation. By the end 
of the production period, water rate had 
stabilized at about 25 BPD, which might 
indicate that the well had "cleaned up." 
However, inspection of the water saturation 
profile from the final simulation showed that 
water saturations greater than 80 percent 
still existed around most of the fracture. In 
fact, only the first 200 ft of the propped 
fracture length actually cleaned up and had 
water saturations near the initial water satur
ation. This would account for the single
phase analysis resulting in a fracture length 
of only 200 ft when a much longer fracture 
actually existed. 

After the pressure buildup test was com
pleted, SFE No. 3 was killed so the tubing 
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could be pulled and post-fracture logging 
could be performed. During this process, all 
fluid introduced into the wellbore and reser
voir contained an additive designed to re
move gel residue which remained in the 
fracture. It was hoped that this would in
crease the fracture conductivity and increase 
production. As was shown in Figure 8-12, 
gas rates after the buildup were indeed 
higher than before the PBU test. 

Using the reservoir and fracture properties 
determined in the previous stage, the simu
lator calculated water rates after the buildup 
test very similar to those actually observed. 
Only one bottomhole pressure (BHP) mea
surement was made during this period, but 
it was much higher than the calculated (sim
ulator) BHP at the corresponding time. After 
several simulation runs were made, pressure 
was shown to be sensitive to a change in 
fracture permeabilities, but water rate was 
not. After increasing fracture permeability, 
a good match of water rate remained, as 
shown in Figure 8-18, and the simulator 
bottomhole pressures were much closer to 
the measured pressure, as shown in Figure 
8-19. Figure 8-20 shows the schematic 
used in this phase of the study. The only 
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differences between the two different models 
were the fracture conductivities in the two 
segments of the propped fracture. Simula
tion showed that fracture conductivity did 
increase after the treated water was pumped 
into the formation. This was the cause of 
gas production increasing after the pressure 
buildup test. 

Using the estimated reservoir and fracture 
properties determined from this analysis, a 
forecast of future performance was projected 
for SFE NO.3. The forecast indicates the 
well should produce 1,140 MMCF of gas 
over the next 20 years. An ultimate flowing 
BHP of 500 psia and an economic limit of 
50 MCFD were used to determine the re
serves forecast. Drainage area was as
sumed to be 160 acres, which makes the 
original GIP approximately 2.13 BCF. 

8.4 MICROSEISMIC ANALYSIS OF THE 
TREATMENT-INDUCED FRACTURE 
AFTER FOUR MONTHS OF PRO
DUCTION 

8.4.1 Objectives 

The objective of the microseismic survey 
and analysis after four months of post-main-
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frac production was to repeat a similar suc
cessful experiment performed after the SFE 
No. 2 main fracture treatment. The SFE 
No. 2 survey had successfully determined 
height, but the orientation was ambiguous. 
If microseismic data can be successfully 
acquired by reoccupying previously fractured 
wells, then a new research tool could be 
established. Fracture height and/or orienta
tion could then be determined in production 
wells at any convenient time during a work
over when the tubing had been removed 
from the well. 

8.4.2 Field Operations and Data Acquisi
tion 

After the main hydraulic fracture treatment 
on March 16, 1989, post-fracture well testing 
was performed. After completing the flow 
and pressure buildup testing, the well was 
killed, tubing was pulled, and a microseismic 
survey was performed in the well on July 25 
and 26 (see Section 2.2.1.4). This post
main fracture monitoring consisted of 24 
stations, including 20 depths and 4 reoccu
pied depths. The "Post-Main" column of 
Table 6-4 indicates the stations occupied 
and the clock time of the recording. Similar 
to the mini-frac monitorings, the post-main 



monitoring was an interleaved ascending 
and descending traverse. Unlike the mini
frac monitorings, the post-main monitoring 
had some unique features. 

During the previous SFE No.3 microseismic 
surveys, the data had been recorded at the 
surface using Teledyne Geotech's Surface 
Digital Data Acquisition System (SDDAS). At 
the post-main fracture monitoring, the 
SODAS system served as a backup to an 
Seismographic Services Ltd. (SSL) recording 
system. The SSL system was able to 
record 16 continuous seconds of 1,000-sam
pie/sec data. After each 16-second record
Ing, there was an approximate 8-second 
recording hiatus required to retrigger the 
system to record the next 16 seconds. This 
segmenting of the data posed some pro
cessing adjustments but did not affect the 
final analysis or interpretation of the data. 

8.4.3 Hydraulic Fracture Orientation 

Observations of seismic activity were made 
at 21 depths, from 6,350 ft to 9,450 ft, in 
the SFE No. 3 well, approximately four 
months after the main fracturing operation. 
Low-frequency signals were observed only 
at depths of 8,950 ft and above and at 
9,400 ft and below. Particle motion orienta
tions of these signals, determined by appli
cation of the SMART processor to the first 
half-cycle of each signal were inconSistent, 
both relative to the sensor axes and relative 
to North. 

Another class of signals was observed in 
the post-main frac data. These are 12 very 
large signals with strong low-frequency ener
gy in the initial part of the vertical com
ponent, recorded at 7 depths from 8,800 ft 
to 9,450 ft. Data recorded by the SSL re
cording system were used to analyze these 
signals because of the greater dynamic 
range provided by the SSL system. Orien
tations of the initial particle motions of 10 of 
the 12 large signals did not yield a consis-

tent azimuth, either relative to the sensors 
or relative to North. 

For two of the signals, recorded at 8,925 ft 
and at 9,400 ft, very small amplitude, short 
duration precursors were discernible, approx
imately 30 to 80 ms preceding the large 
signals. These two large signals are shown 
in Figure 8-21. A noise-conditioned Pure
State Filter was applied to the time intervals 
preceding the 12 large signals to search for 
additional precursors. No additional precur
sors could be identified with confidence. 
The precursors to the two large signals 
which had visible precursors In the un
processed data are shown in Figure 8-22, 
both unprocessed and after application of 
the noise-conditioned Pure-State Filter. The 
dominant frequency of the precursors was 
100 to 200 Hz. Orientations of the initial 
particle motions of the precursors are given 
in Figure 8-23. For the Signal recorded at 
8,925 ft, both precursors are oriented 40° 
relative to North, while for the signal 
recorded at 9,400 ft, the earlier precursor is 
oriented 61°, and the later precursor is ori
ented perpendicular to this direction. 

These large signals and precursors are 
interpreted to represent fluid-path and rock
path, respectively, propagation from discrete 
sources within the fractured zone, the sour
ces having dimensions significantly smaller 
than the dimensions of the induced fracture. 
The relative amplitudes of the precursors 
and the large signals are consistent with this 
Interpretation. The large signals result from 
propagation through the fractured zone to 
the wellbore, probably as acoustic waves, 
and then along the wellbore to the sensors, 
probably as tube waves. The polarization 
of the initial arrivals of the large signals 
should therefore be controlled by the locking 
arrangement of the tool and by the coupling 
between the tool and the formation. The 
coupling can vary significantly with position 
in the borehole, thus accounting for the 
variations in particle motion orientation ob
served for the large signals. 
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The precursors, on the other hand, result 
from propagation of body waves from the 
sources through the rock to the tool. The 
inclination from vertical of the precursors, 
35° for the signal recorded at 8,925 ft (200 
ft above the top of the fracture) and 77° for 
the signal recorded at 9,400 ft (25 ft below 
the bottom of the fracture), are consistent 
with this interpretation. Using a velocity of 
4,800 fUsec for both the acoustic wave and 
the tube wave as well as a compressional 
wave velocity of 15,000 fUsee, the estimated 
location for the signal recorded at 9,400 ft 
is 426 1t from the borehole at a depth of 
9,302 ft. The location for the signal re
corded at 8,925 ft is 154 ft from the bore
hole at a depth of 9,145 ft. The different 
azimuths observed for the two depths, 40° 
for the 8,925-foot signal and 61° for the 
9,400-foot signal, imply that the fractured 
zone has significant width. 

8.4.4 Hydraulic Fracture Height 

Figure 8-24 shows the results of the H/Z 
analysis on the post-main fracture data. 
These values were calculated from 70-hertz 
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high-pass and 60-hertz comb-filtered data. 
As with the Mini-Frac No. 1 Stage 3 and 
Stage 9 data, the inversion in the H/Z ratio 
was found and interpreted as indicating the 
top and bottom of the fracturing at 9,125 ± 
25 ft and 9,375 ± 25 ft, respectively. These 
values are comparable to the height values 
determined from Mini-Frac No. 1 Stage 3 
and 9 and, considering the volume of fluid 
pumped into the formation, probably indicate 
the propped height with the fluid height 
extending over a larger range. By the time 
these data were taken, the unpropped frac
ture was probably closed and only the 
propped fracture remained. Note also in 
Figure 8-24, the anomalous H/Z value in the 
middle of the perforation Interval as seen in 
the Mini-Frac No. 1 Stage 9 data. This 
anomaly between perforations has been 
seen in several wells. 

8.5 FRACTURE HEIGHT PROOF-OF
CONCEPT EXPERIMENT 

The apparent success of the microseismic 
height determination led to an interest on 
the part of GRI to demonstrate by other 
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independent measurements that the tech
nique was, in fact, measuring true fracture 
dimensions. This section describes the 
experiment that was designed to provide a 
proof-at-concept tor the height measurement 
and presents the results. 

8.5.1 Experiment Design 

A committee composed of staff members of 
S.A. Holditch & Associates, Inc., CER Cor
poration, ResTech, Teledyne Geotech and 
Mobil R&D formulated an experiment de
signed to compare results from various 
fracture height techniques -- some of which 
are routinely run and some which are exper
imental -- to results derived from Continuous 
Microseismic Radiation (CMR). The change 
in the CMR that accompanies a fracture is 
either the result of a change in the elastic 
properties of the rock in the treatment zone 
or a change in the seismic radiation func
tion. A set of logs was recommended to try 
to measure the change of rock elastic prop-

erties in the immediate vicinity of the well
bore resulting from the treatment. These 
methods involve repeated measurement of 
a particular physical property before and 
after several stages of the completion and 
fracturing sequences. With the repeated 
measurements, changes can be detected in 
the physical property to which the log is 
responding. The recommended procedure 
started with measurements after casing 
cement had cured but before the perfora
tions were made. Additional measurements 
were to be taken before Mini-Frac No.1, 
after the last stage of Mini-Frac No.1, and 
after the main fracture treatment. 

The recommended techniques were: 1) verti
cal traverses to passively measure CMR, to 
calculate horizontal-to-vertical (HIZ) filtered 
rms ratios and to estimate depths of fracture 
top and bottom (this is the method being 
verified); 2) digital full wave-form sonic logs; 
3) shear-wave logs; 4) cement bond logs; 
and 5) radioactive tracer tagging with differ-
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ent elements for all stages of the fractures. 
In the planned experiment, traverses and 
logs were to be run from borehole total 
depth (TD) to well above the expected top 
of the hydraulic fracture. Table 8-4 provides 
a summary of the log type, log date, well 
status and responsible company. Appendix 
1 includes a detailed list of the log data that 
was actually acquired in the proof-of-concept 
experiment. 

8.5.2 Results and Interpretation 

The logs available to Teledyne Geotech 
were studied for changes from one pass to 
the other. The character of the logs and 
physical parameters that were interrogated 
by the logs were considered in making the 
interpretations. The top and bottom of the 
changed intervals were noted. These 
changes were interpreted in terms of the 
vertical extent of any disturbance generated 
by the several completion processes. The 
depth of penetration of all the logs except 
the microselsmic is shallow. Therefore, any 
changes may indicate changes in the ce
ment annulus of the wellbore rather than 
the top and bottom of an induced fracture. 
The logs reviewed included the final stress 
log calculated by ResTech, the cement bond 
loglvariable density display (CBUVDl), the 
natural gamma ray log (GR), the cement 
evaluation tool (CET), tracer scan and mi
croseismic height log (H/Z). The interpreta
tions included in this section were ab
stracted from Fix and Others (1990). Other 
interpretations are made by Hunt (1990). 
Readers are encouraged to review these 
documents for details of the evaluations. 

A summary of the estimated fracture dimen
sions from post-mini-frac information is pre
sented by Figure 8-25. Depth in feet is the 
vertical scale. The bars represent the inter
preted results from the following logs: 
CBLlVDl, GR, CET, AU19s tracer scan, H/Z 
log from Mini-Frac No. 1 Stage 3, and H/Z 
log from Mini-Frac No. 1 Stage 9. In addi-
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tion, the perforation depths are included for 
reference. These results should be com
pared with the stress log in Figure 5-8; both 
figures have approximately the same depth 
scale. 

The interpretation of the conventional logs 
Is that the bottom of the fracture is in the 
vicinity of the bottom of the perforations, 
not far from the intermediate stress barrier 
at 9,340 ft. The microseismic log indicates 
that the fracture broke through to the lower 
barrier at 9,475 ft after Mini-Frac No. 1 
Stage 3 and then closed to the middle of 
the lower pay zone after Mini-Frac No. 1 
Stage 9. The CBl, GR and one interpreta
tion of the gold tracer log indicate changes 
well above two stress barriers. Consequent
ly, they are Interpreted as being the result 
of microfractures in the cement annulus 
between the casing and the formation. The 
other Interpretation of the gold tracer log 
and the CET log both agree with the top of 
the fracture as detected by the microseismic 
log for both stages. All four of these tops 
are in the vicinity of the stress barrier at 
9,170 ft. 

Similar to Figure 8-25, Figure 8-26 displays 
fracture top and bottom interpretations; the 
data were taken using the CBUVDl, GR, 
CET, SC46 and IR192 tracer scan, and H/Z. 
However, by the time the measurements 
were made, the main fracture had been 
completed and four months of production 
had occurred. Accordingly, the depths 
shown in Figure 8-26 correspond to those 
for a propped fracture. 

The bottom of the fracture as interpreted 
from the logs, including the best interpreta
tion of the CET log, is at the bottom of the 
perforations at 9,330 ft. The other possible 
CET log interpretation agrees with that of 
the mlcroseismic height log. They place the 
bottom of the disturbed zone at about 9,375 
ft. Referring to the calculated stress log 
(not the blocked log) in Figure 5-8, there is 



Table 8-4 Proof-of-Concept Logging at SFE NO.3 -- Well Status, Actual Logging 
Date, Responsible Company and Log Data Acquired 

Status and 
Date 

Pre-Perforation 

Mobil 
Research 

TWRL 

CER 
Corporation 

CBUCET 

Teledyne 
Geotech 

Microseismic 
November 30, 1988 ASWL VAL 

SWAL 
LSAL 

Pre-Minifrac No.1 TWRL CBUCET Microseismic 
February 11, 1989 Tracer 

Post-Minifrac No. 1 TWRL CBUCET Microseismic 
February 18, 1989 Tracer 

Post-Main Fracture TWRL CBUCET Microseismic 
July 25, 1989 

ASWL 

eBl 

CET 

LSAL 

SWAL 

Tracer 

TWRl 

VAL 

VAL 
Tracer 

Description of Logs 

Anisotropy Shear-Wave Log (Mobil Proprietary) 

Cement Bond Log 

Eight Path Cement Bond Log 

Long-Spaced Acoustic Log (Digital Full-Waveform 
Log) 

Dipole Shear-Wave Log (Mobil Proprietary) 

Spectral Gamma Ray to Detect Selected Tracers 

Tube Wave Reflection Log (Mobil Proprietary) 

Petro Data Shear Wave Log, Quadrapole Source --
3 Dipole Receivers at 1200 
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Figure 8-25 Summary of Mini-Frac Top 
and Bottom Interpretations 
From Proof-Of-Concept 
Experiment (Perforation 
depths given for reference) 

a relatively high stress value of 7,800 psi at 
a 9,370-foot depth. This stress/depth com
bination may be fortuitous, but the 1 ,900 psi 
stress change on the stress log could be a 
very effective barrier to proppant. 

The interpreted top of the main fracture 
from the logs is more variable due to the 
microfractures in the annulus. The GR and 
CET log interpreted tops (8,980 ft) are defin
itely the result of microfractures in the ce
ment annulus. The CBl top is in agree
ment with the TWRl top (not shown); they 
are both at the top of the perforations. The 
tracer log top at 9,182 ft is below the stress 
barrier at 9,170 ft. The microseismic frac
ture top at 9,125 ft occurs at another high 
stress value in the calculated stress log. A 
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Figure 8-26 Summary of Main Frac Top 
and Bottom Interpretations 
From Proof-Of-Concept 
Experiment (Perforation 
depths given for reference) 

thin, high stress value of 8,200 psi is at a 
depth of 9,120 ft. This upper log segment 
is not as convincing as the lower log seg
ment, but it does lend support to the proof
of-concept of the microseismic height log. 

In general, the conventional cased-hole logs 
(e.g., CBUVDl, GR, CET, tracers) were not 
suited for fracture height determination in 
this well. As a result, they should not be 
used individually for fracture height determin
ation. The microseismic method has an 
advantage in that it penetrates the formation 
at dimensions of tens to a few hundr~d feet. 
Conventional cased-hole logs only penetrate 
a few inches. In some instances, the logs 
were in agreement with the microseismic 
method. However, in no case did any of 



these logs indisputably contradict the micro
seismic height determination. 

The microseismic height log yielded an ex
cellent estimate of the top and bottom of a 
hydraulically stimulated fracture. As ex
pected, different dimensions were measured 

for fractures conducted with and without 
proppant. The top and bottom of the micro
seismic height log showed satisfactory 
agreement with calibrated calculated stress 
profiles. Thus, the proof-of-concept experi
ment is considered a success for the micro
seismic method. 
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Nomenclature 

ao coefficient for hyperbolic relationship given in Equation 4-18 

a1 coefficient for hyperbolic relationship given in Equation 4-18 

a2 coefficient for hyperbolic relationship given in Equation 4-18 

Cr dimensionless fracture conductivity 

c a units constant for Equation 4-20 

cb bulk compressibility 

E Young's modulus 

F formation resistivity factor 

G shear modulus 

H average background horizontal component of motion 

h thickness 

Kb bulk modulus 

k permeability 

ka permeability to air 

kb permeability to brine 

kg permeability to gas 

kw permeability to water 

k"., Klinkenberg-corrected gas permeability 

I; fracture half-length 

m cementation factor 

n saturation exponent 

Pc capillary pressure 

P 9 formation pressure gradient 

P' 9 effective formation pressure gradient 

P* extrapolated Horner pressure (Horner time = 1) 

R ratio of compreSSional and shear velocities 

Ro resistivity at Sw ;: 100 percent 

RT resistivity at each Sw 

r correlation coefficient 

rf hydraulic fracture radius 

Sh minimum horizontal stress gradient (also closure stress gradient) 

Siw irreducible water saturation 
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Sp stress gradient from internal pore pressure 

Sv vertical (overburden) stress gradient 

Sw water saturation 

Sx stress gradient in the x direction 

Sy stress gradient in the y direction 

Sz stress gradient in the z direction 

s skin effect 

V sh shale volume 

X empirical stress factor 

Z average background vertical component of motion 

~ biot constant - ratio of compressibility of solid rock to that of drained porous rock 

d delta 

Ex elastic strain in the x direction 

v Poisson's ratio 

1t pi,3.141592 

Pb bulk density 

CJc in-situ stress gradient 

CJx stress in the x direction 

<I> porosity 

<1>0 porosity derived from density log 

<I> Oe effective porosity from density log 

<l>Osh shale correction factor for density log calculations 

<I> e effective porosity 

<l>f storage volume of hydraulic fracture 

<l>N porosity derived from neutron log 

<l>Ne effective porosity from neutron log 

<l>Nsh shale correction factor for neutron log calculations 

<l>nls neutron porosity in limestone units 

<l>r storage volume of radial fracture system 

<l>s porosity derived from sonic log 

<I> sh shale correction factor 

ro fracture width 
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Appendix 1 

LOGGING OPERATIONS 
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APPENDIX 1 

Results of Run No. 1 (Surface) Logging Operations 

Results of Run No. 2 (Intermediate) Logging Operations 

Results of Run No.3 (First TP/CV) Logging Operations 

Results of Run No.4 (Second TP/CV) Logging Operations 

Results of Run No. 5 (Third TP/CV) Logging Operations 

Results of Run No. 6 (Final) Logging Operations 

Results of Run No.7 (Pre-Perforation) Logging Operations 

Results of Run No. 8 (Post Perforatlon/Pre-Mlnl-Frac) Logging Operations 

Results of Run No. 9 (Post Mlnl-Frac Treatment) Logging Operations 

Results of Run No. 10 (Post Main Fracture Treatment) Logging 
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Results of Run No. 1 (Surface) LoggIng OperatIons 

Date Logged: September 9, 1988 
1 Run Number: 

Logger's TO: 1,481 ft 
Western Atlas Logging Service Company: 

Descent 
No. 

1 

2 

Note 1: 

Note 2: 

-212-

Service 

Dual Induction/Gamma Ray (GR)/ 
Spontaneous Potential (SP) 

Dual Induction/GR/SP 

Interval, ft 

o - 1,481 

Notes 

1 

2 

Could not get below 700 ft on this descent. Hole conditioning trip was made 
before Descent NO.2. 

Excellent quality log data. However, certain borehole conditions caused some 
data to be unusable. 



Results of Run No. 2 (Intermediate) Logging Operations 

Date Logged: September 22, 1988 
2 Run Number: 

Logger's TD: 6,311 ft 
Western Atlas Logging Service Company: 

Descent 
No. 

1 

1 

2 

3 

Note 1: 

Note 2: 

Service 

Dual Induction Focused Logi 
GRISP 

Long Spaced Sonic/Caliper 

Z-Density (Photoelectric Effect) 

Formation Multitester/GR 

Intel'val, ft 

1,470-6,311 

1,470-6,311 

1,470-6,311 

5,934-6,300 

Notes 

1 

1,2 

Excellent quality log data. However, certain borehole conditions caused some 
data to be unusable. 

Formation pressure data acquired at 5,934 ft, 6,004 ft, 6,017 ft, 6,144 ft and 
6,152 ft. 
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Results of Run No. 3 (First TP/CV) Logging Operations 

Date Logged: September 29-30, 1988 
3 Run Number: 

Logger's TO: 7,354 ft 
Western Atlas Logging Service Company: 

Descent 
No. 

1 

2 

3 

4 

5 

6 

Note 1: 

Note 2: 

Note 3: 
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Service Interval, ft Notes 

Dual Induction Focused Logi 
GRISP 6,310-7,354 1 

MicroLaterolog/Caliper/GR 2 

MicroLaterolog/Caliper/GR 6,310-7,354 1 

MicroLaterolog/Caliper/GR 3 

MicroLaterolog/Caliper/GR 6,310-7,354 1 

Proximity Log/Caliperl 
GR/MiniLog 6,310-7,354 1 

Excellent quality log data. However, certain borehole conditions caused some 
data to be unusable. 

Surface data acquisition software program not compatible with Microlaterolog 
tool. 

MicroLaterolog tool failed downhole. 



Results of Run No. 4 (Second TPICV) Logging Operations 

Date Logged: October 4-5, 1988 
4 Run Number: 

Logger's TD: 7,868 ft 
Western Atlas Logging Service Company: 

Descent 
No. 

1 

2 

3 

4 

5 

Note 1: 

Note 2: 

Note 3: 

Service Interval, ft Notes 

Dual Induction Focused Log/ 
Z-Density (Photoelectric)/GR/SP 2 

Dual Induction Focused Log/ 6,310-7,868 
GR/SP 

Z-Density (Photoelectric)/ 6,310-7,868 1 
Caliper/GR 

Proximity Log 6,310-7,868 3 

Proximity Log 6,310-7,868 1 

Excellent quality log data. However, certain borehole conditions caused some 
data to be unusable. 

Adapter between Dual Induction and Z-Density failed downhole, requiring 
separate descents for each tool. 

Proximity Log resistivity read low in shales. 
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Results of Run No. 5 (ThIrd TP/CV) Logging Operations 

Date Logged: 
Run Number: 
Logger's TO: 
Logging Service Company: 

October 14-17, 1988 
5 
9,018 ft 
Western Atlas 

Descent 
No. Service Interval, ft 

1 Dual Induction Focused Logl 
GRISP 6,310-9,018 

2 Proximity Log/GR 

3 Proximity Log/GR 

4 Proximity Log/GR 6,310-9,018 

5 Proximity Log/GR 

6 Z-Density (Photoelectric)1 
GR/Caliper 6,310-9,018 

7 Proximity Log/GR 7,700-9,018 

8 Proximity Log/GR 

9 Proximity Log/GR 7,700-9,018 

10 Proximity Log/GR 6,310-9,018 

11 Proximity Log/GR 

12 Proximity Log/GR 6,310-8,300 

Notes 

1 

2 

3 

3 

3 

1 

2,4 

2 

2 

3,5 

2 

1 

Note 1: Excellent quality log data. However, certain borehole conditions caused some 
data to be unusable. 

Note 2: Proximity tool failed downhole. 

Note 3: Proximity resistivity reading low. 

Note 4: Open-hole stress test performed between Descent Nos. 6 and 7. 

Note 5: A 30-ft core was cut between Descent Nos. 9 and 10. 
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Results of Run No. 6 (Final) Logging Operations 

Date Logged 
Run Number: 
Logger's TO: 
Logging Service Companies: 

Research Logging 
Organizations: 

November 2-11, 1988 
6 
9,690 ft 
Western Atlas [WA] 
Schlumberger Well Services [SWS] 
Halliburton Logging Services [HLS] 

Schlumberger Doll Research [SDR] 
Mobil Dallas Research Lab [MDRL] 
Amoco Production Research [APR] 
PetroData Systems, Inc. [PSI] 

Descent 
No. Service Interval, ft Notes 

1 Proximity Log/GR [WA] 2 

2 Proximity Log/GR [WA] 2 

3 Proximity Log/GR [WA] 6,310-9,690 

4 Dual Induction Focused Log/ 
GR/SP[WA] 6,310-9,690 1 

4 Z-Density (Photoelectric 
Measurement)/Caliper/GR [W A] 6,310-9,690 1 

4 Compensated Neutron [WA] 4,550-9,690 

5 Long Spaced Sonic/Waveforms 
[APR] 5,500-9,600 1 

6 Borehole Televiewer [APR] 2 

7 Digital Sonic/Waveforms [SWS] 6,310-9,692 1 

8 Electromagnetic Propagation Log/ 
LithoDensity Log/Caliper 6,310-9,692 1 
[SWS] 

8 Compensated Neutron Log/GR [SWS] 5,800-9,692 

9 Formation Microscanner/GR/4-Arm 
Caliper [SWS] 7,340-9,630 1,3 
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10 Modular Reservoir Testing Tool (RFT)I 
GR [SWS] 6,350-9,414 1 

11 Digital Sonic Waveform Tooll 
Waveforms [SDR] 7,300-7,400 1 

12 Borehole Televiewer [SDR] 2 

13 Borehole Televiewer [SDR] 7,320-9,620 1,4 

14 Stratigraphic High Resolution 
Dipmeter/4-Arm Caliper [SWS] 6,310-9,678 1 

15 Dipole Sonic/GR [SWS] 7,300-9,400 1,3 

16 Geochemical Log/Natural GR [SWS] 6,310-9,660 1 

17 Rotary SideWall Coring Tool (RSCT)I 
GR [HLS] 9,600 1,5 

18 RSCT/GR [HLS] 8,359-9,414 1,5 

19 RSCT/GR [HLS] 8,211-8,352 1,2 

20 Borehole Televiewer [MDRL] 7,330-9,630 1 

21 Borehole Televiewer [MDRL] 9,330-9,630 1,2 

22 Shear Wave Sonic Log [M DRL] 5,800-9,690 1 

22 P-Wave Sonic Log [MDRL] 5,800-9,690 1 

22 Stonely Wave Sonic Log [MDRL] 6,310-9,700 1 

23 High Resolution Induction [HLS] 2 

24 6-Arm Microsonic Dipmeter [HLS] 2,3 

25 Quadra Pole Sonic Log - Large 
Source [PSI] 6,300-9,690 

26 Quadra Pole Sonic Log - Small 
Source [PSI] 8,800-9,690 1 

27 Sonic Echo Log [PSI] 7,800-9,690 1 

28 RSCT/GR [HLS] 2 

29 RSCT/GR [HLS] 6,405-7,522 1,5 
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30 

Note 1: 

Note 2: 

Note 3: 

Note 4: 

Note 5: 

RSCT/GR [HLS] 7,732 1,5 

Excellent quality log data. However, certain borehole conditions caused some 
data to be unusable. 

Equipment failure downhole resulted in discontinuance of descent. 

Hole conditioning tripe made between Descent No. 24 and 25. 

Certain tool measurements inoperative, preventing acquisition of all data. 

RSCT coring bit jammed, descent discontinued. 
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Results of Run No. 7 (Pre-Perforation) Logging Operations 

Date Logged: 

Run Number: 
Logger's TO: 
Logging Service Companies: 

Research 
Organizations: 

November 29-December 4, 1988 
December 8-10, 1988 
7 
9,650 ft 
Schlumberger Well Services [SWS] 
Edcon Logging 

Mobil Dallas Research Labs [MDRL] 
Amoco Production Research [APR] 
PetroData Services Inc. [PSI] 
Teledyne Geotech [TG] 

Descent 
No. Service Interval, ft Notes 

1 Tube Wave Reflection Log [MDRL] 8,500-9,640 1 

2 Cement Bond LogNariable Density Log/ 
GR/Casing Collar Locator (CCL) 5,300-9,640 

3 Cement Evaluation Log/CCUGR [SWS] 6,300-9640 1 

4 Borehole Gravimeter [Edcon]/GR [SWS]/ 
Pressure Gauge [CER] 250-9,330 1 

5 BHGM [APR] 2 

6 Continuous Microseismic Radiation 
Survey (CMR) [TG] 9,000-9,600 1,2 

7 Anisotropic Shear Wave Log [MDRL] 8,500-9,640 1 
8 Long Spaced Acoustic Log [MDRL] 8,500-9,640 1 

9 Shear Wave Acoustic Log [MDRL] 8,500-9,640 1 

10 Temperature Log [SWS] 8,500-9,640 1,3 

11 CMR [TG] 1 

12 CMR [TG] 9,025-9,125 1 

13 Quadra Pole Sonic [PSI] 8,500-9,460 1 

14 Quadra Pole Sonic - Echo Mode [PSI] 8,500-9,460 1 
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Note 1: 

Note 2: 

Note 3: 

Excellent quality log data. However, certain mechanical conditions, such as 
poor cement bonding, caused some data to be unusable. 

Equipment failure resulted in discontinuance of descent. 

Cased-hole stress tests and cement squeeze operation performed between 
this and subsequent descents. 

Results of Run No. 8 (Post-PerforatlonIPre-Mlnl-Frac) Logging Operations 

Date Logged: January 26, 1989 
February 11-12, 1989 
8 Run Number: 

Logger's TO: 
Logging Service Companies: 

Logging Research 
Organizations: 

9,639 ft 
Schlumberger Well Services [SWS] 
Halliburton Logging Services [HLS] 

Teledyne Geotech [fG] 
Mobil Dallas Research Labs [MDRL] 

Descent 
No. 

1 

2 

3 

4 

5 

Service 

Tube Wave Reflection Log [MDRL] 

Cement Evaluation Log/GR/CL [SWS] 

Cement Bond LogNariable Density 
Log/GR/CCL [SWS] 

Continuous Microseismic 
Radiation [TG] 

Tracer Scan Log [HLS] 

Interval, ft Notes 

8,800-9,600 1,3 

8,800-9,620 1 

8,800-9,620 1 

9,000-9,620 1,2 

8,900-9,640 1 

Note 1: Excellent quality log data. However, certain mechanical conditions, such as 
poor cement bonding, caused some data to be unusable. 

Note 2: Orienting equipment failed downhole, but did not interrupt operations. 

Note 3: Descent performed on January 26, 1989. 
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Results of Run No. 9 (Post-Mlnl-Frac Tl'eatment) Logging Operations 

Date Logged: 
Run Number: 
Logger's TO: 
Logging Service Companies: 

Research Logging 
Organizations: 

February 15-19, 1989 
9 
9,590 ft 
Schlumberger Well Services [SWS] 
Halliburton Logging Services [HLS] 

Mobil Dallas Research Labs [MDRL] 
Teledyne Geotech [TG] 

Descent 
No. Service Interval, ft Notes 

1 

2 

3 

4 

5 

6 

7 

8 

Note 1: 

Note 2: 

Note 3: 
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CMR [TG] 

CMR [TG] 

CMR [TG] 9,000-9,590 

CMR [TG] 9,000-9,590 

Tube Wave Reflection Log [MDRL] 8,900-9,590 

Cement Bond LoglVariable Density 
Log/GR/CCL [SWS] 8,900-9,590 

Cement Evaluation Log/GR/CCL [SWS]8,900-9,590 

TracerScan Log [HLS] 8,800-9,590 

2 

2 

1,3 

1 

1 

1 

1 

1 

Excellent quality log data. However, certain mechanical conditions, such as 
poor cement bonding, caused some data to be unusable. 

Equipment failure resulted in discontinuance of descent. 

Orienting equipment failed downhole, but did not interrupt operations. 



Results of Run No. 1 0 (Post~Maln Fracture Treatment) Logging Operations 

Date Logged: 

Run Number: 
Logger's TD: 
Logging Service Companies: 

Research Logging 
Organizations: 

March 22, 1989 
July 24-28, 1989 
10 
9,516 ft 
Halliburton Logging Services [HLS] 
Schlumberger Well Services [SWS] 

Mobil Dallas Research Labs [MDRL] 
Teledyne Geotech [TG] 
Petro Data Services, Inc [PSI] 

Descent 
No. Service Interval, 1t Notes 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Tracer Scan Log [HLS] 

Sinker Bars [H LS] 

Tracer Scan Log [H LS] 8,950-9,516 

Cement Bond Log (CBL)IVariable 
Density Log (VDL)/GR/CCL [SWS] 

CBLNDUGRlCCL [SWS] 

CBLNDUGR/CCL [SWS] 

Cement Evaluation Log/GR/CCL [SWS]8,900-9,460 

Tube Wave Reflection Log - Small 
Source [MDRL] 

Tube Wave Reflection Log - Large 
Source [MDRL] 

Continuous Microseismic Radiation 
Survey [TG] 

CBUVDUGR/CCL [SWS] 

QuadraPole Sonic [PSI] 

8,900-9,460 

8,900-9,460 

8,700-9,440 

8,900-9,460 

3,5 

4,5 

1,5 

2 

2 

2 

1 

1 

1 

1 

8,900-9,4602 

Note 1: Excellent quality log data. However, certain mechanical conditions, such as 
poor cement bonding, caused some data to be unusable. 

Note 2: Equipment failure resulted in discontinuance of descent. 
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Note 3: 

Note 4: 

Note 5: 
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Downward progress of tool halted at 8,000 ft inside tubing. Pulled tool out 
of hole. Released and reset packer with less weight on it prior to descent No. 
2. 

Tool string consisting only of sinker bars lowered into the well to determine 
ability of reaching TO. 

Descent performed on March 22, 1989. 



Appendix 2 

ROUTINE CORE ANALYSIS RESULTS 
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Company 
Well 
Location 
Co,State 

SAMPLE 
NUMBER 

1 

2 

3 

4 

5 

6 

· 7 

8 

9 

10 

II 

12 

l3 

14 

15 

· 16 

17 
18 

· 19 

20 

21 

22 

23 

24 

CORE LABORATORIES 

MOBIL EXPLORATION & PRODUCTION COMPANY 
Cargill Unit No. 15 

Field 
Formation 
Coring Fluid 
Elevation 

Waskom Field 
Travis Pk, Cotton Valley 
Water Base Mud 

File No.: 
Date 

57151-15922 
30-Mar-}9a9 

Harrison County, Texas 

NOB (800 ps i) 
DEPTH 

K .. • 
ft nrl X 

7351.8 0.012 6.1 

7352.7 0.021 7.2 

7353.8 

7354.7 0.050 8.5 

7355.3 0.047 9.7 

7356.7 0.309 9.7 

7357.4 

7358.0 0.156 9.3 

7358.9 0.012 10.4 

7360.1 0.002 4.5 

7360.9 0.071 9.0 

7361.; 0.187 9.1 

7362.4 0.055 7.3 

7363.4 0.212 10.2 

7363.9 0.032 7.5 

7364.5 

7365.4 0.035 7.j 

7366.3 0.046 7.0 

7367.1 

7367.5 0.026 8.6 

7368.3 0.151 10.9 

7369.5 0. 11: 8.5 

7370.3 0.037 10.2 

7371.1 0.347 8.1 

COR E A N A L Y SIS RES U L T S 

(HYDROSTATIC CONFINEMENT) 

API No. : 
Analysts: DEVIER,JR,BB,RG 

NOB (Reservoir) SATURATION 
POROSITY GRAIN OESCRI PTI ON RES 

K .. • (HELIl!1) (PORE VOLl!1E) DENSITY PRESS 
OIL WATER 

nrl X X X X gnVcc ps; 

CORE No. I 7351. 0 - 7397.7 ft 

0.003 0.0 74.3 2.78 Sst It rd v flf gr pyr mic .lily calc no flu 3823. 

0.015 6.9 0.0 52.7 2.66 Sst It rd v flf gr v .lily calc no flu 3823. 

10.4 0.0 SO.1 2.69 Sst It rd v f If gr sh lam no flu 

0.041 8.2 0.0 61.3 2.68 Sst It rd v flf gr v slily calc no flu 3824. 

0.035 8.3 0.0 69.6 2.70 Sst lt rd v flf gr sh lam pyr no flu 3825. 

0.238 9.5 0.0 43.6 2.66 Sst It rd v flf gr v .lily calc no flu 3825. 

9.1 0.0 44.7 2.67 Sst lt rd v flf gr v slily calc no flu 

O.lll 9.1 0.0 43.1 2.66 Sst It rd v flf gr eln no flu 3826. 

0.052 9.5 0.0 46.9 2.68 s.t lt rd v flf gr occ pyr no flu 3827. 

<.001 4.2 5.0 0.0 65.2 2.74 Sst It rd v flf gr slily sh lam pyr slily calc no flu 

0.038 8.7 0.0 59.4 2.59 Sst lt rd v f/f gr slily slty no flu 3828. 

0.095 8.8 0.0 63.5 2.67 Sst It rd v flf gr eln no flu 3828. 

0.029 7.0 0.0 61.6 2.66 Sst It rd v flf gr v ,lily calc no flu 3828. 

0.203 9.8 0.0 69.6 2.67 Sst It rd v f/f gr v .lily calc no flu 3829. 

0.008 7.0 0.0 73.5 2.68 Sst It rd f 1m gr sh lam oce pyr no flu 3829. 

6.9 0.0 58.7 2.66 Sst lt rd f 1m gr sh no flu 

0.012 7.1 0.0 64.4 2.66 Sst lt rd v flf gr cln no flu 3830. 

0.017 6.7 0.0 63.8 2.66 Sst lt rd v flf gr slily sh no flu 3830. 

9.4 0.0 12.8 2.67 Sst lt rd v flf gr sh lam no flu 

0.026 8.2 0.0 12.7 2.67 Sst lt rd v flf gr cln no flu 3831. 

0.1l4 10.5 0.0 71.8 2.66 Sst lt rd v flf gr cln no flu 3832. 

0.077 8.2 0.0 67.6 2.65 Sst lt bm v f If gr occ pyr no flu 3832. 

0.035 9.0 0.0 65.9 2.67 Sst lt bm v f If gr sh lam no flu 3833. 

0.244 7.7 0.0 57.7 2.65 Sst lt bm v flf gr cln no flu 3833. 
.-. - - . '.',' •. . -_._--- . _ . 
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Company 
Well 

SAKPLE 
NLI1BER 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

CORE LABORATORIES 

MOBIL EXPLORATION & PRODUCTION COMPANY 
Cargill Unit No. 15 

Field 
Formation 

Waskom Field 
Travis Pk, Cotton Valley 

File No.: 57151-15922 
Date 30-Mar-1989 

COR E A N A L Y SIS RES U L T S 

(HYDROSTATIC CONFINEMENT) 

NOll (800 psi) NOll (Reservair) SATURATiON 
DEPTH POROSITY GRAIN DESCRIPTION RES 

K .. • K- • (HELlLI1) (PORE VOL LI1E ) DENSITY PRESS 
OIL IIATER 

ft lid % lid % X % % gnVee psi 

7371. 9 0.042 4.7 0.007 4.3 0.0 37.4 2.68 Sst It bm v flm hd .h lam na flu 3833. 

7372.5 0.083 8.8 0.048 8.4 0.0 73.2 2.66 Sst It rd v flf gr hd na flu 3834. 

7373.2 O.ooa 5.2 0.004 0.0 85.2 2.68 Sst It rd v flf gr hd no flu 3834. 

7374.6 0.019 8.0 0.019 7.8 0.0 61.2 2.66 Sst lt bm v flf gr hd 00 flu 3835. 

7375.3 0.128 9.0 0.094 8.7 0.0 74.4 2.69 Sst lt bm v flf gr hd no flu 3835. 

7376.9 0.591 9.7 0.510 9.4 0.0 65.1 2.65 Sst lt bm v flf gr hd 00 flu 3836. 

7377 .9 0.329 9.6 0.214 9.2 0.0 66.7 2.66 Sst lt bm v flf gr hd nc flu 3837. 

7378.9 0.029 7.5 0.018 6.8 0.0 68.6 2.67 Sst It bm v flf gr hd lam na flu 3837. 

7379.4 7.38 8.6 6.90 8.3 0.0 58.4 2.67 Sst lt bm v flf gr hd no flu 3837. 

CORE No. 2 7381.9 - 7409.8 ft 

I 
7381.3 17.5 9.3 16.7 9.0 0.0 58.2 2.65 S.t 1t bm v f 1m gr hd lam no flu 3838. 

7382.2 34.5 10.1 lZ.2 9.8 0.0 66.0 2.64 Sst It bm V flm gr hd l.m 00 flu 3839. 

7384.2 73.0 12.4 68.4 12.1 0.0 59.4 2.65 S.t lt bm v flm gr hd lam no flu 3840. 

7385.5 136. 13.2 130. 12.9 0.0 63.4 2.64 Sst It bm v flm gr hd lam no flu 3840. 

7386.5 146. 12.8 140. 12.5 0.0 47.6 2.65 S.t lt bm ""e gr hd DCe sh lam 00 flu 3841. 

7391. 5 72.8 12. I 69.1 11.8 0.0 53.0 2.65 Sst lt bm flm gr hd na flu 3844. 

7392.1 78.0 12.8 74.0 12.5 0.0 60.1 2.65 Sst lt bm flm gr hd no flu 3844. 

7393.1 24.2 9.7 22.7 9.3 0.0 45.3 2.64 Sst lt bm f/m gr hd no flu 3844. 

7393.5 0.056 7.1 0.013 6.5 0.0 80.3 2.67 Sst It bm v flf gr hd no flu 3845. 

7394.2 0.169 8.6 0.039 7.9 0.0 82.2 2.68 S.t lt rd v f If gr hd hem no flu 3845. 

7395.4 0.053 9.5 0.028 8.8 0.0 88.3 2.66 Sst gry wh flm gr hd no flu 3846. 

7396.0 0.010 4.8 0.006 4.6 0.0 92.9 2.68 Sst It rd v flf gr hd no flu 3846. 

7396.9 0.065 10.4 0.036 9.9 0.0 82.3 2.67 Sst lt rd v flf gr hd na flu 3846. 

7397.5 0.023 7.9 0.007 0.0 91.l 2.71 Sst lt rd v flf gr hd no flu 3847. 

7398.1 0.050 9.9 0.031 8.2 0.0 82.3 2.68 Sst lt rd v flf gr hd na flu 3847. 

7398.9 0.028 9.3 0.012 7.2 0.0 88.6 2.68 Sst lt rd v flf gr hd no flu 3847. 
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MOBIL EXPLORATION & PRODUCTION COMPANY 
Cargill Unit No. 15 

COR E 

CORE LABORATORIES 

Field 
Formation 

A N A L Y SIS 

Waskom Field 
Travis Pk, Cotton Valley 

RES U L T S 

(HYDROSTATIC CONFINEMENT) 

File No.: 57151-15922 
Date 30-Mar-1989 

NOS (800 psi) N08 (Reservoir) SATURATIOti 
DEPTH POROSITY GRAIN DESCRIPTION RES 

K_ , K- ; (HELIltI) (PORE VOlltlE) DENSITY PRESS 
OIL WATER 

ft lid X lid X X X X gnVcc p'i 

7399.9 0.090 2.2 0.009 0.0 85.4 2.73 Sst dI< flm gr v hd v hem no flu 3848. 

7400.9 0.623 4.1 0.062 2.5 0.0 84.8 2.76 Sst dI< f/m gr v hd v hem no flu 3848. 

7401. 9 0.039 7.3 0.018 6.8 0.0 84.1 2.67 Sst It rd v f If gr hd .lty 10m no flu 3849. 

7402.9 0.040 7.0 0.024 6.6 0.0 81.3 2.67 Sst It rd v f If gr hd s lty 10m no flu 3850. 

7403.8 0.096 7.5 0.052 7.3 0.0 65.7 2.66 Sst It rd v f If gr hd .Ity 10m no flu 3850. 

7404.9 0.267 8.6 0.127 8.3 0.0 72.4 2.66 Sst It rd v f If gr hd s lty lam no flu 3851. 

7405.9 0.067 7.9 0.029 7.4 0.0 74.8 2.66 S.t It rd v flf gr nd .lty 10m no flu 3851. 

7406.9 0.201 6.2 0.118 6.0 0.0 55.5 2.65 S.t It rd v flf gr hd slty l.m no flu 3852. 

7407.9 0.360 7.9 0.255 7.6 0.0 66.2 2.65 Sst It rd v f If gr hd slty 10m no flu 3852. 

CORE No. 3 7868.0 - 7888.6 ft 

7869.1 0.016 2.2 <.001 0.0 79.7 2.83 Sst m gry v flf gr hd calc v sn pyr no flu 4092. 

7870.5 0.013 3.7 <.001 0.0 94.1 2.79 s.t m gry v flf gr hd c.lc v sn pyr no flu 4093. 

7871.5 0.083 4.7 0.007 0.0 89.7 2.77 Sst m gry v flf gr hd calc v .n pyr no flu 4093. 

7872.9 0.0 77.1 2.85 Sst m gry v flf gr hd calc v .n pyr no flu 

7873.6 0.069 3.9 0.014 3.5 3.5 0.0 91.2 2.77 Sst m gry v flf gr hd calc v .n pyr no flu 4095. 

7874.8 0.016 3.9 <.001 0.0 78.5 2.80 Sst m gry v flf gr hd calc v .n pyr no flu 4095. 

7875.5 0.004 2.8 <.001 0.0 74.1 2.75 Sst m gry v flf gr nd calc v sn pyr no flu 4095. 

7876.4 0.068 5.9 0.020 5.1 5.1 0.0 42.5 2.65 Sst gry .., v flf gr hd no flu 4096. 

7877.6 0.308 7.9 0.225 7.5 7.5 0.0 52.9 2.65 Sst gry .., v f If gr hd no flu 4096. 

7879.3 1.28 9.1 1.13 8.8 8.8 0.0 47.8 2.65 Sst gry .., v flf gr hd no flu 4097. 

7880.3 I. 53 8.8 1.39 8.5 8.5 0.0 48.9 2.69 Sst gry .., y flm gr hd sn 10m no flu 4098. 

7881.4 0.657 9.1 0.546 8.6 8.6 0.0 55.9 2.70 Sst gry .., y flm gr hd .n 10m no flu 4098. 

7882.4 0.220 i.8 0.176 7.6 7.6 0.0 59.4 2.65 Sst gry .., y flm gr hd sn 10m no flu 4099. 

7883.2 0.189 9.2 0.127 8.8 8. • 0.0 66.3 2.67 Sst gry .., y flf gr hd lam no flu 4099. 

7884.5 0.015 8.1 0.010 7.8 7.8 0.0 82.1 2.69 Sst gry .., y f If gr hd lam no flu 4100. 

7884.8 0.068 6.4 0.004 0.0 88.3 2.71 Sst gry .., v flf gr hd v sn lam no flu 4100. 
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MOBIL EXPLORATION 1 PRODUCTION COMPANY 
Cargill Unit No. 15 

COR E 

CORE LABORATORIES 

Field 
Formation 

Waslcom Field 
Travis Pic, Cotton Valley 

RES U L T S ANALYSIS 

(HYDROSTATIC CONFINEMENT) 

File No.: 57151-15922 
Date 30-Mar-1989 

NOB (BOO psi) NOB (Reservoir) SATURATION 
DEPTH POROSITY GRAIN DESCRIPTION RES 

K- • K. • (HELllJI) (PORE VOLlJIE) DENSITY PRESS 
OIL WAHR 

ft lTd X lTd X X % X g""cc psi 

7686.0 6.1 0.0 87.6 2.70 Sn m gry b lky hd no flu 

7687.2 0.022 4.7 0.001 0.0 62.8 2.67 Sst gry .., y flf gr hd calc no flu 4101. 

CORE No.4 7688.6 - 7912.5 ft 

7688.9 0.034 6.4 0.008 0.0 82.4 2.77 Sst gry .., y flf gr hd sn CII1c no flu 4102. 

7689.9 0.028 6.6 0.005 0.0 64.8 2.73 Sst gry .., y flf gr hd sn calc no flu 4103. 
7890.9 0.014 5.8 0.003 0.0 64.1 2.73 Sst gry .., y f If gr hd ca Ie no flu 4103. 

7891.8 0.017 6.6 0.006 0.0 81.0 2.75 Sst It gry y flf gr hd y sn pyr y calc no flu 4104. 

7892.8 0.018 5.0 0.004 0.0 81.5 2.77 Sst It gry y flf gr hd y sn pyr y calc no flu 4104. 
7893.9 0.019 4.2 0.004 0.0 77.0 2.77 Sst It gry y flf gr hd y .n pyr y calc no flu 4105. 
7894.8 0.048 3.4 0.008 0.0 87.7 2.79 Sst It gry v f Ifgr hd y sn pyr y calc no flu 

7896.4 0.174 5.3 0.052 4.9 0.0 63.7 2.81 Sst gry .., y flf gr hd calc no flu 4106. 

7897.0 0.154 6.9 0.061 6.5 0.0 62.9 2.67 Sst It gry y f If gr hd y sn pyr calc no flu 4106. 

7898.3 0.033 5.6 0.006 0.0 84.6 2.80 Sst It gry y flf gr hd y sn pyr calc no flu 4107. 

7899.3 0.032 5.8 0.005 4.8 0.0 87.5 2.78 Sst It gry y flf gr hd v sn pyr calc no flu 4108. 

7900.2 0.021 3.6 0.003 0.0 80.7 2.80 Sst It gry y f If gr hd y sn pyr calc no flu 4108. 

7901. 5 1.9 0.0 85.0 2.67 Sltst m gry pIty hd y sn calc no flu 

7902.2 0.344 3.0 0.016 2.6 0.0 86.8 2.78 Sst It gry y flf gr hd sn foss calc no flu 4109. 

7903.2 4.9 0.0 80.2 2.80 Sst It gry y f If gr hd .n foss calc no flu 

7904.5 4.0 0.0 89.4 2.77 Sst It gry y flf gr hd .n foss calc no flu 

7905.3 2.9 0.0 89.9 2.71 Sst It gry y flf gr hd sn foss calc no flu 

7906.4 4.9 0.0 85.2 2.69 Sst It gry y f If gr hd v sn foss calc no flu 

7907.4 4.2 0.0 84.4 2.&8 Sst It gry y f If gr hd sn foss calc no flu 

7908.4 4.8 0.0 86.7 2.69 Sst It gry v flf gr hd v sn foss calc no flu 

7909.1 0.070 7.7 0.013 6.8 0.0 92.2 2.69 Sst It gry y f If gr hd sn foss calc no flu 4113. 

7910.3 6.6 0.0 89.9 2.73 Sst It gry y f If gr hd ,h foss calc no flu 

7911.4 0.020 4.2 0.002 0.0 90.8 2.72 Sst It gry v flf gr hd sh foss calc no flu 4114. 
--
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MOBIL EXPLORATION & PRODUCTION COMPANY 
Cargill Unit No. 15 

COR E 

CORE LABORATORIES 

Field 
Formation 

Waskom Field 
Travis Pk, Cotton Valley 

RES U L T S A N A l Y SIS 

(HYDROSTATIC CONFINEMENT) 

File No.: 57151-15922 
Date 30-Mar-1989 

NOB (800 ps;) NOB (Reservo;r) SATURATION 
DEPTH POROSITY GRAIN DESCRIPTION RES 

KG ~ K- ; (HELllJ1) (PORE VOLlJ1E) DENSITY PRESS 
OIL IIATER 

ft nd x nd X X X X gnYcc psi 

7912.1 4.8 0.0 94.5 2.71 Sst lt gry v flf gr he! sh foss calc no flu 

CORE No.5 7916.7 - 7943.3 ft 

7916.9 5.6 0.0 88.7 2.70 Sst gry .., v flf gr he! sh lam calc no flu 
7917.9 0.019 3.7 <.001 0.0 69.4 2.68 Sst gry .., V flf gr he! .h lam colc no flu 4117. 
7918.4 0.035 5.7 0.007 5.1 0.0 90.4 2.68 Sst gry .., v f If gr he! sh 10m calc no flu 4118. 
7919.9 6.3 0.0 90.4 2.74 Sh 1ft gry plty he! pyr no flu 

7920.6 5.7 0.0 86.4 2.72 Sst gry v flf gr he! v .h pyr calc no flu 

7921.9 7.9 0.0 91.4 2.79 Sh m gry p1ty he! pyr no flu 

7923.8 6.1 0.0 89.1 2.75 Sh 1ft gry p1ty he! pyr no flu 

7924.6 6.2 0.0 91.6 2.79 Sst gry v flf gr he! y sh pyr calc no flu 
7925.5 0.020 3.0 0.003 0.0 94.7 2.76 S.t gry v f If gr he! v sh pyr ca lc no flu 4121. 
7926.5 2.9 0.0 87.5 2.75 Sst gry y f If gr he! y sh v foss pyr v calc no flu 

7927.5 6.3 0.0 87.7 2.72 Sst gry v flf gr he! v sh y foss pyr calc no flu 

7928.2 4.4 0.0 65.8 2.66 Sst.., y flf gr he! calc no flu 

7928.9 7.6 0.0 64.6 2.66 Sst wh y flf gr he! calc no flu 

7930.5 7.0 0.0 38.6 2.65 Sst wh v flf gr hd calc no flu 

7931. 5 6.2 0.0 65.9 2.65 Sst wh v flf gr he! calc no flu 

7932.2 4.8 0.0 69.4 2.66 Sst wh v flf 1r he! calc no flu 

7932.9 0.639 5.2 0.042 4.5 0.0 92.0 2.72 Sst lt gry y f If gr he! y sh pyr calc no flu 4125. 
7933.1 6.2 0.0 91. 5 2.75 Sst lt gry y f If gr he! ;ntbd sh pyr calc no flu 

7934.5 5.6 0.0 90.5 2.73 Sst lt gry v f If gr he! intbd .h pyr ca 1c no flu 

7935.6 7.5 0.0 92.0 2.77 Sh m gry plty he! pyr no flu 

7937.5 6.0 0.0 90.9 2.78 Sst lt gry v flf gr he! ;ntbd sh pyr calc no flu 

7938.5 5.2 0.0 86.6 2.80 Sst gry brn v flf gr he! v sh foss pyr calc no flu 

7939.5 ~ 9 0.0 90.1 2.77 Sh m gry plty he! pyr no flu 

7940.5 8.0 0.0 90.5 2.81 Sh m gry p lty he! pyr no flu 

-
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MOBIL EXPLORATION & PRODUCTION COMPANY 
Cargill Unit No. 15 

COR E 

CORE LABORATORIES 

Field 
Formation 

A N A L Y SIS 

Waskom Field 
Travis Pic, Cotton Valley 

RES U L T S 

(HYDROSTATIC CONFINEMENT) 

File No.: 57151-15922 
Date 30-Mar-1989 

N08 (800 ps i) N06 (Reservoir) SATIJ!ATIOH 
DEPTH POROSITY GRAIN DESCRIPTION RES 

1(- ; 1(- ; (HELIlJI) (PORE VOLlJIE) DENSITY PRESS 
OIL WATER 

ft nd % nd % % X % goYcc psi 

79.(2.0 3.6 0.0 95.2 2.81 Sst gry brn v flf gr hd .h foss calc no flu 

7943.2 0.017 1.8 <.001 0.0 74.5 2.82 Sst gry bm v flf gr hd sh foss calc no flu 4130. 

CORE No. 6 9017.8 - 9043.5 ft 

9018.0- 19.0 UNABLE TO OBTAIN SAMPLE 

9019.3 4.3 0.0 83.2 2.77 Sh <I< gry hd pyr y foss y calc grad Ls no flu 

9021.5 1.9 0.0 74.5 Z.72 Sh ltl<l< gry blky hd v foss pyr v calc no flu 

9021.4 2.0 0.0 76.5 2.72 Ls It gry v f/f xln hd sh v foss no flu 

9022.6 2.5 0.0 76.3 2.73 Sh It/<l< gry pIty v foss y calc no flu 

9023.5 5.3 0.0 95.1 2.78 Sh dl 9ry b l.y foss pyr sli ly calc no flu 

9024.9 3.2 0.0 83.5 2.76 Sh <I< 9ry b lky y foss pyr sli ly y calc no flu 

9025.7 1.7 0.0 75.7 2.72 Ls It 9ry v f/f xln hd v foss no flu 

9026.7 1.9 0.0 114.2 2.72 Ls lt/<I< gry .. icroxln hd v foss no flu 

9027.6 2.5 0.0 78.9 2.76 L. It 9ry v f If x In hd v foss pyr no flu 

9028.4 2.2 0.0 76.0 2.74 Sh It gry p lty hd v fo.s v calc no flu 

9029.3 3.5 0.0 89.4 2.74 Sh <I< 9ry pIty hd v foss v calc no flu 

9030.0- 30.9 INTERVAL REP«JVED BY CLIENT 

9033.5 0.058 2.9 0.002 0.0 90.6 2.75 Sh dk gry b lky hd .1ty foss pyr v calc no flu 4697. 

9034.4 2.1 0.0 76.7 2.75 L. It 9ry v flf xln hd v foss pyr no flu 

9035.5 1.9 0.0 82.1 2.73 Ls It gry v flf xln hd v foss pyr no flu 

9036.7 3.4 0.0 77.3 2.75 Ls It 9ry v flf xln hd v foss pyr no flu 

9037.5 2.4 0.0 79.2 7.76 S ltst It gry pIty hd v foss calc grad Ls no flu 

9038.5 4.4 0.0 74.4 2.78 S ltst dk 9ry pIty hd v foss calc grad Ls no flu 

9039.5 4.3 0.0 83.2 2.80 S ltst dk gry pIty hd v foss pyr calc grad Ls no flu 

9040.8 2.0 0.0 76.3 2.72 Sltst dk gry pIty hd foss pyr slily calc no flu 

9041. 9 5.1 0.0 92.5 2.77 Sltst dk gry pIty hd foss pyr slily calc no flu 

9042.1 2.2 0.0 77 .2 2.73 Ls It 9ry v flf .1n hd sh v foss no flu 
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MOBIL EXPLORATION & PRODUCTION COMPANY 
Cargill Unit No. 15 

COR E 

CORE LABORATORIES 

Field 
Formation 

A N A L Y SIS 

Waskom Field 
Travis Pic. Cotton Valley 

RES U L T S 

(HYDROSTATIC CONFINEMENT) 

File No.: 57151-15922 
Date 30-Mar-1989 

NOlI (800 psi) NOlI (Reservair) SATUIlATltJI 
DEPTH POROSITY GRAIN DESCRIPTIOH RES 

K- • K-

-
(HELIlII) (PORE VOLlIIE) DENSITY PRESS 

OIL WATER 
ft lid % lid % % % % grrfcc psi 

9043.3 0.277 3.6 0.008 2.6 83.0 2.71 S ltst It gry pIty hd fass ca Ie na flu 4702. 

CORE Na. 7 9199.0 - 9229.0 ft 

9199.5 5.3 0.0 79.3 2.74 sltst Ilk gry b lky hd v foss pyr ca Ie na flu 

9200.9 3.0 0.0 84.0 2.74 Ls It gry v flf xln hd sh foss na flu 

9202.6 2.6 0.0 73.0 2.73 Ls 1t gry v flf x1n hd v sh foss pyr na flu 

9202.7 0.017 3.2 <.001 0.0 58.5 2.68 Sst gry bm v flf gr hd calc no flu 4785. 

9203.9 4.6 0.0 54.8 2.66 Sst gry bm v flf gr hd .h lam calc na flu 

9204.5 O.IOS 6.2 0.024 5.7 0.0 65.9 2.67 Sst gry bm • flf -gr hd .h lam ca Ie na flu 4786. 

9205.6 0.016 7.2 0.002 0.0 42.9 2.66 Sst gry bm v flf gr hd calc na flu 4787. 

9206.6 0.021 8.3 0.003 0.0 41. 7 2.66 Sst gry bm v f If gr hd .h lam calc na flu 4787. 

9207.2 0.023 7.7 0.011 7.1 0.0 38.7 2.65 Sst gry bm v flf gr hd calc no flu 4788. 

9208.2 0.032 8.1 0.008 7.6 0.0 38.2 2.65 Sst gry bm v flf gr hd calc no flu 4788. 

9209.6 0.034 8.3 C.C09 7.8 0.0 39.3 2.65 Sst gry brn v flf gr hd calc no flu 4789. 

9210.6 0.035 8.6 0.010 8.1 0.0 36.1 2.65 Sst gry bm v flf gr hd calc no flu 4789. 

9211. 5 0.026 7.9 0.011 6.9 0.0 47.9 2.65 Sst gry bm • flf gr hd calc no flu 4790. 

9212.8 0.013 1.9 <.001 0.0 60.4 2.68 Sst gry brn v f If gr hd v calc na flu 4791. 

9213.4 0.Ol4 1.9 <.001 0.0 66.4 2.68 Sst gry ben v flf gr hd v calc no flu 4791. 

9214.8 0.024 8.5 0.015 7.6 0.0 43.5 2.66 Sst gry bm v f If gr hd calc na flu 4792. 

9215.2 0.026 8.2 0.014 7.5 0.0 48.5 2.66 Sst gry bm v f If gr hd calc no flu 4792. 

9216.4 0.025 7.5 0.013 0.0 48.2 2.66 Sst gry bm v flf gr hd calc no flu 4793. 

9217.4 1.6 0.0 75.6 2.69 Sst gry brn v flf gr hd sh foss calc no flu 

9218.4 3.0 0.0 81.9 2.66 Sst gry brn v flf gr hd calc no flu 

9219.6 1.1 0.0 59.1 2.66 Sst gry bm v flf gr hd v calc no flu 

9220.6 1.0 0.0 74.0 2.68 Sst gry brn v flm gr occ pbl hd calc no flu 

9221. 2 1.0 0.0 77 .1 2.68 Sst gry brn v f 1m gr occ pb 1 hd calc no flu 

9222.4 0.027 6.4 0.004 0.0 80.0 2.69 Sst gry brn v flf gr hd sh lam calc na flu 4796. 
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MOBIL EXPLORATION & PRODUCTION COMPANY 
Cargl11 Unlt No. 15 

COR E 

CORE LABORATORIES 

Field 
Formation 

A N A L Y SIS 

Waslcom Field 
Travis Pic, Cotton Valley 

RES U l T S 

(HYDROSTATIC CONFINEMENT) 

File No.: 57151-15922 
Date : 30-Har-19S9 

Noe (800 psi) Hoe (Reservoi r) SATlI!ATION 
DEPTH POROSITY GRAIN DESCRIPTION RES 

K- • K- • (HELItJI) (PORE VOLM) DENSITY PRESS 
OIL WATER 

ft nil % nil X X % % ~cc pst 

9223.5 5.0 0.0 87.2 2.76 Sst g'1 11m y flf gr hd intbd sh calc no flu 

9224.4 0.025 6.4 0.005 0.0 73.7 2.69 Sst g'1 11m y flf gr hd sh la .. calc no flu 4797. 

9225.3 0.001 1.7 <.001 1.3 1.7 0.0 77.4 2.70 Sst g'1 11m y flf gr hd sh II .. cllc no flu 4797. 

9226.3 0.010 1.5 <.001 0.0 76.3 2.69 Sst g'1 11m y flf gr hd calc no flu 4798. 

92Z7 .5 1.7 0.0 81.3 2.69 Sst g'1 11m y flf gr hd foss calc no flu 

9228.4 8.1 0.0 49.4 2.66 Sst g'1 bm y f If gr hd calc no flu 

CORE No. 8 9229.4 - 9259.& ft 

9229.4- 31. 0 IJIABlE TO OBTAIN SAMPlE 

9231.6 0.059 8.9 0.018 8.3 0.0 27.6 2.65 Sst g'1 11m y flf gr hd cllc no flu 4800. 

9232.0- 34.0 IJIABLE TO OBTAIN SAMPLE 

9Z32.2- 33.1 INTERVAL REI«JVED 8Y ClIENT 

9234.2 1.& 0.0 71.2 2.69 Sst gry 11m y flf gr hd "h la .. calc no flu 

9234.7 1JIABl! TO 08TAIII SAMPlE 

9235.6 0.060 3.8 0.006 0.0 70.9 2.69 Sst gry 11m v flf gr hd .h II .. cllc no flu 4802. 

9236.7 0.010 2.8 <.001 0.0 69.9 2.66 S.t g'1 11m y f If gr hd cllc no flu 4803. 

9237.5 1.1 0.0 69.2 2.69 Sst gry 11m v flf gr hd calc no flu 

9237.7 3.0 0.0 53.0 Z.67 S.t gry 11m v f If gr hd cllc no flu 

9Z39.6 0.0011 1.5 <.001 0.0 60.1 2.69 Sst gry 11m y flf gr hd fos. calc no flu 4805. 

9240.9 D.OSZ 7.7 0.007 7.3 0.0 39.7 2.&7 Sst g'1 bm v flf gr hd sh 1 ... calc no flu 4805. 

9241.6 0.040 6.7 0.007 4.7 0.0 36.3 2.66 Sst gry bm y flf gr hd calc no flu 4806. 

9242.9 7.6 0.0 43.5 2.67 Sst g'1 bm y f If gr hd calc no flu 

9243.4 2.9 0.0 47.5 2.69 Sst 9ry bm wry c 9r pbl hd cllc no flu 

9244.6 2.1 0.0 75.7 2.67 Sst gry 11m y flf gr pb 1 hd sh calc no flu 

9245.6 0.9 0.0 48.0 2.68 SSt g'1 11m flv c gr pbl hd calc no flu 

9l46.4 0.019 5.9 0.005 4.7 0.0 56.0 2.66 Sst 9ry bm y flf 9r hd sh lam calc no flu 4808. 

9247.2 7.6 0.0 51.2 Z.66 Sst 9ry bm y flf gr hd calc no flu 
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MOBIL EXPLORATION & PRODUCTION COMPANY 
Cargill Unit No. 15 

COR E 

CORE LABORATORIES 

Field 
formation 

A N A L Y SIS 

Waslcom Field 
Travis Pic, Cotton Valley 

RES U L T S 

(HYDROSTATIC CONFINEMENT) 

File No.: 57151-15922 
Date 30-Mar-1989 

N08 (800 ps i) N06 (Reservoir) SATllRATI~ 
DEPTH POROSITY GRAIN DESCRIPTI~ RES 

1(. • 1(. • (HElIUN) (PORE VOLUNE) DENSITY PRESS 
OIL WATER 

ft lid X lid X X X X grrIcc 1"1 

9248.2 0.013 2.0 <.001 0.0 53.4 2.68 Sst gry brn v f If gr hd calc no flu 4809. 
9249.3 0.186 8.9 0.117 8.7 0.0 27.7 2.66 Sst gry brn v f If gr hd calc no flu 4810. 
9250.4 0.086 8.5 0.043 8.1 0.0 24.4 2.66 Sst gry brn v f If gr hd calc no flu 4810. 
9251.3 0.064 8.4 0.027 8.0 0.0 27.6 2.66 Sst gry brn v f If gr hd calc no flu 4811. 
9252.5 0.022 7.2 0.013 6.8 0.0 30.9 2.67 Sst gry brn v fIr gr hd sh lam calc no flu 4811. 
9253.& 0.014 5.9 0.008 5.1 0.0 3&.9 2.&7 Sst gry brn v flf gr hd calc no flu 4812. 
9254.7 0.001 2.0 <.001 1.3 1.9 0.0 70.& 2.69 Sst gry brn v flf gr hd .h 11m cllc no flu 4812. 
9255.& 0.008 5.8 0.0D!i 4.0 0.0 38.8 2.67 Sst gry brn Y f/f gr hd sh 11m calc no flu 4813. 
9256.5 0.008 5.7 0.0D!i 3.7 0.0 39.3 2.67 Sst gry brn Y flf gr hd sh 11m cllc no flu 4813. 
9257.8 0.009 4.4 0.003 0.0 39.7 2.66 Sst gry bm y f If gr hd cilc no flu 4814. 
9258.6 1.6 0.0 67.0 2.69 Sst gry brn y fIr gr hd occ pb 1 Cllc no flu 

9259.2 0.003 1.5 <.001 1.1 1.5 0.0 64.& 2.68 Sst gry brn y f If gr hd y co Ie no flu 4815. 

CORE No. 9 9259.6 - 9282.9 ft 

9260.6 0.523 7.0 0.048 6.3 0.0 SO.O 2.68 Sst gry brn v f If gr hd sh 11m cllc no flu 481&. 

9261.5 0.009 4.3 0.002 0.0 40.3 2.66 Sst gry brn y flf gr hd calc no flu 4816. 

92&2.6 0.026 7.5 0.012 5.1 0.0 29.9 2.67 Sst gry brn v f If gr hd calc no flu 4817. 

9263.4 0.003 2.9 0.001 2.5 3.0 0.0 30.4 2.65 Sst gry brn v flf gr hd calc no flu 4817. 

9264.6 3.1 0.0 11. 7 2.70 Ls gry brn nricro/f .In pbl sdy no flu 

9265.3 0.007 1.4 <.001 1.0 1.4 0.0 SO.4 2.68 Sst gry brn y flf gr hd y cilc no flu 4818. 

9266.0- 68.0 UNABLE TO OBTAIN SAMf'LE 

9268.7 5.3 0.0 19.5 2.70 Ls gry brn nricro/f .In pb 1 .dy no flu 

9269.4 0.217 8.8 0.1l0 8.4 0.0 15.9 2.71 Ls gry brn nricro/f x In pb 1 sdy no flu 4820. 
9270.0- 73.0 UNABLE TO 06TAIN SAMPLE 

9273.7 3.8 0.0 28.2 2.65 Sst gry brn y rtlf gr hd calc no flu 

9274.4 1.5 0.0 63.1 2.69 Ls gry bm nricro/v f .In hd pbl sdy sh lam foss no flu 

9275.6 0.004 3.2 <.001 0.0 30.2 2.65 Sst gry brn y flf gr hd calc no flu 4823. 
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Company 
Well 

SAMPLE 
NLt1BER 

219 

220 

221 

222 

· 223 

· 224 

225 

226 

· 227 

· 228 

· 229 

230 

231 

232 

233 

234 

235 

236 

237 

· 238 

239 

240 

· 241 

CORE LABORATORIES 

MOBIL EXPLORATION & PRODUCTION COMPANY 
Cargill Unit No. 15 

Field 
Formation 

Waskom Field 
Travis Pk. Cotton Valley 

File No.: 57151-15922 
Date 30-Mar-19S9 

COR E ANALYSIS RES U L T S 

(HYDROSTATIC CONFINEMENT) 

Noe (800 ps;) Noe (Reservoir) SATURATION 
DEPTH POROSITY GRAIN DESCRIPTION RES 

K- • K_ • (HElILt1) (PORE VOLLt1E) DENSITY PRESS 
OIL IIATER 

ft nd X nd X X X X gnVcc psi 

9276.2 0.023 6.6 0.018 5.6 0.0 21.0 2.65 Sst gry bm v flf gr hd calc no flu 4824. 
9277.0- 78.0 UNABLE TO OBTAIN SAMPLE 
9278.1 0.012 5.3 0.005 0.0 22.0 2.65 Sst gry brn v flf gr hd calc no flu 4825. 
9279.6 0.010 3.8 0.002 0.0 43.6 2.66 Sst gry brn v flf gr hd sh lam calc no flu 4825. 
9280.6 0.015 3.9 0.003 0.0 70.0 2.67 Sst gry ben v f If gr hd sh lam calc no flu 4826. 
9281.1 7.9 0.0 25.7 2.12 L. gry bm micro/v f x1m hd pbl .dy foss no flu 
9282.6 5.4 0.0 27.8 2.65 Sst gry brn v flf gr hd calc no flu 

CORE No. 10 9282.9 -9311.3 ft 

9283.5 0.010 4.6 0.003 0.0 29.9 2.65 Sst gry brn v f If gr hd calc no flu 4827. 

9284.8 0.008 4.3 0.002 0.0 34.9 2.65 S.t gry brn v f If gr he! calc no flu 4828. 

9285.6 3.5 0.0 38.3 2.71 L. gry bm micro/f xln hd .dy foss no flu 

9286.6 2.7 0.0 35.2 2.70 Ls gry bm micro!f xln hd sdy fa .. no flu 

9287.5 6.] a_a 45.,3 Z.65 Sst .gry brn v flf 9T hd c« lc no flu 
9288.9 0.023 7.8 0.004 0.0 34.9 2.65 S.t gry bm v flf gr he! sh lam cllc no flu 4830. 

9289.5 0.075 7.7 0.012 7.3 0.0 38.3 2.65 Sst gry .brn v flf gr hd .h 11m cllc no flu 4830. 

9290.8 0.007 4.2 0.003 4.8 0.0 35.2 2.65 Sst gry brn v flf gr hd calc no flu 4831. 

9291.7 O. 009 6.0 O. 007 4. a 0.0 34.6 2.65 Sst gry brn v f If gr hd cllc no flu 4832. 

9292.8 0.027 8.6 0.015 8.3 0.0 28.4 2.65 S.t gry brn v flf gr hd cllc no flu 4832. 

9293.9 O. 027 9.2 0.016 8.7 0.0 27.9 2.65 Sst gry bm v f If gr hd cllc no flu 4833. 

9294.8 O. 019 7.8 0.013 7.4 0.0 22.9 2.65 Sst gry brn v f If gr hd cllc no flu 4833. 

9295.2 O. 028 7.4 O. 017 6.3 0.0 22.3 2.65 Sst gry brn v flf gr he! cl1c no flu 4834. 

9296.3 6.6 0.0 24.0 2.65 Sst gry brn v flf gr hd cllc no flu 
9297.5 O. 010 4.8 0.005 0.0 42.6 2.65 Sst gry bm v flf gr hd sh cllc no flu 4834. 

9298.2- 02.0 INTERVAL REHOVEO BY CLIENT 

9298.2 0.007 4.4 0.003 0.0 46.1 2.66 Sst gry brn v flf gr hd sh cl1c no flu 4835. 
9302.2 3.2 0.0 49.1 2.65 Sst gry brn v flf gr hd calc no flu 
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Company 
Well 

SAMPLE 
NlJ4SER 
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251 
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253 
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MOBIL EXPLORATION &. PRODUCTION COMPANY 
Cargill Unit No. 15 

COR E 

CORE LABORATORIES 

Field 
Formation 

Waskom Field 
Travis Pk, Cotton Valley 

RES U l T S A N A L Y SIS 

(HYDROSTATIC CONFINEMENT) 

File No.: 57151-15922 
Date 30-Mar-19S9 

NOS (800 psi) N06 (Reservoir) SATURATIIJj 
DEPTH POROSITY GRAIN DESCRIPTION RES 

K- • K- • (HELllJ4j (PORE VOLlJ4E) DENSITY PRESS 
OIl. WATER 

ft m:t X m:t X X X X gnVcc psi 

9303.3 0.010 4.3 0.002 0.0 52.3 2.65 Sst gry ben V flf gr hd cilc no flu 4838. 

9304.3 O.OOS 3.1 <.001 2.7 3.1 0.0 42.5 2.65 Sst gry bm v f If gr hd cllc no flu 4838. 

9305.6 0.010 3.6 <.001 0.0 33.3 2.65 Sst gry ben V flf gr hd clk no flu 4839. 

9306.3 0.008 4.2 <.001 0.0 37.4 2.65 Sst gry brn v flf gr hd cllc no flu 4839. 

9307.2 0.004 3.8 0.001 3.4 3.7 0.0 36.9 2.65 Sst gry bm V f If gr hd calc no flu 4840. 

9308.6 3.6 0.0 33.9 2.65 Sst gry bm v flf gr hd cllc no flu 

9309.5 3.8 0.0 43.0 2.65 Sst gry brn v f If gr hd cilc no flu 

9310.5 0.006 1.2 <.001 0.8 1.0 0.0 61.0 2.67 Sst gry bm v f If gr hd cilc no flu 4841. 

9311.1 1.2 0.0 74.5 2.68 S.t gry brn v flf gr hd calc no flu 

CORE No. 11 9313.0 - 9320.4 ft 

9313.8 0.005 3.8 <.001 0.0 76.0 2.73 Sst m gry bm v flf gr hd v .h pyr calc no flu 4843. 

9314.7 0.009 3.3 0.002 2.8 3.2 0.0 83.7 2.70 Sst m gry bm v flf gr hd v sh pyr cllc no flu 4844. 

9315.6 0.015 5.9 0.008 0.0 88.6 2.68 Sst m gry bm v flf gr hd v sh pyr cllc no flu 4844. 

9316.2 0.002 2.7 <.001 2.0 2.7 0.0 61.1 2.66 S.t gry ben v flf gr hd cllc no flu 4845. 

9317.8 0.004 3.5 <.001 3.3 0.0 74.7 2.66 Sst gry bm v flf gr hd calc no flu 4846. 

9318.6 0.023 7.5 0.006 6.0 0.0 56.9 2.67 Sst gry bm v flf gr hd sh lam calc no flu 4846. 

9319.6 4.7 0.0 48.0 2.66 Sst gry brn v flf gr hd sh lomcIl" no flu 

9320.2 0.010 5.3 0.004 5.0 0.0 40.8 2.66 Sst gry bm v flf gr hd sh lam cIlcno flu 4846. 

CORE No. 12 9321.1 - 9340.0 ft 

9321.4 O.OOS 3.7 <.001 3.1 3.8 0.0 41.2 2.66 Sst gry bm v f If gr hd calc no flu 4847. 

9322.9 0.015 '.6 0.002 0.0 18.1 2.70 Sst m gry bm v flf gr hd v sh pyr calc no flu 4848. 

9323.5 0.013 1.1 <.001 0.2 1.0 0.0 69.9 2.69 Sst m gry bm v f If gr hd sh pyr calc no flu 4848. 

9324.9 8.4 0.0 44.8 2.66 Sst gry brn v f If gr hd sh pyr calc no flu 

9315.5 0.029 9.1 0.018 7.7 0.0 41.9 2.65 Sst gry brn v f If gr hd calc no flu 4849. 
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Company 
Well 

SAMPLE 
Nlt4BER 

· 264 

265 

· 266 

267 

268 

269 

270 

VI 

27Z 

273 

· V4 

275 

· V6 

217 

U8 

279 

280 

281 

· 282 

283 

CORE LABORATORIES 

MOBIL EXPLORATION & PRODUCTION COMPANY 
Cargill Unit No. 15 

Field 
Formation 

Waskom Field 
Travis Pic, Cotton Valley 

File No.: 57151-15922 
Date 30-Mar-1989 

NOB (800 ps;) 
DEPTH 

K- ~ 

ft nil X 

93ZS.5 

9327.4 0.042 10.7 

9328.3 

9329.1 0.036 10.8 

9329.7- 30.1 

9330.2 0.030 10.7 

9330.8- 31.3 

9331.3- 32.2 

9333.2 0.006 5.6 

9334.0- 34.3 

9334.4- 35.0 

9335.4 0,011 5.7 

9336.4 0.012 6.5 

9337.5 0.002 2.2 

9338.8 0.010 B.7 

9339.4 

9340.2 0.007 5.B 

9341.3 

9342.7 0.010 4.B 

9343.5 <.001 2.4 

9344.4 0.016 5.7 

9345.6 0.188 6.9 

9346.5 0.156 6.5 

9347.9 

9348.3 

COR E RES U L T S A N A L Y SIS 

(HYDROSTATIC CONFINEMENT) 

N06 (Reservoir} SATURATION 
POROSITY GRAIN DESCRIPTION RES 

K- • (HELllt4) (PORE VOLlt4E) DENSITY PRESS 
OIL WATER 

nil X X X X gnYcc psi 

10.5 0.0 40.2 2.S5 Sst gry brn v flf gr hd sh l.m c.lc no flu 

0.031 9.8 0.0 37.7 2.65 Sst gry bm v flf gr hd c.lc no flu 4850. 

10.3 0.0 39.S 2.65 Sst gry bm v flf gr hd calc no flu 

0.030 8.8 0.0 38.8 2.66 Sst gry bm v flf gr hd c.lc no flu 4851. 

INTERVAL REIllVED BY CLIENT 

0.016 10.3 0.0 39.4 2.S5 Sst gry bm v flf gr hd c.lc no flu 4852. 

INTERVAL ROIlYEO BY CLI ENT 

PREVIOUSLY SAMPLED. NO PlIMi POSSIBLE 

0.001 0.0 41. 7 2.65 Sst gry bm v flf gr hd c.lc no flu 4853. 

PREVIOUSLY SAIIlED, NO PLIMi POSSIBlE 

INTERVAL REIIlYED BY CLIENT 

0.005 0.0 46.9 2.65 Sst gry bm v flf gr hd c.lc no flu 4854. 

0.002 0.0 38.2 2.65 Sst gry bm v flf gr hd c.lc no flu 4855. 

<.001 1.5 2.5 0.0 73.3 2.67 Sst gry bm v flf gr hd c.lc no flu 4855. 

0.002 0.0 42.0 2.66 Sst gry bm v flf gr hd .h 11m c.lc no flu 4856. 

5.2 0.0 92.6 2.72 Sst m gry bm v flf gr hd c.lc v sn pyr no flu 

CORE No. 13 9340. a - 9367.9 ft 

0.002 0.0 37.3 2.65 Sst gry bm v flf gr hd c.lc no flu 4857. 

2.9 0.0 85.2 2.69 Sst gry bm v flf gr hd v sn pyr calc no flu 

0.004 2.3 0.0 86.9 2.68 Sst gry bm v flf gr hd v sh pyr c.lc no flu 4858. 

0.9 2.4 0.0 66.0 2.66 Sst gry bm v flf gr hd calc no flu 4859. 

0.003 0.0 85.6 2,73 Sst m gry v flf gr hd v sh v pyr calc no flu 4859. 

0.010 6.1 0.0 88.5 2.7Z Sst m gry v flf gr hd v sn v pyr calc no flu 4860. 

0.009 5.6 0.0 96.2 2,75 Sst m gry v flf gr hd v sn v pyr cole no flu 4860. 

4.7 0.0 90.5 2.7Z Sst gry bm v flf gr hd calc no flu 

1.0 0.0 66.5 Z .69 Sst gry bm v flf gr hd calc no flu 486\. 
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Company 
Well 

SAMPLE 
NIJ1BER 

284 

· 285 

· 286 · 281 

· 288 

289 

290 

291 

Z<J2 

293 

Z94 

295 

296 

291 · 298 

299 

300 

301 

302 

303 

304 

30S 

MOBIL EXPLORATION & PRODUCTION COMPANY 
Cargill Unit No. 15 

COR E 

CORE LABORATORIES 

Field 
Formation 

A N A L Y SIS 

Waslcom Field 
Travis Pic, Cotton Valley 

RES U L T S 

(HYDROSTATIC CONFINEMENT) 

File No.: 57151-15922 
Date 30-Mar-1989 

NOB (800 psi) H08 (Rosorvoir) SATIJ!ATlON 
DEPTH POROSITY GRAIN OESClUPTlON RES 

K_ , K- , (HELllJ4) (PORE VOLlI![) DENSITY PRESS 
OIL IIATER 

ft lid " lid " " " " "wee pst 

9349 .5 0.003 0.8 <. 001 0.9 0. 0 12.5 2.69 Sst gry brn v flf gr hd calc no flu 4862 . 

9351.2 4.9 0. 0 88.8 2.15 Sh elk gry blky hd v foss pyr no flu 

9351. 5 4.1 0.0 81.6 2.16 Sh elk gry b lky hd v foss pyr no flu 

9352.8 4.3 0. 0 84.1 2. 16 Sh elk gry blky hd v foss pyr grad L. no flu 

9353 .1 2.1 0. 0 19 .3 2. 15 Sh elk gry blky hd v foss pyr grad L. no flu 

9354 .5 0.024 6. 1 0.005 0.0 83.8 2. 11 Sst gry brn v flf gr hd v sh v calc nl flu 4864. 

9355.8 O.IZI 4.8 0 . 009 4.6 0. 0 61 . 4 2 . 69 S.t gry bm v f If gr hd intbd sh calc no flu 4865 . 

9356 . 1 1.2 0.0 70.1 2. 65 S.t gry brn v f If. gr hd calc no flu 4865. 

9351 . 9 0.235 5 . 7 0. 010 5 . 1 0.0 85 . 1 2. 12 Sst elk gry v flf gr hd v ,h cllc no flu 4866 . 

9358 .5 1.3 0.0 52.4 2. 61 Sst gry bm v flf gr hd sh calc no flu 4866. 

9359 .8 l.8 0.0 92.9 2.78 Sst gry bm v f If gr hd sh cllc no flu 4861 . 

9360 .3 2. 5 0. 0 19 . 8 2. 19 Sst gry bm v f If gr hd sh cllc no flu 4861. 

9361.4 0.100 6. 6 0.009 0 . 0 82 . 1 2.ll Sst gry v flf gr hd sh calc no flu 4868. 

93&2.0- 65.2 SHALE. NO ANALYSIS 

CORE No. 14 9449. 0 - 9468 . 1 ft 

93&2.5- 61.9 INTERVAL RENOYEO BY CLI ENT 

9449 .5 O.OOS 3. 5 0 . 001 0.0 81.9 2.10 Sst gry v flf gr hd sh v calc no flu 4914. 

9450.6 2.0 0.0 19.1 2. 70 Sst gry v flf gr hd sh v cilc no flu 

9451.2 0.021 6. 1 0.005 0 . 0 58 .6 2.69 Sst gry v flf gr hd v .h v calc no flu 4915. 

9452 .9 0.029 4.9 0.003 3.1 0. 0 84 . 2 2. 11 S.t gry v flf gr hd v .h v calc no flu 4916 . 

9453 . 4- 55 . 2 SHALE. NO ANALYSIS 

9453.4 2.5 0 . 0 85 . 4 2. 71 Sst gry v flf gr hd sh foss calc no flu 4916 . 

9455 .5 0. 368 6. 0 0 .021 5.3 0.0 89 . 2 2.ll Sst gry v flf gr hd sh foss cllc no flu 4911. 

9456 . 1 0.010 6. 1 0 . 003 0. 0 81 . 3 2 . 13 Sst gry v flf gr hd sh foss calc no flu 4911 . 

9451.1 3.3 0. 0 66 .1 2.10 Sst gry v flf gr hd v sh foss calc no flu 491B. 

9458.1 0. 016 4.6 0. 002 0. 0 77 . 1 2. 10 Sst 9ry v f If gr hd v sh foss ca Ie no flu 4918. 

FINAL REPORT 1 - 13 



Company 
Well 

SAMPLE 
Nl'1BER 
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· 308 

· 309 

· 310 

· 311 

· 312 

313 

314 

· 315 

· 316 

· 317 

· 318 

· 319 

· 320 

MOB!L EXPLORATION & PRODUCTION COMPANY 
Cargill Unit No. 15 

COR E 

CORE LABORATORIES 

Field 
Formation 

Waskom Field 
Travis Pk, Cotton Valley 

A N A L Y SIS RES U L T S 

(HYDROSTATIC CONFINEMENT) 

File No.: 57151-15922 
Date 30-Mar-1989 

N08 (800 psi) N08 (Reservoir) SATURATHJI 
DEPTH POROSITY GRAIN DESCRIPTION RES 

K- • K- • (HELll'1) (PORE VOL l'1E) OENSI TY PRESS 
OIL WATER 

ft nd X nd X X X X grr{cc pst 

9459.4 4.3 0.0 81.4 2.70 Sst gry • flf gr hd • sh foss calc no flu 4919. 

9460.3 0.046 6.0 0.006 0.0 83.5 2.72 Sst gry • flf gr hd • ,h foss calc no flu 4919. 

9461. 5 5.5 0.0 83.7 2.72 Sst gry • flf gr hd • ,h foss calc no flu 

9462.1 4.1 0.0 84.1 2.71 Sst gry • f If gr hd sh calc no flu 

9463.0- 68.1 SHALE. NO AMALYSIS 

CORE No. 15 9469.0 - 9482.0 ft 

9469.5 5.9 0.0 98.6 2.74 Sh dk gry b lky hd .dy pyr no fl u 

9470.0- 73.0 SHALE. NO AHALYSIS 

9473.1 6.1 0.0 96.3 2.74 Sh dk gry b lky hd intbd sd pyr na flu 

9474.0- 75.0 SHALE. NO AHALYSIS 

9475.2 5.6 0.0 95.4 2.76 Sh dk gry b lky hd .dy pyr no flu 

9476.0- 79.0 SHALE. NO AHALYSIS 

9479.7 0.147 5.4 0.009 4.5 0.0 95.1 2.75 Sh dk gry blky hd .dy • foss pyr no flu 4929. 

9480.0- 82.0 SHALE. NO ANALYSIS 

CORE No. 16 94482.0 - 9500.0 ft 

9482.6 0.228 5.4 0.017 4.8 0.0 93.7 2.75 Sh dk gry blky hd .dy • fo •• no flu 4931. 

9483.3 4.3 0.0 91.3 2.74 Sh dk gry blky hd sdy foss no flu 

9484.9 6.6 0.0 93.9 2.77 Sh dk 9ry b lky hd .dy foss no flu 

9485.0- 91.0 SHALE. NO ANALYSIS 

9491. 5 6.5 0.0 95.8 2.76 Sh dk 9ry b lky hd .dy • foss na flu 

9494.2 5.8 0.0 92.8 2.76 Sh dk gry b lky hd sdy • foss no flu 

9495.1 1.8 0.0 81.3 2.74 Sh dk gry b lky hd sdy • fass v ca Ie 9rad Ls no flu 

9495.5- 99.0 SHALE. NO ANALYSIS 

9499.3 3.1 0.0 93.2 2.73 ,h dk 9ry b l<y hd sdy foss no flu 
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Company 
Well 

SAMPLE 
NlJ1BER 

CORE LABORATORIES 

MOBIL EXPLORATION & PRODUCTION COMPANY 
Cargill Unit No. 15 

Field 
Formation 

Waskom Field File No.: 57151-15922 
Travis Pic, Cotton Valley Date 30-Mar-19a9 

COR E ANALYSIS RES U L T S 

(HYDROSTATIC CONFINEMENT) 

N08 (801) p'i) N08 (Reservoir) SATtRATI(JI 
DEPTH POROSITY f-- - GRAIN D£SCRJPTJ(JI RES 

K- • K- • (HElIlJ1) (PORE VOllJ1[) DENSITY PRESS 
Oil IIArER 

ft nil 11: nil 11: % 11: :t 9""CC p.i .. 
• INDICATE FRACTtRED SAMPLES: eNS-300 TESTING NOT PERFORMED 

, INDICATES PERMEABILITY AT 800 PSI <.0005 nil : CHS-300 IIIABlE TO ANALYZE 
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WELL TEST ANALYSIS AND 
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W ELL T EST A N A L Y SIS 

Gas Well Analysis 
Buildup Test 
Test period preceded by one rate 

GAS RESEARCH INSTITUTE Operator 
Well 
Location 
Formation 

SFE NO. 3 (CARGILL UNIT WELL NO. 15) 
WASKOM FIELD, HARRISON COUNTY, TEXAS 
COTTON VALLEY 

Perforated Interval: 9225-9250, 9285-9330 
Analyst S. A. HOLDITCH & ASSOCIATES 
Test Date 6/16 - 7/14/89 

Remarks POST-FRACTURE PRESSURE BUILDUP TEST 

RESERVOIR PARAMETERS 

Net pay (ft) 
We11bore radius (ft) 
Porosity (fraction) 

Gas saturation (fraction) 
Oil saturation (fraction) 
Water saturation (fraction) 
Formation compressibility (1/psi) 
Total compressibility (1/psi) 

RESERVOIR FLUID PROPERTIES 

Bottom hole temperature (deg F) 
Separator gas gravity 
Mole percent hydrogen sulfide (%) 
Mole percent carbon dioxide (%) 
Mole percent nitrogen (%) 
Gas-condensate ratio (scf/STB) 
Condensate gravity (Deg API) 
Gas equivalent of condensate (scf/STB) 
Wet gas specific gravity 
Water compressibility (1/psi) 

40.00 
.3650 
.0920 

.7000 

.0000 

.3000 
.0000040 
.0002467 

246.00 
.6420 
.0000 
.0000 
.0000 

139578. 
50.00 

751. 590 
.6640 

.0000036 
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PRODUCTION PARAMETERS 

Input pressure at t = 0 (psig) 
Initial drainage area pressure (psia) 
Corrected pressure at t = 0 (psia) 
Adjusted initial drainage area 

pressure (psia) 
Adjusted pressure at t ~ 0 (psia) 
Atmospheric pressure correction (psi) 
Total pressure correction (psi) 
Time correction 

FLUID PROPERTIES AT AVERAGE PRESSURE 

Average pressure (psia) 
Gas viscosity (cp) 
Total compressibility (l/psi) 
Z-Factor 
Gas formation volume factor (RB/Mcf) 
Pressure adjustment factor (cp/psia) 
Time adjustment factor (cp/psia) 

SEMI-LOG ANALYSIS 

Semi-log slope (psi/cycle) 
Permeability (md) 
Permeability thickness, kh (md-ft) 
Skin factor 
Adjusted pressure at an adjusted time 

of one hour (psia) 
Pressure at an adjusted Horner time 

ratio of one, p* (psia) 
Radius of investigation (ft) 

End of test 
End of production 
Start of middle-time region 

LINEAR FLOW ANALYSIS 

Slope of linear flow (psi/sqrt(hr» 
Permeability (rod) 
Fracture half-length (ft) 
Permeability-fracture length (kLf) 

(rod-ft) 

268.1 
601.9 
268.1 

1856.42 
3600.00 
1871.12 

2457.95 
758.14 

14.70 
14.70 
.0000 

2735.56 
.01784 

.0002467 
.92066 

1.19645 
.30019E-05 
.44006E-05 

-668.36 
.0418 

1. 6706 
-4.859 

-286.11 

3250.20 

37.63 
.0200 

206.05 

849.15 



TYPE CURVE ANALYSIS - FINITE CONDUCTIVITY VERTICAL FRACTURE 

Permeability (md) 
Permeability thickness, k~ (md-ft) 
Fracture half-length (ft) 
Dimensionless fracture conductivity 
Fracture conductivity (md-ft) 

MATCH POINT 
Dimensionless pressure 
Dimensionless time 
Adjusted Pressure Change (psi) 
Equivalent Adjusted Time (hr) 

.8160 

.3365E-03 
1000. 
1. 000 

.0198 
.791 

195.7 
96.38 
1172. 

TYPE CURVE ANALYSIS - INFINITE CONDUCTIVITY VERTICAL FRACTURE 
WITH WELLBORE STORAGE 

Permeability (md) 
Permeability thickness, kh (md-ft) 
Fracture half-length (ft) 
Dimensionless wellbore storage 

coefficient 
Wellbore storage coefficient (bbl/psi) 

MATCH POINT 
Dimensionless pressure 
Dimensionless time 
Adjusted Pressure Change (psi) 
Equivalent Adjusted Time (hr) 

RATE DATA 

.8643 

.4685E-03 
1000. 
1. 000 

Input Rates Calculated 
Adjusted 

Cumulative 
Time 
(Day) 

1 106.65 

Gas 
Rate 

(Mscf/D) 

320.00 

Cumulative 
Time 

(hr) 

3328.8 

Gas 
Rate 

(Mscf/D) 

321. 72 

.0210 
.838 

170.7 

.9784E-02 

.2895 
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TIME AND PRESSURE DATA 

Equivalent Adjusted 
Adjusted Horner Adjusted 

Time Pressure Time Time Pressure 
(hr) (psia) (hr) Ratio (psia) 

---------- ---------- ---------- ---------- ----------
1 .11111E-Ol 1871.2 .78962E-02 .42157E+06 758.18 
2 .16667E-Ol 1872.2 .11845E-Ol .28102E+06 758.95 
3 .25000E-Ol 1874.1 .17773E-Ol .18729E+06 760.43 
4 .33333E-Ol 1875.3 .23705E-Ol .14042E+06 761. 38 
5 .41667E-Ol 1876.4 .29640E-Ol .11231E+06 762.21 
6 .50000E-01 1877.2 • 35578E-01 93562 . 762.82 
7 .58333E-01 1878.0 .41518E-Ol 80176. 763.44 
8 .66667E-Ol 1878.7 .47460E-Ol 70138. 763.94 
9 .75000E-Ol 1879.3 • 53404E-01 62332 . 764.38 

10 .83333E-Ol 1879.7 .59349E-Ol 56088. 764.73 
11 .10000 1880.6 . 71243E-Ol 46724 • 765.44 
12 .11667 1881. 4 .83142E-Ol 40038. 766.02 
13 .13333 1882.2 • 95045E-01 35023 . 766.62 
14 .15000 1883.0 .10695 31124. 767.28 
15 .15833 1883.5 • 11291 29483 . 767.63 
16 .17972 1884.4 • 12820 25966 . 768.34 
17 .20639 1885.6 • 14727 22603 . 769.22 
18 .24639 1887.3 .17590 18925. 770.53 
19 .28639 1888.5 . 20454 16274 • 771. 49 
20 .32639 1889.8 • 23321 14274 • 772.54 
21 .38695 1891.4 .27663 12034. 773.77 
22 .46028 1893.1 . 32925 10110 . 775.12 
23 .59361 1895.9 .42502 7832.1 777.28 
24 .72695 1898.3 .52090 6390.5 779.16 
25 .97500 1902.3 .69953 4758.6 782.24 
26 1. 2417 1905.7 .89186 3732.4 784.91 
27 1. 5083 1908.7 1. 0845 3069.5 787.23 
28 2.0433 1913.9 1.4715 2262.1 791.31 
29 2.5853 1918.4 1. 8644 1785.5 794.76 
30 3.3853 1928.1 2.4460 1360.9 802.43 
31 4.1853 1936.6 3.0299 1098.6 809.10 
32 4.9853 1944.1 3.6157 920.64 815.03 
33 5.7853 1950.8 4.2032 791. 96 820.38 
34 6.5853 1957.2 4.7923 694.62 825.46 
35 7.3853 1963.2 5.3827 618.42 830.17 
36 8.1853 1968.8 5.9745 557.16 834.69 
37 8.9853 1974.3 6.5676 506.85 839.11 
38 9.7853 1979.5 7.1619 464.79 843.27 
39 10.585 1984.7 7.7574 429.11 847.45 
40 11. 385 1989.8 8.3540 398.47 851. 55 
41 12.185 1994.7 8.9518 371.86 855.51 
42 12.985 1999.3 9.5506 348.54 859.24 
43 13.785 2003.8 10.150 327.95 862.89 
44 14.585 2008.2 10.751 309.62 866.44 
45 15.385 2012.4 11.353 293.21 869.90 
46 16.185 2016.6 11.955 278.43 873.27 
47 16.985 2020.6 12.559 265.05 876.51 
48 17.785 2024.5 13.163 252.89 879.73 
49 18.585 2028.3 13.768 241. 78 882.84 
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50 19.385 2032.0 14.374 231.59 885.86 
51 20.185 2035.7 14.980 222.21 888.81 
52 21. 077 2039.7 15.657 212.60 892.12 
53 23.477 2049.9 17.483 190.40 900.61 
54 25.877 2059.7 19.314 172.35 908.68 
55 28.327 2069.2 21.189 157.10 916.48 
56 30.727 2078.1 23.031 144.53 923.90 
57 33.127 2086.5 24.878 133.81 930.97 
58 35.527 2094.7 26.728 124.54 937.83 
59 37.927 2102.6 28.583 116.46 944.41 
60 40.327 2110.2 30.442 109.35 950.75 
61 42.727 2117.6 32.304 103.05 957.03 
62 45.127 2124.7 34.170 97.419 963.02 
63 47.527 2131. 6 36.039 92.367 968.88 
64 49.927 2138.3 37.911 87.805 974.52 
65 52.327 2144.8 39.786 83.667 980.05 
66 54.727 2151. 2 41. 664 79.896 985.55 
67 57.127 2157.4 43.545 76.446 990.87 
68 59.527 2163.4 45.428 73.277 996.02 
69 61.927 2169.3 47.313 70.357 1001.1 
70 64.327 2175.1 49.201 67.657 1006.0 
71 66.727 2180.8 51. 091 65.154 1010.9 
72 69.127 2186.3 52.983 62.828 1015.7 
73 71.527 2191. 7 54.877 60.659 1020.4 
74 73.927 2197.0 56.773 58.633 1025.0 
75 76.327 2202.2 58.671 56.737 1029.5 
76 78.727 2207.4 60.570 54.958 1034.0 
77 81.127 2212.4 62.471 53.285 1038.3 
78 83.527 2217.3 64.374 51. 710 1042.6 
79 85.677 2221. 7 66.080 50.376 1046.4 
80 89.332 2228.9 68.982 48.256 1052.8 
81 93.170 2236.4 72.034 46.212 1059.3 
82 97.170 2244.0 75.217 44.256 1066.0 
83 101.17 2251. 4 78.404 42.457 1072.5 
84 105.17 2258.6 81.594 40.797 1078.8 
85 109.17 2265.7 84.786 39.261 1085.1 
86 113.17 2272.6 87.981 37.835 1091.2 
87 117.17 2279.3 91.178 36.509 1097.3 
88 121.17 2286.0 94.377 35.271 1103.2 
89 125.17 2292.5 97.578 34.114 1109.0 
90 129.17 2298.9 100.78 33.030 1114.7 
91 133.17 2305.1 103.99 32.012 1120.3 
92 137.08 2311.1 107.12 31.076 1125.7 
93 141.41 2317.7 110.59 30.100 1131. 6 
94 145.41 2323.7 113.80 29.251 1136.9 
95 149.41 2329.6 117.01 28.449 1142.2 
96 153.41 2335.3 120.22 27.690 1147.4 
97 157.41 2341. 0 123.43 26.969 1152.6 
98 161. 41 2346.6 126.64 26.285 1157.6 
99 165.41 2352.1 129.85 25.635 1162.6 

100 169.41 2357.5 133.06 25.017 1167.5 
101 173.41 2362.8 136.28 24.427 1172.4 
102 177.41 2368.1 139.49 23.864 1177.2 
103 181.41 2373.3 142.70 23.327 1182.0 
104 185.41 2378.5 145.91 22.814 1186.7 
105 189.41 2383.5 149.12 22.322 1191. 3 
106 193.41 2388.6 152.34 21.852 1196.0 
107 197.41 2393.5 155.55 21. 401 1200.4 
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108 201.41 2398.3 158.76 20.968 1204.9 
109 206.25 2404.1 162.64 20.467 1210.2 
110 214.25 2413.5 169.06 19.690 1218.9 
111 222.25 2422.7 175.47 18.971 1227.4 
112 230.25 2431.6 181. 88 18.302 1235.7 
113 238.25 2440.4 188.29 17.679 1243.8 
114 246.25 2448.9 194.69 17.098 1251. 8 
115 254.25 2457.3 201. 08 16.555 1259.7 
116 262.25 2465.5 207.47 16.045 1267.3 
117 270.25 2473.4 213.85 15.566 1274.8 
118 278.25 2481.2 220.22 15.116 1282.1 
119 286.25 2488.9 226.59 14.691 1289.3 
120 294.25 2496.4 232.95 14.290 1296.4 
121 302.25 2503.7 239.30 13.911 1303.4 
122 310.25 2510.9 245.64 13.552 1310.1 
123 318.25 2518.0 251. 97 13.211 1316.8 
124 326.25 2524.9 258.29 12.888 1323.4 
125 334.25 2531. 6 264.60 12.581 1329.9 
126 342.25 2538.3 270.90 12.288 1336.3 
127 350.25 2544.9 277.19 12.009 1342.5 
128 358.25 2551. 3 283.47 11. 743 1348.7 
129 366.43 2557.7 289.89 11. 483 1354.8 
130 374.44 2563.9 296.14 11. 241 1360.8 
131 382.86 2570.3 302.71 10.996 1366.9 
132 390.86 2576.3 308.95 10.775 1372.7 
133 399.08 2582.3 315.34 10.556 1378.5 
134 407.08 2588.1 321.54 10.353 1384.0 
135 415.08 2593.7 327.74 10.157 1389.5 
136 423.08 2599.2 333.92 9.9689 1394.9 
137 431.34 2605.0 340.29 9.7823 1400.5 
138 439.34 2610.3 346.44 9.6085 1405.6 
139 447.34 2615.7 352.58 9.4412 1410.9 
140 460.92 2625.9 362.98 9.1708 1420.8 
141 484.08 2639.0 380.62 8.7458 1433.6 
142 508.08 2653.4 398.76 8.3478 1447.8 
143 532.08 2667.1 416.77 7.9871 1461.3 
144 556.08 2680.3 434.65 7.6586 1474.2 
145 580.08 2692.6 452.39 7.3583 1486.5 
146 604.08 2704.7 469.98 7.0828 1498.4 
147 628.08 2716.2 487.43 6.8293 1509.9 
148 652.08 2727.3 504.73 6.5952 1521. 0 
149 660.58 2731.0 510.82 6.5166 1524.7 
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3/16/89 
----~D...:.at.:::.e~:...---- S. A. HOLDITCH & ·ASSOCIATES, INC. 

ACID AND FRACTURE TREAHlENT SUMMARY SHEET 

Company ___ ~G~R~I~ ________________ ___ 

We 11 Name _---'S""'F...,E"-"Ne><oi.. ~3,,--__________ _ 

Tubing Size & Weight 2 3/8", 4.711 

Packer Depth _--'N.=;A=---______ _ 

Casing Size & Weight 
Below Packer _________ _ 

Casing Size & Weight 
(If frac down u:xiN:§.) 7", 29/1 

annu 1 u s --'-.-==-=-"----

SITP ---------

Tubing Volume 35 b""bc=l"'-s ___ _ 

Casing Volume 
To Perfs 291bbls (Annulus) 

Total Flush Volume 291 bbls 

Perforations 9225-9250, 9285-9330 

SICP ------------
Tested Frac Lines to __ ~55o...0,-,0,-",p.=.s=igc. ________ _ 

Pressured Tubing-Casing Annulus to ____________ __ 

(Post-Frac)ISIP . 2970 5 min 2950 10 mi n 2950 15 min ___ _ 30 min ___ _ 

Stage Cum. Inj. Tubing Casing 
Time Fl uid Ti]~e Volume Volume Rate Pres. Pres. Remarks 

(gal ) (gal ) 1BPMT ('Psi) (pSi) (Wellbore fluid - 4011 linear 
7:31 4011 linear Ml _2_1_ ~ ..2..:ill.O.... 
7:35 4011 linear gel 4200 lf200 l.L- -1l2.L ..l2.§L 

7:39 4011 linear gel ~ .n2L. .121.L [1H - 6.7 

7:43 4011 linear gel 16200 16200 2L- 2350 ..J.l..2.L. Start BA-4Q (.8 g.alLlQQQ gal) 

7:48 4011 linear gel 2.Q.d.. ~ ~ [1H - 1Q.5 

7:51 4011 linear gel 34400 34400 50.0 ~ ~ 1:1.It !.lA-{tQ 

7:53 4011 ltn.,g"C!.r.:..,ggl 40500 4050Q 2Q....Q.. ~ .:.mJL. Illi - 8.8. start Jrd tank 

7:57 4011 linear gel 47500 4750Q ..5.Q....L ~ -olliliL IlH = 6.1. diesel = 1.2 BEM 
8:02 4011 lin~l 58010 58Q1Q ~ ~ ~ finish gel; flush l!lLslick 

8:06 Slick Watlilr l:l420 2650Q 2Q...L ~ ...ll.LL cut WAC-2 in flush 
8:08 Slick watlilJ: 123{tQ ZQJ5Q .2Q...L ...2.22.iL .:liQJL .El.J.I.ah complete 

~ .lJt..5..L ISH 
HalliburtQn total on diesel 36.5 bbls 

8:20 ..ll2.o...._ 2.J..5.{L 12 min SlE 

-Bush for mini-frac is first part Qf slick~r ~d ___ 

8:28 ~ ~ 2Q min S1£ 
11:38 J..lQiL ..li!.2.!L. J lLZ hour SlE 
11:38 Slick water 0 70250 JQ...L ~ J.liL 
11:40 ~ck water 1300 71550 2..Q....L ~ ~ I2H = 6.{t 

11: 42 Slick water 30000 73250 J..O....L --- 11.8JL 1li!L diesel - Q.8 BPM 

11: 43 Slick water 5200 75450 !t..LJL ..2~ Jl5...L 
11: 46 Slick water 1Q550 ~~ ..5.lh..L ~ ~ diesel - 1.2 BEM 
11: 47 Slick Eater ---li.1.2JL 82570 ~ ~ ~ Slir;;k on ped.s 

gel) 

-251-



We 11 Name _..!:S~F~E..cN,,-,0,,-,.,--,,3 ______ _ Page No. ~ 
(Slurry) 

Tubing 
Pres. 

Casing 
Pres. Time 

11 :50 

11: 53 

Fluid Type 

Slick water 

Slick water 

Stage 
Volume 
( gal)" 

19500 

25000 

11:54 1/2 Slick water 

11: 55 

12:00 

12:01 

12: 11 

12:28 

12:35 

12:45 

12:56 

12:59 

Slick water 29670 

50# Gel 11000 

50# Gel 12320 

50# Gel 33100 

50# Gel 66700 

50# Gel 80500 

-=-5.:;..01.::...~ .....:G;.::ec::.l ___ 102800 

-=-5~0f,!!...1 ~G:=e-=-l ___ 126000 

50# Gel 5500 

13:02 1/2 50# Gel 12320 

13170 13:03 

13:04 

5011 Gel 

4011 Gel 

13:08 1/2 40# Gel 

13:11 4011 Gel 

13:13 40# Gel 

13:16 1/2 40# Gel 

4011 Gel 

40# Gel 

40# Gel 

8500 

11470 

16800 

5000 

12320 

17560 

8200 

12320 

Cum. Inj. 
Volume Rate 
( gal) TBPMT 
89750 50.4 

\PsT) 

~ 

Remarks 
\pST) 

3J.2..rL... Start BA-40 

95250 ..N.l.1.6.QD __ .J3.8fL -lpuHL.':'-.....LI LI ....,2c..... _______ _ 

99920 Start gel 

110920 ~ ~ ~ pH - 11.0.XL - 1.1 gpm 

112240 ~ ~ ~ ..;G<5e:Al.....!.2.onlL.lp;1J;e~r~fJis _______ _ 

lJ.3.D..2!L 2.Q.....L ~ .JliliL. Vis = 43 cps. pH = 10 7 

166620 ~.2.Eilll..- ..3.6.QlL. problems with slICtioo -

180420 2.2.:...i. ~ 370L rate fluctuatini: 

202720 2Q.JL ~ 3750. pH = 9.8, Vis = 49 

225920 ~ 2880 3800 -"S~t.aa.!...rt~ll!.O""O~mID.e!;;Js;uh.l.-. _____ _ 

231420 2.Q.,l 1.2iill- .1.Z1L .J,1.L' !,LO-lp~Ptgg ________ _ 

238240 ~ ~ ~ 100 mesh on perfs 

239090 5JL..L ~ ..3lilll...- cut 100 mesh; start 40ft gel 

247590 3Q..JL.2.23~.J..l...1(L 

250560 3Q..JL.2.23D-..J..l...1(L 100 mesh flllshed 

255890 ~ ~ .1.Z1L Start 1 ppg 20/40 sand 

260890 2.Q.J... 1.2l.9..- ~ ...J,l .......... l-ipbl-lp~g>--____ . ____ _ 

268210 2Q....L ~ ~ ...LIJtII--1J.;oolJ......!opu:e'-I:r.J.,.fb..s _______ _ 

273450 ~ ~ ~ Start 2 ppg stage 

28 1 650 

285770 

13:19 

13:23 

13: 25 

13:30 

13:32 

4011 gel 22ll(L_ 296360 

..51L..D...... 2.9JJ:L_ ~ ..L2:....p.ppp;g~OlDn4pf:,;f:Jl:..:·fUs>-------_ 

~ ~ .3.35DL- Start 3 ppg stage 

4011 Gel 

13:35 1/2 40# Gel 

13:38 1/2 40# Gel 

13:41 4011 Gel 

13:42 40# Gel 

13:43 4011 Gel 

13: 47 

13:52 

13:54 

13:55 

4011 Gel 

4011 Gel 

4011 Gel 

4011 Gel 

13:58 40# Gel 

14:01 

14:07 

14: 14 

4011 Gel 

4011 Gel 

40# Gel 

14_:_16._1_/_2 4011 Ge.",-l __ _ 
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5150 

12320 

18500 

23870 

3400 

4800 

12320 

23650 

27500 

29790 

6600 

12320 

26000 

41260 

301510 

308680 

314860 

320230 

2.Q...L lmL- 1.llliL.. ~3...:. O\L...I.P~p.!!.g ________ _ 

..m...L .2.llU- ~ ...l3:u.II-'oU,Jo.L.j-p""e-Lr .J.,.fs"--______ _ 

~ ~ ~ pH = 10.5. XL - 0.7 gpm 

~ ~ ~ Start 4 ppg stage 

323630 ~ ~ l!.iQ...... 2.3,:,,'!..o7 ~p!!pC!>g~ ________ _ 

325030_ ~ lliL l.!1iL. ::!.4~. O~p~p~g~ ________ _ 

332550 ~ ~ illL 411 on per-'of-",-s __ _ 

3438~ 50.1 2950_ J.QlL ::!.4....:. O~p~p~g~ ________ _ 

3~]730_ ~ ~ ~ Start inc. sand to 511 

350020 ~ 295_0_ ~ Start 5 ppg stage 

3566_2.L ~ ~ 3000 

3§23~ 50.3_ 2970_ ~ ,? 0 ppg. XL = 0.7 gpm, pH-JJL.2 

376020 ~ 29~ ~ 

391280 ~ li~ ~ i:1..St'"'-'a!1r...J,t~6~pP-lp2.l;g;....... ____ _ 

5.D.....l.. 22.70__ ill.L.. ~.g.. __ _ 



Well Name SFE No.3 

Time Fluid Type 
Stage 

Volume 
(gal ) 

Page No. ~ 

Cum. Inj. Tubing Casing 
Volume Rate Pres. Pres. Remarks 
( gal) 1BPMT (j)Sl) (j)Sl) 

14: 20 1 /2 40 II X-L Ge 1 12320 403600 2..Q......L l.9.l.O- ~ -,"6'-ILpp~g~oWn'---!Lp .... e rLfus'---_____ _ 

14:24 Lost suction - rate dropped - sand drop~tQ 3~4-p~ (only lasted apprax minute) 

14:26 

14:35 

14:36 

14:37 

14:40 

14:43 

14:49 

14:55 

14:59 

15:01 

15:02 

15:07 

15:14 

15:20 

15:23 

15:27 

15:29 

15:30 

15:31 

15:32 

15:33 

15:36 

15:41 

15:46 

4011 X-L Gel 

4011 X-L Gel 

4011 X-L Gel 

4011 X-L Gel 

4011 X-L Gel 

4011 X-L Gel 

4011 X-L Gel 

4011 X-L Gel 

40# X-L Gel 

4011 X-L Gel 

4011 X-L Gel 

4011 X-L Gel 

4011 X-L Gel 

4011 X-L Gel 

4011 X-L Gel 

4011 X-L Gel 

26200 417480 50.1 2970 2900 -,,-5-,--.9,,--,p:.l:p:.cg~ ________ _ 

43900 435180 49.4 2980 28~_ ~6~.0",--!p'XP'.!5g~ ________ _ 

48140 

7000 

12320 

25450 

38500 

~ ~ ~ Start inc sand (6 tanks of fluid 
remaining) 

439420 ~ ~ ~ Start 7 ppg stage (5600 SX left) 

MillQ.. 50.6 ~ ~ ..\l6 ....... 8!L...1.pLj.ip~g ________ _ 

451740 

464870 

477920 

50. 5 ~ n~ Lw,g".-l.own'---!Lp .... erLfus'--_____ _ 

2Q...L ~ 2.QB.Q_ .u6~. ::z.9-lP4P~g>-----------

5.Q.....L ~ 2.b.8Jl__ .u6~9-lP4P~g>-----------

46500 485920 ~ ~ ~ ~g (start jnc sand) 

49860 489280 ~ ~ ~ ."2S.hta,;LrLJt=-...!;8t.-J.1.p¥-pg~--____ _ 

3450 

12320 

29000 

492730 

501600 

518280 

~ ~ 2660_ L7-,-,. 6\LJP!.Up~g ________ _ 

,2~ ~ ~ 811 on perfs C7 6 ppg - RES) 

50.0 3050 2570 ~8~.4~p~p~g __________ _ 

41500 530780 50.6 3070 ~ 7.7 ppg-RES; 8.0 ppg Halliburton 

47800 537080 ~ ~ ~ ",8,,-,.0~p~PO-g ________ _ 

56270 ~ ~ ~ 8.0 ppg; Cllt sand; start flllsh 

40# linear/Slick 4000 

545550 

549550 50.3 3080 2800 drop rate 

Slick water 

Slick water 

Slick water 

Slick water 

Slick water 

6500 

7200 

9000 

552050 !&..JL ~ ~ 

552750 ~ ~ :ill21l_ a..drr::;O:1tpL.Ir~aLt e"--__________ _ 

554550 

~~ 555550 ~ ~ ~ drop rate - bring pumps down 

12280 557830 ill..JL ~ finish flush 

~ ~I "'S;2,.,IuP=--___________ _ 
~ ~ .L5 -lmllJiu;nL...:l.S.J..IPL--_______ _ 

~ 2lli&_ j.JIO"--.llmujJJtJ~SIJ..JP=____ ________ _ 

Note: Volumes are from Halliburton flow meters and include sand. 

Halliburton total fluid = 487,480 gallons -...sl.ru:.e s.h.u.LJio~ 

27,500 lbs extra sand pump'..Se~d-,-. __ 

--------------
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