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DISCLAIMER

LEGAL NOTICE This report was prepared by the Bureau of Econondic'Geology as an »
account of work sponsored by the Gas Research Institute (GRI). Neither GRI, members of
GRI, nor any person acting on behalf of either:

a. Makes any warranty or representation, expressed or implied, with respect to the
accuracy, completeness, or usefulness of the information contained in this
report, or that the use of any apparatus, method, or process disclosed in this
report may not infringe privately owned rights; or

b. Assumes any liability with respect to the use of, or for damages resulting from
the use of, any information, apparatus, method, or process disclosed in this

report.
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Travis Peak Formation, GRI Staged Field Experiment wells, East Texas
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Topical Report

To summarize the results of the application of borehole-televiewer and
Formation Microscanner logs to evaluation of Cotton Valley Group and

" Travis' Peak Formation in East Texas, including stratigraphic
‘characterization, fracture analysis, and determination of stress direction

from borehole breakouts.

The Gas Research Institute (GRI) has sponsored investigations designed to
develop knowledge necessary to efficiently produce low-permeability, gas-
bearing sandstones through integration of geology, formation evaluation,
and reservoir engineering. These studies are part of a broad research
program designed to increase the understanding and ultimate utilization of
gas resources in low-permeability formations. One facet of that program, a
comprehensive study has been conducted on the geology of low-permeability
sandstones in the Lower Cretaceous Travis Peak (Hosston) Formation and
Cotton Valley Group in East Texas. One important aspect of this study
involved drilling, coring, logging, and testing several research wells in East
Texas between 1986 and 1988, the GRI Staged Field Experiment (SFE) wells.
In addition, experiments were carried out in a number of wells with the
cooperation of various companies and operators. During the Staged Field
Experiment program, cores and a suite of borehole-televiewer and
Formation Microscanner logs were acquired by GRI or contributed by
industry research groups, providing an opportunity to evaluate various
logging methods for detecting and characterizing natural fractures and
sedimentary structures in low-permeability sandstone reservoirs.

Fracture analysis and stratigraphic studies are necessary for reservoir
evaluation in low-permeability-sandstone gas reservoirs, but standard



Results

Technical
Approach

geophysical logs provide only limited information on essential fracture
characteristics and sedimentary features. Two geophysical logging tools
used for fracture detection and stratigraphic analysis are the borehole
televiewer, an acoustic device that maps the smoothness of the borehole

wall, and the Formation Microscanner, an electrical tool that produces a

conductivity map of two or four 2.8-inch-wide (7.1-cm-wide) strips of the
borehole wall. These tools can detect natural fractures and induced fractures
that reflect in situ stress conditions, as well as subtle lithologic variations
that can facilitate geologic interpretation‘ and engineering operations.
Borehole-imaging logs can be useful supplements to core analysis.

Improvement in borehole-televiewer and Formation Microscanner

technoldgy has been rapid in the past several years, but more geological
calibration of the logs is needed.

The goals of these studies were to (1) determine whether fractures could be
detected using the logs, (2) assess which fracture characteristics could be

‘interpreted reliably from logs, and (3) calibrate Formation Microscanner °

images of sedimentary structures and depositional features with core.

Vertical extension fractures in Travis Peak and Cotton Valley sandstone
usually are visible on borehole-televiewer and Formation Microscanner
logs, but some fractures were missed or are indistinct. However, aspects of
fracture shape can be determined, and fractures can generally be separated
from borehole breakouts. Natural fractures are difficult to distinguish from
some types of drilling-induced fractures on either log, and present
commercial borehole-televiewer and Formation Microscanner techniques
do not give a quantitative measure of fracture aperture. Fracture orientation
is readily obtained for inclined fractures from either borehole-televiewer or
Formation Microscanner logs, but the orientation of vertical fractures, the
common fracture type in East Texas reservoirs, can locally be ambiguous on

both logs. Formation Microscanner images can be used to help document

and interpret depositional environment, and locally they provide high-
resolution images of sedimentary structures and thin beds (0.2 inches
[0.5 cm] in this stﬁdy). These results show that borehole-televiewer and
Formation Microscanner logs are useful adjuncts to core-based fracture and
stratigraphic'studies for evaluating some low-permeability reservoirs in
East Texas. ‘

Fractures in the Travis Peak Formation were sampled using core and
fracture-imaging logs from four wells in the East Texas Basin that are
representative of this reservoir. We recovered 199 ft (61 m) of core from
Prairie Mast No. 1-A, 470 ft (143 m) from Holditch Howell No. 5 (SFE No. 1),
359 ft (109 m) from Holditch SFE No. 2, and 372 ft (113 m) from Mobil
Cargill No. 15 (SFE No. 3).. Borehole televiewers belonging to AMOCO and
Mobil and Schlumberger's Formation Microscanner were run in Holditch



Howell No. 5, a prototype Formation Microscanner (the MEST tool) was run
in Prairie Producing Mast No. 1-A, and Mobil and Schlumberger research
groups ran two borehole televiewers in Holditch SFE No. 2. One of the
borehole televiewers used in this well was the Schlumberger-Doll Research
digital borehole televiewer. Borehole televiewers belonging to Mobil and
Schlumberger and the Formation Microscanner were run in Mobil Cargill

No. 15.

Core was oriented by standard multishot photographic techniques and/or
paleomagnetic methods with a level of accuracy of £10 degrees. Core/log

‘depth matching was done by comparing logs with a core gamma scan and by

comparing logs directly with core. In Holditch Howell No. 5 and Mobil
Cargill No. 15, precise depth match to within a few inches (centimeters) was
possible locally where crossbeds, bioturbated zones, or lithologic boundaries
on the Formation Microscanner log provided accurate core-to-log
correlations.
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ABSTRACT

. Fracture analysis and stratigréphic studies are useful for reservdir evaluation in low-
permeability sandstone gas reservoirs in East Texas, but standard geophysical logs provide.
only limited information on cru_c‘ial fracture characteristics and sedimentary features. Two
zc’;eophysical logging tools used for fracture detection and stratigraphic analysis are the
borehole televiewer, an acoustic device that maps the sm‘oothness of the borehole wall, and the
Formation M_icroscanner.'r an electrical tool that produces a conductivity map of two or four
2.8-inch-wide (7.1-cm) strips of the borehole wall. These tools can detect natural fractures as
well aé induced fractures that reflect in situ stress conditions and subtle lithologic features
that can facilitate geologic 'interpretation. Fréctures, in situ sti'ess, énd rock type may affect
reservoir quality and the outcome of engineering operations in the resewoir. For example,
natural fractures and in situ stress need to be evaluatéd for hydraulic fracture treatment design
in low-permeability sandstone gas reservoirs because they can affect leakoff and the direction '
of fracture propagation.‘ Consequently, borehole-imaging logs can be important supplerﬁenté
to core analysis. Improvement in borehole-televiewer and Formation Microscanner
technology has been rapid in the past several years, but calibration of the logs with core is
needed to ensure éccurate interpretations of the logs. Our study compares borehole-televiewer
and Formation Microscanner logs with core from four wells in low-permeability gas reservoir
sandstone in East Texas. Vertical extension fractures in Travis Peak and Cotton Valley
sandstone usually are visible on borehole-televiewer and Fdrmation Microscanner logs, but in
our stﬁdy some fractures were missed or are indistinct. Aspects of fracture shape can be

determined, and generally fractures can be separated from borehole breakouts; however,

~ natural fractures are difficult to distinguish from some types of drilling-induced fractures on

*Trademark of Schlumberger, Inc.



either log. Present commercial borehole-televiewer and Formation Microscanner techniques
dé not give a quantitative measure of fracture aperture. Cemented fractures can be detected in
some circumétances. Fracture orientation is readily obtained for inclined fractures from
either borehole-televiewer or Formation Microscanner logs, but the orientation of vertical-
fractures, the common fracture type in East Tekas reservoirs, can be ambiguous locally on both
logs. Formation Microscanner images can be used to help document and interpret depositional
environment, and locally they provide high-resolution images of sedimentary structures and
thin beds (0.2 inches [0.5 cm] in this study). These results show that borehole-televiewer and
Formation Microscanner logs are useful adjuncts to core-based fracture and stratigraphic

studies for evaluating some low-permeability reservoirs in East Texas.
TECHNICAL PERSPECTIVE

The boreﬁole televiewer (BHTV) and Formation Microscanner (FMS) are sophisticated
geophysical logging tools that can provide images of rocks and fractures exposed in borehole
walls. The BHTV creates an image of the borehole based on acoustic measurements, wheréas
the FMS is an electrical tool that creates aniimage based on measurements of current intensity,
or conductance, and presents results as microresistivity (Bourke and others, 1989). These logs
can help clarify the significance of measurements made by other geophysical logging tools that
do not have imaging capability, and the complementary acoustic and electrical observations of ‘
the BHTV and FMS are particularly useful in low-permeability-sandstone gas reservoirs
because they sirnulate fractures and subtle lithologic features such as thin interbeds that can
have profound eﬂ’ecté on réservoir quality and hydraulic fracture treatment design (Dutton
and others, 1990).:They are therefore becoming important supplements to core énalysis f‘o_r‘
fracture detection and evaluation and for detéﬂed interprétation of sedimenta&y structures
and stratigraphy, among other applications, in low-permeability reservoirs. Whereas the

technology of both of these devices has improved rapidly in the past several years (Zemanek
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and others, 1970; Paillet, 1981; Taylor, 1983; Plumb and othérs, 1985; Dennis and others, 1987;

- Bourke and others, 1989), geological calibration and interpretation of the logs has been

hindered by the small number of published comparisons of these logs with core. This report
presents the results of such a comparison.

The Gas Research Institute (GRI) has sponsored investigations designed to develop
knowledge necessary to produce gas efficiently from low-permeability sandstones through
integration of geology, formation evaluation, and reservoir engineering. These studies are one
component of a broad research program designed to increase the understanding and ultimate
utilization of gas resources in low-permeab/ility formations. As part of that program, a
comprehensive study has been conducted on the geology of low-permeability sandstone: in:the
Lower Cretaceous Travis Peak (Hosston) Formation and Cotton Valley Group in East Texas (Tye
and others, 1989a and b; summary and references in Dutton and others, 1990). One aspect bof
this study involved drilling, coring, logging, and testing several research wells in East Texas
between 1987 and 1989, the GRI Staged Field Experiment (SFE) wells (Holditch, 1989). In
addition, experiments were carried out in a number of co@ercid wells with the cooperation
of various companies and operators. During fhe SFE program, cores and a suite of BHTV and
FMS logs were acquired by GRI or contributed by industry research groups, providing an
opportunity to evaluate various logging methods for detecting and characterizing natural
fractures and sedimentary structures in low-permeability-sandstone reservoirs.

This report summarizes the results of a comparison of BHTV and FMS logs with cores
from'four East Texas research wells (fig. 1) and provides the'context for ongoing well log and
petrophysical stuldies of these wells. The report is divided into two parts. Part One compares the
sedimentary features visible in core from one well, the Mobil Cargill No. 15 (SFE No. 3), with
those visible on the FMS log. Part Two describes fracture and borehole-breakout studies that
utiliied BHTV and/or FMS logs from three SFE wells, Holditch Howell No. 5 (SFE No. 1),
Holditch SFE No. 2, Mobil Cargill No. 15 (SFE No. 3), and a cooperative well, the Prairie

Producing Mast No. 1-A. The goals of the geologic studies were to (1) determine whether



fractures could be detected, (2) assess which fracture characteristics could be interpreted
reliably from logs, and (3) calibrate FMS images of sedimentary structures with core and uée

logs to help interpret depositiohal environments.
Geologic Setting

The study area is‘ in the East Texas Basin (fig. 1), which formed during Late Triassic and
Jurassic rifting (Buffler and others, 1980); Subsequent cooling and subsidence céu'sed a basin to
form m which a thick seqﬁence of Mesozoic and Cenoioic sediments accumulated. Carbonates
dominated the early phases of deposition in the basin (Moore, 1983). The earliest progradation
of terrigenous clastics in the basin is recorded by the Upper Jurassic-Lower C_retaceous Cotton
Valley Group (fig. 2). In the study area, the Cotton Valley is composed of interbedded sandstone
and shale (Dutton and others, in press). The Lower Cretaceous Travis Peak Formation
represents a second period of fluvial-deltaic progradation, equivalent to the Hosston

Formation of Louisiana, Arkansas, and Mississippi. It produces gas and some oil in the study
area in East Texas (Saucier and Finley, 1984; Dutton and others, 1990) (fig. 1). There, the Travis
Peak is approximately 2,000 ft (610 m) thick, and depth to the top of the formation ranges from
5.900 to ‘9,600 ft (1,800-to‘ 2,930 m) (Saucier and others, 1985; Tye, 1989; Dutton and others,
1990). In updip portions of the basin, the Travis Peak unconformably overlies the Cotton
Valley Group. Do@dip. the Travis Peak is separated from the Cotton Valley Group by a thin,
transgressive-marine deposit, the Knowles Limestone. The Trévis Peak Formation is
gradationally ov¢rlain by micritic and oolitic limestones of the Cretaceous Sligo Formation,

 which form a time-transgressive boundary (Bebout and others, 1981). The Travis Peak is

- composed primarily of interbedded fine-grained quartz-rich sandstone and subarkose, along

with subsidiary mudstone. Abundant quartz cement reduces permeability in much of the

formation to less than 0.1 md (Dutton, 1987).
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SUMMARY OF BHTV AND FMS PRINCIPLES

Principles of BHTV operation and use are desénbed by Zemanek and others (1970), Taylor
(1983), and Georgi (1985). The.BH'IA‘V is an acoustic device that emits a high-frequency sonic
pulse and measures amplitude and travel time of the reflected wave (figs. 3 and 4). Amplitude
and travel-time values are _asSigned gray-scale levels and plotted as a function of azimuth and
depth. These data are displayed as an “unwrapped” image of the borehole wall (fig. 5). South is
at the center and north is at the left and right edges (fig. 6). The amplitude image is an acoustic
impedance map (for a perfectly smooth hole) and surface roughness map, whereas the transit
time indicates borehole shape and tool position (R. A. Plumb, written‘comm‘unication, 1988).
Both measurements are affected by tool eccentricity and wellbore roughness (Zemanek and
others, 1970; Georgi, 1985). Low-reflectivity features, or cavities such as fractures and borehole
breakouts in the wellbore wall, appear as dark areas on the log. In our study, BHTV r’esulté were
plotted at several different scales. For the Holditch Howell No. 5 well, a 1:30 vertical scale was
used. Because the circumference of the wellbore varies and the width of the log is éonstant,
horiantal scale is not constant. Width of the p_lot,‘ representing circumference of the borehole,
was 2.0 inches (5 cm). For the Holditch SFE No 2, the entire log was presented at a vertical scale
of 1:20 with a width of 4.5 inches (1 1.4 cm), and selected sections of the log were presented at

larger scales and viewed on an interactive workstation through the courtesy of Dowell-

~ Schlumberger.

Principles of FMS operation and use are deséribed by Ekstrom and others (1986), Pezard

and Luthi (1988), and Bourke and others (1989). The FMS is an electrical tool that creates an

image based on measurements of current intensity, or conductance, and presents results as

microresistivity (Bourke and others, 1989). The tools used in our study employ two 2.8-inch-
wide (7-cm) microelectrical scanning arrays of 27 0.2-inch-diameter (0.5-cm) electrodes placed

on orthogonal dipmeter pads for sampling microconductance variations on the borehole wall

7
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Figure 3. Diagram illustrating elements of the borehole televiewer (BHTV) (from Luthi and
Banavar, 1988). The acoustic BHTV utilizes a rotating transducer operating in pulse-echo mode
to scan the entire circumference of the borehole wall. Variations in rock type, fractures, and
borehole geometry change the measured travel times and amplitudes. These variations are
used to create an image of the borehole wall.
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Figure 4. Acoustic signal and amphtude and travel time of the reflected wave from which BHTV
images are obtained. Modified from Luthi and Banavar, 1988.
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Figure 5. Diagram illustrating the geometric relation of borehole images and the borehole wall
(the log presents an unwrapped image of the borehole wall). ‘
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Figure 6. Example of fractures and breakouts on BHTV log, Holditch SFE No. 2 well.
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(Schlumberger, Ltd., 1987) (fig. 7). This tool differs from some tools now used in industry that
have four pads equipped with scanning arrays of 16 electrodes because such tools have
inherently greater bbrehole coverage (Bourke and others, 1989). A single logging pass using a
two-pad tool covers only‘about 20 percént of an 8.5-inch (21.6-cm) diameter borehole, but in
this study, and ih_many industrial applications, multiple logging passes were used in an
attempt to sample more of the borehole wall. In slightly elliptical boreholes, however, the
tendency for the tool to track the same path on the borehole wall can prevent multiple passes
from increasing coverage. The electrical resistance of the rock is sensed to a depth of a few
centimeters beyond the borehole wall (Pezard and Lovell, 1990). The tool is designed for use in
water-based drilling mud. The orientation of the tool is determined using three-axis
accelerometers and flux-gate magnetometers.

Processing of FMS resistivity data (the continudus conductivity traces produced by each
eléctrode in the closely spaced scanning array) produces a map on which high resistivity values
correspond to light gray shades and low values correspond to dark gray shades (fig. 8). Open,
conductive fractures filled with drilling mud and layers of conductive rock are dark on FMS
images. Results of multiple loggmg passes were merged and presented in an “unwrapped
borehole” format similar to that of the BHTV log (the BOREMAP format). Data were plotted at
horizontal and vertical scales of 1:5.

The quality and information provided by BHTV and FMS images depend on image
processing, scale of presentation, type of presentation (for example, color or- grey scale), and
other considerations. For instance, shading on FMS logs can vary depending on the scheme by

which current intensity is translated into gray- (or color-) scale images (fig. 9). In one

procedure, static normalization, tool response is normalized over a large depth interval. Given

this normalization a certain shade of gray represents the same resistivity value through a
large section of log. In other normalization schemes linear and nonlinear transformations are
used over varidus intervals (Bourke and others, 1989, p. 19). The most useful presentation can

be arrived at through interactive display of different formats on image-processing

12
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from the Jurassic Cotton Valley Group, Mobil Cargill No. 15 (SFE No. 3) well, Waskom field,
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Figure 9. FMS logs from the Mobil Cargill No. 15 (SFE No. 3) well showing (a) static normalized
image and (b) dynamic normalized (HILITE) images.
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' Workstations (Schlumberger, Ltd., 1987, ResTech, Inc., written communication, 1990). Because
the application and assessmenf of these image-processing refinements are bey.orid the scope of
our study, we used FMS logs that had been generated using static normalization for our

' comparisons with core, and our description ahd discussion focus.on applications that do not

depend on the fine-tuning of imagé quality (fig. 10).

16



S T s T s e A A N U0 S N G N A NS S L D N s N S P G .

. o |

(a) Howell No. 5 (b) S.F E. No. 2 (c) Mast No. 1-A  (d) S.F. E. No. 3
Core BHTV FMS Core BHTV Core FMS 2000 Core FMS
. 8000 T | sooo- T i
6000 ‘ . - ]
— T - i I I
E - - -—
= . 85001 85001 sooo I I
[7]
=) -
3 6500 _ |
> /E Z Z | 1
3 7000% T I | _
- 3 Z zz .
< ? - 7
9000 .
g - 9500 - I
2 _

~
s
o
| I |
—
|
|
| e |
<]
(=]
o
o
i1
M i W
o—

~ 10,000} ‘ 10,000

8000 ' : 10,000

QA14426¢

Figure 10. Chart showing well depths cored and well depths surveyed by the BHTV and FMS in
- the four wells of this study. '



PART ONE: APPLICATION OF FMS LOGS TO THE ANALYSIS OF SEDIMENTARY ROCKS IN

THE COTTON VALLEY GROUP AND TRAVIS PEAK FORMATION, EAST TEXAS

Robert L. Buehring and H. Scott Hamlin

OBJECTIVES

In this section we compare FMS log responses with sedimentary and diagenetic features
observed in co'res‘ of nonmarine and marginal marine sandstone énd shale sequences in the
Cotton Valley Group and Travis Peak Formation of East Texas. The comparison is based on
detailed study of lithologic, sedimentologic, and cementation patterns in core from one well in

Waskom field, Harrison County—the Mobil Cargill No. 15 (SFE No. 3) (fig. 11)—and illustrated

by 13 examples of core-to-log comparisons (figs. 12 through 25). Analysis of small-scale

features that affect porosity and permeability distributioné within a reservoir is essential to
geologic reservoir characterization. Because of its centimeter- to millimeter-scale vertical
resolution, the FMS is a usefﬁl tool for analyzing small-scale features. Interpretations of field-
to regional-scale depositional setting and depositional facies can be refined by the
identification of small-scale sedimentologic features and sequences in core or on the FMS log.
" Our objectives are to provide calibration of thé FMS log that can be used to interpret logs from
uncored wells in this area and to provide information useful for interpreting FMS images in
clastic sequences in other areas. Other recent investigations of FMS performahce m clastic

sequences include Plumb and Luthi (1986); Harker and others (1990); and Luthi (1990).
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Figure 11. Gamma-ray and resistivity logs of lower Travis Peak Formation, lower Cotton
Valley Sandstone, and Bossier Shale, Mobil Cargill No. 15 (SFE No. 3) well, showing cored and

perforated intervals. From Dutton and others, 1990.
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Methodology

Our study involved visual comparison of 129 ft (39 m) of Travis Peak core and 192 ft

(59 m) of Cotton Valley core (fig. 11) with the FMS log displayed in gray-scale format using -

static normalization over 1,000 ft (300 m) intervals. An additional Si ft (15 m) of Bossier Shale
core and FMS log were not studied in detail, and we did not use colof output or manipulate FMS
images on a work station. ‘

Cores were described in ‘detail- for lithology, sedimentary struétures, and calcite
cementation. Sand and mud ‘percents were estimated under a binocular microscope; calcite
content was determined by degree of réaction with 10 percent hydrochloric acid. Accurately
assessing quartz errgrqwth cementation and clay mirieral content at 'the necessary verticél
resolution of a few inches (centimeters) or less wopld have required a prohibitive amognt of
petrographic analysis and was therefore not included in this study. Core observations and
photographs printed at a scale the same as that of the FMS.log (1:5) were used to select intervals
for study and to corréct core-measured depths to log depths. Sixty-two core intervals 3 to 4 ft
(1 m) in length were compared with corresponding FMS patterns.

Because only one well was studied, we will not address variations in FMS performance as
a function of drilling-related variableé such as borehole-fluid properties and hole diameter.

Table 1 shows borehole conditions of Mobil Cargill No. 15 during logging using the FMS tool.
Depositional Setting

In East Texas, the Jurassic and Cretaceous Cotton Valley Group and Travis Peak

Formation are composed of interbedded sandstone and shale facies, which record the first

major period of progradation into the Gulf of Mexico Basin. In updip parts of the basin, such as :

the Waskom field area, the Travis Peak unconformably overlies the Cotton Valley Group,

20



)

=

‘r“"“‘\

R | 1
S N e

)

—

Table 1. Borehole conditions during FMS logging,
Mobil Cargill No. 15 (SFE No. 3) well.

Bit size
Type fluid in hole ,
Bottom Hole Temperature (BHT)

‘Mud weight
-Mud resistivity

Mud resistivity at BHT
Resistivity (calculated)
Circulation ended 2 days before logging
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whereas downdip, the Travis Peak is separated from the Cotton Valley Group by a thin,

transgressive-marine deposit, the Knowles Limestone (Tye,‘ 1989). In the SFE No. 3 well, core A

from the lower Cotton Valley Group (9,199 to 9,368 ft [2,803 to 2,855 ml]) contains rock types '

and sedimentary structures characteristic of a marine-shoreline setting (table 2). Core frorn
the Travis Peak Formation contains rock types and sedimentary structures characteristic of a
coastal-plain fluvial setting (7,351 to 7,943 ft [2,240 to 2,420 m]) (table 2). The Cotton Valley
Group 1s 1,494 ft (455 m) thick in SFE No. 2, the top at a depth of 7,942 ft (2,420 m). The Travis
Peak is 2,034 ﬁ"(620 m) thick in the SFE No. 3 well, and the top of the Travis Peak lies at a depth
- of 5,908 ft (1,800 m). The Travis Peak Formation .is gradationally overlain by micritic and
oolitic limestones of the Cretaceous Sligo Formation for_rnirrg a time-transgressive boundary

(Bebout and others, 1981).
" GENERAL OBSERVATIONS

This section summarizes the results of our core-log comparison. In the next section, 13
detalled examples are presented that illustrate our general conclusions. In most of the
examples used in this study, variations in rock composition are clearly recorded on FMS
irnages. Carbonate, quartz, (including chert), and coal are highly resistive and generally appear
bright (light gray ro white) on the FMS log. Clay-rich (shaly) rocks have low resistivities and
- correspondingly darker FMS images. Potential effects of pore-fluid composition were not
considered in this study.

Variations in FMS-recorded resistivity in sandstone/shale sequences reflect primarily
clay conterrt but may also be responding to grain-size changes. Sandstone shaliness can be
qualitatively ascertained in most cases where carbonate cement is a minor component of the
rock. Quantitarive shaliness determinations require calibration with core because FMS gray-

scale intensity varies with processing (Bourke and others, 1989)‘. In the examples used in this
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Table 2. Depositional facies identified in core from the Mobil Cargill
No. 15 (SFE No. 3) well. From Tye (1989).

A. Marine-shoreline facies in the lower Cotton Valley Group
Facies ' Environment

-1.  Sandstone, Shoreface
well sorted, well laminated, commonly
crossbedded, locally bioturbated, sparsely
fossiliferous

2.  Pebbly sandstone, Tidal inlet
erosionally based, ripple laminated,
locally bioturbated and fossiliferous

3.  Sandy silty mudstone, Lagoon-marsh
bioturbated and fossiliferous

B. Coastal plain and fluvial facies in the Travis Peak Formation

Facies Environment

1. Conglomeratic sandstone, " Channel-floor
erosionally based, abundant clay clasts

2. Sandstone, - Channel
ripple and planar laminated, ’
crossbedded :

" 3. Sandstone and mudstone, Abandoned channel

planar laminated, bioturbated

4. Muddy sandstone Overbank
ripple laminated, bioturbated ,

5.  Sandy mudstone Lacustrine

thoroughly bioturbated

C. Low-energy marginal marine facies in the Travis Peak Formation

Facies Environment
1.  Silty sandstone Storm
ripple laminated, bioturbated,
fossiliferous ,
2. Sandy mudstone ‘ Protected bay

bioturbated, fossiliferous
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study, sandstone grain size has a narrow range, between very fine grained and fine graihed.
These slight differences generally could not be distinguished on the FMS log. '
High-resistivity carbonate beds and cemented zones appear bright on the FMS log,

masking responses from the clastic component of the rock and obscuring primary

sedinientary structures. In our exampies, carbonate rock generally has a bright, subtly mottled

FMS pattern, whereas carbonate cemented sandstone generally has a bright, uniform to

faintly laminated pattern. In some cases extensive carbonate cementation completely masks'

the log response to thin shale interbeds.

Sedimentary layering in sandstone and shale commohly can be interpreted directly from
the FMS log. Laminae as thin as 2 mm are resolved where sufficient resistivity contrast exists
(quartz/clay mterlamination). where thé tool is in good contéct with the borehole wall, and
where carbonate cement is absent. In clean (clay-free) sandstone, lamination (for example.
horizontal and inclined bedding) is generally not recorded. However, a faint layered FMS
pattern accuratély reflects lamination in clean sandstone in a few of our examples. Grain-size
variations and trace quantities of clay probably cause these slight resistivity differences.

Irregularly shapgd objects, such as pebbles, mud clasts, burrows, and carbonate shells,
are recorded on the FMS log by ambiguous mottled patterns. We found no universally reliable
criteria for differentiating among these sedimentary features without core or specific
knowledge of the geologic context. A mottled FMS pattern directly overlying a sharp erosional
contact probably represents mud clasts or pebbles (or both). Mud clasts énd mud-filled burrows
(low resistivity) can locally be distinguished from quartz pebbles and carbonate shells (high
resistivity). Burrows and shells can be identified in a few cases by distinctive shapes. Pebbles
can be distinguished locally by their roundness, especially where they are enclosed in a finé-

' grained matrix.
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CORE/LOG COMPARISON EXAMPLES

Six examples of Cotton Valley core/log comparisons and seven Travis Peak examples
illustrate the expression on FMS logs of the lithologic, sedimentologic, and diagenetic features
discussed earlier. The description of each example interval includes a figure cqntaining a core
photograph, its correlative FMS log, and core description logs of sedimentary structures and
rock type (fig. 12). FMS logs were displayed in the BOREMAP format, where the results of
several passes of the tool are merged. In this format, the logs are unwrapped images of the
borehole wall, %md the horizontal axis of the plot is a scale from north to south to north. In the
figures in tﬁis reporf, hoﬁvever, only part of the BOREMAP image has been ‘presented, so the
orientation of features cannot be read Airectly from the figures. The descriptions of
sedimentary structures consist‘ of sketcheé of the core that use symbols for some features. The
lithology logs show perceﬁt sand, mud, and carbonate in 10-percent increments. The carbonate
is in the form of cemenf unless otherwise noted as shells or limestone. Depths are log depths '
except where core depths are specified, and core photographs have been shifted to correspond to
log depth. Accuracy of core-to-log matching of features is generally excellent in SFE No. 3.
Fifty-eight of the core intervals studied could be confidently matched to the FMS to within 1
inch (3 cm) or less. Four intervals from a thick sequence of fossiliferous shale lacking
distinctive bedding planes or sequences of bedding planes could be matched to the log only to
within 2 to 4 inches ( 5 to 10 cm). Examples 1 through 6 are from the Cotton Valley Group and
examples 7 through 13 are from the Travis Peak Formation. Metric equivalents will not be

given in the examples.

‘Example 1. This fairly uniform sequence of clean to slightly shaly sandstone contains
faint to prominent horizontal and gently inclined laminations (fig. 13). The sandstone from

9,292.1 ft to 9,292.3 ft and below 9,292.6 ft has a clay content slightly higher than the
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Figure 12. Symbols used in core and log descriptiohs.
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Figure 13. FMS log and core description from Mobil Cargill No. 15 (SFE No. 3) well (Example 1).
“This example illustrates log patterns of sandstone containing shale laminae (A), pebbles (B),
patchy calcite cement (C), and coring-induced fractures (D and elsewhere) in the Cotton Valley
Group. Features E and F on the log are a fold in the log paper and points where results of
multiple logging runs have been spliced. :
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surrounding sandstone and therefore appears darker on the log. Only the most prominent
" laminations in the core (A) can bé distinguished Oh the log, where abundant clay particles
} provide a high-fesistivit‘y contrast with the surrounding sandstone. The mottled pattern below
9,293.5 ft represents scattered chert pebbles (B). These clasts range from 0.1 to 0.3 inches in
diameter, and they produce a Vagu¢ mottled pattern on the ‘log that is difficult to distinguish
from log patterns in parts of the borehole where clasts'are absent, Such as at 9,291 ft. Mﬁd
clasts and burrows cause mottled patterns similar or identical to those in B elsewhere on the
Mobil Cargill No. 15 log, such as at A in example 7 (fig. 19) and from 7,875 ft to 7,876 ft in
example 8 (fig. 20).
Minor calcite cement is uniformly distributed throughout this interval except from
9,293.0 ft to 9,293.4 ft, where a i)atchy zone of massive cementation (C) is well defined on the log
by the light-coloréd area. This irregular pattern of massive cementation cuts across
sedimentary features in the core, and it is bisected by a drilling-induced fracture (b). This core
interval lacks natural fractures, and the conductive, linear, sharp-sided vertical features
visible 'on the log may correspond to drilling-induced fractures in the borehole wall (see Part
Two).
The sharp, horizontal white line (E) on the log is caused by a fold in the log paper. The

sharp vertical lines (F) on the log occur where the results of merged logging passes overlap. Fold

lines and overlaps occur in most of the following examples and should not be mistaken for

FMS log features.

Example 2. Horizontally laminated sandstones and rare ripple-bedded sandstones are
interbedded with thin shale layers ahd a shelly, pebbly limestone (fig. 14). Several types of

FMS response to shale are shown here. One type is thin, distinct dark bands on the log that

correspond to single, isolated shale lamina (A). A second type is a thin but indistinct dark band

corresponding to a single shale lamina (B). A third type is the wide distinct dark bands that
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Figure 14. FMS log and core description from Mobil Cargill No. 15 (SFE No. 3) well (Example 2).
This example illustrates log patterns of shales and shaly laminae (A, B, and C), calcite-
cemented sandstone (D, F, and elsewhere), limestone (E), and natural fractures (G) in the Cotton
Valley Group.
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correspond to thinly interbedded sandstones and shales (C). Individual beds are not resolved
on the log.
Calcite cement is abundant throughout the interval. The sandstone (D) overlying the

limestone (E) is so completely cemented that it cannot be distinguished from the underlying

limestone. The dark interval (F) is highly cemented; however, low resistivity here is caused by

" high clay content, which masks any increase in resistivity caused by cement.

The prominent natural frac:ture (G) is open and contains quartz and calcite and visible
fracture porosity. Maximum open-fracture wid‘;h is less than 0.02 inches in core. The faint
linear vertical features on the log above 9,260.5 ft and below 9,259 ft are most likely image-
processing artifacts or possibly a temporary malfunction of a button on the FMS pad. The

vertical conductive anomaly above 9,261 ft may correspond to the natural fracture G.

Example 3. Horizontally laminated sandstone is overlain by pebbly sandstone grading

upward into pebbly limestone containing sparse mud clasts (fig. 15). Within the sandstones are

two prominent shaly laminae (A). The horizontal bedding in the sandstone is readily apparent

on the FMS log; however, the thinness of the bedding is resolved only at the two shaly laminae.

The pebbles are not visible at all. Faint dark spots on the log at 9,242.7 ft to 9,242.6 ft indicate

that a few small mud clasts occur with the pebbles in the sandstone.

Although the entire interval contains at least minor calcite cement, two zones contain
abundant cement (B and C). Cementatjon conforming to bedding at B is well displayed on the
log. Cementation in C is similar to that in B but is sharply bounded below by a horizontal
fracture (D) instead of a bedding plane.

foe cémented zone (C) has a mottled FMS pattern, whereas zone B in this example and
zones D and E in eﬁcample 2 have a more uniform FMS pattern. The mottled patterﬁ in zone C
most likely reflects the presence of‘ the mud clasts in this zone.

A calcite-filled vertical fracture in the core (E) appears on the log in the strip to the left as

‘a thick, vertical dark area (Type 2 FMS feature; see Part Two). The apparent offset and
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Figure 15. FMS log and core description from Mobil Cargill No. 15 (SFE No. 3) well (Example 3).
This example illustrates log patterns of pebbly sandstone containing shaly laminae (&),
calcite-cemented beds (B and C), and mineral-filled fractures (D and E) overlain gradationally
by sandy limestone (above C) in the Cotton Valley Group. Log images (G and F) correspond to the

mineral-filled fractures visible in the core.



truncation of the fracture in the photograph at the shale lamina (A) at 9,241.3 ft is caused by
‘slabbing of adjacent core pieces along different vertical planes and is not répresentative of the
true shape of . the fracture. The fracture probably dpes not produce a sharp-sided conductivity
anomaly on the log because the fracture is largely filled with secondary minerals. The curve of
' thé fracture is partly visible on the right-hand FMS track (F).‘ Near the top of the left log strip
(G) the tapering terminat‘ioh of the fracture within sandstone (corresponding to the fracture
termination below D on the core photograph) is visible. The lower termination of the fracture
at the shale lamina (A) at ‘9,243.4 ft is not visible on the log, apparently because this feature was

‘not encountered by an FMS pad. -

Example 4. Low-angle érbssbedded sandstone is intefbedded with burrowed shale. In this
example the FMS log records a roék type that is difficult to interprét (fig. 16); Interval A is a
clean sandstone but it appears black on the log. Low-angle cross-laminae in this sandstone are
not visible on the log, whereas similar laminae in the underlying sandstone are. The
sandstone is anomalqusly'well cemented, and it possibly confains a conduétive mineral such
as clay. | |

Above interval A, the thicknesses and number of sandstone beds cannot be accurately

determined from the FMS. Burrows (B) cause a faint mottled texture on the log. A similar

mottled appearance is caused by mud clasts (C). The typical dark shades of gray of mud clasts
on the log may help distinguish them froin more resisﬁvé pebbles.
~ Below interval A, clean quartz-cemented sandstone corresponds to a high resistivity
(white) FMS pattern, which is similar to patterns produced by limestone or by carbon;ate
cement in examples 2 and 3. _
A drilling-induced fracture (D) is present in the core between 9,220.5 ft and 9,219.8 ft. The
fracture image at this depth in the middle log strip corfesponds to thisA‘fracture. Comparing

this fracture image with the drilling-induced fracture in example 1 (fig. 13) and natural
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Figure 16. FMS log and core description from Mobil Cargill No. 15 (SFE No. 3) well (Example 4).
This example illustrates log patterns of interbedded shale containing large burrows (B) and
cross-bedded sandstone that has locally low resistivity (A), mud clasts (C), and a coring-
induced fracture (D).
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fracture image in example 3 (fig. 15), the drilling-induced fracture 'appears dark and sharply

defined, whereas the natural fracture is less dark and is poorly defined.

Example 5. Muddy, shelly sandstone containing faint, gently inclined laminae overlies
interbedded sand and shale with a fluid escape structure (A), pebbles (B), and sparse buri'ows (0]
(fig. 17). As in example 4, sandstone layers appear black of thin where interbedded with shale
(below contact D).

Mottling on the log between 9,213.4 ft and 9,213.0 ft is caused by la fluid escape structure.
Wi'thoﬁt core this mottling could be misinterpreted as .resulfmg from burrows or rhud clasts.

Above D, the irregular light patches on the log are caused by patches of massive calcite

cement in sandstone. This interval contains one large bivalve (E) and abundant small

bivalves, the distribution of which appears to influence (localize) the pattern of calcite
cementétion. Areas of sandstone above D that contain only a trace of carbonate appear black
on the log and could be nﬁsmterpreted as shale.

Patchy cémentation here is similar to cementation in figure 13. The corresponding
.irregula'r pattern on FMS is clearly not a primary. sedimehtary feature and must therefore be a
diagenetic feature. The sandstone above D on the right-hand FMS track does not have a
- uniform pattern on the log. This may partly be a result of the nonuniform cementatiof;. in this
interval. |

Drilling-induced fractures were logged in the core between 9,216.2 ft and 9,216.5 ft (core
depth) (9,210.9 ft and 9,211.2 ft, log depth) and from 9,216.8 ft to 9,217.7 ft (core depth)
(9,211.5 ft and 9,212.4 ft, log depth). Conductive features that rﬁay correspond fo these fractures

are visible on the left log strip between 9,212.7 ft and 9,211.3 ft.

Example '6. Pebbly, muddy sandstone that has horizontal and inclined laminae is
overlain by shelly shale (fig. 18). Mud clasts, chert pebbles and small bivalves (A) cor;espond to

small dark and light spots on the log. A shale lamina (B) is sharply defined on the middle and
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17. FMS log and core description from Mobil Cargill No. 15 (SFE No. 3) well (Example 5).
This example illustrates log patterns of shaly sandstone having soft sediment deformation (A),
pebbles (B), mud clasts (C), and thin shale (D), and abundant large and small bivalves (E) in the
Cotton Valley Group. ' '
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Figure 18. FMS log and core description from Mobil Cargill No. 15 (SFE No. 3) well (Example 6).
This example illustrates log patterns of horizontal to low angle crossbedded sandstone
exhibiting pebbles and mud clasts (A), a shale lamina (B}, and soft sediment deformation (C) -
overlain by shale containing scattered large bivalves in the Cotton Valley Group. '
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left log strips. The sandstone-shale contact (C), which shows soft sediment deformation,

appears on the middle and left log strips as a wavy boundary between a solid white pattern and

an overlying mottled paftem.

The entire interval contains abundant ‘calcite cement. High resistivity of the cement in
the sandstone overprints any resistivity contrast across laminae. The mottled pattern within"
the shale is caused by abundant large bivalves and gastropods and by uneven carbonate
cementation. Though shells are large and easily defined in the core, individual shells cannot

be distinguished on the log.

Example 7. Thoroughly bioturbated muddy sandstone at the bottom of this interval (4) is
overlain by several interbedded lithologies: horizontally laminated shaly sandstone (B),
bioturbated, slightly shaly sandstone (C), shaly sandy limestone (D), and sandy .shelly shale (E)

(fig. 19). Overlying these is a highly bioturbated, shaly sandstone similar to that at the bottom

- of this example (A).

The mottling in A is caused by intense bioturbation. The mottling caused by bioturbation
and rare shells in this example is nearly identical to Imottling caused by abundant shells and
cementation in example 6 (fig. 18).

Intervals C and D have similar log patterns. Intervals B and E have identical log patterns.
Here différent cofnbinations of primary mineralogy, c‘ementation, and possibly pore-fluid type

create the same log patterns.

Example 8. Clean sandstone having wavy horizontal laminae is overlain by a thin shale
bed (A), bioturbated sandy >shalev and bioturbated, shelly shaly sandstone (fig. 26). Though it
-appears in the core photograph to contain shaly laminae, the sandstone below shale bed A is
virtually shale free and has negligiblé clay cement. This sandstone contains abuhdant quartz

overgrowth cement (~15 %), which appai‘ently causes its bright FMS fecord.
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Figure 19. FMS log and core description from Mobil Cargill No. 15 (SFE No. 3) well (Example 7).
This example illustrates log patterns of highly bioturbated shaly sandstone (A), horizontally
laminated sandstone (B), bioturbated sandstone (C), shaly, sandy limestone (D), and sandy,
shelly shale in the Travis Peak Formation. '
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Figure 20. FMS log and core description from Mobil Cargill No. 15 (SFE No. 3) well (Example 8).
This example illustrates log patterns of clean sandstone displaying wavy horizontal laminae
overlain by shale (A) and bioturbated shaly sand to sandy shale containing abundant small
shells (B) and large mud-filled burrows (C) in the Travis Peak Formation.
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Above A, the sand/shale ratio generally increases upward, which is reflected on the log by
its bécoming lighter upward. Individual shells in this interval appear on the log as small white
sﬁots, whereas large, mud-filled burrows (C) are seen as large bIack spots. ‘

A drﬂling-in‘duced'fracture was observed in the core between 7,874.2 ft and 7,872.9 ft. The
fracture image on the log extends down nearly to 7,875 ft and has a curve that resembles that of

some drilling-induced fractures seen in core (see Part Two).

Exafnple 9. Clean, tabular crossbedded 'sandstone (A) and faintly horizontally bedded
sandstone (B) enclose a single .shale bed (C) (fig. 2‘1). Laminae are not récorded on tﬁe log,
probably because clay is not concentrated along laminae. Similar looking iar'ninae in other
examples contain clay concentrations and are recorded on log (around 9,292 ft in example 1
[fig. 13], between 9,241 ft and 9,242 ft in example 3 [fig. 15], and below 9,220 ft in example 4
[fig. 16]).

In this case, however, the boundaries between the black interval and. the surrounding
gray intervals at 7,395.1 ft and 7,394.7 ft on the log are also poorly resolved. This poor
‘resolution at a sharp resistivity contrast may indicate tool standoff from the boreholé wall
-(Bourke and others, 1989). Mudcake buildup, and therefore probably tool standoff, may be

common in more permeable beds.

Shale bed C is located in a thick sequence (13 ft) of uniform sandstone that contains no

other distinctive, correlatable features. This shale provides an excellent marker for precisély
- correcting the core-measured depth of a potential reservoir interval, which is 5.7 ft off from the

log depth.

Example 10. Clean to slightly shaly, horizontal, ripple, and medium-scale crossbedded
sandstone contains thin shale beds (A), shaly laminae (B), and rare burrows (C) (fig. 22). Thin
shale beds and shaly laminae are recorded on the log between 7 ,385.2 ft and 7,385.6 ft, but other

laminations are not recordéd and sandstone-shale contacts appear diffused on the FMS. As in
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Figure 21. FMS log and core description from Mobil Cargill No. 15 (SFE No. 3) well (Example 9).
This example illustrates log patterns of clean sandstone having prominent crossbeds (A}, faint
horizontal beds (B), and a clay shale (C) in the Travis Peak Formation. ,
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example 9, this poor bed resolution may be due to the lack of clay along unrecorded laminae. or
to tool standoff.

At 7,384.2 ft clusters of small burrows are surrounded by gray reduction haloes‘ (C). The
corresponding FMS log interval displays both light and dérk areas, which are about the same
size as the haloes. It is unclear/how, these spots relate to the burrows. The cause of the spot on
the left log strip at 7’384.9 ft was not evident in the core because of the distance between the core

and the borehole wall.

Example 11. Horizontally laminated sandstone is overlain by bioturbated shaly
sandstone to sandy shale containing locally abundant mud clasts and burrows and horizontal
to low-angle crossbedded sandstone (fig. 23). Dark gray shades on the log correlate well with
mud content except below f,380.8 ft where clean sandstone is the same medium gray as the
slightly»shaly séndstone above. In interval A, the shale content is concentrated in mud clasts
and burrows, the encasing sand is clean and therefore bright on the log. Faint mottling below
interval A represents scattered orgamc-rich fragments and burrow fills (B), which are similar
in composition to that of the surrounding matrix. |

Horizontal lamination is not recorded on the log. The 0.2 ft black interval 0.2 ft above

interval A represents a shale bed that was not recovered in the core.

Example 12. Clean to shaly, horizontally laminated to low-angle crossbedded sandstone
coniains thin shale layers and shaly iaminations (fig. 24). Dark gray patterns on the. log
generally reflect shale content throughout this interval except at 7,376.5 ft, where no cause for
the black spot on the log was observed in the core, but which was possibly due to the distance
between the core and the borehole wall. The darkness of the sandstone in the core photo above
7,375.1 ft does not reflect high shale content. Above 7,375.1 ft the core is ﬁighly oxidized and
dark red (A), whereas below this it is reduced and light gray (B). This change in oxidation state,

however, appears to have little if any effect on log response.
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Figure 23. FMS log and core description from Mobil Cargill No. 15 (SFE No. 3) well (Example :

11). This example illustrates log patterns of horizontally laminated sandstone, shaly
sandstone to sandy shale revealing abundant mud clasts (A), burrows (B), and an unrecovered
shale at 7378.1 ft to 7378.4 ft from the Travis Peak Formation.
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Figure 24. FMS log and core description from Mobil Cargill No. 15 (SFE No. 3) well (Example
12). This example illustrates log patterns of oxidized (A) and reduced (B) sandstone displaying
nonshaly horizontal laminae (C), shaly laminae and thin shales (D and E), and coring-induced

fractures (F) in Travis Peak sandstone.
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Faint nonshaly laminations, near 7,374.6 ft (C), for example, are not recorded, but thin

'sha_le layers and shaly laminations are well recorded. Around 7,375.9 ft individual shaly

laminations as thin as 0.01 inch (E) are well defined. Short drilling-induced fractures are
visible in the core (F), which may correspond to the conductive feature in the right log strip

 above 7,374 ft.

Example 13. Horizontally laminated sandsfone is overlain by horizontal- and rippie-
laminated sahdy shale that grades upward into shaly sandstone and clean sandstone (fig. 25).
The cont_aét (A) between the sandstone and shale and the upward-cléaning sequence above this
contact is clearly visible.

Also clearly visible above the sandstone-shale contact A are the horizontal (B) and ripple
(C) laminations. Below 7,362.5 ft, low clay concentrations along laminae (D) cause them to be
barely visible on tﬁis FMS log. The faint to distinct vertical conductivity anomaly corresponds

to a mineralized fracture in the core (E).

SUMMARY
The FMS log in SFE No. 3 is an éxcellent tool for recognizing fine-scale sedimentary and
diagenetic features. Features such as shale interbeds, laminae, and crossbeds can locally be
mtérpreted without reference to core. Most features, however, such as bioturbation, clasts and
shelis,- and massive and irregular cementation patterns require a comparison with core for
accurate interpretation. The FMS log can be used for correcting core-measured depths to log
depths. Where precise core-to-log éorreiations can be made, many of the lithologic,

sedimentary, and diageneﬁc features that are visible in core can be seen on the FMS log.
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Figure 25. FMS log and core description from Mobil Cargill No. 15 (SFE No. 3) well (Example
13). This example illustrates log patterns of a sharp contact (A) between a cleaning upward
sequence above displaying horizontal laminae (B) and ripple laminae (C) and sandstone below
displaying horizontal laminae (D) and mineral-filled fractures (E) in the Travis Peak
Formation. '
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PART TWO: APPLICATION OF BHTV AND FMS LOGS TO FRACTURE DETECTION AND

BOREHOLE-BREAKOUT ANALYSIS

S. E. Laubach, R. W. Baumgardner, Jr., and E. R. Monson

FRACTURE STUDIES USING CORES AND GEOPHYSICAL LOGS

Detection and characterization of fractures in low-permeability reservoirs are important ’

goals of reservoir analysis. Natural fractures may increase permeability and porosity in low-
permeability rock, but there are many limitations in exploiting reservoir fractures, and they
stem directly from difficulties in charactérizing fracture orientation, geometry, width, and
type (Nelson, 1987). Fdr example, natural fractures need to_bé distinguished from fractures
induced by drilling that have no significance for reservoir fracture permeability. Hydraulic
fracture treatments, which are required in many low-permeability reservoirs, can be

detrimentally influenced by open (nonmineral filled) natural fractures unless éccounted for in

fracture-treatment design (Medlin and Fitch, 1988; Tye and others, 1989c; Holditch, in press). -

Whole core provides the most direct information on fractures and their relation to reservoir
rock, but core recovery in fractured rock may be unsuccessful and core orientation methods

may fail. Geophysical logs that produce images of the borehole can provide information on

some critical aspects of reservoir fractures (Zemanek and others, 1969, 1970; Paillet, 1981;

Taylor, 1983; Plumb .andiothers. 1985; Lloyd and others, 1986; Dennis and others, 1987; Grace
and Stephens, 1987; Hackbarth and Tepper, 1988). ‘

Our ahalysis compares BHTV and FMS logs with 1,400 ft (426 m) of sandstone and shale
core from four wells in the 2,000-ft-thick (610-m) Lower Cretaceous ’i‘ravis Peak Formation
(figs. 10, 11, 26, and 27). The Travis Peak provides a good test of fracture-imaging logs because

natural fractures have complex geometry and variable mineral fill that challenge the

—



)

-

Bose A-2

Base A-|

GR Lo
. }=7200+4
Top FX

=

Base B-2

Base Y

Base C-|

= 7600

! Gﬁi

Figure 26. Informal nomenclature of lower and upper Travis Peak producing sandstones,
Holditch Howell No. 5 (SFE No. 1) well. Cored and perforated intervals are shown. From Dutton
-and others (1990).

[ Perforotion I Core @ Perforation l Core

QA7278 QaT2TT

49



GR SFL

}' Sligo ' ' : ‘
f Formation .
: ~GR=— ) FL Match line A

i

6 G0O)

Depth
> : (ft)
— o}
— 100
>
‘ T
. = é
I
3 Zone 3
>
- :
>

AU AR

N M\AMAM\\AM h. I i

Base X

_ﬁ . Zone 2

Base Y Zone 4

S m——

vy

Base Z

Depth : . e
- ; ) 2

. © Base

13 ‘ Travis Peak Fm.
: : Cotton Valley

; 100 Group
H S —
! = Motch line "A" ’

I av[{\"nf

A\

Mn.f\

|

i

J
9(%0()

I

T T ' T T : i ' y
O (AP) 150 O (ohmm) 20 , O (AP 150 O - (ohmm) 20

EXPLANATION

}X{ Core _ Perforation | ~ QA9597

Figure 27. Gamma-ray and resistivity (SFL) logs and informal nomenclature for the Travis
Peak Formation in Holditch SFE No. 2 well. Cored and perforated intervals are shown. From
Dutton and others (1990).

50



C

)

"
}
.

\
resolution of the tools and because there are borehole breakouts, drilling-induced fractures,

and vertical sedimentary structures that must be distinguished from natural fractures for
successful fracture analysis. Core was obtained from depths of between 5,900 and 9,900 ft

(1,800 and 3,020 m) (fig. 10).
Fracture Analysis Methods

Fractures in the Travis ‘Peak Formation were described from core and fracture-imaging
logs from four wells in the East Texas Basin that are representative of this reservoir (Holditch -
and others, 1987; Dutton and others, 1990). We recovered 470 ft (143 m) of core from Holditch
Howell No. 5, 199 ft (61 m) from Prairie Masf No. 1-A, 359 ft (109 m) from Holditch SFE No. 2,
and 372 ft (113 m) from Mobil Cargill No. 15 (figs. 1 and ld). BHTV’s belonging to AMOCO and
Mobil and Schlumberger’s FMS were run in Holdétch Howeli No. 5; a prototype FMS (the MEST
tool) was run in Prairie Producing Mast No. 1-A; and two BHTV’s Were run in f{olditch SFE
No. 2 (fig. 10) by Mobil and Schlumberger research groups. One of the BHTV's used 1n this well
was the Schlumberger-Doll Research digital BHTV. BHTV's belonging to Mobil and
Schlumberger and the FMS were run in Mobil Cargill No. 15.

Core was oriented by standard multishot downhole techniques (Nelson and others, 1987)
or by' paleomagnetic methods, or lboth (Van Alstine, 1986), with a level of accuracy of
approximately 10 degrees, as‘is discuséed below. Core/log depth matching was done by
comparing logs with a core gamma scan and by comparing logs directly with core. In Holditch
Howell No. 5 and Mobil Cargill No. 15, precise depth match to within a few inches (centimeters)
was possible locally where distinctive crossbeds, bioturbated zones, or lithologic boundaries

on the FMS log could be identified in core for accurate core-to-log correlations.
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Fracture Characteristics Observed in Core

Natural fractures in the Travis Peak include vertical eXterision fractﬁres in sandstone
that are‘ partly filled with quartz and other secondary minerals and gently dipping striated
- shear fractures (small fé’ults) in mudstone and siltstone (Laubach and others, 1987; Laubach,
1988b, 1989). Calipér logs and core analyses show that various vertical and inclined drilling-
induced fracfures also are present in the borehole and in core (Laubach and Monson, 1988;
button and ot_hers,“ 1990). Drilling-ind'uced fréctures include petal and petél-centerline
extension fractures in core, inadvertent hydraulic fractures created during drilling, and
variously oriented fréctures in the borchole wall associated with the deve}opment of bbrehole
breakouts (Plumb, 1989). )

Natural fractufes are widespread in the Travis Peak Formation. They were observed at a
range of depths in core throughout the geographic area of study and in all stratigraphic
subdivisions of the ‘Travis Peak Formation, but. they are particularly abundant in highly
indurated, deeply buried parts of the fomation in northern Nacogddches County (fig. 1)
(Laubach, 1988a). The variability and local high density of fracture development are
illustrated by two cores from the Holditch SFE No. 2 well from'North Appleby field in northern
Nacogdoches County. Only a few-short fractures are present in the core from the shallow
interval (fig. 28), but numerous fracfures can be found in the core from the deeper interval of
this well (fig. 29). Significant fracture de\}elopment is ﬁot restﬁcted to deeper parts of the
formation, however. Fractures as tall as 7 ft (2 m) from ~6.2OO ft (~3,050 m) in the Arkla Scott
No. 5 cooperative well in Waskom field are among the tallest recovered in this study (Laubach,
1989, p. 5). The fractureé generally strike northeast (fig. 30). |

A distinguishing characteristic of many Travis Peak extension fractures is that thgy are

partly or completely open when observed in core. Petrographic evidence of delicate fracture-

lining (fig. 31) and bridging minerals in fractures demonstrates that many were also open in
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Figure 28. Core gamma-ray log, core profile, fracture distribution, and environmental

interpretation for core 1-3, Holditch SFE No. 2 well.
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Figure 29. Core gamma-ray log, core profile, fracture distribution, and environmental
interpretation for core 9-15, Holditch SFE No. 2 well. Rock-property measurements from core
plugs in this interval are also shown. ) :
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Figure 30. Strikes of natural fractures in Travis Peak sandstones. (a) Histogram showing data
from all wells in the study that have oriented core. (b) Box plots of data from indicated wells
and intervals within wells. The center half of the data (from the first to the third quartile) is
represented by the rectangle (box) containing the median indicated by a bar. The horizontal
lines right and left of the box extend to values that represent 1.5 times the spread from the
median to the corresponding edge of the box. Points plotted separately are outliers.
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Figure 31. Scanning electron photomicrograph showing quartz lining open-fracture-pore
space, Holditch SFE No. 2, depth of 9,873 ft (3,009 m). Evidence from microstructures such as
these demonstrates that many fractures in the Travis Peak and Cotton Valley are open in the
subsurface (Laubach, 1988b). ‘ '
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the subsurface, including ffactures from as deep as 9,934 ft (3,028 m). Open fractures are lens
shaped in cross section and have widths ranging from less than 0.05 to 5 mm. Because the
mineral fill in fractures ié frregularly distributed, open pore networks or 1 channelways within
fractures are curyed. énastomosing, rough-walled, and may or may not be interconnected.
Open fractures were sampled from both the upper and lower Travis Peak, but the widest
fractures are from the lower Travis Peak in the Holditch SFE No. 2 well. These fractures are

also the shortest and most highly segmented, and they are truncated locally by stylolites.
OBSERVATIONS OF FRACTURES USING BOREHOLE-IMAGING LOGS

Two main categories of BHTV features that have low sonic amplitudes and long travel
times, and which are inclined to and distinct from bedding, are visible on Travis Peak ldgs.
These features correspond to different types of fraétures, such as natural fractures and several
distinct types of drilling-inducéd fractures or to different appearances of a given type of
fracture on the BHTV log. Type 1 features are narrow, dark, and curvilinear and have sharply
defined edges; they are interpreted to be narrow natural fractures and narrow drilling-induced
fractures. They appear as isolated, single, linear to Curvilinear.features, or, more commonly,
as features arranged in relay and en echelon patterns (fig. 32). Some Type 1 linear featu_res have
splays or subparallel, subsidiary features along part of their length. Locally, more intricate
arrangements of traces. are found. Sinusoidal traces that can result from an inclined plane
intersecting the borehole are rare; most sinusoidal traces on the log correspond to inclined
bedding planes. Partial or disconﬁnuous sinusoidal traces that match inclined fractures in
core are evident locally. ’fype 1 features are generally elongate subparallel to the vertical
borehole axis, but locally they have shallow (less than 5 degrees) inclinations from horizontal.
Where visible, Type 1 feature terminations are typically sharply tapered (fig. 33). In the Travis
Peak this féature typé is commonly visible on the east and west sides of the borehole in

symmetric pairs.
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Figure 32. Typical patterns of natufal fracture traces in core, Travis Peak Formation. (a) En
echelon pattern. (b) Relay pattern. (c) Subsidiary fracture. (d) Splay fracture. Similar patterns
are evident on borehole-imaging logs.
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Locally Type 1 fcatures pass along their traces into Type 2 features, which are wider and
more uregﬁlarly shaped (figs. 33, 34, and 35). Type 2 features are interpreted to be borehole
washouts and bbrehole breakouts and are 5 to 10 times wider than Type 1 features. They have
either sharp or diﬂ’use edges, and many have’straighf-sided inflections along their edges where
they intersect subhorizontal traces of bedding planes (fig. 34). In some instances many short
Type 1 features seem to coaleéce to form areas of large borehole diameter (long travel times),
~ but more‘commonly they are not associated with Type 1 features (fig. 33). Type 2 features are
generally elongate parallel to the vertical borehole axis, as are Type 1 features, but Type 2
features are shorter and their terminations are blunt or rounded rather than éharpiy tapered.
In the Travis Peak these features are concentrated along the north and south sides of the
borehole. They may occur at the same depth as Type 1 features but at right-angles to them, so
'that they are on the opposite side of the borehole (except where théy occur along continuations
of Type 1 features). Type 2 features on the north ér south side of the borehole are wider than the

Type 2 features associated with Type 1 features.

Comparison of BHTV Images to Core
Natural Fractures

In BHTV images, fractures visible in Travis Péak sandstone core may be dark, narrow,
curvilinear Type 1 features that have low sonic amplitudes and long travel times (fig. 35), or
they may correspond to images that have more diffuse boundaries. Fractures are generally
detected by“ BHTV because they are topographic depressions on the borehole wall. The
difference in travel time from the topographic depression and adjécent smooth borehole wall
to the BHTV produces a density contrast in the BHTV image. In the Travis Peak, fractures are

detectable because they are partly open in the subsurface or have delicate mineral fill that may
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Figure 34. Example of fractures and breakouts on BHTV log, Holditch SFE No. 2.
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Figure 35. Fractures in core and tracing of BHTV image, Holditch SFE No. 2. See figure 34 for -
explanation.



be eroded by drilling fluid (ﬂg, 31). We could not correlate differences in Type 1 BHTV features to
differences in the type or mineralogy of fracture fill of corresponding fractures in core.

Many vertical and near-vertical extension fractures in sandstone are visible in BHTV
and FMS logs in cored intervals of the Travis Peak Formation. Because of the spatial
separation between core and boréholé wall cauéed by the difference between 4-inch (10-cm)
diameter core and the wall of the larger diameter borohole (fig. 36), core and log are not |
sampling the same rock, and fractures in core and on logs should not be expected to match
exactly in abundance, length, or shape. In the Travis Peak, the borehole has a diameter of as
much as 17 inches (43 cm) in some elliptical zones. Moreover in the common situation Where
fractures do not exactly bisect the borehole and intersection with the borehole wall is oblique,
the fracture image will not be a true cross section of the fracture and the fracture will appear
distorted even if peﬁectly depicted. This geometric effect tends to exaggeraté the apparent width
of fractures.

Fractureé in core and on logs were matched by compaﬁxig fracture lengths and patterns
~ and by using prominent bedding planes visible on logs to help accurately match core and log
depth. Correlation of BHTV image and core is hindered in the Travis Peak and Cotton Valley
because beds commonly are not distinct on the logs we studied. Caliper logs were also used to
match depths on BHTV to other geophysical logs and to the core gamma scan log. For Holditch
Howell No. 5, approximately 40 percent of all fractores deécribed in core were observed on
BHTV log. Of natural extension fractures in sandstone, more than 70 percent were visible on
the log. Approximately 30 percent of fractures visible on BHTV do not correspond to fractures -
in core; these could be fractures that are present only in the borehole wall. In some intervals,
there are more fractures visible on logs than were observed in the core. Open natural fracturos
lesé than approximately 6 'inches(ls cm) long were difficult to distinguish as distinct vertical
features on BHTV logs because they resemble short image-density anomalies caused by
irregularities in the borehole wall. Short fractures are locolly abundant in the lower Travis

Peak Formation (fig. 29).
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Figure 36. Diagram illustrating fractures that intersect the borehole but not the core,



If drilling-induced petal and petal-centerline and natural fractures in core are
considered, BHTV logs accurately portray the abundancé of fractures observed in core. Natural-
fracture abundgnce 1s‘ difficult to quantify using vertical core in the Travis Peak becaﬁse
fracture bdip is subparallel to the core axis. Fracture spacing is generally greater than the 4-inch
(10-cm) diameter of the core, implying a fracture spacing of greater than 4 inches (10 cm). Log
information ﬁom the walls of the borehole, which has a larger diameter, is potentially useful
for increasing the volume of rock used to define fracture abundance. In cores that we studied,
natural extension fractures in sandstone are rhofe abundant in the lower Travis Peak than 'in
the upper (Laubach, 1989). The most highly fractured rocks encountered in this study having
ﬁ'acture spacing in core of as little as approximately 1 inch (2 to 3 cm), are found in North
Appleby field, where the Holditch SFE No. 2 and Prairie Producing Mast No. 1-A are located.
Overall patterﬁs of natural fracture abundance could not be demonstrated using fracture-
imaging logs alone 'because of the difficulty in distinguishing natural from other fracture
types, as is discussed in the following section (Drﬂling-Ihduced Petal and Petal-Centerline
Fractures).

Short, vertical and inclined, striated shear fractures in siltstone and mudstone were not
apparent on the BHTV logs, parﬂy because of the samplingfate and scale used and partly the
scarcity of microtopographic expreésion of thése structures.on the borehole wall. In the Travis

Peak, shear fractures are common in siltstone and mudstone but are closed in core, and they do

not create recognizable BHTV or FMS features. Having dips that are commonly less than

5 degrees, thesé ‘fractufes are difficult to distinguish from bedding planes, andAthey may be
obscured locally by washouts. Vertical eloﬁgate sedimentary features are uncommon in the
cored intervals of the Travis Peak that we studied, and they are generally short (6 inches
[15.2 crnj or less); we did not identify such features on the BHTV logs that we used.

The widths of fracture images on the BHTV that were produced using current commercial
techniques appai‘ently are not representatlve of true fracture widths. Apparent widths on the

lbg are greater than those observed in core. Width determination is complicated by erosion of
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fractures by drilling and spalling (fig. 37). As a result fracture widths at the borehole wall may
not be representative of actual fracture widths in the formation. Core observations in the
Travis Peak show that fracture widths may be doubled near the core surface by spalling.
Changes in fracture image width along fracture traces.and between fractures are visible on
BHTV logs, however, and this type of information can be useful for interpreting fracturg style
and origin. We could nbt resolve internal structure of fractures, such as degree of openness or
extent of mineral fill, on the BHTV or FMS log.

The attitudes of Type 1 features are readily determined from the BHTV image. ’fhe dip and
strike of short inclined fractures Were determined from partialAsinusoidal tfaceé. However,

most natural and drilling-induced fractures in cores and on BHTV and FMS logs in these wells

are subvertical, producing slightly curvilinear traces parallel to the vertical borehole axis,

rather than a sinusoidal trace. For these fractures, strike must be determined by matching or
correlating fracture traces on different parts of the borehole wall. Some ambiguities in fracture
strike determination can arise if fracture traces cannot be confidently matchéd,_ such as where
traces are of unequal length or are not mirror images, or if more than two fracture traces are
visible. In these cases, the traces may correspond to different fractures.

For vertical fractures, height éan be measured directly from the log if fracture
terminations are visible. If the fractures are inclined, however, or the wellbore axis and the
fracture planes are not aligned, then the fracture height measured in the borehole is
indetérminate. This is important if the he_ight of fractures created in hydraulic fracture
treatments or stress tests is being investigated (Hunt, 1990). In Holditch Howell No. 5, average
height of vertical fractures having clearly defined terminations on the BHTV log is 2.8 ft
(0.85 m) compared with 1.9 ft (0.58 m) for vertical fractures in core. In Holditch SFE No. 2,
fracture and fractﬁre-zone lengths on the BHTV and in cores are dissimilar (fig. 25). The
average trace length on the log is ionger than that for the 4-inch (10-cm) core, probably
reflecting more complete sampling of long fractures by the log (ih an ~8-inch-diameter [~20-

cm] borehole). These observations show that fracture heights on BHTV images are similar, in
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Figure 37. Some sources of error in fracture-width measurements in core. These processes may
“also cause fracture widths at and near the borehole wall to differ from widths in undisturbed
rock.



general, to fracture heights in core, and that the BHTV provides information that Supplements
core data on the range of fracture heights in the Travis Peak. |

Large-scale (1:20) BHTV images from Holditch SFE No. 2 show intricate fracture patterns
and branching and intersecting fractures that resemble fracture patterns observed in core.
Blunt 'and tapered fracture terminations (fig. 34) and terminations at bedding planes are
visible locally. En echelon and relay patterns, splay fractures, curved and intersecting
fractures; and short, relatively wide fractures that terminate at beddlng planes are all visible.

-On small-scale presentations, fracture shape is distorted on BHTV and FMS logs because the
compressed vertical scale gives fractures the appearance of having larger width/length ratios
than they actually have.‘but this cah be compensated for by expanding the vertieal scale.
Expanded-scale digital BHTlf images, which can be displayed at scales of 1:1, accurately
portray many aspects of fracture elyle. such as curvature, overlap of fracture segments, and
shape of fracture terminations, that are visible in core (fig. 34).

Locally, image artifacts obscure fractures or produce dark linear featufes thét resemble
them. The BHTV image is dependent upon borehole shape and tool position in the borehole. If
the borehole is elliptical, BHTV images may be obscured by as many as four dark vertical bands
where signal returns from the borehole wall are deflected away from the BHTV tool. If the tool
is off-center m‘a round borehole, two dark bands appear (Georgi, 1985). Occesionally these
dark bands obscure so much of the image that vertical fractures cannot be detected. Generally
these image artifacts are synimetrical and are several tens of feet (meters) long. These
characteriétics distinguish them from fractures. These bands affect approximately 20 percent
of the BHTV logs in Holditch Howell No. 5 but are largely absent on the digital BHTV in

Holditch SFE No. 2.
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Drilling-Induced Petal and Petal-Centerline Fractures

Drﬂling-lnduced fractures need to be distinguished from natural fractures in order to
have an accurate estimate of natural fracture abundance. Drilling-induced fractures in core

were distinguished from natural fractures based on crlteﬁa described by Kulander and others

~(1979). The criteria for recognizing induced fractures include (1) fracture origins near or within

core, (2) characteristic fracture shapes, and (3) absence of mineralization. Fracture surface
structures (plume structure and arrest lines) were used to identify fracture origins (Kulander
and others, 1979). |

Drilling-induced petal and petal-centerline fractures have a distinctive geometry in core.
They characteristically curve into the core in the downholé direction. Petal fractures are short,

inclined fractures that are concave downward and that have dips measured at the edge of the

core that range from 50 degrees to subvertical (fig. 38). Petal-centerline fractures are single

fractgres that are composed of a short, smoothly curving concave-downward betal segment
that gradually merges in the down-core direction with a planar subvértical centerline fracture
segment that may bisect the core. The upper terminations of petal and petal-centerline
fractures occur outside of the core, but the lower terminations generally occur within core,
 either at interbeds (or in homogeneous rock. Core is commonly not completely separated (split)
along petal- centerline fractures because fracture planes are composed of multiple strands
rather than single fracture planes. Petal and petal-centerline fractures prdpagate in front of
the core bit, as indicatéd by scoring of the edges of petal-centerline fractures by the bit or by
‘ grooves created on the edges of fractures by scribe knives located inside the core barrel
asSembly.

Petal and petal-centerline fractures strike predominahtly east-northeast throughout the
, study area in East Tex_aS. The vector mean strike of 101 petal and petal-centerline fractures is

085 degrees, ranging from 029 to 143 degrees. Petal-centerline fractures have a mean strike of
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Figure 38. Sketch of aligned petal (P) and petal-centerline (P-C) fractures, Holditch SFE No. 2
well, 8,694 to 8,702 ft (2,649 to 2,652 m) (from Laubach, 1989a) and BHTV log of the same

interval.
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081 degrees and are strongly grouped bétween 070 and 090 degrees. Within intact core, petal and

petal-centerline fractures are parallel and have a strong preferred orientation. For example, 10

petal and petal-centerline fractures in one lo-ﬁ-long (3-m) unoriented core from Holditch SFE

No. 2 are precisely parallel.

- More than half (65‘percent) of the fractures descrlbed‘ in Holditch Howell No. 5 éore are
petal, petal-centerline, or other drilling-induced fracture types. Of the‘ fractures in core that are
visible on Holditch Howell No. 5 BHTV logs, 52 percent are interpreted ‘to be drilling induced.
We interpret drilling-induced petal and petal-centerline fractures to be visible ‘on BHTV logs
because we observe narrow Type 1 BHTV traces bisecting the borehole in cored intervals of the
well wherein core natural fractures are absent but drilling-induced fractures are present.
Drilling-induced fractures on the log are indistinguishable from natural fractures; both types

may be représented by Type 1 features. In the absence of core, the distinctive curve of a drilling-

induced petal-centerline fracture, where visibie. might be useful for separating natural and.

drilling-induced fractures, but observations of natural and drilling-induced fractures in
Travis Peak core show that inclined drﬂling-induc‘ed petal fractures commonly curve or hook
into vertical natural fractures, creating composite fractures that have shapes similar to thbse
of drilling-induced petal-centerline fractures. ‘
The BHTV also detected fractures created in hydraulic stress tests in Holditch SFE No. 2
and Holditch Howell No. 5. Theseihydraulic fractures were designed to measure the magnitude
‘of in situ stresses by means of controllgd open-hole hydraulic ffacture stress tests using
arrangéments of packers and pressuﬁzed drilling mud (Whitehead and Robinson, 1989). The
fractures were recovered in core and knaged with logs. In figure 39 the fractures created‘in a
stress test are visible on the BHTV log. The orientation of these fractures can be used to infer
horizontal stress directions, and the style éf fracturing provides insight into how the rock in
the test zone behaves during fracture treatment. The strike of the fractures is east-northeast,
parallel to the greatest horizontal stress in this area. The multiple fracture‘ strands created

during this test are visible, showing that in this interval brahching hydraulic fractures need to
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Figure 39. (a) Tracing from BHTV log and (b) sketch of hydraulic fracture induced by open-hole
stress test 2, Holditch SFE No. 2 well. Overall sketch of the fractured interval shows multiple
 fracture strands. The fracture strands occur in very fine sandstone and locally in gradational
to muddy sandstone, characterized by local thin beds of gray shale.
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be considered during modelihg of hydraulic fracture growth. The extent of the fracture on the
BHTV image provides an indication of the thickness of rock being tested by the hydraulic

fracture stress test.

‘Borehole-Breakout Detection and Evaluation Using BHTV and Caliper Logs

When regional tectonic stresses are amplified around a borehole and exceed the strength

of the wallrock, and horizontal stresses are anisotropic, borehole-wall failure will occur by the
development of extension and shear fractures, or both (Piumb and Hickman, 1985). The
resulting spalls and open fractures in the borehole wall create an ellipse that is termed a
borehole breakout. One goal of subsurface studies using borehole-imaging logs in low-
permeability gas sandstones is to determine the azimuth of maximum horizontal stress. This

information is important because the propagation direction of hydraulic fractures is largely

controlled by stress anisotropy. Borehole breakouts are a reliable method for determining

stress directions in many geologic settings, and breakouts can be detected using the BHTV and
- caliper logs. In this study we used both-to determine breakout trends. The orientation of
breakout failure in a near-vertical borehole is perpendicular‘to the direction of the largest

horizontal principal compressional stress (Bell and Gough, 1979).

On BHTV logs, borehole breakouts are readily distinguished from fractures by their width

and shape (fig. 40) (Plumb, 1989); they correspond to Type 2 features described earlier. Locally,
narrow spalls and incipient breakouts may be difficult to distinguish from nat_ural fractures or
other types of induced fractures, such as inadvertent hydraulic fractures, but in general
Breakbuts have a distinctive appearance in the Travis Peak on BHTV logs, and travel-time
information can be used to make an accurate map of borehole shape. Fracture trace pattemé
are associated with incipient breakouts (Plumb, 1989). Well-developed or mature borehole
breakouts and other fracture types mentioned above can be readily distinguished using the

BHTV. On the logs we studied, breakouts are more apparent and more easily distinguished and
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Figure 40. Plan views and sections of ellipticity logs for (a) an in-gauge borehole, (b) borehole
breakout, and (c) washout. (a) Caliper readings for in-gauge hole are near bit size, hence no
azimuth of elliptical hole is recorded. (b) Caliper 1-3 in breakout is near bit size. Caliper 2-4
marks the larger diameter (11 inches [28 cml]). Maximum ellipticity is 0.23. Azimuth of
elliptical zone in upper 10 ft (3 m) of log section (b) is between 300 and 320 degrees. (c) Both
calipers measure larger than bit size in washout. Caliper 2-4 marks the larger diameter
(11.5 inches [29 cm]). Maximum ellipticity is 0.19. Azimuth of elliptical zone in upper 10 ft
(3 m) of log section (c) is 355 degrees. Major vertical divisions on log represent 10 ft (3 m).
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interpreted on the BHTV than on FMS or caliper logs. ‘On FMS logs breakouts sometimes
appear as diamond-shaped features (Bourke and others, 1989, p. 26), but they can be difficult to
distinguish from areas of tool-pad standoff. |
Wellbore ellipticity and borehole breakouts wefe studied to determine the directions ef
horiéontal principal stresses and to predict the direction of hydraulic fracture propagation.
Where core is unavailable, wellbore elongation and breakouts can be used as substitutes for
core-based analysis, such as anelastic strain recovery, to determine stress directions. In this
study, zones of wellbore elongation in eight weﬂs were measured on ellipticity logs produced by.
ResTech, inc. Ellipticity logs are derived from caliper readings and drill-bit size as follows

(B. Ward, ResTech, Inc., persbnai communication, 1987) (fig. 40):

ellipticity = 1C1-C21/bit size
where: C1 = reading from caliper 1-3 (inches)
C2 = reading from caliper 2-4 (inches)

bit size = diameter of drill bit as recorded on well log (inehes)
In addition, BHTV logs from the Holditch SFE No. 2 well were examined to define the
orientation of stress-related breakouts.

In deeper parts of the Travis Peak Formation in the study afea (depth range = 7,300 to
9,900 ft [2,225 to 3,020 m]) ellipticity trends northwest, subparallel to minirnum principal
horiéontal stress in the region, as determined by hydraulic fracture stress tests (Whitehead and
Robinson, 1989). Break'euts on BHTV logs are subparallel to elliptical zones indicated by
ellipticity logs; most breakouts were found on the deepest part of the BHTV log (9,600 to 9.900 ft
[2,930 fo 3,020 m'n; The northwest-oriented elliptical boreholes and breakouts are a function of
the regional stress regime. This conclusion is eonsistent with the predominént northeast
orientation of natural and induced fractures observed in the Holditch SFE No. 2 well. Thus, two
independent measures of wellbore shape—wellbore ellipticity and wellbore breakouts—gave

" consistent indications of least horizontal stresé direction in the deeper part of the Travis Peak
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Formation, which was confirmed by analysis of fractures in core. The same techniques of log
analirsis could be applied in any well where these logs are available.
Based on data from eight wells (fig. 41), two peaks of elliptical zones are significant, one

at 74 degrees (compbsed of 10-degree-wide sectors between 60 and 100 degrees) and one at 344

degrees azimuth (composed of 10-degree-wide sectors between 340 and 350 degrees) (fig. 42). For

ellipticity data plotted relative to the top of the Travis Peak Formation, a marked difference
exists between the vertical distribution of the northeast- and northwest-trending peaks
(fig. 43). For the northwest-trehding_ data, ellipticity ratios .significant at the 99-percent
confidence level (and all but one data point larger than the rhean) occur only lower than
1,500 ft (460 m) below the top of the Travis Peak Formation (fig. 43a). For the northeast-
trending data, there are no zones significant at &e 99-percent covnfidence. level, but those larger
than the mean are mostly within the upper 1,000 ft (300 m) of the formation (fig. 43Db).

The difference in ellipticity orientation with respect to depth below the top of the
formation is quite strong. The northeast orientation of natural and drilling-induced fractures
(fig. 30) parallels the trend of borehole ellipticity in the upper Travis Peak; thus, it is i)ossible
that either preexisting natural fractures, or drilling-induced fractures are controlling
ellipticity in this part of fhe formation. In deeper parts of the formation;‘northwest-trending
ellipticity probably is caused by spalling of the borehole (breakouts) in response to the regional
stréss regime. This hypothesis is consistent with observaﬁons of fracture length in the
Holditch Howell No. 5 well. Fréctures in the ﬁpper 460 ft (140 m) of Travis Peak are
significantly longer than those in the interval between 1,394 and 1,786 ft (425 and 544 m)
below the top of the formation (Laubach, 1989).

| Similar results have beeﬁ reported by Stock and others (1984) from studies in Nevada.
Natural fractures observed on BHTV logs had a preferred azimﬁth of 10 to 40.degrees. Moreover,
at relatively shallow depths (1,725 to 2,225 ft [525 to 680 m]), near-vertical, drilling-induced
fractures were observed having orientations of 25 to 30 degrées. These were interpreted to be

perpendicular to the minimum horizontal principal stress. However, wellbore breakouts near
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Figure 42. Rose diagram of Bernshtein accuracy criterion (H) for two significant peaks (at 99-
percent confidence level) of wellbore ellipticity. These peaks comprise sums of adjacent 10-
— degree-wide sectors that are larger than the mean value. The northeast-trending peak is
subparallel to the trends of natural and drilling-induced fractures. The northwest-trending
peak is subparallel to the minimum principal horizontal stress in the region.
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Figure 43. Plots of ellipticity ratio versus stratigraphic depth in the Travis Peak Formation. (a)
Northwest-trending ellipticity is found mostly below -1,500 ft (-460 m). (b) Northeast- trending
ellipticity is found mostly above ~1,000 ft' (-300 m).



the bottom of the logged well (3,455 to 4,000 ft [1,055 to 1,220 m] depth) had a mean azimuth of
300 degrees, parallel to the interpreted direction of least horizontal principal stress, and
perpendicular to the natural and drilling-induced fractures.

A comparison of borehole breakouts with lithology reveals a different relationship.
Between a depth of 8,078 and 10.081 ft (2,462 and 3,073 m) in Holditch SFE No. 2, 28 breakouts
were compared with the lithology in which they were found. These are the best-defined
axisymmetrical breakoﬁts‘seen on the BHTV log. Most are less than 2 ft (O.6Im] high, and all are
less than 90 degrees wide. Twenty-two of these breakouts (78 percent) are in sandy interﬁeds or
fhick sand layers. The remainder afe in shaly and calcite-rich zones. Throughout most of this
interval, shale constitutes less than 20 percent of the rock. Most breakouts are in sand, the
most abundant rock type in this interval. This is the inverse of the relationship between
elliptical zones and lithology in the eight boreholes studied.

Combining the results of ellipticity and lithologic analysis from the Holditch SFE No. 2
well with those of the other seven wells previously analyzed showed no change in relationships
between lithology and depth or ellipticity and depth (Baumgardner and Meador, 1987). Most
elliptical zones are found in shaly intervals (fig. 44). To distinguish between possible effects of
depth and lithology on wellbore ellipticity, the orientation of elliptical zones was compared to
lithology logs. Elliptical boreholes develop more commonly in shale than in sandstone.
Almost half of all elliptical zones are found in shale (fig. 44), although sﬁale constitutes only
19 percent of the logged lengths of the boreholes. Thus, elliptical zones develop in shale more
than twice as often as they would if distribution of ellipticity Qere unrelated to lithology.

Furthermore, as the ellipticity (horizontal elongation) of the elliptical zones increases,
so does the percentage of those zones found in shale. Forty-one percent of all elliptical zones
_that have ellipticity values between 0.11 and 0.20 are in shale, whereas 56 percent of elliptical
zones larger than 0.20 are in shale .(ﬁg. 44).

The orientation of elliptical zones is unaffected by lithology, even though most shaly

zones are in the upper 500 ft (150 m) of the Travis Peak Formation (fig. 44) where northeast-
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Figure 44. Plot of shale lithology (=50 percent shale on FRACLOG) versus stratigraphic depth in
the Travis Peak Formation. Most shale lies in the upper 500 ft (150 m) of the formation.
FRACLOG is produced by ResTech, Inc. Lithology is based on an algebraic model of data from
wireline logs such as density, neutron, gamma ray, and resistivity logs.
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trending ellipticity prevails (fig. 43b). Most elliptical zones in sandstone and shale are about
evenly divided between northeasf and northwest orentation. Elliptical zones oriented north-
south and east-west are less common, in proportion to their smaller fraction (20 degrees each)
of the total range of orientation values (180 degrees). |

Comparison of the BHTV and ellipticity logs from Holditch SFE No. 2 well has revealed
some important differences between elliptical zones and breakouts. Less than half of the
elliptical zones coincide with breakouts. Nearly half of the total length of elliptical zones is in
the interval between 8,200 and 8,600 ft (2,500 and 2,620 m) in depth (fig. 45a). Less than 8
percent of the total length of BHTV breakouts is present in the same interval (fig. 45b). Most
BHTV breakouts are between 9,600 and 9,900 ft (2,930 and 3,020 m) in depth. Unfortunately,
ellipticity logs do not cover all of‘ the deeper interval, so comﬁarison there is impossible. BHTV
breakouts are shorter (average height = 2.6 ft [80 cm]) and less common than the elliptical
zones (average height = 7.6 ft [2.3 m)]), partly because the caliper log has lower resolution than
the BHTV log. It does not show features‘smallgr'than 2 ft (60 cﬁ) high (the smallest vertical
interval on the caliper log), whereas the BHTV can detect breakouts as small as 6 inches
(15.2 cm) in height. The total length of BHTV breakouts for the ihterval between 8,250 and -
9,928 ft (2,515 and 3,026 m) is 74 ft (23 m). For the same interval elliptical zones cover 242 ft
(74 m), more than 3 times as much. There are 28 separate breakouts on the BHTV log, but 32
breakouts on the ellipticity log. Nevertheless, mean orientations for the two data sets are
essentially the same. Mean orientation of elliptical zones is 333 degrees +7 degrees. Mean
orientation of all BHTV breakouts between 8,200 ft and 11,000 ft (2,500 and 3,350 m) in depth is
340 degrees *+2 degrees (fig. 46). These orientation values overlap 2 degrees at the 95-percent
confidence level, and are not significantly different at the 99-percent confidence level.
Considering that breakout and ellipticity azimuths are measured only to the nearest 5 degrees,
the extent of similarity is probably even greater. :

Vertical stripes on the BHTV 1og may result from either an excentered tool or an eHiptiéal

borehole, as discussed earlier. But the caliper log does not always record ellipticity where there
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Figure 45. Plots of length of elliptical zones and BHTV breakouts versus depth. (a) Almost half
of the total length of elliptical zones is found between -8,200 and -8,600 ft (—2 500 and -2,620
m) depth. (b) Most breakouts occur deeper than -9,500 ft (~2,900 m).
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Figure 46. Plot of the azimuth of borehole breakouts versus depth. Mean orientation of
breakouts is 340 degrees +2 degrees, at the 95-percent confidence level. These features parallel
the minimum principal horizontal stress, indicating that they formed as a result of the




- are vertical stripes on the BHTV log, so it is impossible to know whether the borehole is
| elliptical or thebtiool is off-center in all cases. Where ellipticity is recorded coincident with
vertical stripes on the BHTV log, the orientation of the elliptical zone is usually the same as the
bright stripe between one set‘of. dark stripes (as expected), indicating thaf the BH'IV is detecting
a strong return signal from the ends of the elongated borehole.

These results show that even though the elliptical zones on the ellipticity logs usually are
not the same features as breakouts identified on BHTV logé. they indicate essentially the same
north-northwest orientation of least horizontal principal stress in the study area. Of the 32
breakouts identified on ellipticity logs, 16‘ar>e associated directly with breakouts identified on
- BHTV logs or are mdirectly affected by breakouts just below them in the borehole wall. Of .the
, 2.000 ft (610 m) of BHTV log examined, nearly 60 percent of all BHTV. breakouts are

cbncentrated in the 500 ft (150 m) between 9,660 and 10,100 ft (2,930 and 3,080 m) in depth, the
deepest part of the log (fig. 45b), which overlaps with the zone of northwest-trending wellbore
ellipticity (fig. 44a). | |

| If rock stréngth is constant with depth but mean stress is increasing, then one might
expect more stress-induced breakouts to occur in the deeper intervals. If rock strength m the
upper sections is greater than the effective (axhpliﬁed) stress near the borehole, then no true
breakouts would be expected, and elliptical boreholes would be where fractures or other local

weaknesses are present or where drilling operations had altered the borehole shape.
Features Visible on FMS Logs |

In the Travis Peak Formation fractures have dark (conductive) traceé on FMS logs
(figs. 47 to 53). Fraétures form dark traces when they are filled with conductive drilling mud or
some conductive vein-filling mineral. Figure 48 shows the linear vertical features on Holditch
Howell No. 5 and Mobil Cargill No. 15 FMS logs classified into three image types. Differences

between the image types are gradational. Type 1 features are curvilinear, narrow, conductive

86



Type | Type 2

(R3]

2.8
Type Description Corresponding feature in core
Type 1 Dark, curvilinear conductive anomalies to faint, Drilling-induced fractures, locally
discontinuous anomalies with sharp, clearly natural fractures.
defined boundaries. (1-to 10-ft long)
Type 2 Curvilinear to irregular, wide, with diffuse Natural fractures, drilling-induced
boundaries. Irregular ends. fractures, or sedimentary structures.
Type 3 Contacts between mottled or textured log Locally, sedimenta‘ry structures.
patterns and wide, short conductive areas.

QA13846c

Figure 47. Linear vertical features seen on FMS logs, classified into three types. Examples are
from the Holditch Howell No. 5 (SFE No. 1) well, Waskom field, Harrison County.
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FMS LOG

) | bushmg (ff)

Figure 48. Natural fracture in sandstone core and imaged by FMS, Holditch Howell No. 5 (SFE
No. 1) well, Waskom field, Harrison County.
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Figure 49. Example of a vertical FMS feature (A) that does not coi'respond to any structure
visible in core, Holditch Howell No. 5 (SFE No. 1) well, Waskom field, Harrison County.
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Figure 50. Prominent natural fracture in core that was missed by FMS pads, Holditch Howell
No. 5 (SFE No. 1) well, Waskom field, Harrison County. G = gaps in coverage of borehole wall.
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Figure 51. Coring-induced fractures imaged by FMS. (a) FMS log and petal and petal-centerline
fractures (F) in the core, Mobil Cargill No. 15 well. Fractures (A) on the log are diffuse type 2
features. (b) Coring-induced fracture (F) in core and on log from Holditch Howell No. 5 well.
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‘bedding planes (inclined beds)

multiple fracture traces

- Figure 53. FMS 1mage of fractures and bedding, illustrating multistranded fracture traces,
Mobil Cargill No. 15 well.




dark bands that have sharp, clearly defined boundaries in a lighter background. Feature edges
are either straight or élightly irregular and wavy (scalloped). These features range from less
thah 1 ft (30 cm) to as much as 10 ft (3 m) in 1engfh. and commbnly have tapered ends. Type 1
features oécur where the FMS log sharply delineates bedding and other sédimentary stmctures.
indicating good tool contact with the borehole wall and maximum resolution. Type 2 features
aré linear to irregul'ar‘ in shape and are wid_ef than Type 1 features. They have diffuse,
gradaﬁonal boundaries. Type 2 features occur where bed resolution is good and where it is poor.
Caliper logs locally show evidence of irregular or rough borehole surfaces in sections of
bpreholé having poor bed resolution and this type of image, suggesting that loéally fhe image
may be unfocused as é result of pad standoff. Type 3 features are contacts befween textured log
paftems and short wide conductive dark areas. Edges of conductive areas are curved and can be

either sharp or diffuse.
Comparison of FMS Images with Cores

Examples of all three FM‘S feature types correlate with structures in core, but only

32 percent of Type 1 and 2 features on the Holditch Howell No. 5 FMS log matched fractures

* visible in core. Fractures in core generally correspond to either Type 1 or Type 2 features, where
they are visible on the log. In Holditch Howell No. 5 some fractures appear as dark, linear
features having sharp edges (Type 1 ‘feattjres) similar to condﬁctive anomalies described by
Ekstrom and others (1986) and by Dennis and others (1987). Other fractures are represented by
subtle conductivity anomalies that are faint or discontinuous (Type 2) with the processing used
in this study. Type 1 features on FMS logs from Holditch Howell No. 5 correspond primarily to
drilling-induced fracture5 in core, possibly because this fracture type is prevalent in this well
(fig. 51). However, not all Type 1 features have corresponding fractures in core. Some of these
Type 1 features could be image artifacts or grooves in the wellbore produced by dﬁll-pipe wear

(Bourke and others, 1989, p. 24), and others are probably fractures thét do not intersect the
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core. Some Type 1 features correspond to fractures in core that are so narroﬁv (less than
0.025 cm) that they were overlooked during preliminary core description. 'Iype 2 features are
natural fractures, drilling-induced fractures, or vertical sedimentary structure‘s.(fig. 48); there
may even be no corresponding étructure visible in the core (fig. 49). Type 3 features (fig. 47) are
most hkely breakouts and washouts, although some are irregularly shaped sedimentary
structures, and some may be spalled fractures or fractures intersecting only the edge of the tool
pad. Some examples may con'espond to areas of poor pad contact.

Core orientation methods that are independent of the logs generally were not precise
enough to determine unambiguously whether fractures in core having no corresponding FMS
feature were missed by the tool pad. Some prominent natural fractures‘ in core were probably
simply missed on the borehole wall by the FMS because of ‘the limited (approximately
20 percent) borehole coverage of the twd-pad tool (fig. 50). Locally, multiple logging passes
sigr;ificantly increased the borehole coverage .to ‘50 to 60 percent, but even infhe}se areas,
fractﬁres were missed.

For Type 1 features, the high-resolution FMS image reveals aspects of fracture-pattern

shape, height, and relation to bedding (fig. 53). Terminations of Type 1 features at interbeds are

common on FMS Iogs (Part One). These observations are consistent with core results that show
both natural and drilling-induced petal-centerline fractures terminéting at thin (<1 inch
[<2.5 cm]) mudstone or siltstone interbeds. The FMS detects multiple fracture strands that are
observed in core in heterogeneous rocks (fig. 54). Detailed resolution of thin beds would pemiit
extension and shear fractures to be identified on the basis of the presence or absence of offset
beds or laminae, but shear fractures in the Travis Peak are in beds that have little distinct
internal stratification. Width of FMS fracture traces varies, and although the general shape of
fractures is accurately portrayed, we found no consistent relation between widths of fracture
images and fracture width measured in cofe. Recent advances in FMS processing suggest that
more accurate width determinations using this log, in combination with other logs, may be

possible in the future (Bourke and others, 1989).

95



Where natural fractures on FMS logs from Holditch Howell No. 5 are Type 2 features,
details of fracture shape and their relation to bedding are less apparent. Type 2 features
commonly have no corresponding features in core. Some Type 2 images could be fractures that
are in the borehole wall but that do not intersect the core (fig. 36), but full borehole coverage
would be needed to demonstrate this by confirming that symmetric pairs of ffacture traces had
a small enough angular divergence that they would not intersect the core. Some Type 2 features
are vertically elongate sedimentary structures. In the Travis Peak, sedirnentary features that
resemble fractures on fracture-imaging logs include fluid-escape structures, root casts, and
contorted bedding. Sedimentary features detected by the FMS are discussed further in Part One.
Some Type 2 images that resemble images of natural fractures have no corresponding features
in core or oﬁ the BHTV. These Type 2 features are probably image artifacts (spurious features on
legs caused by tooi malfunction or processing errors). Because we could not systematically
- separate Type 2 features that represent faint images of real fractures from probable artifacts,
this type of image is less useful for estimating fracture abundance than is Type 1.

Drilling-induced fractures on the FMS are corhmonly Type 1 features. Our observations
did not lead us to any consistent criteria for distinguishing natural and drilling-induced

fractures in the Travis Peak.
Fracture Orientation from Core Data and Logs

One of th—e most useful aspects of the ahalysis ‘of fractures in the subsurface is the
‘determination. of fractufe orlenfation, 01" strike. Fractures in Travis. Peak sandstone are
btypically near vertical and strike east-northeast to east, having a range of strikes frqm 028 to
130 degrees and a mean strike of 083 degrees‘s‘ (fig. 30) as determined by downhole core
orlentétion techniques (Nelson and others, 1987), core orientation by rock magnetic

‘(paleomagnetic) methods (Van Alstine, 1986), and borehole-imagin’g logs. In the Travis Peak,
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using any of these methods, considerable variation in fracture strike is evident from well to
well, within a given well, and within any depth interval in a single well.

Orientation of inclined fractures can be obtained readily either from the BHTV or from
the FMS if the top and/or botton;l of the curved, sinusoidal fracture trace is visible on logs
(Zemanek, 1970; Crary énd others, 1986; Ekstrom and others, 1986; Lau and others, 1987).
However, most fractures in Travis Peak sandstone are vertical. Orientation of these vertical
fractures can be ambiguous, especially where multiple fracture traces are present (figs. 54 and
55). Nevertheless, fracture orientations derived from BHTV and FMS logs are similar to
fracture orientations from multishot and paleomagnetic core orlentation methods. Average
strike of all vertical fractures measured ﬁsing the BHTV in Holditch Howell No. 5 is
085 degrees, in agreement‘with the vector mean strike of 084 degrees determined for 15
fractures oriented by paleomagnetic methods. The lower resolution of sedimentary structures
and bed boundaries that‘was accomplished using the BHTV in these wells made éxact depth
correlations with core problematic, especially where many gaps exist in the core. This method
is most useful where bedding is distinct and prominent fractures are present.

A comparison of fracture orientations in core derived from inspection of the BHTV in
cored intervals and the same fractures oriented using the paleomégnetic method was made in
nine intervals from the Holditch SFE No. 2 and Mobil Cargﬂl No. 15 wells (fig. 56). A
determination was made for each interval of the orientatibn of the master orientation line
(MOL), a reference line inarked on the core. BHTV determinations were made by identifying a
distinctive geologic feature or set of features on the logband in the core (these were generally
fractures and bedding planes) and using the orientation of the feature to orient the MOL. In
several instances separate geologic features within the same continuous core intérval were
used to orient the MOL, and the results based on different geologic features agree within
5 degrees. Under optimal conditions, the orientation precision of the BHTV is on the order of
1 degree or better (Nelson and others, 1987; R. A. Plumb, personal communication, 1987). Using

the paieomagnetic method, magnetic north is determined from plug samples within the cored
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Figure 54. Features on FMS and BHTV logs, Holditch Howell No. 5 well. (a) Two FMS runs
through the same interval. Linear vertical features on pads oriented east-northeast and west-
southwest are fractures. Dipping beds are visible at 7,372.7 ft (2,247 m). (b) BHTV log over same
_ interval. Fractures are visible at 7,371 ft (2,246.5 m) and 7,372.7 ft (2,247 m). Fracture number 1
at 7,371 ft (2,246.5 m) probably corresponds to fracture on FMS log. Fracture number 2 is not
visible on FMS log because neither FMS logging pass sampled the fracture. On the BHTV log,
dark, irregular areas in the east and west quadrants are spalls that intersect fracture number 2.
Dark areas in the north and southeast quadrants are spalls that do not intersect fractures.
Straight, parallel, dark vertical bands extending the length of the log in the east-southeast and
west-southwest quadrants are toolmarks. (c) and (d) Directional plots of borehole features
illustrate orientation of fractures and spalls on BHTV log.
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Figure 55. Diagram illustrating inherent uncertainties in matching vertical fracture traces on
borehole-imaging logs. Left-hand part of diagram shows fractures intersecting borehole, as
viewed from above (down the borehole). Tool pads represent FMS-imaging pads. Right-hand
part shows fracture traces on borehole-imaging log. (a) Vertical fractures having a range of
strikes that can be identified and correlated on the log. Such identifications and correlations
are seldom unique or certain. (b) Vertical fractures having a range of strikes that cannot be
identified and correlated on the log. This situation is common.
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MOL' Azimuth
Well Core |- Paleomag- BHTV? Differ4-

No. netic? ence
SFE No. 2 2 246° 94° 108°
SFE No. 2 7 132° 121° 11°
SFENo.2 | 14 68° 59° 9°
SFENo.2 | 15 133° 133° 4°
SFE No. 3 8 19° 21° 2°
SFENo.3 | 9(a) 252° 272° 20°
SFE No.3 | 9(b) 179° 181° 2°
SFENo.3 | 10 272° 284° | 12°
SFE No.3 | 12 316° 314° 2°

! Master orientation line (a reference line marked on

the core).

2 paleomagnetic method

‘3 Borehole televiewer method

4 Absolute difference between paleomagnetic and
borehole televiewer strikes.

QA13997¢

Figure 56. Chart showing the orientation of core by paleomagnetic methods and the BHTV. It
shows the azimuths of a reference line on core (the master orientation line, MOL) determined
by the paleomagnetic method and by correlation of features on the BHTV along with the
difference between the results of the two methods.
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‘interval, and the component of magnetization corresponding to present-day north is used to

orient the core (Van Alstine and others, 1983; Van Alstine, 1986). Orientation errbr of as little
as 5 degrees is reported to be possible usihg this method (Nelson and others, 1987, p. 366). In
figure 56, the MOL azimuth d_etermined by the magnetic method and BHTV shbuld agree if there
are no errors in either method. Given the accuracy of the two methods and errors in measuring
fracture strike, the absolute difference between the two methods should not be greater than
10 degrees. The measured differences range from 2 to 108 degrees with a mean of 18.9 degrees. If

the result from Holditch SFE No. 2 core number 2 is disregarded as being from core

- misorientation during handling, the mean difference is only 7.8 degrees. The two methods

agree within\- expected tolerances in some intervals, but‘ not in others. We Weré not able to
determine how much of the error arose from miscorrelation of features on logs to core and how
much derives from errors in the paleomagnetic method.

In the Travis Peak wells, the BHTV log is more reliable for obtaining fracture orientation
in elliptical boreholes where boreﬁole coverage by the FMS is madequate. The position of
fracture traces on FMS images is oriented with respect to north, bl;t for vertical fractures that
do not have a sinusoidal trace, an imaged trace might correspond to another trace that is in a‘
part of the borehole that is not imaged. In Holditch Howell No. 5, for example, even where both
pads detected fractures, fracture orientations obtained using the FMS alone were commonly
ambiguous because additional fracture traces may é.xlst in parts of the borehole wall that were
missed by FMS pads and not imaged. The FMS image reveals a vertical fracture on the east-
northeast and west-southwest borehole wall that crosses inclined beds af 7,372.7 1t (2,247.2 m)
and ends at a mudstone interbed (7,374 ft [2,247.5 m]) (fig. 54). The BHTV log over the same
interval is at a more compressed scale but clearly shows the same fractures that are visible on
the FMS log. Fracture number 1 at 7,371 ft (2,246.5 m) on the BHTV log corresponds to one

fracture trace on the FMS log. Fracture number 2 at 7,374 ft (2,247.5 m) on the BHTV is not

visible on the FMS log because neither FMS logging pass crossed the fracture. Dark, irregular
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areas on the eést and west BHTV quadrants are spalls (borehole breakouts) that are not
delineated by FMS.

Subvertical drilling-induced fractures and nafural extension fractures have similar
strikes, but observations of fractures in continuous core intervals show that haturél and
dmling-induced fractures are not precisely parallel. For example, in one continuous core
(where core orientation methods cannot affect relative orientations of fractures) from Prairie
‘Producing Mast No. A-1, the average angle between natural and induced fractures is 22 degrees.

Strikes of natural and drilling-induced fractures in the same core locally deviate by as much as

85 degrees, although the diﬂ'erencé is commonly 5 degrees or less. Mean aﬁgle between natural

and drilling-induced fractures is 17 degrees, and the mean angle in individual wells is between

10 and 20 degrees (Laubach and Monson, 1988).
FRACTURE INTERPRETATION USING BOREHOLE-IMAGING LOGS

Using the BHTV transducer, Georgi (1985) detected fractures that had minimum apertures
of 0.01 inch (0.025 cm) in physical models. However, Nelson (1987) found that fractures are
detected by BHTV only if they are wider than 0.03 inch (0.076 cm) or have been modified by
drilling to produce a topographic feature on the borehole wall. Fractures that in core are as
narrow as 0.025 inch (0.06 cm)‘were detectea in Holditch SFE No. 2 using the BHTV . Travis
Peak fractures that are narrow in core possibly have been widened by erosion in thevborehole
wall. Such erosion and widening of fractures is observed along the outer surface of the core
(fig. 37). Thus, the detection limits of the BHTV cannot be ﬂgorously tested using our
observations. Detecting 'narrow fractures and low-angle fractures depends on vertical

- sampling rate and scale of image (for example, 1:6 or 1:24) more than on tool physics of the
BHTV and FMS.
In the Travis Peak. the FMS detected narrow (>0.01 inch [>0.025 cm)]) fractures. The high

density of measurements along the axis of the hole enables features only centimeters apart to

LY
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be resolved (Pezard and Lovell, 1990). Plumb and others (1985) réported vertical resolution of
better than 0.4 mch (1 cm) for sedimentary structures and detection of fractures that have
apertures of less than 0.04 inch (0.1 cm) using the FMS. Casarta and others (1989) found a
minimum detectable fracture width of 10 to 20 micfons. The width of conductive features -
visible on FMS logs in the Travis Peak does not correspond exactly with widths of geologic
features in core. This is partly because the logging tool is imaging features in the borehole wall
rather than the core, and thin beds ahd fractures can vary in width over this distance.
Furthermore, apparent widths of geologic features may vary because of inherent limitations in
resolution and detection limits arising from the size and configuration of detectors on the FMS
pad (Schlumberger, Ltd., 1987). Short fractures (<4 incheé [<10 cm]) and the shapes of longer
fractures may be f)oorly defined because of loss of pad contact With the borehole wall, and
images may be blurred by improper tool-speed corrections.

The high sensitivity of the FMS to thin conductive features makes it possible to detect
small fractures and to distinguish them from sedimenfary features. An advantage of the FMS
is its ability to create images of subtle sedimentary features and to reveal their spatiél relation
to fractures, which can be used to help interpret the style of fracturing. This information is
useful for determining the causes of fracturing, but care should be taken to- distinguish
cohductive anomalies that are unrelated to fractures or bedding and that may be caused by the
action of the bit and drill string. Analysis of fracture origin and relation of fractures to
bedding, which is useful for evaluating the relation between matrix and fracture permeability,
is augmented by high-resolution FMS images of fracture shape and sedimentary structures.
Sedimentary features visible on FMS logs in the Travis Peak and Cotton Valley are described
and discussed in Part One. | |

An advantage of the BHTV for fracture studies is the complete borehole coverage this tool
provides. The 360-degree borehole c<')verage of the BHTV generally enhaﬁces fracture
identification, orientation, and estimates of fracture abundance, whereas with the FMS these

determinations are more ambiguous because part of the borehole is not sampled. By having
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complete borehole covefage, borehole breakouts, from which principal stress directions can be'

deduced, are more e#sﬂy recognized and distihguished from other; types of fractures.
Iricdmplete borehole coverage by FMS results from the limited size of the sampling pads and a
tendency for tool orientation to be locked in by even a slightly elliptical borehole. Where this
happens, vertical fractures between the FMS pads are missed entirely. In Holditch Howell

No. 5, FMS pads tended to follow long axes of the elliptical borehole even in cases where the

difference between orthogonal caliper readings was consistently less than 0.5 inch (<1.3 cm).v

Consequently, multiple tool passes did not signiﬂcantly-mcrease coverage of the borehole wall
in Holditch Howell No. 5.‘ Much more complete borehole coverage was achieved using multiple
tool passés in Mobﬂ Cargill No. 15, where locally borehole coverage is as much as 75 percent. In
Holditch Howell No. 5 multiple tool passes did not generally provide eﬁough coverage to
;cliably determine fracture abundance or unambiguous fracture orientation. Other studies,
hqwever, report 40 to 80 percent wellbore coverage using multiple runs of the two-pad FMS
(Dennis and others, 1987), and rr‘xqre‘ complete borehole coverage is provided by four-pad FMS
tools. Using this tool, borehole coverage of 40 percent can be attained without multiple tool
passes, and the influence of preferred tool tracking on borehole coverage is diminished.

Image artifacts on the Travis Peak BHTV logs include the vertical stnpihg that is found in
cases where holes are elliptical or enlarged or where the tool is off-center. Suéh artifacts can
lead to fewer fractures being ‘detected using the BHTV than actually exist in the borehole wall

because the borehole wall is obscured. This type of artifact is almost completely absent on

' BHTV logs from Holditch SFE No. 2. Artifacts can also limit fracture detection using the FMS,

and some artifacts resemble fractures (Bourke and others, 1989).

In Holditch Howell No. 5 and Holditch SFE No. 2 more fractures are visible on the BHTV
logs because their coverage of the borehole wall is more complete than that of the FMS, and few
image artifacts are present. In coxltrast. Dennis and others (1987) compared the BHTV and the

FMS in a limestone reservoir and found more fractures using the FMS. The difference was

attributed to the higher sampling rate of the FMS and a conductivity contrast that was larger
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than the acoustic contrast between fractures and matrix. A higher sampling rate for the BHTV
might have mcreased fracture resolution in this mstanée.

A critical issue in the analysis of subsurface fractures is distinguishing natural fractures
that existed in the reservoir before drilling, from fraétures that were created by the drilling or
coring process. Fractures in the latter categoi'y include coring-induced peta}li and petal-
centerline fractures,r fractures related to borehole breakout and washout, and those

inadvertent hydrofractures created by drilling under overbalanced pressure conditions. This

distinction may be straightforward where inclined wellbores intersect vertical natural

fracture sets or vertical wellbores cross inclined natural fractures (Casarta and others, 1989),
but where natural and induced fractures are parallel to the ‘borehole axis and have closely
similar strikes, as in the Cotton Valley and Travis Peak Formation in East Texas, the problem
of separating natural and induced fractures is more difficult. Well-developed or mature
borehole breakouts and all other fracture types can be readily distinguished using the BHTV ,
but we found no unambiguous criteria for systematically differentiating between natural and
narrow drilling-induced fractures such as petal and petal-centerline fractures on the basis of
the appearance of the fracture trace élone. In principle, the FMS can distinguish natural from
induced fracfures if a sufficient éonductivity contrast exists between fracture-filling minerals
and host rock, but in the Travis Peak natural and drilling-induéed fractures could not be‘
separated because natural fractures are eithef open or filled primarﬂy with quartz, which does
not have a conductivity contrast with the host quartzarenite. Healed fractures are detectable by
BHTV if the material filling the fracture has an acoustic impedance that is significantly :
different from that of the host fock (Rambow, 1984), but it does not in the Travis Peak core we
studied.

The presence of induced fractures should be suspected when long v(tens of meters) fractures
symmetrically divide the borehole on BHTV images (Séhlumberger. Ltd., 1987; Bourke and
others, 1989). Distinctive drilling-induced fracture shapes might be used to differentiate

natural and induced fracture types. For example, the characteristic concave-downward curve
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of drilling-induced petal-centerline fractures (Laubach and Monson, 1988) in principle could
be used to discriminate between drilling-induced and natural fractures. However, observations
of natural and drilling-induced fractures in Travis Peak core show that this method is
unreliable here because inclined drilling-induced petal fractures commonly curve or hook into
vertical natural fractures, creating composite fractures that have shapes similar to those of
drilling-induced petal-centerline fractures. Plumb (1989) recognized distributions of fracture
traces on the Holditch SFE No. 2 BHTV log that are associated with the early development of
certain breakout types. Recognition of these features can help distinguish natural and drilling-
induced fractures on logs, but reliable rules for systematically distinguishing natural and
induced fractures based on trace patterns have not yet been developed.

Our log analysis relied primarily on visual examination of standard log output, although
parts of the Holditch Howell No. 5 FMS log were studied on Schlumberger's interactive log
analysis workstation, and portions of the BHTV log from Holditch SFE No. 2 were studied on a
workstation. More sophisticated image processing or analysis, or perhaps the use of BHTV and
FMS logs in conjunction with other logs or techniques could provide additional criteria for

distinguishing drilling-induced fractures.

SUMMARY

(1) Many details of sedimentary structures are visible on the FMS logs from the Cotton
Valley and Travis Peak Formation. Some structures can be interpreted without reference to
core, but most require core-to-log calibration for optimal assessment of sedimentary and
diagenetic environment.

(2) In low-permeability Travis Peak Formation sandstone, both BHTV and FMS logs
detect vertical and near-vertical extension fractures and borehole breakouts, but the FMS
provides a higher resolution image of fracture shape. Low-angle natural shear fractures in

shale were not detected by either logging tool. Because of limited FMS coverage of the borehole
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wall and the tendency for tool orientation to be locked in by even a slightly elliptical borehole,
vertical fractures can be missed by FMS pads. |

(3) Distinguishing natural from drilling-induced fraétﬁres using the FMS or BHTV in the
Travis Peak Formation is difficult.

(4) Present commercial tééhnlques do not give an accurate fracture aperture (open width)
in the Travis Peak, and methods devised to assess fracture width will need to take into account
possible erosion of fractures neaf the borehole.

(5) Rellable orientation of inclinéd fractures can be obtained from either the BHTV or
FMS if the top and/or bottom of the curved sinusoidal fracture trace is visible on logs.
Orientation of vertical fractures can be ambiguous, especially if multiple fracture traces are
present. Nevertheless, vertical fracture orientations from BHTV and FMS logs are similar to
fracture orientations from core based on multishot and paleomagnetic orientation methods.
The BHTV log is more reliable for obtaining fracture orientation where coverage by the FMS is
inadequate.
| (6) Borehole breakouts and eiliptical zones detected on BHTV and caliper logs provide
information on variation of horizontal stress that generally agrees with orientations inferred
from drilling- and stress-test-induced fractures.

These rresults show that BHTV and FMS logs are useful and‘complementary adjuncts>to
core-based fracture studies foi‘ evaluating fractured low-permeability sandétone reservoirs in |

East Texas.
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