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R. J. Finley, S. P. Dutton
June 1987 - February 1988

Topical Report '

This report describes the results of remote-sensing studies of an area
in East Texas based on synthetic aperture radar (SAR) data. These
results are compared with previous Landsat-based regional remote-
sensing studies. The purpose of the study was to determine whether
radar lineaments can be used to define in situ stress orientations in
the Travis Peak Formation and thereby ascertain whether subsurface
fracture orientation can be predicted from surface lineaments where
subsurface stress data are absent in East Texas.

Previous remote-sensing studies of East Texas and northwestern
Louisiana based on Landsat data showed that surface lineaments were
subparallel to elongated structures in the subsurface and were parallel
to minimum compressive stress in the Jurassic Schuler Formation.
The current subregional study was conducted using SAR data from a
small area of interest encompassing sites of wells drilled as part of
ongoing research on the Travis Peak Formation. Given the low
topographic relief of the study area, radar data were chosen for their
ability to detect subtle topographic features. This report summarizes
the results of lineament studies on the radar data and compares
lineament orientations to orientations of in situ stress in the Travis
Peak. ’

Predominant radar lineament trends are very similar to Landsat-based
lineament trends. However, radar lineament density does not delineate
any mapped subsurface geologic structures. It is affected to some
extent by surficial geology. Vector sums of lineament orientations are
significantly different from those of in situ stress in the Travis Peak.
The number of man-made features mistakenly identified as lineaments
is higher for radar data than for Landsat data because man-made
features are more visible on the higher-resolution radar imagery. This
may also explain why lineament density is influenced by surface
geology rather than by subsurface structure.

Lineament studies were based on four 1:100,000-scale radar images.
Lineaments were mapped on transparent overlays, checked against
larger-scale photomosaics, digitized. and compiled as polar diagrams of

-statistically significant vector sums of lineament orientations.

Lineament density was contoured using lineament length per unit area.
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ABSTRACT

Radar-based lmeaments in a 19 000 km? (7.400 miz) area of East Texas and
v_‘northwest Loursrana were stud|ed to determme their relatronshrp to surfrcral and'
’.v»’:-.subsurface_ geologlc structure and to in situ stress. For all Imeament data, two

?:,_significant azimuths' of vector sums‘-were defined: 325° and 37°. The northwest ;

. v trend has the same orientation as the mean dlrectlon of wellbore elongatlons in the

. ,Schuler Formatlon throughout the East Texas Basm However, this trend is
‘.',“_'subparallel to, and significantly different from. the 344° orientation of wellbore
elonga‘tion in the oVerlying »Travis Peak Formation. These results suggest a complex

E relatz'i_onshi‘p between "subsurface stress and the northwest lineament trend. The

northeas’t Iinean"lent» trend does ‘not coi'ncide with the orientation of any known stress

. or reglonal structure and may be an artifact of radar |llum|natron direction. Unlrke a

/_“;prevrous regronal study based on smaller-scale Landsat data, no consrstent correlatron |
',‘between surfIC|al or subsurface structure and lineament densrty was dlscovered

k:'-bHowever high ‘values of Ilneament densrty occur preferentlally on outcrops of the'..._
v"Sparta and Weches Formatrons These results suggest that either (1) most radar
‘llneaments smaller than Landsat lineaments are manlfestatlons of unmapped
subregronal or local structures or (2) most radar llneaments are surficial phenomena,

unrelated elther to subsurface geologlc structure or to stress.



INTRODUCTION
Purpose and Scope

The purpose of this ‘investigation was to analyze surficial linear features and
subsurface structure and stress in East Texas and northwest Louisiana (fig. 1) and
to answer two questions. First, can the correlation between surface lineaments and
subsurface structure and stress that was demonstrated on a regional basis in a
'previous stﬁdy (Baumgardner, 1987) be detected at a subregional level? Second,
how are surficial linear features related to geologic structure and subsurface stress in
fhé study area? This area was selected as part of an analysis of the Cretaceous
Travis Peak (Hosston) Formation, a low-permeability, gas-bearing sandstone. which
does not crop out in the study area. Because fracture permeability in the Travis
Peak is a significant part of its total permeability, the orientation of fractures
~strongly controls the direction of gas movement. Knowing the orientation of those
fractures will be an essential part of any plan td produce the formation's gas
- resources. Subsurface fracture orientation sometimes can be inferred from surface
features (Verbeek and Grout, 1984). Surface lineaments and subsurface features are
exa-’miined in this report using airborne synthetic aperture radar (SAR) data and
subsurface data from seven wells. SAR data have higher resolution than the
Landsat data used in the previous study. The subsurface data comprise ellipticity
logs, fraé_ture data, and strain relaxation data, all of which provide more detailed

information about subsurface in situ stress than was available for the regional study.
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Figure 1. Location of study area and four radar mosaics in East Texas and

northwest Louisiana.

Original scale of radar mosaics was 1:100,000.

Each

of the

four images is referred to by the name of the town shown on or within its borders.



Previous Work

Other workers have investigated the relationship between linear features on the
Earth's surface, such as fractures, and subsurface geologic structure (Berger, 1982;
Tillman, 1983; Bailey and others, 1984; Woodruff and Caran, 1984). Perhaps more
relevant to this study is the comparison of linear or elongated features in the
“subsurface with those at the surface. Hickman and others (1985) found wellbore
elongations at right angles to the direction of natural fractures in the subsurface.
The fractures were parallel to jqints mapped at the surface. Komar and others
(1971) studied surface features and vertical fractures in the subsurface in an area of
flat and gently dipping rocks. They found vertical fractures in the subsurface
subparallell to lineaments. However, subsurface fractures were nerarly perpendicular to
surface fractures. Baumgardner (1987) found elongated salt structures in the
subsurface subparallel to lineaments and wellbore elongations parallel to Iiﬁeaments.

Judging from these different studies, the relationship between orientations of
linear features at the Earth’'s surface and in the subsurface is not the same
everywhere. Indeed, in an area of complicated fracturing. Grout and Verbeek (1985)
showed that surface and subsurface fractures can be either parallel or perpendicular
in the same sedimentary basin because of differences in lithology and burial and
thermal histories of the rocks involved. The comparatively simple geologic history of
the study area indicates that such complexities are probably not present here.
Nevertheless, the relationship between surficial and subsurface linear features is not
always straightforward.

Lineaments, because they are physiographic features, are assumed to be

manifestations of geologic structure or.stress. The mechanism by which they form



is not well understood, because the lineaments themselves usually are not identified
as fractures, joints, or fault traces, whose origins are reasonably well documented.
Although the history of development of fractures, joints, or faults at a given location
may be complex, their mechanical developrﬁent’ is evident: the rock is broken and,
in the case of faults, displaced. The size and diffuse boundaries of lineaments often
preclude such recognition. A lineament may be a valley formed along an
unrecognized fault trace, or it may be a line of hills where erosion is controlled by a
jointing péttern that is obscured by vegetation. Whatever the case may be, the
mechanical origin of a lineament is difficult to determine precisely because it usually

cannot be identified as a specific geologic feature.
METHODS AND MATERIALS
Synthetic Aperture Radar

Synthetic aperture radar (SAR) data were used in this study because they can
reveal subtle topographic, and presumably. structural features. The utility of these
data has been proven in studies of geolégic structure in tropical areas where thick
vegetation or persistent cloud cover limits the use of other sensors (Sabins, 1986).
The long wavelength of X-band radar (2.4 to 3.8 cm, or 0.9 to 1.5 in) allows it to
penetrate clouds and, to some extent, dry soils, both of which block most shorter
wavelengths (Trevett, 1986). Radar imaging is primarily a method for detecting
surface roughness. Distracting differencés between similar kinds of vegetation that
can obscure geologic structure on other image types are subdued in radar data.
However. substantial differences in vegetation cover, such as between trees“and

grassland, are detected.



Because it is an active sensor, generating its own signal and receiving a
reflected bulse in return, SAR is a highly flexible tool. The depression angle and
direction of illumination of the radar signal can be adjusted to meet different
requirements ofrterrain roughness and structural irends (fig. 2). Near-range data,
that part of the ground swath closest to the airplane and the radar antenna, have
the steepest depression angle (14.4° to 37.7°, fig. 2) and the shortest shadows.
Far-range data, farthest from the antenna, have the shallowést depression angle (8.8°
to 14.4°, fig. 2) and the longest shadows.

The data for this study were radar mosaics constructed from individual flight-line
strips. This allowed us to select the part of the original data strips that best
suited our purposes. Because low topographic rélief predominatés in the study area,
far—rangé data Were selected for construction of the mosaiés. Average depression
angle for the radar mosaics in this study is 11°. Terrain slopes vary from less than
1° to 14°, as measured on 1:250,000-scale topographic maps of the reg.ion.
Therefore, Yamaguchi's (1985, p. 126) condition for radar shadowing has been met:
“The most fundamental condition for radar shadow enhancement is that the range of
radar depression angle [sic] overlaps with the range of angles of terrain slopes.”
Otherwise, no radar shadows are formed.

Just as depression angle can be adjusted, so can direction of illumination. = The
direction that the radar beam is aimed can optimize radar shadows. MacDonald ahd
others (1969) reported that for optimum enhancement, the illumination direction
should be perpendicular to the target. Wise (1969). on the other hand. concluded
that optfmum shadow enhancement of a valley wall depends on the slope of the

valley wall and the radar depression angle:
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Figure 2. Method of collecting airborne radar data used in this study. Far-range
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construct mosaics. Direction of illumination was 270°. Modified from INTERA
Technologies (1985, fig. 1).



| 'sinka = tan ﬂ/tan Y s | - i ‘, 1)
where a= angle between trend of vaIIey and radar rllumlnatron Vi |
ot ﬂ= radar depresswn angle ‘ |

,‘x“= slope of valley waII :

V,\’R‘adar illlu‘mination‘ direction is 270° ‘fo'r the data in this study. The depression
angle for far;range ‘dataranges”from,88° 'to’14 4° (f'g 2). Slopes of vaIIey waIIs in
East._Te).(‘as' are mostly less than 14°.’ Consequently optimum shadow enhancement
of \ialley wa'ns will occur from 270°438° to 270°£90°-that s, from 308" to 360°
, and from 360° to 52°. (The rnterval from 360° to 52° is equwalent to the mterval
_from 180° to 232°f All ,dlrectlons in this report are referred to using the northern
| half of the compass 270°‘ to 0° to 90°) " This isa. very broad ‘rang\e‘. covering an
arc 104° Wrde from 308° to 520 If the‘ average' radar depression angle of th.e ’data :
- (11°) is used ‘in equatlon 1, two narroWer zonesof shadow ‘enhancement result:
| 321° to 352° and 8° to 39°. i | :

In th|s study. as recommended by Cannon (1982). the radar iIIumination"’
dlrectlon is at a hlgh angle to the |I|um|nat|on dlrectron of Landsat data available for
'f'the area (table 1) The.purpose of this difference rn illumination direction is to
v’enhance any features \Arith: different orientations that" were not detected on Landsa’t‘
imagery ‘examined in a previous remote-‘sensing’study of the area (Baumgardner.
 ‘1987) , . ST
Because these radar data‘are bemg used in conjunctlon with Landsat thematlc-‘._
: mapper (TM) data. it is instructive to compare the two data types (table_l) and
: “their effect on Iineament mapping. The scale of the Landsat data was 1:250.000.
>2-1/_‘2 ‘times‘ smaller than the scale of -thje' SIVAR,‘data (‘1:100:.000)-. Res.olution of the -
radar data is 6 by 12 m (20 by 40 ft) (INTERA Technologies. 1985). compared with
30 by 30 m (98 by 98 ft) for Landsat T™ data. The individual ‘pictureelements



Table 1. Comparison of Landsat thematic mapper (band 5)
and synthetic aperture radar (SAR) (X-band) remote-sensing
data available for the study area. Direction and angle of
illumination for Landsat data vary because four different images
were used to cover the region.

Characteristic Landsat SAR
Scale 1:250,000 1:100,000
Resolution (m) 30 x 30 6 x 12
Direction of illumination 321°-330° 270°
Wavelength 1.55-1.75 um 24-3.8 cm
lllumination/depression angle 31°-35° 11°
Maximum lineament length (km) 72.3 17.6
Minimum lineament length (m) 290 290
Mean lineament length (m) 3.500 1.500



, ‘(pivx'els)r of the SAR data are about 1/12 the size of the L.andsat pixels:
‘ Conseque'nvtv:ly. many features between 6 and 30 m (20 and 98 ft) wide that cannot
~ be detected'by Vthe Landsat TM are visible on the radar imvages. |
| The wavelengths of electromagnetic energy detected by the two sensors are quite
~ different. Consequently, they V\rill detect different features or will represent the same
_features differerrtly. Band 5 (mid-infrared) of the Landsat TM data covers the range
from 1.55 to 1.75 um. At these wavelengths, differences in moisture conterlt of soils
~and vegetation are visible. Wavelength of X-band radar is much longer, ranging from
2.4 to 3.8 cm (0.9 to 1.5 in) (Sabins. 1986). At this wavelength, the radar can
detect differences in surface roughness in the range of a few centimeters. No return
signal is received from horizontal, smooth surfaces, such as lakes, which reflect all
the incident radar energy away from the antenna. However, rough surfaces scafter
_ incident energy at all angles and give strong radar returns. The depression angle of
the radar signal is a factor in the definition of a rough surface (Peake and Oliver,
1971). As‘depressmn angle decreases, the vertical relief required to define a rough
surface increases: | |
h > )\/(44sin p) REY)
where h = vertical relief |
A = wavelength of the radar
B = radar deprevssion angle
For the radar data used in this study. where average f=11° and A=2.4 to
3.8 cm (0.9 to 1.5 in), a rough surface has vertical relief (h) greater than 2.9 to
45 cm (1.1 to 1.8 in). It'is unlikely that any surfaces in the study area, except
surfaces of water bodies, have vertical relief less than 4.5 cm (1.8 in), so strong
vreturns would be expected from all surfaces Because of the va’rlable land cover in

the study area, most of the difference in radar signal return is caused by reflection
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".‘from much larger features such as trees “not by"differences in roUghness of 'tvhe

ground surface or of a umform leaf canopy in_a forest. - Strongest signals are

recelved from corner reflectors such as steeply sIopmg nverbanks ~edges of clear—cut

-“areas in- woods and bwldmgs all of which return the energy d|rectly to the antenna
~ Lineament Mapping

The definition ﬂ byWoodru’f'f".an.d Caran (198:4'.‘Ap. 8) is used to ‘de.s.cr‘ibe;l
".l-lneaments in this Study' ~"A pattern of tones. textures, contours and other such
‘ ',features that |s stralght linear, and . . - contmuous has definable end pomts and _
* lateral boundaries (hlgh length/W|dth ratlo) and hence a dlscermble azimuth.”
Lmeaments were mapped on four radar |mage mosaics at 1: 100 000- scale in four
“steps Flrst “the radar lmagewas plac.ed,onga light table and V|ewed with
transmltted llght in a darkened room. A transparent sheet of mylar was placed over‘
»the image. and the end pomts of each lmeament were marked. Second after; "
ﬁ‘thorough vrsual lnspectlon‘was cOmpIete' a second. sheet of transparent.mylar was :
placed over the flrst and the end pomts were connected by a Ime drawn on the'
\ksecond‘ sheet.“ In this way the |mage was not obscured during the initial V|sual
inspection by a growmg network of I|nes. Thlrd the mapped llneaments ‘were
rchecked agamst Iarger scale photomosalcs (1:63,360—scale) and, when available. aerial
photographs (1:20, 000— ‘and 1: 40, 000—sca|e) fLineam’ents were copied from the second
mylar overlay onto the photomosalcs usmg a proportlonal prOJector to enlarge the
.lmeament overlay to the scale of the photomosalcs At th|s point in the procedure
Ilne_avments ‘were d_escrlbed (table‘ 2) and those correspondmg to man- made features

‘were erased from the overla'y.' Fourth the lmeaments remalnmg after the removal of

11



T

N

Table 2. Descriptions of lineaments identified on large-scale
aerial photographs and photomosaics. Lineaments in Louisiana
(fig. 3) are not included in this table.

Description Number Percent
Straight valley ‘ 288 30.1
Sinuous valley with straight plan view 214 22.4
Sinuous stream with straight plan view 139 14.5
Straight edge of lake 82 8.6
~ Straight reach of meandering river/valley 69 7.2
Straight ridgetop, valley wall 22 2.3
Straight meanderbelt/floodplain 17 1.8
Straight abandoned meander, swale 17 1.8

Straight stream ‘ 14 1.5 -
Dentate ridge with straight plan view 7 0.7
Channels aligned across valley/divide 6 0.6
Vegetation boundary 5 0.5
Unidentified [ 8.0
Total : - 957 100.0

12



V‘ ";':ma'n'—made featureS"Were digitized Llneaments from aII rmages were comprled |nto S

| '__'one data set for dlsplay ‘and analysrs (f'g 3)

Lmeaments that were nelther man- made nor’ cIearly assoaated wrth some natural" R

‘ ..J;'-M-feature such as a stralght stream vaIIey were not erased These were - usuaIIy )

‘ mapped on strarght tonal boundarres that were vrsrble on the radar |mages but were‘_
; "not apparent on the Iarger scale photographs | S
To ‘ensure that each mosaic ‘was glven equally rrgorous rnspectlon durmg the‘l

_frrst step of llneament mappmg records were kept of tlme 'spent' studyrng-each e :

mosalc Each scene was examrned for 5. 9 to 7.1 hours (table 3). ‘D'ifference’s in—l“

trme spent examrnlng each |mage were caused by dlfferences in. contrast on each one,

“but thls drd not srgnlfrcant|y affect mapplng of Ilneaments Thls mspectlon phase :
rncluded a perrod durlng whrch drscrete parts of the |mage were vrewed for a f'xed’-
~ time. A mask was placed over the mosaic and 1/9 of the scene was studled for 10
mrnutes Durmg th|s step aII parts of the radar lmage recerved equal attentron |
No srgnrfrcant correIatron (posrtrve or negatrve) exrsts between amount of tlmeg

& spent per |mage and number of Imeaments detected (table 3)." Fewer Imeaments

- were detected on the Marshall rmage (f'g 1) whrch was studled longer than any of

the others (table 3) The dlfference in number of Imeaments detected may be due

,to dlfferences |n vegetatlon cover throughout the area, but thlS remams unproven
The percentage of man- made features erroneously mapped as Irneaments"»

' mcreased srx fold compared wrth those mapped in the prevrous Landsat based study

o Erroneous hneaments amounted to 222 percent of all hneaments mapped from radar '

data (ta’»ble 3) but only 3 7 percent of those mapped from Landsat rmages '
(Baumgardn,er; 198‘7). Half of these man- made features are boundarles between
3 woods and .cleared' Iand,‘(table 4). ‘ A thrrd ‘are ro,ads. Apparently.« many of »these .
features are too. small (Iess than 30 m wrde) to be detected by the Landsat TM but‘:.'

‘Aare VISIble on the hlgher-resolutron SAR |mages After these man- made features were
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Figure 3. Map of radar-based lineaments in this study. See figure 1 for location of

study area.
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Table 3. Results of mapping lineaments on four radar images.
Llneaments were checked against larger-scale aerial photographs
and photomosaics to eliminate man-made features. ~ The number’
of correct lineaments is less than the total number in the study
because some lineaments could not be checked against
photographs or photomosaics. . See figure 1 for location of images
and figure 3 for map of lineaments.

Image Mapping Number of lineaments Error

name time (hr)  Checked Correct In error (%)
Carthage 50 319 28 71 223
Longview 6.2 361 284 77 21.3
Marshall 7.1 179 142 37 20.1
Nacogdoches 6.0 372 283 89 23.9
Total + 752 1231 957 277 )

Table 4. Descriptions of features erroneously mapped as
lineaments. These features were deleted from the lineament maps
before digitizing and were eliminated from further analysis of
lineament data.

Description " Number Percent

Boundary between woods/cleared land 138 50.3
Road .92 33.5
Other cut vegetation boundary 12 4.4
Fence/property line 8 2.9
Powerline, pipeline, firebreak 7 2.6
Railroad 4 1.5
Straightened edge of lake 4 1.5
Straightened channel 4 1.5
Other 5 1.8
0.0

Total ‘ 274 10



 removed from maps of lineaments, more than 1,000 lineaments remained for further

study.
Compilation of Orientation Data

Orientations of the lineaments and wellbore ellipticity were displayed as polar
| diagran.\s' of length-weighted frequency (F) following the procedure outlined by Dix
and Jacksén (1981). To avoid the graphical exaggeration of large values inherent in
polar pIotS (bécause the area of each sector increases in proportion to the square of
its length), the square roots of F values were plotted (fig. 4a).

A sector width of 10° (0° to 9°, 10° to 19°, and so forth) was used. The
choice of sector width within the polar plot may arbitrarily limit the number of
significant peaks of orientation data. For eXampIe. a Iargé F value may be divided
between two adjoining sectors, thereby obscuring what otherwise would have been a
significant peak.

Calculating vector sums of adjacent peaks prevents this loss of data. Adjacént
sectors larger than the mean value of F are summed and tHe resultant vector is
plotted (fig. 4b). As an added refinement. a chi-square test is applied to each
vector to determine its level of significance (Vistelius, 1966; Dix and Jackson, 1981).
The resultant value, known as the Bernshfein accuracy criterion (H). is plotted with
the same azimuth as the vector sum (fig. 4c). The 99—percent confidence level is
used to define significant sector peaks. Dix and Jackson (1981) showed that sector
peaks significant at the 95-percent confidence level cduld be obtained with synthetic
“lineaments” derived from a random-number table, but the 99-percent conﬁdeﬁce level
was high enough to exclude randomly generated peaks where large data sets were

used.
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Figure 4. Procedure for statistical evaluation of orientation data. Polar graphs of
orientation data are generated by summing lineament length for each sector of the
graph. These data represent 1,029 radar-derived lineaments. The same procedure is
used to determine significant orientations of wellbore ellipticity. (a) Length-weighted
frequency (F) of lineaments has six sectors significant at the 99-percent confidence
level. The square root of F is plotted to prevent areal exaggeration of large peaks.
(b) Adjacent peaks larger than the mean value of F, when combined by vector
addition, produce only two significant peaks. (c) Two peaks of Bernshtein accuracy
criterion (H) are significant at the 99-percent confidence level, based on a chi-square

test.
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Small data*' sets _however, may include, ,statistically significant orientation peaks

- that are not valrd DIX and Jackson (1981) found that data sets of‘synthetic _'

“ Imeaments wrth fewer than 200 values contamed peaks that were srgnrfrcant even
~at the 99—percent confldence level. As a result, they recommended that Imeament
| -data sets have at Ieast 200 values to avoid including spurlous peaks “In this 'study
the totaI number of radar llneaments (1. 029) exceeds the minimum recommended by
Dix and Jackson (1981)

Slgnlf'cant lmeament orlentatlons were carefully determined in order to comparev
them with the onentatlons of principal stresses. andvfractures in the subsurface.
These results were then compared W|th the relatlonshlp between stress and fracture
: orrentatrons,reported by other workers (Komar and others 1971; Grout and Verbeek

198‘5:‘ Hickman and o'thers.-’1'985). Stress drrection is fexammed in the 'followrng‘ .

© section.

- Defining Principal Stress Directions -

. The »orientation of least principal. horizontalstress can be defined by or deduced
from, several kinds of data. "*vln this study, four data sets were available for
determining the direction of Ieast- principal- horizontal stress: b- (1) anelastic strain
o analysis »te's»ts»‘,‘ (2) differentiai'strain curve analysis (DSCA). (3) orientations of
natural band ‘man—made fractures. and (4) orie‘ntations of wellbore elongations.
Because only 'the wellbore elongation data se.t |s large enough. to meet the minimum
- size requirement (200 data values) recOgniz‘ed'by Dix and Jackson (1981), the mean .
vector sum of the Other oriented.features,'was calculated (Cheeney'. 1983: Davis,
’_1986) ‘The procedure is somewhat different from that of Dix and Jackson (1981) in

that there is. no Iength assocrated wrth strain anaIysrs or. wrth fractures Mean.

orientation is a:measure of orientatlon but not length.
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The amount of scatter in the orrentatron is expressed by the mean resultant

~length (R) (table 5) R values close to 1. 0 (the maxlmum value) |nd|cate fow

scatter. All values of R-in table 5 are srgmf'cant at the 99 percent confldence level.
8 Consequently; we’reject-the nulI ,hypothesrs that there is no preferred trend to these

- features.
~Strain AnaIysis

‘Recent work in the Holditch Howell No. 5 well (fig. 5)‘.‘provides inforrnation
’ about stress relations in southeastern‘ Harrison County. Texas. We calculated 'rnean" '
.‘vector Sum azlmuth of the rnaximurn ‘principal horizontal stresses reported »by Owen ;
“and others (1987) It is 77°4£33° at the 99-percent conﬁdence level (fig. 6a). rbased‘
“on six “eXCel_lent"‘ measurements of anelastlc' straln- recovery from ‘core Sarnpl'es
(table 5) On the basis of these data, minimunl horizontal stress has an average‘
a2|muth of 347°+33°‘ perpendicular to the maximum horrzontal stress. - Differential
stram curve analysrs camed out on a smgle core sample from the same well (Jeffrey.
and others, 1987) yrelded- stress orientations that generally confirm this conclu_svlon.k 3
On the b.asis of the reSuIts of"that’test. ‘we calculated ‘rnean vector sum df}
maximum principal,hori’z’ontal stress." It has a mean orientation of 86‘°i8“° at the

~ 99-percent confidence level (fig. 6b)’.v
Fracture' Orientations

The predomlnant trend of natural and corlng mduced fractures in the Travis
Peak Formatlon is cast- northeast to east (Laubach and others, 1987, figs. 3. 4)

’Because the study area is in a reglon of extensronal stress (Zoback and Zoback B

1980 fig.. 5) these are presumably tension fractures orlented perpendlcular to the
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Table 5.  Orientations of maximum horizontal principal stress (Hmax) in the East
Texas study area defined by various methods.

_confidence level.

- Feature/Test

Number Orientation

R

Source of data

Anelastic strain recovery
DSCA* test
Fractures

Wellbore elongation

- *DSCA=Differential ‘strain

of Hmax
6 17°433°
15 86°48°
41 87°+11°
196 74°42°

curve analysis

Owen and others, 1987
Jeffrey and others, 1987
E. R. Monson, personal

communication, 1987
This study

‘ : The high values (approaching 1.0) of
‘mean resultant length (R) indicate that orientations are significant at the 99-percent

2 Number of wellbore elongations includes only those composing the
- significant northeast peak.
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Map of seven wells with polar plots of wellbore ellipticity.

Figure 5.
vector sums in adjacent wells are approximately perpendicular.
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Figure 6. Polar plots of stress-related phenomena. All values of mean resultant
length (R) are significant at the 99-percent confidence level. (a) Mean orientation of
maximum horizontal stress based on strain recovery tests is 77°+33°. (b) Mean
orientation of maximum principal horizontal stress based on differential strain curve
analysis is 86°+8°. (c) Mean orientation of maximum horizontal stress based on
fracture orientations is 87°+11°. (d) Significant vector sums of wellbore elongations
are 344°+1° and 74°+2°. Northwest trend is orientation of wellbore breakouts
formed by spalling under in-situ stress conditions. Northeast trend is orientation of
tension fractures. Both trends indicate that maximum horizontal stress is oriented
74°4+2°. Number of wellbore elongations includes only those composing the two
significant peaks.

22



a.zimuth of min‘imum horizontal stress and opening against the least principal
horizontal stress. The mean vector sum of 41 fractures from 4 wellé‘in the study
area (Cargill NQ. 14, Howell No. 5. Hughes No. 1, and Mast No. 1A, fig. 5) has an
orientation of 87°+11° at the 99-percent confidence level (table 5. fig. 6¢c). This is
essentially the same as the azimuth of maximum horizontal stress based on data
from Jeffréy and others (1987) and gives an orientation of minimum horizontal stress
of 357°+11°.

These results of fracture orientation analysis should be ihterpreted with caution
because only a few fractures are available for analysis. However, the consistent
results from these and other data indicate that most fracture orientations are reliable

indicators of stress orientations.
Wellbore Elongations

Wellbore elongation has been studied as a means of determining the -orientations
of ‘horizontal principal strésses. Previous work by Plumb and Hickman (1985)
distinguished between elongations caused by intersection of the wellbore with natural
fractures and those caused by spalling of the wellbore (breakouts) in a stress field
with unequal horizontal stfesses. These results, as well as recent work by Gough and
Bell (1982) and Zoback and others (1985), show that breakouts develop paréllel to
the minimum horizontal principal stress.

Data from a previous study of 50 wells scattered throughout East Texas providé
important information about regional stress directions. Brown and others (1980)
measured the azimuths of wellbore elongations .in the Schuler Formation (which
underlies the Travis Peak Formation) at depths below about 2,800 m (9.200 ft).

Mean elongation azimuth for all wells was 325°. On the basis of orientations of
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" "'vvertlcal hydraullc fractures (east—west) (Strubhar and others 1975) and recently actlve

. normal faults (northeast southwest) in the area, Gough and Bell (1982) concluded

7 _‘that the northwest onentatlon of these elongation aznmuths was parallel to the least :
H:vprmclp‘al'stress‘. Tl‘lIS orientation is g_enerally con5|stent with tha_t derived
'~ independently from f/racture"‘ data andgstrain‘ ana‘lysis.\
~To ‘obb_tain detailed information about wellbore elongation in the study area. ‘well:,‘
logs from seven wells were examined. As described in a recent report (Baumgardner
and Meador..:17987). ‘zone:s of wellbore elongation were. measured on el'lipticity‘logs
‘prod’UCed by ResTech, Inc | | | | |
A total of 575 ell|pt|cal zones were detected (table 6). Data from each well .‘
 were used to defne sngmfcant directions of wellbore elongatlon (fig. 5) To“deﬁne' a
value of sngmf’cant wellbore elllpt|C|ty the number length and azimuth of'elliotical
zones were analyzed using the same techmque that was applled to the lineament
| data | | |
Most results from mdrvrdual wells are clustered between 329° and 350°
'between ‘64°rand, 85° (fig. 5). However no smgle well contains enough elllptlcal.
zones to exceed the minimum value (200) recommended by D|x and Jackson (1981)
. SO aIl data from all wells were analyzed together For all data combl'ned. _two'
significant vector sums of wellb‘ore elllptlclty were found at’right angles to each-
other: 344°+1° and 74°+2° (fig. 6d). On the basis of the fracture data and
~ results of strain ana|y5|s tests, we conclude that the northwest elllptlcrty trend is
. parallel to least prmC|pal horizontal stress, and the northeast trend |s parallel to

‘tension fractures in the wellbores.
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Table 6. Wellbore ellipticity data from seven wells
in East Texas. Bernshtein accuracy criterion (H)
" shows the azimuth and magnitude of vector sums
; of elliptical zones. For location of wells see figure

5.
Well Name H
~ (Owner-Lease) Number Az. Mag.
ARCO Phillips #1 27 329° 85
" " 64° 7
. Arkla Scott #5 137 38° 74
" " " 85° 13
Ashland SFOT #1 151 79° 199
Holditch Howell #5 72 69° 125
Mobil Cargill #14 30 340° 146
Prairie Mast #1A 137 347° 210
Williams Hughes #1 21 78° 48
All data © 575 74° 229
" " 344° 101

T
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Summary

The fouf/’tech'niques for determining stress orientations have given consistent
results (table 5). Differential and anelastic strain analyses indicate that orientation
of maximum principal horizontal stress is 77°+33° or 86°+8°. These orientations
are not significantly different at the 99-percent confidence level. Fracture data andi
measurements of.,wellbo_re ellipticity show that maximum principal horizontal stress
has an azimuth of 87°+11° or 74°i—_2°. These orientations overlap slightly but are
sig‘nificant,ly different at the 99-percent confidence level. The similarity of these
independent measurements is convincing evidence that orientation of the least
pr'incipal hor‘izontal stress is well defined by these methods, given the level of
accuracy of the original orientation measurements made on the core and on the
ellipticity logs. The relationship between orientations of lineaments and stress is

discussed in the following section.
RESULTS
Lineament Orientations

For all radar Iineamenis in the study area, two azimuths of H values are
significant at the 99—percent confidence level: 325°42° and 37°+2° (fig. 4c). These
orientations are strikingly similar to those resulting‘from a Landsat-based study of
bliné-aments in this region.  The azimuths of H values for 2,250 lineaments examined in
that study were 325° and 21° (Béumga(dner, 1987, fig. 7c). Furthermore, ther
significant azimuths of only those Landsat lineaments in the radar study area that are

within the size range of radar lineaments (290 m to 17.6 km. or 950 ft to 10.9 mi)
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Figure 7. Polar plot of Bernshtein accuracy criterion (H) for Landsat-based lineaments
in the study area. Only Landsat lineaments within the size range of radar lineaments
(290 m to 17.6 km, or 950 ft to 10.9 mi) are included in this figure. The two
peaks have orientations that are similar to those of radar-based lineaments (fig. 4c),
but the northwest Landsat lineament peak is much smaller than the northwest radar
lineament peak.
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are 315° and 42° (fig. 7). These similarities between orientations derived from
different sources are important given the differences between the two data sets.
Differences in scale and resolution produce a large difference in the size of

lineaments detected. Length of radar lineaments ranges from 290 m to 17.6 km

(950 ft to 10.9 mi) (table 1). Mean length of radar lineaments is 1,500 m

(4,900 ft). Landsat lineaments vary from 290 m to 72.3 km (950 ft to 45.2 mi) in
" length, and their mean length is 3,500 m (11,500 ft). |

Perhaps the most important difference ‘between the data sets for the present
stud‘y is the direction of illumination (table 1). Based on Wise's (1969) work.
optimum shadow enhancement of valley walls in this study should occur between 321°

and 352° and between 8° and 39°. Results show a close correspondence between

- these predictions and observed radar lineament orientations. Straight valleys compose

about 30 percent of all lineaments in this study (table 2). Groups of 10°-wide
sectors larger than the mean F value extend from 310° to 349° and from 20° to 69°
(fig. 4a). However, it is not entirely clear that those orientation peaks are merely
functions of radar illumination direction. The peaks overlap with the predicted zones
of preferential radar shadowing, but the fit is imperfect. The radar peaké are
composed of 10°-wide sectors that cover an arc wider than the zones predicted by
Wise's (1969) work, and their boundaries do not exactly coincide with those predicted
by theory (fig. 4a). In addition, the northwest peak seen in regional Landsat data
(325°) (Baumgardner. 1987) is statistically equivalent to that seen on the radar
imag’ery’ examined in this study (325°), based on an F-test of the two directional
vectors (D'a\'/is.‘ 1986). This concurrence represents two different sensors detecting the
sarﬁe regional and subregional trend in lineament orientation. The similarity is‘

~ especially significant, given the differences of scale, resolution, wavelength, and angle

and direction of illumination between the two data sets (table 1). Furthermore, it
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suggests that the northwest radar lmeament peak is not merely an. artrfact of the‘
;.jdrrectlon of radar |Ilum|nat|on

The relatronshlp between the 325° orrentatlon of Imeaments and wellbore S

'.elongatlons |s not consrstent everywhere It is paraIIeI to the mean azrmuth of o

e weIIbore elongatlons in the Schuler Formatlon throughout East Texas (Brown and._

5 ffothers 1980) Thrs evrdence suggests that the 325° Irneament orrentatlon is a

: manlfestatron of reglonal stress : However the drfference between northwest.‘-
: vonentatrons of ||neaments and weIIbore breakouts in the Travis Peak Formatron (344°)"v '
.‘:‘suggests that ||neaments are not the results of ‘in situ stress in the study area.
‘,“These two. orlentatrons are srgnrfrcantly drfferent at the 99- percent confldence level

Thus the orrentatlons of Imeaments and weIIbore elongatrons are not . drawn from the;

'".n'_:same populatlon and there is. very Ilttle chance that the Imeament trend reflects the "

stress trend that results |n weIIbore breakouts The geographlc drstrlbutron of wells '
" -:'" WhICh the northwest elongatrons predommate may account for this dlfference Two;:’ '

K._wells on the uphft (Cargrll No 14 and Mast No 1A flg 5) have - azrmuths orrented

340° and 347° respectlvely One well near the western edge of the study area‘..’

J-_i(Phl“lpS No 1 flg 5) has a northwest peak onented -329°, suggestmg that the o
forrentatron of in srtu stress may change becomlng more westerly away from the_ :
VSabme Upllft toward the East Texas Basrn

The results reported by Komar and others (1971) are approxrmately the opposrte

el of observatrons from the study area Komar and others observed vertlcal fractures in

i " the subsurface subparallel to Ilneaments but nearly perpendlcular to surface fractures ;"
M;In the study area, subsurface fractures are near perpendlcular to the northwest_
A "ﬁhneament drrectron and are subparallel to the trend of normal faults at the surface
"“.(Laubach and others 1987)- Furthermore the perpendlcular relatlonshrp between ”
y»llneaments and subsurface fractures is the reverse of the parallellsm between Jomts

| “‘,_"and fractures reported by Hrckman and others (1985).



Maps of lineaments (fig. 3) were compared with maps of surface geology (fig. 8)
to determine whether lineaments and surficial geologic features, such as faults and
formation contécts. are parallel or coincident. This comparison revealed that. locally,
paralIeIiSm exists between lineaments and some Eocene formation contacts. Likewise-..‘
some lineaments and faults are pérallel.

The lineament map (fig. 3) also was compared with a subsurface structure map
(fig. 9). No consistent relationship between structure and lineament orientation was
discovered. Orientétions of lineaments relative to slope on the base of the Austin
Group range from parallel to perpendicular.

The lineament map (fig. 3) was divided intd subsets using the 500-ft contours on
a subsurface structure map on the base of the Austin Group (fig. 9). Bernshtein
éccuracy criteria for lineaments within these subsets were defined as described in the
section on compilation of orientation data. The purpose of this procedure was to
determine if orientations of the lineaments over different parts of the Sabine Uplift are
affected by the orientation of the slope on the uplift or if the orientation of
lineaments over the uplift is significantly different from ‘that of lineaments elsewhere.

This analysis shows that the orientation of the slope of the Sabine Uplift,
measured on the base of the Austin Group, has no systemafic effect‘ on the
orientation of lineaments (fig. 10).> The northwestern azimuth of H values for
Iinéaments on the western éide of the uplift (325°, fig. 10a). where the slope dips
approximatelybdue west (fig. 9. Subset A). is statistically equivalent to‘ the northwest-
trending peak of lineaments on the southwestern side of the uplift (323°, fig. 10b).
where the slope dips approximately due south (fig. 9. Subset B). The northeastern
azimuths for the same data sets are significantly different (fig. 10a, b) but show no
correlation with slope on the underlying uplift. = Similarly, when Subsets A and B are
combined (fig. 10c) and compared with lineaments adjacenf to the uplift (fig. 10d).

the lineament peaks are significantly different. However, the orientations are not
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Figure 10. Polar plots of Bernshtein accuracy criterion (H) for subsets of lineaments
in study area. See figure 9 for locations of subsets. (a) Subset A, western Sabine
Uplift. (b) Subset B, southwestern Sabine Uplift. (c) Subsets A and B combined.
(d) Subset C, adjacent to Sabine Uplift, below -3,500 ft elevation, as measured on

the base of the Austin Group.
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s'ystema'tically shifted The orlentatrons of all other lineament peaks in separate,‘

R subsets are srgnrf'cantly drfferent from one another : For example northeast trendrng

o of. the ,Sabme Uplrft.ﬂ

vectors for Subsets A, B, and C (fig. 10a b d) are aIl srgnrflcantly drfferent But‘

there |s no apparent correlatlon between the orrentatlons of lmeament trends and sIope
Lineament Density and Geologic Structure
. Some correlation between lineament density (fig. 11) and surface geology (fig. 8)v

| was detected' Forty erght percent of hlgh den5|ty values (>16 km/100 km ) are )

found in areas of Sparta and. Weches outcrop, whrch ‘cover only about 12 percent of

the study area. Conversely, only 6 percent of the _high values occur in areas of e

Quaternaryv'alluvrum whnch covers about 16 percent of the study area. These?
‘relatrvely young deposrts are mostly too unconsolrdated to develop lmear topographlc
features.’ Faults on surface geologrc maps of the area are shown as concealedr
4 features where they cross . Quaternary sedlments (Shelby and others 1967 and Preper:"’
Cand- others 1975) No high den5|ty values are found in areas of Reklaw outcrop »

whrch accounts for about 11 percent of the surface area in the study | Thus, the

o drstrrbutron of high values is clearly mfluenced by surfcral geology

No consrstent spatial. correspondence is ewdent between lineament density and the
Sablne _Uplrft Comparrng the lrneament denS|ty map (flg 11) wrth subsurface_
.structure (fg 9) reveals no clear- cut correlatron between high Imeament densrty values

and faults or slopes on the base of the Austln Group
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EXPLANATION
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Figure 11. Map of radar lineament density. Dashed line corresponds to outer edges
of radar images shown in figure 1.
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DISCUSSION

The‘near\-parall_elism ‘bet-ween northwest-trending borehrole elongations and
minimum principal horizontal stress measured by other means fits the model for
stress-induced borehole breakouts (Gough and Bell, 1982; Plumb and Cox, 1987). It
is reasénable to coﬁclude that the northwest-oriented elliptical boreholes are functions
‘of the regional extehsional stress regime. The northwest-trending Iineam;ent peak in
this study is ‘paraliel to wellbore elonga_tions in the Jurassic Schuler Formation.
Azimuth for the northwest-trending radar |ineanﬁent peak is 325°. The orientation of -
horizontal least principal stress in the Cretaceous Travis Peak Formation ranges from
344° to 357°, depending on the method used to determine it. The mean nor.t:hWest
’!ineament orjentation is significantly diffefent from, but subpérallel to. this trend of
horizontél least prinéipal stress in the Travis Peak. The reason for p_aralleli#m
between minimum stress in the deeper formation and surface lineaments is unknown.

The nortﬁeast-trending radar lineament peak at 37° is not parallel to any known
stress or fracture- orientation. It is almost perpendicular (72°) to the northwest
lineament peak. It may be an artifact of’preferential radar shadowing of valley walls
at angles from 8° to 39°.

- Lineament density appears to be influeneed by surficial geology rather than by
geologic structures in the subsurface. This méy be a result of the higher resolution
of the SAR data. compared with that of Landsat dz;ta. The linear features detected
on SAR data are shorter (table 1) than Landsat lineaments and are more evasily
confused with man-made features (table 3). | They may be functions of surficial or
near-surface processes, such asver‘osion. that have little to do with subsurface
geologic structure or in situ stress. Nevertheless, similar predominant orientations

were observed on SAR and Landsat data.
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CONCLUSIONS

Redér Ii’nreame'nts have two significant orientation peaks:" 325° and 37°. The
northweetv peak is Subparallel to, but signifieantly different from, the orientation of
least principal stress ‘inbthe Travis Peak Form‘atioh‘. It is parallel to and statistically
equivalent to mean orientation of wellbore elongations in the underlying Schuler
} For‘matioh‘. The northeast peak apparently is not related to the stresses or fractures
that have caused borehole elongation in the subsurface. These results indicate that
radar lineaments in East Texa‘s can be used to infer only the general orientation of
vmini‘mum horizontal sfress. vCons‘equentIy.r they probably cannot be used to
~independently predict the orientation pf subsurface fractures. Locally, lineaments are
parallel to faults and formation contacts. Orientations of individual lineaments> have
no consistent relationship with direction of slepe on fhe Sabine Uplift. Lineament '
dehsity has some correspondence With Surface- geology in that (1) no high values
occur over ‘Quaternarvy deposits and (2) almost half of the high density values are
found oﬁ Sparta‘and Weches outcrops., which occupy only 12 percent of the studyv‘
area. There is no spatial correspond‘ence between lineament density and the Sabine
Uplift. Radar lineaments are not reliable indicators’ of subsurface structural slope on

the Sabine Uplift.
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