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ABSTRAGT 

Rock units of the Llano Uplift of central Texas, which range in 

age from Precambrian through Gretaceous, display well-developed joint 

systems. A total of 3i88l joints at 40 exposures across the region 

are analyzed in the manner of Hoist and Foote (1981). From this 

analysis, three regional joint sets, with average median strikes of 

N46E, N88W, and N46W, respectively, are delineated in rocks of Pre

cambrian through Pennsylvanian age. Rocks of Gretaceous age display 

a different and irregular pattern of jointing. 

Jointing of rocks of Precambrian through Pennsylvanian age appar

ently is of post-Atokan - pre-Gretaceous age and developed in response 

to regional stresses, while joints in the Gretaceous rocks appear to 

be a product of a different and very localized stress regimes. 

The fracture pattern in the rocks of Precambrian through Pennsyl

vanian age may be explained by strains induced by NW-SE stresses. 

These stresses are interpreted to be a product of converging plates 

during the Ouachita orogeny, which would date jointing as post-Atokan 

to Permian in a^e. Apparent abruptness of doming and faulting, 

followed by jointing of the region, suggests plate collision along 

the Ouachita tectonic belt. 
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CHAPTER I 

INTRODUGTION 

Purpose 

The objective of this thesis is to determine the orientation of 

joint sets in the rocks of the Llano Uplift, Texas (Fig. l), to assess 

the timing of joint development, and to interpret these data in terms 

of their geometric and temporal relationships to structural features 

of the Uplift. A secondary objective is to develop a speculative hy-

p6thesis that links jointing to the tectonic history of the region. 

Geogr-aphic Setting 

The study area is located on the Llano Uplift of central Texas, 

west of Austin, between 98^15' and 99' 20' W longitude and between 

30*̂  20* and 31" 00' N latitude (Fig. l). The Llano River flows east

ward through the center of the region, and the Golorado River and 

associated reservoirs are located along the eastern side of the study 

area. The topography of the area is hilly as a result of the dis

section of rocks of Precambrian through Pennsylvanian age and 

numerous Paleozoic normal faults. The edges of the area are defined 

geologically by Gretaceous strata to the south, east, and west and 

by a large area of exposed Gambrian and Ordovician rocks to the north. 

Method of Investigation 

The acquisition of fracture data is modelled after a regional 

joint study conducted by Hoist and Foote (198I). In their study, 

43 exposures of rocks of Devonian age were studied. At each exposure, 

the first 100 fractures encountered, with the exception of those with 
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Figure 1. Location of study a r e a . 
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curvilinear traces, were measured. Where an exposure had fewer than 

100 fractures, all were measured. This method of sampling dictated 

that fractures were not measured randomly, and, therefore, the obser

ver could not bias the data. Thus, results obtained by different 

observers, each making 100 measurements per exposure, were found to 

have statistical validity. 

In this study, 40 exposures of rock were selected. This number 

was considered to provide adequate coverage of the various ages and 

lithologies of rocks in the study area. Hoist and Foote*s method of 

sampling was followed, but with two modifications. First, fractures 

that were less than two feet long and had irregular traces were not 

measured because their strikes could not be measured accurately. 

Second, the portion of an exposure with the best exposed joint planes 

was selected as the starting area for the measurement of the 100 

fractures. 

A large percentage of the 100 fractures measured at an exposure 

failed to display joint surfaces. Hence, only the trace of the 

fracture on the rock surface was measured. Where rock surfaces were 

not horizontal, the trace of the fracture was projected to horizontal 

to provide the strike. Therefore, acquisition of strike data was 

emphasized both at individual exposures and throughout the study 

area. Dip data were collected where possible. Thus, this method 

of sampling dictated that the strike data of fractures were col

lected systematically and without bias, and that such data would be 

more abundant than dip data. 
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Attitudes such as those of bedding planes, schistosity, mineral

ized veins, and other planar and linear features, if present, also 

were measured at each exposure. Such data were collected to provide 

information that might later help to interpret the patterns of joints 

in the study area. 

Thin sections were prepared so as to observe any relationships 

that may exist on a microscopic scale between fractures and rock 

fabric. These thin sections were primarily from the schistose rocks. 

The strikes of the major faults of the study area also were mea

sured. These data were derived from the Llano Sheet of the Geologic 

Atlas of Texas (Barnes, 1981), and was used, in later interpretations, 

to further supplement joint data collected in the field. 

Previous Work in the Study Area 

Keppel (1940) studied the major massifs of Precambrian Town 

Mountain Granite, although the emphasis of his study was on the 

Buchanan massif, now located under Buchanan Lake. He found the mas

sifs to be similar in many respects, including a frequent parallelism 

of phenocrysts and a fan-shaped fracture pattern that typically paral

lels flow directions. Keppel concluded that "the massifs were 

intruded vertically ... and that differentiation ... accompanied 

the intrusion." 

Hutchinson (195^) presented a detailed study of the structure 

and petrology of the Enchanted Rock Batholith. Like Keppel, Hutchin

son described fracture systems parallel and perpendicular to flow 

directions. He also described regional NE and NW striking joint 
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sets that cut across the batholith. 

Boyer and others (I96I) compared two methods of sampling the 

orientations of joints in a seven square mile area of Precambrian 

Red Mountain Gneiss in Llano Gounty. The first method was to measure 

the attitudes of a,ll joints available at ten exposures; the second 

limited measurements to a fifty square-foot area at each of ten ex

posures. They concluded that the second method was the better, and 

that this area is characterized by four joint sets. These sets have 

strikes of E, NE, NW, and N. The NE and NW sets were reported to 

be the most prominent throughout the study area; each set has dips 

of 75 to 90 degrees. They also suggested that the NW set is the 

oldest, "set E next oldest, set NE next, and set N ... youngest" 

(Boyer and others, I96I). These age relations were based primarily 

on which sets were most commonly filled with quartz. 

Glabaugh and Boyer (I96I) studied the origin and structure of 

the Red Mountain Gneiss, and Glabaugh and McGehee (1972) showed that 

the metamorphic rocks of the Llano region were folded during Pre

cambrian time into broad, open, northwest-trending anticlines and 

synclines. 

More recently, broader interpretations of the Llano region have 

been set forth. Sengor and Butler (1977) interpreted the Llano Uplift 

to be the result of a Proterozoic continent-continent collision that 

caused regional metamorphism of sediments and the production of 

granitic plutons. They report that "isolated outcrops of serpen-

tinite" record the closing of the Llano Ocean during the development 



of the Grenville Orogenic Belt. 

Garrison and Ramirez-Ramirez (1978) relate the Llano region to a 

failed, northwest-trending arm of a Precambrian triple-junction sys

tem. They suggest that part of the Mexican craton was sutured to 

the North American craton as the Llano Sea closed. 

Although several of the studies mentioned above deal with orien

tations of fractures, none were intended to focus on fractures of 

the Llano Uplift, and none include fracture data from Paleozoic rocks. 

This study fills this gap by delineating joint sets and determining 

their age over the area of the Uplift. 

Outline of Geologic History of the Study Area 

The oldest rock unit of the Llano Uplift, the Valley Spring Gneiss, 

was metamorphosed during a period of regional metamorphism about 1,120 

million years ago (Zartman, I965). The nature of the pre-metamorphic 

rock succession has not been conclusively determined. Paige (1912) 

reports that the succession was of sedimentary origin, whereas Sten-

zel (1935) considers the gneiss to have been granitic initially. 

Regardless of interpretation, over 2,000 feet of overlying strata 

was metamorphosed during the period of regional metamorphism. The 

Packsaddle Schist Formation is comprised of this meta-sedimentary 

rock succession (Glabaugh and McGehee, 1972). 

After uplift, the Gambrian seas moved inland, as recorded by the 

deposition on the Uplift of sedimentary rocks of Gambrian age. The 

level of the seas varied, and sediments were deposited intermittently 

during each of the Paleozoic periods. Domal uplift and the develop-
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ment of many near-vertical, normal faults occurred in Carboniferous 

time (Sellards and Baker, 1934). Later, Gretaceous seas covered the 

area and deposited carbonate sediments. Since the Gretaceous, erosion 

has predominated, thus exposing the Precambrian and Paleozoic rock 

succession of the Llano Uplift. 



GHAPTER II 

LITHOLOGIES AND LOGATIONS SAMPLED 

This chapter presents a summary of the petrography and geographic 

distribution of the various rock types of different ages sampled in 

the study area. The stratigraphic succession of the region is out

lined in figure 2, and the distribution of major rock units is shown 

in figure 3. Anisotropic qualities of the rocks, qualities that could 

influence patterns of joints, such as schistosity and parallelism of 

phenocrysts, are noted also. 

Precambrian Rocks 

Precambrian rock units of four different lithologic types crop 

out in the study area. The lithologic types are gneiss, schist, and 

two kinds of granite (Fig. 2). Together these rock types comprise 

most of the center pori:ion of the Llano Uplift (Fig. 3) • 

Gneisses include the Valley Spring, Big Branch, and Red Mountain 

Formations (Fig. 2). The Valley Spring Gneiss is composed chiefly 

of well- 'to poorly-foliated rocks rich in quartz, feldspar, and mica. 

The Big Branch Gneiss is a weakly foliated gneiss composed mainly of 

quartz, microcline, and mica. The Red Mountain Gneiss varies in tex

ture from a nonfoliated meta-granite to a well-foliated gneiss. Min

eral content includes quartz, microcline, and sodic plagioclase. 

The gneisses are distributed throughout the center of the Uplift but 

are most common in the nori^hem and nor*theastem portions of the Pre

cambrian exposures (Fig. 3)* These rock types have largely struc

turally isotropic fabrics, as they are only weakly-foliated to non-

8 



Age Symbol Rock Unit 

Gretaceous K 

Pennsylvanian IP 

Mississippian 

Edwards Limestone 
Gomanche Peak Limestone 
Walnut Formation 
*Glen Rose Limestone 
Hensel Sand 
Gow Greek Limestone 
Hammett Shale 
Sycamore Sand 

Strawn Gix>up 
Smithwick Shale 

^Marble Falls Limestone 
Unnamed phosphorite 

Barnett Formation 
Ghappel Limestone 
Houy Formation 

Devonian D 

Bear Spring Formation 
^Stribling Formation 
Pillar Bluff Limestone 

S i l u r i a n Starke Limestone 

Ordovician 0 

Burnam Limestone 
•^Honeycut Formation 
^Gorman Formation 
•'^Tanyard Formation 

Gambrian 

Precambrian 

e 
''̂ Wilberns Formation 
•'̂ Riley Formation 

Llani^te^ 
•'^•Sixmile Granite 

_pGy ^*Oatman_Greek_Granite 
_pGtm "̂ Town Mountain Grano^te^ 

MetagaWDTO_andjnetaxiiprit^e. 
*Red Mountain Gneiss 

_P^vs^ *^ig Bran£h_Gnei_ss^ 
_P^§. _ _*Z^^^£^^^2i®_Schi_st 

Lost Greek Gneiss 
pGvs -̂ Valley Spring Gneiss 

Figure 2. Rock units of the Llano region (after Barnes, 1972). 
"•̂ " indicates formations from which data for this study were col
lected. Symbols are those used in later figures 3, 13» and 27 
to designate groups of formations. 
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foliated. 

Schists of Precambrian age occur in four formations, the Glick, 

Rough Ridge, Sandy, and Honey Formations; together they comprise the 

Packsaddle Schist. It includes hornblende, mica, quartz-feldspar-

mica, and graphite schists as well as layers of marble and gneiss. 

These rock types are characterized by strong alignment of mica and 

other minerals and are, therefore, structurally anisotropic. The 

Packsaddle Schist is located primarily along the western and southern 

portion of Precambrian exposures, but it also crops out in parts of 

the northeastern comer and the central region of the Llano Uplift 

(Fig. 3). 

The Town Mountain Granite is located in six areas throughout the 

Uplift, each mass being designated by Keppel (1940) as a massif. 

The Katemcy massif (Fig. 4) is in the northwestern corner of the 

Uplift, the Smoothingiron massif lies about five miles northwest of 

the town of Gastell, and the Enchanted Rock massif is south-southeast 

of Gastell. The Legion Greek massif is about five miles east of the 

Enchanted Rock massif. The Granite Mountain massif extends along 

the eastern portion of the Uplift from Buchanan Lake southward to 

the Marble Falls area. Finally, the Wolf Mountain massif is in the 

area north of the town of Llano and south of Valley Spring. Overall, 

the Town Mountain Granite is composed chiefly of medium to coarsely 

crystalline, quartz- and feldspar-bearing rock that commonly is 

foliated as a product of aligned feldspar phenocrysts (Keppel, 1940; 

Hutchinson, 1956). 
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The Oatman Greek-Sixmile Granites vary in texture from finely 

crystalline to pegmatitic. They most commonly consist of coarsely 

crystalline, quartz-microcline rocks. They are located throughout 

the western half of the Uplift, but the largest exposures are imme

diately north of Gastell, west of Llano, and along the east and west 

sides of the Enchanted Rock massif. These granites are unfoliated. 

Phanerozoic Rocks 

Phanerozoic rocks of the Uplift are exclusively sedimentary, of 

Paleozoic and Gretaceous age, and rest unconformably on Precambrian 

basement. They chiefly rim the edge of the uplift, but also are 

found in the central poirtion. 

The oldest units are of Middle and Upper Gambrian age. These 

are primarily clastic, but also include subordinate limestone members. 

All exposures of Gambrian rocks examined in this study are of fine-

to medium-grained sandstone, except for one, which is a limestone 

of the Wilbems Formation. Gambrian rocks crop out around the edge 

of the Uplift, except along the south central and southeastern edges. 

They also overlie part of the Enchanted Rock Batholith and the base

ment rocks south of Llano (Fig. 3). 

The Ordovician and Devonian rocks of the Llano Uplift are cheri:y 

limestones and dolostones with subordinate fissile intervals. They 

are located in the northeast, southeast, and western portions of the 

study area. Rocks of Devonian age are found east of Johnson Gity 

(Fig. 3)' Tl̂ e exposures studied are of resistant, cherty layers 

of limestone and dolostone. 
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Rocks of Pennsylvanian age are of limited extent, but are scat

tered throughout the eastern, southeastern, north-central, and western 

portions of the Uplift. Where accessible, the rocks are either con

glomeratic with poor fracture development, or highly cherty and 

profoundly fractured. Fracture data was collected only at one ex

posure in the north-central portion of the study area. 

Gretaceous rocks, represented in this study by the Glen Rose 

Limestone of Lower Gretaceous age, rim the western, southern, and 

eastern sides of the Uplift. The Glen Rose Limestone consists of 

beds of resistant limestone, dolostone, and marl (Barnes, 1981). It 

is a unit that is well-exposed and shows well-developed fractures. 

In general, the Phanerozoic rocks studied are relatively resis

tant to weathering and are of fine- to medium-grain size. They are 

without secondary foliation, and hence appear to be structurally 

isotropic, except for the effects of sedimentary layering. 



GHAPTER III 

ATTITUDES OF JOINTS AND OTHER DATA 

Strikes 

The orientations of 3»88l joints were collected from 40 exposures 

within the study area; their locations are shown in figure 3. This 

section displays the strikes of the joints in the form of rose dia

grams with ten degree increments. Each has a scale of 1 cm = 5 joints 

Gneiss 

Rose diagrams derived from data from exposures of gneiss of Pre

cambrian age show several similarities (Fig. 5). Exposures #6, 11, 

and 17 include strong peaks in NE and NW directions. Exposures #7, 

14, and 18 exhibit strong NW and weak NE concentrations of data. 

Exposures #22 and 30 contain NE peaks with subordinate NW strikes. 

Exposures #6, 18, and 3O also show peaks in an E-W direction. 

Packsaddle Schist 

The five exposures of Packsaddle Schist exhibit well-defined 

data peaks (Fig. 6). Exposures #12 and 40 contain peaks with dominant 

northeasterly azimuths. Number 40 also contains a peak in a NW direc

tion. Exposures #2 and 24 show strong E-W peaks with #24 also con

taining a peak with a northerly azimuth. Exposure #25 includes N-S, 

E-W, and NE data peaks. 

Town Mountain Granite 

The rose diagrams of the Town Mountain Granite also show well-

defined data peaks (Fig. 7)• These diagrams contain large percentages 

of strikes in northeasterly and northerly directions. Exposure #20 

15 
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#6 
100 joints^ 

in 
100 joints 

100 joints iOO joints 

5 joints 

#18 
00 joints 

7/22 
100 joints 

30 
100 joints 

Figure 5. Rose diagrams illustrating strikes of joints from ex
posures of gneiss. Number is exposure number, locations of 
which are shown in figure 3. 
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//2 
100 joints 

//2A 
100 joints 100 , 

joints 

5 joints 

Figure 6. Rose diagrams illustrating strikes of joints from 
exposures of Packsaddle Schist. 
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#13 
100 joints #20 

100 joints 

#21 
100 joints 

#37 
84 joints 

5 joints 

#31 
100 joints 

33 
100 joints 

Figure 7. Rose diagrams illustrating strikes of joints from 
exposures of Town Mountain Granite. 
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also shows a peak with a westerly azimuth, and #37 includes NE and 

E-W peaks. 

Oatman Greek-Sixmile Granite 

Each of the exposures of the Oatman Greek-Sixmile granites con

tain a large percenta,ge of NE strikes (Fig. 8). Exposures #l6 and 

19 exhibit additional data peaks in the NW direction, and exposures 

#19, 29, and 34 include E-W peaks. 

Gambrian Rocks 

Gambrian exposures exhibit several dominant peaks (Fig. 9). 

Exposures #4, 9, 15, and 35 contain dominant peaks to the NE with 

subordinate peaks to the NW. Similarly, exposure #27 contains a large 

percentage of strikes in a pair of northeasterly directions. Strikes 

at #1 and 8 are primarily E-W. Exposure #16 also contains a peak 

with an E-W azimuth, but unlike the other Gambrian sites, it con

tains a high percentage of strikes in the N-S direction. 

Ordovician-Devonian Rocks 

The rose diagrams of data from Ordovician-Devonian exposures ex

hibit strikes in north-northeasterly to northeasterly and northwester

ly directions (Fig. 10). Exposures #5a, 36, and 39 also display 

strikes in the E-W direction. 

Pennsylvanian Rocks 

The only exposure of Pennsylvanian rock studied, #10, exhibits 

a pair of major peaks with Ê fE and N̂ fW azimuths (Fig. 11). 
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#16 
100 joints 

#19 
100 joints 

#29 
100 joints 

#34 
100 joints 

5 joints 
I I 

Figure 8. Rose diagrams illustrating strikes of joints from 
exposures of Oatman Creek-Sixmile Granite. 
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#8 
IOO joints 

5 joints 
I I I 

#9 
100 joints 

#26 
50 joints 

#27 
IOO joints 100 joints 

Figure 9. Rose diagrams illustrating strikes of joints from 
exposures of Cambrian rock. 



22 

^ joJ,nts 

#5a 
100 j o i n t s 

5b 
100 joints 

#23 
100 joints #36 

100 joints 
#39 

IOO joints 

Figure 10. Rose diagram illustrating strikes of joints from 
exposures of Ordovician-Devonian rock. 

5 7 
I -J to \ 

ino 
25 joints 

Figure 11. Rose diagram illustrating strikes of joints from 
exposure of Pennsylvanian rock. 



23 

Gretaceous Rocks 

The rose diagrams of the Gretaceous exposures shows at least 

one dominant strike direction (Fig. 12), and there are few similar

ities among the diagrams. Exposures #3 and 32 are similar with peaks 

in NNE and WNW directions; #32 also includes a northeasterly-bearing 

peak. Exposure #28 has a dominant peak in the NW direction, whereas 

#38 has a high percentage of strikes in NE and E-W directions. 

Gomposite Strike Data 

Rose diagrams that combine the data from exposures of each group 

of rocks (Fig. I3) show several similarities. Each of the diagrams, 

except for those of the Town Mountain Granite and Gretaceous rocks, 

exhibits its predominant peak in a northeasterly direction. A high 

percentage of strikes in the Town Mountain Granite are northeasterly, 

but the strongest trend is N-S. The rose diagram for Gretaceous 

rocks does not exhibit a predominant peak. 

Dips 

Dips of joint planes are illustrated in figures 14 through 16 

by lower hemisphere, equal-area stereographic projections. For the 

stereographic projections of Precambrian and Paleozoic rocks (Fig. 

15 and 16), the average dip of joints is combined with the most 

frequent strike direction of the exposures, and the pole to the 

resulting "synoptic" joint plane is plotted. 

Packsaddle Schist 

Stereographic projections for each of the five exposures of Pack-
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#3 
100 joints 

#28 
100 joints 

#32 
50 joints 

#38 
IOO joints 

5 % 
I I 

Figure 12. Rose diagrams illustrating strikes of joints from 
exposures of Cretaceous rock. 



25 

p6vs 
800 joints 

pGps 
500 joints 

pGtm 
584 joints 

pGy 
400 joints 

5 7 

722 joints 
0-D 

500 joints 350 joints 

Figure 13. Composite rose diagrams for each of the rock types of 
the study area. Symbols are shown in figure 2. 
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Figure 14. Stereographic projections of poles to joint planes (dots) 
and schistosity planes (crosses) for exposures of Packsaddle 
Schist. Projections are lower-hemisphere, equal-area. 
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Figure 15. Stereographic projection of poles to "synoptic" joint 
planes in exposures of Precambrian gneisses and granites. "Syn
optic" joint planes are determined by combining the average 
dip of joints with the most frequent strike direction at the 
exposure. 
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"synoptic" joint Figure 16. Stereographic projection of poles to 
planes (dots) and bedding planes (crosses) from exposures of 
rock of Paleozoic age. 
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saddle Schist are shown in figure 14. Although the schistosity varies 

in dip from about 10 degrees at exposure #12 to 50 degrees at #2, 

most joints have dips greater than 80 degrees. Hence, these projec

tions show no apparent relationship between the orientations of 

schistosity and joints. 

Precambrian Gneisses and Granites 

Average dip of the Precambrian joint planes (Fig. 15) varies from 

about 74 degrees at exposure #16 to nearly vertical at #33. The 

joint planes, which commonly strike northeast and northwest, are near-

vertical with a tendency to dip steeply toward the east. There is 

no apparent relationship between location of the exposures on the 

Uplift and the direction of dip of joints. 

Paleozoic Rocks 

Joints in rocks of Paleozoic age have dips that average from aboiit 

70 degrees at exposure #36 to nearly vertical at #10, 15, and 26 (Fig. 

16). Ten of the twelve exposures show easterly dips of their joint 

planes. At individual exposures, the joint planes of Ordovician-

Devonian rocks often exhibit large variations of dip, whereas dips of 

joint planes of the other Paleozoic rocks are generally consistent. 

Other Data 

Relation of Joint Planes to Rock Fabric 

Samples collected from exposures of the anisotropic Town Mountain 

Granite and Packsaddle Schist were studied in order to determine what 

relationships exist, if any, between joints and rock fabric. Due to 
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the coarse-grained texture of the granite, such relationships can be 

clearly observed on smoothly cut faces of rock from exposures #21 and 

34. Thin sections from three exposures of Packsaddle Schist (#12, 25, 

and 40) also were studied. In each of these samples, joints cut in

discriminately across the anisotropic fabric of the rock. These 

observations suggest that the anisotropy of the rocks does not affect 

the orientation of joints. 

Mineralized Joints 

In each of the Precambrian lithologies, some joints are filled 

with quartz or granitic material. The percentage of mineralized joints 

at individual exposures ranges from zero to thirteen percent. Overall, 

about two and one-half percent of Precambrian joints are mineralized. 

Where measured, mineral-filled joints dip from 58 to 73 degrees. Such 

joints most commonly strike NE and NW (Fig. 17). Wherever mineral-

filled joints are present, they are cross-cut by unfilled joints. 

Faults 

Strikes of 460 faults taken from the Geologic Atlas of Texas, 

Llano Sheet (Barnes, 1981), are shown in figure 18. All faults are 

normal (Sellards and Bsiker, 1934). Most show minimal displacements, 

but a few have vertical displacements of over 2,000 feet (Glabaugh 

and McGehee, 1972). None of the faults transect Gretaceous rocks. 

Over 90 percent of the faults strike northeasterly (Fig. 18), 

and more than 70 percent strike N20 - 6OE. No secondary set of 

faults is apparent. 
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2 joj-nts 

Figure 17. Rose diagram illustrating strikes of mineral-filled 
joints in Precambrian rock. 

Figure 18. Rose diagram illustrating strikes of faults in the 
study area. 



GHAPTER IV 

DEFINITION OF JOINT SETS 

In this chapter, the method of analysis, which closely follows 

that of Hoist and Foote (1981), is introduced. Data is analyzed to 

define joint sets, first for each exposure, then in terms of com

posite data for each group of rocks. 

Method of Analysis 

Analysis of field data is outlined in figure 19. It begins with 

strikes of joints being plotted on histograms graduated in degrees, 

and the location of anomalously high concentrations of strikes is 

determined. For example, in figure 19 there is a concentration of 

strike directions in the interval N32E to N41E. This group of strikes, 

along with the strikes of N3OE and N43E, which are included because 

each is relatively close in strike direction and potentially a member 

of the group, is then tested to define the range of the group. Test

ing is accomplished by locating the median of the set of strikes, 

which generally occurs at the most frequently occurring strike direc

tion (as in figure 19) , and determining the standard deviation of 

the group. The limits of the group are defined as lying within two 

standard deviations (95 percent confidence level) of the median 

strike. Strikes outside a two standard deviation area are discarded, 

and a new standard deviation is calculated from the median of the 

new group (Fig. 19). This process is repeated until the entire group 

fits within the two standard deviation range. In figure 19, three 

steps are required to reach this stage. Groups of strikes comprising 

more than-five percent of the total number of measurements at an 

32 
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N 38 E 
38 
38 
38 

35 37 38 41 
32 35 36 37 38 41 

23 24 30 32 33 35 36 37 38 39 40 4l 43 46 

step a) |-

c) 

step 1. Median = N38E Standard deviation = 3'2 

2. New median = N38E Standard deviation =2.8 

3. New median = N38E Standard deviation =1.9^ 
All data in this group are within two standard deviations 
of the median; therefore, this is the defined joint set. 

Figure 19. Example of the process of defining a joint set. Single 
degree histogram of strike data is from exposure #19. Details 
of procedure are outlined in text. Steps a, b, and c correspond 
to steps 1, 2, and 3; a, b, and c show limits of groups of 
frequently occurring strike directions while 1, 2, and 3 indicate 
the median and standard deviation of those groups. 
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exposure are considered to be "joint sets." Hence, the term "joint 

set" is defined as a group of fractures whose strikes comprise more 

than five percent of the total number of strikes at a given exposure. 

This method allows impartial definition of joint sets and prescribes 

quantitative ranges. 

The median strike and standard deviation of delineated joint sets 

are reported in figures 20 through 27. Numbers listed in parentheses 

represent the percentage of joints in each joint set relative to the 

number of joint measurements at each exposure. 

Joint Sets at Exposures 

Gneiss 

The eight exposures of Precambrian gneiss exhibit at least two 

and as many as five joint sets. Six of the eight exposures (#6, 11, 

14, 17, 22, and 30) have joint sets which vary in strike from N38E 

to N49E (Fig. 20). Four of the six (#6, 11, l4, and 17) that exhibit 

a NE-striking joint set also contain joint sets that strike between 

N39W and N55W. Five of the exposures (#6, 7, 14, 18, and 30) exhibit 

a joint set that strikes in the range of N66 - 86W. Three exposures 

(#17, 18, and 22) include a joint set that strikes in the range of 

N57 - 62E. 

Packsaddle Schist 

The five exposures of Packsaddle Schist exhibit at least one and 

as many as five joint sets (Fig. 2l). Three of the exposures (#12, 

25, and 40) contain joint sets that range in strike from N37E to 

N5IE. At two of these (#12 and 40), the joint sets account for 
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Exposure # Joint Sets 

6 N79W + 4.5 (13) N39W + 4.6 (28) N43E + 2.3 (12) 

7 N66W + 5,7 (30) N 9E + 4.7 (18) 

11 N51W + 2.8 (26) NIOE ± 1.6 ( 6) N38E + 3-1 (29) 
N26E +4.1 (21) 

14 N70W + 5.4 (19) N14W + 3.5 (20) N49E + 3-4 (lO) 
N55W + 2.5 (11) 

17 N44W +3.3 (19) N58E + 3.4 (28) 
N45E + 4.5 (23) 
N71E + 1.7 ( 8) 

18 N32W + 2.0 (13) N IW + 3.7 (18) N62E + 3-9 (I6) 
N85W + 2.5 (11) N74E + 2.9 (10) 

22 N23W + 1.6 ( 9) N43E + 1.8 (30) 
N57E + 1.5 ( 7) 

30 N86W + 2.2 (12) N45E + 5.1 (39) 

Figure 20. Median strike and standard deviation of joint sets in 
exposures of Precambrian gneiss. Numbers in parentheses indicate 
the percentage of joints at the exposure that are included in 
the joint set. 

Exposure # Joint Sets 

2 N83W + 2.7 (12) N61E + 1.1 ( 7) 
N65W + 3.3 (18) N78E + 1.9 (12) 

N86E + 1.7 ( 7) 

12 N50E +3-1 (58) 

24 N88W + 60O (40) N14E + 5-1 (31) 
25 N 4W + 3.5 (24) N39E +1.7 (10) 

N78E + 3-^ (22) 

40 N20W + 2.1 (12) N48E + 5^1 {57) 

Figure 21. Median strike and standard deviation of joint sets in 
exposures of Packsaddle Schist. Numbers in parentheses indicate 
the percentage of joints at the exposure that are included in 
the joint set. 
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over fifty percent of the joints measured. The two exposures (#2 

and 24) that do not show the northeasterly-striking set exhibit 

joint sets that strike N88W and N83W. 

Town Mountain Granite 

Strikes of joints measured at six exposures of Town Mountain 

Granite (#13, 20, 21, 3I, 33, and 37) illustrate that each of these 

exposures contain a joint set characterized by a range from N5OE to 

N6OE or N 3W to N 8W, or both. Two of the exposures (#21 and 33) 

also exhibit a N25E striking joint set (Fig. 22). 

Oatman Greek-Sixmile Granites 

Exposures of the Oatman Greek-Sixmile Granites exhibit either 

two or three joint sets. Four exposures (#l6, 19, 29, and 34) dis

play their most prominent joint set in a range from N36E to N38E 

(Fig. 23). A second joint set occurs in three of the exposures (#19, 

29, and 34) in a N83W to N84E direction. 

Gambrian Rocks 

The eight exposures of Gambrian rock contain at least two and as 

many as four joint sets. Six of the exposures (#1, 4, 8, 9. 27, and 

35) include a joint set that strikes in the range of N34E to N54E 

(Fig. 24). Four of the exposures (#4, 9, 15, and 27) contain sets 

that strike from N39W to N58W. Four exposures (#1, 8, 26, and 27) 

have joint sets that strike in the range of N81W to N79E. 

Ordovician-Devonian Rocks 

Four of the five Ordovician-Devonian exposures (#5b, 23, 36, and 

39) exhibit either four or five joint sets, whereas exposure #5a 



Exposure # 

13 

20 

21 

31 

33 

N27W + 2.8 (14) 

37 

Joint Sets 

N16W +3.0 (43) 
N 5W + 2.2 (12) 

N 3W + 1.7 (11) 

N 6W + 3.9 (51) 

N 8W + 2.8 (27) 

N50E + 5-'^ (23) 
N67E + 1.4 ( 8) 

N63E + 1.9 ( 7) 

N25E + 2.6 (11) 

N54E + 4.9 {51) 

N25E + 2.0 (11) 
N50E + 4.7 (28) 
N65E + 2.5 (11) 

N66E + 3-8 (17) 
N84E +2.5 (20) 

Figure 22. Median strike and standard deviation of joint sets in 
exposures of Town Mountain Granite. Numbers in parentheses 
indicate the percentage of joints at the exposure that are 
included in the joint set. 
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Exposure # 

16 N21W + 3-8 (24) 

19 N56w +1.9 (12) 

29 N83W +4.1 (18) 

34 N86W + 2.4 ( 9) 

Joint Sets 

N36E + 6.8 (54) 

N38E +1.9 (22) 
N84E + 1.9 ( 7) 

N37E +4.3 (32) 

N36E +4.0 (62) 

Figure 23. Median strike and standard deviation of joint sets in 
exposures of Oatman Greek-Sixmile Granite. Numbers in parentheses 
indicate the percentage of joints at the exposure that are 
included in the joint set. 
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Exposure 

1 

4 

8 

9 

15 

26 

27 

# 

N39W + 3.5 (17) 

N81W + 4.3 (23) 

N43W + 3.5 (18) 

N51W + 2.1 ( 7) 
N32W + 1.7 ( 9) 

N58W +4.0 ( 8) 

Joint Sets 

N46E + 5.0 (15) 

N63E +0.7 ( 8) 

N79E + 3.1 (19) 

N54E + 3.9 (40) 

N 6E + 3.9 (12) N38E + 3.5 (11) 

N44E +3-5 (61) 

N63E ±5.5 (43) 

N 6E + 1.6 (28) N82E +1.0 (lO) 

N34E + 2.0 (19) 
N66E +1.5 (17) 

N87E +1.1 ( 7) 

35 N22W + 4.5 (18) N27E + 1.1 (ll) 
N47E + 3.8 (21) 

Figure 24. Median strike and standard deviation of joint sets in 
exposures of Gambrian rock. Numbers in parentheses indicate 
the percentage of joints at the exposure that are included in 
the joint set. 
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displays only two. Four of the exposures (#5a, 5b, 23, and 39) 

contain joint sets that range in strike from N43E to N62E (Fig. 25). 

Three exposures (#5b, 23, and 36) include joint sets that strike 

either N26E or N29E, and sets that range in strike from N58W to N72W 

are observed at four sites (#5a, 5b, 36, and 39). 

Pennsylvanian Rocks 

Due to limited exposure of rocks of Pennsylvanian age, only one 

site (#10) was studied. Here, 72 percent of the joints comprise two 

sets that strike N64E and N22W, and 8 percent comprise a set that 

strikes N88W. 

Gretaceous Rocks 

Three of the four exposures of Gretaceous rock (#3, 28, and 38) 

exhibit joint sets with strikes in the range of N52E to N66E (Fig. 

26). The same three exposures also contain a joint set with strikes 

varying from N83E to N86W. 

Gomposite of Data 

The data presented above, combined for each group of rock types, 

are shown in figure 27. They show a more regular pattern than does 

that of individual exposures. Three prominent joint sets, with 

average strikes of N46E, N88W, and N46W, consistently overlap within 

two standard deviations. The rocks of Precambrian through Ordovician-

Devonian age exhibit at least two of the three prominent joint sets, 

and the limited data from rocks of Pennsylvanian age also show north

easterly and E-W joint sets. Rocks of Precambrian through Pennsyl-
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.Exposure # 

5a 

5b 

Joint Sets 

23 

36 

39 

N58W +1.8 ( 8) 

N72W +0.9 ( 6) 
N64W + 1.6 ( 7) 
N44W + 2.0 (10) 

N35W + 2.3 (7) N 8E + 5.2 (16) 

N50E + 6.3 (28) 

N29E +3.6 (14) 
N43E + 3.0 (17) 

N26E + 2.1 (15) 
N39E +1.8 (11) 
N52E + 1.6 ( 8) 

N87W + 1.7 ( 8) 
N72W + 1.7 ( 8) 

N82W +1.8 ( 8) 
N66W + 2.0 ( 8) 

N14E + 6.2 (31) N29E + 2.7 (15) 

N14W + 2.0 ( 8) 
N23W + 2.4 (10) 

N62E + 2.8 (13) 

Figure 25. Median strike and standard deviation of joint sets in 
exposures of Ordovician-Devonian rocks. Numbers in parentheses 
indicate the percentage of joints at the exposure that are 
included in the joint set. 

Exposure 

3 

-r 

28 

32 

38 

# 

N86W +2.6 ( 9) 
N71W + 5.0 (20) 

N54W +3.2 (14) 

N64W +1.0 (12) 

Joint Sets 

N16E + 3.2 (15) 

NllE + 1.1 (10) 

N37E +1.0 
N52E +1.5 

N66E +2.1 
N84E +1.8 

N25E +2.1 

N46E +1.6 

N59E +1.1 
N65E +2.3 

N83E + 2.5 

O
N

 
O

N
 

( 7) 
( 8) 

(W) 

(10) 
( 6) 
(10) 
( 9) 

Figure 26. Median strike and standard deviation of joint sets in 
exposures of Gretaceous rocks. Numbers in parentheses indicate 
the percentage of joints at the exposure that are included in 
the joint set. 
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Rock Type and/or Â e 

pGvs N89W + 13.9 (17 

pSps N88W +11.1 (25 

pGtm N87E + 6.7 ( 9 

pGy N88W + 5.I (U 

6 

0-D 

K 

N86E + 11.4 (18 

N78W + 5.9 (11 

Joint Sets 

N41W + 10.3 (22) 

N46W + 10.2 (11) 

NlOW + 6.5 (33) 

N21W + 4.1 ( 8) 
N54W + 5.6 ( 8) 

N44E + 9.0 (29) 

N49E + 5*5 (30) 

N55E + 10.2 (34) 

N37E + 5'(i (̂ 6) 

N41W + 7.0 (13) N49E + 10.2 (41) 

N32E + G,5 (15) 
N55E + 5^7 (13) 

N45E + 5-7 (14) 

Average N88W (14) N46w ( 9) N46E (32) 

.lA. 

Figure 27. Joint sets in each group of rocks. Median direction of 
strike of joint set and standard deviation are given. Number in 
parentheses indicates percentages of joints included in the joint 
set. "Average" indicates percentage of joints that fall into 
those joint sets. Symbols are defined in figure 2. Rose diagram 
illustrates azimuths of average joint sets. 



U iJifRIH" 

42 

vanian age contain over 68 percent of their joints within well-

defined joint sets, except for the Ordovician-Devonian rocks, which 

exhibit a relatively small 39 percent of its joints within well-

defined joint sets. Rocks of Gretaceous age contain only 14 percent 

of their joints within only one joint set. 



GHAPTER V 

RELATION OF JOINT SETS TO FAULTS AND DOMING 

Orientation of Joint Sets 

In the Llano region, rocks of Precambrian through Pennsylvanian 

age exhibit joint sets with similar patterns. Most display three 

sets in NE, E-W, and NW directions (Fig. 27). The pattern of joint 

sets in Gretaceous rocks is different (Figs. 12 and 27). 

Variations from the three main sets in rocks of Precambrian and 

Paleozoic age include the presence of an additional north-northwest 

set in the granites, a lack of the NW set in the Town Mountain Granite 

and Ordovician-Devonian rocks, the presence of a pair of northeasterly-

striking sets in the Ordovician-Devonian rocks, and the relatively 

small percentage of joints that define the joint sets in the Ordovi

cian-Devonian rocks. 

The Town Mountain and Oatman Greek-Sixmile Granites are the only 

rocks that contain a joint set that strikes north-northwest. This 

set does not appear to be controlled by the anisotropy of the rock; 

aligned plagioclase crystals trend N20E at exposure #37 and about 

N40E at #33, and the Oatman Greek-Sixmile Granites are isotropic. 

Hence, the NNW set may be the result of an unobserved fabric weakness 

peculiar to these granites. 

Lack of a NW joint set in the Town Mountain Granite is unexplained, 

but may reflect fracturing along lines of pre-existing weakness in 

the NlOW direction rather than in the N45W direction. 

Lack of a NW joint set, presence of a pair of northeasterly-

striking joint sets, and the relatively small percentage of joints 

43 
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contained in joint sets of Ordovician-Devonian carbonate rocks may 

be related to the cherty nature of the rock. An increase in chert 

content appears to cause rocks to fracture less regularly. Evidence 

of this is seen at exposure #5, where the rock type at #5a contains 

less chert than at #5b but otherwise is of similar lithology. Ex

posure #5b contains five closely spaced joint sets, whereas #5a con

tains only two joint sets with wider spacing. Hence, the chert 

content of the Ordovician-Devonian rocks may cause jointing to occur 

irregularly and, thus, obscure the presence of the NW set, divide 

the NE set into two sets, and cause a relatively low percentage of 

joints to be contained in the joint sets. 

As indicated, rocks of Precambrian through Pennsylvanian age 

exhibit clearly delineated NE, E-W, and NW joint sets. The variations 

observed in figure 271 and discussed briefly here, probably are in

fluenced by mechanical peculiarities of different rock assemblages 

rather than by variation in strain patterns in the Precambrian 

through Pennsylvanian-aged rock. 

Age of Joint Sets and the Possibility of Mimicking 

Similarities in the orientation of joint sets of rocks of Precam

brian through Pennsylvanian age indicate that the sets developed 

chiefly during a single episode of jointing after Early Pennsylvanian 

time and before the deposition of Gretaceous sediments, unless some 

are mimicking joint sets that formed much earlier. If mimicking 

occurs, numerous episodes of jointing are possible. In order to 

examine this possibility, in rocks of different ages, three pairs 
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of data were collected. 

The first pair is from the town of Llano, from exposures located 

less than .5 miles apart. The Valley Spring Gneiss (exposure #17) 

has three joint sets (Fig. 20), which strike N44W, N45E, and N71E, 

whereas the Packsaddle Schist has but one set, which strikes N5OE 

(Fig. 21). Thus, if mimicking occurs, only the NE joint set is 

mimicked, whereas the NW and N71E sets are not. Such selective 

mimicking could be due to the anisotropic fabric of the Packsaddle 

Schist, but no evidence to support this hypothesis is observed. 

The second pair of data is from the town of Gastell, where ex

posures of Oatman Greek-Sixmile Granite (exposure #29) and Vallay 

Spring Gneiss (exposure #30) are less than 100 yards apart. Here, 

the older Valley Spring Gneiss shows joint sets with strikes of N86W 

and N45E (Fig. 20), while the younger granite exposure has joint 

sets with strikes of N83W and N37E (Fig. 23). The joint sets are 

essentially parallel, but the spacing of joints differs. Joints in 

the Valley Spring Gneiss are spaced less than one foot apart, but 

those in the granite are several feet apart. This difference in 

spacing may show only that, if mimicking is a factor, the younger 

rocks contain the same pattern (but a lower density) of joints as 

the older rocks. The data from this pair of exposures, by themselves, 

is permissive of mimicking, but does not demonstrate it. 

The final pair of data comes from exposures along the Pedernales 

River east of Johnson Gity, one containing rocks of Ordovician age 

(#5a), the other of Devonian age (#5b) . Both are at the same site, 

the Devonian rocks being exposed directly upslope of the Ordovician 
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^cks. Exposure #5a contains joint sets with strikes of N58W and 

N50E, and #5b displays sets in the N72W, N44W, N29E, and N43E direc

tions. The greater number of joint sets in the Devonian rocks, and 

the lack of similarity in the directions of joint sets in Ordovician 

and Devonian rocks, suggests that mimicking did not occur. 

These three examples indicate that the similarity of joint sets 

in rocks of Precambrian and Paleozoic age in the Llano Uplift probably 

is not due to multiple episodes of jointing with younger joint sets 

mimicking older sets, but to a single episode of jointing during 

Pennsylvanian to Gretaceous time. 

Age of Domal Uplift 

Sellards and Baker (1934) present evidence for two and possibly 

three periods of doming during the Garboniferous. Evidence for 

initial doming during mid-Mississippian time is represented by the 

thinning of the Barnett Formation of Late Mississippian age as it 

approaches the Llano region. Doming may have continued at about the 

Mississippian-Pennsylvanian boundary as a break in sedimentation oc

curred on the Uplift during this time; however, this break could also 

be due to uplift that was regional and affected areas well beyond 

the Llano Uplift. A strong angular unconformity in Atokan strata 

and a period of clastic sedimentation northward off the Uplift during 

Atokan and Desmoinesian time data the principal period of doming as 

Atokan. 

Age of Faults 

North of the study area, in northwest San Saba Gounty and eastern 
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McGulloch Gounty, the northeast-striking fault system of the Llano 

Uplift crosscuts all formations up to and including the Smithwick 

Shale of the lower Atokan Series (Barnes, 1976). The Strawn Group 

of the upper Atokan Series and younger formations are not faulted. 

Hence, faulting occurred in mid-Atokan time. 

Relation of Joints. Faults, and Dome 

Strikes of faults on the Llano Uplift essentially parallel the 

prominent NE joint set. However, attitudes of neither joints nor 

faults exhibit radial or concentric patterns that might be expected 

on a domal structure if the fractures are related to the doming 

process. Conversely, the Uplift does not have an elongated shape 

that might be expected to be associated with a strain pattern which 

includes NE-striking fractures. Therefore, no geometric relationship 

between the shape of the Llano Uplift and its fractures is apparent, 

but joints and faults are geometrically related. 

Temporally, evidence suggests that jointing chiefly postdates 

mid-Atokan faulting and Atokan doming. If joints had been present 

prior to Atokan time, they would have been rotated as beds were 

tilted by faulting and doming. However, joints are near-vertical 

everywhere (Figs. l4, 15, and l6) and show no relationship to the 

dip of bedding planes. Nonetheless, since joints at some exposures 

are less steep than at others, it is possible that jointing began 

during the later stages of faulting and doming. These temporal 

relationships are summarized in figure 28. 

These data suggest that doming developed during the Mississippian, 
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possibly due to early stresses in the region, and later renewal of 

stresses produced faulting and accentuation of the dome during the 

Atokan. Since the fractures appear to be geometrically related, the 

stresses that produced faulting may have subsequently become respon

sible for jointing of chiefly post-Atokan - pre-Gretaceous age. The 

possible origin of these stresses and their relationship to the pat

tern and timing of joints and faults is considered in the following 

chapter. 

?_ 

^ Jointing 

— Faulting 

Doming 

Mississippian 
Atokan 

Pe nnsylvanian 

'V^.'>^W* 

Gretaceous 

Figure 28. Temporal relationships of jointing, faulting, and doming, 



GHAPTER VI 

POSSIBLE ORIGIN OF JOINT SETS 

Jointing in Rocks_ô f pre-Gretaceous Ap;P 

The joint and fault pattern of rocks of pre-Gretaceous age is 

geometrically unrelated to doming, and, therefore, apparently repre

sents a pattern of strain caused by stresses exerted over a region 

broader than, but including, the study area. The post-Atokan - pre-

Gretaceous age of joint sets suggests that they may be related to 

stresses induced by either the Ouachita Orogeny of Pennsylvanian-

Permian age or post-orogenic extension of Triassic-Gretaceous age. 

Both events occurred south and east of the Llano Uplift (Fig. 29). 

The development of the Ouachita front (Ouachita Orogeny) has been 

explained by a variety of plate tectonic models, including cordilleran 

models with north-dipping subduction zones, a model in which the sub-

duction zone changes dip ("flips") from north to south, and collision 

models with south- to southeast-dipping subduction zones (Wickham 

and others, 1976). Currently, collision models are the more widely 

accepted. The extensional zones to the south are explained by sub

sequent rifting of these collided plates, ultimately resulting in 

the present Gulf of Mexico. 

If the Llano region acts as a single rigid body, in a manner similar 

to small-scale experiments such as those of Gloos (1955), the observed 

pattern of joints and faults may be correlated with stress orientation. 

Two of Gloos' models predict characteristic patterns of strain that 

are similar to that observed in the Llano region. Both may be cor

related with the tectonic events south and east of the region. 
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Ouachita front 

Extensional faul t zones 

Figure 29- Location of Ouachita front and zones of Triassic-aged, 
extensional fau l t s (Vernon, 1971) in Texas. 
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The first model simulates strain produced by lateral compression 

as could be caused by convergence of lithospheric plates. In this 

model, the pattern of fracture observed in the study area is inter

preted as being a result of NW-SE compression, approximately perpen

dicular to the Ouachita front, as shown in figure 3Q. NE joints and 

faults parallel the direction of maximum extension, NW joints parallel 

the direction of maximum shortening, and E-W joint sets follow a secon

dary direction of fracture that bisects the angle between the NE and 

NW sets. Although two directions of normal faulting are predicted, 

Gloos (1955) commonly found that only one direction of faulting 

develops. 

Collision of plates also may explain the temporal relation of 

the relatively brief period of faulting and apparent accentuation of 

doming, both of which preceeded jointing. This temporal relationship 

suggests a fairly sudden increase in strain during Atokan time, which 

may be related to initial continent-continent or continent-arc col

lision, followed by reduced stress levels associated with final 

plate-plate consolidation. An implication of this hypothesis is 

that jointing occurred chiefly from late-Atokan to Permian time when 

plate convergence ceased. 

The second small-scale model simulates extension as might be 

created by rifting of the plates along NE-SW directions (Fig. 31)• 

This extension would cause the same pattern of fractures as in the 

first model (Gloos, 1955) except that NE faults would be more fre

quent than NW faults. In this model, NE joints parallel the direc-
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Normal faults 

Primary joints 
Secondary joints 

Figure 30. Characteristic pattern of fracture due to lateral com
pression (after Gloos, 1955) at left, oriented with fractures 
striking as observed in the Llano region. NW-SE compressional, 
regional stresses needed to produce the observed fracture pat
tern is shown at right. 

fi Normal faults 

Primary joints 

Secondary joints 

Figure 31. Gharacteristic pattern of fracture due to lateral exten
sion (after Gloos, 1955) at left, oriented with fractures striking 
as observed in the Llano region. NW-SE extensional, regional 
stresses needed to produce the observed fracture pattern is 
shown at right. 
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tion of maximum shortening, NW joints parallel the direction of max

imum extension, and, again, the E-W set would be a secondary joint 

set. This model implies extension of Triassic-Jurassic age, com

mensurate with the proposed age of continental breakup and the incip

ient opening of the present Gulf of Mexico. However, no post-Atokan 

faults are observed in the study area. Also, based on a gravity 

profile (Keller and Gebull, 1973), the Llano Uplift does not lie 

on thinned crust as is typical of regions of crustal extension asso

ciated with plate breakup. Therefore, rifting of plates does not 

appear to be the most likely explanation of jointing in the study 

area, although it could have accentuated the NE joint set. 

If these speculations are viable, jointing was most likely a pro

duct of NW-SE compression caused by converging plates in late Atokan 

to Permian time and may have been accentuated by extension during 

the Mesozoic. Thus interpreted, the relative time of doming, faulting, 

and jointing is in accord with collision plate tectonic models for 

the Ouachita belt. 

Jointing in Gretaceous Rocks 

At individual exposures, rocks of Gretaceous age contain well-

developed joint sets (Fig. 12), but only a single weak joint set 

with a NE strike is observed in the Llano region as a whole (Fig. 

27). This lack of a regular joint pattern over the area does not 

lend itself to explanation by a regional pattern of stress as pos

tulated with respect to the older rocks. Instead, it suggests 

that the Gretaceous rocks jointed in response to very localized 
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stresses, the origin of which is unclear. The weak NE joint set, 

which parallels the prominent NE set in older rocks, may be the 

result of mimicking. 



GHAPTER VII 

GONGLUSIONS 

All rocks of the Llano Uplift older than Gretaceous in age 

exhibit three joint sets that strike N46E, N88W, and N43W, respec

tively, and dip nearly vertically, but no consistent pattern of 

joints is observed in rocks of Gretaceous age. Faults of the region 

strike northeast and parallel the N46E joint set. 

Jointing is dated as chiefly post-Atokan and pre-Gretaceous. 

Doming occurred primarily in Atokan, and faulting in mid-Atokan 

time. Although faulting is related temporally to doming, the fault 

pattern apparently is regional and unassociated with the doming 

process. Jointing postdates both faulting and doming. Hence, neither 

jointing nor faulting is a product of doming. The lack of a clearly 

delineated joint pattern in rocks of Cretaceous age probably is due 

to a fundamentally different stress system, one that may be inhomo-

geneous and composed of many local regimes. 

Convergence of lithospheric plates of the Ouachita orogeny, with 

resulting compression, provides the best explanation for the observed 

joint and fault pattern. If correct, jointing is probably of late-

Atokan to Permian age. None of the plate tectonic models suggested 

for the development of the Ouachita front provide a ready explanation 

for the origin of domal uplift in the Llano region, but collision 

may have accentuated an earlier-formed pattern of doming. Thus, 

the collision model can offer an explanation for the temporal 

relationships of doming, faulting, and jointing. 
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