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ABSTRACT

Brittle Deformation and Cataclasis
on the Southwest Flank of the
Llano Uplift, Mason County, Texas
John Mark Schmittle, B.S., Allegheny College
Chairman of Advisory Committee: Dr. Bramn Johnson

The Lower Comanche Creek on the southwest flank of the Llano
Uplift was investigated to more clearly define the brittle deformation
of the Lower Paleozolc rocks. Brittle deformation in this area
occurred on the macroscopic, mesoscopic and microscopic scales.

Macroscopic deformation is manifest by northeast-trending large-
displacement (up to 100 m) normal faults. These normal faults are
characterized by linear, segmented sections formed in a zig-zag pat-
tern.

Mesoscopic deformation is manifest by the ubiquitous occurrence of
small faults (deformation bards) within the Iower Paleozoic sandstones
and calcite-cemented quartz sandstones. These small faults are dis~
tinguished by thin (typically <0.5 mm), light-colored, resistant ridges
on weathered outcrop surfaces. They form by cataclastic deformation
andaduibitanextxemecammhmtimofthehostmd:gninswiﬂﬁnthe
gouge zone, The gouge zane thickness increases slightly with displace-
ment and increasing host rock grain size. The small faults develop
into anastomosing, braided zones. They also roughly parallel the
large-displacement faults.

Brittle deformation on the microscopic scale is manifest primarily



by intragramular extension microfractures that form in preferred orien-
tations between grain contacts, typically at angles of 20 to 40 degrees
with the small faults. The linear density of microfractures decreases
rapidly away from the small fault gouge zone attaining a relatively
constant non-zero value in the host rock. Healed microfractures are
detectadbylineartrailsofﬂuidorh:bbleimclusimsthnttxansect
grains between grain contacts. Microfractures, particularly healed
microfractures, are pervasively distributed within the detrital grains
of the Lower Paleozoic sandstones. Preferred orientations of
microfractures are indicative of local and perhaps regional stress
control and may be used to determine paleostress orientations.

A chronclogy of deformation consists of four overlapping phases:
1) pore reduction/pressure solution, 2) grain microfracturing and
comminution, 3) localization and fracture concentration, and 4)
subsequent or simultanecus displacement along the localized gouge zone.
During all phases, solution/precipitation mechanisms promote healing
and cementaticn ofthemimftachuesa:ﬂmsutantqmmm.
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CHAPTER I
INTRODUCTTON

Brictledefomatiminashallcwczustalemimmm\tmtesareas
of localized discontimuities (for example, faults and fractures) in the
rock mass. Many of these discontinuities involve a deformation
mechanism known as cataclastic flow. Cataclastic flow, or cataclasis,
istherespanseofarockmasstodefomatim, resulting primarily in
intergranular movements including rigid-body rotation and/or trans-
lation of the material. This brocess occurs on scales ranging from
large rock masses to the microscopic level.

A particnlar structural element formed by cataclastic deformaticn,
ard a subset of faulting, is the deformation band. A deformation bard,
as described by previous workers, is essentially a small fault that
exhibits an extreme comminution of host rock grains within a narrow
gouge 2zone. The largest offsets are typically less than 10cm.
Although deformation bands exhibit small offsets relative to large-
scale faults, their role in the faulting process is significant as
evidencedbytheirubiquitmsoeaxmwempwwssamm:esdefomad
under shallow crustal conditions. However, the initiation and develop-
ment of the deformation bands and their relationship to other
structural elements are not well understood,

Several investigators (Aydin, 1977, Jamison, 1979; Young, 1982;
Dyer, 1983; Heald, 1956; Pittman, 1981; Blenkinscp and Rutter, 1986)

This manuscript follows the style of the Geological Soci of America
Bulletin,



have addressed the formation and development of deformation bands.
Tnese studies described and compared the physical appearance of defor—
mation bands in different lithologies and textures and in different
tectonic environments. The noted differences between the morphologies

~ of the deformation bands, such as gouge zone width and displacement
along bardds, were largely attributed to the porosity of the host rock
as a controlling parameter of deformation band development (Jamisen,
1979; Youngy, 1982). However, based on field observations during this
study, it appears that other textural and compositional parameters such
asgrajnsizear&matrixmtet'ialalsomaybemportammthedevelop-
ment of these structures. In addition, some of these studies were
conducted on rocks deformed under various different tectonic condi-
tions. Comparisons are imherently more difficult given multiple
variables, such as the local and regional stress conditions (e.g., P,
T, &), in addition to lithologic differences.

This investigation strives to eliminate variations due to
Qifferent tectonic conditions by studying deformation bands produced in
lithologically and textually different rock types deformed in the same
tectonic setting, specifically a normal faulted environment. This
study of deformation bands in relation te other structural elements
additionally provides information on the regional and local deformation
fields,

The Llane Uplift in Central Texas (Fig. 1) was chosen as the
geologic setting because it exhibits the desired attributes for this
type of study. Deformation bands are usually most prominent in high
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porosity quartzose sandstones. In the Llano region, they are well
developed in the Cambrian Hickory Sandstone Member of the Riley
Formation and the Welge Sandistone Member of the Wilberns Formation.
Deformation bands are also found in the lower quartzose beds of the
Chmbrian@pmmmmamneanberoftheRileyFbmatim These
three ik are well throughout the Llano Uplift area.

The principal objectives of this research are: (1) to describe
anddnxac:arizathahrituedefomatimwithmamasisonﬂmsmall
faults and cataclasis associated with faulting on the macro-, meso-,
and microscopic scales, (2) to assess the role of specific lithologic
ard textural parameters (grain size, cement, composition, and porosity)
on deformation band characteristics, and (3) to investigate the rela-
timshipbetwemthed&fomatimharﬂasast:mctural element and its
significance in the Llano region, especially relative to large-scale
faults and/or the nature of the deformation field.

The remainder of this chapter provides necessary background
informztimmﬂasunmyofxﬂevantgeologicsﬂ:diesondefomation
bands and cataclasis. The location and general structural geology of
the study area are described, and the methods of investigation are
outlined.

Backeground and Previous Geologic Studies

Background. As seen in outcrops, deformation bands are usually
characterized as whitish-colored, straight to sinuous bands of highly
comminuted host rock grains. On weathered surfaces, the deformation
bands are often in raised relief (Fig. 2). 1In three dimensions, the



Figure 2. Deformation bands (small faults) in the weathered Hickory
Sandstone manifest as curviplanar, intersecting, resistant ridges of

extremely comminuted host rock grains. Pencil for scale is 15 em long;
Ruler is 30 cm.



simious deformation bands are manifest as Qurviplanar surfaces, and the
gouge zone is commonly a few millimeters in width. The comminution of
grahasinthegmgemresultsinsigniﬁcmtdemmasesinpomsity‘
and permeability within the zone (Aydin, 1977; Jamison, 1979; Young,
1982; Pittman, 1981). The low permeability of the gouge zones, in
tarn, remmﬁnm:kmassparmeabilitymaltoﬂiesezmes.
Offsets along individual deformaticn bands typically vary from a
fow millimeters to a few centimeters. With larger offsets, zones or
networksofdefotnaﬂ.mhandsfcmbyﬂuecoalescenceamintmctim
of single bands approximately parallel to the original band (Fig. 3)
(Aydin, 1977). A zone of anastomosing bands, as formed in the lower
Hickory Sandstone, is shown in Figure 4. Aydin (1977) and Jamison
(1979) bave suggested that the additien of single deformation bands to
a zone of deformation bands is the result of strain-hardening of the
individual gouge zone with increasing displacemert. Although deforma—
tion bands form along discrete planar regions in the host rock (that
is, they are localized and not pervasive), and typically display small
offsets, they can be the primary manifestation of the cataclastic
deformation of the host rock (Jamison, 1979).
mﬂﬂmms:ﬁaultsﬂwts!mwadimtemrfmofdiwlamm
discontinuity with movement, deformation bands usually display no
apparent slip surface within the zone of commimted grains where there
has been a loss of cchesion. The small displacements are accommodated
by distributed shear deformation within the gouge zone. A discrete
slip surface is usually found adjacent to an anastomosing zone of

deformation bands (Aydin, 1977). Also, unlike discrete faults that



DEFORMATION
BANDS

Figure 3. Sequential development of a zone of deformation bands from a
single band (3a) to a zone of anastomosing bands (3b and 3c) teo
ultimately a slip surface (3d). Single bands form adjacent to and
anastomose with other bands to form a braided zone. Slip surface
developes along one edge of the zone and accommodates up to tens of
meters of displacement, Sequence inferred by Aydin (1977).



Figure 4. Zone of deformation bands (Fig. 3c) developed in the ILower

Hickory Sandstone in the Lower Comanche Creek area, Mason County,
Texas.



commonly show a strain softening with displacement, deformation bands
are inferred to strain-harden with increased deformation (Aydin, 1977;
Jamison, 1979).
PrevimWork.Studisofdefcmationbandshavebeencorﬂuctedin
various locations. Heald (1956) identified deformation bands in the
SimpsmSaxﬂstcrxemﬂieArblx:J(leMO\mirs in Oklahoma and in the st.
Peter Sandstone in Arkansas and Missouri. He noted that the white
stringatsinﬁmsesaxﬁstmthatpzeviauslywmcalledveinswere
the result of grain b kage and, aently, he termed them gramila-

tion seams. The granulation seams are synonymous with deformation
bands.

Engelder (1974) studied four fault zones and identified small
faults or deformation bands that he termed shear fractures. The shear
fractures were defined as any fault with a displacement arbitrarily
less than 10 em. He noted that a correlation between displacement and
Shmrmchmtbidmswasmes‘tablishadintheﬂald. However, in
experimentally deformed Coconino Sandstone, he noted a direct linear
d.isplacemem:/tmdmess relaticnship for the gouge zone.

Aydin (1977, 1978) and Aydin and Johnson (1978) studied the
faulting within the Entrada and Navajo Sandstones in the San Rafael
Desert in Utah. They classified three types of faults: deformation
bards, zones of deformation bands, and slip surfaces where contimed
deformation caused a loss of cchesion and development of discrete fault
planes. Aydin (1977) also recognized that deformation bands differ
slightly in the two units with respect to weathering, thickness and
displacement characteristics. The deformation bands are the primary



deformation features preceding the large-scale faulting.

Jamison (1979) studied the cataclastic deformation developed in
the Wingate Sandstone in Colorado Naticnal Monument, west-central
Colorado. Deformation bands were the dominant deformation feature with
little or no deformation (including microfractures) occurring in the
host rock between zanes of deformation bands. He also noted that the
appearance and density of the deformation bands changed character
within the Wingate Sandstone in relation to compositional and textural
variations.

Young (1982) examined deformation bands in sandstones from five
Separate areas in New Mexico, Wyoming, Utah and California to assess
the effect of host- rock porosity. He concluded that with decreasing
host=rock porosity: (1) the displacement across single deformation
bands increases and (2) for a given unit of displacement, the rumber of
single bands in a zone of deformation bands decreases. He also fourd
that the sandstenes were not pervasively deformed, and the microscopic
deformation was limited to the area immediately adjacent to the defor—
mation bands,

Dyer (1983) found that deformation bands formed colinear with
zoned joints in the Moab Member of the Entrada Sandstone in Arches
National Park, Utah. The deformation bards, having the typical raised
relief character when weathered, frequently began (or ended) at the
termination of open extensional joints and possessed the same orienta-
tion as the joints, Dyer inferred that the cataclastic deformation
bands resulted from shear displacement along the previously formed
extensicnal joint, and that there potentially is a genetic relationship

10



between these two physically different features.

The effect of deformation bands on porosity and permeability in
the quartz sardstmeoftheordavicimshnmm&mpmoldarmawas
investigated by Pittman (1981). In general, he found that an increase
in the number of deformation bands in a glven sample resulted in a
lower bulk porcsity and permeability.

More recently, Blenkinsop and Rutter (1986) investigated small
fault zones within a quartzite in the Moine thrust 2Zone using cathod-
lmninescemeinascmmirgelec&anmimscupe. They determined that
although the quartzite was now well-cemented, at the time of deforma-
tion, it essentially behaved like a porcus sandstone. They also iden—
tifiadasequmtialdavelopmmtofﬂieraultgwgezmamhnstmdc
that ranged from intact quartzite through a protobreccia stage to a
breccia and ultrabreccia.

Friedman and Iogan (1973) produced Iuders' bands in experimentally
deformed sandstone (effective confining pressures of 0 to 240 MPa, dry,
triaxial compression, 10”4 per sec strain rate) and likened them to
deformation bands formed in the Entrada Sandstone along Trachyte Mesa
in Utah, The experimentally produced Iuders' bands displayed extreme
comminution of grains similar to that in deformation bands, and the
shear displacements were on the order of one grain diameter or less.
ﬂﬁeyalsumtedﬂlattheddhedralam;lebetweenthecmjugatesetsof
Iuders' bands is: (1) bisected by the maximum compressive stress direc-
tion, (2) larger than that produced by shear fractures, and (3) widened
with increasing confining pressures,

Experimentally produced shear fractures (faults) that develop

11



gouge with sliding also have been likened to deformation bands
(Jamison, 1979). However, according to Jamison (1979), the charac-
teristics of the experimentally produced gouge zones differ from
natural deformation bands in several ways: (1) gouge zones develop a
discrete slip surface whereas deformation bands appear to lack a dis-
crete slip plane, (2) gouge zones widen by increasing the thickness of
the gouge material while deformation bands widen by the addition of
single bands to form a zone, and (3) in thin section, the grains near
the shear fracture gouge zcne display microfractures rather than
different extinction patterns as noted by Jamison in deformation bands
in the Wingate Sandstone.

Other studies of the orientation and development of deformation
bands include those of Reches (1978, 1983), Aydin and Reches (1982),
and aydin ard Jchnson (1983). The orthorhombic symmetry of deformation
bands observed in the field by Aydin (1977) is explained using a theory
of slip aleng the deformation bands to accommodate the three-
dimensional strain of the host rock (Reches, 1978, 1983; Aydin and
Reches, 1982). Aydin and Johnson (1983) constructed a constitutive
model for the development of deformation bands based on a theory of
inelastic deformation developed by Radnicki and Rice (1975).

Previous Work in the Llano Uplift. Few studies of the Llano Up~
lift have concentrated on the structural geology of the Paleozoic
section. The majority of work in this area has been from a strati-
graphic viewpoint. In the early investigations, deformation bands were
ideztifiedassmdstmudikesanireoementedfractuxesbutnntst\xijsd
in detail as a structural element.



Fritz (1954) briefly described the deformation bands in the
Hiclmryarﬂ"elgaSa:ﬂstmasas"nearlyvuticalﬁ’achmwhidmhave
been re-cemented with a relatively resistant silicecus material®.
Coughran (1959) and Peterson (1959) similarly referred to the deforma-
tion bands in the Hickory and Welge Sandstones as "sandstone dikes"
formed by the percolation of silica-saturated water through fractures.
Apparently, none of these earlier investigators recognized the
deformation bands as small faults that involved cataclasis, Further,
the devel of these fe in the Cap Mountain Limestone was not
discussed. .

Recent irvestigations of faults and assoclated structural elemerts
on the southwestern flank of the Llano Uplift are those of Johnson

(1983), Becker (1985), Becker and Johnson (1985), Johnson and Becker
(1986), Hedgoowe and Johnsan (1986) and Hedgooxe (1987). These studies
havefmthatuaelaxqe-displacementmalmesamstuplydip-
ping, cmsistofintammmctadsmsmnﬂmmazig-zagfmut
ttaceardthatdafarmtimharmueprsmtadjmmsegmextsor
the faults within the Hickory and Welge Sandstones and Cap Mountain
Limestone. Hedgcoxe and Johnsen (1986) and Hedgcoxe (1987) found that
deformaticn bands form in ordered networks with specific geometries.
These networks, or zones of secondary faults, form in the intervening
area between overlapping, en e’chelon, cblique slip deformation bands
thatstepoppositetothesenseofs!mrdisplawnent. The secondary
faults, therefore, form as a result of interaction between the two
primary, bounding deformation bands of the network. Consequently,
these networks are a mechanism by which displacement can be transferred
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fmmmebmnﬁjngdefomatimbarﬂcrzmeofdefnrmatimbamsman
adjacent deformation band(s).

Egimalsh:'ucwnlceolgz

mummmslmmmmmmysom
northwest of Austin, Texas (Fig. 5a). Structurally, the Llano Uplift
is a broad domal arch trending roughly northwest, although tepographi-
cally, it is a basin surrounded by flat lying Cretaceous beds. Both
Precambrian and Palezoic rocks are exposed at the surface. In
particular, Paleozoic rocks cropoutnearthepu’i{;ﬂéryaftheuplift
surrounding the central core of Precambrian igneocus and metamorphic
rocks.

The Llano Uplift is located near the apex of the central Texas
recess on the western edge of the Ouachita fold and thrust belt (Fig.
Sa}, The Carboniferous structural elements extending out from the
Llano Uplift include the Fort Worth Basin to the northeast, the Kerr
Basin to the secuth and southwest, and the Bend Arch, the Concho Arch
and the Edwards Arch to the north, northwest, and west, respectively.

Northwest trending normal faults within the Paleozoic section
formed during the Ouachita orogeny in early Pennsylvanian time as
loadirgofthenmfhmianliﬂwsﬁmricplatem:uedmimin
the upper section of the plate (ggq)cez; 1985). Normal faulting in the
Llanc region ended in late Pennsylvanian time as demonstrated by the
presence of unfaulted Strawn beds of Morrow time (late Permsylvanian)
(Cheny and Goss, 1952).

The regional structural geology of Mason County (Fig. Sb, p. 16)
on the southwest edge of the Llano Uplift illustrates the dominant

14



Figure 5. (a) Major Pennsylvanian tectonic features of Texas;
Llano Uplift is stipled; Mason County is located on the southwest
flank of the uplift, Modified from Wermund and Jenkins, 1970: (b)
Generalized regional structural geology of Mason County, Texas.
Iower Commanche Creek Area mapped in this study is indicated;
B=Mason Fault Area mapped by Becker (1985); and J=Kothman Fault
Area mapped by Johnson (1983). Modified from Barmes (1981).
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northeast-trending, large-displacement normal faults. East-west and
north-south trending faults are also present. Becker’(:lﬁss) noted
several characteristics of the northeast trending faults west and south
of Mason (Fig. si: (1) there exists a northwest trending zone about 4-
5 Xm wide where the trend of the large-displacement faults changes to a
more northerly gtrike and splaying is more common, (2) the maximum
throws along th¢se faults occur predominantly within this zone, (3)
throws along the faults rapidly decrease to the northeast and slowly
decrease to the south relative to the maximum throw location and (4) a
la::geo[.ueu-xsjno::lh is present within this zone that has an axial trace
colinear wiﬂ’x/‘ 4 location of the maximum throws along the faults.
Becker (1985) attributes these fault characteristics to litholegic
differences mechanical anisotropy of the basement rocks. The
northwest zone is approwimately coincident with the granitic-
metamorphic contact in this area. Deformation of the metamorphic
schist is apparently more pervasive whereas the granitic deformation is
localized along a few, widely-spaced,large-displ faults.,

The study Area

The Iower Comanche Creek area is located on the scuthwest flank of
the Llano Uplift in south-central Mason County (Fig. Sk, p. 16). The
area encompasses about 35 km? and lies roughly between U.S. Rt. 87 and
Rt. 1723, approximately 10 km south of Mason, Texas. The large-displa-
cement normal faults and the associated deformaticn bands exposed in
this area are the structural elements studied in this report. The

locations of three areas recently mapped by Johnson (1983), Becker
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LOWER /
COMANCHE CREEK

STUDY AREA

EXPLANATION
""" FAULT TRENDING MORE EAST-WEST THAN N3S5E
_m=e=="" FAULT TRENDING MORE NORTH-SOUTH THAN N35E

)= LOCATION OF MAXINUM FAULT THROW

——4—>  SYNCLINE, SHOWING PLUNGE

e PRECAMBRIAN-PALEOCZOIC CONTACT

—_————— GRANITE~SCHIST CONTACT

Figure 6. Main faults in the Mason area (Scuthwest flank of the Llano
Uplift). Dominant fault trend is northeasterly in Mason area, but more
northerly trends and maximum fault throws occur within a northwest
trending zone parallel to the granite-schist basement contact. Note
the syncline in the western part of the Lower Comanche Creek area that
has an axial plane colinear with this northwest trending zone of
maximum fault throw. Modified from Becker (1985).
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(1985) and Hedgcoxe (1987) to the northwest and south of the present
study area are also shown in Fig. 5b.

Two previous studies on the Lower Comanche Creek area and
surrcunding areas are those by Fuller (1957) and Wilson (1957). Both
mapped areas cn aerial photo bases ard, in part, overlapped the present
study area. These earlier meps were constructed from a stratigraphic
and sedimentolojjic viewpoint whereas this study mapped the area
primarily from a structural viewpoint.

Methods of tion

The Lower (omanche Creek area has been mapped at a scale of
1:20,000 on an aerial photo base and transferred to a USGS topographic
base map at the scale of 1:12,000. Mapping has concentrated on the
laxge-displwemerlt normal faults and the deformation bands present in
the Hickory and Welge Sandstenes and the Cap Mountain Limestone. Atti-
tudes of deformation bands, faults, fractures, slickensides and bedding
have been measured using a Brunton compass.

Strike rosettes of macroscopic faults have been constructed for
three distinct areas within the Lower Comanche Creek area based on
visual inspection of the large-displacement and minor fault orienta-
tions. In these rose diagrams, faults are normalized relative to fault
length so that a long fault of a particular orientation (typically with
larger offsets) is weighted more than a number of short faults
(typically with smaller offsets) with a commen orientation.

Orientations (poles) of deformation bands have been plotted and

contoured on lower hemisphere, equal-area sterecnets using the method
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of Guzzetta (1966). Rose diagrams of deformation band trends have also
been plotted. Using the map, three areas representing structural
_domains have been differentiated by the overall appearance of the
large-displacement faults in order to analyze spatial variations of the
deformation bands.

In order ta assess the role of grain size on deformation band
geometry and development, measurements of grain size and deformation
band@ thickness have been performed on representative hand samples of
each rock unit. A pocket micrometer capable of measuring to 0.05 mm
(upper silt size; range) has heen utilized for the measurements. In
each sample, ttn;widths of single deformation bands have been measured,

and descriptive statistics (e.g., mean and standard deviation) have
been calculated, In addition, grain sizes for 150 to 300 randomly
selected gnhspﬁrsmnplehawbemmeasured in the same hand samples.
The grain size cbtained for the host rock using the pocket micrometer
provides a comparative measurement of the actual grain size. Since
each sample has been measured using the same technique, any discernable
bias inherent in the method should be consistent between samples. In
addition, grain sizes measured in thin sections of each unit correspond
well to the field determined values using the pocket micrometer.
Host-rock porosity has been measured from selected samples of each
unit that do not contain deformation bands. The interconnected pore
volume has been measured using the water saturation method on prismatic
blocks and cylindrical cores. The prismatic blocks have been used due
to the difficulty in diamond coring the friable sandstones. The poro-

sity has been measured twice to ensure precision. The difference
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between the two porosity measurements usually does not exceed 2.0% of
the measured porosity.

In order to ize and the ion of the three

units at the microscopic level, thirty-three thin secticns have been
examined from samples containing deformation bards., Particular thin
sections that contain a deformation band(s), often with known amounts
of displacement, have been used for microstructural analysis of the
Hickory and Welge Sandstones and Cap Mourtain Limestone. Linear point
count traverses have been made within the host rock to assess the host
rock composition, grain size and porosity. In addition, linear traver-
ses, have been made parallel to the deformation bands at 2 mm, 4 mm,
and within and at the boundary of the gouge zone to determine micro-
fracture length and linear density.

In order to better visualize the spatial distribution of the
microscopic brittle deformation, microfracture maps have been construc=—
ted for four thin sections made from representative samples of the
Hickory and Welge Sandstones, and Cap Mountain Limestone. Micro-~
fracture trends for 150 to 429 randomly selected microfractures in each
thin section are illustrated on rose diagrams. The microfractures are
plotted as a percentage of the total number measured and in 10 degree
increments.

After describing the stratigraphy of the study area in Chapter II,
the subsequent chapters present the results of each stage of this
investigation, culminating in an overall discussion of the work. The
final chapter gives a summary and conclusions.

21



CHAPTER II
STRATIGRAFHY

The stratigraphic units exposed in the Lower Comanche Creek area
include Precambrian through Upper Cambrian rocks. Cambrian rocks were
deposited on a Precambrian surface displaying up to a few hundred feet
of relief (Cloud and Barnes, 1948). A basin existed to the south and
southeast, and Cambrian strata generally thicken in these directions.
The Precambrian rocks are primarily granites, gneisses and schists
while sandstones, limestones and shales predominate the Cambrian units.
Figure 7 shows a generalized Precambrian and Paleczoic stratigraphic
section of the Llano Uplift. The exposed units are represented by the
shaded areas and discussed subsequently.

Numerous stratigraphic studies of the Precambrian and Cambrian
Mocre Hollow Group rocks have been conducted (Bridge and others, 1947;
Gooleby, 1957: Dauwgherty, 1960; Hooks, 1961; Wilson, 1962; Dekker,
1966; and Barnes and Bell, 1977). The following sections include a
compilation of these works in addition to descriptions of the composi-
tional and textural characteristics of the units cbserved during this
investigation.

Precambrian Units

Precambrian rocks crop out in the northern and scutheastern sec-
tions of the Iower Comanche Creek area (Plate 1, in pocket). Two units
are identified in the area: the Packsaddle Schist and a younger-aged
granite.
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Figure 7. Generalized Precambrian and Paleozoic stratigraphic
section of the Llano Uplift. Shaded Cambrian and Precambrian
units were investigated dquring this study. Heavy horizontal lines
represent major unconformities. Stratigraphic interpretation and
thicknesses after Barnes (1981).
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The Packsaddle Schist typically occurs as foliated bodies of
quartz-feldspar-microcline schist and hornblende schist. In some
areas, particularly in the southern section of the study area, it is
gneissic. Marble and milky quartz veins are common, especially in the
northern section aleng the Packsaddle-Hickory Sandstone contact. The
Packsaddle Schist is commonly coarse-grained and weathers to dark pink
and orange. In the northern section, it forms a gently rolling topo-
graphy, whereas it weathers to well exp d, gneissic ¢cliffs in the

southern area along Comanche Creek.

The younger granite is primarily composed of a pink, coarse to
medium-grained, homogenous, microcline-quartz-plagioclase granite with
minor amounts of bictite. It ocutcrops in the southern section of the
study area as a northwest-trending, elongated body that is terminated
along its northern boundary by a northeast-trending fault. The younger
granite is in contact with the Packsaddle Schist and the Hickory Sand-
stone an its eastern border. The granite is probably a late differen-
tiate of the Town Mountain Granite (Barnes, 1981), and although not
specifically named, is compositionally and texturally correlated with
the Oatman Creek Granite (Wilson, 1957) found just north of the study
area in similar, elongated bodies.

Riley Formation

Hickory Sandstone. The Hickory Sandstone comprises the basal
member of the Riley Formation. Regionally over the Llano Uplift, its
thickness ranges from about 126 m (415 feet) to a feather edge and
averages about 110 m (360 feet) (Bridge and others, 1947). The varia-
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tion in the thickness of the Hickory Sandstone is attributed to the
irregular Precambrian surface on which it was deposited and the lateral
gradation of the Hickory Sandstone to the Cap Mountain Limestone in the
southeast. Within the study area, the Hickory Sandstone is estimated
to be approximately 122 m (400 feet) thick (Wilson, 1957; Fuller, 1957;
Bridge and others, 1947) although no complete section is present for
accurate measurements.

The Hickery Sandstone can be divided into three units: the lower,
middle and upper. Overall, it consists primarily of non-calcarecus,
quartz sandstone, light tan and brown to very dark red in color. The
Hickory Sandstone is typically medium to coarse-grained, but silty and
shaley beds are present. Wind-faceted, quartz pebbles are commen at
the base of the Hickory Sandstone indicating eolian processes. How-
ever, Barnes and Bell (1977) argue that the bedding characteristics,
sorting, and the presence of Cruziana indicate that the Hickory Sand-
stone was primarily deposited in shallow water.

The lower unit of the Hickory Sandstone consists of light olive
gray to reddish brown, alternating fine to coarse-grained, quartz
sandstanes about 27 m (90 feet) thick. At the contact with the Precam-
brian Packsaddle Schist, the Hickory Sardstone is commeonly conglomera-
tic, containing large pebbles (up to 15 cm in diameter) of milky quartz
and blocks of fragmented Packsaddle Schist. The sand grains are poorly
to well-sorted. Cross-bedding is common throughout the Hickory Sand-
stone but is most prevalent in the lower unit. The lower unit is
loosely cemented primarily by hematite occurring as thin coatings
arourd grains. This results in a slightly friable, gramular unit that
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weathers to a very gentle slope that is commonly cultivated. Over-
growths of quartz are common (El-Jard, 1982). Measured porosities from
this study of the lower unit range from 8.2 to 17.4%. El-Jard (1982)
determined an average porosity of about 22% for the lower Hickory
Sandstone using a mercury porosimeter on subsurface cores.

The middle unit of the Hickory Sandstone is about 40 m thick and
consists primarily of light tan to olive-gray colored, alternating very
fine to medium-grained, quartz sandstone. Greenish-gray shale inter-
beds, up to 10 cm thick, are present as well as flat pebble
conglomerate beds near the upper part of the unit. The pebbles are
often well aligned with the long axis nearly parallel to bedding or
cross-bedding and are typically finer~grained than the host rock.
Cross-bedding is common in the middle unit although not as common as in
the lower unit, The middle unit is generally more indurated than the
lower unit and cemented primarily by silica and hematite. Quartz over—
growths occur primarily as scaly envelopes along grain boundaries.
Porosity measurements from the middle unit range from 28% in the fine-
grained sandstones to 13% in the poorly sorted, coarse-grained sand-
stones. The resistive middle unit usually forms ledges and small
hills.

The upper unit of the Hickory Sandstone consists of highly ferru-
ginous, medium to coarse-grained, well rounded quartz sandstones which
are characteristically very dark marocn colored as a result of the
presence of hematite. Its thickness is between 30 and 40 m. The
hematite ccours as cement, which coats the grains in thin layers, and
as coids usually containing a small quartz or fossil rucleus. Cross-—
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bedding is not common in the upper unit and bedding is mostly massive,
Porosity in the Upper Hickory Sandstone ranges between 15 and 23% (El-
Jard,1982). The upper unit is friable, usually forms a gentle slope
upon weathering, and forms a characteristic dark orange soil that is
cultivated.

For mapping purposes, the upper contact of the Hickory Sandstone
with the overlying Cap Mountain Limestone is placed above the last
noncalcarecus sandstone bed that is typically coincident with a topo-
graphic break. This contact is sometimes difficult to discern, pre-
sumably due to groundwater recharge leaching the calcitic cement of the
Cap Mountain Limestone into the underlying Hickery Sandstone.

Cap Mountain Limestone, The Cap Mountain Limestone Member of the
Riley Formation is primarily an impure limestone with calcareous-
cemented quartz sandstones near the base grading upwards to a pure,
granular limestone with quartzese sandstone interbeds. Regionally, the
thickness ranges from about 52 m (170 feet) to 152 m (500 feet) with a
southeastward thickening of the section (Barmes and Bell, 1977). The
thickness of the Cap Mountain Limestone in the study area is estimated
to be between 46 and 61 m (150 to 200 feet) (Wilson, 1957; Bridge and
others, 1947).

In the Lower Comanche Creek area, the lower Cap Mountain Limestone
consists of light reddish-brown to gray, fine to medium-grained, cal-
carecus, quartz sandstone and interbedded limestone. Beds are commonly
10 to 20 cm thick. Porosity measurements of the lower calcareous
sandstone unit range from 3.8 to 6.1%. Some glauconite is present,

although not abundant. It is within this lower wunit of the Cap Moun-
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tain Limestone that deformation bands are typically found. The lower
unit, other than the calcareous sandstone directly above the contact
with the Hickory Sandstone, weathers to brown and gray ledges that
produce alternmating recessive zones that are usually well exposed.

The Cap Mountain Limestone gradually decreases in quartz and
hematite content upsection. The upper part is primarily a calcarenite
with minor amounts of glauconite. Bedding becomes thicker (up to 40
cm), and the weathered surface displays a "honeycomb" appearance
(Wilson, 1957; Fuller, 1957).

The upper contact of the Cap Mountain Limestone with the Lion
Mountain Sandstone is gradational and is arbitrarily placed below the
first bed of trilabite coquinite containing an abundance of glauconite.

Lion Mountain Sandstone. The Lion Mountain Sandstone is the upper
member of the Riley Formation. It ranges in thickness from 9 to 21 m
(29 to 69 feet) (Barmes and Bell, 1977) and is estimated to be about 15
m (50 feet) thick in the study area,

The Lion Mountain Sandstone consists of highly glauconitic, cal-
carecus sandstones and limestones. The quartzose sandstones are dark
green to gray, medium to coarse-grained, rounded, and poorly sorted.
Glauconite is a major fraction of the Lion Mountain Sandstone. Lime-
stone beds are impure and contain phosphatic brachipods (Barnes and
Bell, 1977). The Lion Mountain Sandstone usually weathers to a gentle
slope with an abundance of dark red to black ironstone nodules on the
surface. The characteristic ironstone nodules are probably the result
of the weathered glauccnite.

The exposed portions of the upper contact between the Lion Moun—
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tain Sardstone and the Welge Sandstone of the Wilberns Formation are
sharp and represent a disconformity (Fuller, 1957; Barnes and Bell,

1977).

Wilberns Formation

Welge Sandstone. The Welge Sandstone is the lowest member of the
Wilberns Formation, having a thickness between 3 and 9 m (11 to 30
feet) (Barnes and Bell, 1977). Within the Lower Comanche Creek area,
the Welge Sandstone is well exposed in the western part ard is about 6
m thick.

The Welge Sandstone is a distinctive, sparsely glauconitic,
coarse-grained, dark yellow to pale crange, quartz sandstone, Beds are
usually massive and rarely show cross-bedding. The Welge Sandstone is
cemented primarily by silica but also by hematite, usually indurated,
and resistant to weathering. Quartz overgrowths are common in the Welge
Sandstone. It forms a distinctive ledge with an abundance of vegeta—
tion just below its upper contact. Porosities of the Welge Sarndstone
range from 17.4% in the friable, hematitic-cemented parts to 14.6% in
the indurated, silica-cemented parts.

The contact with the overlying Morgan Creek Limestone Member is
gradational and is placed at the first prominent dark-reddish colored,
calcareous, quartz sandstone bed.

The primary differences between the Hickory Sandstone of the Riley
Formation and the Welge Sandstone of the Wilberns Formation are the
degree of sorting and the hematitic cement. The Welge Sandstone is a
mature sandstone with well rounded, and well sorted, cuartz grains
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while the Hickory Sandstone, although well rounded, is usually poorly
sorted. Also, the Hickory Sandstone is cemented primarily by hematite
rendering it friable. In contrast, the Welge Sardstone is usually well
indurated as a result of the silica cement.

Morgen Creek Iimestone. The Morgan Creek Iimestone of the Wil-
berns Formation consists of dark red, limey, quartz sandstones near the
base and olive-gray, glauconitic 1i interbedded with shales

further upsection. Bedding thickens upsection, and small, stroma-
tolitic bicherm masses 0.3 to 1 m thick are found near the upper
contact.  The thickness of the Morgan Creek Limestone is approximately
30 m (100 feet) in the Lower Comanche Creek area.

The upper contact with the Point Peak Member is usually covered
but can be identified by the presence of shale beds in the lower Foimt
Peak which form a topographic and vegetaticnal break.

Point Pesk Member, The Point Peak Member of the Wilberns Forma=
tion consists primarily of greenish-gray, calcarecus siltstones with
interbedded, micritic limestones and intraformational conglomerates,
Massive stromatolitic bicherms up to 7 m thick are present at the top
of the incomplete section in the study area. The Point Peak is the
stratigraphically highest unit mapped in the Iower Comanche Creek area.
Bridge, et. al., (1947) report the thickness of the Point Peak to rarge
between 7.5 and 82 m (25 and 270 feet) with an average thickness of
approximately 49 m (160 feet). Approximately 30 m (100 feet) of sec-

tion have been mapped in the study area.
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CHAPTER III
FIELD OBSERVATICNS

The field investigation focuses on characterizing the large-dis-
placement normal faults (macroscopic scale) and associated deformation
bands (mescscoplc scale) in three Cambrian units of the Lower Comanche
Creek area. Previous stratigraphic field studies in the Lower Comanche
Creek area do not provide a sufficient characterization of the faul-
ting, especially with respect to the location, orientation and morpho~
logy of the macroscopic and mesocscopic deformational features. This
chapter describes the main faults, minor faults and deformation bands
mmﬂsrtobettarmﬂerqraxﬂﬂ:etectmicdevelmofthewestzm
Llano Uplift. The effects of lithologic and textural controls on the
deformation bands at the mescscopic scale also are addressed.

Macroscopic

Deformatien of the Paleczoics in the Llano Uplift probably occur-
red at shallow crustal conditions (<1.0 km). The Cambrian rocks at the
base of the Cambrian section were buried by no more than 1000 m of
overburden, which would give an effective pressure of nearly 13 MPa
(130 bars) during deformation assuming a normal fluid pressure.

The macroscopic expression of cataclasis within the study area is
manifest as large-displacement normal faults that trend roughly north-
east. These normal faults are prominently displayed by vegetation
lineations on aerial photographs. In addition, there are numercus minor
faults that occcur throughout the area but are not clearly visible as
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vegetation lineations on aerial photographs.

The large-displacement and minor faults are identified in the
Hickory and Welge Sandstenes by the presence of abundant deformation
bands typically concentrated along a narrow zone and/or local varia-
tions of bedding attitudes. The actual fault surfaces‘ are raraly
exposed; instead, the location of the faults often is delineated by an
increased density of the deformation bands with proximity to the fault
surface. The large faults identified in the field have normal offsets
with throws up to about 100 m. Minor faults typically have throws
ranging from less than 1 m to 5 m. Occasionally, a slip surface adja-
cent to a zone of deformation bands is exposed and displays offsets on
the order of 1 m or less.

In the Cap Mountain Limestone, large faults are identified by the
presence of deformation bands and fractures in concentrated zones. The
juxtaposition of beds and increased dips of beds due to dray aleng the
faults also are used to ldentify the location and amount of offset
along the large faults,

large-Fault Morpholegy. The large-displacement fault traces con—
sist primarily of straight segments connected in a zig-zag pattern
(Fig. 8 and Plate 1). Segment length is variable, but the change in
orientation from one segment to the next is usually between 10 and 20
degrees. This zig-zag pattern of normal fault traces also was mapped
north of the study area by Johnson (1983) and Becker (1985) in the
lower part of the Paleozoic section.

Splay faults are common near the terminations of the large-

displacement and minor faults, particularly in the Cap Mountain Lime=
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Figure 8. Large-displacement, macroscopic faults in the Lower Comanche
Creek area. Note the linear, segmented character of the faults resul-
ting in a slight zig-zag pattern, Also note the large lenticular fault
block formed in the central part of the study area and bounded by the
northern and southern traces of the Schep Creek Fault. Inferred normal
displacement (in meters) along faults indicated by mumber. Units are
as follows: pCps=Packsaddle Schist; pCy=younger granite; Crh=Hickory
Sandstone; Crc=Cap Mountain Limestone; Crl=Lion Mountain Sandstone;
Cww=Welge Sandstone; Cwm=Morgan Creek Limestone; and Cwpp=Point Peak
Limestone.
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stone (Fig. 8 and Plate 1), Typically, the main faults have cne or two
minor splays that intersect to make a small angle with the trend of
the main fault. These splays vary in length between 25 and 400 m.
Within the Hickory and Welge Sandstones, the splay faults consist of
segmented zones of deformation bands. Apparently, the splay faults
accommodate the displacement at the terminations of the large-displace=
ment and minor faults.

Occasionally, slivers of fault-bounded material can be found alory
the faults. In the socuthwest part of the study area, a small sliver of
Welge Sandstone occurs between the Point Peak Member of the Wilberns
Formation and the Cap Mountain Limestone of the Riley Formation where
they are in fault contact. The sliver is approximately 4 m wide, 10 m
long, and lense-shaped. Within the fault sliver, the Welge Sandstone
is replete with Geformation bands and is very well cemented in the host
rock areas between the deformation bands.

Oblique slip movements along the large-displacement faults were
not identified in the field due to the lack of fault surface exposure.
The presence of oblique slip on individual deformation bands adjacent
to the faults possibly suggests fault interaction and the accommodation
of three Qimensional strain (Johnson, B., per. com.).

Although the large-scale normal faults rarely show drag, the drag
in the Iower Comanche Creek area is normal when present. Reverse drag
similar to that found aleng the Kothman fault west of Mason, Texas
(Johnson, 1983) is not fourd along any of the large faults in the study
area, Absence of reverse drag does not preclude its existence; it may

be present but not exposed. Where seen, reverse drag extends much
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farther from the associated fault than normal drag, which is usually
restricted to about 10 m adjacent to the fault (Johnson, B., per.
com.). Along the Schep Creek Fault in the southwest corner of the
study area, the dip of bedding in the Cap Mountain Limestone indicates
normal drag and increases from about 4 to 44 degrees in a distance
approximately 4 m from the fault. Normal drag is not readily cbserved
along faults in the Hickory Sandstane.

Faults that trend into the Packsaddle Schist and younger-aged
granite are often difficult to distinguish from the mumercus fracture
traces in these units. However, the fractures in the Precambrian units
are usually coincident in attitude with the mappable faults in the
overlying sedimentary rocks. The Precambrian fractures typically
increase in density where a fault can be traced from the Paleozoic
strata into the wxerlying Precambrian rocks.

In summary, the large faults in the Lower Commanche Creek arsa
typically have normal displacements and normal drag, are segmented,
display splayed terminations, contain fault slivers in fault zones and
typically display similar crientations to structural features such as
fractures in the underlying Precambrian sequence,

Main Faults. There are two main faults that trend through the
study area and are delineated by vegetation lineations on aerial photo-
graphs, namely the Kettner Fault and the Schep Creek Fault. In the
northern section, the Kettner Fault runs roughly east-west for much of
its exposure and then either makes an abrupt northerly bend to trend
about N6OE or intersects a northeast trending fault (Fig. 8, p. 34 and
Plate 1). It is downthrown to the south and scutheast alorng its entire
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length. The Kettner Fault places Hickory Sandstone against Cap Moun-
tain Limestone along its western section and Hickory against Hickory in
the central, east-west section. To the northeast, the Packsaddle
Schist is in the footwall with Lower Hickory Sandstone in the hanging
wall. The throw along the Kettner Fault is greatest in the western
area (up to 50 m) and decreases toward the northeast. Deformation
bands are mmerous in sandstones adjacent to the trace of the Kettner
Fault with the dominant set of bands dipping to the south roughly 75
degrees.

The second main fault, the Schep Creek Fault (Sliger, 1957;
Wilson, 1957; Fuller, 1957), trends northeast through the middle:part
of the study area (Fig. 8, p. 34 and Plate 1), It is well exposed at
the southern end of the hills located in the western part of the area
where it dips northwest and brings the Point Peak into contact with the
Cap Mountain Limestone. At this point in the southwest corner of the
study area, the fault trace bifurcates into two primary fault traces,
informally referred to here as the northern trace and the southern
trace of the Schep Creek Fault.

The northern trace is oriented about N26E and dips to the north-
west, while the scuthern trace further bifurcates into splay faults
that are oriented roughly N60-70E and also dip primarily to the north-
west. The southern trace has a similar orientation (N65E) to the Schep
Creek Fault prior to its point of bifurcation. Both the northern and
southern fault traces appear to result from the intersection of two or
more segmertted faults.

Offsets along the Schep Creek Fault range from about 100 m (in the
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southwestern section prior to the bifurcation) to about 95 m (in the
southern trace). The northern trace decreases in throw to the north-
east; however, this decrease in displacement may be accommodated by
another closely oriented fault that dips to the scutheast and runs
parallel to the Kettner Fault along part of its length (see Fig. 8, p.
34 and Plate 1). The throw along this parallel fault is roughly the
same as that of the southern trace of the Schep Creek Fault (about 85
m). It is possible that the displacement is being transferred from the
Kettner Fault to this parallel fault as the Kettner Fault also
decreases in throw to the northeast.

Cn the macroscopic scale, the faulting displays systematic rela-
tive changes in orientation resulting in a system of lense-shaped fault
blocks. A large lenticular fault block extends northeasterly through
the center of the Lower Comanche Creek area (Fig. 8, p. 34 and Plate
1). This block is about 1.0 km wide at the center and is about 4.5 km
long. The boundary faults, except the northern trace of the Schep
Creek Fault, dip toward the fault block. These bounding faults are
segmented with two principal orientations, approximately N30-40E and
N60-70E.

This lenticular fault-block gecmetry appears to be common in cther
areas of the Llano Uplift on the macroscopic scale. In the Riley
Momtains of Liane County east of the study area, this pattern is very
common. Also, the large-displacement faults west and northeast of
Mason form the boundaries of lenticular blocks. Becker (1985) noted
that faulting lower in the stratigraphic section gives rise to lense-
shaped fault blocks, whereas further up in the section, faults inter-—
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sect less, are straight and exhibit an en échelon pattern.

Although large-displacement faults are the primary macroscopic
structure, one large-scale, low amplitude fold is identified along the
western edge of the study area (Fig. 8, p. 34 and Plate 1), The fold
is a very open syncline defined by the outcrop expression and the very
slight inclination of bedding (4 to 8 degrees) around its periphery.
Small-scale folds or other minor structures are not fourd in the syn-
cline hinge area, probably due to the open structure of the fold. The
syncline plunges very slightly to the southeast. The axial plane is
northwest trending at approximately N4OW. The axial plane is colinear
with the aligrment of the loci of the maximum large-displacement fault
throws south and southwest of Mason (see Fig. 6, p. 18). The northwest
strike orientation of the axial plane of the syncline possibly indi-
cates basement control an the faulting and resultant macrostructure.

Minor Faults, Mumerous faults with displacements as small as 0.5
m also were mapped ard included on Plate 1. These smaller faults are
commonly not noticeable on aerial photographs, and only close field
examination reveals their presence. Within the Hickory Sandstone,
these small faults are manifest by slip surfaces that have formed
adjacent to a zone of deformation bands. Figure 9 shows three typical
small faults that occur on the northwest side of Bare Hill (NE corner
of Plate 1) within the middle unit of the Hickory Sandstone.

In addition to the dominant northeast-trending faults, there are a
mumber of small-displacement faults that are oriented northwestward.
These faults are located in the southeastern cormer of the study area
primarily adjacent to the younger Precambrian granitic body (Plate 1).
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Figure 9. Three minor faults formed in the Middle Hickory Sandstone on
the northwest side of Bare Hill (northeast corner of Plate 1). The
faults consist of thick zones of anastomosing deformation bands each
with a slip surface developed along one side of the zone. Offsets
along the faults vary between 0.15 and 0.4 meters.
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This is the only site where northwest-trending faults are located in
the Lower Comanche Creek area. The faults are found mainly at the
Precambrian/Hickory contact and in the lower part of the Hickory Sand-
stone. One northwest fault trends parallel to the granite/Packsaddle
Schist contact at about N45-50W. The other northwest-trending faults
are more northerly oriented, about N25-30W. The location and crienmta~
tion of these northwest-trending faults may be a manifestation of the
1y ing st in the Precambrian basement and the re-
sultant influence on the faulting in the Paleozoic section.

nor

Strike Rosettes. Rosettes of fault strike were constructed to
determine systematic orientations of the large-displacement and minor-
displacement faults (Fig. 10). The strike rosettes display the percen—

tage of total fault length as a function of fault strike. These plots
were constructed by measuring the length and orientation of linear
faults or linear segments of faults. For curved sections of faults,
eiﬁwrabest—fitlinewasmasmedorthemrvewasmpmeemtedbya
number of linear segments and then the length and orientation were
measured. Inferred faults (dashed on Plate 1) were not considered in
the construction of the rosettes due to their estimated orientations.
The fault-segment lengths were normalized relative to total fault
length.

The large-displacement and minor faults are separated into three
distinct areas based on a visual inspection of the fault orientations
depicted on Plate 1. The three areas are not considered as structural
domains since they do not actually represent statistically homogenous
areas, but they are separated in order to avoid overprinting visually
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Figure 10. strike rosettes constructed for the large~displacement and
minor faults in three areas of the Lower Comanche Creek area. Fault
segment lengths are normalized with respect to total fault length., M =

total fault length in meters; n = rumber of fault segments measured in
each area.
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distinct fault orientations of one area on another. The strike
rosettes for each area and their locations with respect to the geologic
map of the Iower Comanche Creek area are shown in Figure 10.

The faults from Area 1 (Fig. 10, p. 42), located in the northeast
section of the study area, display a mumber of concentrations that are
oriented primarily between N25E and N70E. Four concentrations
(A,B,C,D) can be delineated, specifically oriented at A:N25-30E, B:N35-
40E, C:NS0-60E, and D:N65-70E. Concentrations A and D dominate in
Area 1, while concentrations B and C are less strong. No northwest-
trending, large-scale faults are present in Area 1; however, a small
percentage of the fault lergths are oriented NO-5E and N80-85E.

Area 2, located in the northwest corner of the study area, dis-
plays more dispersion of faults, yet concentrations are similarly
oriented to those in Area 1. Overall, a slightly more northerly trend
of faulting is depicted. The primary concentrations in Area 2 are
oriented at A:N15-3SE, BiN45-50E, and C:N65-70E. Concentration A
potentially could be composed of two or more concentratiocns. The
concentrations oriented east-west are from the Kettner Fault which
trends nearly east-west through Aves 2.

Faults in the southern section of the Lower Comanche Creek area,
Area 3 (Fig. 10, p. 42), show a more easterly overall orientation than
those in Areas 1 apd 2. The strong concentrations are oriented between
NS0E and N70E. The strongest concentration in Area 1, namely A:N25-
30E, is only weakly represented in Area 3. Area 3 also contains the
northwest-trending faults which are in close proximity to the granitic
body in the southern part of the area (Plate 1). These faults are
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represented by a relatively weak concentration (7%) criented N25-30W.

In summary, the macrosopic expression of cataclasis is charac-
terized by northeast-trending, large-scale and minor normal faults
which typically exhibit segmented linear traces. Ina given region,
faults and fault segments have primarily three to four principal orien-
tations as illustrated by the strike rosette diagrams.

Mesoscopic Structures

Cataclasis on the mesoscopic scale in the Lower Comanche Creek
area occurs in thin (typically <0.5 cm), linear or curviplanar fault
zones demonstrating a high degree of comminution of the host rock
grains. In other studies, these fault zones have been called defor-
mation bands (Aydin, 1977; Jamison, 1979), In this context, defor-
mation bands are defined to be small faults that demonstrate offsets on
the order of millimeters to centimeters with pronounced comminution
along the fault.

Deformation bands are the primary manifestation of the mesoscopic
cataclastic deformation developed in the Hickory and Welge Sandstones
in the study area. In the Cap Mountain Limestone, deformation bands
are present in the lower quartz sandstone dominated parts of the member
but are rare throughout the majority of the member where fracturing
appears to dominate as the primary mechanism of krittle deformation.

The following sections present field cbservations of the deforma-
tion bands as they occur in the Paleozoic units exposed in the Lower
Comanche Creek area. The cbservations focus on their physical expres—
sion, morpholegy and displacement characteristics. Various similari-

44



ties and differences in their characteristics within the different
lithologic units are noted. Also included in this chapter is a brief
dismx‘ssim of fracb.lres in the Precambrian mcks_immaijately urderlying
the Hickory Sandstone. "

Deformation Bands., Single deformation be.nds in the Lower Comanche
Creek area typically occur on weathered outcrop surfaces as raised-
relief, slightly sinuous bands (Fig. 11). The width of a single band
typically varies between <0.1 and 8 mn, depending on the host rock

1l and/or positional characteristics.
The raised-relief character of the bands illustrates their greater

resistance to weathering and erosion than the host rock. The single

bards often develop into ng zones or ord networks. The
presence of these zones and networks is usually indicative of a nearby
larger-displacement fault. Furthermore, the density of single bands
and zones increases with proximity to a fault surface. Particularly in
the Hickery Sandstone, the deformation bards are ubjquitous in conjunc-
tion with the macrescopic faulting in the Iower Comanche Creek area.
The color of the gouge zone is related to the host rock color.
Typically, the bands are white to light gray in the lower and middle
units of the Hickory Sandstone, the Cap Mountain Limestone and the
Welge San_dstone. In the Upper Hickory Sandstone and select bedding
horizens in the middle Hickery Sandstone that display a high degree of
hematite, the deformation bands are dark maroon-colored. The deforma=
tion bards in these two units contain an abundance of hematite derived
from the host rock material giving them the dark color. Hematite is

noticeably absent in the deformation bands in the Lower Hickory and
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Figure 11. Single deformation bands manifest as raised-relief,
slightly sinuous, intersecting ridges on weathered outcrop surfaces in
the Iower Hickory Sandstone. Bedding plane view. Pencil for scale is
12 cm long.
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Welqesandstanessventhoughbothofthesemitscontainasmllpexh
centage of hematite.

Deformation bands apparently act as barriers to fluid movement as
hﬁicatedbythemesamofmme—brwnhematiﬂc—stai:ﬁdarﬂlight
gray host rock on opposite sides of a band or zone of bands. This
chservation is particularly noticeable in the Lower and Middle Hickory
Sandstone units (Fig. 12). The intersection of deformation bands on
beddjn;plamanﬂcmss-sectiomlviewswilloftenctsataisolatedpods
or rhombs of non-hematite-stained host rock.

Morphology of Deformation Bands. The deformation bands developed
in the Lower Comanche Creek area occur as curvilinear to straight
faults as seen on both bedding surfaces and cross-sectional views.
The geometry of deformation bands is a function of the plane of cbser-
vation relative to the slip vector. In planes roughly parallel to the
slip vector, the bands typically display a straight character. In
areas where strike-slip displacement occurs, the bands typically form a
straight character on bedding surfaces. Conversely, deformation bands
in cross-sectional views normal to the slip vector exhibit a curvi-
linear or anastomosing character. In a normal-slip dominated area, the
anastomosing character primarily forms on bedding surfaces.

Along single deformation bands, small pods occasionally develop
with dimensions typically about 3 to 7 cm long and 0.5 to 1 cm wide.
These pods are frequently found in planes normal to the slip vector
along the deformation band and have an internal structure of two to
four bards in a crossing pattern.

Deformation bands more frequently occur as zones (i.e., closely
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Figure 12. Small zone of deformation bands acting as a barrier to
fluid movement as illustrated by the presence of orange-brown
hematitic-stained (above arrow) and light-gray host rock (below arrow)
on opposite sides of the zone. Sample is Lower Hickory Sandstone.

Pencil is 15 cm long.



associated multiple deformation bands) consisting of two or more single
bards with a common orientation. The deformation bards within these
zones either anastomose into a braid-like character or form ordered
m (Fig. 13) where fault interaction occurs between two or mere
bands or zones resulting in displacement transfer between the small
faults (Hedgcoxe and Johnson, 1986; Hedgcoxe, 1987). These ordered
networks appear to be scale independent and occur on bedding planes in
outcrops which have a dominant strike-slip component to the fault
displacement. The ordered networks have been studied in detail and
termed secondary fault zones (SFZ's) by Hedgcoxe and Johnson (1986).
'lhistemisdarivﬁfrmnthefactthattheseoxderednetwmksmult
from the interaction of two primary deformation bands, or more
commonly, two primary sets of deformation bands.

In general, the predominant deformation bands have orientations
similar to the large-displacement macroscopic faults. At any
particular cutcrop, typically at least two sets of deformaticn bands
can be identified. The sets of bands commonly intersect on bedding
surfaces with acute angles of 60 degrees or less and display offsetting
relationships indicating their order of development (Fig. 14a). The
bands also intersect in vertical planes and form rhombohedral-shaped
blocks (Fig. 14b). At outcrops where the bedding plane and vertical
face intersections occur together, the bands form with orthorhombic
symmetry (Fig. 14c). The large-scale faults commonly have orientations
parallel to intersecting sets of deformation bands, indicating that the
deformation bands reflect the same deformation as the large-scale

faults (or vise versa). In some cases, the deformation bands also
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Figure 13. Zones of deformation bands consisting of multiple, closely
associated deformation bands. (a) Zone formed by single bands anasto-
mosing into a braided character. Vertical view of Iower Hickory Sand-
stone. Pencil is 12 cm long. (b) Ordered network of bands developed
by the interaction of two primary deformation bands (PDB) that create
an intervening secondary fault zone (SFZ) (discussed by Hedgcoxe,
1987). Sense of offset between primary deformation bands is right
lateral. Brunton compass for scale.
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Figure 14. Intersecting sets of deformation bands typically with an
acute angle <60 degrees. (a) Predominant acute angle in Middie Hickory
Sandstone outcrop in photo is 60 degrees. Bedding plane view. (b) two
intersecting sets of deformation bands in cross-sectional view forming
rhombchedral-shaped blocks bounded by bands. (c) Orthorhombic symmetry
formed when deformation bands intersect on bedding plane and cross-
sectional views at same outcrop. Thus, a total of four sets of faults
shown (lower hemisphere projection; bedding=outer primitive circle).
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mfleccaspec:softhedetemationsudaasthedmninamslipdireccim
and large-fault attitude, often not reflected by the large-scale
faults,

The thickness of the gouge zone of deformation bands varies bet-
weaatheﬂmeelmmleozoicunitaamdeperﬂspﬁmaruymﬂ\ehost
rock textural and compositional characteristics., Within any one bed-
ding horizon containing similar textural and compositional characteris-
tics, the amount of displacement appears to have only a slight effect
on band width. To examine this effect, eighty-one single deformation
bands were measured for apparent offset and thickness in a plane
Youghly parallel to the slip vector where the dip-slip compenent domi-
nated. Care was taken to measure these parameters within the same
stratigraphic horizon to minimize the effects of compositional and
textural variations.

In this horizen of the Middle Hickory, the deformation band widths
exhibit a broad dispersion primarily between 0.2 and 2 mm (Fig. 15).
Displacements along the single deformation bands also exhibit a high
degree of dispersion but typically cluster between 0.5 and 4.0 mm. The
lazqestmsareddisplacementalcngasinglebmdatthiswtampislo
mm with a corresponding width of 4.0 mm. The plot of apparent offset
versus deformation band thickness shows a significant variation, but it
indicates that, on the average, the gouge zone thickness increases with
displacement for displacements less than or equal to 10 mm. This is
not necessarily true in a comparison between differing bedding horizons
or other lithologic units.

The thickness of bards in the Lower Comanche Creek area typically
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Figure 15. Gouge-zone thickness as a function of displacement for 81
single deformation bands in the Middle Hickory Sandstone. All measure-
ments taken in one bedding horizen to minimize effects of variations in
grain size, porosity, sorting and structural position. Measurements
made at south end of Bare Hill.

53



ranges between 0.2 and 3.0 mm, although band width can reach up to 5.0
mm. In the coarse-grained beds of the Lower and Middle Hickory and
Welge Sandstones, the individual deformation bands average 0.5 to >L.5
mm thick, whe:easinthefmer-gminedbedsinthelﬁddleﬂicmryam
Cap Mountain Limestone, single bands are generally <0.5 mm in width.
This cbservation is most noticeable at outcrops where deformation bands
transect alternating coarse and fine-grained beds or cross-bedded
sequences. In the coarse-grained beds, individual deformation bands
are thick (up to 2.0 mm) and commonly form peds consisting of two or
three deformation bands. The thickness of the deformation bands
greatly decreases (typically to <0.5 mm) in the fine-grained beds.
Also, the deformation bands commenly decrease in density upon entering
the fine-grained beds. Within subsequent coarse—grained beds, the thin
bands frequently return to multiple, thick deformation bands similar in
widthtcﬂxebarﬁsintheprevims, coarse-grained bed (Fig. 16).

Moreover, the deformation band changes character and thickness
when it passes through a very fine siltstone or shale bed between two
sandstone beds. Within the two sandstone beds, the single band con-
sists of a comminuted zone of definable thickness. However, within the
siltstone or shale layer, the band is manifest as a very thin, discrete
small fault with detectable offset, yet does not display a detectable
gouge zone of commirnuted material.

Deformation bands within the conglomerate beds of the Middle
Hickory Sandstone will often transect flat pekbles. Where this occurs,
the bands will frequently be quite thick, possibly indicating dilation
normal to the plane of the band, and yet display very little shear
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Figure 16. Deformation bands in the Lower Hickory Sandstone traversing
coarse and fine-grained beds. Note band thickness decrease, density
decrease and color change in fine-grained bed in center of photo.
Bands in coarse-grained bed also exhibit raised-relief character more
than in the fine—grained bed. View is a vertical outcrop face.



displacement as evidenced by little offset of the pebbles. This chser-
vation perhaps suggests that the gouge zone material is slightly flui-
dized and, consequently, is somewhat mcbile in the plane of the defor—
mation band. If this is true, then the fabric development due to
shearing motions may be altered or unrecognizable.

To assess the dependence of deformation band thickness on the host
rock grain size, six samples of Hickory Sandstone were used to measure
these parameters (Fig. 17). Measurements were made using a scaled
pocket micrometer capable of measuring grains or band widths to 0.05
mm. A total of 165 to 301 grains were measured per sample and every
deformation band within a sample was measured. The samples have a
range of mean grain size from 0.14 to 0.47 mm and a range of mean
deformation band thickness between 0.32 and 1.06 mm (Table 1). The
plot of mean grain size versus mean deformation band thickness shows a
slightly variable correlation, but a definite increase in deformation
bard width with increasing grain size.

Orientations. Nearly 500 deformation band orientations were mea-
sured and plotted on lower hemisphere, egual area sterecnets to ascer-
tain spatial relationships of the mesoscopic structure. The bands were
divided into the three areas defined previously in the macroscopic
fault section to minimize overprinting of visually distinct band orien-
tations from one area onto ancther.

Generally, all three areas demonstrate a strong northeast trend of
the deformaticn bands with steep dips typically ranging between 70 and
90 degrees. The orientation diagrams each illustrate a girdle pattern
with trends primarily between N1OE and N70E. Northwest trending defor-
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Figure 17. Deformation band thickness as a function of mean grain size
for 6 hand samples. Measurements made using a pocket micrometer capable
of measuring to 0.05 mm. See Table 1 for a summary of measurements.
Total of 265 deformation band widths and 1410 grain diameters measured.



ry
Grain Size/Deformation Band Width Measurements

Nmber of
Sample Deformation Bands
Rock Type Namber Measured
Hickory SS 205 47
Hickory SS 14 52
Bimodal
Hickory SS 150+ 15
Hickory SS 207 34
Hickory sSS 206 36
Hickory S8 150X 81

Deformation
Band Width (mm)
Mean S.D. Range
0.32 0.12 0.15-0.7
0.59 0.23 0.2-1.2
0.67 0.23 0.4-0.9
0.64 0.20 0.3-1.0
1.06 0.32 0.6-2.0
0.37 0.12 0.15-0.8

TRABLE 1

Surma;

of

Number of
Grains
Measured

301
165

181
281
281
201

Grain Size (mm)

Mean

0.17

0.36

0.47
0.21
0.28

0.14

S.D.

0.07
0.12

0.32
0.09
0.11

0.05

Range

0.05~0.4
0.1-0.9

0.05-1.8
0.1-0.5
0.1-0.8
0.05-0.3
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mation bands are generally rare in the Lower Comanche Creek area except
in localized areas. East-west trending bands can be common, although
most bands measurements are either associated with the large east-west
trending section of the Kettner Fault or with anthetic faults formed in
secondary fault zones (SFZ's) (Hedgcoxe and Johnson, 1986; Hedgcoxe,
1987) developed along northeast-trending faults.

The preferred orientations of deformation bards in Area 1 form a
girdle pattern primarily between NISE and N36F, with a mean cancentra-
tion of about N18E (Fig. 18). Two additional concentrations are
oriented approximately N64E and N27E. The mean concentration oriented
about N18E is close to the large fault strike rosette concentration
A:N25-30E (Fig. 10, p. 42). Also, the N64E preferred concentration
roughly parallels the large-fault strike rosette concentration D:N6S-
70E (Fig. 10, p. 42). These two large-fault concentrations (A and D)
dominate in Area 1, and it is not surprising that the deformation bands
nearly parallel these orientations. However, both deformation-band
strike orientations are slightly deviated from the dominant main fault
orientations in Area 1.

Area 2 displays preferred orientations of deformation bands in a
girdle pattern between N12E and N48E with a mean roughly at N3CE (Fig.
19). This orientation correlates with a primary large-fault strike
rosette concentration of NISE to N35E (A and B, respectively, Fig. 10,
p. 42). A second concentration of deformation bands oriented about
N6OE could correlate to the large-fault concentration D;N60-70E. Also
in Area 2, the east-west trending segment of the Kettner Fault is
visible in both the large-fault strike rosette (Fig. 10, p. 42) and the
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Figure 18. Scatter (18a), contour (18b), and rose (18c) diagrams
illustrating preferred orientations of deformation bands in Area 1.
Total of 218 points contoured on lower hemisphere, egual area projec-
tion. Contour intervals 1, 2, 3, 5, 7, 9, 11, 13, and >15% per 1%
area. Rosediaqramcmstnwtedfctdefmatimbmﬁstrﬂ(e.
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Figure 19. Scatter (19a), contour (19b), and rose (19c) diagranms
illustrating preferred orientations of deformation bands in Area 2.
Total of 64 points contoured on lower hemisphere, equal area projec-
tion. Contour intervals 1, 2, 3, 5, 7, 9, 11, 13, and >15% per 1%
area. Rose diagram constructed for deformaticn band strike.



deformation band stereonet diagram (Fig. 19).

In contrast, preferred deformation band trends in Area 3 are
criented more easterly and occur in a smaller girdle pattern than those
in Areas 1 and 2 (Fig. 20). The bands are oriented primarily between
N26E and N60OE with a mean at approximately N4SE and N61E. These orien-
tations agree closely with the large-fault strike rosette orientations
between NSOE and N7CE (Fig. 10, p. 42). Also in Area 3, the northwest-
trending deformation bands, associated with the macroscopic faulting in
the southeast commer of the study area, are illustrated.

~ Deformation bands also were plotted for individual measurement
stations around the Bare Hill area where Middle Hickory Sandstone crops
out in particularly good exposures (Fig, 21). The individual pole
diagrams illustrate the high variability in deformation band trends in
a localized area. Measurement stations 1 through 3 illustrate similar
trerds in deformation band develcpment. In contrast, station 4 illus-
trates a more easterly trend. Large faults near stations 1, 2, and 3
trend roughly N20E, whereas faults just east of station 4 are more
easterly criented.

Also, within a localized area, the deformation bands demonstrate
slip directions similar to the large-displacement and minor faults.
For example, at the south end of Bare Hill, the deformation bands
predominantly display a down-to-the-southeast cblique slip direction.
North of Bare Hill, the deformation bands predominantly display a down—
to-the-northwest slip direction that correlates with the large-
displacement fault northeast of Bare Hill (Fig. 21). This demonstrates

the complexities associated with the macroscopic and mesoscopic
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Figure 20. Scatter (20a), contour (20b), and rose (20c) diagrams
illustrating preferred orientations of deformation bands in Area 3.
Total of 66 points contoured on lower hemisphere, equal area projec—
tion. Contour intervals i, 2, 3, 5, 7, 9, 11, 13, and >15% per 1%
area. Rose diagram constructed for deformation band strike.
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Figure 21. Scatter diagrams of deformaticn band orientations measured
arcund the scuth and north ends of Bare Hill., Also, scatter diagram
(b) of fractures measured south of the Bare Hill area in Packsaddle
Schist. See Plate 1 for location of Bare Hill area in northeast
cornmer of Lower Comanche Creek area.



faulting in a localized area.

Displacement Characteristics. Displacements along single deforma-
tion bands typically range between <1.0 mm to 1.0 cm depending on the
host rock unit. Zones of deformation bards consisting of two or more
single bands display a cumulative offset ard commonly average arcund
0.5 to 2.0 cm of displacement. These offsets are not difficult to
detect, although the amount and true sense of offset are not always
discernable. In rare cross-sectional exposures of the Lower Hickory,
bedding laminations and cross-bedding provide marker beds to help
determine offset amount and orientation (Fig. 22 a). However, at most
ocutcrops, intersecting deformaticn bands that offset each other provide
the only means of measuring the relative sense of movement (Fig. 22 k).
Generally, in finer-grained rocks, the displacements are slightly
larger along bands than in coarser-grained rock units.

Within a single band, there typically appears to be no discrete
slip surface developed, but rather the displacement is distributed
across the entire width of the band. However, when slip surfaces are
exposed, they usually occur along one band/host rock interface and
contain slickenside grooves. These slickensided surfaces reveal the
curviplanar nature of the deformation bands in three dimensions and
exhibit the direction of slip. Since the displacements along the bands
are generally small, the slickensides probably represent the entire
dQisplacement vector and not just the last recorded movement along the
slip surface.

Displacement cccurs in normal, reverse and strike slip directions
although typically the displacement vector is a combination of these
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Figure 22. Displacement associated with small faults manifest by: (a)
of fset bedding markers in cross-sectional view and (b) offset defor-
mation bands in bedding plane (horizontal) view. Pencil in (a) is 12
cm long; centimeter scale in (b).
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which results in cblique slip motions. Consequently, measurements of
displacement on bedding plane or cross-sectional views are typically
only apparent displacement and not a true measurement of the amount of
slip. Measurements of slickensides at the southwestern end of Bare
Hill indicate a dominant horizontal component to the slip vector (Fig.
23). In that particular cross-sectional view, all slickensides indi-
cate right lateral cbligue slip moticns and have rake angles between 5
and 27 degrees from the horizontal.

Reverse slip motions are also present along many single deforma-
tion bands, particularly in the Lower and Middle Hickory Sandstone
(Fig. 24 a). The apparent offset along many of these bands is on the
order of a few millimeters or more. In nearly all cases, the deforma-
tion bands with reverse movements are asscciated with a larger zone of
bands, which overall have normal or obligue slip motion. The bands
with reverse slip are usually contained within certain stratigraphic
horizons and form in an antithetic attitude to the large zone of bands
displaying normel slip motions (Fig. 24 b). This orientation appears
to alleviate "room problems" resulting from movement along the zone of
normal slip.

Nermal drag is occasionally present along deformation bands in the
Iower and Middle Hickory. Figure 25 shows a small zone of deformation
bands with about 4 c¢m of normal offset. Normal drag is developed on
the downthrown side, and an antithetic zone of deformation bands has
formed that also shows normal slip. Although difficult to see in this
picture, there are aburdant, very thin deformation bands present bet-
ween the two larger zones of bands. The effect of the smaller deforma-
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Figure 23. Slip vectors (black dots) manifest as slickensides on
exposed deformation band surfaces at the south end of Bare Kill. Rake
angles vary between 5 and 27 degrees from the horizontal and indicate
ablique-slip with a strong component of horizontal displacement.



.

Figure 24. Deformation bands displaying reverse-slip displacements in
the Middle Hickory Sandstone. (a) About 4 cm of displacement. Note
small deformation bands to right of main band that exhibits normal-slip
displacement. (b) Deformation bands with reverse-slip displacement
formed in antithetic attitudes as a result of movement along the small
(labeled) zone displaying normal-slip. Centimeter scale in (a); Pencil
for scale in (b).

69



Figure 25. Normal drag formed as a result of normal-displacement along
closely spaced deformation bands. About 3 cm of displacement along
main deformation band (MDB) and 2 cm of cumulative displacement along
smaller deformation bands for a total of about 5 cm of normal offset.
View is a vertical face in the Middle Hickory Sandstone. Pointer for
scale is 15 cm long.
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tion bands is visible in the two lighter-colored layers in the middle
of the photograph. In that area, the lighter-colored layers are small
blocks which are broken along discrete surfaces and demonstrate rigid-
body rotation. The numerous small deformation bands cumulatively
account for the normal drag.

Fractures. Fractures are also a common brittle deformational
structure occurring in the Paleozic and Precambrian rocks in the Iower
Comanche Creek area. Fracturing is more common in the Cap Mountain
Limestone and the Precambrian rocks than in the Hickory and Welge
Sandstones. This discussion of fractures is limited to cbservations
made primarily in exposures of the Precambrian rocks. Becker (1985)
gives a more detailed description of fracturing in the Paleozoic rocks
in the Mason Fault area. He describes three general types of frac-
tures: straight, segmented, and en échelon.

Fractures in the Precambrian rocks are characterized typically by
regularly spaced, linear segments on outcrop surfaces that do not stand
cut in relief. Spacing between fractures in sets typically ranges
between 10 and 30 cm. The exposed fracture planes commonly have smooth
polished surfaces yet lack the trace of lineations on these surfaces.
Dips measured for fracture planes are relatively steep and usually
greater than 80 degrees. Offsets were not cbserved along fractures in
the outcrops investigated. Fractures in an area south of Bare Hill
have strike orientations that often parallel the primary set of defor-
mation bands within the overlying Hickory Sandstone (see Fig. 21, p.

64).
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Chapter IV
MICROSCOPIC OBSERVATIONS

The microscopic observations focus on the brittle deformation
mechanisms cperating at the grain scale. In particular, this chapter
describes the characteristics of the deformation bands in thin section,
the nature of the microfractures, the characteristics of the cementing
materials, and the inferred effect of the cement on the grain-scale
deformation.

Representative samples from the fine-grained section of the Lower
Hickory Sandstone, the Cap Mountain Limestane and the Welge Sandstone
were used to describe the host rock characteristics and deformation
bands, as well as to map the associated microfracture spatial distribu-
tions. Microfracture orientations and lengths were measured for each
sample described above. In addition, measurements along traverses
parallel to the deformation bands were utilized for describing the
grain-size reduction and microfracture density. A grain-boundary index
was determined to represent the percentage of a single-grain boundary
that is composed of a broken or fractured section.

In thin section, the Hickory Sardstone, Cap Mountain ILimestone and
Welge Sandstone are characterized by sub- to weli-rcunded host-rock
quartz grains cemented primarily with hematite and calcite. In addi-
tion to detrital quartz, the compositions of the Hickory and Welge
Sarﬂstwﬂscontainfeldqoaramadiscemablepemntaqeofsmry
quartz in the form of quartz overgrowths. In contrast, the quartz
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sandstone of the lowermost Cap Mountain Limestone does not exhibit
quartz overgrowths, but has about 6% carbonate grains and hematite
ooids. The porosity varies between 14 and 15.4% for the Hickory and

Welge ard is sc less for the Cap Mountain Limestone at

7.7%. These values, determined from thin sections, are within the
range of porosity values determined using a water saturation method.
The host rock compositicnal and porosity characteristics are summarized
in Table 2.

Deformation Band Characteristics

In thin section, deformation bands are characterized by a thin
gouge zone (typically <0.5 mm) of fractured and highly comminuted
grains (Fig. 26). The gouge-zone material typically has a strongly
skewed grain-size distrikution dominated by grains less than 0.05 mm in
diameter (discussed subsequently). The gouge material is angular, and
thin rims of hematite and/or overgrowths of quartz often surrocund the
angular grains.

Within a typical gouge zone, a few large, relatively unfractured
grains are intermixed and surrounded by the fine-grained gouge
material. Most of the large grains display numerous intragranular
microfractures, and they usually exhibit a broken grain boundary.
However, some of the large grains in the zone are unfractured. In
gouge zones associated with a large amount of shearing (displacements
on the order of a centimeter), relative movement across intragrarular
microfractures gives these large grains a somewhat dilated and
distorted form (Fig. 27). Occasionally, a slightly linear fabric is
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Thin  Number of

‘TABLE 2

Host Rock Characteristics

Composition

Section Grains

Cement. Thin Porosity
Detrital Secondary Carbomte/ ————~~m~——— Section Range
Rock Type  Mmmber Counted Quartz Quartz 1 Feldspar Fragrent: ooids  Calcite Hematite Porosity 2 (\) k]
Hickory sS 202 8 350 54 n 1 3 0 o 7 114 8.2 to 17.4
Cap Mountain
Limestone 184 BT 350 44 0 10.8 1.7 6 16.8 u 1.1 3.8 to 6.1
Welge SS 209 A 350 63 10.3 4 trace q 0 7 15.4 14.6 to 17.4

NOTES: 1. Secondary quartz as quartz overgrowths,
2. Porosity determined by point count along linear traverses.

3. Porosity range

by water method on cylindrical host rock blocks of each rock type.
Reported range is for all samples of each rock type.
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Figure 26. Typical deformation band in Hickory Sandstone thin st?ction
characterized by a thin gouge zone of fractured and highly comminuted
grains. Gouge zone is 1.3 mm wide. Partially-polarized light; scale

bar is 0.5 mm;



76

Figure 27. large, microfractured grain in the gouge zone producing
numerous fragments that have rotated, translated and become incorpo-
rated into the gouge material. The original grain boundary can still
be distinguished. Hickory Sandstone. Partially-polarized light; scale
bar is 0.5 mm.



developed roughly parallel to the plane of the gouge zone, reflecting
the aligrment of rcd-shaped slivers of host rock grains produced by the
large-grain microfracturing and intragrammlar movements (Fig. 28).

The contact between gouge material and host-rock grains is usually
sharp. The edge of the deformation band can be delineated typically
within one grain diameter. Along the band edge, there is often a very
thin zone, typically one or two grain diameters thick, that exhibits a
reduction in pore space (Fig. 29). Grain contacts in this thin zone
are commonly tangential (i.e., point contacts), long or concavo-convex.
Most concavo-convex arxd long contacts appear to result from pressure-
solution at grain contact points. Also concentrated in this zone are
intragramular microfractures that transect grains between the tangen-
tial, long and concavo-convex cortacts.

In the Welge Sandstone thin saections, very fine-grained material
resembling angular gouge zone material is present along one side of the
pore spaces. This material is present up to 5 mm away from the defor—
mation bands in the host rock. The consistent position of this
material (i.e., polarity) plus its location away froem the gouge zone
is interpreted to reflect transport via pore fluid movement. This
cbservation indicates the presence and movement of fluids within the
host rock prior to a high degree of induration of the gouge zone
material.

In the Cap Mountain Limestone, the gouge material consists almost
entirely of comminuted quartz grains and hematite that are present in
the host rock. In contrast with the adjacent host rock, very little
calcite cement is found within the gouge zone.
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Figure 28. Elongated grain fragments produced by a concentration of
microfractures in a quartz grain adjacent to a gouge zone. Elongated
fragments can produce a linear fabric within a gouge zone upon allgn-
ment. Hickory Sandstone. Partially-polarized light; scale bar is 0.5

mm.
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Figure 29. Thin zone lmmediately adjacent to a deformation band
characterized by a reduction in pore space, an increase in concavo-
convex (CC) and long (LC) contacts and by 1ntragram11ar microfractures
(MF). Hickory Sandstone. Plain light; scale bar is 0.5 mm.



Porosity within the gouge zone in the Hickory and Welge Sandstones
is greatly reduced from that of the host rock. The porocsity is esti-
mated at less than 1%. The pores between the very small grains of the
gouge material often appear to be filled with gquartz overgrowths. In
contrast, some samples within the Cap Mountain Limestone display a
relatively high degree of porosity locally within the gouge zone.

The terminus of a deformation band was dbserved in a Welge Sand-
stone sample. At the termination, the gouge material abruptly ends
within one grain diameter, and large pore spaces are present just
beyond the termimus. Microfractures within the host rock and parallel
to the gouge zone are present at this point although not in greater
abundance than the bulk of the surrounding host rock material.
Whether this represents a typical termination is not known since this
is the only examined sample that contains a deformation-band

termination.

Grain Size Reductions

Iong axes of quartz grains were measured along parallel traverses
within the deformaticn band gouge zone and at 2 and 4 mm away from the
gouge zone boundary in order to determine grain-size reductions asso-
ciated with the brittle deformation. Grain size within the gouge zone
is typically less than 0.05 mm, although the histograms for the gouge
zones indicate a skewed distribution toward even finer grain sizes
(Fig. 30). In all samples, the smallest mean grain size occurs within
the gouge zone. Additionally, the mean grain size at 2 mm from the
gouge zone is less than that at 4 mm away, indicating increased grain
breakage toward the deformation band (Fig. 31).
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Figure 30, Histograms of grain size for traverses within and at 2 mm and 4 mn
avay from the gouge zane, Grain sizes determined by point count measurements of
long axes for 100 grains in each traverse. Crh=Hickory Sandstane; Cro=Cap Moun-
tain Limestone; Cww=Welge Sandstone.
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Figure 31. Mean grain size for the Hickory and Welge Sandstones and
Cap Mountain Limestcne as a function of distance from the center of the
gouge zone. The decrease in grain size from 4 mm to 2 mm from the zone
reflects the slightly lessor degree of grain breakage than that found
closer to the gouge zZone.
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Grain Deformation

Brittle deformation on the grain-scale is caused primarily by the
formation and subsequent linkage of intragranular microfractures con=
necting points of grain comtacts (Fig. 32). The microfracturing occurs
throuchout the host rock with a relatively uniform density, but there
is a concentration of microfractures localized adjacent to the deforma-
tion bands. Microfractures occur in all grain types including phospha—
tic and carbonate grains and hematite coids. Furthermere, quartz over—
growths in the Hickory and Welge Sandstones are found both fractured
ard unfractured. There are three basic types of microfractures ldenti-
fied by morphology: through-going contact-contact fractures (Type-1);
wedge~shaped fractures (Type-2); and microfractures that result in
grain pulverization (Type-3). These three microfracture types are
separated herein to facilitate discussion purposes. However, they may
be related and represent a single type of microfracture that has
developed to differing degrees.

Type-1 microfractures connect points cof grain contact and predomi-
nate in each unit where the host rock exhibits a grain-supported tex-
ture., The microfractures often transect the entire grain. They typi-
cally have a freguency of one to three per grain, depending on the
number of surrounding grain contacts (Fig. 33). These fractures can be
linear or slightly curved and exhibit a discernable preferred orienta=
tion within the host rock (discussed subsequently). The through-going
microfractures often link together to form a continucus microfracture
three to four grain diameters in length.
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Figure 32. Intragranular microfractures connecting grain contacts in
the Hickory Sandstone. Note the slight amount of translation of the
grain fragments associated with movement along the microfractures.
Hickory Sandstone. Partially-polarized light; scale bar is 0.1 mm.
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Figure 33. Type-l microfractures in the Welge Sardstone that connect
point contacts. Type-1 microfractures typically form with a frequency
of one to three per grain separating the grain into two or more frag-
ments. Partially-polarized light; scale bar is 0.5 mm.



The Type-1 microfractures are often healed, as evidenced by linear
trains of bukbles that traverse grains between the comtact points (Fig.
34). These bubble trails show varying degrees of healing along their
length. The trails are roughly planar with the leading edge containing
spherical bubbles. The spherical bubbles become elongated rods and
"dog=bone shaped" along the healing fracture plane, presumably repre=-
senting a lesser degree of healing (Smith and Evans, 1982).

Both bubble trails and microfractures occur in grains within amd
external to the deformation bands and can coexist within a single
grain. Like the microfractures, the bubble lineations alsc display
systematic orientations within the host rock. Infrequently, bubble
lineations are also seen offsetting other bukble lineations at nearly
right angles within a single grain (Fig. 35). The bubble lineations
are interpreted to be healed microfractures. Their presence, together
with cross-cutting relationships, may be indicative of multiple event
brittle deformation, possibly with contemporanecus soluticn=-related
crack healing.

The second microfracture type (Type-2) is characterized by an
arcuate shape and although they appear to originate at grain contacts,
they do not fully penetrate the grain. They are typically wedge-shaped
with the widest part located at the grain boundary (Fig. 36). The
wedge-shaped fractures often are not healed as demonstrated by the lack
of bubble trains formed in this orientaticn. Also, the wedge-shaped
microfractures frequently have a thin hematite coating on the fracture
surface in the Hickory and Welge Sandstones. In the Cap Mountain

Limestone, the Type-2 microfractures may have a hematite or calcite
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Figure 34. Healed Type-l1 microfractures manifest as linear trails of
fluid or bubble inclusions that traverse the grains between contact
points. "Undeformed" Lower Hickory Sandstone sample. Partially-

polarized light; scale bar is 0.5 mm.



Figure 35. Offsetting bubble lineations at nearly right angles in
Hickory Sandstone sample Crh 202T. Offset is left lateral. Partially-
polarized light; scale bar is 0.5 mm.
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Figure 36. Type-2 wedge-shaped microfracture that partially penetrates
the grain. The wedge-shaped microfractures are typically wider at the
grain boundary and are usually not marked by healed planes of bubble
lineations. Partially-polarized light; scale bar is 0.2 mm.



coating cn the fracture surface.

Type-3 microfractures are characterized by a dense array of micro-
fractures that result in full or partial pulverization of a grain (Fig.
37). They are common in grains contained in the thin zone of reduced
porosity immediately adjacent to the deformation bands. This micro-
fracture type, in many cases, represents Type-l grain-contact fractures
but to a greater density within a single grain. The Type-3 microfrac-
tures typically ocour in grains where long and concavo-corvex contacts
occur with neighboring grains. The fracturing often displays a splay
pattern that produces elongated, angular fragments., Small displace-
ments are discernable alcng many of the Type-3 microfractures within a
single grain, Relative displacement along the microfractures results
in irregular-shaped grain boundaries (Fig. 38; also see Fig. 27, p.
76); although the original grain shape is usually roughly maintained.
The grains with Type-3 microfractures often display a mosaic extinction
pattern (Fig. 39). This mosaic extinction appears to be caused by
brittle fracturing accompanied by rigid-body rotation and translation
of the fragments that result in small crystallographic re-crientatiens.

Microfracture Orientaticn and Density

Microfracture maps were constructed in crder to determine the
spatial distribution and orientations of the microfractures. Rosettes
of microfracture strike were constructed for each microfracture map to
statistically analyze microfracture crientations. The strike rosettes
were constructed from a random sampling of microfractures within the
host-rock grains, A linear traverse point-count method was not used to
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Figure 37. Type-3 microfractures manifest as a dense array of micro-
fractures within a single grain that result in full or partial pulveri-
zation of the grain. Grain boundaries of these pulverized grains are
typically concavo-convex or long. This type of fracturing is most
prevalent immediately adjacent to the gouge zone. Note small grain
fragments have rotated and translated. Adjacent grains display Type-3
microfracturing only in small sections. Partially-polarized light;
scale bar is 0.5 mm.



Figure 38. Intragranular movements resulting in translation and rota-
tion of grain fragments and producing irregularly-shaped, but dis-
tinguishable grain boundaries. Hickory Sandstone. Partially-polarized
light; scale bar is 0.5 mm.
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Figure 39. Mosaic extinction pattern manifest in a single grain by
small crystallographic re-orientations due to rigid-body translation
and rotation of the grain fragments. Hickory Sandstone sample Crh 164.
Partially-polarized light; scale bar is 0.5 mm.



avoid a potential sampling bias introduced by not counting fractures
that parallel the traverse direction, and thus do not cross the micro-
scope cross-hairs. Within a single, randomly sampled grain, all single
microfractures or microfracture sets were measured. Figures 40 through
43 illustrate microfracture meps for the Hickory Sandstone, Cap Moun-
tain Limestone and Welge Sandstone, respectively. The strike rosettes
for bubble lineations, microfractures and combined bubble train/micro-
fracture orientations are also illustrated. The microfracture maps
are views perperdicular to the plane of the deformation bands in either
a horizontal (i.e., bedding plane) or vertical orientation. A common
arbitrary reference direction is used for both the microfracture maps
and the strike rosettes. For presentation purposes, this arbitrary
reference direction is referred to as North.

The most distinctive feature of the microfracture maps is the
pervasive distribution of the microfractures in each sample. Even in
the host rock areas that appear mesoscopically undeformed, fractures
and bukble lineations are prevalert. Linear densities of microfrac-
tures (i.e., average number per mm) that were determined along
traverses parallel to the deformation bards, are greatest within and
immediately adjacent to the bands (Table 3). At a distance of 2 and 4
mm away from the bands, the linear density of microfractures obtains a
smaller, but constant, non-zero value (Table 3).

The rose diagrams of microfracture strike exhibit a relatively
strong preferred orientation for both the bubble lineations and the
microfractures. Generally, the strikes of both the bubble lineations
and microfractures differ about 30 to 50 degrees from the strike of the
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N=150

Figure 40. Microfracture map (a) and strike rosettes for Hickory
Sandstone sample Crh 202T. Deformaticn bands on bedding plane view
contain both left and right-lateral slip. This map is perperdicular to
microfracture map Crh 2025 (Fig. 41a) and shares a common deformation
band to both maps, labelled "CDB". Scale bar of microfractures is 5
mm. Strike rosettes are separated into orientations of microfractures
(b), bubble lineations (c), and combined (d). Strike rosettes plotted
as a percentage of total measured; 5% scale bar indicated. n=total
orientations measured.
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Figure 41. Microfracture map (a) and strike rosette for Hickory Sand-
stone sample Crh 202S. View is a vertical face with the predominant
slip direction perpendicular to the plane of the map. A slight com-
ponent of normal slip is visible in this map (arrows). Deformation
band common to Fig. 40a labelled "CDB". Scale bar of microfracture map
is 5 mm. Strike rosette (b) for both bubble lineations and
microfractures. Strike rosette plotted as a percentage of total
microfractures and bubble lineations measured; 5% scale bar indicated.
r=total orientations measured.
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Table 3
himfcacmre Linear Density

(microfractures/mm)
Sample Gouge Edge of 2 m from 4 m from
Nurber _Zone  Gouge Zone Gouge Zone Gouge Zone
X s X 8 X s X s
Crh 2028 7.6 2.5 8.5 1.7 6.2 1.4 6.0 1.8
Crc 184BT 11.5 2.2 9.7 2.1 6.2 1.9 6.1 1.6
CQww 2092 9.6 2.0 8.9 2.0 5.0 1.5 4.6 1.5

Note: Idnaarmimtracb;redmsityalmlatedastheaveragemmber
of fractures per millimeter for a two-centimeter traverse (X);
S = Standard deviation.
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deformation band.

Twe microfracture maps were constructed for Hickory Sandstone
sample Crh 202 (Figs. 40 and 41). These two microfracture maps are
oriented perpendicular to each other and share a common deformation
band (labeled CDB on the maps). The first map (Fig. 40) is a bedding
plane (i.e,, horizontal) view and displays both left and right-lateral
slip directions. The second map (Fig. 41) is a vertical view perpen-
dicular to bedding and the plane of the deformation band and displays a
small amount of right lateral offset.

The first Hickory Sandstone microfracture map (Fig. 40a, Sample
Crh 202T) is oriented perpendicular to the deformation bands locking
down on a horizontal bedding surface, and the main component of slip is
parallel to the plane of the diagram. In this map, the magnitude of
the displacement along the deformation bands varies between 0.68 and
113 mm. There also is a slight component of normal displacement (0.3
mm) into and cut of the plane of the section along the band marked CDB,
Both the bukble lineations and microfractures exhibit relatively stromny
preferred crientations. The bubble lineations are oriented primarily
between N3CE and N4OE (Fig. 40b). However, microfracture orientations
display concentrations oriented N1OE and N60E with a lesser concentra-
tion about N4OE (Fig. 40¢). No prominent northwest trending microfrac-
tures are present. The combined bubble lineation/microfracture strike
rosette displays a strong preferred northeasterly orientation (Fig.
40d), The northeasterly-trending orientations form an angle roughly 30
to 60 degrees with the set of deformation bands trending north-south
and containing the greatest amount of slip.
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The second microfracture map and associated strike rosette for
Hickory Sandstone sample Crh 2028 (Fig. 41a) shows a diffuse range of
orientations. The bubble lineations and microfractures are not sepa-
rated in the rose diagram (Fig. 41b), This figure is oriented as a
vertical face roughly perpendicular to the plane of the band, In the
plane of the thin section, the relative displacement along the main
deformation band (CDB) is right lateral and totals about 0.3 mm.
However, the component of displacement normal to the plane of the
section predominates. This deformation band is common to the map of
sample Crh 202 T (Fig. 40a). Two slightly preferred orientations
occur, cne roughly parallel to the deformation band and ancther concen=
tration oriented about N70E. A diffuse fan concentration also exists
between N25W and N4SE.

Figure 42 presents the microfracture map and associated strike
rosettes for Cap Mountain Limestone sample Crc 184BT. This map is a
horizental view with the dominant slip direction in the plane of the
map. The bubble lineations display a strong preferred orientation of
about N30-40E (Fig. 42b). The orientations of the microfractures
exhibit a more diffuse character but preferentially strike north-
easterly (Fig. 42c). The northeasterly-trending concentrations are
oriented between N1OE and N60E. Taken as a whole, the bubble-linea-
tions and microfractures strike preferrentially N30-40E, roughly at an
argle of 35-45 degrees relative to the deformation band. Based on the
microfracture and deformation band orientations, the sense of offset is

postulated to be right lateral.
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The microfracture map for the Welge Sandstone sample Cww 2092 is a
bedding plane view of the deformation band (Fig. 43a). The relative
sense and amount of offset along the band could not be determined. The
bubble lineations for the Welge Sandstone display primarily three
preferred orientations (Fig. 43b), the strongest at N50-70W and
slightly weaker concentrations at N20E and N60E. Microfractures also
display three preferred orientations at N60-80E, NSOW and NSOW with the
strongest concentration at N60-80E (Fig. 43c). The combined strike
rosette displays a diffuse range of orientations 40 to 50 degrees to
either side of the strike of the deformation band (Fig. 43d). Slight
concentrations 10 to 30 degrees on either side of the deformation band
strike also occur.

Microfracture Iength

Lengths ‘of 150 to 425 microfractures were measured along linear
traverses in each thin section., Histograms of microfracture length are
presented in Figure 44. The histograms display nearly normal distribu-
tions but are slightly skewed to the smaller fracture lengths. The
mean microfracture length for each thin section is essentially equal to
the mean grain size. This relationship between mean microfracture
length and mean grain size is not suprising since most microfractures
transect the grains between point contacts.

Grain Boundary Index
To qualitatively determine the degree of grain deformation in the
host rock and gouge zone, a grain-boundary index was determined. The
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grain-boundary index is defined to be the percentage of a grain
boundary that is comprised of a broken or fractured section, Traverses
were made in each thin section within the gouge zone and at 2 and 4 mm
away from the boundary of the gouge zone. Along each traverse, the
boundaries of 100 grains were qualitatively classified into four
categories representing the percentage of each grain boundary that is
fractured. The categories include: (1) intact grain boundaries, (2)
<30% of grain boundary is broken, (3) 30-60% of grain boundary is
broken, and (4) >60% of grain boundary is broken.
The grain-boundary index for each sample is illustrated in Figure
45. For gouge zones, this index indicates that the majority of grains
are >60% broken with only a small percentage of grains (<10%) totally
intact. Numercus grains within the gouge zone fall in the intermediate
group with 16-30% of the grains having an index of 3 (20-60% broken).
Almost all of the large grains within the gouge zones display at least
some breakage of the original grain boundary.
The greatest difference between intact (Index of 1) and >60%
broken (Index of 4) occurs at 4 mm from the zone. Also, Figure 45
illustrates that grains at 2 mm from the zone have undergone some
brittle deformation prabably accompanied by dilational and distortional
movements that result in a relatively large percentage of grains with

indices of 2 and 3.

Cementing Material Observations
The effect of the cementing material within the host rock on the
cataclasis and formation of deformation bands is not well understood.
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Observations of the cements within the Hickory and Welge Sandstones and
Cap Mountain Limestone were made to provide additional insight into the
role of this parameter. The following cbservations focus on the hema-
tite cement and secondary quartz overgrowths in the Hickory and Welge
sandstones and the calcite cement in the Cap Mountain Limestone.

The amount and nature of hematite cement within the Hickory and
Welge Sandstones varies, but is most prominent in the Upper Hickory
Sandstone, Hematite in the Upper Hickory Sandstone occurs both as
ooids and as the primary cement. The coids appear to behave mechani-
cally both in a brittle and ductile manner. Occasionally, the coids
will contain microfractures and actually show a separaticn between the
concentric layering. In contrast, many of the hematite coids are
highly deformed and appesr to have "flowed" into the interstices bet-
ween the quartz grains. In this case, the deformed hematite ooids have
the shape of a multi-pointed star and form a pseudomatrix around the
quartz grains (Fig. 46). Hematite cement occurs in the deformation
bands and host rock as thin stringers and as small spherical shells
that typically surround grains and f£i1l wedge-shaped Type 2 microfrac-
tures. It also appears that hematite inhibits quartz overgrowth within
the Upper Hickory Sandstone.

Quartz overgrowths occur quite commonly in both the Hickory amd
Welge Sandstones. The overgrowths are present primarily as scaly
overgrowths surrounding small grains and sections of larger grains
(Fig. 47). Quartz overgrowths also occur as euhedral crystal faces
that extend into pore spaces (Fig. 48). The overgrowths are in optical
contimiity with the host grains and are typically separated from the
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Figure 46. Deformation of concentric-layered hematite ooid into a
multi-pointed star that appears to have "flowed" into the interstices
between grains. Sample of Cap Mountain Limestone (Crc 184T). Scale

bar is 0.2 mm.



108

Figure 47. Scaly quartz overgrowths surrounding and optically

continuous with a rounded quartz grain. The overgrowth has been frac-
tured and healed as shown by the linear bubble trails traversing both

the grain and overgrowth (arrows). Welge Sandstone sample. Partially-
polarized light; scale bar is 0.1 mm.
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Figure 48. Euhedral-shaped quartz overgrowths that have grown into the
pore spaces between grains. The euhedral overgrowths are not frac-
tured. Hickory Sandstone sample. Partially-polarized light; scale bar
is 0.1 mm.



host grain by a thin "dust" rim. Small overgrowths that surround
numercus fine-grained fragments in the gouge zone are common throughout
the Hickory and Welge Sandstones. 'J:hepresem:eoft\-xecverqmﬁthsin
the gouge zanes may suggest a mechanism for the high degree of indura-
tion and increased resistance to weathering of the deformation bands on
outcrop surfaces.

Fractures within the host rock grains typically penetrate the
overgrowths, indicating that the overgrowth formation precedes the
microfracturing in this case (Fig. 47). However, occasional grain
fractures that do not penetrate quartz overgrowths are also present,
suggesting a post-fracturing time of formation.

’memlcitecenentinthecapmmtammmmaspore-
filling cement and large poikiolitic grains that encompass several
Quartz grains. The mechanical behavior of the calcite cement deperds
on whether the host rock is quartz grain-supported or matrix-supported.
In the grain-supported sections of the Cap Mountain Limestone, the
quartz grains exhibit point contacts, and the calcite cement fills the
interstices between the quartz grains. In this case, the quartz grains
contain Type-1 microfractures that typically transect the grains. The
fractures in the quartz grains display dilational and distortional
movements. Fluid inclusion trails in the grain-supported Cap Mountain
Limestone quartz grains are common. The calcite cement typically is
not twinned or fractured except on rare occasions where it is caught
between two quartz grains. Twinning is also not common along the gouge
zone boundary of the deformation bands in the grain-supported Cap
Mountain.



111

In contrast, within matrix-supported Cap Mountain Limestone, the
calcite surrounds the quartz grains, and a= a result, point contacts
are minimal. The calcite is typically twinned, and Type~l microfrac~
tures are rare and occur only where two or more grains contact at
points. The density of the twin planes is much greater than that
encountered in the grain-supported Cap Mountain, and conversely, the
quartz-grain fracture demsity is much less. Adjacent to the deforma-
tion band gouge zone, there is no noticeable increase in the density of
the twin planes. Also, fluid inclusion trails that occur within the
quartz grains are more sparsely distributed than in the grain-supported
Cap Mountain Limestone.



112

Chapter V
DISCUSSION

As demonstrated in this study, brittle deformation of the lower
Paleozoic sandstones and limestones on the southwestern flank of the
Llano Uplift occurs on the macroscopic, mesoscopic and microscopic
scales. Macroscopic deformation is manifest by the numerous large-
displacement and minor faults; mescscopic deformation by the localized
deformation bands; and microscopic deformation by the microfracturing
and cataclasis of individual grains. The brittle deformation is accom-
panied by mechanical twinning (calcite cement), dissolution and preci-
pitation mechanisms (pressure solution).

This chapter discusses the mesoscopic-scale deformation bands, the
relationships between the mesoscopic-scale deformation bands and the
large-scale faults, implications of basement-fault control and the
characteristics of the controlling textural/mineralogic parameters.
Characteristics of the microscopic deformation are also discussed in
relation to other deformational features and cbservations of previous
studies. In addition, a chronology of grain-scale deformation leading
to the development of the deformation bands is presented.

Deformation Bands and Iarge-Displacement Faults

Deformation bands provide a unique tool in determining the large-
displacement fault characteristics in areas where fault exposure and
outcrep is limited. In the Llano Uplift, deformation bands occur in

close association with faults in the Paleozoic sandstcnes and typically
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exhibit the greatest concentration near large~displacement faults.
Often the large-displacement fault surface is not visible in outcrop,
but its location can be estimated by an increase in density of deforma-
tion bards in a localized area. Therefore, these structural features
should be utilized when field mapping other structural elements,

Deformation bards also provide some indication of fault attitude.
Typically, the dip and strike of the dominant set of deformation bands
adjacent to a large-displacement fault parallels that of the fault. In
the Lower Comanche Creek area, the deformation bards roughly parallel
the faults and display relatively steep dips that generally vary bet-
ween 80 and 90 degrees. Exposed large-displacement faults in this area
usually have similar spatial attitudes.

In addition, deformation bands provide some indication of the
localized strain field by providing markers, such as slickensided
surfaces and offset intersecting bands that indicate the sense of
movement. The deformation bands also form in systematic networks that
provide information on fault-fault interactions (Hedgcoxe, 1987;
Hedgooxe and Jchnsan, 1986).

aydin (1977) and Aydin and Johnson (1983) found that single defor=-
mation bands precede the development of zones of deformation bands and
that zones precede the formation of discrete slip surfaces (macroscopic
faults). Thus, they concluded that deformation bands are primary
structural features that represent the initiation of faulting and
deformation of an area. However, based on observations during this
investigation, deformation bands can also occur as secordary features

that form as a result of movement along the large-displacement and
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minor faults. This is suggested by deformation band formation in
antithetic attitudes to other small faults (Fig. 24, p. 69) and by the
development of ordered networks of deformation bands in the overlap
region of two interacting faults forming a secondary fault zone (Fig.
13, p. 50).

The formation of deformation bands in antithetic attitudes
possibly results from movements along nearby faults that create loca-
lized secondary deformation fields in the adjacent host rock. Also,
antithetic faults form due to closely spaced, primary fault-fault
interactions. The antithetic-oriented deformation bands display small
displacements in response to these secondary deformation fields. 2s a
consequence of the antithetic fault formation, displacement can be
transferred from one primary fault to another,

Ina localized area on the northeast side of Bare Hill, deforma-
tion bands parallel to the main fault in this area (oriented about
N20E) are found to offset and be offset by another set of deformation
bards (oriented about N70E). The offsetting relationships of the two
sets of deformation bards may indicate that their formation is closely
spaced in time. The orientation of the large-displacement fault also
may reflect preferential development with respect to cne of the defor—
mation band sets. In addition, the presence of dbligue slip on many of
these deformation bands may be an indication that the local strain

field is not plane strain but is three-dimensional.

Basement Fault Control

Faults within the overlying Paleozoic rocks in the Llano Uplift



differ in detail over granitic versus metamorphic basement terrains
(Becker, 1985). Becker noted that faults located in the Paleozoic
sedimentary rocks over granitic basement typically have larger throws
and hence are more pronounced than faults over metamorphic basement.
He suggested that faults in the granitic rocks are localized and
contain larger throws, whereas faults in the metamorphic rocks appear
to have smaller throws ard are more pervasively distributed.

Most of the Precambrian rocks underlying the Iower Comanche Cresk
area are Packsaddle Schist, except possibly in the south and extreme
western part of the area. As previously noted, the location of the
axial plane of the syncline in the westem section is coincident with
the meximum throws along the main large-displacement faults (Fig. 6, p.
18). This northwest-trending zone of maximum throw along faults is

presumably colinear with the granitic- Phic contact (: ¥

1985) .

Since most of the study area is underlain by Packsaddle Schist,
differences between the faults and deformation bands in the Paleozoic
rodcswerlyﬁx;differat?rscambrianbasementtypeswerenatsbmied.
However, the extreme abundance of deformation bands in the Hickory
Sandstone perhaps reflects the relative degree of basement deformation
in the area.

If the Hickory sandstone is mimicking pervasively distributed
deformation in the Packsaddle Schist, then one would expect to see
widely distributed deformation bands. Qualitatively, this is the case
in the study area as deformation bands are ubiquitous in the Hickory
Sandstone where cbvious deformation has occurred. Also, orientations
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of deformation bands are nearly colinear with measured fracture trends
in the underlying Packsaddle Schist (Fig. 21, p. 64). Since the
Hickory Sandstone appears pervasively deformed, it probably dampens
some of the deformation resulting from movement along numerous faults
in the Packsaddle Schist. Consequently, upsection from the Hickory
Sandstone, the deformation would be concentrated along more discrete
zones that are coincident with basement faults exhibiting larger dis~
placements.

Northwest of the present study area, Becker {1985) noted
differences in the character of the faulting as a function of vertical
position in the stratigraphic section. In the lower Paleozoics, he
found that faults intersect often, have a wide range of orientations,
and splay faults are common. Further up in the stratigraphic section
within the Pennsylvanian rocks, the faults have an en echelon geometry,
do not intersect or splay as often, and have a greater regularity of
spacing and orientation.

Thus, the overall orientation and distribution of faults in the
Lower Comanche Creek area are probably influenced by basement faulting
and vertical stratigraphic position.

Porameters Controlling Deformation Band Development

The parameters most often cited as contrclling the width of the
gouge zone of small faults include: displacement (e.g. Engelder, 1974),
porosity (Young, 1982), and normal stress (Handin, 1972). This section
gives a general assessment of the effects of displacement and porosity
parameters in additon to the potential effect of grain size as yet
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another parameter controlling deformation band thickness.

In the Lower Comanche Cresk area, displacement along deformation
bards is found to exhibit a weak direct relationship with deformation
band thickness (Fig. 15, p. 53). This coincides with observations of
prior studies where the relationship between gouge zone thickness and
displacement is not well established. For example, Young (1982) cbser=-
ved a slight increase in thickness of deformation bands with increasing
displacement. Similarly, Robertson (1983) determined a linear rela-
tionship between gouge zone width and displacement along breccia zones.
In contrast, Jamison (1979) and Blenkinsop and Rutter (1985) did not
find a definite correlation between gouge zane thickness and displace-
ment. Engelder (1974) also noted the lack of a clear relationship
between thickness and displacement in the maturally ocowrring deforma-
tion bands but suggested a linear relationship exists for
experimentally-formed gouge zones in Coconine Sandstone.

Although Young (1982) cbserved a slight increase in thickness of
deformation bands with increasing displacement, he determined a more
significant change in gouge zone thickness as a function of porosity.
Dunn and cthers (1973) showed that small-fault gouge zones in experi-
mentally deformed sandstones are thicker in the higher porosity sand-
stones. In contrast, the gouge zones in the ILower Comanche Creek area
are characteristically wider in the slightly lower porosity, coarse-
grained sardstones than in the higher porosity, fine-grained sandstane.
Moreover, a single deformation band will increase in width when cros—
sing from a fine-grained sandstone bed to a coarse-grained bed. This
dissimilarity of results is most likely attributed to the possible



effect of grain size on deformation band thickness, Measurements shown
on Figure 17 (p. 57) indicate an increase in deformation band thickness
with increasing mean grain size for various samples of the Hickory
Sardstone.

In previous studies, differences in deformation band thickness
have not been correlated with grain size. However, Borg and others
(1960) determined that for experimentally deformed specimens of uniform
grain size, the coarsest-grained sand exhibited more fracturing than
finer-grained sands (under equivalent stress conditions). An accrual
of fracturing would lead to a high degree of grain comminution as
grains rotate and translate and point contacts become more abundant.
'mehweasaigminccmmimtimmayresultinthegmat&ﬂlidmessof
deformation bands in the coa ined sar

In addition, Gallagher (1976) tested quartz grains in diametral
compression and found that the tensile strength of the quartz grains
increases with decreasing grain size. If grain breakage and subsequent
gouge generation is a function of grain size, then it can be surmised

that less gouge, and thus thinner gouge zones, should be produced
dQuring grain breakage in the finer—grained quartz sandstones.

Hence, the development of deformation bands is controlled by the
interaction of ernvironmental and intrinsic parameters including, but not
limited to, displacement, porosity and host-rock grain size.

Microfractures
Brittle deformation of the Hickory and Welge Sandstones and Cap
Moauntain Limestone is manifest on the microscopic-scale by grain micro-
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fmcmringwithsubsequentmtatimarﬁtra:slationofthegminfmg-
ments. The microfractures occur as open, filled and healed surfaces
that connect grain contacts. Coalescence and linkage of microfractures
ocours, but it is unclear whether this is the mechanism that forms the
localized, extremely fine-grained gouge zones (i.e., deformation
bands) .

In this study, microfracturing in the host rock appears to be
pervasively distributed but is enhanced within and immediately adjacent
to the deformation bands. This is indicated by the ubiquitous
ocaurence of microfractures on the microfracture maps and the mea-
sured linear fracture densities. Morecver, samples collected from the
Hickory e, Welge ¢ ard Cap Mountain Limestone units

that do not contain deformation bands also exhibit grain microfrac-
turing that is controlled by grain contact geometry. Qualitatively,
the microfracture density in these samples appears less than that found
for the samples containing deformation bands.

Pervasive microfracturing in sandstones containing deformation
bands has not been recognized in past studies. Aydin (1977) indicated
that deformation in the Entrada and Navajo Sandstones was restricted to
a thin zone about 0.25 mm on either side of the deformation bands.
Jamison (1979) found that virtually all microfracturing in the Wingate
Sandstone occurred within or immediately adjacent to the deformation
bands. He also speculated that crystal-plastic deformation mechanisms,
manifest as different types of grain extinction, occurred adjacent to
the deformation bands. From these and other cbservations, he concluded
that the Wingate was not pervasively deformed, but that deformation was
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localized almost entirely along the discrete deformation bands.
Similarly, Young (1982) indicated that microfracturing in five
different sandstones containing deformation bands in both faulted and
folded environments was not pervasively distributed throughout the host
rock. In the units he studied, grain microfracturing was limited to
within two or three grain diameters from the deformation bands.

More recently, Blenkinsop (1986) studied small faults developed in
a quartzite within the Moine thrust zone. He determined that at the
time of deformation, the host rock was not highly cemented and that it
deformed like a granular medium. He utilized cathodluminescence to
delineate the microfractures and determined that many bubble lineations
were actually healed microfractures. In an undeformed section of an
antiform, he noted that extension microfractures ocourred, accompanied
by pressure solution and porosity reduction. Although not stating that
the microfracturing was pervasive, he noted a hemogenous distribution
of extension microfractures formed at the impingement points of grain
contacts within the more deformed region of the fold hinge.

The microfractures observed in the Hickory and Welge Sandstones
and grain-supported Cap Mountain limestone are associated primarily
with grain contacts. Microfractures form primarily between grain con-
tacts and separate the grains into two or more fragments. However, the
microfractures between the fragments often are not open, but instead
are healed, Linear bubble trails mark their position. This associa-
tion of microfractures with grain contacts has been recognized by many
investigators in rocks that are grain-supported and primarily deform
like a loose (not well-cemented), granular medium (Borg and Maxwell,
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1956; Borg and others, 1960; Gallagher, 1974; Engelder, 1974). Experi-
mentally, grain-contact microfracture geometry has been suggested to
be extension fractures that propagate parallel to the maximum compres=
sive stress trajectories (Brace and Bombolakis, 1963; Friedman and
Logan, 1970; Gallagher, 1974; Krantz, 1983). This grain~-contact con-
trol of microfracturing would occur in rocks displaying a lack of
cement, high porosity, ard in cemented aggregates where grain contacts
prevail, but the mechanical strength between the cement and grains is
different.

Therefore, this type of fracturing is dependent on the initial
microstructire of the host rock at the time of deformation. The pre-
senceoftlﬁsfmmretypesuggesrsthatthemdwtyandwdgesand-
stones and grain-supported sections of the Cap Mountain Limestone
deformed as if they were essentially a gramular medium. Sections of
the Hickory and Welge that now appear to be quartzitic and very well
cemented with quartz overgrowths probably became well cemented after
the deformational event and perhaps as a result of the deformation.

The preferred crientations of the microfractures within the host
rock indicates that although the grain fractures are controlled by
grain contact geometry and hence the local stresses on the grain-scale,
the regularity of orientations indicates that the microfractures are
related to the orientation of the principal stresses at the mesoscepic
scale. If the microfractures parallel the maximum principal stress
direction, then the localization of the deformation band would be
expected at an angle around 30 to 40 degrees to the microfractures.

The microfractures mapped for the three Lower Paleozoic units typically
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form an angle with the deformation bands between 20 and 50 degrees.
Consequently, the microfractures and bubble lineations may be utilized
to indicate the maximum compressive stress orientation, at least on the
local (mesoscopic) scale.

Forssctimsnfthecapbtcmttajnl.imesbmethataxedominatﬁby
calcite and only have rounded quartz and feldspar grains "floating"
between the caleite grains, microfractures form only where two quartz
grains are in contact. Fractures in the calci’;e matrix are rare,
alﬂmm:ghtwhmirqismnreccmmmﬂmninthegmin—supportedse:ﬁm
Twin planes are rather evenly distributed throughout the host rock,
although there does not appear to be an increase in the twinning adja-
cent to the deformation bards., The fractures in the detrital grains,
although controlled by grain-contact geometry, do not have a strong
"axial" orientation (i.e., parallel to the maximum principal stress) as
found by Friedman (1963) in experimentally deformed calcite-cemented
sandstones.

Since the Cap Mountain Limestone stratigraphically lies between
the Hickory and Welge Sandstones that exhibit pervasive micro-
fracturing, itisasstnnedthatthecapnmrﬂ'ainl.imestcnewasst:bjacm
to relatively the same level of tectonic stress. It appears that
sufficient stresses are being transmitted through the host rock to
fracture the quartz grains, but the calcite matrix is deforming via
crystal twinning (and possibly gliding) mechanisms.

Mesoscopic fracturing of the Cap Mountain Limestone is visible in
outcrop, and although not studied in detail, is likely to be the defor-
mation mechanism that is dominant in the more calcite-dominated sec-
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tions. Whether the mesoscopic fracturing is more prevalent in the
matrhc-suppu-uad(hpummtainlimestmeversusthegmjn-wpportedcap
an‘itainldmestunehasmtbeeninvesttgated. However, the paucity of
mesoscopic fractures in the grain-supported Hickory and Welge Sand-
stones suggests that mesoscopic fracturing may also be less prevalent
in the grain-supported Cap Mountain Limestone.

Bubble Lineations

Many kubble lineations wiﬂ!inﬂ'eﬁiclmryarﬂwelqesardstmesand
Cap Mountain Limestone are healed microfractures. This is evidenced by
ﬂ:seirubiquitwsocctmweinthehostrockgram, their systematic
orientatiomammehpmsemealorglinesmmtirggnincmmcts.
To my knowledge, these bubble lineations have not been recognized
previcusly as healed microfractures within these lower Paleozoic rocks
of the Llano Uplift,

The occurrence of fluid inclusions have long been recognized as
the product of healed microfractures. For example, Tuttle (1949)
investigated the systematic crientations of fluid inclusion planes in a
large regicnal area in the Washington D.C. area. Regionally, the fluid
inclusions have a non-random orientation throughout the metamorphic
rocks. Maxwell (1960) noted that f£luid inclusions in Oriskany Sand-
stone represented healed microfractures. Recently, Lespinnasse and
Pecher (1986) investigated fluid inclusions in a granite massif in
France. They noticed a correlation between the fluid inclusion trails
ard the mesoscopic fractures and paleostress fields. The fluid inclu-

sions were oriented parallel to the paleostress directions and were
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separated into different stress fields by microthermometric methods.
In studies relative to deformation bands, fluid inclusions that poten-
tially represent healed microfractures were recognized by Jamison
(1979); however, he did not study the fluid inclusicns systematically.

The cbservations of bubble lineation orientations made during this
study, particularly with respect to the deformation bands, indicate
that the systematic development of the bubble lineations is related to
the deformation of the host vock. Similar to the open microfractures,
the kukble lineations may represent a response of the rock mass to the
local mesoscopic stress field. Thus, in future work, they may be used
to determine paleostress directions.

Intersecting and offsetting relationships of bubble lineations
within a single grain (Fig. 35, p. 88) may indicate a re-orientation of
the local stress in the grain, assuming that the bubble trails are
extension microfractures. This re-crientation of the local stresses on
the grain scale may be due to closely-spaced, superimposed episodic
deformation periods that re-orient the regional (and/or mesoscopic)
stresses, misalsohﬁiutesthatthehealirgpmcessofthemicm—
fractures possibly restores the mechanical continuity of the grain
prior to the next increment of deformation, a result also found by
Lespinasse et.al (1986). Sprunt and Nur (1979) have shown, using
cathodluminescence, that this restoration of mechanical continuity is
demonstrated by the microfracturing and healing of granite. Similarly,
Ramsey (1980) described crack-seal type microfractures shown by the
repeated parallel, but distinct, fractures in crystals,

An alternative interpretation of the intersecting and offsetting
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relationships of bubble lineations may include grain breakage that
results in a local change in grain contacts due to offsets along micro-
fractures or rotation of grains. New grain contacts may result ina
re-orientation of the local grain-scale stress orientations.
Consequently, stress concentrations may arise at the new contact points
and result in grain fractures that intersect at high angles to and
offset previcusly formed microfractures.

‘The offsetting relationships of bubble lineations in single grains
also provides some insight into the relative timing of the failure
chronology. In sample Crh 202T, for example, intersecting bubble
lineations in a single grain (Fig. 35, p. 88) demonstrate very small
left~lateral offsets indicative of some shearing accompanying the
extension microfracturing. Figure 35 also illustrates that the bubble
lineations oriented about NeOW (relative to arbitrary N direction)
precede the bubble lineations oriented roughly N46E. This same left-
lateral relationship is found in the deformation bands visible in the
microfracture map (Fig. 40, p. 95), although the orientations of the
bands with respect to north are different.

From the intersecting cbservations, it appears that the relative
timing of the second set of bubble lineations occurred sufficiently
long after the first set that the microfractures in the grains had time
to heal. Smith and Evans (1984) have indicated that microfracture
healing can be a relatively rapid process if the temperature is high.
In experimentally cracked quartz crystals, microfracture healing occur-
red within one to two days for cracks at tenperatures as low as 400

degrees centigrade. The healing was determined to be a function of the
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temperature, time, crack dimensions and initial silica concentration in
the pore fluid. Favorable conditions for crack healing were obvicusly
presentdurhzgthedefomatimcfthe!hleozoicrodmevmtlm:ghthe
temperature probably was less than 100 degrees centigrade (Johnson, B.,
per. comm.).

Thus the bubble lineations found in the host rock grains in the
Lower Paleozoic units appear to indicate that: (1) they are healed
microfractures, (2) they developed in response to the mesoscopic stress
state in the rock mass, and (3) the relationships within a single
grain may reflect a re-orientation of the mesoscopic or grain-scale
stresses in addition to providing some indication of the relative

timing of the deformation.

Chronology of Deformation
Observations on the mesoscopic and microscople scales during this

investigation suggest a chronology of Qeformation events leading to the
development of the deformaticn bands. This chronolegy can be separated
into four overlapping phases: (1) pore collapse/pressure solution, (2)
grain microfracturing and comminution, (3) localization and fracture
concentration and (4) subsequent displacement alang the localized zone.
During all phases, solution/precipitation mechanisms activate that
proemote healing and cementation of microfractures and resultant gouge
zones.

During the first phase, a slight amount of pore collapse and
pressure solution occours. It is uncertain whether this is diageneti-
cally or tectonically induced. Point contacts and stresses increase



enough to create concavo-convex and long grain contacts. This phase
probably continues throughout the deformational history of the host
rock.

During the second phase, stresses within the grains become high
enough to initiate grain microfracturing. This fracturing is probably
extensional in nature and consequently follows the maximum compressive
stress trajectories in individual grains (Gallagher, 1974). &s
fracturing increasses, the resultant grain fragments rotate, translate
and create additional point contacts. Alternatively, an increase in
thediffe:arxtialstrassduetoachargemthemmicstressfield
(e.g., a lateral stress reduction) would also initiate grain microfrac-
turing by creating larger differential loads on point contacts.
Stresses at the new contact points are large encugh that grain comminu-
tioncontjm:nesproducjngnmazwsverysmanfragments. Formation of
these small grain fragments is the begimning of the fault localization
phase.

Although the mechanism by which localization ocours is uncertain,
more grains become fractured and comminuted during the localization
phase. Probably a critical microfracture density is achieved (Krantz
and sholtz, 1977), at least in a localized area. This is suggested by
the increased linear fracture density in the host rock immediately
adjacent to the gouge zone. Linkage and coalescence of microfractures
and grain boundary cracks probably also occurs, although it is unclear
if this leads to localization of the gouge zone. Accompanying the
localization is a volume reduction and an increase in the bulk density
within the zene of comminted grains,
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After or simultanecusly with the development of a localized gouge
zone, shearing along this zone is initiated. This shearing possibly
results in additional grain fracturing and incorporation of grains at
theqa:gezm/hostrodcbcmﬂarymtothegmgezcne. The amount of
displacement maybelimiteibyastrag&mﬁzgofthegmgematerialas
densificationmxsoraswezgzcwﬂastonncmtemporaneouswiﬂxthe
deformation.

Simultaneous with grain commimution and cataclasis associated with
shearing, microfracture healing and cementation by secondary over-
growths of quartz occurs. The healing of the microfractures is mani~
fest by the kubble lineations. The intersecting relationships of the
bubkble lineations possibly suggest polyepisodic deformation events,
probably rather closely spaced in time. Smith and Evans (1984) have
indicated that microfracture healing can be a relatively rapid process,
particularly with respect to geologic time, The fact that all micro-
fractures are not healed suggests that the healing process is closely
related to the deformation event. Also, the presence of overgrowths
that are both fractured and unfractured implies their formation occurs
both before and after the deformation. It is not unreascnable to
assume that overgrowths were also forming, fracturing ard subsequently
healing during the deformation phases.

The presence of the small gouge particles along one side of the
pore spaces ard away from the bands suggests that at the initial stages
of gouge development, the gouge was uncemented and therefore mobile.
These small gouge particles have subsequently been cemented in place.
This cbservation may indicate that the gouge material did not become
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surrounded by quartz dvergrowths until after the deformation period.

In a related study, Heald (1956) noted that secondary quartz
overgrowths were more common in the deformation bands than the host
rock. Overgrowths probably preferentially nucleate within the gouge
zone as result of a silica source by pressure solution and the large
surface area Created due to the comminution of the host rock grains.
It is believed that this subsequent cementation of the gouge zones
results inﬂndeformatimhalﬁsdisplayixgamsismtoweathering
and consequently standing up as small ridges on weathered outcrop
surfaces. Perhaps a detailed study of the overgrowths in the gouge
zone and host rock using electron microscopy would reveal more informa—
tien on their source, significance and occurrence within the framework
of the deformational event.
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Chapter VI
SUMMARY AND CONCLUSIONS

2n investigation of the brittle deformation of the Iower Comanche
Creek area on the southwest flank of the Llano Uplift was conducted.
Under shallow crustal deformation conditions (Pe<13 MPa and T<100 C)
and with rock types including quartz sandstone and calcite-cemented
quartz sandstone, the following observations and conclusions are
warranted:
1. PBrittle deformation of the Lower Paleozoic in the Iower Comanche

Creek area occurs on the opic, pic and microscopic
scales. Macroscopic deformation is manifest by large-displacement (up
to 100 m) and minor faults (typically 1 to 5 m displacement); meso-

scopic deformation by deformation bands (small faults); and microscopic
deformation primarily by imtragramilar microfractures that appear per=-
vasively distributed throughout the investigated units.

2. The macroscopic structure of the study area is dominated by
northeast-trending, large-scale faults with displacements up to 100 m.
The large-displacement faults are characterized by linear fault seg-
ments cornected in a zig~zag pattern. Iarge, lenticular, fault-bounded
blocks form due to the intersections of the macroscopic faults. Two
main faults traverse through the Lower Comanche Creek area: the Schep
Creek Fault and the Kettner Fault. The Schep Creek Fault bifurcates in
thesom:hwestconneroftheslmdyareatoformtwosegmants: a northern
and southern trace, The Kettner Fault trends nearly east-west through



the central part of the study area and then makes a northerly bend to
trend northeasterly. The displacements on both of these main faults
decrease to the east and northeast. Numerous minor faults with
displacements on the order of a few meters or less also occur in the
su:dyareaaxﬂamoftenmtvisiblemaerialmotographs.

3. A large, open syncline is present in the western part of the ILower
Comanche Creek area, The axial plane of the syncline is colinear with
a northwest-trending zone marked by the loci of maximum throw of the
large-displacement faults. This northwest-trending zene exterds from
the Lower Comanche Creek area to northwest of Mason, Texas and is
approximately coincident with the granitic-metamorphic basement con-
tact.

4. Mesosccpicdefcrmatimoftheﬁickoryandwﬂgesandstmmandcap
Mmtammmestminthelowercomanche&eekamisnﬂnifestpri-
marily by deformation bands. The deformation bands are characterized
by curviplanar, intersecting, primarily light-colored gouge zones that
appear in raised relief on weathered outcrop surfaces. The width of
the gouge zanes typically varies between <0.1 and 8.0 mm. Displacement
associated with single deformation bands is typically on the order of a
few millimeters or less. The single deformation bands often develop
into anastomosing zones or ordered networks of deformation bands. The
presence of these zones and networks is usually indicative of a nearby
large-displacement fault. The density of single bands and zones
increases with proximity to a large-displacement fault. 2s a result,
the deformation bands are ubiquitous in conjunction with the
macroscopic faulting in the sandstones of the Lower Paleozoic units.
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5. The geometry of deformation bands is a function of the Plane of
cbservation relative to the slip vector. In planes roughly parallel to
the slip vector, the bands will typically display a straight character,
In areas where strike-slip displacement occurs, the bands form as
linear segments on bedding surfaces. Conversely, deformation bands in
cross-sectional views normal to the slip vector exhibit a curvilinear
or anastomosing character. In normal-slip dominated areas, the anasto-
mosing character forms primarily on bedding surfaces.

6. Deformation band thickness depends primarily on the hest rock
textural and compositional characteristics. Also, there exists a
slight positive correlation between displacement and gouge zone thick-
ness. Maanﬂziclmessofthegwgazo:misobsarvedtovarywiﬂmhost
rock grain size.

7. Orientations of deformation bands vary spatially in the study area.
Generally, the deformation bands form a girdle~pattern on contour
diagrams with concentrations indicating a dominant northeast orienta-
tion. Three to four orientations can be identified within three regio-
nalsubareascftbetmxuomandxe&'eskstudyarea. Dip angles on the
deformation bands are typically greater than 75 degrees. Within a
local area, deformation band orientations also vary spatially and
appear to reflect influences of nearby large-displacement faults, The
separation of deformation band orientations into structural domains is
therefore difficult and should be limited to extremely localized areas
such as single outcrops.

8. Deformation bands commonly display normal, reverse, oblique and
strike-slip movements in the same outcrop. Reverse-slip movements are
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typically associated with small secondary deformation fields developed
due to slip on adjacent faults. Oblique slip is manifest by slicken-
sides on exhumed deformation band slip surfaces. Normal drag is fre-
quently present along dafmatimbarﬂsjnﬂnmerammme)ﬁdm
Sandstones. The combination of 1t bably rep an accom-
modation of the localized three-dimensicnal strain.

9. Deformation bands provide a unique tool in determining the large-
displacement fault characteristics and hence should be utilized when

field mapping structural elements. Deformation bands provide some
indication of the large-fault locations and attitudes. In addition,
deformation bands provide an indication of the localized ‘strain field
by providing markers such as slickensided surfaces and offset inter-
secting bands that indicate the sense of displacement in a localized
area,

10. Microscopic deformation is manifest primarily by intragramuilar
microfractures associated with the host rock deformation and develop-
ment of the deformation band gouge zones. In thin section, the gouge
zones are characterized by a thin zone (typically <0.5 mm) of fractured
and highly comminuted grains. The gouge material is argular and has a
grain size typically less than 0.05 mm. Microfractures cornect grain
contacts and commonly transect the entire grain. Where grain contacts
are long or concavo-comveX, the microfractures can be replete within a
grain and create numerous grain fragments. Small translational and
rotational movements of these fragments result in a mosalc extinction
pattern within the grain. The mosaic pattern does not appear to result
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from crystal-plastic re-oriemtations but rather from brittle mechanisms
involving cataclasis.

11. Microfractures are preferentially oriented with respect to the
deformation bands and typically form at angles between 20 and 50
degrees to the band. The microfractures may parallel the maximum
principal stress direction and may be used to infer crientations of the
local and possibly the regional stress fields.

12. Microfractures ares frequently healed as indicated by numercus
trails of bubble or fluid inclusions. These bubble lineations
typically transect the grains and form between grain contact points.
Like the microfractures, the bubble lineations are preferentially
oriented withrespecttothedefomatimbazﬂqam zones. Offsetting
and intersecting bukble lineations at nearly right anglea within single
grains possibly indicates a re-orientation of the mesoscopic stress
state or the local stress state within a grain.

13. Microfracturing, manifest either by open microfractures or bukble
lineations, appears to be ubiquitous within the Iower Paleozoic sand-
stones in the Lower Comanche Creek area. Pervasive microfracturing
associated with deformation bands has not been recognized in previous
studies.

14. Observations on the mesoscopic and microscopic scales suggest a
chronolegy of deformation leading to the development of deformation
bands. 'misd'mlogycanbesepamtedintofmmwerlappingphases:
(1) pore collapse/pressure solution, (2) grain microfracturing and
comminution, (3) localization and fracture concentration and (4) subse-

quent or simultaneous displacement along the localized gouge zone.



buring all phases, solution/precipitation mechanisms activate that
promote healing and cementation of microfractures and resultant gouge

Zones.
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