
 
 

ABSTRACT 
 

Analysis of Calcite-Filled Faults in Carbonate Strata, Balcones Trend near Waco, Texas 
 

Stephen H. Secrest, M.S. 
 

Thesis Advisor:  Vincent S. Cronin, Ph.D. 
 
 

Five normal faults exposed in the Lehigh Quarry near Waco, Texas, were analyzed.  

The mechanical stratigraphy of the quarry ranges from relatively strong chalk to marly 

chalk to chalky marl to relatively weak marl.  Higher clay content yields weaker rock.  

The dip angle of the normal faults varies with rock strength, with steeper dips across the 

stronger strata. 

Carbon stable isotopes in 174 samples indicate that the water from which the calcite 

precipitated is formation water and not meteoric water, while oxygen isotopes indicate 

that precipitation of secondary calcite in the fault cores occurred between 48° and 110°C.   

Mechanical twins in macrospar calcite indicate shear stress slightly more than 5-

15 MPa, and deformation temperature of <170°C.  The microspar fabric includes thin 

veinlets of secondary calcite and host lithons of cemented chalk wallrock whose 

orientation relative to the domain boundaries can be used as a shear-sense indicator.  



 

Page bearing signatures is kept on file in the Graduate School. 
 

Analysis of Calcite-Filled Faults in Carbonate Strata, Balcones Trend near Waco, Texas 
 

by 
 

Stephen H. Secrest, B.S. 
 

A Thesis 
 

Approved by the Department of Geology 
 

___________________________________ 
Steven G. Driese, Ph.D., Chairperson 

 
Submitted to the Graduate Faculty of  

Baylor University in Partial Fulfillment of the  
Requirements for the Degree 

of 
Master of Science 

 
 

 
 
 

Approved by the Thesis Committee 
 

___________________________________ 
Vincent S. Cronin, Ph.D., Chairperson 

 
___________________________________ 

Stephen I. Dworkin, Ph.D. 
 

___________________________________ 
Darrin J. Bellert, Ph.D. 

 
 
 

 
 
 

Accepted by the Graduate School 
August 2011 

 
___________________________________ 

J. Larry Lyon, Ph.D., Dean                      



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Copyright © 2011 by Stephen H. Secrest 
  

All rights reserved 



 

iii 
 

 

 
TABLE OF CONTENTS 

 

List of Figures  ………………………………………………………………………….. vi 

List of Tables  …………………………………………………………………………. viii 

Acknowledgments  …………………………………………………………………… ix 

CHAPTER ONE 
 Introduction ………………………………...…………………………………… 1 
 
  Previous work …………..………….…..……………………………….. 2 
 
   Tectonic setting  …………….….………………………………. 2 
 
   Stratigraphy ..………………….….…………………………….. 5 
 
 Calcite and calcite fabrics ……………………………………… 6 
 
 Location …………………………………………………………. 7 
 
CHAPTER TWO 
 Methods  …..…………………………………..………………………………… 8 
 
  Outcrop conditions and safety .………..………………………………... 8 
 
  Fieldwork and sampling ………………………………………………... 9 
 
  Petrographic analysis ………………………………………………….. 10 
 
  Analysis of mechanical stratigraphy …….…………………………….. 13 
 
  Isotopic analysis ...……………………...……………………………… 14 
 
CHAPTER THREE 
 Observations .………………………….………………………………………. 17 
 
  Structural observations ...……….……………………………………… 17 
 
   Location and orientation of faults ……………………………... 17 
 
    Fault 1 …………………………………………………. 18 



 

iv 
 

 
    Fault 2 ……….….……………………………………… 21 
 
    Fault 3 …………..……………………………………… 25 
 
    Fault 4 …………..……………………………………… 28 
 
    Fault 5 ………..………………………………………… 30 
 
   Faults in the Lehigh Quarry ……………………………………. 31 
 
   Petrographic fabric of fault cores ……………………………… 33 
 
    Fault core 1 …………………………………………….. 34 
 
    Fault core 2 …………………………………………….. 35 
 
    Fault core 3 …………………………………………….. 35 
 
    Fault core 4 …………………………………………….. 36 
 
    Fault core 5 …………………………………………….. 36 
 
   Mechanical stratigraphy ……………………………………….. 36 
 
  Isotopes ……………………………………………………………….. 39 
 
CHAPTER FOUR 
 Discussion  ...………………………………………………………………….. 41 
 
  Mechanical stratigraphy ………………………………………………. 44 
 
  Fault-vein relationships  ………………………………………………. 48 
 
   Microspar fabric  ……..……………………………………….. 50 
 
  Calcite twins  ……….…………………………………………………. 53 
 
CHAPTER FIVE 
 Conclusions  ……………………………...…………………………………… 56 
 
  Future research  ……………………………...………………………… 60 
 
Appendices 
  
 Appendix A – Thin sections and slabs  ……………………………………….. 62 



 

v 
 

 
 Appendix B – Isotopes  …….…………………………………………...…….. 86 
 
 Appendix C – Fault orientation data  …...……………………………………... 93 
 
 Appendix D – Fabric selection locations  ……………………………………… 99 
 
References  ……………………………………………………..…………………..… 108 
  



 

vi 
 

 
 
 

LIST OF FIGURES 
 
 

Figure 1: Map of Ouachita structural front along with the Balcones Fault Zone 

  and the Luling Mexia Talco Fault System  …………………….………………. 4 

Figure 2: Location of the Lehigh Cement Quarry  .……...………………………... 7 

Figure 3: Quarry stratigraphic column  …………………..………………………. 11 

Figure 4: Location of studied faults within the quarry .………………………….. 17 

Figure 5: Fault 1 orientation data  ……………….….………………….………… 18 

Figure 6: Fault 1 displacement data ………...….………………………………… 19 

Figure 7: Fault 2 orientation data ..…………………………………………….…. 22 

Figure 8: Fault 2 displacement data ……….……………………………….…….. 23 

Figure 9: Fault 2 splays  ……………………...……………………………..……. 24 

Figure 10: Fault 3 spot orientation data ..………………………………………….. 25 

Figure 11: Fault 3 displacement data   …………….………………………………. 26 

Figure 12: Fault 4 orientation data  ……………………….…….……….………… 28 

Figure 13: Fault 4 displacement data  …………………………….……………….. 29 

Figure 14: Fault 5  ………………………………………………...…….…………. 32 

Figure 15: Preliminary fault map of the Lehigh Quarry ………………….……….. 33 

Figure 16: Schmidt hammer readings ……………………….…………………….. 38 

Figure 17: Schmidt hammer recording locations ……………………………….….. 38 

Figure 18: Isotopic results ……………..…………………………………….……. 39 

Figure 19:  Temperature of formation for calcite  …………………………...…….. 43 



 

vii 
 

Figure 20: Idealized mechanical stratigraphy model  …………………………….. 48 

Figure 21: Slab photo of microspar fabric  ……………………………………….. 49 

Figure 22: Extensional areas associated with shear  ..….…………………………. 50 

Figure 23: Development of sequentially forming microspar morphology  ..….….. 52 

Figure 24: Causes for dilatancy in normal faults  …………………………………. 56 

Figure 25: Development of microspar in dilatant normal faults  ………………….. 58 

Figure 26: Idealized microspar geometry  ………………………………………… 59 

  



 

viii 
 

 
 

LIST OF TABLES 
 
 

Table 1: Summary of carbon and oxygen isotopic measurements ….………….. 40 

Table B.1: All carbon and oxygen isotope data …………………………………… 88 

Table C.1: All strike and dip data …………………………………...…………...… 94 

Table D.1: Sample locations ……….……………………………………..………. 100 
 

  



 

ix 
 

 

 
ACKNOWLEDGMENTS 

 
 

 I would like to extend my gratitude to all the people who helped me through the 

time it took to complete this project.  First, I would like to thank Alan Graves, the 

manager of the Lehigh Cement Co. in Woodway, Texas.  Giving me unhindered access to 

the quarry was generous and uncommon for people in his position.  I also extend my 

deepest gratitude towards Dr. Steve Dworkin for his expertise.  The project would have 

stagnated without the support and help from my wife Mary, and she deserves more 

thanks than can be written.  Adam Damman and Ryan Lindsay should also be recognized 

for their help, Adam for his field work at the expense of systemic poison ivy, and Ryan 

for his help and self-inflicted sunburns.  The financial aid from Gulf Coast Association of 

Geological Societies made the monetary aspects of this thesis negligible and thanks for 

their contributions are given.  Lastly, I am forever indebted to Dr. Vince Cronin for his 

knowledge, wit, and his upbeat attitude during this arduous process as well as not using 

his hurley bat on me even if I deserved it. 

 



 

1 

 

 
CHAPTER ONE 

 
Introduction 

 
 

 The Balcones Fault Zone (BFZ) is a regional scale fault zone whose trend passes 

through the Dallas-Fort Worth, Waco, Austin, and San Antonio metropolitan areas.  

Though the BFZ is considered to have low seismic potential, its proximity to large 

population centers and influence on freshwater and hydrocarbon fluid flow makes this an 

important structural trend to understand.  

Fault displacement history within the BFZ is not well understood because of 

extensive erosion of the rocks that are displaced.  An improved understanding of faults 

exposed in outcrops of the Austin Chalk is directly applicable to subsurface petroleum 

exploration with the same unit in the subsurface.  Small secondary features such as drag 

folding, fault splays and fault zone brecciation are common.  Understanding the evolution 

of faults that are below seismic resolution is helpful to subsurface exploration. 

 The Lehigh Quarry is frequently visited by students and petroleum geoscientists 

who are interested in seeing excellent exposures of normal faults along the Balcones 

trend, and in studying the stratigraphy and fossil fauna of the Austin Chalk.  These visits 

are typically brief, and the visitors commonly leave the quarry wanting to know more 

about what they have observed.  The broad goal of this research is to deepen our 

understanding of the geology exposed in the Lehigh Quarry, to enhance its utility as an 

educational site.  Specifically, one purpose of this project is to map and characterize the 

well-exposed faults of the Lehigh Quarry, which are analogs for faults that exist in the 



 

2 

subsurface.  The other primary purpose is to analyze the fabric of the calcite-dominated 

fault cores that are present along many of the faults in the Lehigh Quarry in order to 

determine whether the fabric can be used as a shear-sense indicator that might be useful 

in the analysis of core samples from wells. 

 
Previous Work 

 
 

Tectonic Setting 
 

The structure and geomorphology of the BFZ is heavily influenced by the 

structural evolution of the Gulf of Mexico region.  The separation between the craton and 

the transitional and oceanic crust lies at the position of the Ouachita structural front 

(figure 1).  The Ouachita system is a buried and heavily eroded orogenic belt that is 

genetically related to the Appalachian Mountains in the east and southeast (Viele and 

Thomas, 1989).   

The history of the Ouachita system encompasses a complete Wilson cycle (Viele 

and Thomas, 1989).  The supercontinent Rodinia began rifting during the late 

Precambrian to Cambrian along the trend of what is now the Ouachita and Appalachian 

orogenic belts.  As rifting progressed and the mature Iapetus Ocean Basin developed 

along portions of the Laurentia, marine sediments were deposited along the oceanic 

margin.  These passive margin sediments included shelf limestones, chert beds, shales, 

and shelf sands, were initially described in Texas by Sellards (1931) and more 

comprehensively by Flawn (1954) by looking at well corings.  After rifting and a period 

of quiescence along the passive margin, the Iapetus Basin began to close, starting on the 

north end of the Appalachian chain in the Ordovician.  Contractional motion during the 

Devonian created the structures of the Ouachita orogenic belt.  Referenced to present day 



 

3 

cardinal directions, the southeastern side of the orogenic belt would have been composed 

of South America and the Yucatan platform, while to the north and west was the North 

American Craton.  Re-rifting of the area to the south and east of the Ouachita orogenic 

belt and the Appalachian Mountains began by the early Mesozoic, thereby completing the 

Wilson cycle (Viele and Thomas, 1989).  

The BFZ was first described by Robert T. Hill and his findings were published in 

the First Annual Report of The Geological Society of Texas in 1889 (figure 1).  The BFZ 

is a narrow belt of normal faults that cut the post-Ouachita cover sequence on a trend that 

approximately coincides with the Ouachita system crest and that dips primarily toward 

the Gulf of Mexico (Weeks, 1945).  The BFZ is the eastern boundary of the stable craton 

in central Texas, so all post-Paleozoic regional structural deformation occurred to the 

south and east of the BFZ (Bornhouser, 1958).   

The Luling-Mexia-Talco Fault System (LMTFS) closely follows the BFZ and is 

separated by only 30 to 50 kilometers to the south and east (Jackson, 1982;  Foley, 1926).  

Deformation along the LMTFS is related to salt movement along the Mesozoic 

continental rift margin and is unrelated to the basement structure that affects the BFZ 

(Jackson, 1982).  Sellards (1931) examined well cuttings that pierced the Cretaceous 

cover into the Ouachita facies.  Salt is not present in any core he examined, and therefore 

halokinesis cannot be the cause of the BFZ.  Instead, the BFZ originated from crustal 

flexure associated with the rifting of the Gulf of Mexico focused by the edge of the craton 

along the Ouachita System (Foley, 1926).   

Fillon and others (2005) describe the genesis of the crustal flexure.  In the early 

Paleocene, the Laramide Orogeny changed the topography and subsequently the drainage 

of what is now the United States.  This drainage change caused much of the area between 
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the Laramide uplift to the Appalachian Mountains, along with the eastern portions of 

Mexico, to drain into the Gulf of Mexico, increasing continental sediment influx.  

Loading of the crust with sediment led to isostatic depression along the continental 

margin of the Gulf of Mexico, with the Ouachita belt acting as a hinge (Foley, 1926).  

Stratigraphic dip on the craton west and north of the BFZ averages 1-4 degrees and 

changes to 10 degrees east and south of the BFZ in central Texas (Baldwin, 1974).  

Sediment loading may have initiated halokinesis that resulted in the development of the 

LMTFS.  The basement rocks below the salt along the LMTFS are not faulted, so the 

LMTFS is inferred to be rooted in the salt. 

Weeks (1945) inferred that displacement within the BFZ and the LMTFS was 

coincident during the Oligocene-Miocene.  Bryan (1933, 1936) referred to a 300 foot 

Figure 1.  Location map of the BFZ, LMTFS, and the Ouachita structural front.  Modified 
from Viele and Thomas (1989). 
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section of a buried water pipe that broke 36 times during two years, as well as recent 

alluvium on the downthrown side of several faults, as evidence of late Neogene 

displacement of strands of the BFZ in McLennan County.  

 
Stratigraphy 

 
The stratigraphy of the Austin Chalk was studied in detail by Kenneth Seewald 

(1959).  Seewald examined the Austin Chalk in McLennan County, and one of the study 

sites was the Atlas Cement Quarry in Atco, Texas.  The Atlas Cement Quarry is now the 

Lehigh Portland Cement Quarry, where this research project was conducted.   The lower 

member of the Austin Chalk, the Atco Member, is named for the town that used to exist 

at the quarry site.   

The rock names used in this paper to describe the strata in the Lehigh Quarry are 

the same as described by Durham (1957) and Seewald (1959).  The percentages of 

calcium carbonate vary with rock type:  chalk (95-100% CaCO3), marl chalk (85-95%), 

chalk-marl (75-85%), chalky marl (65-75%), and marl (35-65%). 

 The contact between the Austin Chalk and the South Bosque Formation is found 

in the western portion of the quarry.  It is regionally disconformable and is characterized 

by a phosphate nodule conglomerate with glauconite at the base of the Austin Chalk 

(Seewald, 1959).  Faunal remains within this basal conglomerate consist of fish scales, 

shark teeth, and burrows extending into the South Bosque formation (Seewald, 1959). 

 The Austin Chalk has a faunal assemblage consisting of bivalves (Gryphaea 

aucella, Inoceramus undulato-plicatus), coccolithophores, and abundant foraminifera, 

but the most common is the Inoceramus undulato-plicatus because it utilizes low-

magnesium calcium carbonate in its shell (Seewald, 1959).  Barnacles of unknown 

classification are attached to some Inoceramus shells.  
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 Corbett and others (1987) describe the chalk as fine grained carbonate mudstone 

with a bimodal grain size of 0.5-4.0 µm and 10-100 µm.  Visible grains consist of 

foraminifera as well as some flocculated clays with an occasional skeletal fragment.  The 

Austin Chalk has an average composition of 83-88 percent calcium carbonate.  The rest 

of the chalk is composed of clays, volcanic ash beds that have weathered to bentonite, as 

well as small quantities of pyrite, quartz, and feldspar. 

 
Calcite and Calcite Fabrics 
 
 Calcite crystal plastic deformation mechanisms have been studied extensively to 

understand the conditions under which the calcite is strained.  Turner (1953) was the first 

to try and interpret calcite twins as deformation indicators.  In 1962, Turner explored the 

possibilities of finding strain azimuths calculated from calcite twins.  Later research by 

Spang (1972) and Groshong (1972) quantitatively defined the condition under which 

calcite crystal lattices deform.  Their research can define strain azimuths from calcite 

twin orientations, but also, twin morphology can lead to interpretation of the temperature 

of the rock when the calcite deformed.  More recently, Burkhard (1993) summarizes the 

present state of knowledge of calcite deformation mechanisms, while work from Ferrill 

(1990, 1998, 2004) along with Weber and others (2001)  examines modern applications 

of stress-strain indicators from calcite allowing for temperature and paleostress 

reconstructions. 

 The definition of calcite fabrics as used in this paper consists of calcite that 

precipitates within a deformation zone either during or after strain.  Syntectonic and post-

tectonic calcite growth forms are explained by Hilgers and Urai (2002).  Syntectonic 

calcite grows as the host rock is strained and generally occurs in shales filling mode I 

extension cracks.  Syntectonic fabrics are typically referred to as fibrous calcite and are 
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thoroughly covered by Ramsay (1980) and Urai (1991).  Post-tectonic calcite fills voids 

after deformation within the damage zone.  Post-tectonic calcite fabrics are nonfibrous 

and represent the majority of fabrics observed within the quarry.  Davison (1995), Lee 

and others (1997), and Lee and Wiltschko (2000) all cover analogous examples of the 

main fabric found in the quarry though the interpreted formation of the fabrics is 

different. 

 
Location 
 

The location of this study, the Lehigh Cement Quarry, is of particular interest 

because of the excellent exposures of faults within the walls.  The location of the quarry 

can be seen in figure 2.  Published research pertaining to the quarry includes the aspects 

of the mechanical stratigraphy (Corbett and others, 1987), the fracture connectivity 

(Wiltschko and others, 1991), as well as AAPG field trips and petroleum company visits. 

 

 
Figure 2.  Map of the location of the Lehigh Quarry with respect to Highway 84, Waco, 
McGregor, and Hewitt. 
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CHAPTER TWO 
 
 

Methods 
 

 Five faults exposed in the excavated walls of the Lehigh Portland Cement Quarry 

were studied at a range of scales, ranging from microscopic to outcrops.  Structural, 

stratigraphic and isotopic data were collected and analyzed to characterize the faults in 

the quarry. 

 
Outcrop Conditions and Safety 

 
The Austin Chalk in the Lehigh Quarry was extracted commercially for decades 

by blasting, followed by removal of rubble using bulldozers, loaders and other heavy 

equipment.  Blasting in the quarry ended in the early 1990s, because housing 

development had encroached along the southern edge of the quarry’s property line.  The 

walls of the main limestone quarry are nearly vertical, up to ~7-8 meters (~25 feet) high, 

and typically have a rubble slope at their base.  In places, loose rock still overhangs the 

vertical faces, and blocks of rock occasionally fall from the quarry walls.   

Safety in conducting geological fieldwork in the quarry was of paramount 

importance to the quarry operator as well as to the investigator.  Sections of quarry wall 

that are heavily jointed or where there are overhanging blocks of rock were avoided.  The 

lowest accessible parts of the faulted sections of quarry wall were studied directly by 

climbing to the top of the rubble slope.  An extension ladder secured by rope from above 

was used to reach the middle parts of the outcrop.  The upper parts of the outcrop were 

reached by belayed rappelling from the top of the outcrop using appropriate climbing 
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equipment, including multiple static kernmantle ropes, Gibbs and Petzl Jumar-style 

ascenders, a descender, ATC and Grigri belay devices, and a truck parked on the upper 

bench of the quarry as an anchor for the belay and rappel lines.   

 
Fieldwork and Sampling 

 
When possible, at least 7 measurements of fault-surface orientation were collected 

at each site along each of the five faults, using a Brunton Geo Transit model 5010.  

Multiple measurements are required to adequately characterize the mean orientation of 

the fault through spatial analysis using Fisher statistics (Cronin, 2008).  Each “site” along 

the fault surface is an area that is approximately 0.5 meter in diameter.  Results from 

several sites along a given fault are averaged to estimate the mean orientation of the fault.  

In a similar manner, the orientations of the shear striae along the faults were also 

measured and their group statistics computed. 

Displacements along the faults were measured using digital photographs, with 

spot checks using a measuring tape along the fault on the quarry wall.  The photograph 

for each fault was taken parallel to the strike of the fault (typically near-perpendicular to 

the quarry face) using a tripod-mounted camera set ~70 meters away from the quarry 

wall.   

The digital photo files were manipulated using version 10 of the Canvas graphics 

application (ACD Systems, 2005).  For each fault photograph, the document scale in the 

Canvas document was adjusted to correspond to the known length of an object (usually 

the extension ladder) in the photograph.  The digital ruler tool in Canvas was used to 

measure various attributes on the photograph of the faulted quarry wall, including bed 

thicknesses and displacements along the fault.  Measurements were taken multiple times, 

so that quantitative estimates of uncertainty could be obtained.   
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Two distinctive marker beds evident on Seewald’s measured section of the “east 

quarry” were chosen to help in the visualization and quantification of displacement 

(figure 3;  Seewald, 1959).  The upper marker is a thin layer of nonresistant, friable marl, 

and the lower marker is a ~0.5 meter thick bed of hard, resistant chalk.  At least one of 

the marker beds can be seen truncated by the fault along each of the five faults exposed in 

the quarry walls. 

Fault displacements were determined for the marker beds, as well as for 

distinctive beds adjacent to the marker beds that could be easily distinguished across a 

given fault surface.  The displacements along a given fault were measured on the digital 

photograph using the digital ruler tool in Canvas.  Twelve measurements were taken for 

each displaced stratigraphic marker, and the mean and standard deviation were computed. 

 
Petrographic Analysis 

 
The cores of all five faults contain calcite that developed in voids along the fault 

filled during or after the period of fault displacement.  Samples of the calcite-rich fault 

cores were collected from all five faults.  Locations of samples are given in appendix A.  

A typical sample spanned the full thickness of the fault core, from the interior edge of the 

damage zone on one side to the adjacent interior edge of the opposite damage zone.  Prior 

to removal from the outcrop, a surface on the specimen was smoothed and flattened, and 

the orientation of that surface was measured using a Brunton compass and recorded.  All 

strike-and-dip measurements were recorded using the right-hand-rule convention, in 

which the reference strike is located 90° anticlockwise from the dip direction.  The strike  



 

11 

  

Figure 3.  Stratigraphic column for the Lehigh Quarry, after Seewald (1959), showing 
stratigraphic location of the upper and lower marker beds.  The upper marker is red and 
the lower marker is green in subsequent outcrop photographs. 
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and dip directions were inscribed on the surface using a marker, and a photograph was 

taken prior to removal.  The specimen was either gently pried from the outcrop, or cut 

from the outcrop using a circular hole saw powered by an electric hand drill.  Samples 

that appeared to be delicate were coated with spar varnish or epoxy to protect them 

before removal from the outcrop.  After removal from outcrop, orientation data was 

recorded, photographs were taken, and the sample was then cut into smaller pieces that 

could be thin sectioned.  Specimens were then recoated with epoxy to preserve the fabric 

and sent to National Petrographic Service for thin sectioning.  Thin sections were 

typically cut perpendicular to the dip plane both parallel to the strike vector and dip 

vector.  For very large samples, slabs were used as opposed to thin sections to ensure 

preservation of the large scale features.   

A Leica M420 macroscope, equipped with a Leica DFC-490 digital camera and 

an overhead illumination ring, was used to observe millimeter-to-centimeter scale 

features in the fault-core samples.  Samples examined in reflected light using the 

macroscope included oriented hand specimens and cut billets that had been vacuum 

impregnated with epoxy.  Fabric evident in thin sections of the fault core specimens was 

examined in transmitted light using the polarizing stage of the macroscope.   

A standard petrographic microscope with a flat (fixed) stage was used to examine 

mechanical twins in calcite grains within the fault cores.  A universal-stage microscope 

has been used to analyze calcite twins in other studies to determine the strain ellipsoid for 

the most recent strain event (e.g., Turner, 1953;  Spang, 1972;  Groshong, 1972);  

however, a fully functional universal-stage microscope was not available at Baylor during 

this project.  The types of mechanical twins in calcite that were described by Ferrill 
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(1991) and Burkhard (1993) and examined in this study can be identified using a fixed-

stage petrographic microscope (e.g., Weber and others, 2001).  

 
Analysis of Mechanical Stratigrpahy 

 
An N-type Schmidt hammer was used on fresh surfaces of strata exposed in the 

quarry wall adjacent to the fault to obtain a measure of the relative strength of the 

different beds (Schmidt, 1951).  The Schmidt hammer has a calibrated spring that propels 

a rod toward the rock with a consistent velocity, and the rebound of that rod is measured 

by the device.  The amount of rebound has been correlated with the uniaxial compressive 

strength of the rock:  more rebound reflects a stronger rock.  The Schmidt-hammer 

analysis has proven useful in characterizing mechanical stratigraphy that affects the 

development of folds, faults and landslides (e.g., Katz and others, 2000;  Aydin and Basu, 

2005;  Morris and others, 2009;  Aydin, 2009;  Smart and others, 2010).  Several tests 

were conducted at each of the sites shown in figure 4, and the site results were obtained 

by averaging the individual tests. 

The floor of the Lehigh quarry is, in some places, covered by barren sediment, 

soil with vegetation, or debris.  Elsewhere, faults can be mapped for short distances by 

following veins of calcite that mark fault cores.  The locations of some of these faults 

exposed on the quarry floor were determined using a handheld Trimble GPSr unit.  These 

isolated exposures on the quarry floor were insufficient to link any of the faults exposed 

in the quarry walls together. 
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Isotopic Analysis 
 

The composition of stable isotopes of carbon and oxygen derived from calcite 

samples collected in the Lehigh Quarry provides information about the temperature and 

origin of the water from which the calcite precipitated.  Oxygen isotopes are used to 

constrain the temperature of calcite crystallization (e.g., Urey, 1947;  Faure, 1986).  

Secondary calcite in the fault cores might have precipitated from formation water that 

had persisted in the adjacent strata for a significant time.  Alternatively, the calcite might 

have precipitated from water that infiltrated more recently from the ground surface, 

perhaps directly along conduits of fracture permeability along the fault.  Carbon stable 

isotopes are useful in discriminating between these two water sources. 

Isotopic composition is expressed relative to a compositional standard.  Carbon 

isotopic composition is expressed relative to the Vienna Pee Dee Belemnite (VPDB) 

standard.  The original PDB standard was established at the University of Chicago based 

on the CO2 produced by dissolving the fossil Belemnitella americana in 100% 

phosphoric acid at 25°C (Craig, 1957, 1961;  Coplen and others, 1983;  Faure, 1986;  

Richardson and McSween, 1989).  The belemnites are from the Cretaceous Pee Dee 

Formation of South Carolina, hence the name “PDB” for Pee Dee Belemnite.  An 

equivalent standard was developed for the International Atomic Energy Agency in 

Vienna that was not dependant on the supply of a particular fossil.  Oxygen isotopic 

composition is reported relative to PDB, the Vienna PDB standard (VPDB), or the 

Vienna Standard Mean Ocean Water (VSMOW;  Craig, 1961).  The conversions between 

VPDB and VSMOW were given by Friedman and O’Neil (1977, after Faure, 1986): 

δ18OVSMOW = 1.03086 δ18OVPDB + 30.91 
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and 

δ18OVPDB = (δ18OVSMOW - 30.91) / 1.03086 

All isotopic concentrations in this thesis are given relative to the VPDB standard, unless 

otherwise indicated. 

The definitions of the isotopic parameters δ13C and δ18O, expressed in parts per 

thousand, follow: 

 

and 

 

Carbon isotopes bound in the secondary calcite were transported in aqueous 

solution to the site of mineral precipitation.  The δ13C of calcite precipitated from ground 

water is a result of several processes that occur along the ground water flow path, 

including dissolution, precipitation and fractionation (Domenico and Schwartz, 1980).  

The isotopic composition of carbon varies with the environment:  in the atmosphere 

(δ13CVPDB ≈ -7‰), in photosynthetic plants (≈ -6‰ to -34‰), in soils (≈ -10‰ to -30‰;  

Faure, 1986), in marine (average -4.93±2.75‰;  Keith and Weber, 1964) and fresh-water 

carbonates (average +0.56±1.55‰; Keith and Weber, 1964), and in the deeper subsurface 

(varies widely).  Processes in the deeper subsurface environment that might change the 

isotopic composition of carbon in ground water include addition of carbon from methane, 

dissolution of carbon-bearing minerals, and hydrocarbon generation (Domenico and 

Schwartz, 1980).  In general, negative values of δ13CVPDB (i.e., isotopically lighter samples 

with more 12C and less 13C than the VPDB standard) indicate that the carbon in the calcite 
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came from near-surface sources, while values closer to zero or positive values reflect 

deeper sources that have not mixed extensively with near-surface waters or subsurface 

hydrocarbons (Richardson and McSween, 1989;  Domenico and Schwartz, 1980;  Faure, 

1986).   

The samples used in the isotopic analysis were collected using a Micro-Mill 

microdrill from the billets used in the preparation of thin sections.  Samples were 

collected from fault-core specimens as well as from chalk and fossil specimens collected 

away from the faults.  The fault-core samples were from microspar veinlets, macrospar, 

and host lithons of chalk (i.e., chalk microlithons) within the fault fabric.   

Isotopic abundances were measured using a Thermo Scientific Delta V gas-

sourced mass spectrometer.  The spectrometer makes ten measurements of carbon and 

oxygen per sample, yielding a mean value of the stable-isotope ratios 13C/12C and 

18O/16O, with an estimate of associated uncertainty.   
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CHAPTER THREE 
 

Observations 
 
 

Structural Observations 
 
 

Location and Orientation of Faults 
 
 Five faults exposed in the Lehigh Quarry were studied in this project (figure 4).  

While all five faults were known to the quarry operator prior to this study, none of these 

faults appear on published geological maps of the area (e.g., Bureau of Economic 

Figure 4.  Aerial image of Lehigh Quarry, showing approximate location of numbered 
faults along quarry walls.  From Texas Natural Resource Information System database. 
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Geology, 1970;  Yelderman and Cervenka, 1992).  One north-striking, east-dipping 

normal fault on the BEG map projects from Woodway, north of Highway 84, toward the 

quarry;  however, the mapped trace ends ~2-3 kilometers north of the quarry. 

Fault 1.  Fault 1 is located at the northwestern part of the main quarry, just south 

of and below the cement factory (figure 4).  The UTM zone 14R coordinates of this 

outcrop in the WGS 1984 datum are 667247 meters easting, 3484197 meters northing.  

The mean orientation of the fault exposed in the quarry wall, based on 20 measurements, 

is a strike of 325±9° and dip of 70±3°NE (figure 5a).  A second fault observed in the 

quarry floor immediately south of the quarry face traversed by fault 1 has a mean 

orientation of 16±12°, 69±4°SE based on 22 measurements (figure 5b).  This second fault 

is referred to as fault 1b, and appears to project toward fault 1 on the quarry wall.  The 

orientation of fault 1 is different from that of fault 1b to a 95% confidence level.  If the 

two sets of orientation data are merged, their combined mean orientation is 352±11°m 

71±3°NE.   

Figure 5.  Lower hemisphere equal-area projections showing dip vectors of fault surfaces:  
(A) fault 1, and (B) fault 1b.  Hollow circles represent mean orientation data and 
associated 95% confidence interval computed using Fisher statistics (Cronin, 2008). 

N N

B.A.

Fault 1
Plunge 70±3
Trend 55±9
n=20

Fault 1b
Plunge 69±4
Trend 106±11
n=22
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Shear striae on both faults 1 and 1b parallel the dip direction of the respective faults. 

Examination of shear striae along the fault surfaces examined in this study indicates that 

the faults in the Lehigh quarry are all essentially pure dip-slip faults, so the net slip of 

Figure 6.  Fault 1 as exposed in quarry wall.  Green and red marker horizons are 
identified on the stratigraphic column in figure 3. 
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each fault is observed by looking parallel to strike.  The sole exception noted in this study 

is an indication of oblique slip in a single sample from fault 1b.  

 The footwall of fault 1 is a shaly argillaceous limestone (marl) that dips <5° 

toward the east, in the direction of the fault (figure 6).  The amount of dip appears to 

increase slightly toward the fault, which might be evidence of drag-related folding in the 

footwall of a normal fault.  There are no beds in the footwall that can be identified locally 

in the hanging wall of this quarry face.  The hanging wall strata include several resistant 

chalk beds ~0.3-0.5 meters thick, with thinner, less-resistant argillaceous layers in 

between.  The upper marker bed (figure 3) is interpreted to be in the hanging wall, 

truncated by fault 1 near the top of the exposure.  The lower marker bed is interpreted to 

be in the footwall, near the base of the exposure.  The identification of the lower marker 

is made by tracing it from quarry walls west of fault 1 (where it is well exposed as a 

prominent, white, resistant chalk bed) eastward toward the fault.   

The top of the lower marker bed is ~6.8 meters below the base of the upper 

marker bed in the stratigraphic column of the quarry (figure 3;  Seewald, 1959).  The 

distance between these two surfaces along a plane inclined 70° to the two surfaces is ~7.2 

meters.  The stratigraphic separation between these two surfaces across fault 1 is ~1.1 

meters, so the distance between the two marker surfaces along the fault is (1.1 

meters/sin[70°]) = ~1.2 meters.  The estimated displacement of fault 1 is 7.2 meters – 1.2 

meters = ~6 meters. 

The extent of the damage zone around fault 1b is difficult to constrain because it 

is commonly overlain by soil or barren sediment on the quarry floor, but extensive 
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fracturing can be observed in the hanging wall block near the fault trace.  The thickness 

of the exposed calcite-rich core of fault 1b is as great as 25 cm. 

The core of fault 1 contains abundant calcite across a zone that varies from ~7-20 

cm in width.  Within this zone are 2-3 tabular masses or sheets of fibrous or 

equant/sparry calcite, apparently mixed with argillaceous material from the adjacent 

strata.  These sheets dip in the same direction as the fault but at a slightly smaller angle.  

In other words, a given one of these tabular masses extends from low on the hanging wall 

to high on the footwall.  Details about the petrography of the calcite-rich fault core are 

provided in a separate section below. 

Fault 2.  Fault 2 is located on the southern wall of the main quarry, at UTM 

coordinates 14R 667575 meters easting and 3483819 meters northing (figure 4).  As seen 

in the quarry walls, faults 2, 3 and 4 cut strata that represent the upper ~7-8 meters of the 

stratigraphic column shown in figure 3.  The mean orientation of the fault exposed in the 

quarry wall, based on 30 measurements collected at 6 sites along the fault, is 68±7°, 

61±3°SE (figure 7).  As with the other faults studied, shear striae were parallel to the dip 

vector of the fault surface.  

Fault 2 is the northern bounding fault of a small graben, with fault 3 forming the 

southern bounding fault.  Displacement along fault 2 is greatest at the base of the 

exposure, where it is ~57 cm at marker E (figure 8).  The base of the upper marker bed 

corresponds to marker C in figure 8.  Displacement decreases upward along the fault as 

the fault passes through four beds of argillaceous marl.  At the third marl (marker A on 

figure 8), the single fault surface splits into at least 3 surfaces, each with small 

displacement (figure 9).  The main fault surface continues upward into a marl, across 
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Figure 7.  Sites along fault 2 where multiple measurements of fault orientation were made 
using a Brunton compass.  Lower hemisphere equal-area stereonets show the traces of 
measured surface planes;  mean strike and dip with associated 95% uncertainty intervals 
are given in the corresponding boxes. 
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Figure 8.  Displacement of selected markers along fault 2 as exposed in wall on south 
side of quarry.  Red bed is the upper marker identified on the stratigraphic column in 
figure 3. 
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which there is little apparent offset.  A simple linear regression of measured displacement 

as a function of distance along the fault, given the data in figure 8, indicates that 

displacement decreases upward along fault 2 at a rate of ~7 cm per meter. 

There is essentially no damage zone evident around fault 2 on the quarry wall.  

Apart from the presence of calcite in a core zone that is up to ~5 cm thick where the fault 

traverses the argillaceous limestone beds, the fault appears to be a very thin zone without 

evident gouge or breccia. 

Figure 9.  Splays that distribute displacement near the upper tip of fault 2.  Arrows 
indicate relative slip directions. 
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Fault 3.  Fault 3 is located ~45 meters south-southwest of fault 2, at UTM coordinates 

14R 667574 meters easting and 3483803 meters northing (figure 4).  Fault 3 was ideal to 

study in the field because it intersected the quarry wall obliquely with a component of 

fault dip directed into the quarry pit, so that a greater area of fault surface was exposed.  

The mean orientation of the fault exposed in the quarry wall, based on 60 measurements 

Figure 10.  Measurements of surface orientation along fault 3, with associated stereonet 
plots and site orientation statistics as in figure 7. 
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made at 8 sites, is 262±4°, 65±2°NW (fig. 10).  Shear striae are parallel to the dip vector 

of the normal-fault surface.   

Drag folding is evident in the footwall, and is particularly evident in the four 

argillaceous layers.  These clay-rich layers appear to behave in a relatively ductile 

manner near the fault.  The argillaceous layers thin near the fault, and appear to locally 

Figure 11.  Displacement of selected markers along fault 3 as exposed in wall on south 
side of quarry.  Red bed is the upper marker identified on the stratigraphic column in 
figure 3. 
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generate a clay smear that locally extends as much as 0.5 meter along the fault surface.  

Where this smear is present, no calcite fault core has developed.   

Two lenses of the surrounding rock are enclosed within the fault, with dimensions 

of 10 cm x 15 cm and 15 cm x 25 cm, respectively.  Shear striae in multiple directions 

indicate that these blocks have rotated within the fault zone during displacement.  These 

blocks occur where there is a change in fault-surface orientation, where stress is likely to 

have concentrated during slip. 

 Fault splays were observed at several levels in the footwall, but not in the hanging 

wall.  Some of the larger splays have a calcite-rich core near the main fault that thins to 

termination as the secondary fault curves to propagate parallel to bedding.  The rock in 

the acute angle between the main fault and the splay commonly exhibits minor 

deformation. 

Most of the core of fault 3 is quite deformed, containing both microspar and 

macrospar calcite.  In some places, core fabric observable at the outcrop is overprinted, 

indicating multiple different deformation episodes.  The fault core is as thick as ~15 cm, 

but averages 6-8 cm.  In the argillaceous layers, the calcite-rich core thins and is locally 

absent.   

The mean displacement of 6 marker horizons along the main fault is 2.43 meters, 

with a standard deviation of 0.21 meter (figure 11).  There does not appear to be a clear 

displacement gradient along this fault. 

The upper ~1 meter of the faulted quarry wall has a reddish-brown discoloration, 

inferred to be due to oxidation of pyrite disseminated in the Austin Chalk.  Small isolated 

patches of discolored rock were observed along the fault. 
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 Fault 4.  Fault 4 is located ~50 meters south-southwest of fault 3, at UTM 

coordinates 14R 667547 meters easting and 3483767 meters northing (figure 4).  The 

mean orientation of the fault exposed in the quarry wall, based on 28 measurements made 

at 5 sites, is 275±6°, 58±3°NW (figure 12).  Fault 4 was only partially sampled because 

of hazardous slumping affecting the upper part of the quarry wall. 

Figure 12.  Measurements of surface orientation along fault 4, with associated stereonet 
plots and site orientation statistics as in figure 7. 
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There is very little deformation evident in the rock adjacent to the fault;  that is, 

the damage zone is narrow in this fault exposure.  The fault surface is quite planar, and 

the calcite-rich core of fault 4 was as thick as 1 cm.  Sheets or lenses of sparry calcite 

within the core had shear striae on their bounding surfaces.  The mean displacement of 

six markers along fault 4 is 0.78 meter, with a standard deviation of 0.25 meter (figure 

13).  Displacement along fault 4 decreases up-dip at a rate of ~9 cm per meter of length 

along the fault.  Shear striae were parallel to the dip vector of the normal-fault surface.   

Figure 13.  Displacement of selected markers along fault 4 as exposed in wall on south 
side of quarry.  Red bed is the upper marker identified on the stratigraphic column in 
figure 3 
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Fault 5.  Fault 5 is located ~165 meters southwest of fault 4, at UTM coordinates 

14R 667414 meters easting and 3483679 meters northing (figure 4).  The mean 

orientation of the fault exposed in the quarry wall, based on 14 measurements, is 232±7°, 

58±4°NW.  Shear striae were parallel to the dip vector of the normal-fault surface.   

Fault 5 has an estimated displacement of ~12 meters, based on projections of the 

upper (red) marker bed on the hanging wall to where it is truncated by the fault below the 

quarry floor (figure 14).  The truncation of the lower (green) marker bed on the footwall 

is evident in the faulted outcrop.  Beyond the quarry boundaries to the west along the 

strike of fault 5, there is a pronounced topographic step that is evident in the Timber 

Creek subdivision along Timber Ridge Trail.  The topographic step is down to the north, 

in the same sense as the normal-fault displacement of fault 5. 

The dip angle of the beds in the hanging wall increases gradually over a distance 

of tens of meters toward fault 5.  This broad monocline is folded in the opposite sense 

than would be expected if it were caused by drag along the fault, in which case the dip in 

the hanging wall would be expected to increase toward the fault.  The Austin Chalk 

overlies South Bosque Shale and Lake Waco Shale, which might provide a convenient 

local detachment horizon.  Fault 5 might have a listric shape:  steeply dipping as it passes 

through the harder Austin Chalk in the quarry wall, flattening in the shales below.  If fault 

5 is a listric normal fault, the hanging wall fold is a roll-over anticline. 

The fault-core fabric is poorly cohesive and dominated by macrospar and clay-

rich gouge.  The damage zones on both sides of the fault core are extensively fractured, 

with some brecciation within 5 meters of the fault in the hanging wall.  Sparry calcite fills 
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most of the voids within the breccia.  Thin sections of samples 5-7 (appendix A) contain 

examples of the breccia.   

Strata near fault 5 have a reddish-brown color that is different from the light-

medium grays of the fresh rock exposed elsewhere in the quarry.  The reddish-brown 

color is similar to the color of the chalk near the original ground surface.  This color 

difference might be the result of more concentrated ground-water flow through the 

fractured, more permeable rock around fault 5, or it could be an artifact of the history of 

excavation at the quarry – the quarry wall around fault 5 might have been exposed to 

surface weathering longer than other quarry walls. 

 
Faults in Lehigh Quarry 

 
Location and orientation data from the five faults studied in the quarry walls are 

merged with location data for fault traces observed on uncovered areas of the quarry floor 

in a preliminary map of normal faults in the Lehigh Quarry (figure 15).  Faults 1 and 1a 

on the northern part of the quarry are part of a generally north-south trend that is similar 

to the trace of faults mapped in Woodway, ~2-3 kilometers north of the quarry (figure 2;  

Bureau of Economic Geology, 1970).  Faults 2-5 are a system of normal faults that trend 

generally east-west, and are not similar in trend to any other normal faults mapped in the 

area on published maps. 
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Figure 14.  Photos of quarry wall including fault 5, with positions of upper marker bed (red) and lower marker bed (green) indicated..  
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Petrographic Fabric of Fault Cores 
 

Two types of fault-core fabrics are prevalent in the Lehigh Quarry:  microspar and 

macrospar.  Microspar consists of alternating millimeter-to-submillimeter scale veinlets 

(small calcite veins) separated from one another by septa or “host lithons” of chalk (Lee 

and others, 1997;  Lee and Wiltschko, 2000).  The host lithons are not generally rotated 

or internally deformed, but rather are translated away from the surface of the chalk.  

Macrospar consists of millimeter to centimeter scale anhedral to subhedral grains of 

calcite, sometimes in voids between angular bits of chalk or chalk breccia.  Photographs 

of specimens and photomicrographs of thin sections containing examples of these fabrics 

collected in the fault cores of the Lehigh Quarry are presented in appendix A. 

Figure 15.  Preliminary fault map of Lehigh Quarry 
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Fault core 1.  The core of fault 1 is dominated by macrospar with very little 

microspar.  The fault core features two overlapping macrospar sheets that dip in the same 

direction as the fault, but at a smaller dip angle than the fault.  The thickness of the 

calcite-rich fault core is ~8 centimeters, ranging as high as 10 centimeters.  Very large 

subhedral calcite crystals up to 6 cm in length were observed in the macrospar, and no 

preferred orientation of the crystals was apparent.  The minor microspar observed in fault 

1 was located adjacent to the footwall, and was dominated by calcite with minor host 

lithons.  Gouge and breccia are not observed in fault 1.   

The core of fault 1b is dominated by macrospar in the vicinity of fault 1, but 

microspar becomes progressively more abundant with distance toward what appears to be 

the tip of the fault core ~30 meters to the southwest.  The thickness of the calcite-rich 

fault core is ~3-5 centimeters, ranging as high as 25 centimeters.  In the samples collected 

from the primary core of fault 1b (samples 11-13, appendix A), the type of fabric changes 

from microspar to macrospar in the down-dip direction.  Host lithons are observed in the 

microspar, becoming less abundant as the fabric grades into macrospar.  The calcite 

grains in the macrospar are elongated parallel in the direction of displacement and 

contain thin twins.  These crystals are considered are optically continuous to the youngest 

generation of microspar. 

Two other interesting features were noted in the vicinity of faults 1 and 1b.  First, 

a large dilated fracture adjacent to fault 1, with nearly the same orientation as fault 1b, 

has two generations of calcite.  Both generations are 1 centimeter in width.  Second, three 

oblique faults with cores dominated by microspar were observed that strike ~285° and are 



 

35 
 

antithetic to faults 1 and 1b.  The minor macrospar observed in sample 8 (appendix A) 

contained a small number of thin twins. 

Fault core 2.  Fault 2 has both macrospar and microspar fabrics in its calcite-rich 

core.  Macrospar is generally present as anhedral to subhedral grains, as well as euhedral 

bladed forms seen in large vugs.  Microspar is shingled in an up-dip manner (i.e., the 

panels or domains of microspar dip in the same direction as the fault at a greater dip 

angle than the fault).  The core zone is up to 4 centimeters in width, and is generally not 

present in the fault adjacent to argillaceous beds. 

Slab 2 (appendix A) has a central zone of macrospar with microspar bounding the 

central zone on both sides.  Although the slab was found off the fault plane, it exhibits 

beautifully the relationship of macrospar to microspar.  The macrospar is in a zone ~3-5 

centimeters wide, and has subhedral calcite grains.  The microspar has a veinlet-rich 

fabric with very small (<1 mm) host lithons compared to the veinlets (2-4 mm). 

Fault core 3.  Most of the core fabric in fault 3 is quite deformed.  Both 

macrospar and microspar are present ( slides 1-3, appendix A).  The macrospar is 

twinned, and includes some brecciated clasts of chalk (sample 1).  The microspar fabric is 

deformed in sample 1, but is more regular in sample 2.  Twins are evident in some of the 

larger veinlets in the microspar.  Discontinuous veinlets cross-cut the microspar antithetic 

to the dominant direction of fracturing.  Within the splay faults in the footwall of fault 3, 

the microspar is deformed and some veinlets are replaced with small antithetic slip 

surfaces.  The fault core thins and disappears as the splay faults become parallel to 

bedding in the argillaceous layers. 
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Fault core 4.  Microspar fabric is concentrated in three packages, one of which 

was sampled.  This fabric is located in the lower part of the quarry wall where the 

stratigraphy is dominated by argillaceous strata with a higher clay content.  The 

microspar is well developed with multiple shear domains.  Two generations of macrospar 

are evident.  One generation is a thin continuous sheet to which the microspar is 

asymptotic, and another generation that cuts across the microspar and is antithetic to the 

fault plane.  Shear-striated sparry calcite lenses are present with thicknesses of 4-10 mm.  

At the top of the quarry wall, a breccia-filled macrospar fabric was observed in which 

chalk fragments have been rotated within the calcite (slides 19-20, appendix A).  

Twinning is common.  Slickolites bounded by microspar and macrospar, or by macrospar 

on both sides, are also observed (Groshong, 1988).  Crystals on either side of the 

stylolites are commonly in optical continuity. 

Fault core 5.  The fault core of fault 5 was only partially sampled as the calcite 

crystals had been subjected to groundwater flow resulting in partially dissolved grain 

boundaries between calcite crystals.  This caused the core to behave much like loose soil.  

Macrospar fabric is the only fabric observed.  There are several slip planes within the 

fault core characterized by gouge and remnants of slickensides.  Brecciated chalk is also 

seen in small quantities within the fault core, but most brecciation occurs within the 

damage zone which extends 1-2 m into the hanging wall.  There is no evidence of 

changes in fault dip in relation to mechanical stratigraphy and the fault core is planar. 

 
Mechanical Stratigraphy 

 
Elastic rebound tests were performed with an N-type Schmidt hammer on a 

section of intact quarry wall between faults 3 and 4 (figure 16) using the methods 
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described by Aydin (2009).  Each test was performed within an area several centimeters 

in diameter, near the middle of a given stratum.  The more massive chalk layers and the 

marly chalk strata yielded rebounds, indicating that they are relatively strong in 

comparison with the more clay-rich marly strata in which the piston commonly 

embedded itself without rebound (figure 17, appendix D).  There is no apparent 

systematic variation in strength among the massive chalk layers tested. 

Overall, Schmidt hammer values were inconclusive.  There are many factors that 

influence measured values, including proximity to fractures, moisture content, surface 

smoothness, and even the presence of skeletal grains.  The principal observation is that 

the massive chalk strata are stronger than the intervening marls.  This bimodal strength 

characteristic is reflected in the weathering profile of the quarry walls.  The stronger 

chalk beds are more resistant to erosion than the weaker marl, chalky marl or marly chalk 

beds.   

The more massive chalk strata are traversed, perpendicular to bedding, by mode I 

extension cracks that commonly terminate in the transition zone between the chalk and 

the marl, which is consistent with observations made elsewhere that the chalk behaves as 

a brittle solid while the marl is more ductile (e.g., Corbett and others, 1987;  Cooke and 

others, 2006).  The marly chalk appears to have mechanical characteristics that are 

intermediate to the chalk and marl, as might be expected.  The frequency or spacing of 

the mode I cracks in the chalk appears to be related to bed thickness (thicker beds, wider 

spacing) and proximity to a fault (closer to a fault, more densely fractured), in general 

agreement with prior studies (e.g., Corbett and others, 1987;  Wiltschko and others, 1991;  

Ferrill and Morris, 2008). 
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Figure 16.  Schmidt hammer values relative to Seewald (1959) stratigraphic column 
(Figure 3). 
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Figure 17.  Sites where Schmidt-hammer measurements were taken on the quarry wall 
between faults 3 and 4. 



 

39 
 

Isotopes 
 

The δ13CVPDB and δ18OVPDB data for 174 samples are presented in appendix B, 

displayed graphically in figure 18, and summarized in table 1.  Specimens collected in the 

chalk away from the faults yielded δ18OVPDB values that range from ~3‰ to ~5‰ heavier 

(i.e., more positive or more enriched in 18O) than the secondary calcite precipitated in the 

fault zones.  Samples from the chalk microlithons in the fault cores were, on average, 

slightly lighter than the intact chalk and heavier than the secondary calcite precipitated in 

the fault cores. 
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Figure 18.  Isotopic data for 174 specimens collected at Lehigh Quarry. Vertical scale is 
6x the horizontal scale to improve legibility, reflecting the broader range of δ18OVPDB 
values relative to δC13

VPDB.  Hollow shapes indicate sample was from calcite spar 
(macrospar).  Filled shapes indicate sample was from veinlets (microspar). 
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Table 1. – Summary of carbon and oxygen stable isotope data 

Sample Type δ13Cvpdb δ13Cvpdb δ18Ovpdb δ18Ovpdb 
  range ‰ mean±1σ ‰ range ‰ mean±1σ ‰ 

Bulk chalk 1.63 to 1.72 1.68±0.03 -4.26 to -3.85 -4.05±0.13 
Chalk microlithons 1.71 to 1.96 1.85±0.08 -6.75 to -4.05 -4.80±0.86 
Fossils 1.99 to 2.00 2.00±0.01 -7.46 to -4.12 -5.79±2.36 
Fault 1b macrospar 1.50 to 2.22 1.79±0.26 -10.82 to -6.80 -9.65±0.85 
Fault 1b veinlets 1.35 to 2.06 1.65±0.26 -10.45 to -6.01 -8.56±1.72 
Fault 3 macrospar 1.97 to 2.38 2.21±0.13 -8.74 to -7.98 -8.22±0.26 
Fault 3 veinlets 2.04 to 2.24 2.16±0.08 -8.48 to -7.37 -7.88±0.40 
Fault 4 macrospar 1.64 to 2.33 2.01±0.15 -10.86 to -5.88 -7.22±0.98 
Fault 4 veinlets 1.56 to 2.10 1.93±0.13 -10.24 to -6.73 -7.77±0.72 
Fault 5 macrospar 1.89 to 2.23 2.03±0.11 -7.52 to -6.01 -6.69±0.40 
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CHAPTER FOUR 
 

Discussion 
 
 

Stable Isotope Geochemistry 
 

Carbon isotopic compositions in the 174 samples analyzed ranged from δ13CVPDB = 

1.35‰ to 2.38‰ (Figure 18 and Table 1).  As noted in Chapter 2, ground water with 

more negative values of δ13CVPDB is inferred to originate from near-surface sources, while 

water with δ13CVPDB values closer to zero or positive values are inferred to originate from 

inorganic sources.  Given the positive δ13CVPDB values of our samples, the water from 

which the calcite in the fault cores of the Lehigh Quarry precipitated is interpreted to 

have originated as formation water that has not been in contact with surface waters for a 

significant time. 

Oxygen isotopic compositions ranged more broadly than the carbon isotope 

ratios, from δ18OVPDB = -10.86‰ to -3.85‰, and clustered into three general groups.  The 

least negative group with δ18OVPDB values averaging -4.44±0.72‰ (uncertainty is 1 

standard deviation or 1σ) is associated with the intact chalk away from the faults.  This is 

consistent with the range of δ18OVPDB values for marine limestone of between -0.8‰ for 

Recent strata and -10.5‰ for Cambrian limestone (Faure, 1986;  Hudson, 1977;  Keith 

and Weber, 1964).  The lightest group with δ18OVPDB values averaging -9.18±1.39‰ is 

primarily associated with the core of fault 1b.  The intermediate group with δ18OVPDB 

values averaging -7.45±0.90‰ is associated with the cores of faults 3, 4 and 5. 

Oxygen isotopes associated with the calcite in the fault cores can be used to infer 
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the temperature at which the calcite formed.  To solve for the calcite crystallization 

temperature in degrees Celsius (T°), the following equation is used in which δcalcite is the 

δ18OVSMOW composition of calcite and δwater is the assumed δ18OVSMOW composition of 

rainwater during crystallization: 

 

(Freidman and O’Neil, 1977). 

Figure 19 is a graphical depiction of the foregoing equation, showing the 

relationship between the oxygen isotope composition of rainwater between δ18OVSMOW of -

4‰ to 6‰, temperature in °C, and the oxygen-isotope composition of calcite for δ18OVPDB 

values of -2‰ to -12‰, in intervals of 2‰.  The primary episodes of faulting along the 

Balcones fault zone are thought to have occurred in the Miocene (Weeks, 1945), when 

the δ18O of rainwater might have been ~3‰ to 4‰ greater than today (Sharpe and 

Cerling, 1998).  Hence, the range of δ18OVSMOW values inferred to be appropriate for 

rainwater at the time of crystallization of the secondary calcite in the fault cores at Lehigh 

Quarry is between 0‰ and 4‰.   

The two boxes on figure 19 depict the approximate range over which the two 

populations of secondary calcite in the faults at Lehigh Quarry would plot, based on the 

measured δ18OVPDB composition of the calcite and an assumed range of rainwater 

composition.  The isotopic composition of the secondary calcite in Fault 1 (represented 

by the upper box) suggests a range of crystallization temperatures from ~55° to ~110°C 

with a mean of ~81°C, calculated using the mean δ18OVPDB value of all specimens 

collected from fault 1b plus-or-minus one standard deviation.  The isotopic composition 
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of the secondary calcite in Faults 3, 4 and 5 (represented by the lower box) suggests a 

range of crystallization temperatures of ~48° to ~89°C with a mean of ~67°C. 

In summary, the isotopic data are interpreted to indicate that the water from which 

the secondary calcite in the fault cores at the Lehigh Quarry precipitated was derived 

from water that had been in contact with subsurface formations (and not in contact with 

surface water) for a significant time due to lack of an organic signature.  Precipitation of 

the secondary calcite is interpreted to have occurred at temperatures between ~48° and 

110°C – higher temperatures in fault 1 and lower temperatures in faults 3, 4 and 5.   
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Figure 19.  Graphical depiction of the equilibrium relationship between temperature (°C) 
and the δ18OVSMOW composition of rainwater and the resulting δ18OVPDB composition of 
calcite.  Boxes represent approximate areas where the two populations of secondary 
calcite in the fault cores would plot.  The transparent areas represent reasonable meteoric 
values while the shaded portions represent rock-buffered water. 
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Mechanical Stratigraphy 

The Austin Chalk exposed at the Lehigh Quarry is a nearly horizontal sequence of 

tabular beds whose strength seems to vary with clay content, ranging from the pure chalk 

layers (strongest), to the marly chalks and chalky marls, and the clay-rich marls 

(weakest).  This interbedded sequence of chalk and marl varies from 95% to 35% 

carbonate (Seewald, 1959).  Although Corbett and others (1987) refer to the Atco Chalk 

member as a “massive fractured chalk,” its varied mechanical stratigraphy is responsible 

for many of the interesting features of the faults in the Lehigh Quarry.  The pure chalk 

beds have deformed in a brittle manner by fracturing, faulting and local folding with no 

apparent change in bed thickness.  Ductile deformation including apparent flow has 

occurred in the marls, and a combination of brittle and ductile deformation is evident in 

chalky-marls and marly chalks. 

Mode I extension cracks are common in the chalk, oriented orthogonal to 

bedding.  Open bedding-plane-parallel cracks were not common in these strata, other than 

shaly parting evident in some units.  Wiltschko and others (1991) mapped a small area of 

the floor of Lehigh Quarry, finding a well-ordered N-S trending set of planar extensional 

joints spaced on the order of 0.5 m apart.  They noted the coincidence in the strike of 

these fractures and the mapped strike of normal faults directly to the north in Woodway.  

Between these joints are abundant, relatively short cross joints that are commonly curved, 

leading Wiltschko and others (1991) to conclude that there are abundant hydrologic 

connections between joints in the quarry.  Of course, the observation of open fractures 

exposed in a quarry does not necessarily mean that there are similar open fractures in the 

subsurface.  Recall that Lehigh Quarry was developed at least in part by blasting, so some 
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of the fractures observed in the quarry were induced and may not reflect natural fracture 

trends. 

Ferrill and Morris (2008) note that the mechanical characteristics of the layered 

strata in carbonate-dominated normal fault zones is fundamental to the characteristics of 

faulting, including the propagation rate, dip angle, displacement gradient, and shape of 

the fault.  If the Austin Chalk in the Lehigh Quarry consisted entirely of massively 

bedded chalk, normal faults  exposed in the quarry walls might have a consistent, 

relatively steep (~60°-70°) dip reflecting the homogeneous mechanical properties of the 

chalk.  Dilational or contractional structures along the fault would be related to local 

irregularities in the shape of the fault, analogous to restraining or releasing bends.  The 

displacement gradient parallel to dip might be quite small, if non-zero. 

Normal faults in a layered sequence of beds of differing strengths tend to cut 

steeply across stronger beds and more gently through weaker beds (Schopfer and others, 

2006;  Ferrill and Morris, 2003, 2008).  Weaker beds might become detachment horizons 

in cases of gravitational sliding or flexural extension (Ferrill and Morris, 2008).  Along 

normal faults exposed in the Lehigh Quarry, the dip angle of a typical fault as it passes 

through the stronger chalk layers is ~60°-80°, while dips of 50°-60° are common through 

the marls.  Small fault splays were observed that curve away from the main fault to 

become parallel to bedding in the marls.  Similar correlations between fault dip and bed 

competency have been recognized in thrust faults for decades, in which the strong beds 

are thought to act as struts that fail at an angle of ~30° to bedding, while decollement 

surfaces develop within the weak layers (e.g., Rich, 1934).  This leads to the classic flat-

ramp-flat geometry of the Pine Mountain thrust fault (Rich, 1934;  Rogers, 1950).   
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The variation in normal fault dip resulting from these strength differences can 

lead to dilation along a normal fault that has small displacement, with voids opening 

where the stronger layers are faulted (Ferrill and Morris, 2003;  Schopfer and others, 

2006).  In the Lehigh Quarry, however, it is more common for the stronger layers to 

remain in contact across the fault, with dilatancy primarily occurring in the chalky marl 

and marly chalk strata.  The marl seems to have flowed plastically to fill any potential 

void.  Sparry calcite or macrospar fills the thin void space that has developed between the 

faulted ends of some of the chalk beds, while microspar fills the gaps along the fault 

opposite the marly chalk and chalky marl. 

Corbett and others (1987) proposed that flocculated smectite-clay aggregates act 

as soft inclusions that might concentrate stress within the rock, localize shear planes, and 

control failure.  They found that, for low-porosity carbonate specimens from the Austin 

Chalk, the presence of 1% smectite clay reduces the rock strength 17% at a confining 

pressure of 10 MPa and 6% at 70 MPa;  4% smectite weakens the rock by 42% at 10 

MPa and by 30% at 70 MPa.  Confining pressures of 10 MPa and 70 MPa reflect depths 

of approximately 0.4 km and ~2.7-3 km, respectively, which brackets the 1.5-2.0 km 

depth of burial estimated for the lower Austin Chalk (Fullmer and Lucia, 2005).  Corbett 

and others (1987) reported smectite compositions of 2-3% for specimens from the Atco 

Chalk member collected at outcrops in Dallas and San Antonio.  Not surprisingly, they 

found that the most important factor affecting rock strength in the Austin Chalk is 

porosity:  more porous rocks are weaker. 

Experimental analysis of samples from the Austin Chalk demonstrates that the 

coefficient of friction (µ) decreases exponentially from ~1.7 to 0.18 with increasing 
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smectite content (Corbett and others, 1987).   Just 1% smectite content reduces µ by a 

factor of 2.  Given  

φ = arctan (µ) 

and 

β = (90° - φ) / 2 , 

where φ is the angle of internal friction (i.e., the slope of the failure envelope on a Mohr 

stress diagram), and β is the angle between the greatest principal compressive stress and a 

newly formed fault surface (e.g., Van der Pluijm and Marshak, 2004; Anderson, 1951), it 

follows that higher smectite-clay content results in the development of new normal faults 

through the clay-rich strata along surfaces with dip angles of ~50°. 

The observable effect of the reduction in µ and strength with increasing smectite 

is that the more clay-rich carbonate layers (the marls) are weaker, support development of 

normal fault surfaces dipping more gently than in the chalk, and are more susceptible to 

plastic flow.  Strength observations made with the Schmidt hammer and weathering 

observations of the quarry walls demonstrate that the more clay-rich marl and chalky 

marl of the Lehigh Quarry are weaker than the massive chalk and marly chalk.  Dip 

observations along the faults indicate steeper dip angles in the chalk than in the marls.  

Bed-thickness observations indicate that the chalk layers remain approximately constant 

in thickness, while the marls commonly vary in thickness in the vicinity of the faults. 

The stronger or more competent beds tend to maintain their original thickness 

during faulting, whereas the weaker or less competent beds tend to change thickness.  

This effect results from the greater ductility of the marl relative to the pure chalk.  Bed-

thickness variation inferred to be due to stress-induced flow in the weaker strata of the 
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Lehigh Quarry is most pronounced within a few meters of a fault, and accommodates the 

minor bending of the chalk due to drag along the fault (figure 20).  Drag folding is 

evident in the footwall of fault 3, where the flexure of the chalk beds was accompanied 

by ductile flow in the intervening marls.  The drag folding of the footwall and downward 

motion of the hanging-wall block might have been accommodated by plastic flow or 

ductile faulting in the South Bosque Shale, which lies a few tens of feet below the Lehigh 

Quarry floor. 

 

Fault/Vein Relationships 
 

The calcite fault-core fabric did not develop everywhere along the normal faults 

in the Lehigh Quarry.  In the thick, clay-rich marls, fault displacement was 

accommodated by ductile flow that seemed to inhibit the creation and preservation of 

open void spaces in which the secondary calcite could precipitate.  The fault core in the 

Figure 20.  Traditional layer-cake model as a graphical explanation of local folding 
within the Austin Chalk.  The chalk layers tend to maintain their thickness during 
deformation while marls and the underlying South Bosque Fm. are mobile under small 
differential stresses. 
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chalk was either absent or manifested by a thin gouge zone where the fault surface was 

approximately planar and displacement was parallel to the surface.  Where there were 

releasing bends along the fault adjacent to the chalk or marly chalk strata, dilatant void 

space developed in which the calcite vein material could precipitate. 

Macrospar and microspar fabrics were observed in the cores of faults in the 

Lehigh Quarry (figure 21).  The macrospar calcite is inferred to have precipitated in 

relatively large, open spaces along a fault surface.  There does not appear to be any 

strain-induced preferred crystallographic orientation exhibited by the macrospar grains – 

they are not slickenfibers and foliation is not evident.  In places, the macrospar-filled void 

or crack cuts across the microspar fabric, indicating that the microspar fault-core fabric 

was fractured subsequent to its formation.  Twins in the macrospar grains indicate that 

they precipitated before the deformation ended.  Additional information about the twins 

observed in the fault rocks of Lehigh Quarry is presented later in this paper. 

 

Figure 21.  Fabric sampled  from fault 4.  Shown is the relationship between a central 
macrospar vein and adjacent microspar shingles.  Thin sections A.29 through A.32 are 
derived from this sample. 
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Microspar Fabric 
 

The wall rock adjacent to the fault is inferred to have pulled away from the 

calcite-dominated fault core during a slip event, creating a set of open extensional 

fractures that were subsequently filled with calcite.  Each extension fracture is associated 

with a small releasing bend between the fault core and the wall rock.  The orientation of 

the releasing bend relative to the shear surfaces on either side of it is variable.   

Mode I extension cracks oriented between perhaps 20-40° to early-formed fault 

surfaces develop concurrent with or before the initial formation of the fault, as 

demonstrated in rock-deformation experiments (figure 22A;  e.g., Griggs and Handin, 

1960; Hallbauer and others, 1973;  Jaeger and Cook, 1979).  An extensional step between  

Figure 22.  Extensional regions associated with shear.  (A) Mode I extension cracks 
(ovals) oriented ~30° to a shear plane.  (B) Extensional wing crack developing from the 
tip of a mode II shear crack.  (C) Extensional T fabric within the Riedel shear array.  
After Griggs and Handin (1960), Pollard and Seagall (1987) and Logan and others 
(1979). 
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two adjacent mode II crack tips can form as the fault develops.  Extensional wing cracks 

can also develop at the tip of a mode II crack, at initial angles of >70° to the shear crack 

(figure 22B;  e.g., Pollard and Segall, 1987; Dyskin and others, 1999), which can result in 

an extensional step between adjacent mode II cracks.  Wing crack development might 

require that the original crack be a mix of extensional and shear cracks (i.e., a mixed-

mode crack;  Pollard and Aydin, 1988;  Jeyakumaran and Rudnicki, 1995).  The Riedel 

shear geometry includes mode I extension cracks (i.e., the T fabric of figure 22C) that 

develop in a shear zone at an angle of ~40° to the shear direction (Riedel, 1929;  Logan 

and others, 1979;  Hancock, 1985).  In summary, several mechanisms are available to 

initiate extensional fracture between the tips of non-colinear shear cracks to produce a 

releasing bend, so the angle between the mode II shear cracks and the mode I extension 

crack might vary from 30° to nearly 90° for a wing crack. 

The environment along the normal faults of the Lehigh Quarry was not an isotropic, 

homogeneous, linearly elastic medium, so the utility of simple conceptual or theoretical 

models might be limited.  The wall rock for the faults exposed in the Lehigh Quarry 

includes beds with a range of strengths, from strong chalk to weak marl.  The precipitated 

calcite in the fault cores is stronger than the surrounding wall rock (Lee and Wiltschko, 

2000).  Local mechanical anisotropy of the materials in the vicinity of the shear crack tip 

is also important in controlling the development of extensional cracks. 

Davison (1995) studied the development of calcite veinlets with host lithons in 

dilatant normal faults.  He suggested that an earlier phase of vein filling resulted in the 

cementation of a thin (~1 mm thick) zone of the wallrock immediately adjacent to the 

vein (figure 23).  Then, when the fault slipped again, a crack developed between the 

cemented wallrock adjacent to the vein and the less cemented wallrock beyond.  That is,  
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Figure 23.  Development of sequentially formed microspar veinlet-host lithon fabric.  (A) 
Initiation of extensional crack between tips of two mode II shear cracks, resulting in a 
releasing bend.  (B) Formation of open crack.  (C) Calcite precipitates in open crack and 
adjacent pore space to form veinlet surrounded by cemented zone.  (D) New crack 
propagates between the cemented and uncemented wall rock.  (E) New crack opens, and 
host lithon translates with the initial veinlet.  (F) Calcite precipitates to form second 
veinlet, setting up additional cycles of fracture and precipitation. 
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it was neither the vein calcite nor the interface between the vein and the wallrock that 

fractured, but rather the fracture developed between the cemented wallrock and the 

uncemented wallrock.   

Lee and Wiltschko (2000) noted that the host rock would be weaker than either the 

vein calcite or the cemented host rock adjacent to the vein, localizing the new crack 

outside of this zone in the less cemented host rock.  Consequently, the two calcite veins 

are separated by a thin septum of cemented wallrock -- the host lithon.  Lee and others 

(1997;  Lee and Wiltschko, 2000) demonstrated that the development of calcite veinlets 

and host lithons could be tracked isotopically if the isotopic composition of the 

precipitating fluids evolved during fault displacement.   

 

Calcite Twins 

Twins were observed in macrospar calcite grains in all thin sections that contained 

macrospar, from all faults studied in Lehigh Quarry.  Since they were first recognized in 

calcite by Christian Huygens in the late 1600s (Groshong, 1988), use of mechanical twins 

in structural analysis has been the focus of extensive study by structural geologists (e.g., 

Rose, 1868 and Mügge, 1883 cited in Burkhard, 1993;  Sorby, 1908;  Knopf, 1949;  

Turner, 1953;  Weiss, 1954;  Turner and others, 1954;  Turner, 1962;  Turner and Heard, 

1964;  Groshong, 1972;  Spang, 1972;  Spang and others, 1974;  Jamison and Spang, 

1976;  Barber and Wenk, 1979;  Ferrill, 1991, 1998;  Ferrill and others, 2004).  Twinning 

in calcite requires a critical resolved shear stress in excess of 5-15 MPa (Jamison and 

Spang, 1976;  Lacombe and Laurent, 1996;  Laurent and others, 2000).  The presence of 

mechanical twins indicates that the macrospar calcite of the Lehigh Quarry was subject to 

at least 5-15 MPa of shear stress. 
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Ferrill and others (2004) summarized the use of mechanical twins in calcite as 

geothermometers.  They describe four morphologies for calcite twins that relate to the 

temperature of deformation:  thin twins, thick twins, curved and tapered thick twins, and 

patchy thick twins.  The width of the twin correlates with temperature.  Thin twins (width 

<0.001 mm) predominate below 170°C.  Thick twins (width up to ~0.01 mm) are the 

dominant form above 200°C.  At higher temperatures, dynamic recrystallization becomes 

an important deformation mechanism in calcite that competes with mechanical twinning. 

Above 250°C, twins become curved, tapered and lensoid.  Above 300°, twins are 

modified by dynamic recrystallization to form patchy, irregular bands.  The upper 

temperature limit for the preservation of twins appears to be ~400°C (Groshong, 1988).  

Only thin twins were observed in the fault-core fabric of the Lehigh Quarry, indicating 

that they were deformed below ~170°C.  Isotopic analysis described in this thesis 

indicates that precipitation of the secondary calcite occurred at temperatures between 

~48° and 110°C, which is consistent with the temperature estimate based on the type of 

mechanical twins observed in macrospar calcite along the faults of the Lehigh Quarry. 

Twins were only observed in the macrospar at the Lehigh Quarry.  Lee and others 

(1997) did not observe twins in faults within the Austin Chalk exposed in the Longhorn 

Quarry near San Antonio, concluding that the calcite was not subjected to a shear stress 

in excess of 200 bars (20 MPa).  In the Lehigh Quarry, fractures in which the macrospar 

precipitated cut across the microspar fabric, indicating that the microspar developed first.  

Why is the microspar not twinned?  Ferrill (1998) suggests that there may be a 

dependence of twinning on grain size, such that it may be easier to twin larger grains.  

Twinning dependency upon grain size has been observed in metals (Yu and others, 
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2010).  If the larger calcite grains in the macrospar were able to twin at a lower shear 

stress than the smaller grains in the microspar, the calcite in the fault cores at Lehigh 

Quarry might have been subject to the lowest shear stress needed to activate twinning – 

just enough for larger grains, not enough for smaller grains. 
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CHAPTER FIVE 
 

Conclusions 
 
 

The dual purposes of this thesis were to characterize the normal faults exposed in 

the Lehigh Quarry and to describe the kinematic indicators in their calcite-dominated 

fault cores.  Dilatancy along the normal faults of the Lehigh Quarry created void space in 

which calcite has precipitated.  The dilatancy developed primarily because of releasing 

bends along the faults and local variations in the dip angle of the faults related to 

differences in bed strength, with stronger beds supporting steeper dip angles (figure 24).  

Ultimately, both are related to the non-planar shape of the fault surfaces.  Calcite-filled 

void spaces did not tend to develop adjacent to the weakest strata in the quarry, the clay-

rich marls, because the marl tended to deform by ductile flow along the faults. 

 

 

Two types of calcite vein fabric were observed in the fault cores that developed in 

the void spaces:  macrospar, in which millimeter to centimeter scale anhedral to 

subhedral grains of calcite precipitated in larger void spaces;  and microspar, in which 

Figure 24.  Causes of dilatancy along normal faults.  (A) Releasing bends.  (B) Variations 
in dip angle related to relative bed strength. 
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alternating millimeter-to-submillimeter scale veinlets of calcite separated from one 

another by host lithons of cemented chalk.  Thin twins were observed in the macrospar 

grains, but no twins were observed in the microspar calcite.  The presence of thin twins in 

the larger calcite grains demonstrates that the temperature of deformation was less than 

170°C and the fault core was subjected to shear stresses just above the minimum 

activation stresses for calcite twins:  approximately 5-15 MPa.   

Carbon isotopes analyzed from 174 samples collected in the Lehigh Quarry ranged 

from δ13CVPDB = 1.35‰ to 2.38‰.  The water from which the secondary calcite in the 

fault cores precipitated is interpreted to have originated as formation water that has not 

been in contact with the ground surface for a significant time.  The water might have 

been pore water from the Austin Chalk mixed with water from deeper sources accessed 

by flow along the fault.  Oxygen isotopes measured from the same samples ranged from 

δ18OVPDB = -10.86‰ to -3.85‰, and clustered into three groups:  chalk, with an average 

δ18OVPDB of -4.44±0.72‰;  faults 3, 4 and 5, with an average δ18OVPDB of -7.45±0.90‰;  

and fault 1b, with an average δ18OVPDB of -9.18±1.39‰.  Precipitation of the secondary 

calcite in the fault cores is interpreted to have occurred at temperatures between ~48° and 

110°C – higher temperatures in fault 1b and lower temperatures in faults 3, 4 and 5. 

The different relative strengths of the carbonate strata in Lehigh Quarry result in the 

variety of fault-related features observed.  In order of decreasing strength, the observed 

strata include chalk, marly chalk, chalky marl, and marl.  The dip of a typical normal 

fault surface tends to be smaller as the fault crosses weaker strata.  The weaker strata 

have a higher clay content, and the marl exhibits evidence of ductile/plastic flow under 

stress related to faulting.  The chalk deforms through brittle fracturing and faulting, with 

some broad drag folding where accommodated by ductile flow in adjacent layers. 
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Figure 25.  Explanation of the sequential development of the microspar fabric in a 
dilational normal fault.  (A) Initial slip event creates voids along fault plane.  (B) No 
movement on the fault plane for a period of time allows calcite to precipitate within 
voids.  The crystallization front progresses into the host rock (cemented zone).  (C) A 
subsequent slip event causes an open crack to develop on the back side of the cemented 
zone (figure 23).  (D) A series of slip events causes the formation of the microspar fabric 
in dilational normal fault as seen in the shingles sample in figure 21. 
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The microspar fabric is the most useful in determining sense of slip (figure 25).  

Microspar fabric develops in small releasing bends along the fault.  Initial shear motion 

on the order of millimeters or less along two adjacent mode II cracks opens an 

extensional fracture between them.  Calcite precipitates in the open crack, and invades 

the surrounding wall rock to form intergranular cement.  As shear strain builds with 

further creep along the fault, the mode II cracks propagate and a new extensional crack 

develops along the interface between the cemented and uncemented wallrock.  The cycle 

repeats itself as calcite precipitates in the new open crack.  This process might result in a 

single stratum of microspar (e.g., figure 26) or in overlapping or shingled microspar if the 

fault is dilatant (figure 25).  Microspar in the fault cores at Lahigh Quarry is generally 

shingled as in figure 25, indicating that the void space was expanding laterally as the 

hanging wall block crept down the fault.  The geometry of the microspar fabric provides 

a shear-sense indicator that can be recognized in small samples of the sort obtained when 

a well is cored (figure 26).  To serve a memory aid, the sense of shear relative to the 

orientation of the veinlets and host lithons resembles the direction of fluid flow relative to 

the orientation of tabular cross bedding in a sedimentary bed. 

 

 
 

Figure 26.  Idealized microspar geometry and interpretation of shear sense.  (A) Left-
lateral shear.  (B) Right-lateral shear. 
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Future Research 
 

While conducting this project, several questions arose that were not part of the 

scope of this paper.  Wiltschko and others (1991) shows that the major fracture trends in 

the quarry are roughly north-south to northwest-southeast.  Aerial photographs also show 

geomorphic lineaments that trend the same orientation.  Interestingly, faults 2, 3, 4, and 5 

do not follow this orientation.  A possible interpretation of this is that there are multiple 

fault generations in the BFZ.  Bornhouser (1958) states that there were at least three 

different episodes of movement of the Gulf of Mexico basin giving credibility this idea.  

Coincidentally, fault 1 has a different isotopic signature than all of the other faults, 

possibly supporting that this fault has a different genesis. 

Isotopic work on the groundwater of central Texas is sparse.  Future work in 

isotopically characterizing the deep known aquifers could shed light on where the water 

came from that precipitated the observed calcite.  Isotopic analysis of the carbonate rocks 

underlying central Texas would also prove useful. 

Evidence from Yu (2010) suggests that smaller grain sizes in metals are less 

susceptible to twinning from differential stresses.  The same could be true of calcite.  

Future work in this area could increase the understanding of why microspar does not 

twin, while macrospar does. 

Lastly, there is a correlation of increasing fault core width and increasing 

displacement.  Statistical work on the faults displacing the Austin Chalk in McLennan 

County could constrain this correlation to understand displacements of faults only 

exposed in map view (see fault 1b).  
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Thin Sections and Slabs 
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APPENDIX B 
 

Isotopes 
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Isotope sample location refers to thin section figures in appendix A.  Samples 

21_X are values from a singuar large (~8cm) crystal from fault 5.  Samples cX and cX_0 

are bulk chalk samples from the quarry.  Those labeled “Dworkin” are results from 

unpublished data from Dr. Steve Dworkin, Baylor University. 

 
Table B.1 

 

Fault Sample 
location Sample δ13C (‰VPDB) δ18O (‰VPDB) Sample Type 

1b A.4, A 8_1 2.22 -6.80 Macrospar 
1b A.4, B 8_2 1.55 -6.80 Veinlet 
1b A.4, C 8_3 1.65 -7.58 Veinlet 
1b A.4, D 8_4 1.85 -6.01 Veinlet 
1b A.6, A 9_1 2.05 -6.81 Veinlet 
1b A.6, B 9_2 2.06 -7.05 Veinlet 
1b A.8, A 10_1 1.99 -7.46 Fossil 
1b A.8, B 10_2 1.92 -7.50 Veinlet 
1b A.10, A 11_1 1.63 -9.81 Macrospar 
1b A.10, B 11_2 1.62 -9.76 Macrospar 
1b A.10, C 11_3 1.63 -10.02 Macrospar 
1b A.10, D 11_4 1.64 -10.45 Veinlet 
1b A.10, E 11_5 1.42 -9.75 Veinlet 
1b A.10, F 11_6 1.38 -10.12 Veinlet 
1b A.10, G 11_7 1.40 -9.90 Veinlet 
1b A.10, H 11_8 1.35 -10.29 Veinlet 
1b A.10, I 11_9 1.56 -10.40 Veinlet 
1b A.12, A 12_1 1.87 -9.93 Macrospar 
1b A.12, B 12_2 2.16 -9.68 Macrospar 
1b A.12, C 12_3 1.83 -10.09 Macrospar 
1b A.12, D 12_4 2.15 -10.82 Macrospar 
1b A.12, E 12_5 2.22 -10.06 Macrospar 
1b A.14, A 13_1 1.54 -9.83 Macrospar 
1b A.14, B 13_2 1.61 -9.46 Macrospar 
1b A.14, C 13_3 1.54 -9.44 Macrospar 
1b A.14, D 13_4 1.72 -9.41 Macrospar 
1b A.14, E 13_5 1.80 -9.20 Macrospar 
1b A.14, F 13_6 1.50 -9.81 Macrospar 
1b A.14, G 13_7 1.65 -10.29 Macrospar 
3 A.16, A 1_1 2.28 -8.01 Macrospar 
3 A.16, B 1_2 2.17 -8.25 Macrospar 
3 A.16, C 1_3 2.07 -7.98 Macrospar 
3 A.16, D 1_4 2.04 -7.37 Veinlet 
3 A.16, E 1_5 1.93 -5.35 Chalk 
3 A.18, A 2_1 2.24 -7.88 Veinlet 
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Table B.1 – Continued 
 

Fault Sample 
location Sample δ13C (‰VPDB) δ18O (‰VPDB) Sample Type 

3 A.18, B 2_2 2.28 -8.01 Macrospar 
3 A.18, C 2_3 2.23 -7.82 Veinlet 
3 A.18, D 2_4 1.90 -5.16 Chalk 
3 A.18, E 2_5 2.17 -8.48 Veinlet 
3 A.18, F 2_6 2.11 -7.87 Veinlet 
3 A.20, A 3_1 2.29 -8.37 Macrospar 
3 A.20, B 3_2 1.97 -8.74 Macrospar 
3 A.20, C 3_3 2.38 -8.10 Macrospar 
3 A.20, D 3_4 2.25 -8.30 Macrospar 
4 A.22, A 4_1 1.76 -7.96 Macrospar 
4 A.22, B 4_2 2.13 -10.69 Macrospar 
4 A.24, A 14_1 2.00 -7.34 Macrospar 
4 A.24, B 14_2 1.95 -6.24 Chalk 
4 A.24, C 14_3 1.96 -6.75 Chalk 
4 A.24, D 14_4 1.56 -7.44 Veinlet 
4 A.24, E 14_5 1.74 -7.72 Veinlet 
4 A.24, F 14_6 1.75 -7.77 Veinlet 
4 A.24, G 14_7 1.87 -7.70 Veinlet 
4 A.24, H 14_8 1.94 -7.79 Veinlet 
4 A.24, I 14_9 2.25 -10.86 Macrospar 
4 A.24, J 14_10 2.15 -8.29 Macrospar 
4 A.24, K 14_11 2.33 -7.58 Macrospar 
4 A.24, L 14_12 2.24 -7.85 Macrospar 
4 A.26, A 15_1 1.99 -6.51 Macrospar 
4 A.26, B 15_2 2.01 -6.26 Macrospar 
4 A.26, C 15_3 2.20 -6.05 Macrospar 
4 A.26, D 15_4 2.03 -6.35 Macrospar 
4 A.26, E 15_5 2.02 -6.73 Macrospar 
4 A.26, F 15_6 1.86 -6.89 Macrospar 
4 A.26, G 15_7 1.84 -6.88 Macrospar 
4 A.26, H 15_8 1.94 -6.77 Macrospar 
4 A.26, I 15_9 2.04 -6.59 Macrospar 
4 A.26, J 15_10 1.78 -7.81 Macrospar 
4 A.26, K 15_11 2.23 -7.44 Macrospar 
4 A.26, L 15_12 1.96 -7.82 Macrospar 
4 A.26, M 15_13 2.06 -7.64 Macrospar 
4 A.26, N 15_14 1.87 -8.03 Macrospar 
4 A.28, A 16_1 1.97 -7.76 Macrospar 
4 A.28, B 16_2 1.99 -7.18 Macrospar 
4 A.28, C 16_3 2.23 -7.89 Macrospar 
4 A.28, D 16_4 2.06 -8.11 Macrospar 
4 A.28, E 16_5 1.75 -7.70 Macrospar 
4 A.28, F 16_6 1.87 -7.73 Macrospar 
4 A.28, G 16_7 2.13 -8.10 Macrospar 
4 A.28, H 16_8 2.14 -7.99 Macrospar 
4 A.28, I 16_9 2.05 -8.21 Macrospar 
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Table B.1 – Continued 
 

Fault Sample 
location Sample δ13C (‰VPDB) δ18O (‰VPDB) Sample Type 

4 A.28, J 16_10 2.10 -8.07 Veinlet 
4 A.28, K 16_11 1.77 -10.24 Veinlet 
4 A.28, L 16_12 2.01 -8.40 Veinlet 
4 A.28, M 16_13 2.00 -9.62 Veinlet 
4 A.28, N 16_14 1.90 -7.54 Veinlet 
4 A.28, O 16_15 1.75 -9.00 Veinlet 
4 A.28, P 16_16 1.86 -6.80 Veinlet 
4 A.30, A 17_1 2.01 -7.90 Veinlet 
4 A.30, B 17_2 2.06 -7.75 Veinlet 
4 A.30, C 17_3 2.05 -7.34 Veinlet 
4 A.30, D 17_4 2.01 -7.72 Veinlet 
4 A.30, E 17_5 2.01 -7.54 Veinlet 
4 A.30, F 17_6 1.97 -6.89 Veinlet 
4 A.30, G 17_7 2.05 -7.36 Veinlet 
4 A.30, H 17_8 1.90 -7.83 Veinlet 
4 A.30, I 17_9 1.97 -7.87 Veinlet 
4 A.30, J 17_10 1.92 -6.85 Macrospar 
4 A.30, K 17_11 1.92 -6.61 Macrospar 
4 A.30, L 17_12 1.93 -6.53 Macrospar 
4 A.30, M 17_13 1.90 -6.64 Macrospar 
4 A.30, O 17_15 1.74 -7.84 Macrospar 
4 A.30, P 17_16 1.71 -7.60 Macrospar 
4 A.30, Q 17_17 1.64 -7.83 Macrospar 
4 A.30, R 17_18 1.83 -7.18 Macrospar 
4 A.32, A 18_1 2.05 -7.61 Veinlet 
4 A.32, B 18_2 1.99 -7.97 Veinlet 
4 A.32, C 18_3 2.03 -7.80 Veinlet 
4 A.32, D 18_4 2.04 -7.50 Veinlet 
4 A.32, E 18_5 1.92 -7.77 Veinlet 
4 A.32, F 18_6 2.02 -7.65 Veinlet 
4 A.32, G 18_7 1.75 -7.51 Veinlet 
4 A.32, H 18_8 1.78 -7.68 Veinlet 
4 A.32, I 18_9 1.81 -7.93 Veinlet 
4 A.32, J 18_10 1.93 -7.18 Veinlet 
4 A.32, K 18_11 1.92 -6.79 Veinlet 
4 A.32, L 18_12 2.04 -6.73 Veinlet 
4 A.32, M 18_13 2.06 -6.30 Macrospar 
4 A.32, N 18_14 1.94 -6.37 Macrospar 
4 A.32, O 18_15 1.97 -7.28 Macrospar 
4 A.34, J 19_10 2.14 -6.14 Macrospar 
4 A.34, K 19_11 1.83 -4.17 Chalk 
4 A.34, A 19_1 2.02 -7.41 Macrospar 
4 A.34, B 19_2 1.94 -7.43 Macrospar 
4 A.34, C 19_3 1.87 -5.79 Chalk 
4 A.34, D 19_4 2.06 -6.24 Macrospar 
4 A.34, E 19_5 1.87 -4.47 Chalk 
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Table B.1 – Continued 
 

Fault Sample 
location Sample δ13C (‰VPDB) δ18O (‰VPDB) Sample Type 

4 A.34, F 19_6 1.97 -7.16 Macrospar 
4 A.34, G 19_7 2.14 -6.89 Macrospar 
4 A.34, H 19_8 2.06 -6.34 Macrospar 
4 A.34, H 19_9 1.88 -4.05 Chalk 
4 A.36, A 20_1 2.02 -6.42 Macrospar 
4 A.36, B 20_2 2.19 -6.32 Macrospar 
4 A.36, C 20_3 2.10 -6.16 Macrospar 
4 A.36, D 20_4 1.89 -4.17 Chalk 
4 A.36, E 20_5 2.25 -6.21 Macrospar 
4 A.36, F 20_6 2.14 -6.28 Macrospar 
4 A.36, G 20_7 1.84 -4.15 Chalk 
4 A.36, H 20_8 2.06 -5.88 Macrospar 
4 A.36, I 20_9 2.08 -6.40 Macrospar 
5 A.38, A 5_1 1.74 -4.13 Chalk 
5 A.38, B 5_2 2.00 -4.12 Fossil 
5 A.38, C 5_3 1.71 -4.56 Chalk 
5 A.38, D 5_4 2.01 -6.90 Macrospar 
5 A.38, E 5_5 2.07 -6.73 Macrospar 
5 A.38, F 5_6 1.93 -6.49 Macrospar 
5 A.38, G 5_7 1.99 -6.57 Macrospar 
5 A.40, A 6_1 1.77 -4.11 Chalk 
5 A.40, B 6_2 1.82 -4.53 Chalk 
5 A.40, C 6_3 1.89 -6.56 Macrospar 
5 A.40, D 6_4 1.93 -6.70 Macrospar 
5 A.40, E 6_5 2.23 -6.01 Macrospar 
5 A.42, A 7_1 1.72 -4.42 Chalk 
5 A.42, B 7_2 2.08 -7.52 Macrospar 
5 A.42, C 7_3 2.14 -6.72 Macrospar 
5 N/A 21_1 2.17 -7.99 Macrospar 
5 N/A 21_2 1.94 -8.21 Macrospar 
5 N/A 21_3 2.15 -7.99 Macrospar 
5 N/A 21_4 2.18 -8.01 Macrospar 
5 N/A 21_5 2.05 -8.02 Macrospar 

N/A N/A c1 1.67 -4.26 Chalk 
N/A N/A c1_0 1.68 -4.04 Chalk 
N/A N/A c2 1.69 -3.85 Chalk 
N/A N/A c2_0 1.65 -3.86 Chalk 
N/A N/A c3 1.67 -4.12 Chalk 
N/A N/A c3_0 1.67 -4.04 Chalk 
N/A N/A c4 1.67 -4.13 Chalk 
N/A N/A c4_0 1.72 -3.94 Chalk 
N/A N/A c5 1.63 -4.15 Chalk 
N/A N/A c5_0 1.64 -4.14 Chalk 
N/A N/A c6 1.67 -4.21 Chalk 
N/A N/A c6_0 1.72 -3.88 Chalk 
N/A N/A c7 1.69 -4.11 Chalk 



 

92 
 

Table B.1 - Continued 
 

Fault Sample 
location Sample δ13C (‰VPDB) δ18O (‰VPDB) Sample Type 

N/A N/A c7_0 1.69 -3.98 Chalk 
N/A N/A Dworkin 2.10 -3.91 Chalk 
N/A N/A Dworkin 1.98 -4.80 Chalk 
N/A N/A Dworkin 2.01 -4.72 Chalk 
N/A N/A Dworkin 1.78 -4.40 Chalk 
N/A N/A Dworkin 1.98 -4.69 Chalk 
N/A N/A Dworkin 1.96 -4.73 Chalk 
N/A N/A Dworkin 2.03 -4.69 Chalk 
N/A N/A Dworkin 1.79 -4.61 Chalk 
N/A N/A Dworkin 1.80 -4.78 Chalk 
N/A N/A Dworkin 2.06 -4.96 Chalk 
N/A N/A Dworkin 2.12 -5.20 Chalk 
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APPENDIX C 
 

Fault orientation data 
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 All strike and dip measurements are given in right-hand-rule notation. 
 

Table C.1 
 

Fault Strike Dip 
1 310 54 
1 318 65 
1 324 63 
1 330 71 
1 305 69 
1 332 69 
1 336 65 
1 332 68 
1 330 69 
1 324 63 
1 326 75 
1 323 72 
1 324 71 
1 342 75 
1 340 71 
1 332 70 
1 330 77 
1 333 81 
1 337 80 
1 310 64 
1b 20 64 
1b 5 62 
1b 19 65 
1b 10 73 
1b 9 75 
1b 8 38 
1b 8 81 
1b 6 74 
1b 16 74 
1b 24 83 
1b 18 63 
1b 11 59 
1b 2 64 
1b 18 64 
1b 19 73 
1b 25 68 
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Table C.1 – Continued 
 

Fault Strike Dip 
1b 24 64 
1b 25 67 
1b 33 65 
1b 20 80 
1b 24 77 
1b 20 85 
2 65 55 
2 43 62 
2 42 62 
2 52 64 
2 55 63 
2 47 60 
2 65 80 
2 65 78 
2 48 69 
2 71 65 
2 70 70 
2 74 69 
2 86 70 
2 77 67 
2 76 66 
2 71 60 
2 72 62 
2 75 61 
2 72 59 
2 73 66 
2 78 54 
2 73 57 
2 71 57 
2 76 49 
2 62 57 
2 72 49 
2 72 45 
2 81 46 
2 68 54 
2 76 47 
3 265 64 
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Table C.1 – Continued 
 

Fault Strike Dip 
3 262 63 
3 252 62 
3 258 56 
3 252 65 
3 273 75 
3 259 63 
3 268 64 
3 274 74 
3 268 66 
3 264 67 
3 276 61 
3 281 69 
3 269 66 
3 274 69 
3 266 59 
3 262 70 
3 252 60 
3 250 64 
3 252 61 
3 261 71 
3 252 63 
3 253 67 
3 255 70 
3 254 68 
3 258 66 
3 252 60 
3 255 56 
3 277 59 
3 264 56 
3 260 70 
3 268 68 
3 261 70 
3 262 68 
3 259 66 
3 274 66 
3 276 53 
3 279 50 
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Table C.1 – Continued 
 

Fault Strike Dip 
3 250 51 
3 254 64 
3 266 59 
3 257 61 
3 265 74 
3 259 70 
3 280 73 
3 263 78 
3 261 74 
3 273 61 
3 276 64 
3 261 69 
3 263 66 
3 266 65 
3 253 65 
3 262 57 
3 256 60 
3 253 61 
3 255 60 
3 255 61 
3 254 65 
3 259 64 
4 266 58 
4 247 60 
4 256 64 
4 248 58 
4 257 63 
4 281 66 
4 271 47 
4 278 56 
4 287 54 
4 287 55 
4 277 56 
4 279 54 
4 278 57 
4 271 38 
4 278 44 
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Table C.1 – Continued 
 

Fault Strike Dip 
4 272 58 
4 277 64 
4 279 52 
4 279 56 
4 267 60 
4 286 50 
4 272 55 
4 285 57 
4 288 62 
4 279 64 
4 280 64 
4 285 66 
4 284 64 
5 224 63 
5 230 59 
5 227 68 
5 232 64 
5 224 55 
5 224 47 
5 228 58 
5 254 65 
5 231 56 
5 228 50 
5 247 61 
5 238 60 
5 230 52 
5 235 56 
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Appendix D 

Fabric selection locations 
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Table D.1 

 

Fault
Thin section/slab 

sample
Appendix A 

figure
Appendix A 

page
Location 

figure
Location 

figure page
1 Slab 1 A.1 65 D.1 101
1b Sample 8 A.3, A.4 67 D.3 103
1b Sample 9 A.5, A.6 68 D.3 103
1b Sample 10 A.7, A.8 69 D.3 103
1b Sample 11 A.9, A.10 70 D.2 102
1b Sample 12 A.11, A.12 71 D.2 102
1b Sample 13 A.13, A.14 72 D.2 102
2 Slab 2 A.2 66 D.4 104
3 Sample 1 A.15, A.16 73 D.5 105
3 Sample 2 A.17, A.18 74 D.5 105
3 Sample 3 A.19, A.20 75 D.5 105
4 Sample 4 A.21, A.22 76 D.6 106
4 Sample 14 A.23, A.24 77 D.6 106
4 Sample 15 A.25, A.26 78 D.6 106
4 Sample 16 A.27, A.28 79 D.6 106
4 Sample 17 A.29, A.30 80 D.6 106
4 Sample 18 A.31, A.32 81 D.6 106
4 Sample 19 A.33, A.34 82 D.6 106
4 Sample 20 A.35, A.36 83 D.6 106
5 Sample 5 A.37, A.38 84 D.7 107
5 Sample 6 A.39, A.40 85 D.7 107
5 Sample 7 A.41, A.42 86 D.7 107

Cut orthogonally 
from one specimen

Cut orthogonally 
from one specimen

Cut orthogonally 
from one specimen

Cut orthogonally 
from one specimen

Cut orthogonally 
from one specimen

Cut orthogonally 
from one specimen

Cut orthogonally 
from one specimen
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Figure D.1.  Location where slab 1 was sampled.  Photo taken looking north. 
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Figure D.2.  Location where fault fabric was collected for samples 11, 12, and 13.  Photo 
taken looking north toward fault 1.  Dashed line represents surface trace of fault 1b. Ball 
rests on footwall. 
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Figure D.3.  Location where fabrics were sampled for fault 1b for samples 8 through 13.  
Photo taken looking northwest.  Dashed line represents surface trace of fault 1b and an 
associated splay.  Ball rests on footwall. 
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Figure D.4.  Location where fault fabric of fault 2 was collected for slab 2.  Photo taken 
looking east.  
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Figure D.5.  Location of specimen collected for samples 1, 2, and 3.  Photo taken looking 
east. 
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Figure D.6.  Locations where specimens were collected for fault 4.  Photo taken looking 
east. 
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Figure D.7.  Samples 5, 6, and 7 were taken from a specimen which was found in the 
scree slope below fault 5.  Photo taken looking south.
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