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Abstract 

 

A Fluid Inclusion and Cathodoluminescence Approach to Reconstruct 

Fracture Growth in the Triassic-Jurassic La Boca Formation, 

Northeastern Mexico 

 

Autumn Leigh Kaylor, MS Geo. Sci. 

The University of Texas at Austin, 2011 

 

Supervisor:  Peter Eichhubl 

Co-Supervisor:  Stephen Laubach 

 

Opening-mode fracture shapes are typically the result of brittle deformation and 

proportional growth in fracture height, length, and width. Based on the typical fracture 

shape, it is assumed that fracture tips are free to propagate in all directions. Some natural 

rock fractures have been shown to form as a result of slow non-elastic deformation 

processes. Such fractures may propagate to a finite length or height and accommodate 

further growth by aperture widening only. To determine the growth conditions of a 

fracture in the Triassic-Jurassic La Boca Formation of northeastern Mexico and to test 

fracture growth models, I combined fluid inclusion microthermometry and SEM-based 

cathodoluminescence cement texture analysis to determine the relative timing of fracture 

cement precipitation and related fracture opening for five samples collected along its 

trace.  
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Fracture growth initiated at a minimum age of 70 Ma as two separate fractures 

with branching fracture tips that coalesced to a single continuous fracture under prograde 

burial conditions at a minimum age of 54 Ma. At this stage, fracture growth was 

accommodated by both propagation (i.e. increase in trace length) and by an increase in 

aperture during maximum burial and early exhumation. Samples collected at the fracture 

tips recorded temperatures reflecting fracture opening starting with maximum burial at a 

minimum age of 48 Ma at one tip and of 38 Ma at the other tip. Synkinematic fluid 

inclusions in crack-seal cement track continued fracture opening close to the fracture tips 

without a concurrent increase in trace length after 38 Ma until about 21 Ma. 

I attribute the observed change in fracture growth mechanism to a change in 

material response. The stage in aperture increase without propagation corresponds to an 

increase in elastic compliance or in non-elastic flow properties. Non-elastic flow can be 

attributed to solution-precipitation creep of the host rock. Dissolution of host quartz 

grains and subsequent quartz precipitation is consistent with the abundance of quartz 

fracture cement formed during exhumation.  Cement textures from fractures in the La 

Boca Formation mimic those found in subsurface core, which allows application of the 

results to a variety of geologic environments.  
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BACKGROUND 

Chapter 1: Introduction  

1.1 PLAN OF THESIS 

Fractures1 are some of the most common structures in the Earth’s crust. They 

occur in every variety of rock types and govern many mechanical and chemical Earth 

processes. Fractures control the mechanical and hydraulic properties of rock with 

practical applications in energy and groundwater development and petroleum and civil 

engineering (National Research Council, 1996). For this reason, geoscientists and 

engineers have developed methods to measure, interpret, and predict the occurrence of 

fractures and their structural and diagenetic attributes.  

My study focused on opening-mode fractures that contain some naturally 

occurring mineral cement. Such structures are commonly termed veins, which are 

widespread structures in metamorphic and igneous rocks (Ramsay, 1980). Yet the 

fractures I investigated occur in sedimentary rocks (sandstones) and retain considerable 

porosity. In this, they more closely resemble barren opening-mode fractures or joints. The 

occurrence and patterns of joints have been studied since the early days of geology 

(Woodworth, 1896; Hodgson, 1961), and efforts to increase our understanding the 

mechanics of joint development are continuing (Pollard and Aydin, 1988; Olson et al., 

2009). Despite this work, little is known of the natural rates of individual fracture 

propagation.  

 The main aim of this study was to reconstruct a temporal fracture growth and 

opening evolution from the Triassic-Jurassic La Boca Formation sandstone in 

                                                 
1 The term fracture includes opening-mode fractures and faults. Opening-mode fractures (also called 
extension fractures) include some veins and joints (barren opening-mode fractures). 
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northeastern Mexico. The study area is one that has been identified based on similarities 

between fracture scaling and cementation characteristics to subsurface observations, and 

as being a good analog for fractures in such rocks (Laubach and Ward, 2006). Outcrops 

allow entire fractures to be observed and sampled. The results of such studies can clarify 

how fractures form in such rocks and thus inform research and improve methods aimed at 

aiding exploration and development. 

 This study combined fluid inclusion microthermometry, SEM-based 

cathodoluminescence mapping of fracture cements, and a reconstruction of the 

temperature history for the formation to model the temporal evolution of the fracture. The 

reconstructed growth history was compared to diagenetic and mechanical models for 

fracture growth to enhance our understanding of fracture propagation conditions, porosity 

evolution, and durations of fracture growth.  

Chapter 1 introduces relevant terminology as it pertains to this thesis. I introduce 

the research questions and hypotheses addressed in this study and the purpose of this 

thesis and provide an introduction to fracture mechanics and fracture diagenesis 

literature. Later in Chapter 1, I introduce relevant background material on the geology of 

the Triassic-Jurassic La Boca Formation. Chapter 2 presents the field data and description 

of the outcrop and sampled fracture. A discussion of the La Boca Formation burial 

history is presented in Appendix G. After a description of imaging and fluid-inclusion 

techniques applied in this thesis, Chapter 3 presents the results from the fluid inclusion 

and texture analysis. In Chapter 4, I discuss the temperature history, the fracture-opening 

reconstruction, and compare the results of reconstructed fracture growth with models of 

fracture growth. Chapter 5 presents my conclusions. Images and measurement tables 

containing all the temperature data collected in this thesis are in Appendices B-I. A 

review of fracture mechanics and diagenesis literature can be found in Appendix A. 
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Research Contributions Location in 

Thesis 
FIELD SEASONS 

Field season in Mexico for sampling February 2010 N/A 
Field Season in Grande Cache, 
Canada collecting samples for future 
research 

June-July 2010 N/A 

LAB WORK 

Prepared billets for fluid inclusion thin sections N/A 

Fluid inclusion petrography and microthermometry of 724 
inclusions 

Chapter 3 & 
Appendix B 

 
Fluid inclusion freezing experiments Chapter 4 

Fluorescence imaging to look for hydrocarbons Appendix D 
DATA INTERPRETATION 

Developed interpretations methods based on image 
stacking  Appendix C 

Developed crystal interpretation techniques for 
complicated cement textures 

Chapter 3, 
Appendix C 

Created cement texture maps for each crystal analyzed Chapter 3 
Refined the current burial model to a temperature model 
appropriate for the sample location Appendix G 

Converted homogenization temperature to trapping 
temperature 

Chapter 4 & 
Appendix F 

Created relative timing plots and data tables for each 
crystal 

Chapter 3, 
Appendix H 

Interpreted a fracture opening history Chapter 4 
Interpreted the fracture driving forces at each interval of 
fracture growth as defined by the opening history model Chapter 4 

PRESENTATIONS 
GeoCanada (May 2010) Poster N/A 

FRAC Annual meeting (September 2010) Poster N/A 

GSA Annual Meeting (Oct 2010) Poster N/A 

AAPG Annual Meeting (April 2011) Poster N/A 

Chevron Onsite Interview (October 2010) Talk N/A 

Hess Onsite Interview (October 2010) Talk N/A 

University of Texas Masters Saturday (April 2011) Talk N/A 

Table 1.1: Summary of field work, lab analyses, interpretation methods, and research 
presentations performed during this thesis. 
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1.2 FRACTURE TERMINOLOGY AND MECHANICS 

Twiss and Moores (1992) define fracture as a surface along which rocks or 

minerals have broken. They cite the Latin root of the word, fractus, which means broken. 

Summarized by Twiss and Moores (1992), fractures can be divided into two categories 

based on the style of opening and presence of shear. Opening-mode or extension 

fractures, including joints, and some veins are mode-I fractures with little to no shear 

displacement and opening that occurs normal to the fracture walls. Modes II and III 

fractures contain a shear component that can either be parallel to the fracture front, 

perpendicular to it, or a combination of both. Fractures that have both parallel and 

perpendicular displacements are termed mixed-mode fractures. 

 A review paper by Pollard and Aydin (1988) termed opening-mode fractures with 

no shear displacement as joints. To make the distinction between mineral-barren joints 

and mineralized joints, the term vein is used to represent completely or partially 

mineralized opening-mode fractures. The term vein is problematic though, since it may 

refer to any roughly tabular mineral deposit, including replacement bodies (i.e., not 

fractures) or to dilatant faults.  

The stress intensity factor KI is a measure of the magnitude of the fracture-driving 

stress at the fracture tip. The stress intensity factor is a function of fracture geometry, 

fracture length, and remote normal stress oriented perpendicular to the fracture (Lawn 

and Wilshaw, 1975). In the presence of a pore fluid, the mode-I driving stress (∆σ1) is the 

sum of the pore fluid pressure (Pf) (taken positive) pushing out on the fracture walls from 

inside the fracture, and the normal stress (Sn) (tension negative) perpendicular to the 

fracture plane  (Secor, 1965).  

Typically, all normal stress components of the stress tensor are compressive in the 

subsurface (Engelder, 1993; Zoback, 2007). Under such stress conditions, the pore fluid 
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pressure must exceed the least principal normal stress for tensile failure and mode-I 

fracture propagation to occur (Price, 1959; Secor, 1965; Nickelsen and Hough, 1967; 

Segall, 1984). The necessary condition for mechanical fracture propagation is expressed 

by the stress intensity factor (KI) exceeding the fracture toughness (KIc) where KIc is a 

material parameter that describes the propensity of rock to resist failure (Westergaard, 

1939).  

Mode-I fractures propagate in the plane of the maximum compressive (σ1) and 

intermediate (σ2) principal stresses and perpendicular to the least compressive principal 

stress (σ3) and increase in aperture parallel to σ3 (Lawn and Wilshaw, 1975; Pollard and 

Aydin, 1988). Deviations from a planar propagation path can be caused by local stress 

perturbations due to fracture-to-fracture interactions (Dyer, 1988; Gross, 1993; Bai et al., 

2002; Olson 2007). 

 In this thesis, I refer to opening-mode fractures as fractures with a dominant wall-

perpendicular opening displacement regardless of whether fractures are fully or partially 

cemented. Fractures with a discernible shear displacement are referred to as sheared 

fractures or faults (Segall, 1984, Pollard and Aydin, 1988; Laubach, 1988; Laubach, 

2003; Laubach, 2004a, 2004b; Gillespie et al., 2001; Laubach and Ward, 2006). The 

exception is when describing the historical literature, where the presence or absence of 

cements is commonly overlooked and opening-mode fractures are called joints (in some 

cases ‘cemented joints’, Pollard and Aydin, 1988).  

Following established nomenclature (Lawn and Wilshaw, 1975; Pollard and 

Aydin, 1988) fractures grow by propagation and by coalescence with other fractures that 

may or may not grow concurrently (Nicholson and Pollard, 1985). Propagation refers to 

an increase in length, not in width, although traditionally it is assumed that an increase in 

length is accompanied by a proportional increase in width (Pollard and Aydin, 1988). In 
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the remainder of the thesis, growth refers to an increase in length that may include both 

propagation and coalescence; propagation refers to the mechanism of lengthening 

incrementally as opposed to coalescence. 

1.3 RESEARCH QUESTIONS AND HYPOTHESES TO BE TESTED 

1.3.1 Do Fracture Cement Textures Track Fracture Growth in Space and Time?  

Quartz cement deposits in some fractures contain crack-seal textures that record a 

history of fracture opening (Ramsay, 1980; Laubach et al., 2004a,c). Crack-seal forms by 

repeated fracturing and cement precipitation in fracture-bridging cement deposits, and 

forms parallel to the opening displacement (Figure 1.1). In many cases, in sandstone 

subject to sedimentary burial conditions, the cement deposits that contain the crack-seal 

texture are in isolated masses, pillars, or bridges surrounded by pore space or later cement 

(Laubach, 1988). Fluid-inclusion assemblages trapped during progressive fracturing, 

opening, and concurrent cement precipitation preserve evidence of fluid temperatures and 

compositions when fractures were opening. By relating the timing of fracture cement 

growth to the burial history, the timing and rate of fracture opening at single points along 

the trace of individual fractures have been reconstructed (Narr and Curie, 1982; Laubach 

1988; Eichhubl and Boles, 2000; Parris et al., 2003; Laubach and Ward, 2006; Laubach 

and Diaz-Tushman, 2009; Becker et al, 2010; Fall et al., in review, 2011).  

The reconstruction of the opening history of an entire fracture should be possible, 

given suitable quartz cement deposits. Kinematic reconstructions of fracture opening, 

without determining rates of opening, were provided by Ward (2006), Cervantes and 

Wiltschko (2010), and Fisher and Brantley (1992). Ward (2006) collected samples and 

did preliminary imaging in an attempt to reconstruct the fracture opening and 

precipitation of localized cement bridge deposits. Cervantes and Wiltschko (2010) 



 7 

accomplished fracture opening reconstructions from the fracture midpoint to one of the 

fracture tips for greenschist metamorphosed fibrous quartz veins. Fisher and Brantley 

(1992) examined vein crack-seal textures in context of temperature, pressure, rock-water 

chemistry, and rock texture.  

In this study, I combined a kinematic reconstruction of fracture opening with a 

time-temperature analysis of fracture cements to reconstruct the growth history of a 

single, well-characterized fracture in both space and time. This approach combined 

textural mapping of fracture cement with fluid inclusion microthermometry to obtain the 

kinematics and timing of fracture opening at multiple selected sample locations along the 

fracture trace. Using this approach, the opening history of an entire fracture can be 

reconstructed, and the mechanical and diagenetic interplay during fracture growth can be 

inferred. This research is based on the assumption that a reconstruction of the history of 

fracture opening, including the fracture shape through time, and the duration of change of 

the fracture shape, provide insight into the mechanics of fracture growth.  
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Figure 1.1: Step-by-step progression of crack-seal texture, modified after R. Lander 
(unpublished manuscript, 2009). The orientation of the c-axis for the quartz 
crystals (circles) is shown by the purple cement in the left-most figure panel 
(Time 1). When the c-axis is normal to the fracture wall (middle-grain) the 
quartz will grow fastest and form a bridge over the fracture void. For each 
increment of fracture opening, the cemented quartz bridge will break. The 
new void will be filled by a new linear cement deposit. With each opening 
increment, new cement is deposited resulting in thickening of the quartz 
bridge. Because of this thickening, each new generation of crack-seal 
cement must be longer than the preceding crack-seal cements. P = porosity, 
B = bridge, FW = fracture wall, G = grain. Diagram after a numerical model 
by R, Lander, 2007. 

1.3.2 How Does the Increase in Fracture Length Relate to an Increase in Fracture 
Aperture During Fracture Growth? 

Engineering fracture mechanics assumes that fracture aperture increases 

proportionally to the increase in fracture height or length during fracture growth (Figure 

1.2A) (Lawn and Wilshaw, 1975). Alternatively, it is possible that fractures propagate to 

a finite height or length, with subsequent fracture growth only affecting fracture aperture 

without further propagation (Figure 1.2B). Between these end member cases, it is 
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conceivable that rates of fracture propagation may change relative to rates of aperture 

increase during the growth history of a fracture.  

I tested these alternate hypotheses by reconstructing the opening history of one 

well-exposed fracture at five sampling locations along its exposed trace length, and 

determined the duration of fracture opening at each sampling location independently. In 

combination with a kinematic reconstruction of fracture opening, I determined the 

relative rates of fracture propagation to aperture growth throughout the growth history of 

the fracture.  
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Figure 1.2: Hypothetical end-member opening models. (A) Fracture propagates in length 
and height proportionally to aperture widening. (A1) represents the initial 
geometry followed by an opening and propagation event at (A2). New 
cement (yellow) precipitates in the fracture void at (A3). The process 
continues in (A4 and A5). (B) The fracture reached a finite height or length 
with subsequent growth in the aperture direction only. Each color in (B1 to 
B3) represents a new generation of fracture-filling cement that precipitated 
after a fracture opening event. 
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1.4 GEOLOGIC OVERVIEW 

This study was performed on a fracture from the Late Triassic - Early Jurassic La 

Boca Formation. The fracture is exposed in a canyon along Mexico Highway 31 (old 

Route 58), 21 kilometers SW of the town of Galeana, Nuevo León, Mexico (Figure 1.3). 

The study area was chosen for its fracture characteristics exhibiting fracture patterns and 

textures similar to those observed in core from producing gas reservoirs like the Jurassic 

Eagle Mills Formation (Laubach and Ward, 2006). The outcrop is an exposed streambed 

allowing an oblique view of fracture length and height, which lends itself to easy sample 

collecting. The field site is part of the broad structural setting dominated by the Sierra 

Madre Oriental (Figure 1.3). 

The Sierra Madre Oriental is located at the eastern edge of Mexico and is a 

continuation of the North American cordilleran deformation belt (Marrett and Aranda-

Garcia, 2001). The Mexican cordillera stretches 1500 km from northern to southern 

Mexico (Zhou et al., 2006). The west end of the cordillera is dominated by thick-skinned 

tectonics while the east end is predominantly thin-skinned (Gray et al., 2001). Some areas 

of exposed basement are found throughout the eastern area of the fold and thrust belt 

(Zhou et al., 2006).  

Prior to Laramide-age deformation (Late Cretaceous to Eocene) of the fold and 

thrust belt, northeastern Mexico’s structural framework was dominated by extension. 

This extension resulted in the formation of the Mexican Borderland Rift (Dickinson and 

Lawton, 2001; Zhou et al., 2006) associated with the opening of the Gulf of Mexico 

(Barboza-Gudino et al., 1999). Extension shifted to contraction with the onset of 

Laramide-age folding and thrusting in the Sierra Madre Oriental (Goldhammer, 1999; 

Gray et al., 2001; Zhou et al., 2006; Ferket et al., 2010). The eastern part of the cordillera 

is fold-dominated. Map-scale faults occur only at the leading edge of the deformation 
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(Gray et al., 2001; Marrett and Aranda, 2001). The main detachment separates Upper-

Jurassic through Cretaceous sedimentary rocks from Precambrian through Middle-

Jurassic rocks (Padilla y Sanchez, 1982).  The propensity for folding as opposed to 

faulting was attributed to the influence of evaporites along and within the detachment 

(Marrett and Aranda, 2001). 

During and after the Laramide deformation, a foreland basin formed at the 

depocenters resultant from the Gulf of Mexico opening event (Barboza-Gudino et al., 

1999, Gray et al., 2001). The Huizachal Group red beds form the base of the sedimentary 

succession in this basin (Gray et al., 2001). The Huizachal Group can be tens of meters to 

200 m thick in succession (Zhou et al., 2006). The group is composed of the Late-Triassic 

to Early-Jurassic La Boca Formation at the base (Mixon, 1963). The La Boca Formation 

is unconformably overlain by the Jurassic La Joya Formation, and in absence of the La 

Joya Formation, the Upper-Jurassic Zuloaga limestone. The succession is then capped by 

Jurassic Minas Viejas evaporates and Cretaceous through Tertiary carbonates and shales 

(Mixon et al., 1959; Goldhammer, 1999; Laubach and Ward, 2006; Barboza-Gudino et 

al., 2010).  
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Figure 1.3: Geologic map of the Sierra Madre Oriental near the La Boca Formation 
outcrop sampled in this study. The La Boca exposure in the canyon outcrop 
is circled in red. The nearby town of Galeana is circled in black and is used 
as a point of reference when referring to the field site. Modified from 
Laubach and Ward (2006) after Marrett and Aranda-Gracia (2001) and 
Padilla y Sanchez (1982). 

1.4.1 The La Boca Formation 

The La Boca Formation is divided into two members, A and B (Mixon, 1963). 

The lower member, B, represents a fluvial succession containing flora indicating a Late-

Triassic age. These rocks represent the oldest exposed fluvial rocks in the region 

(Barboza-Gudino et al., 2010). Barboza-Gudino et al. (2010) rename this member the El 

Alamar Formation.  
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The upper member of the La Boca Formation (Mixon, 1963) represents the red 

beds deposited during crustal extension following Early-Jurassic magmatic arc activity 

(Barbosa-Gudino et al., 2010). The type locality of the La Boca Formation is in La Boca 

Canyon located near Victoria in the Huizachal-Peregrina anticlinorium (Figure 1.4) 

(Zhou et al., 2006; Barbosa-Gudino et al., 2010). At the La Boca Canyon, the lower part 

of the unit is marked by a cobble-sized conglomerate. The conglomerate is overlain by 

600 m of sandstones, siltstones, and mudstones with interbedded conglomerates. The top-

most part of the sequence is 325 m of sandstones and conglomerates. Local to the type 

section is a felsic intrusion attributed to the Nazas continental arc (Barbosa-Gudino et al., 

2010) that has contact metamorphosed the sandstone to quartzite (Zhou et al., 2006). In 

our field area, igneous intrusions exist in the La Boca Formation road cut exposures 

stratigraphically above the canyon outcrop (Davis, 2005; Ward 2006; Laubach and Ward, 

2006; Hooker et al., 2011 in press). Ward (2006) argued based on fractures crosscutting 

sills and sandstone that the oldest fracture set in the sandstone postdates cooling of these 

sills.  

The section near Galeana was a major depocenter associated with the horst-

graben rift-related structures (Michalzik, 1991). The Galeana depocenter was occupied by 

fluvial systems responsible for the deposition of La Boca Member B (or the El Alamar 

Formation, Barbosa-Gudino et al., 2010). The El Alamar is characteristic of a proximal 

alluvial fan with braided stream deposits and distal meandering stream deposits.  

1.4.2 La Boca vs. El Alamar: Galeana 

Barboza-Gudino et al. (2010) introduced the El Alamar Formation into the 

stratigraphic succession of the Huizachal Group. He described the canyon outcrop from 

this study as a 350 m section of thick bedded, medium to coarse grained arkosic 
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sandstones. They are greenish gray to brown in color and contain several lag deposits. 

Interbedded siltstones are sparse. Some beds contain trough cross-bedding. These 

observations are consistent with the field observations from this thesis (Chapter 2) and 

the field observations from Davis (2005), Laubach and Ward (2006), and Ward (2006).  

In the Barboza-Gudino et al. (2010) interpretation, the upper member of the La 

Boca Formation, member A (Mixon, 1963), keeps the name La Boca and the lower 

member, Member B (Mixon, 1963), becomes the El Alamar Formation. This distinction 

also separates the formation into a Triassic member and a Jurassic member within the 

Huizachal Group. Further differences include the presence of wood fragments in the El 

Alamar Formation that do not exist in the La Boca Formation, and the lack of 

volcanogenic rocks in the El Alamar Formation that are common to the La Boca 

Formation (Barboza-Gudino et al., 2010). The outcrop locations for the El Alamar 

Formation are depicted in Figure 1.4. 

My interpretation of the geology in the canyon outcrop near Galeana is 

concordant with Barboza-Gudino et al. (2010)’s observations. However, at present, the 

formation name El Alamar is not widely adopted in the literature. For this reason and for 

comparison of the research presented in this thesis to relevant literature, I continue to 

label the studied formation the La Boca Formation through the remainder of this thesis.  
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Figure 1.4: Area map showing outcrop locations of the Triassic El Alamar Formation. 
The red circled area marks the field location for this study. The black circle 
marks Galeana for reference. Also note the Huizachal-Peregrina 
anticlinorium, the type locality of the La Boca Formation (Zhou et al., 
2006). Modified from Barbosa-Gudino et al. (2010). 
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OBSERVATIONS AND INTERPRETATIONS 

Chapter 2: Field and Petrographic Sample Descriptions 

This chapter gives an overview of the outcrop characteristics both from my field 

season and from previous work (Ward, 2006; Laubach and Ward, 2006). In this chapter, I 

describe the various fracture sets and discuss their relative timing. Following the outcrop 

description, I describe the labeling method, the sampled fracture, and the fracture cement 

petrography. 

2.1 OUTCROP CHARACTERIZATION  

The canyon outcrop (Figures 1.4 and 2.1) is located on the southwest limb of a 

double plunging anticline trending northwest (Davis, 2005; Laubach and Ward, 2006) 

(Figure 2.1). The dip of the bedding varies between 4º and 20º to the southwest (Ward, 

2006). Subtle differences in cement properties have resulted in a stepped weathering 

pattern (Figure 2.2). This pattern helped distinguish bedding layers in otherwise massive 

sandstone. The bed thickness varies, but is on average between 0.5 and 1.5 meters. 

Shaley interfaces between beds are randomly located along the walls of the canyon and 

may be related to meandering stream deposits. The La Boca Formation is unconformably 

overlain by 50 m of flat-lying poorly sorted Tertiary to Quaternary clastic sediments 

containing limestone, sandstone, and igneous rock fragments (Ward, 2006). The canyon 

incises through the entire Tertiary to Quaternary section and the top 5-10 m of exposed 

La Boca Formation. 

The exposure in the bottom of the canyon is ideal for sampling fractures along 

their apparent height and length. Ward (2006) identified four fracture sets in the canyon. 

My observations on the relative timing of the fracture sets are consistent with Ward 

(2006) and Laubach and Ward (2006). All fracture sets have near-vertical dips. Following 
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Ward’s (2006) naming scheme in reference to the fracture sets, the oldest fracture set (set 

A) strikes 158º to 172º. The fracture presented in this study is from set B, the second 

oldest fracture set according to Ward (2006). Set B fractures strike 120º to 152º. Fractures 

from set B are the second most abundant fractures in the outcrop. Fracture set C is the 

most abundant fracture set striking from 075º to 102º. In most cases, set C postdates set B 

(Figure 2.2). However, I identified a few locations were set B crosscuts set C (Figure 

2.3). Calcite from set C and from the older set B is highly twinned. Set D, striking 000º to 

020º, is the youngest fracture set and crosscuts all others.  
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Figure 2.1: Regional geology of the canyon outcrop. (A) Modified from Laubach and 
Ward (2006). The black lines with arrows on the ends indicate plunging 
folds. Small arrows pointing inward indicate synclines; arrows pointing 
outward indicate anticlines. The yellow dot is the outcrop location. Refer to 
Figure 1.3 for the regional location and geology. (B) Field photograph 
showing the canyon from Route 31. (C) Field photograph from inside the 
canyon. The area in part C is near the stream outwash and is covered with 
loose cobbles and pebbles. The sampling locations were clear of debris.  
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Figure 2.2: Field photograph showing the stepping pattern used to distinguish bedding 
(red lines). The top red line marks the boundary between a silty layer 
(weathers low) and the medium grained sandstone (weathers high). Two 
fractures from set B and C are highlighted to show their 3-D orientations 
and relationships to one another. A compass is circled in green for scale. 
The north direction is annotated with a green arrow.   
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Figure 2.3: Field photograph showing the relationships between fracture set C and 
fracture set B. (A) The atypical occurrence where fracture set B crosscuts 
fracture set C. The crosscutting relationships are more easily visible in the 
larger fracture from set B. (B) The more common occurrence where set C 
crosscuts and displaces fracture set B.  

2.2 FRACTURE SET B: FRACTURE IN THIS STUDY 

2.2.1 Fracture Description 

The fracture in this study (from set B) is obliquely exposed in the lower slope of 

the western canyon wall (Figure 2.5), showing a combination between apparent fracture 

length and height. Fracture length is typically described as the fracture dimension going 

in and out of the plane or into the outcrop. Fracture height is typically exposed where the 

fracture cross section is visible. Fracture width is the space between the fracture walls 

normal to the fracture height.  
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The trace length of the fracture on the sloping outcrop is 2.55 m. The topography-

corrected trace height is 1.18 m and the topography corrected trace length is 1.91 m 

(Figure 2.6, Appendix E). The fracture orientation is (140º, 85º NE). Opening 

displacement (width) measurements were taken at 50 mm intervals along the fracture 

trace. The widest part of the fracture reaches 17 mm near the fracture trace midpoint. The 

fracture separates into segments termed branches (Figure 2.4) near the center of the 

exposed fracture trace. The smallest fracture width is 0.5 mm located on one of the 

branching segments (Figure 2.4). The smallest width in a non-branching part of the 

fracture is 3.3 mm (Figure 2.6). All opening displacement and calculations for 

determining the topography-corrected fracture height and exposed fracture length are 

recorded in Appendix E. 

The fracture contains quartz cement everywhere on the fracture walls. The widest 

parts of the fracture have massive and sparry calcite cements. Cement petrography is 

described in detail in section 2.3. Most of the fracture is composed of a single strand with 

the exception of the center and the south tip where the fracture branches into multiple 

parallel strands (Figures 2.4 and 2.6). The cumulative opening displacement across the 

branched segments of the fracture is similar to the fracture width of the singular fracture 

adjacent to the branched segments (Figure 2.6).  
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Figure 2.4: Detailed image showing a section of the fracture of interest, from set B, 
branching into multiple parallel strands. CYF3 marks the core hole sampling 
location for sample CYF3. 
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Figure 2.5: Geometry of the fracture exposure. (A) Field sketch of the fracture profile 
from outcrop. In the field, the apparent height/length can be measured (Z in 
part D). The topography-corrected fracture height “X” and topography-
corrected fracture trace length “Y” of the segment can be determined using 
the slope of the outcrop exposure (θ) and the apparent height Z. Adding all 
height segments (X1, X2, X3, etc) reveals the topography-corrected 
fracture-trace height. Adding all the “Y” segments reveals the trace length 
of the exposed fracture. (B) Field photograph from north of the fracture 
looking down. (C) Field photograph from south of the fracture looking up.  
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Figure 2.6: Aperture variation from the north fracture tip to the south fracture tip along 
the oblique fracture trace in outcrop. Blue diamonds represent 
measurements along the non-branching fracture segments. Green triangles 
represent the sum of fracture segments where the fracture branches into 
multiple parallel strands.  

 

Figure 2.7: Aperture variations for the topography-corrected fracture length (Appendix 
E). Since the outcrop exposure is oblique to the true fracture length, this 
graph represents. the total fracture length divided by the number of aperture 
measurements. The x-axis is a summation of that value from the northmost 
fracture tip to the full exposed length of 1.91 m at the southmost fracture tip. 
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2.2.2 Samples 

The fracture was sampled at both fracture tips, the center of the fracture, and at 

two sites between the fracture center and fracture tips (Figure 2.8). As an introduction to 

each sample, Chapter 3 contains close-up field photos from each location. The samples 

are numbered by location along the fracture trace. Sample CYF1 is located at the 

northern fracture tip. Samples CYF1, CYF2, CYF3, and CYF5 are 1-inch core plugs 

collected using a diamond-tipped drill bit on a cordless electric drill (Figures 2.4 and 2.8). 

Sample CYF4 was tapped out with a rock hammer.  

The naming convention used in this study consists of the fracture name 

abbreviation (CYF = canyon fracture) followed by three numbers indicating sample 

number, chip number, and crystal number. The order the samples appear on the fracture 

(north to south) are as follows: CYF1, CYF2, CYF3, CYF4, and CYF5.  
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Figure 2.8: Sample locations along the fracture. (A) Field image along the fracture trace. 
Red ovals highlight branching parts of the fracture (Figure 2.5). Apparent 
jogs in the fracture trace are effects of the exposure topography. (B) Simple 
schematic of sample locations along fracture trace. The schematic is drawn 
to show the exact sample locations as they were recorded in the field along 
the apparent length. The 5x exaggeration in the y-direction applies only to 
the line drawingto highlight subtle fracture cross-section changes.  

Y 
 

X 
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2.3 THIN SECTION PETROGRAPHY 

Quartz lines the fracture walls along the entire length of the fracture. In samples 

CYF1 and CYF5, quartz is the only fracture-filling cement present. Calcite is 

documented in samples CYF2, CYF3, and CYF4. In samples CYF3 and CYF4, sparry 

calcite fills the center of the fracture. 

The texture of the quartz cement varies along the length of the fracture. The north 

fracture tip, CYF1, retains some primary fracture porosity (Figure 2.9C). In samples 

CYF1, CYF2, CYF3, and CYF4, quartz cement grows outward from the fracture walls 

and in some cases forms bridges connecting both fracture walls (Figure 2.9C). In other 

cases, the quartz crystals end in euhedral or sub-euhedral terminations (Figure 2.9B and 

C). The quartz cement in CYF5, the south fracture tip, has an interlocking polygonal 

texture (Figure 2.9A) that is not found elsewhere in the fracture. The fracture tip at CYF5 

bifurcates into separate branches as well. 

Crack-seal textures consisting of closely spaced fluid inclusion trails oriented 

parallel to the fracture wall, documented for other cement bridges in the La Boca 

Formation and similar formations elsewhere (Laubach, 1988; Laubach and Ward, 2006; 

Luabach and Diaz-Tushman, 2009; Becker et al., 2010), are rare in this fracture. In most 

cases, fluid inclusion planes are oriented randomly in the crystals as opposed to fracture 

wall parallel crack-seal fluid inclusion assemblages (FIAs) (Figure 2.9). Fluid inclusion 

assemblages are groups of fluid inclusions that were presumed trapped at the same time 

(Goldstein and Reynolds, 1994). Late-stage crack-seal is evident by the crosscutting 

relationships of the crack-seal cement deposits to the fracture-filling cements. The late-

stage crack-seal deposits transect the crystal boundaries of the fracture-filling quartz 

crystals (Figure 2.9B). 



 29 

 

Figure 2.9 Transmitted light photomicrographs of fracture cement textures. (A) Polygonal 
interlocking pattern of the quartz cement in this part of the fracture (sample 
CYF5). (B) Low-magnification photomicrograph of blocky calcite cement 
in center of fracture and late-stage crack-seal cement deposits (sample 
CYF3).  Linear features that crosscut quartz crystal boundaries characterize 
the late-stage crack-seal cements (some are highlighted in a red dashed line 
to help distinguish). A white arrow annotates an example of euhedral crystal 
terminations. (C) Quartz fracture cement bridge with crack-seal cement 
deposits oriented sub-parallel to the fracture walls. Crack-seal cement 
contains fluid inclusion assemblages (FIA) (Sample CYF1). P = pore, B= 
bridge.  
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Chapter 3: Fluid Inclusion and Cement Texture Analysis 

3.1 METHODS 

3.1.1 Fluid Inclusion Analysis 

Goldstein and Reynolds (1994) describe fluid inclusions as time capsules 

providing information about temperature, pressure, and composition of fluids that were 

trapped within minerals during mineral precipitation or crystallization. Primary fluid 

inclusions are those that were trapped at the time of mineral precipitation (Goldstein and 

Reynolds, 1994).  Later deformation of these minerals, either brittle or ductile, may leave 

microfractures in the crystals. Fluid inclusions trapped along these microfractures by 

sealing are termed secondary inclusions.  Secondary inclusions provide information on 

diagenetic conditions present after the precipitation of the original deformed cements that 

contain them.  

In some cases, microcracks form during growth of the crystal. In this case, fluid 

inclusions trapped in fracture cements are considered pseudo-secondary. These inclusions 

contain similar information to that of the primary inclusions (Goldstein and Reynolds, 

1994). Fluid inclusion analyses for this study included four steps, cement petrography, 

fluid inclusion petrography, homogenization temperature microthermometry, and 

freezing temperature microthermometry. 

3.1.1.1 Fluid Inclusion Petrography 

Double-polished thin sections were prepared by Wagner Petrographic, a 

commercial vendor, from samples prepared in the rock-saw lab. A section thickness of 

40-50 µm was selected to maximize the number of fluid inclusions while ensuring the 

transparency of the crystal. Petrography and fluid inclusion microthermometry were 
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performed on an Olympus BX 51 microscope equipped with a 40x objective (N.A. = 

0.55) and 15x oculars. 

Fluid inclusion petrography and microthermometry focused on fracture-bridging 

quartz crystals hosting assemblages of multi-phase aqueous fluid inclusions of good 

optical quality and arranged in fluid inclusion assemblages (FIAs) that can be related to 

the growth history of the crystal. A fluid inclusion assemblage (FIA) is a group of fluid 

inclusions that were trapped at the same time and are identified based on petrography. In 

samples CYF3 and CYF4, collected toward the middle of the fracture, the quartz crystals 

do not bridge the entire width of the fracture, so I selected crystals with euhedral 

terminations.  

FIAs selected for microthermometry contained multiple multiphase fluid 

inclusions. A visual inspection for uniform liquid to vapor ratios of the inclusions within 

a single FIA was used to eliminate leaked or stretched inclusions. To identify primary 

FIAs in the fracture-filling quartz cement crystals, I looked for FIAs oriented parallel to 

growth zones or euhedral crystal terminations that do not transect quartz growth zones. If 

possible, this was done by light microscopy. In cases of high inclusion density and 

resulting poor optical microscope image quality, this determination was made based on 

SEM-based cathodoluminescence imagery obtained after fluid inclusion 

microthermometry.  

 Secondary FIAs are typically found in cracks that are sealed by quartz cement 

exhibiting crack-seal textures (Figure 1.1). Secondary FIAs may also be recognized 

through their crosscutting relationships with other FIAs and with idiomorphic cement as 

imaged by SEM-CL. Secondary FIAs can form across multiple layers of crystal growth. 

Pseudosecondary FIAs terminate against euhedral cement layers that precipitated at the 

same time as the pseudosecondary FIA sealed (Figure 3.1). Fluid inclusions in 
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pseudosecondary FIAs thus trap the crystal-growing fluid at a given stage in the growth 

of their host crystal. As such, pseudosecondary FIAs cannot crosscut the idiomorphic 

quartz growth zone associated with the phase of cementation that trapped the 

pseudosecondary inclusions. However, discrimination between secondary and 

pseudosecondary FIAs may require confirmation with SEM-CL. 
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Figure 3.1: (A) Schematic diagram showing secondary and pseudosecondary FIAs. s= 
secondary,  ps= pseudo-secondary. Primary FIAs would be oriented parallel 
to the crystal growth zones.  Modified from Goldstein and Reynolds, (1994). 
(B) Example from CYF 1-2-1 to demonstrate the differences between the 
primary, secondary, and possibly pseudosecondary FIAs. Colors distinguish 
FIAs of differing ages.  From oldest to youngest, the relative ages of the 
FIAs were interpreted as green, blue, yellow, red, and brown. The 
distinction is based on crosscutting relationships and relative lengths. The 
FIAs marked primary are parallel to crystal edges and do not crosscut 
crystal growth zones. Without better crystallographic evidence for growth-
zone parallel FIAs, the description of primary FIAs in this figure should be 
considered an interpretation with a fair degree of ambiguity.  
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3.1.1.2 Fluid Inclusion Microthermometry: Heating Experiments 

Homogenization temperatures of primary or pseudosecondary two-phase 

inclusions give minimum trapping temperatures related to formation waters that 

precipitated the host quartz crystal. This analysis assumes that 1. fluid inclusions 

represent a closed system from the time of entrapment to the present, and 2. the volume 

of the inclusion has remained constant since entrapment (Roedder, 1984).  

To reach homogenization between the vapor bubble and liquid phase, an inclusion 

must be heated from room temperature conditions (where it exists as liquid and vapor) to 

a temperature condition where trapping would have occurred had the pressure been the 

same as room temperature conditions. That temperature is called the homogenization 

temperature. The two phases become only liquid at this temperature where the vapor 

bubble disappears (Figure 3.2).  

I determined the chemical system of the fluids by freezing the inclusions. 

Recording the temperatures where phase changes occur during subsequent heating sheds 

light on the chemistry and salinity of the fluid system. From the salinity, I could 

determine the fluid density and use it for calculating and graphically extrapolating 

pressure corrections to obtain true trapping temperatures (Appendix F). I apply the 

pressure corrections to the samples in Chapter 4 to determine trapping temperatures.  
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Figure 3.2: Unary PVT system for H2O. The inclusions marked A, B, C, D, E, and F 
show the liquid and vapor relationships at different locations in PVT space 
(marked A-F respectively). At point C in PVT space, the system is on the 
cotectic between liquid water and water vapor. The hypothetical inclusion is 
meant to show the equilibrium existence between liquid and vapor. In 
actuality, the vapor bubble must overcome the liquid surface tension to 
appear and does not show up until the system shifts slightly from the 
cotectic to the liquid+vapor field. From Goldstein and Reynolds (1994).   
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As is common for fluid inclusions in diagenetic mineral phases, inclusions in my 

samples are very small (3-5µm). For many of these small inclusions it is nearly 

impossible to see the bubble disappear and the inclusion homogenize. To account for this, 

I used the cycling technique described by Goldstein and Reynolds (1994) where an 

inclusion is heated close to the perceived temperature of homogenization. At that 

moment, the heat source is turned off and the inclusion is allowed to cool 20-30°C. If the 

bubble did not homogenize, it will gradually grow back as the inclusion cools. In that 

case, the inclusion is heated by a small increment above the previous temperature before 

the heat source is turned off again and the inclusion is allowed to cool by 20-30°C. If 

homogenization was reached, the bubble will not grow back initially but “pop back” after 

significant cooling. The heating increments can be adjusted based on the level of 

precision desired. I chose 0.5°C increments, which gave adequate precision for 

determining relative timing of fracture cements. This process is continued until all 

inclusions within an assemblage are homogenized. Figures 3.3 and 3.4 illustrate this 

process.  

 

Figure 3.3: The process of cycling an inclusion to reach homogenization. The depicted 
sample was heated until it appeared homogenized. The heat source was 
removed and the bubble immediately began growing. Re-heating continued 
incrementally until the homogenization temperature had been reached. At 
that point, the bubble did not reappear until the inclusion had undergone 
significant cooling. Homogenization occurred between 135ºC and 140ºC. 
From Goldstein and Reynolds (1994). Numbers refer to temperature in ºC. 
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Figure 3.4: Transmitted light photomicrographs showing a two-phase (liquid and vapor)  
inclusion existing at room temperature (A) and heated to a single-phase 
liquid at its homogenization temperature (D). I imaged the crystal at four 
stages in the temperature progression to show the bubble getting smaller 
until the homogenization temperature was reached (vapor bubble 
homogenizes to liquid phase). T = temperature and Th = homogenization 
temperature. The scale bar in C applies to A-D.  
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To obtain reliable data, I took measurements from FIAs with more than one 

measurable inclusion where possible. This approach provided a method for an internal 

consistency check if fluid inclusions had undergone stretching or leaking after 

entrapment thus potentially affecting temperature estimation for crystal growth. FIAs 

with temperatures within a 5°C range are usually considered internally consistent 

(Goldstein and Reynolds, 1994)  

More than 700 individual fluid inclusion homogenization temperature 

measurements were collected for this study and assigned to three categories based on the 

FIA they belonged to (Appendix B). Category A FIAs are those containing two or more 

temperature measurements. Category B FIAs are FIAs that could be identified 

petrographically, but only contain one temperature measurement. Category C FIAs are 

fluid inclusions that could not be placed with any FIA and are therefore isolated 

temperature measurements.  

3.1.1.3 Fluid Inclusion Microthermometry: Freezing Experiments 

Freezing experiments were conducted to determine salinity and to test for the 

presence of fluid phases other than water such as methane or CO2. Because freezing can 

damage the inclusions due to the volume increase of the liquid phase, freezing 

experiments were performed after heating experiments.  

During freezing experiments, two temperatures are of interest, the eutectic 

temperature Te and the temperature of final ice melting Tm, both measured during slow 

heating of the inclusions after initial cooling to temperatures below the solidus of all fluid 

phases in the inclusion. The eutectic temperature is recorded when ice first begins to 

melt. The eutectic temperature is characteristic of the chemical composition of the fluid 

phase. The temperature of final ice melting is recorded when the last crystal of ice melts. 
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This temperature gives information on the salinity (Bodnar, 1993; Bodnar and Vityk, 

1994). For small inclusions, the cycling technique can be applied for determining the 

temperature of final ice melting.  

When a fluid inclusion freezes, the vapor bubble may appear to collapse. 

Optically, the inclusion gets much darker due to the liquid becoming solid. Common 

freezing and reheating textures of an inclusion are shown in Figure 3.5 from Goldstein 

and Reynolds (1994).  Figure 3.5 (A) shows the inclusions at room temperature. Figure 

3.5 (B) (bottom of the figure) shows the darkened completely frozen inclusion with the 

collapsed bubble. The collapsing of the bubble is easier to see in the lab as it physically 

happens than to depict in a photograph. Figure 3.5 (C) through (I) shows the textures as 

the ice melts back to room temperature. This example is from a NaCl-H2O system (same 

system as the inclusions studied in this thesis) with 10 wt.% NaCl. Regardless of the 

weight percent NaCl, the eutectic temperature will always be the same for a pure NaCl-

H2O system (refer to Figure 3.6). Figure 3.5 (E) shows the textures at the eutectic 

temperature. This texture marks of the initiation of ice melting. Figure 3.5 (I) shows the 

final ice melting temperature (Tm) where the last amount of ice has melted. Figure 3.5 

(F), (G), and (H) show the textures of the ice crystals as they melt.  Figure 3.6 (adapted 

from Goldstein and Reynolds, 1994) describes how the ice melting temperature can be 

used to determine the weight percent of the salinity of the system (Appendix F). I applied 

my temperatures recorded at Tm to the curves from Figure 3.6 and followed the 

equations presented in Bodnar (2003) to determine the salinities of the fluid inclusions 

analyzed in this study. The following paragraph refers to Figure 3.6.  

 During heating, inclusions in the NaCl-H2O system remain at the eutectic 

composition until all the hydrohalite (formed during freezing) is broken down. Once 

hydrohalite is dissolved and the system overcomes the energy required to move away 
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from eutectic composition, the sample-heating path will follow the cotectic line between 

the ice+liquid+vapor field and the liquid+vapor field until all the ice has melted. Just 

above the temperature where the last ice crystal melts, the heating path of the inclusion 

will shift to the liquid and vapor field. Since the Tm is controlled by salinity, the path 

represented by continued heating would represent an increase in temperature in the 

liquid+vapor field. 

 

Figure 3.5: Heating and cooling of a fluid inclusion in the NaCl-H2O system at 10 wt.% 
NaCl. The bar scale in picture B is 7µm. The temperatures are listed in each 
picture and are in ºC. From Goldstein and Reynolds, (1994). 
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Figure 3.6 (A) Temperature and composition phase diagram of the NaCl-H2O system. I 
outlined the path taken for an inclusion at 15 wt.% NaCl during heating and 
described this path in the text (adapted from Crawford, 1981; Roedder, 
1984.  (B) Chemical system curves that show the relationship between Tm 
and salinity. A salinity of 15 wt.% NaCl is highlighted to show a Tm of 
roughly -11ºC (adapted from Crawford, 1981; Oakes et al., 1990).  
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3.1.2 SEM-based Cathodoluminescence (SEM-CL) 

Cathodoluminescence imaging was performed on a Phillips XL30 scanning 

electron microscope (SEM) equipped with an Oxford Instruments MonoCL system. 

Cathodoluminescence or CL occurs when a beam of electrons impacts a luminescent 

material (minerals in this case) and causes the material to emit visible light. The 

bombardment of the electron beam on the material forces the release of photons. The 

energy of the photon is reflected in color and intensity. Collection of the photon (light 

particle) emission is done with a CL mirror inside the SEM chamber. The light is 

transferred from the SEM and processed by a monochromator for detection in a 

photomultiplier tube (Pagel et al., 2000). A map of the light emitted from each point is 

generated to produce images similar to those in Figure 3.7. The SEM can only image the 

surface of the crystal, so fluid inclusion data that exists in the depth of the crystal will not 

be present in the CL image. Thin sections were prepared with a carbon coating to make 

them conductive under the electron beam.  

I used colored filters (blue, green, and red) when imaging with 

cathodoluminescence to highlight textures revealed in the CL. The grayscale images 

taken with each filter were stacked using Photoshop ™ to produce RGB color images. 

The images were then adjusted for saturation and contrast.  In Figure 3.7, I show the 

same crystal location imaged with each filter and the color image produced from stacking 

in the RGB channels (Figure 3.7 “RGB”).  

Calcite has a strong luminescent signature when imaged with the red filter. As a 

result, streaks can appear in images containing abundant calcite. For this reason, I used 

only the blue filter to image quartz crystals in the presence of calcite. The heat of the 

beam has the potential to stretch fluid inclusions, so SEM imaging was done after 
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homogenization temperatures had been acquired. All crystals and fracture segments in 

this thesis were imaged at 150X magnification and 3 minutes per image. 

 

 

 

Figure 3.7: SEM-CL image from sample CYF4. Each image was taken at the same 
location varying the filter color. The filter used to acquire each image is 
annotated on the figure. Stacking the images in a photo editing software 
produces a RGB color image. The RGB color helps identify related cements 
that emit the same photon signature. In the samples where calcite is 
abundant, I used only the blue filter for imaging to avoid red-filter streaks. 
The 25µm scale bar applies to each of the four pictures. 
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3.2 RESULTS   

This section is divided by temperature and cement texture data from each thin 

section, and subdivided by analyzed crystals. Each crystal has a transmitted light image 

with the measured FIAs plotted by number. The numbers correlate with data tables 

presented for each crystal in Appendix B. The data tables include the FIA number, the 

average homogenization temperature recorded for each FIA and the category of FIA 

measurement (A, B, or C), as described in the methods section. 

 Along with the transmitted light images, I present my interpretations plotted on 

cathodoluminescence photomosaics and as sketch maps of the cement textures 

determined from SEM-CL imaging.  The initial interpretations are presented on the 

transmitted light images and documented to further accuracy on the SEM-CL images. 

The interpretations from the transmitted light and SEM-CL images are combined to show 

the most detail on the sketch maps. At the end of each section, I present a chart with all 

the collected temperature information plotted in relative sequence. Appendix I contains a 

digital record of the SEM images presented in this chapter in their raw format. 

3.2.1 Sample CYF1 

Sample CYF1 is the north-most sample collected in the fracture (Figure 3.8). This 

thin section was broken into two chips. I sampled one fracture-bridging crystal and two 

crystals bordering fracture porosity in the thin section. The samples were marked facing 

the “top” or northwestern-most part of the sample. A notch was cut into each thin section 

along this mark for orientation. The field photo shows a relationship between other 

fractures of set B and the sampled fracture (Figure 3.8). A fracture from the younger 

fracture set C is also visible in the field photo.  

The three analyzed crystals were located adjacent to preserved fracture porosity. 

These crystals revealed euhedral quartz zonation on the CL images indicating the crystals 
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were not dissolved or broken to create the porosity. Almost all FIAs run parallel or sub-

parallel to the fracture walls, although some deviate from parallel in sub-sample CYF 1-

2-1. All sampled FIAs are secondary to crystal growth and are associated with fracturing 

and fracture sealing during widening. Each crystal shows an overall decrease in 

temperature with time.  
 

 

Figure 3.8: Location and thin section details for sample CYF1. The sample was taken at 
the north tip of the fracture from set B (yellow). A fracture from set C (blue) 
is visible in the field image. The schematic illustration shows the location of 
this sample relative to the rest of the fracture. Marked on the thin section are 
the chips and crystals analyzed in this study.  
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3.2.1.1 CYF 1-1-1  

Sub-sample CYF 1-1-1 is a fracture-bridging quartz crystal located near the bottom of 

thin section CYF1. Fluid inclusion assemblages located in the core of the bridge are 

roughly parallel to the fracture walls and mostly normal to the overall quartz bridge. The 

scanning electron microscope (SEM) image (Figure 3.10) reveals epoxy on the surface of 

the thin section that was likely trapped in the uneven surfaces of the sample face. 

Transmitted light (Figure 3.9) reveals the presence of quartz cement beneath this epoxy. 

The CL reveals the euhedral quartz zoning in the fracture-filling cement (marked in 

green, Figure 3.11) associated with idiomorphic cement growth. Fracture porosity is 

marked on Figures 3.9, 3.10, and 3.11 as “pore”. Crack-seal texture exists near the ends 

of the quartz bridge (Figures 3.10 and 3.11).  

 

 

 

Figure 3.9: Transmitted light image of CYF 1-1-1. The thick red lines mark the 
boundaries of the fracture wall. The numbers correlate with the tables in 
Appendix B. P= porosity.  

P 

P 
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Figure 3.10: SEM-based cathodoluminescence (SEM-CL) photomontage of sample CYF 
1-1-1. The red cements lining the crystals are the lateral cement deposits. 
Quart zoning is apparent in the varying shades of blue. The thick red lines 
mark the fracture walls. P = porosity. The blue box highlights a section of 
crack-seal bridge growth. 

 

Figure 3.11: Sketch map of the cement textures present in sample CYF 1-1-1. Green 
shading marks the zoning in the idiomorphic cement growth. Green lines 
mark the idiomorphic growth in crystals lining the fracture walls. Lateral 
cement is colored red. Thick red lines mark the fracture walls. The analyzed 
FIAs are marked with yellow numbers. P = porosity. 
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 FIAs that postdate precipitation of the lateral cement were recognized by color 

differences in the CL image, which revealed crosscutting relationships (Figure 3.10). 

FIAs numbering 4, 6, 7, 8, and 10 crosscut the lateral cement. FIA 11 is truncated at the 

lateral cement. FIA 5 transects the bridge, but does not cut into the lateral cement. FIAs 

12 and 13 crosscut everything and are the longest in the crystal.  FIAs 1, 2, and 3 are 

diagonal and do not cut the entire width of the bridge. Where crosscutting relationships 

could not be determined, I assumed longer FIAs were younger than shorter FIAs. 

  To reduce ambiguity, I organized FIAs of similar trend, dip, and crosscutting 

cement textures into groups (documented in Appendix B). In the absence of better time-

constraining information, the order of events within a group was based on lengths. 

However, the relative timing between groups was based on crosscutting relationships. 

3.2.1.2 CYF 1-2-1  

Sample CYF 1-2-1 grew from a broken crystal at the fracture wall out into the 

fracture void. In the CL photomontage (Figure 3.13), the pattern in the euhedral cements 

outlines the original bridge of noneuhedral crystal growth in the c-axis direction. The 

thickness of this bridge is consistent with the original grain from which this crystal 

nucleated and is annotated on Figure 3.14.  

This sample contained abundant small fluid inclusions, many below the sampling 

limitation of <2µm, which made sampling each FIA ineffective. To work around the 

sampling limitations, I measured at least one Category A FIA from each FIA orientation 

or group of FIAs that I identified (Figure 3.12). CL imaging helped reduce the clutter and 

allowed more accurate interpretation when the sampled temperature locations from the 

petrography were overlain on the CL image. In some cases, measured temperatures were 

from assemblages existing below the sample depths that can be imaged using SEM-CL. 
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These assemblages could only be interpreted with the transmitted light photo stacking 

method developed for interpreting the data (interpretive methods are described in 

Appendix C).  

 

 

Figure 3.12: CYF 1-2-1 in transmitted light. The thick red line marks the boundary of the 
fracture wall. The numbers correlate with the tables in Appendix B. Dots 
mark the locations of measured fluid inclusions.  
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Figure 3.13: SEM-CL photomontage of sub-sample CYF 1-2-1. The locations of the data 
points (dots) are taken from Figure 3.12 and plotted by overlaying the 
images on top of one another. The lines interpreted from Figure 3.12 were 
adjusted based on the CL image. Dashed lines mark areas with uncertainty 
in the FIA geometries.  
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Figure 3.14: Sketch map of sample CYF 1-2-1. Measured FIAs are drawn as thick lines 
to distinguish between other areas of interpretation. The original grain, from 
which the crystal nucleated, and the original bridge are annotated. Some 
FIAs are grouped according to length, dip, and orientation. All mapped FIAs 
aided in determining the relative timing of the measured FIAs. The euhedral 
cement interpretations (green) were based on a digital high-resolution 
examination of the SEM-CL image (Figure 3.13). Appendix I contains the 
digital files.  
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Red cements in Figure 3.14 mark the lateral cement growth associated with the 

crack-seal cement bands. Idiomorphic cement growth is highlighted with alternating 

shades of green. The original geometry of the cement bridge is outlined in orange. Four 

regions are shaded with varying degrees of partially transparent blue to show groups of 

FIAs associated with the same event. This interpretation was based on petrography and 

length relationships. The length relationships were also distinguishable in transmitted 

light (Figure 3.12).  

Relative timing between FIAs 7, 8, 1, 13, and 14 could not be constrained with 

confidence, and the FIAs were omitted from the relative timing plot (Figure 3.18).  FIA 5 

crosscuts all other textures and FIAs in the crystal and was determined to be among the 

youngest crack-seal events. Below is a list of observations used to determine the relative 

timing of measurements in this crystal: 

 
 1. FIA 5 crosscuts all cement layers and other FIAs 
 2. FIA 11 crosscuts the lateral cement 
 3. FIA 15 transects the crystal 
 4. FIAs 1, 14, 13, and 9 are short and located at the edges of the crystal       
     in the later cements 
 5. FIA 9 is older than 12, 15, and 11 
 6. FIAs 4 and 13 transect the entire crystal and are grouped together 
 7. FIAs similar to 12 crosscut FIAs similar to 15 
 8. FIAs 2, 5, and 6 are alike and are older than 4, 3, 12, 15, and 11 
 

3.2.1.3 CYF 1-2-2 

Sub-sample CYF 1-2-2 has temperatures from 36 measured FIAs, 32 of which 

were used to determine relative timing of the temperature-texture evolution. This crystal 

was analyzed in two locations marked A and B (Figure 3.15). For area B, all the analyzed 

FIAs crosscut the euhedral growth banding of the quartz crystal. This indicates all 

analyzed temperatures postdate the original growth of the crystal. Many measured FIAs 
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from area A do not appear on the surface of the crystal and are therefore not detected in 

the SEM-CL image (Figure 3.16). Most FIAs are oriented parallel to the fracture walls 

and resemble textures common to opening-mode fracture bridge formation. Using the 

sketch map of textures (Figure 3.17), comparison of similar FIAs could be made and 

cross-referenced with petrography.  

 

 

Figure 3.15: Transmitted light photomontages and photograph of crystal CYF 1-2-2. 
Analyzed sections, A and B, are enlarged for detail. The FIA numbers 
correlate with the tables in Appendix B.  
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Figure 3.16: SEM-CL photomontage of CYF 1-2-2. Circles X and Y were areas used for 
determining the relative timing of events as described in the text. The thick 
red line (top of image) marks the fracture wall. 
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Figure 3.17: Sketch map of CYF 1-2-2. All mapped FIAs aided in determining the 
relative timing of measurements (Figure 3.18). Interpretation of this figure is 
discussed in the text.  FW = fracture wall. 
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Idiomorphic cement growth is shown in varying shades of green for Figure 3.17. 

A small accumulation of lateral cement is present near the crystal tip and along the 

crystal edges (red). The fracture walls are outlined in a thick red line. The main crystal 

lies adjacent to an open void in the sample marked pore. There are a few crack-seal 

cement deposits, marked in thick magenta and red bands, distinguishable from other 

fracturing and fracture sealing events by their CL signatures. Teal banding and yellow 

banding mark similar textures that likely predate the magenta and red events. An area of 

grain contact cataclasis is apparent near the fracture tip (Figures 3.15 area B, and 3.16). 

The observations used to interpret relative timing of cement deposits are listed: 
   
 Area A (Figure 3.15) 
 
 1. At circle Y, FIA 7 is crosscut by an FIA that is crosscut by    
     FIA 1 at circle X 
 2. FIAs 1 and 14 are the same event 
 3. FIAs 3, 5, 6, 9, 8, and 10 stop at the crystal boundary 
 4. FIAs 4, 11, and 13 cut the crystal edge 
 5. FIA 11 is among the youngest FIA-represented events; it crosses euhedral           
    growth in two crystals 
 6. FIAs 2, 6, 12, and 13 could not be placed in relative  
     sequence and were omitted from Figure 3.18. 
 
 Area B (Figure 3.15) 
 
 1. FIA 26 is oriented differently than almost every other FIA  
      in this region 
 2. FIAs 18 and 20 have the same dip and appearance 
 3. FIAs 21, 17, and 32 are associated with grain contact cataclasis 
 4. FIAs 22, 25, 27, and 24 are related 
 5. FIAs 34, 33, and 31 may be early in relative time and do not appear           
     on the surface of the crystal 
 6. FIAs 19 cuts across crystal boundaries 
 7. FIAs 35 and 36 are late breaks across the crystal 
 8. FIAs 28, 29, and 30 are related 
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Figure 3.18: CYF1 plot of homogenization temperatures, average homogenization 
temperatures, and average trapping temperatures in relative order of FIA-
related events. Event one (left) is the oldest event. Time gets younger as 
relative timing number increases. The numbers on the plot refer to the 
number of temperatures recorded at each FIA.  

3.2.2 Sample CYF2 

This sample is second from the north-most fracture tip (Figure 3.19), and marks 

the beginning of carbonate cement in the sampled parts of the fracture. The timing of the 

emplacement of this cement is discussed in Chapter 4. Most FIAs analyzed in this sample 

grew oblique to the fracture wall. This sample contains the lowest temperatures recorded 

in the entire fracture. The abundance of inclusions made it difficult to recognize FIAs 

with two or more measureable inclusions. Where FIAs were easily recognizable (CYF 2-

1-1) the data did not reveal much information about the growth history of the crystal.  
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Figure 3.19: Location and thin section details about sample CYF2. The schematic 
illustration shows the location of this sample relative to the rest of the 
fracture. The chips and crystals analyzed in this study are marked on the thin 
section. 

3.2.2.1 CYF 2-1-1 and CYF 2-1-2  

Sub-sample CYF 2-1-1 (Figure 3.20) has the closest morphology to a bridge in 

thin section CYF2. It also has a low inclusion density, which made the FIAs easy to 

discriminate. However, the fluid inclusions in the core of the crystal (region A, Figure 

3.20) all homogenized at relatively low temperatures (108ºC) and did not reform the 

vapor bubble for some time after homogenizing. The measured fluid inclusions were 

isolated inclusions but were located adjacent to one another in parallel FIAs. The higher 
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temperatures from this area (FIAs 3B and 4B) are from a separate crystal (marked B, 

Figure 3.20) and are oriented normal to the low-temperature FIAs from area A. 

The orientations of the FIAs in Figures 3.20 and 3.21, area (A) are normal to the 

crystal length and parallel to the crystal edges. However, these FIAs are oriented oblique 

to the fracture wall. Revealed in the CL image (Figure 3.21), there is a crystal that 

appears to exist inside sub-sample CYF 2-1-1. Crystals surrounding CYF 2-1-1 have the 

same CL signature as this engulfed crystal and all have thick lateral cement deposits that 

are the same color as the whole of sub-sample CYF 2-1-1.  

There was little record of crack-seal textures in sub-sample CYF 2-1-1 (A, 

Figures 3.20 and 3.21). The FIAs in this crystal were among the youngest in the sampled 

parts of the fracture and postdated the growth of CYF 2-1-1. The FIAs in CYF 2-1-2 (B, 

Figures 3.20 and 3.21), however, recorded higher homogenization temperatures (~160ºC 

– 130º) and may represent crack-seal events associated with fracture opening.  
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Figure 3.20: Transmitted light image of sub-samples CYF 2-1-1 (crystal 1, A) and CYF 
2-1-2 (crystal 2, B). The thermocouple used to detect temperatures is 
annotated in the figure. Fracture walls are parallel to the long edges of the 
image and located ~400µm to either side of the crystal. 
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Figure 3.21: (A) RGB SEM-CL photomontage and (B) texture map. (B) Yellow the 
marks porosity. Green lines mark euhedral quartz zoning. CYF 2-1-2 was 
not imaged in the SEM (A). These figures highlight the limited amount of 
information available from this sample.  
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3.2.2.2 CYF 2-2-1 and CYF 2-2-2 

There were two FIA orientations sampled in CYF 2-2-1 and CYF 2-2-2 that are 

annotated on Figures 3.22, 3.23, and 3.24. Both orientations are oblique to the fracture 

walls. The light green and darker green in the CL image (Figure 3.23) are signatures of 

the epoxy (colored yellow in Figure 3.24). These are areas of fracture porosity that have 

formed around crystal edges.  

 

 

Figure 3.22: Transmitted light image of CYF 2-2-1 (left) and CYF 2-2-2 (right). Yellow 
lines mark the FIAs with only one temperature measurement (categories B 
and C). Blue lines mark category A FIAs.  
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Figure 3.23: SEM-CL photomontage of CYF 2-2-1 and CYF 2-2-2. Dotted lines mark 
areas where FIA interpretations were difficult to make.  



 64 

 

Figure 3.24: Sketch map of the idiomorphic cement (green), porosity (yellow), and 
measured FIAs from sub-samples CYF 2-2-1 and CYF 2-2-2. The porosity 
exists at the crystal boundaries.  

The observations listed below were used to compare and combine CYF 2-2-1 and CYF 2-

2-2 into one data set for interpretation of the relative temperature sequence (Figure 3.25).  

 

 CYF 2-2-1 

 
 1. FIAs 1, 2, and 4 seem to stop at the crystal boundary and differ            
     from adjacent FIAs in that their trends tend to curve 
 2. FIA 5 is straight and stops at the edge 
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 3. FIA 6 is straight and cuts across the crystal boundary. Its             
      orientation is similar to FIAs in CYF 2-2-2 
 
 CYF 2-2-2 
 
 1. FIA 2  exists only in CYF 2-2-1 and does not cross the crystal          
    boundary 
 2. FIA 1  does not transect the crystal or crystal boundaries 
 3. FIAs 5, 6, 4, and 3 do crosscut the crystal boundary and transect CYF 2-2-2 

 

 

Figure 3.25: CYF2 plot of homogenization temperatures, average homogenization 
temperatures, and average trapping temperatures in relative order of events. 
Event one (left) is the oldest event. Time gets younger as relative timing 
number increases. The numbers on the plot refer to the number of 
temperatures recorded at each measurement or measured FIA.  
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3.2.2.3 Calcite Occurrence in CYF 2-2 

Figure 3.26 (A and B) documents the presence of calcite in the fracture. The 2-D 

thin section cut makes the texture appear as though one crystal abruptly ends and another 

begins. Zooming through the depth of the thin section at this location revealed the rest of 

the underlying quartz crystal that exists beneath the calcite in 3-D space. The CL revealed 

a gap between the two crystals that has been filled with epoxy. The oblique cut of the thin 

section to the orientation of these crystals created this texture.  
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Figure 3.26: Calcite occurrence in CYF2. The calcite is outlined in yellow (A and B). The 
saw-tooth pattern of the calcite and quartz contact is considered a 2-D 
oblique cut effect. The epoxy highlighted in the CL image (A) shows there 
is a gap between the calcite and quartz in 3-D space. The streaks in the CL 
image (A) are an artifact of imaging with the red filter. 
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3.2.3 Sample CYF3  

This sample was taken from the approximate center of the fracture (Figure 3.27). 

The two crystals analyzed in CYF3 have the closest resemblance to typical crack-seal 

textures documented in this fracture. Many of the temperatures came from secondary 

FIAs that transect the entire length of the crystal and cut into adjacent crystals. There are 

some FIAs that are parallel to growth zones in the euhedral quartz cement that may have 

been associated with primary growth of the crystal. Those FIAs contain high 

temperatures relative to the other measured FIAs in the sample. 

The orientations of the FIAs vary from parallel with the fracture walls to high-

angle with the fracture walls. The calcite is twinned. The shear responsible for the 

twinning may be associated with the oblique FIA orientations and is explored in further 

detail in the next chapter.  
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Figure 3.27: Sample CYF3 field schematic and thin section overview.  The fracture is 
outlined in yellow in the field photograph. A section of calcite is highlighted 
in yellow in the thin section image. The location of the two analyzed 
crystals are circled in blue.  

3.2.3.1 CYF 3-1-1  

There are two sets of FIAs that trend sub-parallel to the fracture wall and are at 

high angle to one another (e.g. FIAs 16 and 4, Figure 3.28B and Figure 3.29). There is a 

third FIA orientation that curves and flattens out (e.g. FIA 1, Figure 3.28B and Figure 

3.29). There is also a set at high angle to this orientation (e.g. FIA 6, Figure 3.28B and 

Figure 3.29). The samples were grouped by texture (orientation and dip observed during 

petrography). Crosscutting relationships and lengths of the FIAs measured across the 
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crystals were used to compare groups of FIAs and to interpret the relative age sequence 

for the measured FIAs. The relative timing of FIAs numbering 4, 10, 12, 14, 15, 22, and 

24 were not constrained well enough to include in the relative timing plot (Figure 3.33).  

Figure 3.29 shows only the measured FIAs on the sketch map simplifying Figure 

3.28, which shows all the FIAs in the sample. The magenta horizontal lines on Figure 

3.29 mark the boundary between the lateral cement deposits and the core of the crystal.  
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Figure 3.28: Sub-sample CYF 3-1-1 in transmitted light (A) and SEM-CL RGB 
photomontage (B). Dots mark the fluid inclusion measurement locations. 
The nearest fracture wall is ~ 1.5 mm to the right of the image, 
approximately vertical. Interpretations made in (A) are carried out to more 
detail in (B) based on information revealed in SEM-CL.  
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Figure 3.29: Sketch map of CYF 3-1-1. Colors refer to the grouping of similar FIAs 
(Appendix B). The magenta lines mark the boundary between the lateral 
cement and core of the crystal.  

3.2.3.2 CYF 3-2-1  

This crystal is located on the opposite side of the fracture from CYF 3-1-1 (Figure 

3.27). Several prominent FIAs run parallel to the fracture wall and cut across the length 

of the crystal. At the tip of the crystal, the FIAs tend to be shorter. Some of these short 

FIAs cut the lateral cement on the crystal all the way to the crystal edge, while others stop 

at the lateral cement. There are a number of FIA orientations in this crystal that cut across 

the entire crystal. The SEM-CL signature reveals euhedral cement growth to the edge of 

the crystal (Figure 3.31).  
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Figure 3.30: Transmitted light image of CYF 3-2-1. This image was taken with crossed-
polarized lenses to show the quartz crystal of interest in one color relative to 
nearby quartz crystals. The nearest fracture wall is ~200 µm from the right 
crystal edge (Figure 3.31).  
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Figure 3.31: CYF 3-2-1 SEM-CL photomontage taken with a blue imaging filter. The 
placement and geometries of the FIAs on this figure do not vary much from 
Figure 3.30. In most cases, lines were extended to their full lengths with the 
aid of the CL-revealed information. The material surrounding the crystal is 
calcite. Because of the intensity of the calcite illumination during imaging 
with the red filter, RGB color imaging was not performed on this sample. 
The fracture wall is annotated and highlighted by a red line. 

This crystal was used as the specific example of my interpretation technique 

presented in Appendix C, Figure C.6.  
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Figure 3.32: Sketch map of measured FIAs and cement textures in CYF 3-2-1. Porosity is 
highlighted in yellow. Calcite surrounds the crystal (Figures 3.30 and 3.31). 
The thick red line marks the fracture wall. The end of the crystal has a 
region of lateral cement (red).  

Relative ages for the FIA measurements were interpreted with consideration to 

the temperature-time history. Many of the crystal-transecting FIAs record low 

temperatures (relative to temperatures found elsewhere in the fracture). The prismatic and 

pyramidal surfaces of a quartz crystal are the slowest faces to grow (shown in green, 

Figure 3.32). This, combined with the presence of lateral cement at the tip of the crystal, 
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makes the crystal tip among the youngest euhedral parts of the crystal. Temperatures 

collected at the tip vary from the highest to the approximate lowest (251.4 ºC – 145ºC) in 

the crystal.  

Most of the crystals, in the overall fracture, show a decreasing trend in 

temperature with time. If the data in this crystal did not reflect this trend as well, I would 

expect to see some crystal-transecting FIAs represented with hot temperatures. Based on 

the wide range in temperatures at the youngest part of the crystal, I assumed full 

idiomorphic growth of the crystal predates most of the documented FIAs. Euhedral 

crystal growth likely occurred during burial which preceded exhumation related crack-

seal fracture growth. FIAs numbering 2, 5, 8, 10, 13, 14, 18, 19, 27, and 28 were not 

included in the plots of relative timing (Figure 3.33) due to insufficient textural 

relationships needed to infer age relationships. FIAs 12, 11, and 23 were interpreted as 

primary, which is supported in Chapter 4 based on inferred fracture initiation and growth 

geometries. 
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Figure 3.33: CYF3 plot of homogenization temperatures, average homogenization 
temperatures, and average trapping temperatures in relative order of events. 
Event one (left) is the oldest event. Time gets younger as relative timing 
number increases. The numbers on the plot area refer to the number of 
temperatures recorded at each FIA.  

3.2.4 Sample CYF4 

Sample CYF4 was collected with a rock hammer by nudging it out of place in the 

field. Slight chemical alteration in the rock matrix near the fracture walls had loosened 

the chip making it easy to remove without damage. The sample location along the 

fracture is shown in Figure 3.34.  

Sub-sample CYF 4-1-1 was the only crystal that contained clear evidence of 

primary fluid inclusions measured in this study. Calcite fills the center of the fracture in 
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massive twinned crystals (outlined in yellow, Figure 3.34). Small quartz crystals line the 

fracture walls. Many of the quartz crystals have reached euhedral terminations. Two 

crystals were analyzed from this chip and exhibit five orientations of FIAs.  
 

 

 

Figure 3.34: Location and thin section details for CYF4. This sample was chipped out of 
the fracture with a rock hammer. The yellow ring in the thin section image 
marks the boundary of the calcite cement. 
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3.2.4.1 CYF 4-1-1 and CYF 4-1-2  

CYF 4-1-1 is the larger of the two sampled crystals (Figures 3.35, 3.36, and 3.37). 

There are five orientations of FIAs in the sample. The latest orientation (based on 

crosscutting relationships) is parallel to the fracture wall. The diagonal middle set is 

parallel to the right crystal face (CYF 4-1-1). Another set, roughly parallel to the fracture 

wall extends through the euhedral and lateral cements to the crystal edge (Figure 3.36). 

The averages of the temperatures for the measured FIAs tend to vary by orientation of the 

FIAs. Like orientations that are clustered exhibit similar averages.  

CYF 4-1-2 is the smaller of the two crystals (Figures 3.35, 3.36, and 3.37). There 

are three orientations of analyzed FIAs in this sample. The orientations match those from 

sample CYF 4-1-1. The FIAs that transect the crystal are parallel to the fracture wall.  
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Figure 3.35: CYF4-1-1 (big crystal) and CYF4-1-2 (small crystal) in transmitted light. 
Carbonate cement surrounds the analyzed crystals.  
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Figure 3.36: CYF 4-1-1 and CYF 4-1-2 in SEM-CL photomontage. The abundance of 
highly luminescent calcite limited the SEM imaging to blue filter only.  

Mapping the textures in Figure 3.36 was done to interpret the temperature and 

texture relationships on the sketch map (Figure 3.37). Idiomorphic cement growth (green, 

Figure 3.37) is present in most of the sample. The FIAs were grouped on a textural basis. 

The groups of related FIAs are separated by color in Figure 3.37 and annotated on the 

graph in Figure 3.38.  
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 Figure 3.37: CYF 4-1-1 and CYF 4-1-2 sketch map of the temperature-texture 
interpretations. The blue shaded region marks a late-stage cluster of crack-
seal cement. The red shaded zone also marks an area with typical crack-seal 
textures.  

For CYF 4-1-1, the magenta and red FIA groups, labeled groups I and II in Figure 

3.38, are interpreted as primary FIAs based on their orientation to the idiomorphic growth 

and location within individual growth zones. The organization of FIAs into groups for 

CYF 4-1-1 and CYF 4-1-2 are listed in Appendix B, Tables B.19 and B.20. 

Yellow, blue, and orange growth zone-normal FIAs are all interpreted as 

secondary to crystal growth based on crosscutting relationships with the idiomorphic 

crystal cements. The orange growth zone-parallel FIAs might be primary. Despite the 

orientation of FIAs 1, 3, 5, and 6 being similar to the primary FIAs, these FIAs crosscut 

the late-stage crack-seal zone (Figure 3.37) and FIAs 7, 9, 8, and 4. Within each group of 

FIAs, the relative ages were based on length.  
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For CYF 4-1-2, FIAs 3, 4, and 8 were interpreted as possibly primary. These 

measurements are parallel to growth zones and do not crosscut into other growth zones. 

The remaining measurements from CYF 4-1-2 are secondary to crystal growth.  

 
 

 

Figure 3.38: CYF4 plot of homogenization temperatures, average homogenization 
temperatures, and average trapping temperatures in relative order of events. 
Event one (left) is the oldest event. Time gets younger as relative timing 
number increases. The numbers on the plot refer to the number of 
temperatures recorded at each measurement or measured FIA. Dashed lines 
and Roman numerals mark the group separations used to interpret relative 
timing. 
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3.2.5 Sample CYF 5 

CYF 5 is located at the south-most fracture tip (Figure 3.39). There are three 

branches of the main fracture at this fracture tip and a mostly calcite cemented fracture 

from set D that crosscuts the fracture. There are also a few fractures from fracture set D 

(as defined by Ward, 2006) transecting the thin section (annotated on Figures 3.42 and 

3.43). To obtain a full representation of the data available from chip 1, I measured 

inclusions in the left fracture branch of the chip and SEM-CL imaged the right branch.   

Figures 3.42 and 3.43, taken with SEM-CL, highlight some of the interesting 

textures associated with the intersection between fractures sets B and D. Calcite was not 

present in the set B fracture (other than at the intersections with set D).  
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Figure 3.39: CYF5 outcrop sample and thin section details. The fracture forms three 
branches at this tip. The fracture is intersected by a fracture from fracture set 
D and by microfractures from set D.  
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Figure 3.40: Polygonal crystal texture in the fracture cement. The fracture-filling crystals 
are quartz.  

3.2.5.1 CYF 5-1-1(A), CYF 5-1-2(B), and CYF 5-1-3(C) 

The measurements from the three crystals were combined in this sample for 

interpretation of their relative timing (Figure 3.44). The quartz crystals are very small and 

form a polygonal locking pattern (Figure 3.40). Most of the FIAs appear to be secondary 

and crosscut grain boundaries.  
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The entire length of the right fracture branch imaged with cathodoluminescence is 

shown in Figure 3.43. The set D fractures that crosscut the set B fracture are highlighted 

in red (Figure 3.43).  

 

 

Figure 3.41: Homogenization temperature data for sub-samples CYF 5-1-1 (A), CYF 5-1-
2 (B), and CYF 5-1-3 (C). Red circles, labeled A, B, C on the chip image 
correspond to the depth-layer stacked images A, B, and C.  The yellow lines 
mark the set D fractures. 
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Figure 3.42: RGB color SEM-CL photomontage at the intersection of the set D 
microfracture (lined in yellow) with the right branch from fracture set B. 
The blue is quartz and the highly luminescent material is calcite.  
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Figure 3.43: Blue-filter SEM-CL photomontage of the right branch from fracture set B. 
The red circle marks the same locations on each panel. Red lines highlight 
set D fractures that crosscut set B fractures. 
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Figure 3.44: CYF5 plot of homogenization temperatures, average homogenization 
temperatures, and average trapping temperatures in relative order of events. 
Event one (left) is the oldest event. Time gets younger as relative timing 
number increases. The numbers on the plot refer to the number of 
temperatures recorded at each FIA. 
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DISCUSSION 

Chapter 4: Fracture Opening History and Implications 

This chapter begins with a discussion of calculating trapping temperatures. The 

fracture-opening reconstruction is presented in the form of an opening model. Finally, I 

discuss the opening model in context of fracture mechanics and structural diagenesis and 

infer the fracture driving mechanisms responsible for growth of this fracture.  

4.1 CALCULATING TRAPPING TEMPERATURES 

Trapping temperatures are obtained by applying a pressure correction to the 

homogenization temperatures. A fluid density of 1.12 kg/m3 was determined from the 

salinity (15 wt. % NaCl) of the system using a freezing point depression data table 

(Bodnar, 1993; shown in Appendix F). In this study, measurements for the salinity of the 

system come from sample CYF 4-1-1. The values are consistent with work done by Ward 

(2006) and Fall (2011, personal communication) on fractures from the same fracture set. 

The latest cement deposits in CYF 4-1-1 record a higher salinity showing the system 

evolved through time. Chemical evolution of the system may affect conversion to 

trapping temperatures, but would not affect the relative timing interpretations presented 

in Chapter 3.  

 The hydrostatic gradient (10.976 MPa/km) for the fluid composition (15 wt.% 

NaCl) was obtained by multiplying the density with gravitational acceleration. Dividing 

the hydrostatic gradient by the geothermal gradient (30ºC/km, Gray et al., 2001), 

converted the hydrostatic gradient to a thermobaric gradient in °C/MPa which was 

plotted in Excel. The isochores were plotted in ten-degree increments from 110°C to 

210°C. Calculation of the isochores was done using equations of state from Bodnar and 

Vityk (1994). The calculations were done in Excel and are shown in Appendix F. 
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Trapping temperatures were calculated by intersecting the isochore of each fluid 

inclusion of measured Th with the estimated thermobaric gradient. The point of 

intersection marked the trapping pressure and temperature. I provide an example of this 

method using a Th of 140°C to obtain a Tt of 165°C in Figure 4.1. Table 4.1 summarizes 

the corrections that were applied to each ten-degree interval of homogenization 

temperatures to determine the trapping temperatures. Average trapping temperatures for 

each FIA are presented graphically in the sample summary plots in Chapter 3. 
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Figure 4.1: Conversion from homogenization temperature (Th) to trapping temperatures 
(Tt). (A) Plot of the isochores for each ten-degree increment in the 15 wt.% 
NaCl system. An example of the Th  Tt method is shown here for a Th of 
140°C (I, II, III). (B) The plot has been modified from part (A) to show the 
liquid/vapor curve. Note the temperature scales are different between A and 
B.  

 

. 
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Approximate Conversion from Th to Tt 
Geothermal 

Gradient 30ºC/km 35ºC/km 40ºC/km 

ThºC Isotherm add for TtºC add for TtºC add for TtºC 
110 17 14 12 
120 19 15 14 
130 22 19 15 
140 25 20 18 
150 28 23 20 
160 32 27 22 
170 36 29 25 
180 40 34 28 
190 44 37 31 
200 49 41 34 
210 55 44 38 

Table 4.1: Conversion from homogenization temperature (Th) isotherms (Figure 4.1) to 
trapping temperatures (Tt) for three geothermal gradients.  

4.1.1 Uncertainty in the Geothermal Gradient: Effect on Maximum Temperature 

A geothermal gradient of 30ºC/km was assumed appropriate for the regional 

geology by Gray et al. (2001) and by Ferket et al. (2010). I discuss construction of the 

temperature-time curve and the regional burial history in Appendix G. The geothermal 

gradient divided by the hydrostatic gradient produced the thermobaric gradient plotted in 

Figure 4.1. Royden et al. (1980) show geothermal gradients greater than 50ºC/km are 

possible in rift environments. Higher geothermal gradients (35-40ºC/km) would produce 

lower thermobaric gradients resulting in lower trapping temperatures for a fluid inclusion 

of given Th and density (Table 4.1). A higher geothermal gradient also means the depth 

represented by maximum burial would be shallower. Because the formation thickness 

between the bottom of the La Boca Formation and the El Abra Formation varies (Gray et 

al., 2001; Zhou et al., 2006), it is possible for maximum burial to be at a shallower depth 

and still honor thicknesses between stratigraphic intervals.  
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A lower geothermal gradient than 30ºC/km would have the opposite effect from a 

higher geothermal gradient and cause the trapping temperature conversions to be higher. 

A variable geothermal gradient with time is possible, but would have little effect on the 

overall conclusions from this thesis. The relative timing of cement deposits is key to 

determining the fracture opening history. Changes to the burial curve or temperature-time 

curve only affect absolute timing. 

4.2 FRACTURE OPENING RECONSTRUCTION 

4.2.1 Temperature Ranges Applied to the Temperature-Time Curve 

The temperature-time curve presented in the remainder of this chapter represents 

the La Boca Formation in the vicinity of the Monterrey Salient. Appendix G contains the 

background literature resources and discussion of my adaptations to the previous burial 

curve for the La Boca Formation outcrop (from Laubach and Ward, 2006). The ranges of 

trapping temperatures for each sampled crystal are plotted on temperature-time curves for 

comparison in Figure 4.2. Sample CYF1 has a range in average trapping temperatures 

from 234.4°C to 134.5°C. The range in sample CYF 2 is from 204°C to 121°C. Sample 

CYF2 has the lowest recorded temperature of 121°C in the fracture.  

Average trapping temperatures from CYF3 range from 252°C to 122°C. 

Temperatures from sub-sample CYF 3-2-1 are divided by primary and secondary FIAs. 

The Category A primary FIAs are shown graphically in Figure 3.33. The range from 

252ºC to 199ºC illustrated in Figure 4.2 considers the maximum value of 252ºC that was 

recorded in a Category C FIA. Category C FIAs were not included in the graphs from 

Chapter 3. The placement of Category C FIAs to Figure 4.2 for CYF 3-2-1 on the burial 

side of the temperature-time curve reflects one possible interpretation. It is also possible 
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these FIAs plot on the exhumation side of the curve. Regardless of where the CYF 3-2-1 

Category C FIAs are placed, the fracture opening conclusions remain the same.  

 Average trapping temperatures in sample CYF4 range from 208.5°C to 141.3°C. 

Sub-sample CYF 4-1-1 is contains a clear record of primary fluid inclusion assemblages. 

The range in average trapping temperatures from sample CYF5 is 270.4°C to 165.5°C. 

This sample had the highest average trapping temperature (270.4°C) recorded in the 

fracture.  

The compiled temperature ranges from each crystal were plotted on the 

temperature-time curve for overall comparison in Figure 4.3. Temperatures are color-

coded by thin section sample. Interpreting the data by thin section (Figure 4.3) shows 

which parts of the fracture were forming during burial and which parts were forming 

during exhumation. It also places timing constraints on fracture formation.  From the 

temperature-time history in Figure 4.3, samples CYF4, and CYF3 contain record of an 

increase in temperature with time. CYF4 contains at least two sets of primary FIAs and 

possibly three. The temperatures plotted on the exhumation path for CYF3 are secondary 

to primary crystal growth into the fracture void.  

The cluster of temperature data on the exhumation path between 38 Ma and 21 

Ma was collected from secondary FIAs in each crystal. The primary FIAs in sub-sample 

CYF 4-1-1 are located within two growth zones and reflect euhedral fracture growth for 

approximately 5 m.y. (70-65 Ma). Samples CYF1 and CYF5, the fracture tips, record 

temperatures in secondary FIAs associated with exhumation  
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Figure 4.2: Summary plot of average trapping temperatures recorded for each sample. 
Higher temperature relates to deeper burial. *The highest temperature 
recorded in CYF3, 252ºC, is from a Category C FIA.  
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Figure 4.3: Temperature-time history with average trapping temperatures plotted from 
each crystal. 
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4.2.2 How do FIAs Track Fracture Opening? 

There are four probable scenarios in which FIAs can reveal information about the 

fracture opening history. Combinations of each scenario allow cross-referencing 

interpretations. 

4.2.2.1 Primary FIAs 

The first scenario is the case of euhedral crystal containing primary FIAs. These 

FIAs track the timing of crystal growth. Because the crystal must have open fracture 

porosity to grow into, fracture opening must have preceded crystal growth. Fluid 

inclusions thus provide only a minimum age of fracture opening. Little information can 

be obtained about fracture opening rate except that fracture opening was faster than the 

rate of euhedral cement precipitation. A slower rate would have resulted in cement 

bridging. Alternatively, the rates of cement precipitation can be determined following the 

method described in section 4.2.5 with experimental growth rates for each axis of crystal 

growth as determined by Lander et al. (2008). 

4.2.2.2 Secondary FIAs 

The second scenario combines euhedral crystal growth with the presence of 

secondary FIAs. In this case, there are two conditions that must be true. The first is that 

the crystal(s) the secondary FIAs are transecting must have formed prior to the trapping 

of that FIA. A second condition is that the crystal(s) hosting the secondary FIAs must be 

connected to both fracture walls either directly or by growing from other crystals that 

may be attached to the fracture wall. In other words, the crystal must be susceptible to 

forces on both fracture walls that would cause the crystal to crack during fracture 

widening and/or propagation. Therefore, the oldest secondary FIAs crosscutting euhedral 

cements give a minimum age of fracture widening.  
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4.2.2.3 Fracture Bridging Cement Deposits 

The third and fourth scenarios involve fracture bridge cements. The bridge 

formation could either be due to euhedral precipitation and joining (CYF 1-1-1, Figures 

3.10 and 3.11), or by crack-seal bridge formation (Becker et al., 2010).  In the case of 

euhedral precipitation and eventual linkage (Figures 3.10 and 3.11), there may be limited 

secondary FIAs that transect the crystal. 

 In this specific example with CYF 1-1-1, most of the bridge formation was 

associated with euhedral crystal growth that predates the secondary temperature record. 

There is a section of bridge formation with typical crack-seal patterns (Figure 3.10) that 

represents ~400µm of fracture opening corresponding to the fracture widening interval 

from at least 30 Ma to 21 Ma. The other secondary FIAs that transect the bridge do not 

represent much fracture widening (based on the thicknesses of the cement deposits), but 

do provide time constraints of either small increments of fracture widening or generations 

of re-fracturing without accompanying widening. These secondary cement deposits also 

constrain the upper boundary of the maximum age of the euhedral cements. 

In a bridge dominated by crack-seal crystal growth, the widening of the fracture 

would be well documented with each opening interval. The thickness of each crack-seal 

cement deposit can be correlated to the amount of fracture opening associated with that 

specific crack-seal event. This would be the ideal bridge formation scenario for studying 

fracture opening. In the case of this study, where crack-seal cement deposits are limited 

and fracture bridges are even more rare, the best constraint on fracture widening is the 

relative timing of the secondary cement deposits to one another and the crosscutting 

relationships with euhedral fracture cements.   
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4.2.3 Opening History Model  

The fracture opening history was reconstructed based on the relative timing of 

cement textures and temperatures documented in Chapter 3. An opening model (Figure 

4.4) was created using information from the thin section and temperature relationships 

plotted to the temperature-time curve (Figure 4.3). This model is separated into stages 

(A-D) that illustrate significant fracture evolution geometries. The ages listed for each 

stage refer to the first appearance of textural and temperature evidence for each fracture 

configuration. Each stage is applied to the temperature-time curve (Figure 4.5) for an 

estimate of absolute fracture timing.   

Temperature trends in primary fluid inclusion assemblages from CYF 4-1-1 

increase with time indicating fracture initiation during burial at approximately 70 Ma. I 

assumed the present maximum aperture represents the location of fracture initiation, 

which is located beneath the CYF3 sample location.  Temperature data in samples CYF3 

and CYF4 show these sections of the fracture were the earliest to form. The fracture 

initiated as two separate fracture segments that coalesced early in the fracture history 

(~70-54 Ma) (Figure 4.4, between A and B). Evidence for early fracture coalescence is 

based on similar thicknesses between the branched fracture segments and the uniform 

fracture thickness (Figures 2.4 and 2.6).   

Calcite cement preserved at the fracture center in CYF3 and CYF4 may have 

precipitated before the fracture propagated to the CYF5 location. The calcite was heavily 

twinned and representative fluid inclusions could not be collected. Because of this, the 

timing of the calcite in the fracture is ambiguous. Three hypotheses for calcite 

precipitation are presented in the next section. 

Fluid inclusions trapped in CYF5 record the highest temperatures found in the 

entire fracture. I interpreted the FIAs in CYF5 to be secondary thus providing a minimum 
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age of the euhedral fracture cement and thus a minimum age of fracture opening at that 

location. The hottest temperatures recorded at CYF5 correspond to 48 Ma (Figures 4.2 

and 4.9). Stage B (Figure 4.4) was illustrated to show coalesced fracture propagation had 

to have reached the CYF5 location by at least 48 Ma.  

Vermilye and Scholz (1995) describe textures similar to the polygonal interlocked 

quartz cement texture in CYF5 (Figure 3.40) are attributed to one crystallization event. 

The secondary FIAs in CYF 4-1-1 are hotter than and crosscut the primary FIAs in CYF 

4-1-1. Since temperatures in CYF5 mark the transition from burial to exhumation, the 

only way to have the temperature trend in CYF 4-1-1 is to plot primary FIAs in CYF 4-1-

1 on the prograde burial path. This constrains the timing of CYF 4-1-1. Since CYF 4-1-1 

marks the oldest record of fluid inclusion trapping observed, it is reasonable to assume 

crystallization in CYF5 occurred anytime between 70 Ma and the first appearance of a 

secondary fluid inclusion record at 38 Ma.  In the case of the polygonal texture, it could 

either be a recrystallization of quartz cement that occurred at high temperatures, or an 

initial texture corresponding to hot temperatures and a single precipitation event during 

maximum burial.  

Temperatures recorded in CYF1 were the next hottest after CYF5 and were 

plotted to the exhumation side of the temperature-time curve (Figures 4.2 and 4.9). The 

FIAs in CYF1 were also interpreted as secondary with a few ambiguous assemblages that 

might have been primary. The presence of the secondary FIAs that crosscut euhedral 

crystals is dependent on euhedral crystals to have already formed and for the crystals to 

be connected to both fracture walls (Figure 4.4E). The timing constrained by 

temperatures in CYF1 shows that the fracture propagated to the CYF1 location by at least 

38 Ma (Figure 4.4C) but did not propagate beyond this location since this time.  
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From 38 Ma to 21 Ma each sample contains temperature information trapped in 

secondary FIAs. In subsample CYF 1-1-1, these secondary inclusions are contained in 

synkinematic crack-seal cement tracking >400 µm of fracture opening. This indicates that 

the fracture was widening at CYF1 during this time interval without further propagation. 

In addition, crack-seal cement in sample CYF-3 and CYF-4 tracked further fracture 

opening during the 38 to 21 Ma interval while the fracture tip remained fixed at the CYF-

5 location, which it had reached by least at 48 Ma. This implies that the fracture was 

widening without further propagation while the system was being exhumed and 

temperature was decreasing. If the widening were coupled with propagation, the fracture 

tips would extend past CYF1 and CYF5.  
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Figure 4.4: Fracture opening model. Each letter refers to a stage of fracture opening 
evolution that is discussed in the text. The schematic crystal sketches at 
stage D represent the final fracture and crystal geometries. The inset (E) 
represents a schematic opening evolution of CYF 1-1-1 between stages C 
and D. Black arrows indicate fracture widening and magenta arrows indicate 
fracture height propagation. Model is enlarged for detail in Appendix D. 

The lowest temperatures recorded in the fracture were trapped at 21 Ma. Stage D 

(Figure 4.4) was illustrated to show the fracture geometry and cement patterns at the time 
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of the last documented fracture cements. Porosity located along crystal boundaries 

(Figure 3.24) may indicate a period of fracture widening without precipitation that 

continued after the last documented fracture cements at 21 Ma.  

 

 

Figure 4.5: Opening model stages plotted to the temperature-time curve. Shaded areas 
refer to intervals of fracture propagation and widening (blue) to fracture 
widening only (yellow). 

4.2.4 Opening Model Discussion: Calcite Interpretations 

Timing of calcite precipitation in the fracture is ambiguous. Based on the 

observations from Chapter 3 that were used to create the opening model (Figure 4.4), I 

interpreted three possible calcite precipitation scenarios. 
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4.2.4.1 One Generation of Calcite Precipitating During Stage C 

In this interpretation, the calcite that fills the fracture voids in CYF3 and CYF4 

(Figures 3.27 and 3.34) is from the same generation of calcite that precipitated 

contemporaneously with quartz from sample CYF2 (Figure 3.26). Further evidence of 

contemporaneous precipitation is located in CYF 4-1-1 where smaller quartz crystals 

have blunt truncated crystal terminations that resulted from calcite precipitation 

eliminating quartz growth surfaces.  

The preservation of open pore space in CYF1 can be attributed to the fracture 

having not yet reached the CYF1 location by the time calcite had precipitated. The lack 

of calcite in CYF5 may result from a lack of open pore space for the calcite to precipitate 

into. The quartz cement textures in CYF5 are polygonal interlocked with one another 

(Figure 2.9), a texture common to a single precipitation event (Vermilye and Scholz, 

1995). As mentioned, CYF5 contains the highest recorded temperatures in the fracture. 

Walderhaug (1994a) determined quartz precipitates out of solution faster at higher 

temperatures. This information combined with the temperature and texture observations 

may suggest a single and relatively rapid precipitation event that completely cemented 

CYF5 during maximum burial and lasting into early exhumation. 

4.2.4.2 Two Generations of Calcite Cement: Synkinematic Calcite Cement 

An alternate interpretation of the calcite cement is that multiple calcite 

precipitation stages exist. Using crosscutting relations among different fractures and their 

fracture cements, Ward (2006) documented multiple calcite generations within a single 

fracture set from the La Boca Formation showing this interpretation is possible for the 

area. The first precipitation episode would have occurred between stages A and B any 

time between 70-54 Ma. This calcite would have completely filled the open pore space in 

samples CYF3 and CYF4 as sparry massive cement deposits. The fracture had not 
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propagated to sample CYF5 location at this time, which would account for the lack of 

calcite present in CYF5. Orientations of secondary FIAs in CYF 4-1-1 (group 3, Figure 

4.5) may reflect right lateral shearing responsible for twinning the calcite. A later 

precipitation event occurring between stage B and C (48-38 Ma) would be associated 

with the calcite present in sample CYF2.  

4.2.4.3 Two Generations of Calcite: Postkinematic Calcite Cement in CYF3 and CYF4 

The textures in CYF2 (Figure 3.26) show calcite was precipitating 

contemporaneously with quartz while CYF2 was forming. Based on the fracture 

geometry, CYF3 and CYF4 had to exist at the time of CYF2 formation. It may be the 

case that the fracture-lining quartz cement in these two sample locations prevented a 

pathway for calcite to enter the pore space at this sample location, but since CYF2 was 

actively forming, there would be gaps in the fracture-lining cement allowing calcium-rich 

fluids to enter the fracture at that location.  

In this scenario, samples CYF3 and CYF4 would retain their fracture porosity 

until after fracture opening had ceased. The calcite at those sample locations would then 

have to be postkinematic. The lack of calcite in CYF1 may simply be the result of chance 

in this scenario.  

4.2.5 Testing Opening Durations Based on Experimental Quartz Growth Rates 

Lander et al. (2008) modeled non-euhedral and euhedral quartz growth rates on 

the c-axis and euhedral quartz growth rates on the a-axes. They determined an 

exponential decrease in precipitation rate from non-euhedral cements to pyramidal and 

prismatic (a-axes) euhedral cements. Olson et al. (2009) presented a graph based on the 

observations from his 2008 study comparing quartz precipitation rate in µm/m.y. against 

temperature in ºC for each crystallographic growth axis of quartz (Figure 4.6A).  



 108 

Plotting the average trapping temperature for group two primary FIAs (annotated 

on 4.6B) of CYF 4-1-1 on the temperature-time history gave a rate of ~4-5 (µm/m.y.). 

Based on the graph in Figure 4.6, and the thickness of the cement zone these FIAs are 

hosted in, precipitation should take 30m.y.  

The Lander et al. (2008) model that was used as the basis for the curve presented 

in Olson et al. (2009) (Figure 4.6A) assumes quartz is at or above saturation in circulating 

reservoir fluids. They described this parameter as a general observation that is true for 

most reservoir sandstones. However, if there were variable quartz saturations in the 

precipitating fluids for the studied fracture, it could account for discrepancy between 30 

m.y. and 5 m.y. growth estimates. Further cause for the discrepancy may be an oblique 

cut effect from creating the thin section. If the thin section were cut such that the c-axis of 

CYF 4-1-1 is oblique to the thin section surface, the observed rate of cement growth 

would be a combination of the c-axis non-euhedral and c-axis euhedral rates. An oblique 

cut through the thin section would also produce an apparent thickness of the growth zone 

that is greater than the true thickness. Uncertainty in the shape of the temperature-time 

curve for the La Boca Formation near Galeana may have also contributed.  



 109 

 

Figure 4.6: Comparison of observed quartz growth rates to experimental rates presented 
in Olson et al. (2009). (A) Quartz precipitation rates by crystallographic axis  
modified from Olson et al. (2009) following work in Lander et al. (2008). 
(B) Sample CYF 4-1-1. Primary FIAs are circled in blue. Group 2 was used 
to compare observed precipitation rates with experimental rates. 
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4.3 FRACTURE OPENING DISCUSSION: IMPLICATIONS FOR MECHANICS AND 
DIAGENESIS 

The fracture growth durations and geometries determined from the opening model 

have implications for understanding the mechanics and driving forces for this fracture, 

which can be applied to natural fractures in similar geologic environments. In the 

following sections, I discuss the possible fracture driving mechanisms that may have 

affected growth of the studied fracture.  

4.3.1 Introduction to Linear Elastic Fracture Mechanics (LEFM) 

Constraining the variable driving forces responsible for initiation and propagation 

of fractures encompasses the fundamental questions in fracture mechanics. Under what 

conditions does a flaw become a crack? How and why does the crack propagate and 

become a fracture? What controls propagation direction once a crack initiates? What are 

the boundary conditions affecting fracture propagation?  

To begin answering the above questions, the basic fracture mechanic properties 

that control fracture propagation must be understood. Fractures initiate from flaws or 

pores in host rock material. Initiation and propagation of a fracture is strongly dependent 

on a parameter introduced previously, the stress intensity factor KI (Atkinson, 1982). The 

tensile strength of the rock, T0, is a rock’s propensity to resist failure. When put in terms 

of balance between the boundary conditions in the system, the strain energy, and the 

crack surface energy (Griffith, 1924), the tensile strength can be compared and converted 

to a term called the fracture toughness (KIc) (Westergaard, 1939) also called the critical 

strength (Olson 1993; Olson, 2003; Olson, 2007). KIc better represents the tensile strength 

of the rock because it accounts for the shapes and sizes of the flaws in the sedimentary 

rock. If a critical value of IcK  is reached, fracture propagation occurs at velocities 

approaching those of sound waves through the medium (Atkinson, 1982).  
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There are three possible relationships between KI and KIc that contribute to 

fracture propagation. When KI=KIc, the fracture propagation is called critical fracture 

growth (Olson, 1993). In conditions where KI>KIc, the fracture growth is called dynamic 

and is often associated with fracture-tip branching that disperses the unstable energy 

associated with dynamic fracture growth (Olson, 2003). Atkinson (1982) describes the 

concept of a chemical component that enhances fracture propagation in rock. In a silica-

dominated system, the introduction of hydrogen in the form of water will replace the 

silica in some of the mineral bonds, causing the bonds to weaken and break more easily. 

This promotes fracture initiation and propagation. This process is known as stress 

corrosion (Atkinson, 1982). These stress corrosion conditions are more prevalent at high 

temperatures. With the aid of stress corrosion at the fracture tips the fracture may 

propagate subcritically, where KI<KIc.  

Besides the relationship between the stress intensity factor and the fracture 

toughness, there are other mechanisms that promote fracture propagation. In a 

hydraulically active system, the internal fluid pressure may drive fracture propagation 

until the stress intensity factor falls below the fracture toughness. Circulating fluids 

would cause pore fluid pressure to rebuild, and the fracturing process would begin again 

(Engelder and Lacazette, 1990). This cycle is inferred to be responsible for crack-seal 

cement textures indicative of each incremental opening in sedimentary fractures 

(Laubach, 1988; Olson et al., 2009; Gale et al., 2010; Fall et al., in review, 2011).  

4.3.2 Stratigraphic Layering and Material Controls on Propagation 

 The concordant heights of opening-mode fractures in sedimentary rocks defines 

fractured units (layers) and fracture stratigraphy (Laubach et al., 2009).  Many sandstone-

on-sandstone contacts exist, and the vertical subdivision of mechanically significant 
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sandstone layers and interfaces is commonly not obvious. However, Ward (2006) 

determined an average bedding layer thickness between 0.5 and 1.5 meters for the 

sandstone and less for the interbedded siltstone and shales. The exposed fracture height 

for this sample is ~1.19 m. Despite ambiguous mechanical layer thicknesses, it does not 

appear the shift in fracture opening geometries is attributable to change in rock type 

(sandstone to siltstone or shale), or to interfaces which would confine vertical fracture 

propagation causing widening only.  

Another explanation for the change in opening geometry may have to do with 

microscopic variations in the host-rock lithology. Laubach et al. (2009) described the 

terms mechanical stratigraphy and fracture stratigraphy. They defined mechanical 

stratigraphy as a function of bedding, differences in tensile strength, and elastic behavior 

or other mechanical properties. Fracture stratigraphy is defined by the extent and 

intensity of fracture sets and other similarities between fractures. Mechanical stratigraphy 

can change as a function of deformation and chemical processes affecting the host rock 

material before, during, and after fracture growth. In other words, current mechanical 

properties may differ from those existing in the past. Fracture stratigraphy preserves 

features associated with the specific loading history and mechanical properties of the host 

material and actively forming fractures (Laubach et al., 2009). 

If there were subtle variations in the host rock during the formation of fracture set 

B, then these variations might also have been apparent in the fracture set preceding set B. 

Ward (2006) showed that fracture-filling cements contemporaneous with fracture set A 

had likely filled all intergranular porosity in the host rock before fracture set B initiated, 

so variations host rock cementation while or after fracture set B was forming are unlikely.  

Another possibility that may have affected fracture growth is a change from 

elastic deformation to elastic-plastic deformation by means of compaction related 
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pressure solution. Although uncommon in the La Boca Formation sandstone, 

compaction-related stylolites were common in the overlying carbonates. Gratier et al. 

(1999) modeled the relationship between brittle and ductile deformation processes 

affecting the Earth’s crust. They found slower strain rates were favorable to pressure 

solution, while faster strain rates promoted brittle deformation. Fracturing enhances 

pressure solution-dissolution creep by providing a locus for precipitation. Pressure 

dissolution-precipitation creep provides a source and transport mechanism for the quartz 

fracture cement. 

4.3.3 Fracture Growth by Coalescence 

In material that behaves under both linear elastic fracture mechanics pertaining to 

brittle solids and to subcritical fracture growth, the growth at the fracture tip may be 

thought of as a ductile process. Eichhubl and Aydin (2003) compared brittle fracture 

coalescence with ductile fracture growth by void coalescence. In the ductile examples, 

voids join together, which increases the fracture length or width (Figure 4.7). Brittle 

fractures coalesce by en echelon stepping (Figure 4.7) and bending of the bridges 

between the en echelon segments (Nicholson and Pollard, 1985). Fracture segments 

bridge due to stress changes that occur either temporally or spatially, causing the 

segments to twist and form bridges. Continued opening dilation creates failed bridges and 

results in linkage of all the smaller segments to form one large fracture (Nicholson and 

Pollard, 1985).  

My observations show a branched part of the fracture near the fracture middle. I 

interpret this texture to indicate the fracture initiated as two separate fractures that 

coalesced into one larger fracture early in the fracture opening and propagation history 

(Figure 4.4A). The thicknesses of the outer branches add to a similar thickness of the 
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linear fracture trace both above and below the branched section (Figure 2.5). I interpret 

this feature as a product of brittle coalescence as described in Nicholson and Pollard 

(1985) between two fractures with branching fracture tips.  

 

 

 

 

Figure 4.7: Diagram comparing fracture propagation by elastic interaction and ductile 
coalescence modified from Eichhubl and Aydin (2003). The elastic 
propagation is a function of en echelon fracture segments linking with one 
another to form a single large fracture. The ductile propagation forms by 
coalescing voids both laterally and at the fracture tips.  
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4.3.4 Fracture Length Observations 

 Vermilye and Scholz (1995) determined a linear relationship between aperture 

and length for constant driving stress in elastic deformation. They found tapered 

displacements in the aperture to length plots for rocks that had a plastic-elastic style of 

deformation. I graphed the fracture apertures from the fracture half length (Figures 4.8 

and 4.9) and found a linear relationship between the fracture middle and the north end of 

the fracture (Figure 4.8) and a tapered relationship between the middle of the fracture and 

the south fracture tip (Figure 4.9) for the current fracture geometry. There were not 

enough samples collected to determine the incremental aperture to length relationships.  

 This change in relationships between aperture and length and the shift from 

prograde burial to exhumation associated with growth from CYF2 to CYF1 could suggest 

the bottom half (south) of the fracture had a component of plastic deformation which 

shifted to dominantly hydraulic driven elastic processes at the onset of exhumation.  

 A separate study by Moros (1999) compared fracture length to aperture ratios in 

sandstones. Moros (1999) found the tapered geometry of the relationship between 

aperture and location on the fracture trace was more common than a linear relationship. 

He found this was a sampling affect attributed to fractures that had formed by 

coalescence. The bottom half of the fracture from this thesis (Figure 4.9) represents the 

part of the fracture that grew by coalescence.  
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Figure 4.8: Fracture length versus aperture. There is a nearly linear trend between the 
fracture half-length (CYF 1-CYF3) and aperture.  The trend begins to taper 
at the sample locations (CYF2 and CYF 3) associated with prograde burial.  
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Figure 4.9: Fracture length versus aperture. There is a tapered trend between the fracture 
half-length (CYF3-CYF5) and aperture.   
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4.4 INFERRED FRACTURING CONDITIONS 

In an elastic body, there is a maximum aperture that a fracture can reach 

controlled by fracture toughness. If the aperture grows beyond this limit, the fracture 

must propagate. If the fracture exceeds the critical stress proportional to the fracture 

toughness (KIc), then propagation will occur. The fracture will propagate until the release 

in stress due to propagation reaches equilibrium between the driving stresses and KIc. I 

propose this cycle of increased stress and propagation followed by an associated stress 

reduction is responsible for driving fracture growth and propagation from 71 Ma to 38 

Ma. This represents a temperature range from ~150°C during burial to 270°C at 

maximum burial and back to ~225°C during exhumation. These relatively high 

temperatures introduce the possibility of subcritical fracture growth accompanying 

hydraulic fracturing during burial and early exhumation.  

Evidence for fracture widening continued from 38 Ma to 21 Ma. During this time 

interval fracture propagation ceased. I hypothesize the change in fracture behavior was 

due to a change in the deformation mechanism resulting from a change in material 

properties. It is possible that a decrease in strain rate during exhumation resulted in a shift 

from brittle to ductile deformation of the host material. However, exhumation implies 

decreasing temperature, which is favorable to brittle fracturing. Therefore, the change in 

strain rate would have to be significant enough to overcome an exhumation-related 

temperature decrease. The abundant amount of quartz fracture cement was likely derived 

locally, and may be evidence for pressure solution and precipitation. If the stresses acting 

on the fracture remained fairly constant over time, but did not exceed the critical stress 

for fracture propagation, the fracture could slowly widen. 
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Chapter 5: Conclusions  

This study addresses the fundamental processes of fracture growth in the context 

of time. It is the first to reconstruct an entire fracture opening history from sample 

locations along a complete fracture trace. Five samples from a fracture in the Triassic-

Jurassic La Boca Formation yielded fourteen crystals that were subjected to fluid 

inclusion microthermometry and SEM-based cathodoluminescence (SEM-CL) analysis. 

Texture analysis and 724 fluid inclusion measurements provided relative ages of fracture 

growth stages.  

A main objective was to test fracture growth hypotheses by documenting relative 

rates of fracture lengthening and fracture widening. The traditional assumption is that 

fractures propagate proportionally to fracture widening (Segal, 1984; Pollard and Aydin, 

1988). Alternatively, fractures may reach finite lengths or heights by propagation with 

further growth in aperture only. The reconstructed growth history and opening model 

allowed me to determine the incremental fracture evolution and fracture geometries over 

the 49 m.y. growth duration. 

Fracture growth initiated near the present maximum aperture location and center 

of the fracture at around 70 Ma. Early coalescence of two separate fractures formed the 

present single fracture in this study. Continued fracture propagation in length and height 

was accompanied by concurrent increase in fracture aperture and primary fracture quartz 

cement growth until approximately 38 Ma. During this time interval, from 70-38 Ma, the 

fracture reached maximum burial and began its path of exhumation. From 38 Ma to 

roughly 21 Ma fracture growth occurred in the aperture direction only while the fracture 

tips remained fixed. The record of cement textures ends at roughly 21 Ma. The timing of 

calcite cement is ambiguous and may have occurred episodically. There is direct 
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evidence from fracture cement textures documented in CYF2 that some of the calcite 

precipitated between 48 Ma and 38 Ma.  

This fracture opening reconstruction shows that fracture shape changed during the 

fracture growth history, with an earlier phase of combined fracture propagation at the 

fracture tips and aperture increase, and a later phase of aperture increase only. A final 

phase of fracture widening without precipitation may be responsible for the creation of 

fracture porosity between crystal boundaries that could have occurred between 21 Ma and 

the complete exhumation of the fracture. 

 The change in growth processes was likely a function of changes in material 

properties. I infer fracture initiation and cyclic propagation were hydraulically driven by 

stress increases resulting in propagation followed by an equilibrium stasis. Subcritical 

fracture propagation may have contributed to early fracture growth enabling elastic-

plastic propagation behavior at the south fracture tip. At approximately 38 Ma, the host 

rock may have begun deforming by solution precipitation creep. If the driving forces 

remained constant and hydraulically influenced, a change in fracture toughness caused by 

the inferred change in host rock deformation to pressure solution creep may have allowed 

for slow fracture widening without accompanying fracture propagation.   

From this study, I show single fractures are not limited to one pattern of 

propagation or opening through time. Opening reconstruction and inferred driving 

mechanisms determined in this study suggest a complex fracture opening history and host 

rock evolution. If the study were limited to a single thin section, valuable observations 

may have been overlooked and the opening history oversimplified. Results from this 

study demonstrate the value of a tip-to-tip fracture assessment when attempting to 

interpret and model the relationships between diagenesis and fracture mechanics that 

govern fracture growth.  
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APPENDIX A 

Fracture Mechanics and Quartz Precipitation Literature Review 

A.1 FRACTURE MECHANICS: THE FOUNDATION 

 Each category or mode of fracture opening and fracture propagation has an 

accompanying descriptor. For example, opening-mode fractures (mode-I) occur when the 

fracture walls separate without shear in response to tensile stress normal to the fracture 

plane. These types of fractures are termed joints. Cement-filled joints are termed veins. In 

modes II and III, fractures open and propagate with a shear component. Fractures grown 

by these modes are termed shear fractures. Macroscopic evidence for shear may take 

shape as slickensides, offset of intersecting fractures, en echelon patterns, or horse tail 

cracks (Engelder et al., 1993).  

The fracture presented in this study was an opening mode fracture that had been 

affected by a shear component. To describe the fundamentals of fracture mechanics, I 

will present scenarios associated with mode I fractures. The geometry of the fracture 

should be thought of as an ellipse. Using a conventional coordinate system, x marks the 

direction of fracture propagation parallel to the maximum principle stress. The z-direction 

is always normal to the two-dimensional cross section of the fracture (Engelder et al., 

1993). 

A.1.1 Plain Strain and Shear Stress 

Any depth in the earth is undergoing compression from three directions. This is 

termed triaxial compression (Zoback, 2007). The strain relationships to each stress 

direction are a function of Young’s Modulus (stiffness of an elastic body) and the Poisson 

Ratio (ratio of strain in the directions of applied stress) (Engelder, 1987; Zoback, 2007). 

Two assumptions are made to simplify the analysis of stress and strain in a linear elastic 
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body. The first assumption is the minimal principal stress (σ3) is zero (Engelder, 1987). 

This presumes there is no limit to propagation in the z-direction. The case where σ3 

equals zero, is called plain stress. Plain strain results from the assumption that a material 

is constrained in one direction such that the strain (ε3) in the direction of the least 

principal stress equal zero. The material may only deform the remaining two unbounded 

directions. In the Earth, compressive stresses and rock strength are the bounding 

conditions that prevent displacement in the ε3 direction (Engelder et al., 1993).  For 

reference, the maximum principal stress, σ1 is commonly written as SH, and the minimum 

principal stress, σ3 is commonly written as Sh. 

A.1.2 Understanding Fracture Propagation 

Propagation initiates from flaws in the rock that disrupt the homogenous stress 

field of the applied remote stresses. These flaws, whatever their habit or form, modify the 

uniform distribution of stress to be concentrated around the flaw (Pollard and Aydin, 

1988).  

Kirsch (1898) studied the amplified stress state around a hole in an infinite plastic 

medium. For simplicity, the hole is a perfect circle and the stresses near the hole can be 

expressed in polar coordinates. In uniaxial conditions, the uniform horizontal stress SH 

concentrated at the hole in a vertical cylinder can be expressed as: 
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Where R is the radius of the hole, r is the distance from the center of the hole, and 

θ is measured clockwise from the line normal to the direction of Sh. σπ is the radial stress, 

and σθθ is the circumferential hoop stress. These three equations can calculate the stress 

concentration at any point on a circle. The remote stress SH is modified by a factor of 

three at the borehole, but decreases dramatically at a distance greater than the radius from 

the hole. At 0º and 180º (the tips of a propagating fracture), the compression behaves as 

tension with the same magnitude as SH but opposite in sign (Engelder et al., 1993).  

The least principle stress is Sh (or σ3). Both principle stresses are vectors. Their 

components add to give the complete distribution of stress around the borehole. Sh (σ3) 

and SH (σ1) are orthogonal to one another (Zoback, 2007). Stresses can exist inside the 

hole caused by fluids pushing outwards towards the bounding rock. This is call the pore 

pressure or pore fluid pressure, Pf. Hubbert and Willis (1957) derive Pf from a thick-

walled elastic cylinder. If the radius of the cylinder is large, external pressure is zero and 

the radial stress (σr), circumferential stress (σθ), and vertical (σz) stress are equivalent to 

(Engelder et al., 1993): 
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A.1.3 Pore Fluid Pressure (Pf) 

For propagation of the flaw to occur, Pf must equal SH and that pressure must 

exceed the tensile strength of the rock (T0). The Kirsch equations are for uniaxial stress 

regimes. In cases where SH and Sh are known, the stress regime is biaxial (the true stress 

state at the pore).  

Plumb (1989) studied scenarios where boreholes had failed and breakouts had 

occurred. These breakouts are a function of large compressive hoop stresses that develop 

at the edge of the borehole and cause the hole to fail when sheared. Plumb (1989) 

discovered failure in sedimentary rocks resulted in fracture arrays initiating from the 

breakout. By studying these patterns and the stress regimes associated with each, the 

fracture patterns were classified to three types, which today are now modes (Engelder, 

1985). Each type had a different stress regime and produced fractures of varying 

geometries. Type one breakouts produced vertical fractures. Type 2 and 3 were found at 

depths of several kilometers where Sv was equivalent to SH. Type 2 and 3 produced 

inclined shear fractures.  

A.1.4 Stress Concentration around an Ellipse 

Inglis (1913) noticed the stress concentration to an elliptical hole in an elastic 

medium is proportional to the ratio of the ellipse’s semi axes (c/b).  In a circle, the radii 

are proportional (c/b =1), Sh >0, and the maximum stress concentration (St) is 3Sh. For an 

ellipse, however, the maximum stress concentration is not limited to 3 times Sh. Instead, 

it is an inverse function of the ratio of curvature of the ellipse (rc). The ratio of curvature 

is defined by the ratio between b and c semi axes such that: rc ≅ b/c.  The smaller the area 

at the “tip” of the ellipse, the higher the stress concentration will be. The stress 

concentration can be determined with the equation (Inglis, 1913):  
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This work by Inglis led to the introduction of thermodynamics by Griffith (1924) 

into the equations for stress concentration at a flaw or at the fracture tip. Griffith’s work 

set the foundation for linear elastic fracture mechanics, the theory that underlies all 

modern fracture mechanic applications (Engelder et al., 1993).  

A.1.5 Thermodynamics 

Griffith (1924) incorporated thermodynamics into the fracture propagation 

equations. He recognized the contribution and necessity of energy in the system. Griffith 

defined three forms of energy contributing to the total change in energy for fracture 

propagation (dUT). The first energy form is surface energy (US). Surface energy is 

defined by 4cγ and is required to create new surface area. γ is the free surface area, 2c 

defines the increment of fracture growth. Since growth produces two fracture faces, it is 

doubled to 4c (Griffith, 1924; Engelder et al., 1993).  

The second form of energy is the strain energy UE. The change in strain energy 

(dUE) adds to the surface energy. The strain energy is equal to: 
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The final form of energy is presented in the form of work and is result of 

boundary tractions. Both dUE and dWR are mechanical forms of energy. The relationship 

for the total change in energy for fracture growth is:  
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ERST dUdWdUdU +−=                (A9) 

 

 The maximum total energy is at the point where the mechanical work and the 

surface energy are in equilibrium with one another. The requirement for equilibrium is:  

 

0=
dc

dUT                (A10) 

 

 Where  dc is the increment over which dUt equals zero. Any fracture length above this 

point of equilibrium will be unstable and will propagate. Any length below is stable.  

To incorporate thermodynamics and the energy requirements for fracture growth 

in an elastic solid to the existing fracture growth equations, Griffith used the theorem of 

elasticity. This theorem stated that once an object was subjected to a load, it’s boundaries 

would displace from the state at which the load was removed back to the equilibrium 

state such that: WR=2UE.  

Substituting the above equations into the equation for a change in total energy 

(A9), and applying the equilibrium conditions (A10), the equation for the critical stress 

criterion at which a fracture propagates, known as the Griffith fracture propagation 

criterion, is defined as (Griffith, 1924; Engelder et al., 1993; Olson, 2003): 
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A.1.6 Introducing the Stress Intensity Factor, KI 

Following the empirical work of Griffith (1924), Westergaard (1939) provided 

detailed analysis for the stress field near the fracture tip. The work by Inglis (1913) 

assumed the stress field able to approach infinity at the fine tip of an ellipse. Westergaard 

was able to determine a solution for elastic deformation in the vicinity of the fracture tip 

that did not require infinite available stress. He developed a solution that was function of 

the distance from the fracture tip and the angle relative to the fracture plane. This solution 

was the Airy stress function and contained in it the constant KI, which is the stress 

intensity factor (Engelder et al., 1993). 

The stress intensity factor as defined by Atkinson (1982) is a function of a rock’s 

propensity to resist failure. Irwin (1957) noted the stress intensity factor is nearly 

proportional to the stress field in the vicinity of a sharp fracture tip in an elastic body. 

Irwin determined, for dry conditions, the stress intensity factor to be a function of the 

remote tensile stress (Sh), length of the fracture 2c, and the geometry of the fracture. All 

fracture geometries are defined by a constant called the shape factor (Y). In Irwin’s 

definition, the stress intensity can be written as: 

 

cYSK hI π=           (A12) 

 

The tensile strength of the rock, T0, when put in terms of balance between the 

boundary conditions in the system, the strain energy, and the fracture surface energy 

(Griffith, 1924), can be compared converted to term called the fracture toughness (KIc) 

(Westergaard, 1939) which is also called the critical strength (Olson 1993; Olson, 2003; 

Olson, 2007). KIc better represents the tensile strength of the rock because it accounts for 

the shapes and sizes of the flaws in the sedimentary rock. In a wet system, the internal 
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fluid pressure of a fracture (Pi) can be determined as a function of the KIc, shape factor, 

fracture length, and Sh:  
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If a critical value of cK  is reached, fracture propagation occurs (Atkinson, 1982). 

When KI=KIc, the fracture propagation is called critical fracture growth (Olson, 1993). In 

conditions where KI>KIc, the fracture growth is called dynamic and is associated with 

fracture-tip branching that disperses to unstable energy associated with dynamic fracture 

growth (Olson, 2003).  Atkinson (1982) introduces the chemical component to enhancing 

fracture propensity. In a silica-dominated system, the introduction of hydrogen in the 

form of water will replace the silica in some of the mineral bonds, causing the bonds to 

weaken and break more easily. This promotes fracture initiation and propagation. This 

process is known as stress corrosion (Atkinson 1982). These stress corrosion conditions 

are more prevalent at high temperatures. With the aid of stress corrosion at the fracture 

tips the fracture may propagate subcritically, where KI<KIc.  

A.2 FRACTURE MECHANICS: THE FUNDAMENTALS 

A.2.1 Aperture to Length Ratios: A Function of Fracture Propagation 

Many fracture attributes can be analyzed and studied on the basis of linear elastic 

fracture mechanics (Olson, 2003). One main area of study is comparing the relationships 

between the maximum fracture aperture (length to width ratio) and the fracture length. 

Studies have been done to predict the aperture to length scaling populations of fractures 

to gain better insights to our understating of the growth controls as well as to explore 
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scenarios where aperture and length do not scale (Vermilye and Scholz, 1995; Bai and 

Pollard, 2000; Olson, 2003).  

It could be assumed that fractures in the same set propagate under the same 

driving conditions, so there would a linear scaling between fracture aperture and fracture 

length that could be described as (Bai and Pollard, 2000; Olson, 2003): 
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∆=           (A14) 

 

The relationship is a function of dmax, the maximum aperture taken over the 

fracture length (L), change in the maximum principal stress (σ1), Poisson’s ratio (ν ), and 

Young’s Modulus (E).   However, opening mode fracture propagation is a function of the 

stress intensity factor, KI, which depends linearly on driving stresses and increases with 

the square root of the fracture half length (a) (Lawn and Wilshaw, 1975): 

 

aKi πσ1∆=             (A15) 

 

Rearranging equation (A15) for critical fracture growth would show the unstable 

relationship of the driving stress required to keep the stress intensity factor (KI) at or 

above the fracture toughness (KIc): 
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As the fracture grows longer, the driving stress required for KI ≥ KIc goes down by 

a1/2 (Olson, 2003). Therefore, once a fracture begins propagating the stress requirement 
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decreases and the fracture could propagate uninhibited. This is why the fracture tip will 

branch in dynamic scenarios (Olson, 2003).  

Not every fracture tip shows evidence of branching, so it is assumed the constant 

fracture-driving forces are less common during fracture growth and more likely an after 

affect when the fracture has reached a relaxed state (Olson, 2003). If fractures propagate 

critically (KI=KIc), then it can be assumed fractures existing at different lengths in the 

same homogeneous medium had different driving stresses. In this scenario, the fracture 

apertures would scale to ½ power of their fracture lengths (Olson, 2003):  
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Adding the influence of pore fluid pressure allows fractures to propagate 

hydraulically (Pollard and Aydin, 1988). Hydraulic propagation is suggested to be an 

episodic event where propagation relieves pressure. The system remains “at rest” until 

sufficient pressure to overcome the tensile strength has rebuilt, further initiating fracture 

propagation (Engelder and Lacazette, 1990; Laubach, 1988). The rate-limiting factor in 

this propagation scenario is the rate of fluid flow into the fracture system. This rate 

control is key in preventing runaway fracture growth due to dynamic fracturing and 

instead propagating critically at KI=KIc (Olson, 2003).  

Vermilye and Sholz (1995) determined for elastic fracture growth, there was 

typically a linear relationship between the fracture aperture and length. However for 

elastic-plastic behavior (common to subcritical fracture growth), the relationship between 



 130 

aperture and length was more tapered. Sometimes rocks become layer bound which 

affects the scaling properties (Gillespie et al., 2001).  

Gillespie et al., (2001) found a depth control on whether fractures will be layer-

bound or not. A model by Renshaw and Pollard (1995) showed that fractures can cross 

boundaries between layers if the dilations of the fracture from one bed do not get “stuck” 

and start sliding in the boundary between the next. Increased normal stresses due to high 

lithostatic pressure and burial inhibit sliding at bedding interfaces and promote 

propagation across the interface. This phenomenon occurs more frequently at great burial 

depths. If the two beds contain the same elastic properties, the condition for propagation 

between them can be expressed as: 

 

 

σv

T0 +σh

>
0.35 +

0.35
µ

1.06
          (A18) 

Where σv is the vertical principal stress and σh is the minimal horizontal stress, T0 

is the tensile strength, and µ is the coefficient of friction. The right hand side of the 

equation can be reduced to a frictional constant; k. Principal stresses are replaced with 

effective stresses to include pore fluid pressure (P) in a wet system: 

  

 

σv − P
T0 + (σh − P)

> k
                   (A19)

 

 

When the ratio between the pore fluid pressure and the lithostatic pressure (λ) is 

constant, σh is proportional to σv, such that the ratio R is equal to (σh/ σv) (Gillespie et al., 

2001). Equation A19 can be re-written as: 
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σv (1− λ)
T0 +σv (R − λ)

> k
          (A20)

 

 

The vertical stress is a product of density of the overburden (ρ), the gravitational 

acceleration (g), and the depth (z). The critical depth for fractures to propagate across 

boundaries (zc) can be determined by substituting ρgz for σv in the expression Gillespie et 

al., 2001): 

 

 

zc >
kT0

ρg[(1− λ) − k(R − λ)]                                (A21)
 

 

An increase in λ will decrease the driving stress for propagation and cause the 

transition to layer-bridging propagation to occur at greater depths. Ductile layers between 

the brittle layers or ductile behavior at the fracture tips will also increase the critical 

depth. However, if a fracture is layer bound, it is still assumed able to propagate in the z-

direction. In this case the aperture to length relationships would become aperture to 

height relationships (Olson, 2003).  

A.2.2 Fracture Linearity and Propagation 

Empirical modeling has been done to replicate fracture geometries and growth 

conditions. The models and formulas described in this section are foundation to our 

understanding of fracture spacing, clustering, activation energy, and linearity (Olson 

2007).  

Not all fractures form linear patterns, some exhibit curvature at or near the 

fracture tips. This curvature of the fracture path has been attributed to influence from 

nearby fractures and the degree of differential stress (

 

σ1 −σ3) affecting fracture formation 
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(Pollard et al. 1982; Olson & Pollard 1989; Bai & Gross 1999, Olson 2007). To 

demonstrate this effect Olson 1997 created a gird-based boundary element model with a 

smaller grid modeling area to limit edge effects. The x-direction was constrained to zero 

shear stress and normal displacement, while the y-direction was given a constant 

extensional strain rate, necessary for fracture initiation and propagation. An increased in 

differential stress (

 

σ1 −σ3) produces straight fractures. Fracture-fracture interactions have 

more affect on propagation geometries with lower internal anisotropies.  

Atkinson (1982) described fracture propagation at the fracture tip to initiate from 

flaws in the host material (brittle solids). Later work (Olson 1993, 2007) was concordant 

with this observation, but determined the direction of fracture propagation was 

independent of the initial flaw geometry. Olson’s modeling showed fractures capable of 

self-organizing relative to the mechanical bounding conditions and material properties.  

The stress conditions required for such modeling and for the initiation of fracturing were 

described by Atkinson (1982) in the equation: 

 

 

σ f = EGc /πC( )1/ 2

            (A22) 

Where 

 

σ f  is the fracturing stress, E is Young’s Modulus, Gc is the flaw length, C 

is the strain release rate, and ν is Poisson’s ratio (Atkinson, 1982). 

The flaw length Gc can be defined in terms of the stress intensity factor for mode I 

fractures IK  as: 

 

 

Gc = KI
2(1 −ν) / E          (A23) 
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  Olson 1997 used the formulas above, two-dimensional plain strain elasticity, and 

a displacement discontinuity technique to model fracture propagation. In his model, 

propagation is controlled by linear elastic fracture mechanics that assume a subcritical 

propagation law as defined by Atkinson (1987): 

 

 

V = A(KI /KIc )n
         (A24) 

 

 Propagation velocity is defined by a ratio between the stress intensity factor 

 

KI  

and the fracture toughness 

 

KIC  raised to the subcritical growth index, n,  and multiplied 

by the maximum possible propagation velocity when 

 

KI = KIcwhich is represented by A. 

Olson (1997) ran simulations until the fractures stopped propagating or until maximum 

stress states were reached as defined by the model parameters.  Results show clustering 

of fractures when the subcritical fracture index, n, increases. Olson (1997) also found 

mechanical layer thickness proportional to spacing of fractures or fracture clusters 

(Pollard and Aydin, 1988; Vermilye and Scholz, 1995; Olson et al., 2009). 

A.3 QUARTZ PRECIPITATION 

Quartz cementation accounts for much of the porosity loss in reservoir rocks 

(McBride, 1989) and in fractures (Laubach, 2003). Through a better understanding of the 

quartz precipitation window, we can make well-informed assumptions as to the 

likelihood of a reservoir rock retaining any primary porosity after burial and exhumation. 

Walderhaug (1994a) collected data (mostly from the North Sea area) to find a range of 

quartz precipitation temperatures based on the homogenization temperatures of fluid 

inclusions trapped in the intergranular and quartz overgrowth cement. The Walderhaug 

(1994a) data showed a wide window of temperatures ranging from around 50°C to 
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149°C. Walderhaug (1994a,b) samples had not yet reached their maximum burial depth at 

the time of sampling. Walderhaug (1994a) found a lower limit to quartz precipitation of 

70-80°C that appears to be a universally consistent minimum precipitation temperature.  

Walderhaug (1994a,b, 1996) and Lander and Walderhaugh (1999) is also 

responsible for our present understanding of the source of soluble silica and the 

controlling factors of quartz cementation. Walderhaug (1996) determined that quartz 

would precipitate out of solution faster at higher temperatures. From this, Walderhaug 

(1996) showed that the rate-controlling factor for quartz cementation is the precipitation 

step. Dissolution of the source material and diffusion of the soluble solution are minor 

factors compared to the time element of the precipitation step. Since cementation is 

linked to porosity reduction, understanding the rate-controlling factors is essential to 

predicting open fractures.  Dissolved silica must be supplied at a rate greater than or 

equal to crystal growth. 

Later work by Lander et al. (2008) built on the Walderhaug (1996) determination 

of precipitation rate being the crystal-growth limiting factor by determining the 

difference in euhedral versus non-euhedral crystal growth rates. Lander et al., (2008) 

began their study by recognizing the balance between quartz precipitation and the surface 

area available for crystal nucleation.  The Arrhenius equation represents the temperature 

dependence on a surface-are-normalized precipitation rate (Walderhaug, 1996; Lander et 

al., 2008). 

 

 

k = Ae
−Ea
RT            (A25) 

 

In the Arrhenius equation k represents the rate of quartz precipitation per unit 

area. Ea represents the activation energy required for precipitation to begin, A is a 
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constant, T represents temperature in Kelvin, and R is the universal gas constant. The 

units for each term are outlined below:   

k (mol/cm2s) 

Ea (J/mol) 

A (mol/cm2s)  

T (K) 

R (8.314 J/mol K) 

Lander et al. (2008) found the quartz precipitation rate appeared faster with 

coarser grain size than finer grain sizes. This was contrast to the notion that rate is 

dependent on surface area for nucleation and not on the size of the grains.  Experimental 

quartz growth from Lander et al., (2008) showed growth along the non-euhedral c-axis 

was fastest, while the euhedral lateral cement precipitation rate was slower. Once a 

crystal completed euhedral growth terminations, the quartz growth rate decreased by a 

factor of 20.  Lander et al. (2008) also showed the growth rate on any given surface of the 

quartz crystal lattice was size-independent, thus proving the Arrhenius equation of 

growth rates independent of nucleation size could be upheld for crystal surfaces (a-axis, 

c-axis, etc).   

Lander et al. (2008) determined size variations in crystals based on nucleation 

surfaces were due to Steno’s law of angles. Simply, all crystals would reach euhedral 

termination in a void given enough time. The crystals that nucleated with a larger 

diameter must grow farther to reach euhedral termination, so they spend more relative 

time (to other crystals) growing in the c-axis non-euhedral direction and appear to grow 

faster than smaller crystals. Their simulations used both a rounded grain and quartz plate 

with the c-axis oriented normal to the plate to achieve the same results. This indicated 

growth rate in the c-axis was independent of nucleation surface geometry.  
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APPENDIX B 

Homogenization Temperature Data Tables 

This section contains the homogenization temperatures for each fluid inclusion 

measured in this study. The organization tables for determining and graphing the relative 

ages are also included for each crystal in this appendix.  

This appendix is organized by table type and by crystal. The Categories (A, B, C) 

follow the naming scheme described in Chapter 3: Category A refers to Fluid inclusion 

assemblages (FIAs) containing two or more homogenization temperature measurements. 

Category B refers to FIAs with a single temperature measurement, and Category C refers 

to isolated homogenization temperature measurements that cannot be linked with any 

FIAs.  

B.1 LISTS OF ALL HOMOGENIZATION TEMPERATURES RECORDED: BY CRYSTAL 

The eleven tables presented in this section show all the homogenization 

temperatures recorded for each crystal. The average homogenization temperature, range 

in homogenization temperatures (highest-lowest), category, and the average trapping 

temperature for the FIA are listed for each measured FIA. The FIA number correlates 

with the numbers plotted on the transmitted light, SEM-CL, and sketch maps of each 

crystal in Chapter 3.  
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B.1.1 CYF 1-1-1 

 

Table B.1: Temperature information from CYF 11-1. 

 

B.1.2 CYF 1-2-1 

 

Table B.2: Temperature information from CYF 12-1. 
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B.1.3 CYF 1-2-2 

 

Table B.3: Temperature information from CYF 12-2. 
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B.1.4 CYF 2-1-1 and CYF 2-1-2 

 

Table B.4: Temperature information from CYF 2-1-1 and 2-1-2. 

B.1.5 CYF 2-2-1 

 

Table B.5: Temperature information from CYF 2-2-1. 

B.1.6 CYF 2-2-2 

 

Table B.6: Temperature information from CYF 2-2-2. 
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B.1.7 CYF 3-1-1 

Table B.7: Temperature information from CYF 3-1-1. 
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B.1.8 CYF 3-2-1 

 

Table B.8: Temperature information from CYF 3-2-1. 
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B.1.9 CYF 4-1-1 
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Table B.9: Temperature information from CYF 4-1-1. 
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B.1.10 CYF 4-1-2 

 

Table B.10: Temperature information from CYF 4-1-2. 

B.1.11 CYF 5-1-1 (A), CYF 5-1-2 (B), CYF 5-1-3 (C) 

 

Table B.11: Temperature information from 5 A, B, and C.  
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B.2 RELATIVE TIMING TABLES 

The following ten tables were used to graph the relative timing relationships of 

the measurements in each crystal. These tables should be correlated with the relative 

timing of the temperature measurements presented graphically in Chapter 3.  

The first column of each table is the relative order of measurements. The second 

column refers to the FIA numbers from the tables presented in section B.1 and the figures 

in Chapter 3. The third column shows the homogenization temperatures associated with 

each measured FIA. The average homogenization temperature for each FIA is presented 

in the fourth column. The groups were part of my method for interpreting related 

measurements in context of their formation relative to one another. My reasoning behind 

my grouping interpretations was described in the discussion of each crystal in Chapter 3.  
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B.2.1 CYF 1-1-1 

 

Table B.12: Relative timing of measurements in CYF 1-1-1.  
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B.2.2 CYF 1-2-1 

 

Table B.13: Relative timing of measurements in CYF 12-1. Measurement numbers 1, 7, 
8, 13, and 14 could not be determined in the relative ages for overall timing.  
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B.2.3 CYF 1-2-2  

 

Table B.14: Relative timing of measurements in CYF 1-2-2. Measurement numbers 2, 6, 
12, and 13 could not be determined in the relative ages for overall timing.  
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B.2.4 CYF 2-1-1 (A) and CYF 2-1-2 (B) 

 

Table B.15: Relative timing of measurements in CYF 2-1-1 (A) and CYF 2-1-2 (B).  
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B.2.5 CYF 2-2-1 and CYF 2-2-2 

 

Table B.16: Relative timing of measurements in CYF 2-2-1 and CYF 2-2-2. 
Measurement 2-2-1 #2 could not be included in the determination of relative 
timing 
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B.2.6 CYF 3-1-1 

 

Table B.17: Relative timing of measurements in CYF 3-1-1. Measurements 4, 10, 12, 15, 
22, and 24 could not be included in the determination of relative timing.  
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B.2.7 CYF 3-2-1 

 

Table B.18: Relative timing of measurements in CYF 3-2-1. Measurements 2, 8, 27, 28, 
14, 19, 18, 10, and 5 could not be included in the determination of relative 
timing.  



 154 

B.2.8 CYF 4-1-1 
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Table B.19: Relative timing of measurements in CYF 4-1-1. Measurements 2, 14, 33, 41, 
38, 47, and 64 could not be determined in relative sequence. 
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B.2.9 CYF 4-1-2 

 

Table B.20: Relative timing of measurements in CYF 4-2-1.  
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B.2.10 CYF 5-1-1 (A), CYF 5-1-2 (B), and CYF 5-1-3 (C) 

 

Table B.21: Relative timing of measurements in CYF 5-1-1 (A), CYF 5-1-2 (B), and 
CYF 5-1-3 (C). The relative order of measurements 9 C and 10 C (CYF 5-1-
3) could not be determined.  
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APPENDIX C 

 Interpretive Methods 

C.1 DOCUMENTING HOMOGENIZATION TEMPERATURE DATA 

Within a given crystal there are multiple “layers” or depths that can be focused 

when turning the fine-scale focusing lens on the microscope. Fluid inclusions located at 

various depths within the crystal will come into focus at various intervals in the 3-D 

space of the crystal. I use the term “layers” to refer to areas from which I could obtain an 

abundant amount of inclusion data. Layers are not physical boundaries or objects, but 

were termed layers for the purpose of data organization. 

 To obtain the most representative and accurate information, temperatures were 

measured through all layers of the crystal. Each measured inclusion has photographic 

documentation (Appendix G). I developed a naming scheme to indicate the location and 

depth of each measured inclusion. The top layer of the crystal (the crystal surface) is 

marked for each location with an A. Each subsequent layer is marked with ascending 

alphabetization (B, C, D, etc…). One objective of the data interpretation was to stack the 

temperature data from each depth within the crystal. To ensure the correct locations were 

stacked between images, I marked a point or points on each photograph that could be 

related to the next photograph in the area. Figure C.1 provides an example of the first step 

in the data stacking process.  

Each photograph was annotated with temperature data next to the measured 

inclusions for the image. For this step, temperatures were color-coded based on depth 

within the crystal. Each image was also marked with ascending alphabetization that 

corresponds with the labeling scheme. The label above each line of images (ex: FIA3 
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ABCD 80x) marks the location of the photos within the crystal, the number of layers, and 

the magnification at which the photographs were taken. 

When making an image stack (Figure C.2), the bottom image is always given an 

opacity value of 100% (opaque) with a decreasing the value for each subsequent image 

included in the stack. The result allowed visualization of all fluid inclusions measured 

through all depths of the crystal on one image. The depth-layer stacked image also 

revealed the orientations of the fluid inclusion planes. Combining the stacks from each 

individual location with one another created a representation of the temperature data for 

an entire segment of the crystal at all depths (Figure C.2). 

By plotting the depth-layer stacked image directly on an image of the whole 

crystal (Figure C.3), the temperatures could be interpreted in context of crystal growth 

and fracturing events. The data could then be considered in context of the entire fracture.  
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Figure C.1: Organization scheme to manage the layer-by-layer temperature data. “A” 
denotes the surface image. Ascending alphabetization (BCD, etc…) 
marks increasing depth in the crystal. All photos were taken at 80X 
magnification. The data is from sub-sample CYF 4-1-1.  



 161 

 

 

Figure C.2: Depth-layer stacked image of data from Figure C.1. Colors represent the 
layers at which the temperatures were recorded; in ascending order (getting 
deeper): green, red, black, blue, purple, and brown. Stacking images in this 
manner allowed me to recognize temperature trends and locate fluid 
inclusion assemblages (FIAs) and fluid inclusion planes (FIPs) within the 
crystal. The images were taken at 80X magnification. The measurements are 
from sub-sample CYF 4-1-1.  
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Figure C.3: Compiled and stacked data plotted directly on the crystal. The text color 
represents the depth layer in the crystal at which the temperatures were 
recorded. The stacked images from Figure C.2 were oriented and sized to fit 
their respective locations on the image of the entire crystal. This image is 
crystal CYF 4-1-1.  
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C.2 DETERMINING FIAS FROM TRANSMITTED LIGHT PETROGRAPHY 

Because SEM-CL imaging is performed after fluid inclusion microthermometry, 

initial mapping and interpretation of FIAs as primary or secondary fluid inclusions was 

performed by transmitted light petrography. After microthermometry, this interpretation 

was later refined based on the SEM-CL imaging. Figure C.4 shows my approach to map 

the FIAs during the petrography process and image stacking.  

From (A) to (B) to (C) (Figure C.4), the images are copied and pasted on one 

another and deleted to leave behind only the interpretation from one depth layer to 

another. The end result is a stack of interpretations from each layer placed onto the 

deepest image. (B) The control group of images with only the temperature data and no 

interpretations plotted. (C) The depth-layer stacked images. The left image was the 

control. The data from part (A) was placed on the right image in (C) and cleaned up to 

show the overall FIA interpretations for this area. The temperatures and associated FIAs 

were given matching text colors for easy identification.  

 

 

 

 

 

 

 

 

 

 



 164 

 

Figure C.4: Method to determine FIAs during transmitted light petrography. The scale 
bar is representative of each picture. A through C sequences are described in 
the text. 

C.3 ENHANCING SEM-BASED CL COLOR IMAGES 

Most RGB CL images of the samples seemed to mute the signature of 

idiomorphic quartz cement textures. The blue-filter only images highlighted all the 

textures. However, with the lack of color information, determining different generations 

of cement was difficult. Where color images were available and where image 

enhancement was needed, I combined the images (Figure C.5). This produced sharp 

textures with contrasting colors.  
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Figure C.5: SEM-CL image enhancement technique. (A) Color-CL image. (B) Blue-filter 
only CL image. (C) Combination of the two images. The scale in C refers to 
each image. Overlapping A and C and adjusting the opacity for the 
overlying image produced image C.  

C.4 INTERPRETING FIAS THROUGH IMAGE OVERLAYS  

Many of the interpretation methods in this thesis involved overlapping images to 

compare features between them. When resolving the paragenetic sequence of the 

temperature histories for each crystal, thoroughly determining crosscutting relationships 

and interpreting textures was essential. An example of my methodology is shown in 

Figure C.6 from sub-sample CYF3-2-1. I began with transmitted light interpretations 

(described in Figure C.5). These interpretations were adjusted to fit on the SEM-CL 
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image (Figure C.6A). The photomicrographs taken during the lab measurements 

remained on the CL image in this step to ensure placement of details on the CL image 

were correct (Figure C.6B).  

I mapped as many textures as possible on the CL-image. I placed the temperature 

data and associated FIAs on the sketch map (Figure C.6C). The last step was to ensure 

the crosscutting relationships were portrayed accurately. I placed the measured FIAs on 

the SEM-CL image (Figure C.6D) and marked the ends (yellow circles). I deleted and re-

created each FIA paying careful attention to the crosscutting relationships of the FIAs 

surrounding the measured assemblages. Once all the textures were mapped, the measured 

data was placed on the figures as accurately as possible. From there interpretations could 

be made regarding the time-temperature sequence.  
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Figure C.6: Interpretation of measured FIAs in context of texture. (A)Transmitted light- 
SEM-CL comparison step. (B) Cross-referencing the transmitted light and 
CL interpretations with the lab photos. (C) Data plotted on my sketch map 
interpretation of textures. (D) Determining crosscutting relationships of the 
measured FIAs and surrounding cement textures 
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APPENDIX D 

Ultra-Violet Imaging and Opening Model Revisited 

In this appendix, I present images taken under ultra-violet in effort to find 

hydrocarbons in the crystals. I also include the opening model (Figure 4.4) broken into 

three separate figures for enlarged detail. 

D.1 ULTRA-VIOLET IMAGING 

 

 

Figure D.1: CYF 4-1-1 and CYF 4-1-2 imaged in ultra-violet light. If there were 
hydrocarbons present in the sample, they would be luminescent.  
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Figure D.2: CYF 2-1-1and CYF 2-1-2 imaged in ultra-violet light. The scratches on the 
thin section (C and D) show up in bright blue in the ultra-violet light (D). 
Air bubbles trapped in the epoxy (A and B) have the same effect (B).  
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D.2 FRACTURE OPENING MODEL 

 

Figure D.3: The model presented without the figure caption to show enlarged detail. 
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APPENDIX E 

Field Fracture Data  

This appendix contains the data tables with the field measurements for calculating 

the true fracture length and the true fracture height from the fracture trace. The aperture 

measurements along the fracture trace are also included in this appendix.  
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Figure E.1: Reminder from Figure 2.5 the method to calculate the topography-corrected 
fracture height and the topography-corrected fracture length from the 
apparent fracture length and the dip of the exposure. From the figure 
caption: (D) the angle of outcrop exposure can also be measured (θ). Using 
a little geometry (A and D) the true height “X” and true length “Y” of the 
segment can be determined. Adding all height segments (X1, X2, X3, etc) 
together reveals the topography-corrected fracture height. Adding all the 
“Y” segments reveals the length of the exposed fracture.” 
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Table E.1: Aperture measurements along the fracture trace. The purple boxes are the sum 
of the measured segments in the areas where the fracture branches. The 
branch segment measurements and spacing between them are listed. All 
measurements are in mm. The 50mm measurement marks the north end of 
the fracture; the 2563 mm measurement marks the south end. 
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Table E.2: Measured lengths from sections of outcrop with the same apparent dip, the 
angle of the apparent dip, and the conversion to true fracture height. The 
conversion to true fracture height is: section length SINE the angle 
measurement. The sum of all the sections for a total fracture height is 
118.27cm. 

 

Table E.3: Measured lengths from sections of outcrop with the same apparent dip, the 
angle of the apparent dip, and the conversion to true fracture length. The 
conversion to true fracture length is: section length COSINE the angle 
measurement. The sum of all the sections for a total visible fracture length is 
190.71cm. 
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APPENDIX F 

Calculating Temperature Isochores 

Table 4.1 and Figure 4.1 were used to describe the conversion from 

homogenization temperature to trapping temperature by means of a pressure correction. 

This section describes the process for collecting the data needed to calculate the inclusion 

isochores presented in Figure 4.1.  

F.1 GATHERING THE EXPERIMENTAL DATA 

In Chapter 3, I introduced the theory behind fluid inclusion freezing experiments 

to obtain eutectic temperatures (Te) at the onset of ice melting the final ice melting 

temperature (Tm). Each ideal chemical system has a unique Te. The chemical system for 

inclusions in this thesis (not associated with the calcite precipitation event) is the NaCl-

H2O system (Figure 3.6).  The final ice melting temperature reveals information about the 

salinity of the system following the methods described in Chapter 3, and from 

experimental work done by Bodnar and Vityk (1994) (Figure F.1). The salinity of this 

system was modeled at 15 wt% NaCl. 

F.1.1 Freezing Experiment 

Sub-sample CYF 4-1-1 was chosen for the freezing experiment (Figure F.1). The 

data yielded eutectic temperatures within 1.5 degrees of the true eutectic value (-23.1ºC) 

for a NaCl-H2O system. The disparity was likely due to user error. The small inclusion 

sizes limited the ability to see the onset of ice melting. The average ice melting 

temperature (Tm) of FIAs that were not interpreted as late-stage was -10.2ºC (Figure 

F.1). This temperature represents a salinity of 14.15 wt.% NaCl (Bodnar, 1993). 

Laubach and Ward (2006) obtained some salinities for fracture set B ranging from 

7 wt.% NaCl to 14 wt.% NaCl. Recent fluid inclusion work on the same Fracture set by 
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Andras Fall resulted in a similar range of salinities to this study (personal communication 

with Andras Fall).  The late-stage assemblages (Figure F.1) show an average Tm of -

16.7ºC representing a salinity of 19.99 wt.% NaCl (Figure F.2 from Bodnar, 1993). A 

precipitant also emerged during freezing of these inclusions that did not melt until -3.8ºC.  

 

 

Figure F.1: Presentation of data from the freezing experiment.  (A-D) Ice melting 
temperature data from assemblages associated with synkinematic fracture 
growth. (E) Freezing experiment data from assemblages associated with 
late-stage crack-seal. Tmp = melting temperature of the precipitant.  
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Figure F.2: Freezing point depression (absolute value of Tm) correlation to salinity for a 
NaCl-H2O system. From Bodnar and Vityk (1994) and presented in 
Goldstein and Renolds (1994).  

F.2 PLOTTING THE THERMOBARIC GRADIENT 

The salinity of the fluid in the system controls the density of the fluid. 

Multiplying the density with gravitational acceleration yields the hydrostatic gradient in 

MPa/km. A geothermal gradient of 30°C/km was used in Figure 4.1 and in the 

conversions to trapping temperatures. To plot the thermobaric gradient in terms of 

MPa/°C, the hydrostatic gradient was divided by the geothermal gradient. The pressure 

was converted to bars. The thermobaric gradient could then be plotted using the point 

slope equation. 
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F.3 DETERMINING THE GRADIENT OF THE ISOCHORES 

Bodnar and Vityk (1994) determined the relationship between trapping 

temperature and pressure, salinity, and homogenization temperature using synthetic fluid 

inclusions. They were able to produce three constants from experimental variables that 

depend on salinity to form the equation for the isochore gradient:   

 
2**)/(/ ThcThbaCbardTdP sss ++=°                                                                       (F1) 

 

The equations for the variable as, bs, and cs are listed as: 

 
432 000038064.00024213.00047241.04413.121.18 SSSSas +−++=                         (F2) 

 
4836242 103054.3102329.41066012.5105268.1019041.0 SXSXSXSXbs

−−−− −−+−=  

(F3) 

 
410382654 103008.3101674.4109473.1106892.3105988.1 SXSXSXSXXcs

−−−−− −+−+−=

(F4) 

Where (S) in equations F2-F4 represents salinity. The values for 15wt% NaCl salinity are 

annotated on the screen capture in Figure F.3. Once as, bs, and cs were obtained, the 

homogenization temperatures could be added using equation F1 to calculate the gradient 

for the isochore at that temperature. Using a point-slope equation and the calculated 

gradient, isochores were plotted for each Th of interest. I created isochores for each ten-

degree Th measurement (110°C, 120°C, 130°C …). The trapping temperature is the 

temperature at which the isochore intersects the thermobaric gradient (Figure 4.1). 
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APPENDIX G 

Constructing the Temperature-Time Curve  

I combined the studies on formation depths and burial curves presented by Gray 

et al. (2001) and Ferket et al. (2010) (Figure G.1) to modify the burial curve presented in 

Laubach and Ward (2006) and in Ward (2006) into a temperature-time curve indicative 

of the temporal basin evolution of the La Boca Formation in the vicinity of the Monterrey 

Salient (Figure G.6). The basis for the burial curve presented in Laubach and Ward 

(2006) and in Ward (2006) was a burial curve for the El Abra Formation constrained by 

Gray et al. (2001). The Gray et al. (2001) burial curve was determined using K/Ar dating 

of interbedded bentonites combined with apatite fission track analysis, U-Th/He ages, 

and fluid inclusion analysis to determine the burial and exhumation paths and maximum 

burial for Cretaceous rocks throughout the Sierra Madre Oriental (Figure G.2). The El 

Abra formation is equivalent to the Orizaba Formation, of which the burial history was 

determined in the Ferket et al. (2010) study in the Cordoba Platform and Veracruz Basin 

(Figure G.1).  
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Figure G.1: Area map of the studies used to modify the burial curve. The yellow box 
marks the Ferket et al. (2010) area in the Cordoba Platform and Veracruz 
Basin. The blue box marks the Gray et al. (2001) study area. The green box 
marks the Laubach and Ward (2006) and the field area for this study. 
Modified from Gray et al. (2001). 
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Figure G.2: Methods used by Gray et al. (2001) to construct a burial history curve for the 
El Abra Formation in northeastern Mexico. Fluid inclusion homogenization 
temperatures were used to determine maximum burial. 

Extrapolation between the burial depths of the El Abra Formation presented in 

Gray et al. (2001) (Figure G.4A) to the burial depths of the La Boca Formation from 

Laubach and Ward (2006) and in Ward (2006) was done using the thickness of the 

stratigraphic interval between the two formations and correcting maximum burial for that 

difference in depth. Laramide-age contraction did not affect this region until after the 

Cenomanian, making it reasonable to believe the stratigraphic thickness between units 

represents a true contribution to the La Boca Formation overburden.  

However, the starting depth of the El Abra Formation used in Laubach and Ward 

(2006) and in Ward (2006) was based on the Gray et al. (2001) curve in Ciudad Mante 
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(Figure G.4A), which is south of the Monterrey Salient (Figure G.3). Gray et al. (2001) 

created a temperature contour map (Figure G.3) of their study region based on their fluid 

inclusion study. The temperature contour map (Figure G.3) shows higher homogenization 

temperatures in the vicinity of the Monterrey Salient relative to Ciudad Mante that 

corresponds to deeper burial of the El Abra formation at the Monterrey Salient than at 

Ciudad Mante. Gray et al. (2001) mentioned the thickest part of the foreland basin was 

located over the Monterrey Salient. This is consistent with the highest homogenization 

temperatures being recorded at that location.  

Based on Figure G.3, I modified the maximum burial of the El Abra Formation 

from the Gray et al. (2001) Ciudad Mante location (Figure G.4A) to the maximum burial 

of the El Abra Formation at the Monterrey Salient (Figure G.4B). This shifted maximum 

burial from 5.8 km to 7 km. To apply this depth correction to the burial curve from 

Laubach and Ward (2006) and Ward (2006), I increased their maximum burial estimate 

for the La Boca Formation by 1.2 km.  
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Figure G.3: Fluid inclusion homogenization temperature distribution over the Sierra 
Madre Oriental. The burial curve from Figure G.4A is for the El Abra 
Formation at Ciudad Mante. The study area in this thesis (green circle) is 
located in the Monterrey Salient where the El Abra Formation reached 
depths of at least 7 km (Figure G.4B). Modified from Gray et al. (2001). 
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Figure G.4: (A) Burial history of the El Abra Formation at Ciudad Mante. From Gray et 
al. (2001). (B) Burial curve modified from Gray et al. (2001) for the El Abra 
Formation at the Monterrey Salient.  
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A separate study by Ferket et al. (2010) used fluid inclusion microthermometry 

from carbonate rocks in the western part of the Cordoba platform (Figure G.5) to 

reconstruct the temperature evolution of the Late Cretaceous Orizaba Formation. They 

combined the microthermometry with FTIR analyses and PVT modeling of cogenetic 

hydrocarbon and aqueous fluid inclusions to obtain absolute burial pressures in their 

samples. Their study area extended from the Cordoba platform into the Veracruz basin 

(Figure G.3).  

The Ferket et al. (2010) model shows maximum burial temperatures reached by 

burial of the Orizaba Formation Their temperature estimates were based on fluid 

inclusion homogenization temperatures between 160° and 170°C between the Paleocene 

and Eocene. They determined at least 4.5 km of sedimentary rock has been eroded from 

the Eocene to present day. In their model, uplift initiated during the Eocene.  

 

 

Figure G.5: Burial history for the Middle Orizaba Formation on the Cordoba Platform. 
The boxes refer to fluid inclusion homogenization temperature data used to 
constrain the curve. Modified from Ferket et al. (2010). 
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The Ferket et al. (2010) study was used to constrain the onset of regional 

exhumation recorded during the Eocence and to compare regional burial curves for the 

study areas highlighted in Figure G.1. The fluid inclusion trapping temperatures from this 

study help constrain the temperature evolution through time and record the maximum 

burial temperatures of the La Boca Formation at the Monterrey Salient. However, there is 

limited information on associated burial depths other than an assumed geothermal 

gradient that may have been variable over time.  In an effort to reduce uncertainties, 

depth information was not included on the temperature-time curve modified for this study 

(Figure G.6).  

 

 

Figure G.6: Temperature-time history modified for this study from Laubach and Ward 
(2006) and Ward (2006) with consideration to Gray et al. (2001) and Ferket 
et al. (2010). The maximum temperatures were based on fluid inclusion 
temperatures from this study.  
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APPENDIX H 

Graphical Comparison of the Relative Timing of Fracture Cements  

The parts of the fracture that were growing and deforming during burial were 

distinguished from the parts of the fracture growing during exhumation by plotting the 

temperature ranges recorded for each sub-sample on the temperature-time curves.  Each 

crystal had a different number of measured FIAs that documented the fracture 

propagation events. In order to plot the temperature information from each FIA and 

correlate the crystals with one another on the same graph with the same axes, the number 

of measured FIAs had to be normalized to the opening event responsible for trapping 

those FIAs. This was done using the average trapping temperature associated with each 

measured FIA.  

I designed a rule that for every ten-degree increment in the range of average 

homogenization temperatures, a numerical value would be assigned. Number one was 

assigned to the lowest temperature recorded on the burial path. Number assignments 

increase from early burial temperatures to late burial temperatures. Numbers continue to 

increase from early exhumation temperatures to late exhumation temperatures. The 

highest numerical value was assigned to the lowest temperature interval for the 

exhumation path. This method allowed direct comparison of the relative timing of 

fracture cements for each crystal using the same axes and on the same plot. An example 

of this method is applied to CYF 1-2-2 in Table H.2. The numerical assignments given to 

the temperature intervals are shown in Table H.1. The x-axis on the crystal comparison 

charts (Figure H.1) represents the relative timing of fracture cements and is numbered 

based on the assignments in Table H.1.  
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Burial or Exhumation 
If Average Homogenization 

Temperature of the FIA Falls 
in this Range 

Assign this Value 

Burial 

130-140 1 
140-150 2 
150-160 3 
160-170 4 
170-180 5 
180-190 6 
190-200 7 
200-210 8 
210-220 9 

Exhumation 

220-210 10 
210-200 11 
200-190 12 
190-180 13 
180-170 14 
170-160 15 
160-150 16 
150-140 17 
140-130 18 
130-120 19 
120-110 20 
110-100 21 

Table H.1: Numerical assignment rule for “normalizing” each crystal to one another by 
temperature. Each ten-degree range in average homogenization temperature 
was assigned a numerical value for plotting on the relative timing x-axis in 
Figure H.1 
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CYF 1-2-2 

Measured FIA 
Number 

Relative 
Timing   

Average 
Homogenization 

Temperature (°C) 

Average Trapping 
Temperature (°C) 

Value Assigned 
based on Table 4.2 

3 1 175.8 213.8 14 
8 2 173.5 209.5 14 

10 3 171.1 207.1 14 
9 4 157.5 187.5 16 
5 5 168.1 202.1 15 
6 6 155.6 185.6 16 

15 7 167 201 15 
7 8 165.8 199.8 15 

26 9 165.5 199.5 15 
4 10 157.5 187.5 16 

31 11 151.9 179.9 16 
14 12 146 172.5 17 
1 13 143.8 168.8 17 

18 14 146.8 173.3 17 
20 15 143.6 168.6 17 
35 16 142.7 167.7 17 
21 17 143.4 168.4 17 
17 18 138.1 161.6 18 
22 19 134 156 18 
27 20 130.7 152.7 18 
11 21 134.9 156.9 18 
24 22 134.9 156.9 18 
25 23 131.5 153.5 18 
23 24 124.6 143.6 19 
34 25 136.4 159.9 18 
28 26 148.9 175.4 17 
29 27 138.2 161.7 18 
32 28 134.9 156.9 18 
30 29 134.6 156.6 18 
16 30 138.1 161.6 18 
36 31 124.2 143.2 19 
19 32 116.5 134.5 20 

Table H.2: Example using CYF 1-2-2 to show the method used in “normalizing” each 
crystal to one another based on temperature.  
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Figure H.1: Individual plots of average trapping temperatures for each crystal normalized 
to one another on the x-axis. Age gets younger with increasing x-axis value.  
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APPENDIX I 

Digital Record of Un-Altered SEM Images 

This appendix is located on a CD containing the SEM images in their raw formats 

without my interpretation. RGB filter color images are included where applicable. The 

digital files allow better resolution and freedom to magnify details for interpretation and 

cross-referencing.  
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