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Abstract 

 

Integrated Lidar and Outcrop Study of Syndepositional Faults  

and Fractures in the Capitan Formation, Guadalupe Mountains,  

New Mexico, U.S.A. 

Nathaniel Baird Jones, M.S.Geo.Sci. 

The University of Texas at Austin, 2012 

 

Supervisor:  Charles Kerans 

 

An appreciation of the extent of syndepositional fracturing, faulting, and 

cementation of carbonate platform margins is essential to understanding the role of early 

diagenesis and compaction in margin deformation. This study uses integrated lidar and 

outcrop data along the Capitan Reef from an area encompassing the mouths of both 

Rattlesnake and Walnut Canyons. Mapping geomorphic expressions of syndepositional 

faults and fractures at multiple scales of observation was the main approach to 

delineating zones of syndepositional fractures. Ridge-groove couplets visible in 

exposures of the Capitan Reef throughout the Guadalupe Mountains were targeted 

because the ability to identify these as signs of syndepositional fracture development 

would have implications for the entire reef complex. Results show that these ridge-

groove couplets are the product of differential weathering of syndepositional as well as 

burial-related fractures. Recessive grooves have an average syndepositional fracture 

spacing of ~13 m whereas ridges have a spacing of ~33 m. 



 vii 

Smaller (~5-20 m-wide) scale erosional lineaments common in the study area and 

mappable on airborne lidar are formed by differential erosion of planes of 

syndepositional faults. Maps of these fault lineaments on the lidar show that 

syndepositional faults extend laterally for 300 m - 2000 m and relay near the terminations 

of the faults at each end. Faults can be further grouped into fault systems consisting of 

sets of faults connected by fault relays that extend for at least the entire length (~12 km) 

of the study area. Although vertical displacement along faults is typically less than 11 m, 

syndepositional faults result in changes in structural dip domain of 1-6 degrees across an 

individual fault. 

Even smaller erosional lineaments (10 cm-1 m) are visible on the airborne lidar 

that form as a result of differential erosion of individual fractures. Larger fractures (> 20 

cm) can be reliably mapped on the lidar, but smaller features (< 20 cm) cannot be reliably 

mapped with currently available data and can only be captured using field studies. 

Fracture fill types are heterogeneous along strike as shown by comparisons of field study 

locations. Siliciclastic-dominated fills are likely sourced from overlying siliciclastic units 

of the shelf, which, in this area, were from the Ocotillo Siltstone. These silt-filled 

fractures are broadly distributed, indicating preferential development and infill of 

syndepositional fractures during the deposition of the Ocotillo Siltstone in the G27/28 

high-frequency sequences. Development of early fractures is also shown to have been 

influenced by mechanical stratigraphy with changes in fracture spacing between massive 

to thick-bedded shelf-margin (~17 m fracture spacing) and outer-shelf facies tracts versus 

thin-bedded outer-shelf and shelf-crest (~28 m fracture spacing).  

Ultimately, this study demonstrated that the Capitan shelf margin was 

ubiquitously overprinted by syndepositional fracturing and faulting and that this near-

surface structural modification influenced early diagenetic patterns and internal 
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sedimentation throughout the reef margin. Before this study, the extent and nature of 

syndepositional fracture/fault development within the margin were largely unquantified. 

Here, by integrating field observations and surface weathering reflections of these 

fractures as observed in the lidar, we can demonstrate a widespread impact of early 

fracturing more akin to analogous early-lithified margins such as the Devonian of the 

Canning Basin of Australia. 
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Chapter 1. Introduction 

Integrating remote sensing data and outcrop observations to evaluate micro- to 

macro-scale variations in syndepositional deformation and the interplay of stratigraphy 

and deformation is important for better understanding the development of the Capitan 

shelf-margin system and for allowing this system to be used as an analogue for similar 

subsurface reservoir datasets. This study will address the following questions: (1) what 

are the prominent ridge-groove geomorphic features (Figure 1.1) visible throughout much 

of the Guadalupe Mountains (Figure 1.1), (2) can geomorphic expressions such as the 

ridge-grooves be predictive of fault, fracture, and facies relationships, and (3) can we use 

the aforementioned questions to determine how prevalent syndepositional fractures are in 

the Capitan Reef. Syndepositional deformation of high-relief, reef-rimmed platforms 

consists of fracturing, faulting, and margin collapse (Playford, 1984; Smart et al., 1988; 

Kenter et al., 2005; Frost and Kerans, 2010). Faulting and fracturing are commonly 

associated with tectonic deformation, but syndepositional faults and fractures can develop 

early and prior to significant burial as a result of early and in-situ cementation of 

carbonate sediments and reef boundstones combined with gravity-driven tensile stress 

from shelf-margin oversteepening, slope instability, and basinal subsidence (Fig. 1.2) 

(Playford, 1984; Kosa and Hunt, 2005; Frost and Kerans, 2010; Resor and Flodin, 2010). 

This brittle deformation can form in the absence of coeval regional tectonic deformation 

and is often not predicted in models of carbonate platforms despite significant impacts on 

early fluid flow, meteoric diagenesis, karst development, and subsurface reservoir 

properties (Playford, 1984; Smart et al., 1988; Hurley, 1994; Whitaker and Smart, 1997; 



 2 

Cozzi, 2000; Hunt et al., 2002; Kosa et al., 2003; Narr et al., 2004; Stanton and Pray, 

2004; Kenter et al., 2005; Carpenter et al., 2006; Collins et al., 2006). 
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Figure 1.1:   Outcrop photograph of the mouth of Rattlesnake Canyon showing margin-parallel ridge-groove couplets in the 

Guadalupe Mountains, New Mexico. Groove regions or “areas” differentially weather relative to the ridges creating this 

geomorphic pattern visible throughout the Guadalupe Mountains. It is important to note that this linear fabric is not 

associated with bedding in the reef. 
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Figure 1.2:    (A) Neptunian dike or syndepositional fracture development in steep reef-rimmed 

carbonate margins after Playford (1984). Development of syndepositional fractures 

occurs due to early cementation combined with basinal compaction, slope failure, 

and gravitational instability associated with steep (>50 degrees) to sub-vertical 

escarpments and oversteepening in reef-rimmed margins.  (B) Figure from Frost 

and Kerans (2010) showing syndepositional fractures (white lines) in Devonian 

Frasnian/Famennian steep rimmed carbonate shelf and shelf-margin located in the 

Windjana Gorge, Canning Basin, Australia. Constructed using Ikronos satellite 

imagery (copyright GeoEye.com). 
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Understanding of syndepositional deformation in the development of the Permian 

Capitan profile has recently evolved from a limited role in shelf and shelf-margin facies 

tracts (Stanton and Pray, 2004) to the recognition of extensive and systematic 

syndepositional fault and fracture development in the shelf portions of the profile (Hunt 

et al., 2002; Kosa et al., 2003; Hunt et al., 2005; Kosa and Hunt, 2005, 2006a, 2006b, 

Harman, 2011). Frost and Kerans, (2010) link the extent of syndepositional deformation 

to progradation/aggradation ratios in the Devonian Canning Basin reefal platforms of 

Australia. Previous studies of syndepositional deformation have focused on constructing 

digital outcrop models using airborne lidar that integrate the development and geometries 

of syndepositional faults and fractures with stratigraphy in the shelf environment within 

Slaughter, Rattlesnake, and Dark Canyons (Hunt et al., 2002; Kosa et al., 2003; Hunt et 

al., 2005; Kosa and Hunt, 2005, 2006a, 2006b; Harman, 2011; Frost et al., 2012; Kerans 

et al. 2012).  

Although early models of syndepositional (neptunian) fracture development 

predicted a greater abundance of such fractures within the reef margin (Playford, 1984; 

Figure 1.2A), only a few studies of the Capitan (ex. Babcock and Toomey, 1983) 

documented these fracture types along the margin proper, and in general it was thought 

that only the youngest Tansill reef showed evidence of these early fractures. This study 

will be the first to focus primarily on fractures in the shelf-margin reef, and it will use 

integrated lidar and outcrop data to evaluate the lateral geometry and distribution of 

syndepositional deformation in the Guadalupe Mountains over a larger region than those 

of previous studies. This is an important first step in creating a robust regional outcrop 

analogue model of syndepositional deformation. 
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This study relates remotely-sensed geomorphic features (e.g., prominent ridges 

and recessive grooves) to geologic features such as faults, fractures and heterogeneous 

lithofacies using high-resolution airborne lidar and draped 3D aerial photography (i.e., 

Google Earth) and uses this data to examine syndepositional deformation of the shelf 

margin. Remotely mapped features are compared to field-mapped geologic features. The 

results of this study provide important geologic information in the study area, but more 

importantly it develops a scheme to extract geologic data in areas where field mapping is 

difficult but still exist within the airborne lidar survey area. After the geologic 

background and review of previous work, the thesis will introduce the main geomorphic 

elements that were mapped remotely, providing methods and results from this research 

effort. After the geomorphic elements are introduced, the field-based mapping of faults, 

fractures, and facies that was performed in the same locality as the remote-sensing maps 

will be presented, including methods used and results obtained. A separate chapter will 

be dedicated to the discussion of the findings from both scales of observation and to 

relate the work to previous, studies clearly stating the new aspects that were identified in 

this study. The final chapter presents significant conclusions of this thesis. 

 

1.1 GEOLOGIC BACKGROUND 

The Guadalupe Mountains of Texas and New Mexico provide world-class 

exposures of Permian Guadalupian-aged strata on the northwest margin (Figure 1.3) of 

the Delaware Basin (King, 1948).  The outcrops in this area are large and relatively 

undeformed, and they have laterally continuous exposures along the Shattuck and 

Western Escarpments as well as in major dip-oriented canyons such as McKittrick, 

Slaughter, Rattlesnake, and Walnut Canyons (King, 1948; Newell et al., 1953; Hayes, 
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1964). This study centers on the northeastern portion of the Guadalupe Escarpment 

including the mouths of Walnut and Rattlesnake Canyons and the strike-oriented 

exposures area inbetween (Figure 1.4). The area between Walnut and Rattlesnake 

Canyons is an excellent locality to assess the relationships between Permian structures 

and erosion patterns due to limited, but progressively increasing erosion westward and 

excellent preservation of syndepositional faults and fractures throughout the study area. 

Rattlesnake and Walnut Canyons as well as four unnamed draws spaced approximately 2 

km apart were selected as field locations within this study (Figure 1.5).  
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Figure 1.3: Paleogeographic map by Ward and others (1986) as modified by Harman 

(2011).The paleogeographic regions represent general shelf environments in the 

Seven Rivers and Yates Formations. The Tansill Formation paleogeography was 

similar except that the sandy regions became evaporite-dominated. The inset map 

indicates paleo-latitude and prevailing wind direction (Fischer and Sarenthein, 

1988). 
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Figure 1.4: Map of the Guadalupe Mountains area; the study area is between Rattlesnake Canyon 

and Walnut Canyon and is south of the axis of the Walnut Canyon Syncline 

(indicated by WS above). The western portion of the Guadalupe Mountains is 

faulted by basin and range normal faults, and the eastern portion has a gentle ~2 

degree eastward dip that gradually exposes younger strata at topographically lower 

positions in exposures. Map modified after a map by Frost and others (2012). 

Annotations: (A) Hunt et al (2002). Kosa et al (2003). (B) Kosa and Hunt (2005; 

2006a). (C) Harman (2011). (D) Hunt et al. (2012). (E) Rush and Kerans (2010).  

(F) Frost et al. (2012). 
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Figure 1.5:   Daylight-shaded airborne lidar DEM map of the six field areas from Rattlesnake Canyon to Walnut Canyon. Four draws 

at ~2-km spacing were studied for field control, lidar DEM and aerial photographs were used for remote sensing analysis 

in areas between field study sites. White box refers to area published by Rush and Kerans (2010) from which data used in 

Chapter 3. Star indicated on map is the Carlsbad Caverns Visitor’s Center, the circle (far right) is White’s City. Airborne 

data courtesy of RCRL and Goldhammer Chair. 
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This study uses the high-frequency sequence stratigraphic framework (Figure 1.6) and 

nomenclature established in Kerans and Tinker (1999) and Rush and Kerans (2010). The study 

focuses on an outcrop that contains exposures of Yates Formation and Tansill Formation outer-

shelf and equivalent Capitan Reef in the G25-G29 high-frequency sequences (HFS) within this 

framework. The Yates Formation is a mixed siliciclastic-carbonate evaporite shelf system that 

passes conformably into the Capitan Formation shelf-margin/slope complex along the margins of 

the Delaware Basin (Ward, et al. 1986). The Tansill Formation is similar to the Yates, but it has 

no siliciclastic-dominated intervals this near to the shelf margin apart from siliciclastic beds 

contained in a member known informally as the Ocotillo Siltstone on the shelf (Esteban and 

Pray, 1977; Rush and Kerans, 2010). The paleogeographic setting of the Tansill Formation is 

similar to that developed during the deposition of the Yates Formation, with the carbonate-

evaporite Tansill shelf surrounding the margin and grading conformably into mixed carbonate-

silciclastic-evaporite shelf landward (Ward et al., 1986; Figure 1.2). Many studies have focused 

on the carbonate-rich facies within and seaward of the shelf crest (Kendall, 1969; Dunham, 1972; 

Smith, 1974a, 1974b; Neese and Schwartz, 1977; Esteban and Pray, 1983; Babcock and 

Yurewicz, 1989; Kerans and Harris, 1993; Tinker, 1998; Osleger, 1998; Harman, 2011 and 

others); this study uses the facies tracts in the depositional profile contained in Tinker (1998) and 

further refined in Kerans and Tinker (1999) and Rush and Kerans (2010) (Figures 1.7 & 1.11). 

The Tansill is the last time-equivalent shelf unit of the Capitan Formation. Above the Tansill, the 

Salado and Castille Formation evaporites filled in the Delaware Basin and covered the top of the 

shelf system after deposition of the Guadalupian Capitan and Tansill formations (Figure 1.6). 

 

.  
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Figure 1.6: Stratigraphic chart of Permian strata in the Guadalupe Mountains, highlighting stratigraphic framework 

terminology and equivalent formation names used in previous works and by this study. The yellow highlighted 

high-frequency sequences G26-29 indicate the location of outcrops exposures in the study. Figure modified after 

Harman (2011) and Kerans and Tinker (1999). 
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Figure 1.7: Generalized stratigraphic profile of the Seven Rivers – Yates – Tansill 

system in the Guadalupe Mountains after Tinker (1998), Kerans and Tinker 

(2000), Rush and Kerans (2010), and Harman (2011). Previous field studies 

of syndepositional deformation are shown by position within the sequence 

stratigraphic framework. Annotations: (A) Hunt et al. (2002), Kosa et al. 

(2003). (B) Kosa and Hunt (2006a), Harman (2011). (C) Kosa and Hunt 

(2005). (D) Hunt et al. (2012). (E) Frost et al. (2012). Work for this study 

shown in yellow. 

There are several biostratigraphic fusulinid zones in the G25-29 high-frequency 

sequences: the Hairpin Dolomite is located in the upper part of the Polydiexodina 

fusulinid zone, the Triplet (G26, Yates Fm.) is in the Codonofusiella extensa zone, the 

G27 is split between the Yabeina texana and Paradoxiella pratti zones, and the G28/29 is 

in the Reichelina lamarensis zone (Wilde et al. 1999). The basinal equivalents of the 

units in the study are the Bell Canyon Formation sandstones and the McCombs, 

McKittrick Canyon, and Lamar Limestone (pre-G29) members, respectively (Fig. 1.7) 

(Tinker, 1998; Wilde et al. 1999; Brown and Loucks, 2002, Rush and Kerans, 2010). 

The Delaware Basin formed during the Marathon-Ouachita Orogeny in the Late 

Mississippian-Early Permian. The orogeny uplifted the Central Basin Platform relative to 

the Midland Basin to the east and the Delaware Basin to the west along basement-

involved thrust faults (Yang and Dorobek, 1993; Ye et al., 1996). The rapid subsidence of 
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the Delaware and Midland basins relative to the Central Basin Platform had stopped by 

the end of Wolfcampian time (Ye et al., 1996). During deposition of the Yates and 

Tansill formations in the late Guadalupian, the Delaware Basin was still actively filling 

(Bell Canyon Formation), but the Midland Basin was filled in and was now a part of the 

Eastern Shelf (King, 1948). Later uplift and exposure is associated with Basin and Range 

deformation in the Cenozoic as manifested by the formation of the Salt Flat Graben on 

the western side of the Guadalupes (Hayes, 1964). The study area is tilted gently (~2 

degrees) eastward through the study area due to mostly early Cenozoic uplift of the 

Guadalupe Mountains (King, 1948). This eastward dip results in topographically lower 

exposure of younger strata eastward through the study area. The Basin and Range-related 

(Cenozoic) Huapache Monocline is located to the east of the study area and the Walnut 

Canyon Syncline (Cenozoic) is located north of the study area (Fig. 1.4) (Hayes, 1964). 
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1.2 PREVIOUS WORK 

The Guadalupe Mountains and other time-equivalent outcrops and subsurface 

datasets have long been the subject of research into the stratigraphy, petroleum geology, 

structure, and development of the region. King (1948; see section 5) was the first to 

describe what would later become known as syndepositional fractures in the Guadalupe 

Mountains and to describe the stratigraphy and structure of the region. Hayes (1964; see 

section 3, Capitan Limestone) further described early Permian joints and noted sands in 

reef-growth cavities near fractures. Models of the shelf-to-basin depositional profile and 

constituent facies tracts were progressively developed following King (1948) by Dunham 

(1969, 1972), Pray (1985), Hurley (1989), Kerans and Harris (1993), and Tinker (1998), 

among others. These models centered on the measured dips in the shelf, representing a 

combination of original depositional dip and compactional morphology for basinward-

inclined strata of the outer-shelf. These basinward-inclined strata of the outer shelf were 

Pray’s (1985) “fall-in beds”.  

More recently, Hunt and Fitchen (1999), Hunt and others (2002), Kosa and Hunt 

(2005, 2006a), and Harman (2012) have described syndepositional faults and fractures in 

the shelf, and they have begun integrating compaction, syndepositional deformation, and 

depositional dip models describing the Capitan-equivalent profile.  Syndepositional 

deformation impacts the profile through faulting and margin collapses that affect cycle 

thickness, continuity, and rotation of strata which complicate stratigraphic frameworks 

developed prior to studies of syndepositional deformation (Hunt et al., 2002; Kosa and 

Hunt, 2005, 2006a; Harman, 2011). This section will first review work related to 

syndepositional deformation. Next, background information about studies of facies, 

facies tracts, and depositional profiles will be reviewed. The depositional model section 



 16 

follows the syndepositional fault section because considering depositional profile is 

problematic without first introducing the role of syndepositional faulting. Lastly, work 

related to the sequence stratigraphic framework used in this study will be reviewed. 

 

1.2.1 Syndepositional Faults and Fractures 

Faults, fractures, and margin-parallel geomorphic features were recognized in 

many early studies of the shelf and Capitan Reef (King, 1948; Hayes, 1964; Newell et al., 

1953; Babcock, 1977; Yurewicz, 1977; Jagnow, 1979; Melim, 1991; Rankey and 

Lehrmann, 1996; Osleger, 1998; Longley, 1999, Stanton and Pray, 2004). These studies 

failed to recognize both the ubiquity and the syndepositional nature of the faults and 

fractures in the Capitan and time-equivalent shelf. Recent studies have begun to identify 

and classify syndepositional faults and fractures in terms of their development histories, 

their effect on the stratigraphy, and their impact on regional geomorphology (Hunt et al., 

2002; Kosa et al., 2003; Hunt et al., 2005; Kosa and Hunt, 2005, 2006a, 2006b). This 

section will review previous work relating early Permian syndepositional structures to 

geomorphology, progradation/aggradation (P/A), and both early and late-stage karst 

development. Additionally, work describing syn-sedimentary fills, mechanisms for 

syndepositional fault/fracture development, and strike variability of faults and fractures 

will be discussed. 

Regional Geomorphology and Relationships to Permian Syndepositional Structure 

The first description of the regional geomorphology of the Guadalupe Mountains 

was produced by King (1948). King identified the key elements of the regional 

geomorphology, including the denudation-shaped reef escarpment, eastern dip of the 

strata, and reef-escarpment-parallel folds within and near the study area (Figure 1.4, see 
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Walnut Canyon Syncline). DuChene and Martinez (2000) evaluated erosion across the 

easterly dipping strata in the Guadalupe Mountains, and observed that the erosion 

amounts increase to the west, but preserved caves decrease in length. Kosa and Hunt 

(2006b) built on their earlier work as well as the work by Hill (1996) to establish links 

between modern cave locations and drainage patterns and the NNW-SSE-oriented 

Permian syndepositional structures as well as the later Miocene-Pliocene NNW-SSE-

oriented structures.  

Progradation vs. Aggradation and Fracture Development 

Efforts to find predictive relationships between syndepositional fractures and 

observable parameters for subsurface reservoir characterization have led to studies of the 

relationship between shelf-margin trajectory and syndepositional fracture intensity. 

Studies in the analogous Devonian Canning Basin in Australia (Fig.1.8) (Frost and 

Kerans, 2009) and Carboniferous Tengiz platform in Kazakhstan (Weber et al., 2003) 

show that strongly prograding platforms have higher fracture intensities in reef and 

platform facies than do retrogradational/aggradational shelf-margin trajectories (Kenter et 

al. 2005; Narr et al., 2004; Carpenter et al., 2006; Collins et al., 2006). Resor and Flodin 

(2010) used finite-element structural modeling to test the relationship between 

progradation and brittle deformation of the margin. Their model suggests that platform 

deformation patterns are established early as the platform develops but continue to be 

reactivated and deformed during subsequent platform growth. Their model predicts 

higher fracture intensities and wider distribution of faulting and fracturing within highly 

progradational systems. Progradation-aggradation (P/A) ratios calculated for the Yates 

Formation in the Guadalupe Mountains average 12 (G23), 30 (G24), 7 (G25), and 5 

(G26) (Harman, 2011; Osleger and Tinker, 1999; Kerans and Tinker, 1999). Calculating 
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P/A ratios for this study focusing on the G27/28 is problematic given the lack of 

published P/A ratios and lidar-controlled stratigraphic framework. Rush and Kerans 

(2010) provide a framework within the G27, but deriving a P/A ratio is difficult due to a 

localized collapse scar that truncates the section there. Qualitatively, the G27 is more 

aggradational than G23-G26 is, but further constraints are needed to confirm the true P/A 

ratio in the (G27 equivalent) Capitan shelf-margin and shelf. 

 

Figure 1.8:    Proposed framework by Frost and Kerans (2009) for relating shelf-margin 

trajectory to fracture development and compaction. Highly progradational 

margins load basinal sediments more, resulting in more compaction 

fracturing overall in the shelf and shelf-margin, whereas fractures in 

aggradational margins are more gravitationally driven. 

Synsedimentary Fill Classification and Distribution 

Kosa and Hunt (2006a) classified three major fill types that are also used in this 

study: (I) carbonate-dominated fills, (II) siliciclastic-dominated fills, and (III) mixed 

siliciclastic-carbonate fills. Hunt and others (2002) report that the fracture fills in 

Slaughter Canyon G22-G26 are dominantly (92%) siliciclastic, in contrast to the G27/28 

in this study where the fills are dominantly carbonate or mixed. Kosa and Hunt (2006a) 

suggests a linkage between clastic input, sea-level conditions, and distance from the 
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shelf-margin based on the observation that fractures developing near the reef in the outer-

shelf had more carbonate-dominated and mixed fills than did fractures kilometers from 

the shelf-margin. Paleocavern fill stratigraphy was also used to show linkage between 

phases of Permian paleocavern fill and the relative sea level on the platform (Figure 1.9).  

This study differs in focus from Kosa and Hunt’s (2006a) work on 

synsedimentary fills in Slaughter Canyon. First, the study area is exclusively within  

0.5 km or less of the shelf-margin and is focused on Capitan Reef and immediate back-

reef and outer-shelf facies tracts. Next, there is one major source of siliciclastic sediment 

for filling syndepositional faults and fractures in the G27/28, the Ocotillo Siltstone, 

instead of many potential sources in the G21-G25 in Kosa and Hunt (2006a). Lastly, the 

shelf profile of the Tansill differs from that of the Yates, with G27/28 marking a possible 

transition to an escarpment-type margin (Tinker, 1998; Kerans and Tinker, 1999; 

Harman, 2011). These differences allow for an evaluation of the sea-level-driven model 

of fracture development and infill patterns in the G27/28 setting within different facies 

tracts.  
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Figure 1.9:    Conceptual model by Kosa and Hunt (2006a), showing the relationships 

among paleocavern fill stratigraphy, sea-level cyclicity, and shelf sediments 

in the Yates G21-G25 high-frequency sequences. This figure represents a 

different, more landward part of the shelf with more siliciclastic input and 

less marine circulation than that in the G27/28 shelf-margin in this study.  
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Early-Stage Karst and Linkage to Late-Stage Karst 

Kosa and Hunt (2006b) addressed the impact of Permian synsedimentary 

deformation and early karst on present-day speleogenesis and geomorphology. The study 

noted at least three phases of karst development in the region: (I) Permian, (specifically 

end-Triplet or G26) early-phase karst with platform-derived paleocavern filling 

sediments along syndepositional faults, (II) post-Permian siliciclastic-filled burial karst 

that is controlled by and limited to the youngest syndepositional faults in the terminal 

margin, and (III) caves that developed along both inherited Permian syndepositional 

features and a later uplift-related structural trend. The Kosa and Hunt (2006b) study 

suggested that the development of Carlsbad Caverns was influenced by Permian 

syndepositional structures. This study will address the question of whether the 

development of Carlsbad Caverns was influenced by early Permian syndepositional 

structures.  

Mechanisms for Syndepositional Fault and Fracture Development and Distribution 

Several mechanisms have been proposed for the nucleation and growth of 

syndepositional fractures and fractures. Frost and Kerans (2009) state that the primary 

drivers for syndepositional fractures in the reef and back-reef in the analogous Devonian 

Canning Basin, Australia are: (1) gravity-driven fracture development, (2) antecedent-

topography-controlled fractures, and/or (3) tectonically-controlled fractures. Gravity-

driven fractures are generated by gravitational instability due to over-steepening of a 

platform margin escarpment (Whitaker and Smart, 1997; Resor and Flodin, 2010) as well 

as compaction of underlying basinal sediments (Hunt and Fitchen, 1999). Antecedent-

topography controlled fractures generated by flexure of early-cemented strata over an 

older margin has been proposed as a possible focusing mechanism for deformation in the 

Guadalupe Mountains (Hunt and Fitchen, 1999; Kosa and Hunt, 2005; Kosa and Hunt, 
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2006a). Flexure over older margins is also visible as a focusing mechanism for faulting 

over the Seven Rivers margin on the Kosa and Hunt (2005) cross section of 

syndepositional faults in Slaughter Canyon (Figure 1.10).  

 

Figure 1.10: Schematic dip section by Kosa and Hunt (2005), showing distribution of 

syndepositional faults on the eastern wall of Slaughter Canyon. The 

sequence architecture in the figure uses Yates and Tansill formation-based 

nomenclature and is indicated by shading. Note how the faults cluster in 

shelf strata overlying older shelf-margins, with the exception of the Ogle 

Cave Fault System (OCFS). Also note that Kosa and Hunt (2005) did not 

recognize the G26 as a separate sequence and thus their sequence numbers 

will not match those of Tinker (1998) or those used here. 

 

Strike Variability of Syndepositional Deformation  

Kosa and Hunt (2005) traced syndepositional faults along strike in Slaughter 

Canyon over 0.5-1.8- km distances. The authors found that major fault segments are 

traceable across the canyon, but smaller faults may not necessarily connect across the 

canyon. Within fault systems they noted en echelon fault relays developing in bends of 
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fault segments. Faults described in Slaughter Canyon (Hunt et al., 2002; Kosa et al., 

2003; Kosa and Hunt, 2005; 2006a; 2006b) are generally sub-vertical and shelfward 

dipping with a normal sense of dip-slip motion. Antithetic faults tend to be shallower 

dipping, to dip basinward, and to have a reverse sense of dip-slip motion. In Walnut 

Canyon, Rush and Kerans (2010) documented a margin collapse feature, but they were 

unable to constrain the strike extent of the scar. This study will examine geometries on a 

broader scale and try to answer the question of how fault segments interrelate along 

strike. It will also evaluate strike heterogeneity of faults, fractures, and the Walnut 

Canyon margin collapse.  

1.2.2 Depositional Models 

Constituent facies tracts of the Yates and Tansill and equivalent strata within the 

Guadalupe Mountains and subsurface have been extensively studied, with differing data 

sources resulting in different depositional models for subsurface-versus-outcrop studies. 

Outcrop studies generally focused on the carbonate-rich facies basinward of the shelf-

crest (Kendall, 1969; Dunham, 1972; Smith, 1974a, 1974b; Neese and Schwartz, 1977; 

Esteban and Pray, 1983; Babcock and Yurewicz, 1989; Borer and Harris, 1989; Kerans 

and Harris, 1993; Tinker, 1998; Osleger, 1998; Rush and Kerans, 2010; Harman, 2011), 

whereas studies of the subsurface equivalents focus on the largely siliciclastic-dominated 

middle shelf as the great majority of hydrocarbon production is from these sandstones 

(Ward et al., 1986; Borer and Harris, 1991a, 1991b, 1995; Andreason, 1992). Garber and 

others (1989) studied the Gulf PBD-04 research well of the shelf-crest through Capitan 

Reef. These studies resulted in accommodation models (Andreason, 1992; Tinker, 1998) 

for landward (subsurface) inner/middle-shelf Yates facies and (outcrop) outer-shelf Yates 
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facies and shelf-margin equivalents, but no model for the system as a whole that 

addresses the heterogeneity in siliciclastic and carbonate facies. 

Many workers in the Guadalupe Mountains have compiled descriptions of facies 

and environments found in the shelf-to-basin profile of the Yates and Tansill and their 

basinward equivalents (e.g., Dunham, 1972; Babcock, 1977; Yurewicz, 1976; Hurley, 

1978; Tinker, 1996). The Tansill shelf (above G26) represents a significant transgressive 

depositional trend and has a more diverse outer-shelf setting than do the Yates sequences 

and less siliciclastic input to the shelf-crest and outer-shelf. (Ward et al., 1986; Tinker, 

1998; Kerans and Tinker, 1999; Rush and Kerans, 2010; Harman, 2011). This study uses 

shelf facies tracts (e.g., shelf-crest, outer-shelf, shelf-margin, and slope) similar to those 

in Tinker (1998), Rush and Kerans (2010), and Harman (2011) to describe the position of 

scanline observations in the shelf profile (Figure 1.11).  

The shelf-margin facies tract is characterized by a framework consisting of 

microbial binding organisms such as Archaeolithoporella, problematic algae Collenella, 

and Tubiphytes, sponges, bryozoans, shelf-derived sediments, and cements including 

paleo-aragonite botyoids filling large cavities in the overall framework created by the 

organisms (Babcock, 1977; Mazzullo and Cys, 1977; Yurewicz, 1977; Babcock and 

Toomey 2004; Kerans et al., 1992; 1994; Wood et al., 1994; Kirkland et al., 1993, 1998) . 

There are multiple competing depositional models of the Yates-Capitan and Tansill-

Capitan systems, some of which use modern analogues of barrier reef systems (Newel et 

al., 1953; Kirkland-George, 1992; Saller, 1996). However, outcrop studies support the 

Dunham (1972) “marginal mound” hypothesis, including work by Neese and Schwartz 

(1977), Kerans et al. (1992), Kerans and Harris (1993), Tinker (1998), Osleger (1998), 

and Kerans and Tinker (1999). A recent study by Harman (2011) using a high-detail 

three-dimensional stratigraphic framework built using lidar demonstrated that the shelf-
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margin facies tract is consistently bathymetrically deeper than time-equivalent shelf-crest, 

and equal to or lower than equivalent outer-shelf, thus favoring the “marginal mound” 

shelf profile as shown in Tinker, 1998 (Figure 1.11).  

The outer-shelf facies tract consists of progressively deepening subtidal, 

dominantly carbonate lithologies that range from grainstone to wackestone fabrics. Non-

skeletal allochems include peloids, ooids, pisoids, intraclasts, and oncoids. Skeletal 

allochems include fusulinid foraminifers, green algae such as Mizzia, other smaller 

foraminifers, bivalves, gastropods, crinoids, and, in isolated bioherms, Collenella, and 

other reef organisms (Neese and Schwartz, 1977; Neese, 1989; Borer and Harris, 1989, 

1991b; Kerans and Harris, 1993; Tinker, 1998; Osleger, 1998; Rush and Kerans, 2010, 

Harman, 2011). The proximal outer-shelf facies are dominated by cross-stratified 

grainstones associated with high-energy foreshore complexes. Basinward of the high-

energy foreshore complexes, energy decreases and skeletal preservation increases, 

indicating progressively deepening water (Neese and Schwartz, 1977; Babcock, 1977; 

Yurewicz, 1977; Esteban and Pray, 1983; Neese, 1989; Babcock and Yurewicz, 1989; 

Kerans and Harris, 1993; Tinker, 1998; Osleger, 1998, Rush and Kerans, 2010; Harman, 

2011).  The deepening profile from the shelf-crest to the distal outer-shelf was the 

“marginal mound” of Dunham (1972) and was used for the Yates in Tinker (1998), 

Osleger (1998), Kerans and Tinker (1999), and was applied to the Tansill and upper 

Yates in Rush and Kerans (2010). 

The shelf-crest facies tract of the Yates is characterized by microbial algal 

laminites, fenestral laminites, pisoid rudstones, tepee-fenestral boundstones, thin skeletal 

packstone/grainstones, and silt-rich siliciclastic sandstones (Smith, 1974b; Esteban and 

Pray, 1983; Borer and Harris, 1989, 1991a, 1991b; Tinker, 1998). The Tansill shelf-crest 

facies tract lacks the siliciclastic-dominated facies but has similar carbonate-dominated 
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facies to those of the Yates (Rush and Kerans, 2010). The shelf-crest facies tract 

represents intertidal-supratidal flats and islands and is the topographic high point of the 

shelf (Dunham, 1969; Kendall, 1969; Smith, 1974a, 1974b; Esteban and Pray, 1983; 

Borer and Harris, 1989, 1991a, 1991b; Kerans and Harris, 1993; Tinker, 1998; Harman, 

2011).   

 

 

Figure 1.11: Shelf-margin profile and facies tracts from Tinker (1998). This model is 

used in this study for describing facies tracts and position of observations on 

the shelf profile.  

 

1.2.3 Sequence Stratigraphy 

Modern sequence stratigraphic interpretation of the upper Leonardian to 

Guadalupian strata was applied in Kerans and others (1992) by modifying the 

terminology of Mitchum and Van Wagoner (1991). The methods used in this study 

developed hierarchical scales of cyclicity, including composite sequences composed of 

transgressive, aggradational, and regressive high-frequency sequences (HFSs) that are 



 27 

composed of sets of cycles and individual high-frequency cycles (HFCs) (Kerans et al., 

1992; Tinker, 1998; Osleger, 1998; Kerans and Tinker, 1999).  The Seven Rivers, Yates, 

Tansill, Capitan reef-rimmed shelf system comprises three composite sequences (CSs), 

the Permian CS 12, CS 13, and CS 14 (Kerans et al., 1992; Tinker, 1996, 1998; Osleger, 

1998; Kerans and Tinker, 1999). However, there has recently been discussion of 

combining the CS 12 and CS 13 (Kerans et al, 2012). The Yates Formation comprises the 

entire CS 13, and includes the G21-G25 high-frequency sequences (HFS) (Kerans et al., 

1992; Tinker, 1996, 1998; Osleger, 1998; Kerans and Tinker, 1999). The G26 HFS in the 

Yates is designated by the informal name “the Triplet” (Neese and Schwartz, 1977; 

Esteban and Pray, 1977), which is a regionally extensive sand – dolomite – sand unit 

marking the top of the Yates Formation. The Triplet and Tansill formations comprise the 

last composite sequence CS 14 for the Capitan Reef margin system, and comprises the 

G26-G29 HFS (Kerans and Tinker, 1999; Rush and Kerans, 2010; Harman, 2011). The 

Tansill Formation marks a period of more aggradational shelf-margin trajectory with a 

thicker transgressive systems tract (TST), over-steepened profile, and a low P/A ratio 

(Kerans and Tinker, 1999; Rush and Kerans, 2010; Harman, 2011). On the basis of the 

work of Frost and Kerans (2010) in the analogous Devonian Canning Basin of Australia 

and modeling by Resor and Flodin (2010), I infer that syndepositional fracturing should 

be less extensive overall and should be more localized in the shelf-margin. This study 

shows that G27 fracture intensities are generally consistent with fracture intensities in 

units with 5 > P/A ratio in the Devonian Canning Basin. The Tansill Formation 

framework is complicated by the margin collapse scar described in Walnut Canyon 

making up the boundary between the Lower Tansill G27 and the G28. The boundary 

between the G27/28 and the G29 is marked by a set of siliciclastic-rich silt layers 

informally known as the “Ocotillo Siltstone” (Esteban and Pray, 1977) which are 
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regionally extensive in the eastern portions of the Guadalupe Escarpment, where there is 

limited erosional truncation of the Tansill (Rush and Kerans, 2010). Overall, the Tansill 

requires more biostratigraphic work based on the framework of Rush and Kerans (2010) 

using the work of Wilde and others (1999) to clarify the timing and geometry of the 

sequence stratigraphy.  
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Chapter 2. Remote Sensing Geomorphology and Syndepositional Faults 

and Fractures 

 

 

Lidar (light detection and ranging) digital outcrop models are a recently 

developed and powerful tool for accurately mapping, analyzing, and quantifying 

stratigraphy and structural data (Bellian et al., 2005). The Guadalupe Mountains airborne 

lidar dataset used in this study has been used to reconstruct and quantify sequence 

architecture in the Yates in Slaughter Canyon (Harman, 2011; Kerans et al., 2012), to 

measure geometries of syndepositional faults and fractures, and to map stratigraphic 

surfaces (Hunt et al., 2012; Kerans et al., 2012). This study will first show how the 

stratigraphic mapping techniques employed in the studies above (Harman, 2011; Kerans 

et al., 2012; Hunt et al., 2012; Kerans, et al., 2012) can be used to map stratigraphic 

horizons in the study area. This study will test whether large geomorphic features such as 

ridge-groove couplets are related to syndepositional faults and fractures and determine 

what Permian syndepositional structure can be recognized and mapped onto the airborne 

lidar elevation model. 

Airborne Lidar Collection and Visualization Methodology 

Remote sensing measurements were carried out using a regionally extensive 

airborne light detection and ranging (lidar) dataset collected by the UT-BEG Reservoir 

Characterization Research Laboratory in 2009 (see acknowledgements for funding 

participants). The data were collected in two phases: 1) down-looking fixed-wing- 

mounted lidar and 2) helicopter-mounted lidar for side scans of major canyons, including 

Rattlesnake and Walnut Canyons in this study (Figure 2.1). The lidar data were then used 
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to create a regional DEM with variable 8-30 cm resolution with an average of 8 cm in the 

study area and 15-20 cm overall in the dataset. The data were interpreted in Global 

Mapper 12® and Google Earth®.  

Google Earth was the primary fault and fracture mapping program used with two 

raster overlays of the lidar dataset at 1 m and 8 cm in combination with 15-cm and 1-m 

resolution aerial photography available within Google Earth. The rasters were daylight 

shaded with light sources at a 45-degree azimuth and a 315-degree azimuth. Mapping in 

Global Mapper® was conducted on the lidar at 8-cm resolution using daylight shading 

with the light sources at a 270 degree azimuth and a 90 degree azimuth. The light source 

was changed when needed for greater visibility of features on the lidar within Global 

Mapper®. Using light shading was necessary because many of the smaller scale (<10 m) 

geomorphic features are not easily detectable using an elevation color bar or other 

techniques. The lighting direction is useful for creating shadows on the airborne lidar that 

can highlight different recessive lineaments and other changes in slope. The choice of 

light direction when shading the lidar DEM can make a significant difference in ease of 

detection of smaller geomorphic features on the lidar. 
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Figure 2.1:   Map of the airborne lidar survey conducted in 2009 by the RCRL group. 

Yellow-outlined areas indicate areas where helicopter-mounted lidar was 

used to provide an oblique angle and more detailed data than is possible 

with a fixed-wing-mounted lidar alone. Figure is from Bellian and others, 

2005. 
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2.1 STRATIGRAPHIC FRAMEWORK OF DETAILED STUDY AREA CANYONS 

The stratigraphy in the study area ranges from the G25 HFS to the G29 HFS, most 

of the data in this study came from the G27/28 HFS (Figure 2.2). Rush and Kerans (2010) 

measured 11 sections in Walnut Canyon, and Kerans (2011, unpublished) measured 

sections in Rattlesnake Canyon that provided strong stratigraphic control for these areas 

in this study (Figures 2.3 and 2.4). Constraining the stratigraphic framework regionally 

on the airborne lidar dataset relies on identifying and mapping regionally extensive 

“marker” units.  Hunt and others (2012) used marker units to map surfaces onto the lidar 

images and control changes in sequence thickness across faulted zone. This section will 

describe the methodology for mapping these horizons onto the lidar and the interpreted 

sequence stratigraphic framework for the study area. 

 

 

Figure 2.2:   Detailed view of stratigraphic sequences after Tinker (1998), Rush and 

Kerans (2010), and Harman (2011), showing the relative positions of 

exposures in field areas on the stratigraphic profile, including Rattlesnake 

and Walnut Canyons, and  unnamed draws “A-D”. 
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Figure 2.3:   Oblique view of the Rattlesnake Canyon area on DEM.  The stratigraphic 

framework on the lidar is based on measured sections and mapping by Kerans 

(2011, unpublished) and encompasses the G24-G29 shelf and shelf-margin 

equivalents as well as the Cave Graben Fault System (see section 2.3 later in this 

chapter).The view is toward the northeast and DEM is 1-m resolution. 

 

Figure 2.4:   Oblique view of Walnut Canyon on the airborne lidar 1-m-resolution DEM.  The 

stratigraphic framework on the lidar is based on measured sections and mapping by 

Rush and Kerans (2010). This figure shows the locations of G25-G29 shelf and 

some G28/29 shelf-margin equivalents, a shelf-margin collapse feature, and the 

Cave Graben Fault System (see section 2.3 later in this chapter). 
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2.1.1 Methods: Remote Sensing Stratigraphic Horizons 

 “Marker” stratigraphic units are regionally extensive siliciclastic silts and fine 

sands associated with low relative sea level, allowing transport of siliciclastic sediments 

across the shelf to near the shelf-margin. These siliciclastic units weather more rapidly 

than the adjacent carbonates and thus form recessive recessive “benches” that can be 

identified and mapped on the lidar dataset (Figure 2.5). The high-frequency sequence can 

be determined by tying the mapped surface to the sequence stratigraphic frameworks in 

Walnut Canyon (Rush and Kerans, 2010) and Rattlesnake Canyon (Kerans, 2011 

unpublished). The marker units used in this study are the two siliciclastic units in the 

“Triplet” (G26; Figure 2.5) and the three siliciclastic units in the Ocotillo Siltstone (G29; 

Figure 2.5).  
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Figure 2.5:   Figure illustrating the visibility of marker units on (A) Google Earth draped 

aerial photographs, (B,C) zoomed 1-m-resolution raster DEM of the 

airborne lidar focusing on the Triplet and Ocotillo units in Rattlesnake 

Canyon. These marker units consist of very-fine-to-silt-size quartz grains 

that differentially weather recessively relative to surrounding dolomites and 

limestones, creating a geomorphic expression on the airborne lidar dataset. 

The boxes in B and C reference the next figure.  
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Figure 2.6: Zoomed outcrop panoramic photographs of the Triplet (A) and Ocotillo (B) 

units. The siliciclastic units of both the Ocotillo Siltstone and Triplet 

members weather differentially, creating recessive zones that contrast 

strongly with more resistant dolomite ledges above and below.   

Observations  

The study area is 1 km north of the base of the Guadalupe Escarpment in the 

region between Walnut and Rattlesnake Canyons (Figure 1.5). The mouth of Rattlesnake 

Canyon pictured in Figure 2.3 above exposes G24-G29 shelf and G24-G27/28 shelf-

margin reef equivalents based on measured sections (Kerans, 2011, unpublished). Walnut 

Canyon exposes G25-G29 shelf and G28/G29 shelf-margin reef equivalents as well as the 

margin-collapse feature documented by Rush and Kerans (2010; Figure 2.4). Between 
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Rattlesnake and Walnut Canyons the shelf strata dip slightly eastward (1-2 degrees), 

resulting in exposure of the G29 sequence at a relatively lower elevation at Walnut 

Canyon and larger exposures of the G24-G25 sequences and more eroded exposures of 

the G29 at greater elevation in Rattlesnake Canyon. The draws between the canyons 

generally have less vertical relief and have exposures limited to G27-G29 shelf and shelf-

margin reef equivalents based on the location of the Ocotillo Siltstone marker unit 

mapped on lidar images at the top of the Guadalupe Escarpment in the study area.   

2.2 GEOMORPHIC FEATURES: RIDGE-GROOVE COUPLETS  

The Guadalupe Mountains have extensive margin-parallel geomorphic features, 

including trellis-style structurally controlled drainages, caves, and ridge-groove couplets. 

Earlier workers have studied drainage patterns and cave passage orientations in the region 

(e.g., Hill, 1996, and references contained therein), but Kosa and Hunt (2006b) were the 

first to study them in reference to syndepositional deformation and early karst 

development.  This study seeks to determine if there is any relationship between 

syndepositional fractures and the prominent ridge-groove couplet trends visible in 

Rattlesnake Canyon and other canyons in the Guadalupe Mountains (Figure 2.7), and to 

build on the Kosa and Hunt (2006b) study, linking present-day cave locations to 

syndepositional faulting and karst development by examining the relationship of Carlsbad 

Caverns to local structural trends within the study area. This section will focus on ridge-

groove couplets and fractures.   
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Figure 2.7:   Elevation color raster created from the airborne lidar and draped in Google 

Earth of the mouth of Rattlesnake Canyon (A) and portions of Double and 

Gunsight Canyons (B). The mouth of Rattlesnake Canyon (A) is an 

excellent locality for viewing incipient ridge-groove geomorphic features. 

Double and Gunsight Canyons (B) are outside of the study area, but 

illustrate well developed ridge-groove geomorphic features. Equivalent 

outcrop photographs of Rattlesnake Canyon (A) can be viewed in figure 1.1.
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Methods 

Ridge-groove couplets in this study are defined as a margin-parallel, linear pattern 

of eroded recessive gullies and their adjacent resistant-weathering divides (Figure 1.5). 

The relationship between syndepositional fractures and ridge-groove couplets was tested 

by taking elevation profiles of each focused field sub-area. These elevation profiles were 

limited to the reef and outer-shelf facies tracts where the ridge-groove couplets occur, and 

they allow for identification of recessive-versus-resistant portions of the outcrop exposure 

in areas of relatively homogeneous lithology. Selecting elevation profiles in this manner 

results in a non-straight line profile, but this is necessary as the tops of the ridges are 

dominated by the shelf-crest facies tract, which has limited-to-no expression of ridge-

groove couplets.    

Each portion of the profile is assigned a category based on the profile. Dips in the 

profile represent more recessive areas and are classified as “grooves”; peaks represent 

more resistant areas and are classified as “ridges”; flat areas of profiles are classified as 

“neutral”, and the slope of the Guadalupe Escarpment is classified as “slope”. Fracture 

spacing is determined for each separate zone using the syndepositional fracture scanline 

data presented in section 3.3. Each of these geomorphic areas or zones along the scanline 

is measured for length, and the number of fractures within each zone is counted. The 

average fracture spacing is calculated for a given zone by taking the number of fractures 

and dividing that by the scanline length of the zone.  The average spacing is calculated 

for each category within a draw or canyon (e.g., ridge, groove, etc.) by summing the total 

length of scanline in each geomorphic category and dividing that by the total number of 

syndepositional fractures contained therein.  Average fracture intensity was calculated as 

the inverse of spacing (e.g., 1/Average Fracture Spacing). Intensities and spacing are not 
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normalized for bed thickness because the fractures in the scanline are generally located in 

poorly-bedded-to-massive units and are throughgoing, syndepositional fractures.  

Results 

Elevation profiles through the field areas show a west-to-east trend of decreasing 

contrast between the peaks in elevation associated with the ridges versus the local 

minimums in elevation associated with grooves eastward from Rattlesnake Canyon 

(Figure 2.8). Measurements of fracture spacing within ridges give an average spacing of 

33.3 m, whereas fracture spacing within areas categorized as grooves is 12.5 m (Table 

2.1). In Rattlesnake Canyon where the contrast between ridges and grooves is greatest, 

ridges have an average fracture spacing of 20.0 m ande grooves have an average fracture 

spacing of 6.3 m (Table 2.1). The number of visible ridge-groove couplets is greatest in 

the Rattlesnake Canyon area (~eight in areas with scanlines) and declines eastward to 

Walnut Canyon (one in the scanline area). Scanlines for all of the field locations are 

shown in figure 2.9 and the ridge-grooves are indicated. 
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Figure 2.8:   Elevation Plots (right) combined with maps of  Rattlesnake Canyon and 

draw “A” and draw “D” from the airborne lidar showing where the elevation 

plot data come from spatially. Half the field areas are shown because these 

are the best examples from the six areas and for space considerations. These 

maps highlight the recessive “groove” and resistant “ridge” pattern. The 

pattern becomes more defined as erosion increases westward through the 

study area.  
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Geomorphology and Average Fracture Intensity 

Canyon Slope Ridge  Groove Neutral 

Walnut Canyon 0.23 0.04 0.06 - 

Draw “D” 0.09 0.01 0.05 0.10 

Draw “C” 0.07 0.02 0.04 0.07 

Draw “B” 0.04 0.05 0.10 0.10 

Draw “A” 0.07 0.03 0.09 0.03 

Rattlesnake Canyon - 0.05 0.16 - 

Average Intensity 0.10 0.03 0.08 0.08 

Average Spacing (m) 10 33.3 12.5 12.5 

Table 2.1:    Fracture intensity versus the location of the observation relative to ridges, 

grooves, erosionally neutral areas, and the present-day slope of the 

Guadalupe Escarpment.  
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Figure 2.9: Fracture scanline observations in the study locations normalized to the 

“Cave Graben” Fault System (see Section 2.3 – Fault Systems) and color-

coded ridge-groove features observed in the study area. Fracture 

observations frequently cluster within areas of the scanline that are 

preferentially eroded.  



 44 

Discussion 

That the trend of increasing elevation contrasts westward toward Rattlesnake 

Canyon between local maximums and minimums of elevation on profiles is indicative of 

increasing uplift and erosion westward. The number of ridge-groove couplets visible is 

directly relatable both to erosion and to location/amount of exposure of Capitan Reef. 

Rattlesnake Canyon has the most of both factors (erosion and Capitan Reef) and has the 

greatest number of ridge-groove couplets (~7, counting each pair as 1). The four draws 

in-between have less erosion and more limited Capitan Reef exposure, resulting in fewer, 

more subtle ridge-groove features (~2-4 for the draws). Walnut Canyon has just one 

ridge-groove couplet, but it also has very limited Capitan Reef exposed relative to the 

other field areas. 

 Areas defined as “neutral” mirror intensities of “grooves” in many draws. This is 

as a result of my qualitative definition of “neutral” vs. “groove” areas (see Methods, 

above). With less erosion to build contrast on the elevation profile between ridges and 

grooves, the neutral areas often occur as “flat” areas on the elevation profiles where the 

slope of the Guadalupe Escarpment temporarily ceases to gain elevation on the profile. 

With increased erosion, these neutral areas would likely develop into more recessive 

areas. Table 2.1 illustrates the transition from “neutral” on the elevation profile to 

recessive grooves. The eastern draws (C and D) have higher intensities in the neutral 

areas relative to any other category (aside from the slope of the Guadalupe Escarpment), 

but as erosion increases in the western draws (A and B) the categories reach parity and 

then grooves take over as the highest intensity category. Scanline data (Figure 2.9) also 

show that the fractures cluster within the groove areas relative to the ridges. 

 The trend of increasing erosion and prominence of ridge-grooves continues 

southwest along the front of the Guadalupe Mountains outside of the study area, 
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including Slaughter, Double, Gunsight (Figure 2.7), Big, and McKittrick Canyons. 

Fracture intensity data indicate that these margin-parallel geomorphic features are 

developing as a result of preferential erosion of areas of high fracture intensities. The 

fractures are clustered into areas of higher intensity with areas of lower intensity between 

them, forming systematically developing ridge-groove couplets as prominent geomorphic 

features throughout much of the Guadalupe Mountains.  

2.3 REMOTELY-SENSED SYNDEPOSITIONAL FAULTS 

Mapping syndepositional faults onto the airborne lidar dataset allows a larger 

scale appreciation of the variability of syndepositional faults. Kosa and Hunt (2006b) 

made efforts to map syndepositional faults from their study areas in Slaughter Canyon 

regionally using geomorphology. Existing criteria for distinguishing these features as 

syndepositional faults in the field as opposed to post-depositional faults include: (1) 

presence of reworked bank-top carbonate grains such as ooids in the matrix of fault plane 

breccias (Kosa and Hunt, 2006a), (2) paleokarst enhancement of the fault planes with 

early shelf-derived fill sediments infilling paleocaverns (Kosa and Hunt, 2006a), (3) 

growth strata and thickness changes in the shelf associated with the fault (Kosa and Hunt, 

2005; Hunt et al., 2012), (4) vertical variability in offset in addition to upward “healing” 

of the fault (Kosa and Hunt, 2005), (5) growth monoclines over fault tips (Kosa and 

Hunt, 2005). Additionally, they noted that syndepositional faults rotate shelf strata and 

change sequence thicknesses as they develop and grow in conjunction with ongoing shelf 

deposition (Kosa and Hunt 2005, 2006b, see also Harman, 2011). This section will 

examine the utility of mapping syndepositional faults using the airborne lidar dataset. 

Mapped faults in field study locations were field checked both for  confirmation that they 

are syndepositional features and for position. These findings, mapped fault geometries, 
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including length, linkages and offset can be analyzed in more detail than has been done in 

previous studies. 

Methods 

Faults in the study area were mapped in Google Earth® using both 1-m and 8-cm 

resolution airborne lidar overlays (imported as raster layers in Google Earth®) and 15-cm 

to 1-m-resolution aerial photographic overlays available within Google Earth®. The two 

datasets, airborne lidar and aerial photography, were used in combination to map  

syndepositional faulting and were not mapped separately and compared. Two techniques 

were used to map the strike extents of syndepositional faults onto the lidar. The first was 

to identify 5-10-m-wide margin-parallel recessive lineaments (Figure 2.10). These 

lineaments are visible on both daylight-shaded lidar and draped aerial photographs (e.g., 

Google Earth®). The visibility of these erosional features on the aerial photos is due to 

changes in vegetation in these zones, and visibility on lidar is due to eroded fault scarps 

and recessive zones. The second technique uses mapping of the Ocotillo Siltstone 

horizons onto the airborne lidar (see section 2.1) to identify offsets from syndepositional 

faulting.  Offsets of lidar-mapped Ocotillo Siltstone horizons (Figure 2.11) allowed for 

remote measurement of fault offset of many of the faults in the area (Table 2.2). This was 

accomplished by measuring the elevation change on the lidar of the marker unit across 

the fault; the elevation change was subsequently checked in the field.  One fault with an 

offset (draw “D”, Native Lookout, Table 2.2) had no exposed Ocotillo Siltstone units and 

the offset was measured using field mapping of facies (see Section 3.1). 
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Figure 2.10   Aerial photographic overview of draw “D”, showing the vegetation 

concentrating in recessive lineaments indicated by yellow arrows (upper) 

and the faults mapped in subsequently based on those lineaments (lower). 
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Figure 2.11:  An example of fault mapping using offset of the Ocotillo Siltstone marker 

units in the upper part of draw “B” near the Carlsbad Caverns Visitor’s 

Center.  

Results  

There is extensive syndepositional faulting mapped within the study area. 

Individual faults have measureable offsets of 1–11 m (Table 2.2). Fault segments are 

generally between 0.3 and 1.5 km long within the study area (Figure 2.12). Faults 

frequently relay near the end points of individual faults and small changes in orientation 

are common in the new fault segment (Figure 2.13). Although individual faults generally 

have lengths of less than 2 km, long series of related faults can extend via relays across 

the entire 12-km study area (Figure 2.14) The mapped faults trend parallel to the shelf-

margin (Figure 2.11) with straight segments and bends in the margin accommodated by 

relays (Figure 2.14). Lidar-mapped faults coincide with intermittent exposures of breccias 

in recessively weathered zones in outcrop with shelf-derived sediments in the matrix 

(section 3.4, see Figure 3.24). 
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Rattlesnake 

Canyon 

Fault System Offset (m) 

 Power Station  7 

 Cave Graben 10 

 Cave Graben 11 

Draw A    

 Cave Graben 4 

 Cave Graben 7 

 Cave Graben 9 

 Power Station  3 

 Chimney 10 

 Power Station  3 

 Cave Graben 10 

Draw B   

 Power Station  7.5 

 Power Station  7 

 Chimney 3 

 Native Lookout 10 

Draw C   

 Chimney 6 

 Chimney 7 

 Power Station 1 

   

Draw D    

 Native Lookout 9 

 Chimney 5 

 Chimney 4 

 Power Station 1.5 

Table 2.2: Measured offsets of faults in the study area. The field area associated with 

the fault as well as the fault system it is associated with are indicated. Fault 

systems with more than one field indicated in each field area have multiple 

observations from fault(s) in the fault system. 
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Figure 2.12: (A) Histogram of lengths of remotely-sensed lidar mapped faults in the study 

area. (B) Rose diagram of strike orientations of lidar mapped faults. The 

measurements are of remotely-sensed faults mapped onto the airborne lidar 

draped in Google Earth® and measured for observable lengths.  
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Figure 2.13: Daylight-shaded airborne lidar illustrating an example of a syndepositional fault relay. Uninterpreted lidar (A) is shown 

with the interpreted lidar (B) for comparison. The bottom unit of the Ocotillo Siltstone is indicated in (B).
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Figure 2.14: Map of the study area showing syndepositional faults. The mapped fault systems are composed of a series of 

individual fault segments that relay along the trend of the fault systems and shelf-margin. The fault system trends 

and groupings are color coded for each of the five fault systems described in the study. 
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Results: Fault Systems 

Individual faults in the study area are limited in length to 0.3-2 km, but related 

fault systems can be mapped throughout the 12 km of the study area (Figure 2.14). It is 

convenient to group the related fault observations into fault systems for comparison 

within the study area (Figures 2.14 and 2.15). Five fault systems were defined for this 

study: (1) Cave Graben Fault System, (2) Power Station Fault System, (3) Chimney Fault 

System, (4) Native Lookout Fault System, and (5) Escarpment Base Fault System.  

Cave Graben Fault System 

The Cave Graben Fault System is named for its association with both Carlsbad 

Caverns (Figure 2.16) and, potentially, the Ogle Caves Fault System (Kosa and Hunt, 

2005). This fault system is generally easy to map on the airborne lidar due to a strong 

weathering profile and significant (~10 m) offset of the Ocotillo Siltstone. It is 

characterized by two or more individual fault segments with 2-11 m of offset composing 

a normal syndepositional fault-bounded graben. Fault segments in this fault system tend 

to be longer (~700 m – 2 km) than faults in other fault systems.  

Power Station Fault System 

The Power Station Fault system consists of one or two subvertical faults with 1-

6m of offset (Table 2.2), and is named for a segment that intersects a power sub-station 

near the Carlsbad Caverns Visitor’s Center. This fault system is generally easy to map in 

the western portion of the study area due to strong erosional lineaments and highly visible 

offset of the Ocotillo Siltstone. In the eastern portion of the study area, this fault system 

becomes more difficult to map as fewer of the margin-perpendicular draws intersect this 

system and the erosional profile of the lineaments becomes more vague at the top of the 

main E-W Guadalupe Escarpment ridge. The faults in this system tend to be long 700 m 

– 1 km in the study area.  
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Chimney Fault System 

 The Chimney Fault System, composed of one or two subvertical fault segments 

with 2-5 m of offset, is named for a segment intersecting Chimney Caves. Fault segments 

in this fault system tend to be relatively short (500m-700m). This fault system can be 

challenging to map in places because the Ocotillo Siltstone is less defined and offsets are 

subtle in many areas within this fault system, but it is generally mappable throughout the 

study area (excluding Rattlesnake Canyon, due to erosion) using (5-20 m) erosional 

lineaments.  

Native Lookout Fault System 

 The Native Lookout Fault system is composed of one or two fault segments with 

9-10 m of offset and it dips basinward. This fault system is the most challenging system 

to map faults because of general lack of Ocotillo Siltstone and because it is generally 

eroded out in the western portions of the study (e.g., Rattlesnake Canyon & Draw “A”). 

In the eastern portions of the study (Draws “C” and “D”), there are prominent 5-15-m-

wide erosional lineaments that enable relatively easy mapping of faults in the system, but 

these become less prominent to the west. The faults in the system tend to be shorter (300-

600 m) and have frequent relays. 

Escarpment Base Fault System  

The Escarpment Base Fault System is a suspected fault system, but all segments 

are contained within massive reef facies, making determination of offset impossible.  

Discussion: Fault Systems and Geomorphology 

The Cave Graben and Power Station fault systems are closely related to the 

margin-parallel trellis drainage patterns observed in this area and discussed in Kosa and 

Hunt (2006b). The Cave Graben is also equivalent to the Ogle Caves Fault in Slaughter 
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Canyon as mapped by Kosa and Hunt (2006b) and has a strong spatial relationship to the 

location and orientation of passages in Carlsbad Caverns (Figure 2.16).  The geomorphic 

expressions of the faults in the study are generally confined to small (5-15-m-wide) 

erosional lineaments that exert some influence on drainage patterns. Faults and ridge-

groove couplets are not consistently spatially related in the study. Some of the grooves 

expressed in the study area have faults in them, but many of the grooves do not 

suggesting that the faults are not the main driver of the development of this pattern 

throughout the shelf-margin reef outcrops in the Guadalupe Mountains. The position of 

the fault systems relative to interpreted high-frequency sequences in Rattlesnake Canyon 

suggests that the fault systems are developing near or just in front of high-frequency 

sequence boundaries. It is not clear from remote sensing alone if this qualitative 

relationship is due to flexure over the earlier margin or if faults developed in previously 

fractured portions of the shelf-margin reef (see Section 3.3 for further discussion of 

fractures and later fault development).



 56 

  

 

Figure 2.15: Schematic generalized crosssection showing the spatial relationships of the fault systems in the study. Faults 

result in dip and thickness changes in shelf strata and are interpreted to localize near or just in front of the shelf-

margin facies tract of high-frequency sequence boundaries.  
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Figure 2.16: Airborne lidar DEM showing relationship of Carlsbad Caverns to the Cave Graben Fault System. Passages in Carlsbad 

Caverns align well with surface as well as with projected trends of the two major faults in the Cave Graben Fault System 

and with a surface mapped fault in the Power Station Fault System. This spatial relationship indicates that the Cave 

Graben Faults influenced and localized the development of the major passages in Carlsbad Caverns. The fault systems 

indicated here do not represent an individual fault, but instead they indicate the trend of the overall fault system.
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2.4 REMOTELY-SENSED SYNDEPOSITIONAL FRACTURES 

Mapping syndepositional fractures using remote-sensing data involves examining 

the smallest scale of observation of erosional features possible on the lidar and aerial 

photographs. Although Hunt and others (2012) examined mapping fractures onto lidar on 

single outcrops, this is the first study to address what can be remotely-sensed in relation 

to individual and tight grouping of fractures regionally on the airborne lidar. This study 

will also test the accuracy of remote-sensing data with field-controlled data. This section 

will address the mapping methodology and the resulting maps, but discussion of the data 

will be left for section 4.1, after the field data have been integrated with the remotely-

sensed data.  

Methods 

Mapping of small-scale erosional lineaments was done in Google Earth® and 

Global Mapper 12® using both aerial photographs and the airborne lidar dataset. The cell 

size of the lidar DEM is 7.5 cm, and the aerial photography in Google Earth® resolves 

vegetation to 15 cm in size. Detectable erosional lineaments are small (10 cm-2 m wide), 

elongate, recessive zones that have small (>1 m) changes in elevation trend and often 

focus vegetation along the lineament (Figure 2.17). These lineaments were mapped and 

will later be compared to field-controlled areas to demonstrate the relationship between 

these lineaments and fractures (Figure 2.17). 

 



 59 

 

Figure 2.17: (A) Map of the eastern side of draw “E”, showing the location of the 

elevation plot and scanline observations in the vicinity. (B) Elevation plot 

showing the locations of fractures on the plot and their subtle recessive 

profile on the lidar DEM elevation plot. (C) Map showing faults and 

fractures mapped from field-control points onto the lidar, using small, 

recessive lineaments created by the fractures.  
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Results 

Mapping lineaments resulted in 602 remotely-sensed mapped fracture-related 

recessive lineaments in the study area (Figure 2.19).  The mapped lineaments are 

dominantly margin-parallel, with a few margin-perpendicular lineaments (Figure 2.18). 

The segments range from 50 m to 1 km in length. Most mapped lineaments are in the 

100-200m range (Figure 2.18).  
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Figure 2.18: (A) Lidar mapped fracture length histogram. (B) Rose diagram of lidar 

mapped fracture strike orientations.
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Figure 2.19: Combined map of all field controlled and remotely-sensed faults and fractures mapped using the techniques described in this chapter. The base map was created using a daylight-shaded airborne lidar 

DEM. This figure provides an excellent broad-scale view of fault and fracture geometries with the faults and fractures generally mirroring the trend of the shelf-margin via relays throughout the study area.
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Chapter 3. Integrating Field Observations and Scanlines of 

Syndepositional Faults and Fractures with Remotely Sensed 

Observations 

 

 

Outcrop observations are a vital component for building digital outcrop models of 

syndepositional faults and fractures using the airborne lidar dataset. Field data provide 

information such as fracture fill distribution and types, stratal geometries, fault 

geometries, and fracture geometries, and also allow testing of the effectiveness of 

remotely sensing faults and fractures. Previous outcrop studies of syndepositional faults 

and fractures in Slaughter, Rattlesnake, Walnut, and Dark canyons have focused 

primarily on shelf crest exposures having ≤ 2 km dip transects (Kosa and Hunt, 2006a; 

Hunt et al., 2005; Hunt et al., 2012; Frost et al., 2012). These studies characterized fault 

and fracture geometries, fill types, stratal architecture, and diagenesis. This study seeks to 

evaluate syndepositional fault and fracture geometries within outer-shelf and shelf-

margin facies tracts within a greater strike distance (~12 km) by integrating field outcrop 

data with remotely-sensed observations and geomorphology. This chapter presents data 

and results of facies mapping, bedding geometries, fracture scanlines, and fault and 

fracture geometries of the mouth of Rattlesnake and Walnut canyons and four unnamed 

draws located between these two canyons. 

Methods 

The region between Walnut and Rattlesnake canyons was chosen for the study 

partly to take advantage of the 2011 fires that burned off vegetation within much of the 

study area thud increasing outcrop visibility. This study uses six outcrop windows with 

0.4-1-km-long transects perpendicular to the shelf margin and focuses on the outer-shelf 
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and shelf-margin facies tracts (Figure 3.1). These outcrop windows are spaced ~2 km 

apart to gain an understanding of the along-strike variability between canyons. The 

canyon spacing also provides superb control to field calibrate remotely-sensed faults, 

fractures, and facies maps.  
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Figure 3.1:   Map of the six field areas from Rattlesnake Canyon to Walnut Canyon. Four draws at ~2 km spacing were studied 

for field control, lidar DEM and aerial photography were used for remote sensing analysis in areas between field 

study areas.
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The method used here to collect scanlines is similar to the methods in Ortega and 

others (2006), whereby fractures are mapped along outcrop exposures in each draw 

approximately in a line as permitted by outcrop conditions and subsequently normalized 

to a 1-D scanline. In Rattlesnake Canyon and in each of the four unnamed draws, both 

higher elevation and lower elevation scanlines were collected to test for differences in 

fracture characteristics with stratigraphic depth within the shelf-margin reef. In Walnut 

Canyon, the vertical relief of the reef outcrop was insufficient to allow collection of more 

than one scanline. The scanlines were obtained using RTK GPS for geolocation, with 

hand-held GPS for backup. The precision of the corrected RTK GPS positions on the 

scanlines is >1 cm in most cases, and > 50 cm in all cases. The precision for handheld 

GPS varied, but it was generally less than 10 m.  

Observations of fractures were limited to some through-going fractures and all 

syndepositional fractures intersected by the scanline. Syndepositional fractures were 

identified using the following criteria: (1) Permian fills such as paleo-aragonite 

botryoidal cements and shelf-derived sediments such as siliciclastic sediments, skeletal 

allochems, or non-skeletal allochems such as ooids and peloids; (2) fracture geometries 

impacted by reef growth cavities (i.e., widening into a cavity, narrowing out of it); and 

(3) fills entering nearby growth cavities from the fractures. Bed-bound fractures were not 

measured in the scanlines. Syndepositional fractures with apertures of less than 0.1 cm 

were recorded. Due to variability in syndepositional fracture aperture, fracture apertures 

were recorded as a maximum and minimum aperture. Strike orientation, fill description, 

location, photos, and aperture range were recorded at each scanline observation. 
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3.1 STRATIGRAPHIC FRAMEWORK AND FACIES MAPPING 

The general stratigraphic framework for the study area can be effectively 

constrained using marker units such as the Ocotillo Siltstone, as described earlier (Figure 

2.5), but maps of the facies tracts of each of the detailed window areas provide valuable 

information about the locations of faults and fractures in the shelf profile and stratal 

architecture. Facies mapping also allows for measurements of fault offset and mapping of 

fault zones for comparison to remotely-sensed fault maps. Many workers have compiled 

facies and facies tract descriptions in the Guadalupe Mountains; however, this study will 

use the facies tract profile frameworks compiled by Tinker (1998; Figure 1.11) for 

McKittrick Canyon and by Harman (2011) for Slaughter Canyon. The overall 

stratigraphic control for the study area comes from measured sections in Rush and Kerans 

(2010) in Walnut Canyon and from Kerans (2011, unpublished) in Rattlesnake Canyon.  

Methods 

This section will present photo panoramas of draws “B” and “D” and facies tracts 

mapped in the field. Facies and facies tract contacts were walked out and mapped onto 

photo panoramas, as were two faults associated with the Native Lookout Fault System.  

Facies mapped on each map are the outer-shelf facies tract, reef flat, massive reef, beach 

foreshore grainstones, and shelf-crest facies tract. Bedding-dip measurements were taken 

and placed on the map.  The scanlines for the draws were later placed onto the maps 

along with the locations of fracture observations. 

Results: Facies Observations 

Facies observations in draws “B” and “D” span a range of facies tracts from the 

shelf-margin to the shelf-crest (Figures 1.11, 3.2; 3.3; see previous works for description 

of facies tracts). Most of the exposure is within the shelf-margin facies tract, including 
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massive sponge-microbial reef boundstones and crinoid-Collenella floatstone (reef flat). 

The outer-shelf facies tract is the next-most volumetrically significant facies tract, having 

facies ranging from beach foreshore ooid grainstone complexes to gastropod – fusulinid – 

algal packstones and wackestones near the shelf-margin. The shelf-crest facies tract 

dominates the upper elevations and northern portions of both draws, and is dominated by 

tidal flat and tepee-pisolite facies. Dips were generally 5-12 degrees in the outer-shelf 

facies tract, with dips increasing basinward and varying in relation to fault zones (see 

section 3.2 for a discussion of this). Shelf-crest dips were generally less than 5 degrees in 

draw “D” (Figure 3.2), but they could reach as high as 9 degrees in draw “B” (Figure 

3.3). Depositional dips are not measureable within the massive sponge-algal reef, but are 

assumed to be subvertical as part of an escarpment-type margin (Tinker, 1999).  

Shelf-margin reef cavity geopetals were not measured as a part of this study, but other 

studies have used these to obtain dips within the reef (Hurley, 1989; Saller, 1996; Hunt, 

et al, 2002). 



 69 

 

Figure 3.2:   (Upper) Uninterpreted photo panorama of the mouth of draw “D”. (Lower) Interpreted photo panorama containing 

field mapped facies, scanline observations, field measured bedding dips, and a mapped fault breccia for draw 

“D”. The facies tracts mapped include shelf-margin reef and associated reef-flat, outer-shelf facies tract including 

associated ooid-skeletal beach foreshore complexes, and the shelf-crest facies tract. 
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Figure 3.3:  (Upper) Uninterpreted photo panorama of the mouth of draw “B”. (Lower) Interpreted photo panorama containing 

field mapped facies, scanline observations, field measured bedding dips, and a mapped fault breccia for draw 

“D”. The facies tracts mapped include shelf-margin reef and associated reef-flat, outer-shelf facies tract including 

associated ooid-skeletal beach foreshore complexes, and the shelf-crest facies tract.
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Discussion 

Facies maps of both draws are located in the G27/28 HFS based on mapping of 

the three Ocotillo Siltstone units (G29) and two Triplet Sandstone units (G26) in the 

study area. The mouths of both draws are intersected by faults associated with the Native 

Outlook Fault System. The general trend westward, from Walnut Canyon through each of 

the four draws studied to Rattlesnake Canyon, is to expose older rocks at increasing 

elevations. However, these changes are gradual, and the facies contained within the four 

unnamed draws are largely equivalent and contained within the G27/28 HFS shelf and 

equivalent shelf-margin reef. The equivalent facies and age of the study outcrop allows 

for use of remote-sensing data integrated with field data presented above to evaluate 

strike heterogeneity within equivalent facies tracts and high-frequency sequences 

throughout the 12-km strike extent of the study area.  

3.2 SYNDEPOSITIONAL FAULTING 

Syndepositional faults have significant impact in terms of sequence architecture, 

early and late fluid flow and associated cementation, and Permian and Tertiary karst 

development. However, many of these faults are subtle features when viewed in the field, 

and smaller faults can be easily missed or ignored. In many cases, faults are more easily 

detected on lidar and aerial photographs than in the field, because differential erosion of 

fault zones has lead to poor outcrop preservation. Kosa and Hunt (2006a, 2006b) and 

Hunt and others (2005) provide excellent field descriptions of fault zones, classification 

of syndepositional faults, descriptions of early fills, and early karst development and fill 

stratigraphy in Slaughter Canyon in the G21-G26 HFS. Existing criteria for 

distinguishing these features as syndepositional as opposed to post-depositional faults 

include (1) presence of reworked bank-top carbonate grains such as ooids in the matrix of 
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fault plane breccias (Kosa and Hunt, 2006a), (2) paleo-karst enhancement of the fault 

planes with early shelf-derived fill sediments infilling paleocaverns (Kosa and Hunt, 

2006a), (3) growth strata and thickness changes in the shelf associated with the fault 

(Kosa and Hunt, 2005; Hunt et al., 2012), (4) vertical variability in offset in addition to 

upward “healing” of the fault (Kosa and Hunt, 2005), and (5) growth monoclines over 

fault tips (Kosa and Hunt, 2005). Additionally, Kosa and co-authors noted that 

syndepositional faults rotate shelf strata and change sequence thicknesses as they develop 

and grow in conjunction with ongoing shelf deposition (Kosa and Hunt 2005, 2006b, see 

also Harman, 2011). These criteria were used in the field to identify the faults observed in 

the study as Permian syndepositional faults. This study used the criteria listed above for 

identifying syndepositional faults in remote sensing data as well as two primary criteria 

mentioned in the previous chapter (section 2.2), including large 5-10-m-wide recessive 

lineaments and offset of marker stratigraphic units. This section uses bedding dip data 

collected in the field to demonstrate the presence of fault-controlled dip domains in 

conjunction with fault zones.  These data will show that the faults mapped using 

erosional lineaments and marker unit offset in remote-sensing data can be validated as 

fault zones.  

Methods 

Bedding geometry data were collected using a Brunton compass with a dip meter 

in upper and lower transects of shelf crest and outer shelf facies tracts in each of the four 

unnamed draws. The observations were georeferenced using a handheld GPS. 

Measurements were collected at 20-30-m intervals as outcrop exposures permitted: the 

interval was tightened to closer spacing in regions where faults had been identified to 

capture greater detail from these areas. More bed dips were measured in the vicinity of 
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faults because of the observations by Harman (2011) that suggested a relationship 

between bed dip changes in the proximity of faults. Bedding dip measurements in the 

shelf-crest facies tract avoided teepee-pisolite facies due to the possibility of anomalous 

dips related to the tepee limb attitudes. Measurements were taken from tidal-flat 

laminations where possible. Cumulative dip plots were constructed and analyzed using 

the methods of Hurley (1994). 

Fault locations were confirmed along the scanlines conducted in each draw and 

tabulated separately from fracture observations to confirm lidar-mapped faults in the 

field. These scanlines captured strike measurements, fill types, and upper/lower 

measurement locations. The two scanline measurement locations were used to derive an 

average dip, using the angle of the normal vector generated by the cross-product of the 

vector of the strike of the fault and the vector of the difference between the two locations 

measured for the fault. Dips were also derived from lidar-mapped faults using three 

points with x,y,z position information to generate the two vectors for the vector cross 

product and dip calculations.  

Results  

Faults and Dip Domains 

In draws “A” through “D” 25 or more dips were measured for bedding in upper 

and lower transects. Dips from the upper transects in each draw are shown in Figure 3.5 

as cumulative dip plots, with dip domains indicated. The distribution of dip 

measurements as well as the dip domains for each draw are displayed in Figure 3.6. 

These dips are generally between 2 and 10 degrees in each draw, higher dips being found 

in the outer-shelf facies tract near the shelf margin.  
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Figure 3.4: Cumulative bedding dip plots from the upper measurement transect for 

draws A-D. Domains are plotted using the observations in order along each 

transect. Dip domains are indicated by shading changes and are demarcated 

by syndepositional faulting. Faults between measurements are indicated (red 

dashed lines). 
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Figure 3.5:  Daylight-shaded airborne lidar DEM maps showing the locations of bedding orientation measurements, color-coded dip 

domains, and the spatial locations of dip domains within draws A-D. The relative locations of fault systems are indicated 

for each draw with white brackets. 
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Fault Orientations 

Combining field- and remotely-sensed syndepositional fault average orientations 

from the study area produced 63 measurements from across the study area (Figure 3.6). 

Dips of faults range from 45 to near 90 degrees, with an average dip of 70 degrees. The 

strike orientations of the fault segments measured range from 250 to 300 degrees. The 

average strike orientation is 265 degrees. Most of the faults dip basinward, and 4 of 63 

measurements dipped toward the shelf (Figure 3.6).  
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Figure 3.6:  Lower hemisphere stereoplot of poles-to-planes of syndepositional faults. 

1% area contours are shown.  
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Discussion  

Faults and Dip Domains 

The dip domains define two main categories: (1) dip domains dominated by fault 

rotation and (2) dips dominated by the deepening depositional profile in front of the shelf 

margin. Both depositional and fault rotation components of dip are present throughout 

each transect, but the component of depositional dips from tidal flats is negligible relative 

to the component from fault rotation, whereas the inverse is true in the outer shelf near 

the shelf margin. The change imparted by a fault zone is generally a very subtle 2-3-

degree shift in dip, but it can be as much as 6 degrees. Although these changes in dip 

domain are not dramatic, they are important for detecting fault zones in the field, and, 

potentially, in subsurface datasets. Dip domain changes along faults also raise the 

possibility of an additional method for detecting syndepositional faults on the airborne 

lidar dataset by mapping surfaces and calculating curvature (derivative of dip) to 

highlight areas of changing dip domain.  

Fault Orientations 

Faults generally track the shelf-margin trends across the study area. The shelf- 

margin trend is ~240 degrees in Rattlesnake Canyon, ~265 degrees at draw “C”, and 

~260 degrees near Walnut Canyon. The dominance of basinward dipping faults contrasts 

with many of the older faults observed by Kosa and Hunt (2006a) in Slaughter Canyon, 

where  faults dipped toward the shelf. This difference may be due to the limited rotation 

by later syndepositional deformation of by faults developing in the G27-29 HFS.  The 

faults observed in the field were generally dipping at greater than 70 degrees: however, 

shallower dips were observed. Shallower dips appear more common near the lateral 
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termination of fault segments where relays occur. This phenomenon is most readily 

visible at the head of draw “A” where a fault segment divides into two relays forming a 

smaller “sub-graben” within the larger Cave Graben Fault System (Figure 3.7). The 

antithetic fault in this area has a much shallower apparent dip (~50 degrees) around the 

relay. Measurements of fault orientations that are less than 65 degrees are likely capturing 

dips of fault segments near relays, whereas the overall dip of the fault segment is closer 

to sub-vertical. Additionally, the fault traces mapped on the airborne lidar reveal a 

qualitative relationship among fault relays, changing fault orientations, and shelf-margin 

trajectory (Figure 2.10). These relays and changes in fault orientation occur in response 

to changing shelf-margin orientation altering the direction of the stress (gravity-driven 

margin-perpendicular extensional stress) that is driving syndepositional deformation (see 

Kosa and Hunt, 2005; Frost and Kerans, 2009). More data quantifying the relationships 

among fault segment orientation, segment length, fault relays, and shelf-margin trends 

may lead to quantitative predictions for the distribution of syndepositional faulting in the 

subsurface using shelf-margin trend geometries.    
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Figure 3.7:   Airborne lidar DEM map of the region between draw “A” and Rattlesnake 

Canyon. The Cave Graben Fault System faults are mapped, indicating the 

presence of “sub-grabens” within the larger graben. These sub-grabens 

display shallower dips near the relays and terminii of the sub-grabens.  

3.3 SYNDEPOSITIONAL FRACTURES 

 Field observations of syndepositional fractures are particularly important for 

calibrating remote-sensing observations, as there are no independent means of confirming 

the presence/absence of syndepositional fractures on the airborne lidar. Faults can be 

identified using marker-unit offset and, potentially, curvature of mapped surfaces, but 

individual fractures are too small. This section will examine syndepositional fractures in 

terms of facies tract relationships, strain, and spacing, which will be used to integrate 

field observations with lidar remote sensing to determine relationships between 

geomorphology and syndepositional fractures and to examine larger scale fracture 

geometries on the lidar in the following chapter (section 4.1). The section will describe 

the data preparation and analysis methods. Therein, I will present on overview each of the 
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field areas, the rationale for their selection, any key distinguishing features, and results of 

the scanline. Next, normalized scanline data will be used to evaluate strike heterogeneity 

of spacing and strain, relationships of fracture observations to fault systems, and fracture 

spacing and strain relationships relative to facies tracts. 

Methods 

  The scanline data were collected in the field using RTK GPS geolocation. This 

study uses analysis techniques described in Ortega and others (2006) and Hooker and 

other (2011). The scanline position data are stored in 3-D as x,y,z positions, and require 

normalization to 1-D scanlines for strain and spacing analysis. This was accomplished by 

projecting the fractures along measured strikes to a linear trend oriented perpendicular to 

the shelf margin, using the average strike of syndepositional fractures. Average strike of 

syndepositional fractures is used for orienting the normalized line perpendicular to the 

shelf-margin because it is considered a proxy for the shelf-margin trend direction (Frost 

and Kerans, 2009). Once the fractures were projected along strike to this line, the location 

of the southernmost fault associated with the Cave Graben Fault System on the scanline 

was selected as a starting datum (0 m point) for all the scanlines in the study area, and all 

features are represented in 1-D by their distance along the linear 2-D scanline from the 

Cave Graben Fault System. This was done so that heterogeneity could be evaluated 

relative to the Cave Graben in addition to marker stratigraphic units throughout the study 

area.  
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Overview of Scanlines 

  Walnut Canyon 

 Walnut Canyon was selected as a field area for the stratigraphic constraints 

provided by Rush and Kerans (2010), beginning in an outcrop window 200 m north of the 

start of the scanline I conducted here. The scanline I conducted was located in the G29 

HFS equivalent shelf-margin reef-facies tract (Figure 3.8). The scanline is in an easily 

accessible area on the northern outskirts of White’s City, NM: it is often visited by 

groups for viewing syndepositional fractures and Capitan shelf-margin reef outcrop. The 

vertical relief of the shelf-margin reef outcrop at the mouth of Walnut Canyon is less than 

50 m and averages 10 m, limiting this area to one scanline instead of the two 

(upper/lower) scanlines employed in the other study areas. The scanline starting point is 

~300m south of the Walnut Canyon margin collapse and ~600 m south of the first fault in 

the Cave Graben Fault System. The scanline continues ~380m to the southeast to the 

outcrop terminus on the outskirts of White’s City, NM. Outcrop exposures in the scanline 

are generally good to excellent along the entire scanline. 

 The scanline in Walnut Canyon intersected 23 features, including 22 

syndepositional fractures and 1 syndepositional breccia. The fractures were dominantly 

carbonate-filled, and eight fractures contain a minor siliciclastic silt component. The 

carbonate fracture fills were dominantly early marine cements, including paleo-aragonite 

botryoidal pseudomorphs. The average strike of the fractures in the scanline is 257 

degrees. 
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Figure 3.8:   Overview of the Walnut Canyon scanline on the airborne lidar DEM. Lidar 

mapped faults are shown. Fracture observation locations are shown and 

fracture strike orientations and fracture fill are indicated. The position and 

orientation of the normalized scanline, approximate extent of Capitan Reef 

outcrop, and high-frequency sequences are shown on the map. A rose 

diagram of fracture orientations indicates the overall strike of fractures in 

the scanline.  
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Draw “D” 

 Draw “D” was selected for better vertical relief than other adjoining draws in the 

area, and for being at ~2 km spacing from adjoining study areas Walnut Canyon (east) 

and draw “C” (west). This draw features some of the best exposures of shelf-margin reef 

syndepositional fractures in the study area. It is a well-exposed and spectacular example 

of shelf-derived siliciclastic fills that entered reef growth cavities at the mouth of the 

draw. Outcrop exposures were generally good through  both scanlines, except in areas in 

the shelf-crest facies tract at the head of the draw. Most of the draw is located in the 

G27/28 HFS, and the upper portions of the draw are in the G29 (Figure 3.9). The 

scanlines begin at the head of the draw ~400m southeast from the Cave Graben Fault 

System and continue ~600 m to the base of the escarpment at the mouth of the draw 

(Figure 3.9). The scanline intersects faults associated with the Chimney and Native 

Lookout fault systems.  

 The scanlines intersect a total of 54 features, including 46 syndepositional 

fractures, 2 non-syndepositional (late fractures) fractures, and 6 syndepositional breccia 

observations associated with faults with measurable offsets (see sections 2.3 and 3.2). 

Scanline observations of fill types include 32 carbonate-dominated, 4 siliciclastic-

dominated, and 19 mixed-siliciclastic syndepositional fracture fills. The average strike of 

syndepositional fractures in the draw is 250 degrees.  
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Figure 3.9:   Overview of the Draw “D”  scanlines on the airborne lidar DEM. Lidar mapped faults are shown. Fracture 

observation locations are shown with fracture strike orientations and fracture fill are indicated. The position and 

orientation of the normalized scanline, approximate extent of Capitan Reef outcrop, and high-frequency 

sequences are shown on the map. A rose diagram of fracture orientations indicates the overall strike of fractures 

in the scanline.  
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Draw “C” 

 Draw “C” was also selected for better vertical relief than neighboring draws and 

at a ~2 km spacing from other study areas. The scanlines begin at the head of the draw 

~200 m from the Cave Graben Fault System and continue ~750 m to the mouth of the 

draw (Figure 3.10). Faults in the Native Lookout and Chimney Fault systems are present 

in the draw, but are poor outcrop exposures. Outcrop exposures of fractures were 

generally good in the upper portions of the shelf-margin reef and outer-shelf facies tracts 

in the upper scanline but very poor elsewhere along the scanlines.  

The scanlines intersect 36 features: 32 syndepositional fractures, 2 non-

syndepositional (late fractures) fractures, and 2 syndepositional breccia observations 

associated with faults with measurable offsets (see sections 2.3 and 3.2). Scanline 

observations of fill types include 22 carbonate-dominated, 6 siliciclastic-dominated, and 

6 mixed-siliciclastic syndepositional fracture fills. The average strike of syndepositional 

fractures in the draw is 263 degrees.  
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Figure 3.10:  Overview of the draw “C”  scanlines on the airborne lidar DEM. Lidar 

mapped faults are shown. Fracture observation locations are shown and 

fracture strike orientations and fracture fill are indicated. The position and 

orientation of the normalized scanline, approximate extent of Capitan Reef 

outcrop, and high-frequency sequences are shown on the map. A rose 

diagram of fracture orientations indicates the overall strike of fractures in 

the scanline.  
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Draw “B” 

Draw “B” begins ~400 m southwest of the Carlsbad Caverns Visitor’s Center, and 

was selected for ease of access and being at ~2 km spacing from other study areas. 

Exposure quality is variable within the shelf-crest facies tract at the upper portions of the 

draw, and quality improves toward the mouth of the draw. The outcrop exposure quality 

is good in the shelf-margin and outer-shelf facies tracts, particularly in the upper scanline. 

The mouth of draw “B” has a good exposure of a syndepositional fault associated with 

the Native Lookout Fault System in both the upper and lower scanlines (Figure 3.11). 

The scanlines begin at a fault associated with the Power Station Fault System at the head 

of the draw and continue ~560 m to the SSE. The end point of the scanline is the 

transition between the shelf-margin reef facies tract and the fore-reef slope facies tract at 

~80 m from the base of the escarpment (Figure 3.11). The Cave Graben Fault System is 

not well exposed at the surface in this area, but the two main axes of passages of Carlsbad 

Caverns are aligned with and contained within the Cave Graben Fault System and give a 

distance of ~300 m from the start of the scanline.  

The scanlines intersect 51 features: 36 syndepositional fractures, 9 non-

syndepositional (late fractured) fractures, and 5 syndepositional breccia observations 

associated with faults with measurable offsets (see sections 2.3 and 3.2). Scanline 

observations of fill types include 37 carbonate-dominated, 4 siliciclastic-dominated, and 

10 mixed-siliciclastic syndepositional fracture fills. The average strike of syndepositional 

fractures in the draw is 267 degrees. 
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Figure 3.11:  Overview of draw “B”  scanlines on the airborne lidar DEM. Lidar mapped 

faults are shown. Fracture observation locations are shown and fracture 

strike orientations and fracture fill are indicated. The position and 

orientation of the normalized scanline, approximate extent of Capitan Reef 

outcrop, and high-frequency sequences are shown on the map. A rose 

diagram of fracture orientations indicates the overall strike of fractures in 

the scanline.  
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Draw “A” 

Draw “A” is located south of the Scenic Loop Road and the water tank supplying 

the Carlsbad Caverns Visitor’s Center to the east. It was selected for ease of access and 

for being at ~2 km spacing from other study areas (Figure 3.12). Exposure quality is 

variable within the shelf-crest facies tract at the upper portions of the draw, and quality 

improves towards the mouth of the draw. The outcrop exposure quality was good in the 

shelf-margin and outer-shelf facies tracts, particularly in the upper scanline. This draw is 

the best location in the study area for observing dip domain changes associated with fault 

systems and the faults associated with the Chimney Fault System. The scanlines begin at 

a fault associated with the Cave Graben Fault System at the head of the draw and 

continue ~900 m to the SSE (Figure 3.12). The end point of the scanline is the transition 

between the shelf-margin reef facies tract and the fore-reef slope facies tract at ~100 m 

from the base of the escarpment.  

The scanlines intersect a combined 65 features: 55 syndepositional fractures, 7 

non-syndepositional (late fractures) fractures, and 3 syndepositional breccia observations 

associated with faults with measurable offsets (see sections 2.3 and 3.2). Scanline 

observations of fill types include 34 carbonate-dominated, 12 siliciclastic-dominated, and 

17 mixed-siliciclastic fills (Figure 3.12). The average strike of syndepositional fractures 

in the draw is 263 degrees. 
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Figure 3.12   Overview of  draw “A” scanlines on the airborne lidar DEM. Lidar 

mapped faults are shown. Fracture observation locations are shown 

and fracture strike orientations and fracture fill are indicated. The 

position and orientation of the normalized scanline, approximate 

extent of Capitan Reef outcrop, and high-frequency sequences are 

shown on the map. A rose diagram of fracture orientations indicates 

the overall strike of fractures in the scanline.  
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Rattlesnake Canyon 

Rattlesnake Canyon was selected for excellent outcrop exposures with the highest 

vertical relief in the study area, along with stratigraphic control provided by Kerans 

(2011, unpublished). Four scanlines, consisting of two pairs of upper/lower scanlines, 

were conducted in Rattlesnake (Figure 3.13). One pair of scanlines focused on G24-26 

shelf-margin reef outcrop within and north of the Cave Graben Fault System, and the 

other pair focused on the outcrop within the G27/28 shelf and shelf-margin reef 

equivalents at the mouth of Rattlesnake Canyon. This study will focus on the scanline 

pair I conducted in the G27/28 because it is equivalent to the other field areas to the east 

(Figure 3.13). The outcrop exposure quality was good to excellent in the shelf-margin 

and outer-shelf facies tracts, particularly in the upper scanline (G27/28 scanline pair). The 

scanlines begin at a fault associated with the Power Station Fault System ~350 m to the 

south of the Cave Graben Fault System, and continue ~450 m to the SSE. The end point 

of the scanlines is the transition between the shelf-margin reef facies tract and the fore-

reef slope facies tract at ~200 m from the base of the escarpment.  

The four scanlines I conducted in Rattlesnake Canyon intersect 137 features: 122 

syndepositional fractures, 9 non-syndepositional (late fractured) fractures, and 8 

syndepositional breccia observations associated with faults with measurable offsets (see 

sections 2.3 and 3.2). Scanline observations of fill types include 55 carbonate-dominated, 

39 siliciclastic-dominated, and 39 mixed-siliciclastic fills. The average strike of 

syndepositional fractures in the draw is 250 degrees. The G27/G28 (minus the G21-G26 

scanline pair) upper/lower scanline pair intersects 61 features, including 55 

syndepositional fractures, 3 non-syndepositional (late fractures) fractures, and 3 

syndepositional breccia observations associated with faults with measurable offsets (see 
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sections 2.3 and 3.2). Scanline observations of fill types include 36 carbonate-dominated, 

10 siliciclastic-dominated, and 15 mixed-siliciclastic fills (Figure 3.13). 
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Figure 3.13:  Overview of the Rattlesnake Canyon scanlines on the airborne lidar DEM. Lidar-mapped faults are shown. 

Fracture observation locations are shown and fracture strike orientations and fracture fill are indicated. The 

position and orientation of the normalized scanline, approximate extent of Capitan Reef outcrop, and high-

frequency sequences are shown on the map. A rose diagram of fracture orientations indicates the overall strike of 

fractures in the scanline.  
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Fracture Intensity and Strain 

Fracture spacing and 1-D fracture strain are important measures of variability in 

syndepositional fracture development, and they can be compared against locations of 

fault systems, dip, facies tracts, and erosional patterns (see section 2.2). Fracture spacing 

is the inverse of fracture intensity and is the measure of the number of fractures within a 

given distance (meters/fracture). Quantifying fracture intensity along scanlines is an 

important means of comparison among upper/lower scanlines, field locations, and facies 

tracts.  Strain is the cumulative fracture aperture within a given distance, and it quantifies 

the amount of extensional expansion of the original in-situ early-cemented rock. Fracture 

strain is a good way to quantify the amount of extension along the margin, but it does not 

account for extension of the margin accommodated by syndepositional (growth) faulting. 

Whereas total syndepositional extension of the margin cannot be quantified using fracture 

strain alone, mechanical properties of host rock can be assessed using both fracture 

spacing and strain. Using these measures, several questions can be addressed such as:  

(1) Is the fracture strain greater in upper scanlines relative to lower scanlines?  

(2) Are there changes in spacing with depth?  

(3) Do strain and spacing vary by facies tract suggesting possible mechanical    

stratigraphic controls?  

(4) Are faults affecting the intensity and strain of fractures? 

Fracture Heterogeneity (Vʹ)   

Strain can be further analyzed quantitatively in a scale-independent way using the 

distribution of aperture (i.e. statistical “skewness”) along a scanline (Hooker et al, 2011). 

This is done by comparing cumulative aperture relative to a linear trend from zero at the 

start of the scanline to the total cumulative aperture at the end of the scanline. This line 
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represents homogeneous strain or a uniform distribution of cumulative aperture along the 

scanline. This is accomplished by summing the absolute values of the maximum and 

minimum deviations from the homogeneous strain line and dividing the result by the 

cumulative aperture. This results in a value (Vʹ) from 0 to 1, with 0 representing 

homogeneous strain. Increasing Vʹ values above 0 represent increasingly skewed, 

heterogeneous distribution of cumulative aperture along the scanline; Vʹ of 1 represents a 

scanline with the cumulative aperture in one observation. These values are useful for 

detecting changes in the pattern of spacing and strain along the scanline. These pattern 

changes may indicate changes in strain or spacing due to faults or mechanical 

stratigraphy.  

This section will introduce the results from each field area and then compare these 

across the study area. This section will also test for fractures related to the development 

of faults versus gravitational instability-related fracturing of the shelf-margin. Lastly, 

facies tracts and fracture properties will be compared to test for mechanical stratigraphic 

differences among facies tracts.  
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Results 

Walnut Canyon 

The Walnut Canyon scanline average fracture spacing is 11.0 m. The 1-D fracture 

strain for maximum fracture aperture is 0.012, and minimum aperture values result in a 

strain value of 0.007. The distribution of cumulative aperture (V’) in the scanline is 0.17 

(min cumulative apertures) - 0.30 (max cumulative apertures). One potential fault breccia 

intersects the scanline at 675 m, but no offset can be determined in the massive reef 

facies.  
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Figure 3.14: (A) Scanline intensity plot for Walnut Canyon indicating fracture fill type, location, 

aperture bin size, and facies tract normalized to 1-D with the location of the Cave 

Graben Fault System used as the zero (datum) point for the scanline. Other fault 

system locations are projected onto the scanline where there is no scanline data. (B) 

Cumulative aperture plot for Walnut Canyon normalized to 1-D with the Cave 

Graben also used as a datum. The cumulative aperture is a useful indicator of stain 

due to fracturing along the scanline. Total strain, average spacing, and 

heterogeneity of distribution of cumulative aperture (Vʹ) are indicated. 
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Draw “D” 

The draw “D” scanlines average fracture spacing is 23.5 m in the upper scanline 

and 26.6 m in the lower scanline. The 1-D fracture strain for maximum fracture aperture 

values in the upper scanline is 0.004, and minimum aperture values result in a strain 

value of 0.003. In the lower scanline, the maximum strain value is 0.004 and the 

minimum strain value is 0.002. The distribution of cumulative aperture (Vʹ) in the 

scanline is 0.40–0.50 in the upper scanline and 0.69–0.72 in the lower.  
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Figure 3.15: (A) Scanline intensity plots for draw “D” indicate fracture fill type, location, 

aperture bin size, and facies tract normalized to 1-D with the location of the Cave 

Graben Fault System used as the zero (datum) point for the scanlines. Other fault 

system locations are projected onto the scanlines where there is no scanline data. 

(B) Cumulative aperture plot for draw “D”  normalized to 1-D with the Cave 

Graben also used as a datum. The cumulative aperture is a useful indicator of stain 

due to fracturing along the scanlines. Total strain, average spacing, and 

heterogeneity of distribution of cumulative aperture (Vʹ) are indicated. 
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Draw “C” 

The draw “C” scanlines average fracture spacing is 33.0 m in the upper scanline 

and 25.9 m in the lower scanline. The 1-D fracture strain for maximum fracture aperture 

values in the upper scanline is 0.006, and minimum aperture values result in a strain 

value of 0.001. In the lower scanline, the maximum strain value is 0.002, and the 

minimum strain value is 0.001. The distribution of cumulative aperture (Vʹ) in the 

scanline is 0.20 – 0.29 in the upper scanline and 0.26 – 0.30 in the lower scanline.  
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Figure 3.16: (A) Scanline intensity plots for draw “C” indicate fracture fill type, location, 

aperture bin size, and facies tract normalized to 1-D, with the location of the Cave 

Graben Fault System used as the zero (datum) point for the scanlines. Other fault 

system locations are projected onto the scanlines where there is no scanline data. 

(B) Cumulative aperture plot for draw “C” normalized to 1-D with the Cave Graben 

also used as a datum. The cumulative aperture is a useful indicator of stain due to 

fracturing along the scanlines. Total strain, average spacing, and heterogeneity of 

distribution of cumulative aperture (Vʹ) are indicated. 
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Draw “B” 

The draw “B” scanline average fracture spacing is 17.6 m in the upper scanline 

and 20.9 m in the lower scanline. The 1-D fracture strain for maximum fracture aperture 

values in the upper scanline is 0.004, and minimum aperture values result in a strain 

value of 0.002. In the lower scanline, the maximum strain value is 0.004, and the 

minimum strain value is 0.003. The distribution of cumulative aperture (Vʹ) in the 

scanline is 0.28– 0.29 in the upper scanline and 0.69 – 0.72 in the lower scanline. Two 

potential fault breccia zones intersect the upper and lower scanlines at 620 m and 780 m, 

representing faults associated with the Chimney and Native Lookout fault systems, 

respectively.  
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Figure 3.17: (A) Scanline intensity plots for draw “B” indicate fracture fill type, location, 

aperture bin size, and facies tract normalized to 1-D, with the location of the Cave 

Graben Fault System used as the zero (datum) point for the scanlines. Other fault 

system locations are projected onto the scanlines where there is no scanline data. 

(B) Cumulative aperture plot for draw “B” normalized to 1-D, with the Cave 

Graben also used as a datum. The cumulative aperture is a useful indicator of stain 

due to fracturing along the scanlines. Total strain, average spacing, and 

heterogeneity of distribution of cumulative aperture (Vʹ) are indicated. 
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Draw “A” 

The draw “A” scanlines average fracture spacing is 27.6 m in the upper scanline 

and 25.3 m in the lower scanline. The 1-D fracture strain for maximum fracture aperture 

values in the upper scanline is 0.009, whereas minimum aperture values result in a strain 

value of 0.005. In the lower scanline, the maximum strain value is 0.008 and the 

minimum strain value is 0.005. The distribution of cumulative aperture (Vʹ) in the 

scanlines is 0.33–0.36 in the upper scanline and 0.52–0.53 in the lower scanline.  
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Figure 3.18: (A) Scanline intensity plots for draw “A” indicate fracture fill type, location, 

aperture bin size, and facies tract normalized to 1-D, with the location of the Cave 

Graben Fault System used as the zero (datum) point for the scanlines. Other fault 

system locations are projected onto the scanlines where there is no scanline data. 

(B) Cumulative aperture plot for draw “A” was normalized to 1-D with the Cave 

Graben also used as a datum. The cumulative aperture is a useful indicator of stain 

due to fracturing along the scanlines. Total strain, average spacing, and 

heterogeneity of distribution of cumulative aperture (Vʹ) are indicated. 
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Rattlesnake Canyon 

The Rattlesnake Canyon G27/28 scanlines’ average fracture spacing is 17.3 m in 

the upper scanline and 19.1 m in the lower scanline. The 1-D fracture strain for maximum 

fracture aperture range values in the upper scanline is 0.012, whereas minimum aperture 

values result in a strain value of 0.007. In the lower scanline, the maximum strain value is 

0.012 and the minimum strain value is 0.005. The distribution of cumulative aperture (Vʹ) 

in the scanlines is 0.42–0.49 in the upper scanline and 0.49–0.53 in the lower scanline.  
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Figure 3.19: (A) Scanline intensity plots for Rattlesnake Canyon indicate fracture fill type, 

location, aperture bin size, and facies tract normalized to 1-D, with the location of 

the Cave Graben Fault System used as the zero (datum) point for the scanlines. 

Other fault system locations are projected onto the scanlines where there is no 

scanline data. (B) Cumulative aperture plot for Rattlesnake Canyon normalized to 

1-D with the Cave Graben also used as a datum. The cumulative aperture is a useful 

indicator of stain due to fracturing along the scanlines. Total strain, average 

spacing, and heterogeneity of distribution of cumulative aperture (Vʹ) are indicated. 
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Discussion 

Cumulative aperture (strain) and fracture intensity are variable throughout the 

study area, but they have relatively consistent values in many of the locations. Strain is 

generally between 0.001 and 0.012 and spacing is between 17.3 m and 33.0 m. The 

heterogeneity of the distribution of the cumulative aperture (Vʹ) is more variable; values 

range from 0.17 to 0.72, but most values indicate very high heterogeneity (Vʹ >0.30). Vʹ 

values in Rattlesnake and draw “A” with the best continuous exposures of outcrop along 

the scanlines have high Vʹ values of ~0.50. This variability may be the result of 

mechanical differences between facies tracts or fracture changes near fault zones. 

(Possible relationships between fractures and facies tracts will be discussed in detail in 

the next subsection.) Discerning relationships between faults and fracture cumulative 

aperture is difficult as a result of large recessive zones associated with the faults. These 

may be masking significant decreases or increases in fracture spacing and aperture. 

Within Rattlesnake and draw “A” both fracture intensity and cumulative aperture 

increase significantly in the vicinity of faults. However, in other scanlines, there is no 

relationship between observed some of the faults (not all) and increases in fracture 

intensity or cumulative aperture (e.g., clustering, aperture increases). Even in the 

Rattlesnake Canyon and draw “A’ scanlines, fracture intensity and cumulative aperture 

show clustering and changes in cumulative aperture away from fault zones (Figures 3.18 

and 3.19). These scanlines indicate that the faults developed preferentially in areas of 

increased fracture intensity and larger fracture apertures within the Capitan shelf margin 

reef. This relationship is less prominent for some of the faults in draws B, C, and D, but 

this can be attributed to lack of continuous outcrop exposures in the vicinity of the faults 

that show no relationship between increased fracture intensity/cumulative aperture and 
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faulting (Figures 3.15, 3.16, & 3.17). In any case, the faults are developed in inflection 

points on the cumulative aperture plots that contribute somewhat to the high Vʹ values in 

the scanline, but these occur in the absence of faults as well. This suggests that 

syndepositional fractures developed prior to syndepositional faulting and then served to 

focus faulting in regions of increased syndepositional fracturing in the shelf-margin and 

outer-shelf facies tracts.  

The strike heterogeneity of fracture intensity can be evaluated in both Figures 

3.20 and 3.21 below. These figures, along with maps of stratigraphic marker beds, 

confirms that much of the outcrop is equivalent across the study area, with gradual 

changes in relative age and erosion.  The fracture intensities and fills vary significantly 

across the study area, even across the ~2 km separating each study area. Fault systems 

rarely have single fault segments shared across the gap between field areas, but relay 

segments associated with the fault systems are a relatively consistent distance (+/- 150 m) 

from the Cave Graben Fault System across the 12 km study area. The region where faults 

within a system developed is quite small and it is predictable despite an overall shift of 

nearly 20 degrees in the shelf-margin trend over the course of the study area. This 

suggests that the stresses that developed syndepositional faulting were consistently 

focused in similar regions of the dip profile study area, and are likely consistent over an 

even larger region.  

Resor and Flodin’s (2010) finite element-modeling predicted that syndepositional 

faulting would occur some distance from the active reef margin in the platform as a result 

of basinal subsidence driving increases in shear (Coulomb) stress in the early-cemented 

carbonates. Additionally, they predicted high tensional stress along the active margin 

driving the development of joints (syndepositional fractures) in the early cemented reef 

(Resor and Flodin, 2010 p. 1193). The results of this study show that the opening-mode 
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syndepositional fractures developed early in the shelf-margin as in the Resor and Flodin 

(2010) model and that later development of syndepositional faulting predicted in the 

model was focused in areas of relative weakness that had high cumulative fracture 

aperture and intensity (e.g., areas of clustered syndepositional fracturing). The Resor and 

Flodin (2010) model also localized stresses in a 2-D profile of the platform based on 

broad regional variables such as compaction, material, subsidence/compaction, and 

progradation/aggradation of the margin. The relatively consistent geometries and 

locations of faults within fault systems within this field study support using regional 

variables to model deformation and stress for prediction of syndepositional fault 

development.  
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Figure 3.20:  Combined cumulative aperture plots for the study area. Only maximum 

aperture ranges from field observations are shown, and each field area is 

color-coded. 
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Figure 3.21: Combined fracture intensity plots for all field locations, with locations of fault 

systems indicated to show the strike variability in both fracture intensity and fault 

systems throughout the study area. CG = Cave Graben Fault System, PS = Power 

station Fault system, CF = Chimney Fault System, NL = Native Lookout Fault 

System, EB = Escarpment Base Fault System. Fracture fill colors are the same as 

previous intensity plots (e.g., Fig. 3.19)  
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Results: Facies Tracts and Mechanical Stratigraphy 

This section is a continuation of the previous discussion of cumulative aperture 

and fracture intensity, data are grouped by facies tract. The objective of this section is to 

show how the mechanical stratigraphy of the facies tracts impacted the development and 

distribution of fractures along the scanlines. Results of the scanlines will first be shown 

by facies, followed by a discussion of the relationship between syndepositional fractures 

and mechanical stratigraphy.  

Shelf-crest Facies Tract 

The portions of the scanlines from the shelf-crest facies tract contained a total of 

55 observations (Figure 3.22). Average 1-D fracture strain value for the shelf-crest facies 

portions of the scanlines is 0.003 (uses maximum aperture values). Average fracture 

spacing is 28.0 m meters. The distribution of cumulative aperture (heterogeneity, Vʹ) 

calculated within only the shelf-crest portions of the scanlines is 0.13 (calculated from 

maximum apertures).  
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Figure 3.22: Combined, normalized 1-D scanline cumulative aperture plot of all the field 

areas filtered for fracture observations contained within the shelf-crest facies 

tract. 

Outer-shelf Facies Tract 

The portions of the scanlines from the outer-shelf facies tract contained a total of 

75 observations (Figure 3.23). The average 1-D fracture strain value for the outer-shelf 

facies tract portions of the scanlines is 0.003 (uses maximum aperture values). The 
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average fracture spacing is 17.0 m.. The distribution of cumulative aperture 

(heterogeneity, Vʹ) calculated within only the outer-shelf portions of the scanlines is 0.14 

(calculated from max apertures).  

 

Figure 3.23: Combined, normalized 1-D scanline cumulative aperture plot of all the field 

areas filtered for fracture observations contained within the outer-shelf 

facies tract. 
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Shelf-margin Facies Tract 

The portions of the scanlines from the shelf-margin facies tract contained a total 

of 149 observations (Figure 3.24). Average 1-D fracture strain value for the shelf-margin 

facies portions of the scanlines is 0.003 (uses maximum aperture values). Average 

fracture spacing is 17.3 m. The distribution of cumulative aperture (heterogeneity, Vʹ) 

calculated within just the shelf-margin portions of the scanlines is 0.15 (calculated from 

max apertures).  
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Figure 3.24: Combined, normalized 1-D scanline cumulative aperture plot of all the field 

areas filtered for fracture observations contained within the shelf-margin 

facies tract. 

Discussion: Facies Tracts and Mechanical Stratigraphy 

Comparison of the average intensity and strain differences between facies tracts 

indicates that: (1) the average strain values are consistent across all the facies tracts, (2) 

the fracture spacing is similar between shelf-margin and outer-shelf facies tracts, but is 
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different in the shelf-crest, and (3) the heterogeneity of distribution of cumulative 

aperture (Vʹ) within each facies tract is about the same, and is significantly more 

homogeneous than in the scanlines as a whole. The low average heterogeneity values 

when separated by facies tract suggest that the largest source of the high Vʹ values in the 

overall scanlines is the contrast in fracture spacing between the shelf-crest facies tract and 

the outer-shelf/shelf-margin facies tracts (Figure 3.25). The strain averaged 0.003 

regardless of facies tract, also suggesting that the opening-mode stress generating the 

fractures was relatively consistent within the scanlines. However, the consistent strain 

with significant differences in spacing suggests that the thin-bedded shelf-crest facies 

tract is mechanically different from the thick-bedded-to-massive outer-shelf and shelf-

margin facies tracts.   

Data from the scanlines show that the fractures are not evenly spaced or 

completely homogeneous in aperture despite averaged data showing relative consistency 

overall in scanlines (when divided by facies tracts). Modeling by Resor and Flodin (2010) 

predicts tensile stress driving early development of fractures in the shelf margin areas due 

to early cementation and gravitational instability from the steep (>60 degree) depositional 

profile. Subsequent early burial and subsidence drive the development of syndepositional 

faults within the previously fractured margin as the platform continues to develop. The 

fractures in the best, continuous exposures (Rattlesnake Canyon and draw “A”) show that 

fractures tend to cluster into groups of higher intensity with areas of lower intensity in-

between in the scanlines. This pattern appears to be related fundamentally to processes 

driving the early development of syndepositional fractures in the shelf-margin. This 

pattern influenced the locations of subsequent syndepositional faulting as well as present-

day erosion patterns, as discussed in earlier sections. Although faults were observed to 

have related early fracture development and enhancement, the pattern occurs regardless 
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of the presence/absence of a syndepositional fault. Both averaged and full scanline data 

indicate that the outer-shelf and shelf-margin facies tracts had similar mechanical 

stratigraphy as a result of proximity to the margin (high tension stress) and had similar 

thick-bedded to massive bedding. The shelf crest facies tract also shows similar behavior 

in terms of clustering of fractures (Figure 3.22, see especially draw A and Rattlesnake 

Canyon), but it differs in both averaged values and full scanline data from the other two 

facies tracts. This may be the result of increasing distance from the active margin where 

the Resor and Flodin (2010) model predicts decreasing tensional stress and a transition to 

shear stresses developing syndepositional faults in the platform. Possible drivers of 

fracture distribution and intensity in the depositional profile include later fracture 

enhancement/development related to syndepositional fault development, mechanical 

stratigraphic differences between the shelf-crest/shelf-margin, and changes in stress away 

from the margin that make the shelf-crest facies syndepositional fracture patterns distinct 

from the shelf-margin and outer-shelf fracture patterns.  
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Figure 3.25: Comparison of facies tract depositional profile and mechanical stratigraphic profile. 

(Upper) Generalized facies tract profile of the shelf and shelf-margin after Tinker 

(1998), with average strain, spacing, and heterogeneity of cumulative aperture (V’) 

values indicated for each facies tract with data available. (Lower) Generalized 

mechanical stratigraphic profile similar to Zahm and others (2009). This illustrates 

the changes in bedding thickness that may be impacting the mechanical properties 

of the shelf and fracture spacing. 
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Fracture Orientations 

This section integrates lidar observations of fractures with field observations to 

evaluate the orientations of the fractures present in the study area. The orientation of 

fractures is another important way to differentiate early syndepositional fractures from 

later developing fractures, to evaluate stresses driving fracture development, and to 

indirectly measure of the trend of the shelf-margin in the case of the primary strike 

direction of syndepositional fractures. Measurements presented here will be derived using 

field data where available, and lidar measurements otherwise. Strike orientations of 

fractures obtained in the field plus dip between connected observations in upper and 

lower scanlines will be used for field-derived average dips, and the strike and dip of a 

plane created from three connected points on the lidar will be used to derive remotely-

sensed strikes and dips.  

Results 

Syndepositional fractures measured in the field strike between 245 and 280 

degrees and have dips of greater than 45 degrees; most are between 65 and 90 degrees 

(Figure 3.26). The mean orientation for all syndepositional fractures measured using field 

data is 263 degrees strike and 71 degrees dip. The mean strike varies from field area to 

field area, as noted in previous sections (see scanline overviews). Remotely-sensed 

fractures in the primary margin-parallel trend have strikes between 240 and 290 degrees, 

and dip between 40 degrees and 90 degrees, with the average strike of 244 degrees and 

dip of 63 degrees. Margin-perpendicular, remotely-sensed fractures are oriented at an 

average strike of 311 degrees and average dip of 59 degrees. 
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Figure 3.26: (A) Contoured lower hemisphere stereoplot of poles-to-planes of fracture 

orientations derived from field areas. (B) Contoured lower hemisphere stereoplot of 

Huapache Monocline related poles-to-planes of fracture orientations derived from 

airborne lidar mapping of erosional lineaments. (C) Contoured lower hemisphere 

stereoplot of margin-parallel, likely syndepositional fracture related poles-to-planes 

of fracture orientations derived from airborne lidar mapping of erosional 

lineaments. (D) Combined plot of (A), (B), and (C). 



 124 

Discussion 

Remotely-sensed fractures and field-derived average dips generally agree as to the 

syndepositional margin-parallel fracture trend directions, with a tighter distribution of 

data in the field-derived data. This suggests that remotely-sensing fractures on the 

airborne lidar dataset effectively capture the general fracture trends in the study area with 

some added uncertainty. Within the study area there is a mostly syndepositional margin-

parallel fracture set, and there is a Huapache-related (Hunt et al., 2012) margin 

perpendicular fracture set. Dips of the syndepositional fractures are steeply dipping to 

sub-vertical, with a dominant basinward dip direction.  

3.4 SYNDEPOSITIONAL FILLS 

Field observations of syndepositional fills are important for differentiating 

between late and early fractures. Distinctions between early and late fractures and their 

fills cannot be determined with existing remote sensing data.  This study will use the fill 

classification developed for syndepositional fractures used by Kosa and Hunt (2006b) in 

Slaughter Canyon. Their classification scheme divides syndepositional fills into three 

main categories: siliciclastic-dominated fills, carbonate-dominated fills, and mixed 

siliciclastic-carbonate fills. I was not able to sample the fills, limiting this study to field 

descriptions and outcrop photographs. The syndepositional fills can be divided into two 

scales: (1) syndepositional fractures, and (2) larger syndepositional breccias associated 

with fault zones. This section will provide generalized descriptions of fills common in the 

study area, followed by a discussion of unique aspects of the shelf-margin reef 

syndepositional fractures relative to shelf fractures. Lastly, this section will discuss the 

breccias associated with fault zones.  
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Carbonate-Dominated Fills 

 Carbonate-dominated fills can be broadly categorized into three types in 

the study area: (1) carbonate sediments sourced from the shelf or internally sourced in the 

reef, (2) early marine radial-axial cements including pseudomorphs after aragonite 

botryoids, and (3) later cements such as blocky calcite cements.  

Shelf-derived carbonate sediments were a fill component in 30% of all scanline 

observations of faults and fractures. These fractures commonly had skeletal fragments of 

green algae (Mizzia velebitana), fusulinids, bellerophonotid gastropod fragments, and 

non-skeletal allochems such as ooids, peloids, and, rarely, oncoids. Shelf-derived 

carbonate fills are more common within fracture systems in the upper portions of the 

Capitan than in the lower portions of the Capitan massive reef facies. This fill is a good 

indicator of fractures that were open at the free surface in shelf environments during the 

Permian. Within the reef framework, shelf-derived fills are frequently found in cavities 

surrounding a syndepositional fracture near the shelf-to-reef transition (Figure 3.27). 

Uncommonly (0.5% of observations), well-preserved brachiopods were found filling 

portions of a fracture, indicating that pockets of brachiopods and other deeper water 

fauna were living in the reef within the fractured zones at times. 

Early marine cements were a fill component in 82% of scanline observations of 

fault and fractures (Figure 3.27). Most of the cements appeared to be fine, micrite 

cement. Paleo-aragonite botryoid pseudomorphs were common on the rims of fractures, 

and often made up a significant fraction (>50%) of the fill within fractures in the massive 

reef facies. Later cements consisting of blocky calcite were a fill component in 18% of 

scanline observations. Fractures completely filled with blocky calcite were rare, and they 

were observed to break cleanly through the Capitan Reef with little influence of the 
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cavity framework on the fracture aperture. Completely-blocky calcite filled fractures also 

tend to be oriented at ~10 degrees strike.  

Siliciclastic-Dominated Fills 

Quartz silt and very fine sand were components of fracture fills in 45% of 

observations in the study area. Siliciclastic-filled fractures with no carbonate component 

at the scanline observation location were less common and were found in 17% of 

observations. The fills of these siliciclastic-dominated fractures are heterogeneous along 

strike, with some carbonate fill visible in other connected fractures (e.g., connected 

observations in the upper/lower scanlines), indicating that while the siliciclastic fills can 

be dominant in a location, the overall fracture zone is commonly a mixture of carbonate 

and siliciclastic infill. Sediments frequently escape fractured zones into adjacent cavities 

adjacent to the fracture (Figure 3.28). The siltstones and very fine sandstones observed in 

the study area are presumed to have been sourced from above, and thus the only logical 

source for siltstones observed in this study area would be the Ocotillo Siltstone units in 

draws A-E and Walnut Canyon. In Rattlesnake Canyon, where scanlines were acquired in 

the G24-25 below the Triplet unit, it is likely the siliciclastic source was the Triplet. 

Otherwise, the time-equivalent shelf is composed of carbonate strata. Field observations 

of the Ocotillo siltstones and the siliciclastics contained in fractures suggest they are 

similar in texture, size, and mineralogy. There are younger Mesozoic siliciclastic 

sediments known in the region (Kosa and Hunt, 2006b; Harman, 2011), but they are 

significantly coarser-grained, and texturally and mineralogically less mature (except 

pebble-bearing conglomerate and litharenites) and with higher quartz content than is 

present in the fractures observed in the study. 
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Figure 3.27: Schematic of fracture fill types. (Left) Example of larger fractures observed 

in the field that often open up into the outer-shelf facies tract and continue 

downward into the shelf-margin reef. The upper portions of the fracture 

often have carbonate-shelf-derived sediments, and may have a quartz silt 

phase mixed in. Intraclast breccias with small (1-20 mm) clasts are 

uncommonly observed in the upper portions of fractures. Downward, the 

fills become dominated by marine botryoidal cements and (if present in the 

upper portions of the fracture) quartz silt as the aperture decreases 

downward. The shelf-margin reef cavity networks are commonly infilled by 

quartz silts in the vicinity of the fracture, and the aperture of the fracture 

itself is affected by interaction with the cavities. Reactivation phases of 

block calcite are occasionally found within fractures. (Right) Illustration of 

smaller fractures that tip out within the shelf-margin reef. Internal reef 

sediments and marine botryoidal cements and internal reef sediment 

dominate these smaller fractures. 
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Figure 3.28: Photo mosaic of syndepositional fill-type examples (A) Growth cavity in Capitan Reef filled with quartz silt. (B) Mixed fill fracture with carbonate cements, intraclast breccia, and fine grained shelf-

sediments. (C) Cement-filled fracture within the Capitan Reef. (D) Syndepositional fault-related carbonate-clast breccia with a siliciclastic quartz silt dominated matrix. Symbols: Rf = reef, Sl = quartz silt, 

OSPkstn = outer-shelf packstone, eCm = early cement, CaSl = shelf-derived carbonate sediment, and CaB = carbonate clast breccia.
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Discussion  

Breccias Associated with Syndepositional Faulting 

In this study, breccias lack extensive early karst development, are relatively 

young (G26-G29), and are similar to the Dark Canyon kinematic breccias observed by 

Frost and others (2012). The breccias in the study area share many of the characteristics 

of syndepositional fault breccias described in other studies (Kosa and Hunt, 2006b; Hunt 

et. al., 2012; Frost et. al., 2012), including offsets of shelf strata and syndepositional 

(Permian) fills (described above) in the matrix of the breccias.  Previous studies (Kosa 

and Hunt, 2006b; Hunt et. al., 2012) have documented the breccias within relatively older 

syndepositional fault zones (G21-G26) in shelf outcrops within Slaughter and Rattlesnake 

canyons. These studies (Kosa and Hunt, 2006b; Hunt et. al., 2012) document detailed fill 

stratigraphy and the early platform-derived fills within early Permian karst. While these 

studies (Kosa and Hunt, 2006b; Hunt et. al., 2012) document karst dissolution and 

alteration of fault zones, Frost and others (2012) describe well-preserved kinematic 

breccias in Dark Canyon in relatively younger (G27-G29) syndepositional fault zones 

that were relatively unaltered by Permian karst development. All these studies (e.g. Kosa 

and Hunt, 2006b; Hunt et. al., 2012; Frost et al., 2012)  of syndepositional fault-related 

breccias document the dramatic impact of syndepositional faults for focusing both early 

and late diagenesis, karst development, and fluid flow. These studies have described a 

continuum from heavily karst modified (G21-G25 shelf in Rattlesnake; Hunt et. al., 

2012) to preserved kinematic fault breccias (G27-G29 shelf and shelf-margin in Dark 

Canyon; Frost et. al., 2012) within syndepositional faults described in Capitan shelf-

margin and its shelf equivalents. 

 

Fractures in the Shelf-margin Reef versus Shelf  
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This study observed fractures in both the Capitan Reef and shelf settings, and 

there are key differences in appearance between syndepositional fractures in those 

settings. The first is that fracture apertures are far more variable within the Capitan Reef 

than in the shelf setting as a result of the fractures’ interacting with cavities in the reef 

framework. This is helpful in identifying early syndepositional fractures versus later 

fractures because the fractures in the reef interact with growth cavities in all cases. Shelf 

fractures have more consistent apertures, and tend to have sharper, brittle margins relative 

to many fractures in the Capitan Reef. Also, early marine cements including botryoidal 

fills are a dominant component of most fractures in the Capitan Reef, but they are a more 

minor component or absent from fractures in the shelf. Overall, distinguishing between 

syndepositional and non-syndepositional (late) fractures can be done far more reliably in 

the shelf-margin reef than in the shelf, even in relatively small aperture fractures.  
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Chapter 4. Synthesis of Field and Remote Sensing Datasets 

 

Both field and remotely-sensed data provide valuable information about 

syndepositional fault and fracture development, geometry, and heterogeneity across the 

12-km study area. The goal of the study is to evaluate large to fine-scale geomorphic and 

facies/mineralogy-related fracture/fault-related features to determine what could be 

effectively observed in the airborne lidar dataset, and to integrate that with field data to 

examine how extensive syndepositional fracturing and faulting is in the G25-G28 

equivalent shelf-margin reef. In this chapter will (1) discuss the effectiveness of lidar and 

aerial photography for mapping faults and fractures, (2) consider predictive relationships 

between bedding geometries and syndepositional deformation, (3) review siliciclastic fill 

distribution in the study area, and (4) integrate the lidar and field data into a conceptual 

model for syndepositional faulting and fracturing in the G27-G29 outer-shelf and shelf-

margin facies tracts.  

 

4.1 EFFECTIVENESS OF REMOTE SENSING: GEOMORPHOLOGY AND SYNDEPOSITIONAL 

DEFORMATION 

Ridge-grooves 

Ridge-groove couplets are a useful larger-scale geomorphic feature for evaluating 

the presence and intensity of syndepositional fractures in the outer-shelf and shelf-margin 

facies tracts (see section 2.2 and Table 2.1). These observations are a first-order way to 

appreciate the extent of syndepositional fracturing in the shelf-margin throughout the 

Guadalupe Mountains, and to see how the fractures frequently cluster into regions of 

higher fracture intensity and lower fracture intensity (see Figure 3.19; an example of this 
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in Rattlesnake Canyon).  A similar style of differential weathering corresponding to 

syndepositional fracture development was demonstrated earlier by Frost and Kerans 

(2010) in the Devonian reef complexes of the Canning Basin. The ridge-groove pattern 

also raises questions about why the fractures are clustering into areas of higher fracture 

intensity (grooves) separated by areas of lower intensity (ridges). The presence of 

extensive fore-reef talus slope breccia facies belts below shelf-margin reef areas indicates 

that the reef had frequent failures as a result of over-steepening and slope instability. This 

process is linked to the development of syndepositional fractures, as the failures in the 

reef would have likely occurred along weaknesses in the framework created by the 

fractures.  This raises several points: (1) Many syndepositional fractures that originally 

developed in the shelf-margin reef were probably not preserved as a result of the failures 

that created the fore-reef slope talus breccias. (2) The ridge-groove pattern of erosion is 

linked to variable fracture intensity. (3) The ridge-groove pattern is a relatively regular 

and systematic pattern across the reef-margin and outer shelf portions of the Capitan 

system in the Guadalupe Mountains (Figure 2.7).  
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Carlsbad Caverns 

A strong spatial relationship exists between Carlsbad Caverns and the Cave 

Graben Fault System (Figure 2.12) that could be applied to other caves in the Guadalupe 

Mountains region for mapping syndepositional faults and fractures. The two main axes of 

the cavern passages align well with surface mapped (in the east) and projected locations 

of the two main faults of the Cave Graben Fault System. The potential relationship 

between present-day caves (including Carlsbad Caverns) and early Permian karst and 

syndepositional faulting was discussed in the Kosa and Hunt (2006b) study. My study 

confirms the relationship they proposed between Carlsbad Caverns and syndepositional 

faulting, and other regional work by Kosa and Hunt confirms the relationship between 

recent and present-day karst features and their potential utility in mapping 

syndepositional faults.  

Mapping recessive zones associated with syndepositional faulting and fracturing 

Mapping of recessive lineament features created as a result of differential erosion 

of syndepositional faults and fractures on airborne lidar can be an effective technique for 

capturing larger scale geometries (Table 4.1). Faults can be very effectively mapped 

throughout the study area, and they can be remote-sensed using a variety of techniques, 

including marker stratigraphic unit offset, large recessive lineaments, and, potentially, 

bedding dip curvature (derivative of dip) as a result of subtle changes in dip domain at 

fault zones (see next section, 4.2). Syndepositional fractures, especially smaller fractures, 

are less effectively mapped onto the lidar via remote sensing (Table 4.1). Whereas large 

fractures (>10 cm aperture) were effectively captured via remote sensing, many smaller 

fractures were missed due to insufficient size or erosional profile. The most effective way 

to capture fracture datasets on the lidar is to integrate field observations with lidar by 

mapping the fractures from field-controlled areas. Remote-sensing observations alone 
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have limited utility for mapping syndepositional fractures, will oversample of large 

fractures, and may capture some non-syndepositional fractures. 

 

Remote sensing number of field observations captured by feature size 

  1-3cm aperture 3-10cm aperture 10< aperture 

Field and Lidar Mapped 25 48 55 

Field Only 42 10 9 

% missed 62.6% 17.2% 14% 

Avg. Observable 

Distance(m) 

141 246 425 

Table 4.1:  Maximum aperture versus visibility on the lidar DEM and the average 

distance a fracture in the given aperture bin size may be mapped from field 

control. “Field only” denotes fractures observed in the field  that had no 

mappable geomorphic expression on the lidar. 

4.2 PREDICTIVE RELATIONSHIPS BETWEEN BEDDING GEOMETRIES AND 

SYNDEPOSITIONAL DEFORMATION  

Developing links between bedding geometry and syndepositional faulting and 

fracturing is particularly useful in remote sensing and subsurface datasets. In both cases, 

accurately mapped surfaces can be used to derive dips and changes in dip. This study has 

shown that bedding dips taken from tidal flats in the shelf-crest facies tract in the study 

area are controlled by the locations of syndepositional faults (Figure 4.1). 

Syndepositional fracture intensity appears to have no relationship to bedding dip aside 

from depositional dips associated with facies tracts, but intensities may drop near 

syndepositional faults (see Figure 3.19). The strong relationship between bedding dip and 

faults is important because of the significant impact they can have on both early and late 

fluid flow and diagenesis within the shelf and shelf-margin. The weak relationship 

between faulted areas and lower fracture intensities may result in abrupt changes in fluid 
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flow characteristics in the subsurface near fault zones, depending on the cementation and 

conductivity of the fault and fractures relative to the host rock.  

 

 

Figure 4.1:   Cumulative dip map of all bedding dip transects in the study normalized to 

the Cave Graben datum with field observations projected as a line at a 10m 

interval until next observation (“X”) or a fault (indicated as boxes). The dip 

domain changes as a result of faulting are indicated by changes in 

cumulative dip line slope. The figure illustrates the small amount of 

variability in the positions of these faults across the field areas, as well as 

the utility of using bedding dip orientations to detect syndepositional faults. 

CG = Cave Graben Fault System (FS), PS = Power Station FS, CF = 

Chimney FS, NL = Native Lookout FS, SL = Scanline. 

4.3 SILICICLASTIC FILL DISTRIBUTION 

The G27/28 high-frequency sequences are an ideal laboratory for evaluating the 

distribution of siliciclastic fills within a large area from the Ocotillo Siltstone units, 

assuming that the fractures fill from above. Older sequences have more potential sources 

of siliciclastic sediment, including the Triplet Sandstone units (G26) and many other 
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sandstone units in the Yates Formation. Fills from the Ocotillo Siltstone are broadly 

distributed throughout syndepositional fractures in the study area, in no discernible 

pattern (Figure 4.2). If fractures were opening relatively isochronously in specific areas 

of the shelf and were not reactivated, the Ocotillo fills would be confined to a band of 

fractures that were open contemporaneously with the deposition of the Ocotillo Siltstone 

units. However, we see that this is not the case, and that fractures were open throughout 

the study area scanlines during deposition of the Ocotillo Siltstone. This distribution 

raises the question: Were fractures open preferentially during the deposition of the 

Ocotillo? One unlikely answer is that they were not open preferentially, but that the 

smaller grain size of the quartz silts allowed deeper penetration into fractures. This grain-

size-filtering mechanism seems common in the shelf-margin reef syndepositional 

fractures where carbonate shelf sediments are in the upper portions of the fracture near 

the shelf-reef transition, where the aperture is larger, but quartz silt and cements dominate 

the lower portions, where apertures are smaller and more restrictive. However, the 

fractures still have to be open for siliciclastic sediment to be present in the fractures. This 

suggests another possible explanation for the broad distribution of Ocotillo siliciclastic 

sediments: fractures are open at the surface preferentially during relative sea-level-

lowstand conditions. This is possible if shelf carbonate sediment production rates resulted 

in aggradation during rising relative sea-level conditions that could have outpaced the 

propagation of many of the fractures to the surface, resulting in over-representation of  

shelf sediments present at lowstand of relative sea level.  
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Figure 4.2: Daylight-shaded airborne lidar DEM map showing locations of scanline fracture observations with a siliciclastic fill phase.  
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4.4 CONCEPTUAL MODEL FOR DEFORMATION OF THE G27/G28 EQUIVALENT SHELF-

MARGIN 

This study represents the broadest along-strike mapping of syndepositional fault 

and fracture geometries in the Guadalupe Mountains to date. The study conclusions are 

summarized as shown in a generalized cross section (Figure 4.3) and block diagram 

conceptual models (Figure 4.4) illustrating syndepositional fault and fracture deformation 

in the shelf-margin equivalents of G27-G29 high-frequency sequences (Figure 4.3). This 

study found that the Walnut Canyon collapse did not extend along strike into draw “D” 

and is likely a localized collapse scar (Figure 4.4). Syndepositional faults are generally 

sub-vertical and shelf-margin-parallel. Changes in shelf-margin depositional strike are 

accommodated by fault relays reflecting those changes (Figure 4.4). Large changes (>10 

degrees) in shelf-margin trend are accommodated by fault systems through a combination 

of shorter individual fault segments in a series of relays (Figure 2.10; 4.4). Individual 

faults are 0.3-2 km long  in the study area, and they result in dip changes in shelf strata on 

either side of the fault. 

 These syndepositional fault geometries and characteristics are an important first 

step in developing a digital outcrop analogue model applicable in other high-relief, reef 

rimmed margins in the world. Dip domain changes associated with faults may enable 

subsurface mapping of syndepositional faults in the Carboniferous Tengiz platform in 

Kazakhstan. Further development of quantitative relationships between fault segment 

length and depositional strike of the margin may allow a predictive model of 

syndepositional fault geometries to be developed on the basis of shelf-margin trajectory 

and depositional strike in seismic datasets.   

 Syndepositional fractures are a systematic and important part of the Capitan 

shelf-margin reef. Fractures impacted growth cavity fills in the reef and may have opened 
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preferentially during relative sea-level lowstand conditions on the shelf. Syndepositional 

fractures mirror fault geometries on a smaller scale, having dominant margin parallel 

strikes, generally steep to sub-vertical dips, and frequent relays. Syndepositional fracture 

distribution reflects a changing stress regime from extensional stress developing opening 

mode fractures syndepositionally in the shelf margin reef to shear stresses developing 

syndepositional faults and related fractures in the shelf. The early fractures in the shelf 

margin focus faulting into regions of the underlying shelf margin reef that are 

mechanically weaker as a result of higher syndepositional fracture intensity (Figure 4.3). 

The syndepositional faults and fractures also drive differential erosion and the 

development of ridge-groove topographic features throughout exposures of the Capitan in 

the Guadalupe Mountains.  
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Figure 4.3: Generalized conceptual model cross-section illustrating several aspects of syndepositional deformation: (1) 

Bedding dip changes in the shelf are associated with a combination of rotation associated with syndepositional 

faults and depositional dip. (2) Syndepositional fractures in the shelf margin allow shelf sediments to invade the 

reef cavity framework. (3) Fracture intensity is higher in thick bedded to massive outer-shelf and shelf margin 

facies tracts. (4) Faults tend to develop near the terminal shelf-margin of high-frequency sequences. 
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Figure 4.4:   Generalized conceptual 3-D block diagram of syndepositional deformation along the shelf margin.This model is 

analogous to the study area, but it is generalized to illustrate (1) the relationships between fault length and the 

depositional strike of the margin, (2) geometry and scale differences between syndepositional faults and fractures, (3) 

generalized relationships of faults to high-frequency sequence boundary, (4) facies tracts and spatial relationships to 

fractures,  and (5) potential presence of the localized collapse scars.
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Chapter 5.  Conclusion 

This study used airborne lidar and draped aerial photography (Google Earth®) 

integrated with field observations to show that geomorphic expressions of 

syndepositional deformation and stratigraphy can be effectively used to map features 

such as syndepositional faults and (large) fractures. Explaining the origin of ridge-groove 

couplets found in the study area and throughout the Guadalupe Mountains was a major 

goal of this study, and this study showed that syndepositional fracture intensity was 

significantly higher in recessive groove areas (~13 m spacing) than in ridge areas (~33 m 

spacing).  

Geomorphic expressions of syndepositional faults and fractures were also 

identified and mapped through the study area. Field-measured dips in the shelf were also 

shown to have distinct dip domains related to the locations of syndepositional faults. 

Although subtle, these dip domain changes (2-6 degrees) across faults may provide a 

means for detecting syndepositional faults in subsurface datasets in shelf settings using 

curvature (derivative of dip) for detection of faults. Maps of faults on the lidar also allow 

for a relatively broad scale (~12 km) appreciation of the lateral extent and variability of 

syndepositional faults. Fault lengths ranged from 300 m – 2 km and relay into a new 

fault(s) at the terminations of the fault at each end. These relays can be grouped into 

laterally extensive fault systems with relay frequency and local strike of individual fault 

likely controlled by changes in the depositional strike of the shelf margin. These larger-

scale fault geometries are an important step for developing outcrop analogue models for 

subsurface reservoirs such as Tengiz Field in Kazakhstan.  
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Fracture geometries mirror the fault geometries at a smaller scale and higher 

frequency. They are generally oriented parallel to the depositional strike of the shelf 

margin and frequently relay into new fracture(s) at lateral terminations of fractures. The 

lengths of fractures were generally 70 m to 1 km, most being approximately 400 m. The 

fractures clustered into areas of higher and lower intensity, generally along scanlines with 

faults typically found in regions of higher intensity. The fracture intensity variations 

occurred independent of fault locations, indicating that the underlying early 

syndepositional shelf-margin fractured zones localized the development of early Permian 

faulting in the shelf. The distribution of Ocotillo siliciclastics through the area (Figure 

4.4) suggests preferential and broadly distributed development of syndepositional 

fractures during deposition of the Ocotillo Siltstone.  

Other contributions of this study include observations related to the Walnut 

Canyon margin collapse feature and Carlsbad Caverns. Draw “D” is ~2 km west of 

Walnut Canyon and has no evidence of margin collapse in the draw. The absence of 

margin collapse along strike in (pre-collapse) equivalent strata suggests that the margin 

collapse is a local feature, not a large regional collapse. Carlsbad Caverns was also shown 

to have a strong spatial relationship to Cave Graben Fault System, suggesting that the 

main axes of development in Carlsbad Caverns was influenced by the faults.  
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