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ABSTRACT 

 
The lower Grayburg Formation is a Middle Permian, mixed siliciclastic-carbonate 

on the rim of the Delaware and Midland basins that is well exposed in Last Chance 

Canyon, Guadalupe Mountains, U.S.A.  Previous sequence stratigraphic work in the 

Grayburg recognizes the Grayburg Formation composite sequence onlapping the San 

Andres composite sequence.  However, this onlap has only been vaguely documented and 

described in a regional sense (10’s km), using the ―paradigm‖ or ―universal‖ model of an 

onlap in sequence stratigraphy.  This research questions this ―paradigm‖ model of how 

the Grayburg onlapping wedge developed during deposition at the flow-unit scale (100’s 

m).  The main objective of this study is to use geospatial technologies (i.e., Light 

Detection and Radar (LIDAR) and Differential Global Positioning Systems (DGPS)) to 

build a three-dimensional (3-D) geographic model of the lower Grayburg Formation that 

can be used to define the structural orientations, thickness variations, and stratal 

geometries. This can then be used in conjunction with field observations to better define 

the higher-resolution depositional processes of the lower Grayburg Formation’s 

onlapping wedge.    

 Digital mapping techniques yielded over 10 million high resolution (5-20 cm) 

LIDAR points of the Last Chance Canyon topography and ~900 GPS positional 

measurements for three stratigraphic marker beds (i.e., ―Big Brown‖, ―Meter Brown‖, 

and ―Hayes‖ sandstones).  This data was combined with Shuttle Radar Topography 

Mission (SRTM) data and used to construct both digital elevation model (DEM) and 

triangular irregular network (TIN) surfaces of the study area.  These models were then 
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used to build elevation, slope, aspect, and isopach maps.  Traditional techniques resulted 

in identification of six lithofacies.  Lithofacies 1 is the deepest and is interpreted to 

represent a subtidal environment, while Lithofcaies 6 is the shallowest and is interpreted 

to represent a supratidal environment.  A tide-dominated coastal system conceptual 

geologic model of the lower Grayburg Formation was constructed and used to define an 

idealized facies cycle that represents an upward shallowing parasequence package that 

was initiated with deposition of Lithofacies 1 and terminated with deposition of 

Lithofacies 6.  There are variations in the cycle facies stacking patterns that are present 

within the study area and are interpreted to be caused by tidal-ravinement surfaces and 

truncation.  Finally, a panoramic photograph of the northeast wall of Last Chance Canyon 

is interpreted and results in capturing sandstone bodies both truncating carbonate 

mudstone and amalgamating on the updip side of the study area.   

By combining LIDAR and DGPS technologies the lower Grayburg Formation’s 

subtle dip anomalies were identified and used to determine current day structural dip and 

―true‖ depositional dip.  Isopach maps defined the wedge shaped geometry of the lower 

Grayburg Formation and helped orient facies transitions in a basinward direction.  Field 

observations aided in identifying variations in facies stacking patterns within the lower 

Grayburg Formation and are interpreted to be directly influenced by tidal-ravinement 

surfaces and truncation that result in updip thinning of parasequences and amalgamation 

of sand bodies.  By combining digital mapping and traditional outcrop techniques the 

lower Grayburg’s onlapping wedge is interpreted to represent a much more geologically 

complex system than the stately onlap. 
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CHAPTER I 

INTRODUCTION 

Geologists debated over 100 years ago whether a graphical form was best to 

represent field observations (McCaffrey, 2005).  To this day, a geologist’s form of 

mapping field observations on a 2-D map has remained virtually unchanged.             

Paper-based field methods have made significant contributions in our understanding of 

the earth’s subsurface, but they are very time consuming and often imprecise. The 

modern geospatial mapping technologies, such as the light detection and ranging 

(LIDAR) and the differential global positioning system (DGPS), allow for digital 

capturing of beds and have the ability to perform geospatial analysis to examine stratal 

geometries, thicknesses variations, and structure orientations of beds while adding 

supreme sub-meter spatial precision. This geospatial technology can then be used to help 

better understand subsurface geology by the application to outcrops of interest.  This 

specific research aims to apply the above technologies in high-resolution stratigraphic 

mapping of the lower Grayburg Formation (Guadalupian) of the Permian Basin, U.S.A.   

The Grayburg is a Middle Permian, mixed siliciclastic-carbonate formation on the 

periphery of the Delaware and Midland basins that is well exposed in Last Chance 

Canyon, Guadalupe Mountains (Barnaby & Ward, 2007; Figure 1).  It is located in 

southeastern New Mexico 20 km northwest of the Capitan Escarpment and 15 km east of 

the Algerita Escarpment.  The attraction to Last Chance Canyon is due to the vast three-

dimensional exposures that display extraordinary stratal geometries.  The Grayburg has 
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produced over 2.5 billion barrels of oil from more than 20 major Grayburg fields around 

the Permian Basin (Barnaby & Ward, 2007).  These oil producing fields can only be 

studied at the interwell-scale by examining their correlative or geologically similar 

outcrops, since current drilling practices at best allow for 10-20 acres spacing.  The 

outcrops in Last Chance Canyon facilitate the study of Grayburg’s shallow-marine cycle 

and allow researchers to learn and develop a conceptual geologic model that can in turn 

be used for similar mixed siliciclastic-carbonate reservoirs.  In this study, three forms of 

recent technology (LIDAR, DGPS, and Geographic Information System (GIS) software) 

are used for data acquisition, post-processing, and finally, interpretation.  It is the 

integration of these technologies that allow for more spatially precise, three-dimensional 

(3-D) mapping of the beds.   

LIDAR is an optical sensing technology that measures properties of scattered 

light to find range and other information of a distant target (Bellian, Kerans, & Jennette, 

2005).  Ground-based LIDAR operates by sending a laser pulse to a remote object (i.e., 

canyon wall).  The pulse then hits the target and bounces back and returns to a detector.  

The beam direction (horizontal and vertical angles) and distance are measured relative to 

a pre-defined baseline.  These three measurements made in Spherical coordinate are 

transformed into the X, Y, Z (easting, northing, and elevation) values in Cartesian 

coordinate.  Because LIDAR can only measure the position of the target relative to itself, 

a Global Positioning System (GPS) is necessary in order to place the topographic 

measurements in a geographic coordinate system such as the Universal Transverse 

Mercator grid.  LIDAR can be used in fast scan mode to make full 3-D photorealistic 



Texas Tech University, Sergio R. Ojeda, May 2011 
 

3 
 

outcrop images or to acquire the position of a remote object by the point-and-shoot 

method.   

GPS is a satellite-based technology that gives precise positional information.  

Since recent developments have made GPS units lightweight and inexpensive, it is now 

the primary method for field mapping (McCaffrey et al., 2005). GPS gathers its 

measurements from a single receiver.  The alternative method known as DGPS, uses two 

or more GPS receivers in order to remove most range errors and therefore, greatly 

improves the accuracy of the position measurements (Bolstad, 2005).  DGPS is the 

method chosen for this study for its increased accuracy.  Geographical Informational 

Systems (GIS) are computer-based systems used to collect, maintain, store, and analyze 

spatial data and information (Bolstad, 2005).  GIS can be used to import data from 

LIDAR and DGPS technologies to perform spatial analysis.   

The data and interpretations presented here are based on description, digital 

mapping, and spatial analysis along continuous exposures of lower Grayburg strata in 

Last Chance Canyon and Gilson Canyon in the Guadalupe Mountains.  Three-

dimensional outcrop views due to erosion and opposite canyon walls along the 

interpreted depositional and structural dips allow for better characterization of the 

thickness variations and structural orientations of the lower Grayburg Formation.  By 

utilizing high-precision geospatial mapping and surveying technologies, this study will 

help gain a more detailed knowledge of the depositional history of the lower Grayburg 

Formation especially as it applies to the lower Grayburg onlapping the San Andres 

Formation.  
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Figure 1: Diagram showing the regional paleographic setting during the Late Guadalupian (Permian) and location of 21 major 
Grayburg fields that have each produced more than 10 million barrels.  Note the interpreted locations of land masses during Late 
Pennsylvanian to Middle Permian and red arrows indicating directions of sediment transportation.  Gray = deeper-water parts of basin; 
stippled = modern mountain ranges (Modified from Sonnenfeld, 1993; and Hill, 1996; and Olszewski & Erwin, 2009).  
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CHAPTER II 

GEOLOGIC SETTING AND BACKGROUND 

 The Guadalupian (Middle Permian) Grayburg Formation is on the Northwest 

shelf of the Permian Basin, which lies between the active basin and range province on the 

west and the non-active Great Plains region on the east (Hill, 1996; Figure 2).  The 

Grayburg Formation (Middle Permian; Figure 3) crops out in Last Chance Canyon and 

Gilson Canyon within the Guadalupe Mountains, on Sitting Bull Falls Road in Lincoln 

National Forest (Figure 4).  This location is in Eddy County, New Mexico, approximately 

20 km northwest of the Capitan Escarpment and 15 km east of the Algerita Escarpment 

(Figure 2). 

 The Permian Basin was originally part of a larger basin, known as the old 

―Tabosa Basin‖.  The ―Tabosa Basin‖ formed during the Cambrian by rifting of a 

continental block inland from a continental margin of the North American craton 

(Dickinson, 1981).  Major tectonic activity occurred later in the Late Mississippian 

through Early Permian when the Ouachita Mountains were uplifted as the southern 

continent Gondwana collided with Laurasia to form Pangea (Hill, 1996; Figure 5).  Major 

block faulting during the Pennsylvanian later split the old ―Tabosa Basin‖ into three 

sections: the Midland Basin, the Central Basin Platform, and the Delaware Basin (Figure 

6).  According to Hill (1996), this basement block faulting in the Delaware Basin created 

the Huapache, West Platform, and central Delaware Basin fault zones.  During the Late 

Pennsylvanian to Early Permian, mass wasting sediments from the Marathon-Glass 
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Mountain region filled the southern Delaware Basin (Hayes, 1964).  Most of the sediment 

supplied during the Middle to Late Permian came from the Pedernal landmass and the 

Ouachita uplift (Hill, 1996; Figure 1).  During the Permian, the Delaware Basin 

accumulated 3-5 km of limestones, shales, sandstone, and eventually evaporites in 

deposits of the Wolfcampian, Leonardian, Guadalupian, and Ochoan Series (King, 1948; 

Figure 3).  This caused a high rate of subsidence in the deep water Delaware Basin, 

controlled the depositional environment, and permitted the shelf to remain shallow 

throughout most of the Permian (Hill, 1996).  The Delaware Basin area was tectonically 

relatively stable during the Permian except for a slight easterly tilting during the Late 

Permian. 

 The long interval of relative serenity was terminated by uplift, tilting, and folding 

during the Laramide Orogeny (Late Cretaceous-Early Tertiary) (Hill, 1996).  This led to 

anticlinal growth in the eastern side of the present day Guadalupe Mountains.  Late 

Tertiary Basin and Range normal faulting overprinted the folds with uplifting, tilting, and 

monoclinal folding and is responsible for exposures of Permian facies including the 

Guadalupian Series (Hill, 1996; Figure 2).  The eastern limit of the Basin and Range 

normal faulting is along the western side of the Guadalupe Mountains (Figure 2).   

The present day wedge-shaped topography of the Guadalupe Mountains 

developed during the later stage of extension of the Basin and Range Phase (20-2 Ma) 

(Hill, 1996).  In Last Chance Canyon, only the eastern side has monoclinal folding 

present.  This is due to the northwest-trending structure called the Huapache Monocline 

(Figure 2).  It is exposed in Slaughter and Last Chance Canyon and continues into the 
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subsurface south of the Capitan Reef Escarpment (Hill, 1996).   The monocline is 0.8-4.0 

km wide and has structural relief of 100-120 m in the northern part to as much as 300-

340 m in the southern just north of Guadalupe Ridge (Hill, 1996).  The Huapache 

Monocline is a surface fold that represents the much older fault called the Huapache 

Thrust Fault. This is represented on the surface by the draping of San Andres and 

younger Permian sediments over strata offset by the reactivation of the Huapache Thrust 

Fault at depth (Hill, 1996).   

Paleogeography and Climate 

Barnaby and Ward (2007) describe Permian time as ―a period of transitional sea-

level cyclicity between high-amplitude (60 to 100-m) glacial-eustatic icehouse 

fluctuations of the Pennsylvanian and the low-amplitude (less than 10-m) eustatic 

greenhouse fluctuations of the Triassic‖ (p. 36).  During the Middle Permian, the Permian 

Basin was within the supercontinent Pangea and paleogeographic reconstructions place it 

at 0˚ to 5˚ N latitude (Barnaby & Ward, 2007; Figure 7).  However, during the Middle to 

Late Permian, arid conditions existed and are indicated by Guadalupian-age dolomites, 

evaporties, eolianites, and terrigenous red beds (Meissner, 1972).  Scotese and Mckerrow 

(1990) concluded that the Permian equatorial regions were affected by tectonic activity 

including the rising of Variscan, Appalachian, and Mauritamide Mountains. These 

orogenic activities blocked the wet equatorial easterly winds and cast a rain shadow over 

much of central Pangea (Scotese & Mckerrow, 1990).  Paleoclimate modeling suggests 

that a monsoonal atmospheric circulation system developed due to the emergence of 

numerous continental areas above sea-level (Scotese & Mckerrow, 1990; Barnaby & 
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Ward, 2007).  A high-pressure cell developed during the Northern Hemisphere winter 

and resulted in northeasterly winds (Parrish & Peterson, 1988; Barnaby & Ward, 2007).  

Work by Peterson (1988), Kocurek (1998), and Kirkland (1998) also confirm and 

correspond with the interpreted northeasterly paleowind direction.   

Grayburg Formation 

The Middle Permian Grayburg Formation (Middle Guadalupian) was originally 

defined by Dickey (1940) from a section in a plugged and abandoned oil well named the 

Cecil H. Lockhart’s Root Permit No. 2.  It was drilled in Eddy County, southeast, New 

Mexico and completed in November, 1933 (Dickey, 1940).  Dickey understood the beds 

cropped out in the Guadalupe Mountains and noted that they should be measured and 

defined in some future time.   The original surface type locality for the Grayburg 

Formation was proposed in 1954 by Moran (1962) and is located in an un-named canyon 

above Sitting Bull Spring, in Eddy County, southeast, New Mexico.  The locality was 

chosen based on the thickness and entirety of the section.   

Guadalupian hydrocarbon reservoirs in the Delaware Basin are primarily 

produced from the San Andres and Grayburg carbonates deposited on shallow-water 

shelves (Dutton et al., 2005).  The Bureau of Economic Geology named the producing 

reservoir interval the San Andres and Grayburg Platform Carbonate play in 1989 (Hill, 

1996).  The San Andres-Grayburg reservoir is the most prolific reservoir interval in the 

Permian Basin and produces along the Central Basin Platform, the northern shelves of the 

Delaware Basin, Midland Basin, and the Ozona Arch as shown in Figure 1 (Barnaby et 
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al., 2007).   Reservoirs in the Grayburg Platform Carbonate play are thick, dolomitized, 

and subtidal portions of shoaling-upward cycles (Bebout et al., 1987).  The quality of the 

reservoir is strongly influenced by diagenesis and more specifically, by dolomite 

alteration and anhydrite alteration and removal (Ruppel & Lucia, 1996).  The Grayburg is 

also split into a separate Grayburg platform mixed clastic-carbonate play.  This reservoir 

produces from the porous and permeable lower Grayburg fine-grained sandstones and 

coarse siltstones.  The Grayburg mixed-siliciclastic reservoirs are not continuous due to 

the porosity and cementation variability (Hill, 1996).  The Grayburg siliciclastics are 

interpreted to be eolian in nature, deposited during sea-level lows, and reworked during 

sea-level rises or transgression (Ruppel, 2001).   

A spike in the production during the mid-1980’s was caused by the 

implementation of waterflood projects in many of the Grayburg reservoirs.  Advanced 

secondary recovery methods improved recovery ratios by targeting remaining mobile oil 

and residual oil in mature fields (Dutton et al., 2005).  Recent advances in reservoir 

development in the Grayburg Formation also include the implementation of carbon-

dioxide injections and horizontal drilling.  These secondary recovery projects have led to 

increased interest in studying the facies associations, thickness variations, stratal 

geometries, and lateral variability of the Grayburg/San Andres Formations.  

Nomenclature and Stratigraphy 

The stratigraphic nomenclatures of rocks from the Upper Guadalupian in this 

region have undergone various iterations in order to establish adequate and precise 



Texas Tech University, Sergio R. Ojeda, May 2011 
 

10 
 

terminology that can be used in the entire Permian Basin.  The sequence includes the 

Tansill, Yates, Seven Rivers, Queen, and Grayburg Formations shown in Figure 3.  The 

terms ―Whitehorse‖, ―Chalk Bluff‖, and ―Bernal‖ were used to define the Guadalupian 

shelf rocks prior to 1962.  However, this nomenclature was very ill defined and at times 

did not have a type stratigraphic section or precise stratigraphic limit designated.  The 

Stratigraphic Studies Committee of the Roswell Geological Society proposed the new 

term ―Artesia Group‖ be used to apply to all shelf rocks above the San Andres formation 

and below the Ochoan Series (Taite et al., 1962).  The Grayburg Formation is now the 

oldest or lowermost unit of the Artesia Group.   

The Grayburg ranges in thickness from 80 m in the most landward exposure on 

top of the San Andres platform to more than 365 m along the Western Escarpment 

(Barnaby & Ward, 2007).   The Grayburg Formation in the study area overlies the San 

Andres Formation and is separated by a sequence boundary (Sarg & Lehmman, 1986; 

Figure 8).  Boyd (1958) was the first to pick the San Andres-Grayburg contact using a 

poorly defined color change in the Brokeoff Mountains.  Hayes (1964) subsequently 

picked the top of the San Andres at an angular unconformity between carbonate 

clinoforms of the upper San Andres and flat siliclastic Grayburg strata in the Last Chance 

Canyon region (Barnaby & Ward, 2007).  This boundary was finally interpreted to be a 

sequence boundary by Sarg and Lehmman (1986).  The Grayburg is then overlain by the 

Queen Formation and was originally mapped as an undifferentiated succession by Boyd 

(1958).  Later, Hayes (1964) placed the top of the Grayburg below a ―locally conspicuous 
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sandstone‖ within the Queen Formation (Barnaby & Ward, 2007).  This boundary was 

eventually interpreted as a sequence boundary by Sarg and Lehmann (1986).   

The Grayburg was once thought to grade basinward into the lower part of the 

Goat Seep reef (Hill, 1996).  It was considered to be time-equivalent with the Getaway 

Limestone member of the Cherry Canyon Formation.  However, further research in the 

1980’s proved that a major erosional surface truncates the Grayburg and therefore, makes 

the Grayburg older than the Goat Seep.  The basinal equivalent of the Grayburg 

Formation is the Cherry Canyon Formation of the Delaware Mountain Group (Hill, 

1996). 

Sequence Concepts and Definitions 

 The basic sequence is defined as a ―stratigraphic unit composed of genetically 

related strata bounded at its top and base by unconformities or their correlative 

conformities‖ (Mitchum et al., 1977).  The sequence can then be further divided into 

three systems tracts: 1) lowstand systems tract (LST), 2) the transgressive systems tract 

(TST), and 3) the highstand systems tract (HST) (Van Wagoner et al., 1988).  Within 

these tracts are high-frequency cycles which refer to the smallest-scale upward-shoaling 

facies succession that can be correlated across facies tracts.  These record a single rise 

and fall in relative sea-level and are analogues to the parasequence (Van Wagoner et al., 

1990).  Composite cycles are composed of several high-frequency cycles arranged into a 

transgressive-regressive succession and bound by flooding surfaces.  A high frequency 

sequence (HFS) is a larger-scale cycle of genetically related high-frequency cycles and 
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composite cycles that is bounded by unconformities or correlative unconformities 

(Mitchum & Van Wagoner, 1991).  A composite sequence (CS) contains unconformity-

bounded HFS.  These have well-defined lowstand, transgressive, and highstand 

components and are equivalent to a third-order cycle (Goldhammer et al., 1990).   

Sequence Stratigraphy Framework 

  The sequence stratigraphic framework of the Grayburg Formation has been 

studied by many researchers including Sarg and Lehmman (1986), Kerans and Nance 

(1991), Kerans et al. (1993), and Barnaby and Ward (2007).  The following is a brief 

explanation of the sequence stratigraphic framework from the researchers mentioned 

above.   

 The Grayburg Formation was first interpreted to be a third-order depositional 

sequence by Sarg and Lehmman (1986).  Later, Kerans and Nance (1991) subdivided the 

Grayburg into two distinctive systems tracts.  They interpreted the lower part of the 

Grayburg to be a lowstand/transgressive systems tract and the upper a highstand system 

tract.  Kerans et al. (1993) re-evaluated the Grayburg and interpreted it to be a CS 

composed of two HFS, the Guadalupian HFS 14 and 15.  This interpretation placed the 

base of HFS 15 at the maximum flooding surface of Kerans and Nance (1991).  Barnaby 

and Ward (2007) further divided the Grayburg into 4 HFS.  They concluded that 

correlation with Kerans et al. (1993) would position their HFS 1 and 2 to be equivalent 

with Kerans et al. (1993) Guadalupian HFS 14.  This would also make their HFS 3 and 4 

equivalent to Kerans et al. (1993) Guadalupian HFS 15.   
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Previous Work 

 Many researchers have studied the San Andres and Grayburg outcrops in the 

Guadalupe Mountains to better understand the sequence stratigraphy, facies architecture, 

and basic stratal geometries in order to apply it to subsurface reservoirs.  The following is 

a brief description of the previous work done on the Grayburg Formation in the Permian 

Basin, U.S.A.    

As noted earlier, the Grayburg was first defined by Dickey (1940) and Moran 

(1962) later proposed the surface type locality in the Sitting Bulls Falls area of the 

Guadalupe Mountains (Kerans and Nance, 1991).  The Brokeoff Mountains and Algerita 

Escarpment areas were later mapped by Boyd (1958).  Hayes (1959, 1964) mapped the 

central and northern Guadalupe Mountains exclusive of the Brokeoff Mountains (Figure 

9).   Naiman (1982) studied the Grayburg Formation in the Last Chance Canyon area to 

describe and characterize it in a depositional and digenetic analysis.  Sarg and Lehmann 

(1986) also worked the Grayburg Formation in Last Chance Canyon in a regional 

sequence stratigraphic synthesis.  Fekete et al., (1986) worked out the basin margin 

relationships and erosional history of the Grayburg Formation along the western 

escarpment of the Guadalupe Mountians.  Later, Kerans and Nance (1991) examined the 

high frequency cyclicity and regional depositional patterns of the Grayburg Formation 

along the Algerita Escarpment, Stone Canyon, and Shattuck Valley Walls.  Hill (1996) 

compiled a book about the geology of the Delaware basin and described the basic 

stratigraphy, structural geology, paleogeography, and more general information over the 

Grayburg Formation reservoir.  Barnaby and Ward (2007) worked the stratigraphic 
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hierarchy, facies architecture, and geologic heterogeneity of the Grayburg Formation in 

Plowman Ridge and West Dog Canyon in the Brokeoff Mountains (Figure 2).  More 

recent work on the Grayburg Formation involves Lindsay (2009) who has compiled over 

90 measured sections and information on the lithofacies distribution on both the west and 

east sides of the Queen Plateau in order to help provide a better sequence stratigraphic 

model of the Grayburg.  Finally, Alway et al. (2010) worked the Grayburg Formation in 

Last Chance Canyon and has helped gain a better understanding of the high resolution 

sequence stratigraphic framework. 

 The use of LIDAR based technology, DGPS, and associated software packages 

has allowed for less expensive, more precise collection and analysis of georeferenced 

field data.  This technology has advanced exponentially in the last decade.  McCaffrey et 

al. (2005) wrote one of the first papers discussing the typical workflow for digital 

fieldwork.  The research also discussed the importance of digital field data acquisition 

and explained new types of spatial analysis that were previously impossible.  McCaffrey 

et al. (2005) still agree that no technology can replace a conceptual geologic model inside 

a geoscientist’s mind.  However, these authors suggest that instead of an abstraction or 

schematic representation inside a geoscientist’s mind, a three-dimensional model of 

geologic features can now be based on real data locations and viewed on a computer 

screen.  Bellian et al. (2005) described in detail their workflow to use terrestrial scanning 

LIDAR technology in stratigraphic modeling.  This research discussed LIDAR 

technology in depth and described ways the technology can aid in the building of digital 

outcrop models (DOMs).  Bellian et al. (2005) also described the process to track 
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stratigraphic horizons in 3-D and to extract more precise 3-D shape information from 

outcrops.  
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Figure 2:  Location map of the Guadalupe Mountains and Last Chance Canyon research area within the Permian Basin,  
United States.  Note the location of the interpreted Grayburg and San Andres shelf margins.  (Modified from Sonnenfeld, 1993; and  
Kerans & Nance, 1991).
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Figure 3:  Stratigraphic nomenclature of upper Leonardian through Guadalupian strata of 
the Permain Basin.  The Artesia Group is composed of the Tansill, Seven Rivers, Queen, 
and Grayburg Formations (noted by red bracket).  Note the relative importance of the 
Grayburg Formation as a hydrocarbon producing unit.  The Grayburg Formation has 
produced more than 2.5 billion barrels of oil. (Modified from Barnaby & Ward, 2007). 
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Figure 4:  Aerial photograph of Last Chance Canyon, Gilson Canyon, and Wilson Canyon.  Note the extent of Phelps and Kerans 
(2007) LIDAR based project of the San Andres Formation and the author’s current research extent.  Red star indicates location of 
measured section (Appendix) courtesy of Exxon Mobile Research and Development Company. (Modified from Phelps & Kerans 
2007).  
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Figure 5:  Figure showing the location of the Delaware Basin in relation to the collision 
of Laurasia and Gondwana during the Mississippian to Early Permian.  (Figure from 
Ross, 1978a). 
 
 
 
 

 
Figure 6:  Diagram showing the Delaware Basin area in the Paleozoic:  (Left) the 
―Tabosa Basin‖ during the Pennsylvanian, (Center) the Permian Basin during Early 
Permian, and (Right) Delaware Basin during Late Permian.  (Figure from Hill, 1996). 
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Figure 7:  Regional paleogeographic reconstruction of Pangea during Middle 
Guadalupian (275 Ma).  Note the position of the Delaware Basin (denoted by arrow).  
(Figure from Blakely, NAU Geology, 2011).   
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Figure 8:  Late Leonard to Middle Guadalupian age stratigraphic units of the Guadalupe 
Mountains.  Note the location of Last Chance Canyon within this framework.  Diagram 
showing the interpreted sequence boundaries (SB), dowlap surfaces (DLS), and 
transgressive surfaces (TS).  Refer to Figure 2 for an aeriel view of the interpreted 
sequence boundaries.  (Figure from Sarg & Lehmman, 1986).    

 

 



Texas Tech University, Sergio R. Ojeda, May 2011 
 

22 
 

Figure 9:  Geologic map of the Guadalupe Mountains (after Hayes, 1964) showing the          
location of Last Chance Canyon and the Huapache Monocline.  (Figure from Kerans & 
Nance, 1991).   
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CHAPTER III 

 

STATEMENT OF PROBLEM 

 The need to fully understand reservoir heterogeneity at all scales has driven 

researchers to perform detailed outcrop studies (Barnaby & Ward, 2007).   These studies 

have helped reservoir geologists by demonstrating that significant variability in bed 

continuity and rock properties exists and can have a significant impact on the flow of 

fluids in reservoirs (Cross et al., 1993).  This is especially true at the bed scale, which is 

the fundamental scale at which fluids (oil, gas, and water) are delivered to a well bore.  

Unfortunately, these flow unit-scale heterogeneities are difficult to recognize with 

subsurface data such as seismic and well logs because these data sets cannot assess the 

lateral changes in bed thickness, lithofacies, or petrophysical properties (Grant et al., 

1984).  Therefore, in order to fully understand flow unit-scale heterogeneities in the 

subsurface, analog outcrop studies are critical as these allow for complete 

characterization of lithofacies, bed continuity, and geometry changes typical of the 

subsurface.   

 High-resolution sequence stratigraphy has evolved from the original concept of 

sequence stratigraphy in that it has progressed from seismic scale to above seismic scale 

resolution (Aitken & Howell, 1996).   This high-resolution scale has greatly improved 

our understanding in facies geometries and reservoir architecture.  High-resolution 

correlation has proven to be the best means of identifying heterogeneities that divide 

reservoirs into fluid-flow compartments that eventually control the rates of fluid-flow 

through reservoirs (Cross et al., 1993).  This is because chronostratigraphic bounding 
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surfaces often correspond with petrophysical boundaries within fluid-flow compartments.  

High-resolution correlation also allows for transforming one-dimensional information 

from well logs into better predictions about three-dimensional stratigraphic relationships.   

 The application of sequence stratigraphic principles for high-resolution 

correlation and facies mapping to help improve our understanding of subsurface 

reservoirs has been demonstrated in both the underlying San Andres Formation 

(Sonnenfeld, 1991; Kerans et al., 1994) and the Grayburg Formation (Barnaby & Ward, 

2007).   Previous sequence stratigraphic work in the Grayburg Formation recognizes the 

Grayburg Formation composite sequence onlapping the San Andres composite sequence.  

This onlap is interpreted to be a third-order sequence boundary separating the underlying 

San Andres Formation from the Grayburg Formation (Sarg & Lehmann, 1986; Barnaby 

& Ward, 2007; Figure 10).   This has been identified by field observation in both the 

Plowman Ridge area (approximately 30 km to the southwest of the author’s current study 

area; Barnaby & Ward, 2007) and in the entrance to Last Chance Canyon (Sarg & 

Lehmann, 1986).   Previous researchers have recognized the onlapping wedge geometry 

thickening into the basin.  However, this has only been vaguely documented and very 

generally described using the ―paradigm‖ or ―universal‖ model of an onlap (Galloway, 

2006).  This in a regional sense is true; however, this particular research questions this 

―paradigm‖ model of how the Grayburg onlapping wedge developed during deposition.  

This study also questions if the flow unit-scale of an onlapping wedge in similar geologic 

settings would behave as the ―paradigm‖ model suggests. 
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This thesis provides a test for the ―paradigm‖ or ―universal‖ model of an 

onlapping wedge in sequence stratigraphy by using the lower Grayburg Formation in Last 

Chance Canyon, Guadalupe Mountains, as an analog.  In Figure 10, the ―universal‖ 

model of the onlap is presented; however, this study provides evidence that an onlapping 

sequence onto a sequence boundary in this geologic setting is much more geologically 

complex than simply a stately onlap.   

The basic purpose of this research is to construct a high-precision (sub-meter) 3-D 

geographic framework model of the lower Grayburg Formation.  This framework can 

then be utilized as a reference point for stratigraphic interpretations.  This is needed in 

order to better understand the stratal geometries, thickness variations, and structural 

orientations associated with the onlap of the Grayburg composite sequence onto the 

underlying San Andres composite sequence.  More specifically, this research will aid in 

our understanding of the interwell-scale geometries and architectures in an onlapping 

wedge setting.  This will be achieved by combining traditional geologic outcrop 

description techniques, Differential Global Position System (DGPS), light detection and 

ranging (LIDAR), and three-dimensional (3-D) point cloud processing software.   

This study will specifically focus on mapping of three stratigraphic marker 

horizons within the lower Grayburg Formation.  These specific beds oldest to youngest 

are the ―Big Brown‖ Sandstone, ―Meter Brown‖ Sandstone, and finally the ―Hayes‖ 

Sandstone (Figure 11).  The ―Big Brown‖ marker bed is geologically important because it 

is the base of the Grayburg Formation lying immediately above the interpreted sequence 

boundary (SB) between the underlying San Andres Formation and the lower Grayburg 
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Formation and therefore represents a chronostratigraphic surface (Sarg & Lehmann, 

1986; Figure 12).  The ―Meter Brown‖ is a marker bed that has very distinguished thin 

crinkly laminations and can be traced throughout the study area (Figure 13).  The ―Meter 

Brown‖ will help constrain the large scale interwell-scale dip anomalies and thickness 

changes in the onlapping wedge.  The ―Hayes‖ sandstone has been used by previous 

researchers as an excellent marker bed because of its bleach white outcrop appearance 

that can be easily seen for tens of kilometers (Figure 14).  The ―Hayes‖ is interpreted to 

represent the transgressive systems tract of the Grayburg Formation (Sarg & Lehmann, 

1986).  All three of these marker beds allow for subdivision the lower Grayburg 

Formation into structural horizons that can then be used to map subtle changes in 

thickness and dip angles. 

Objectives 

 By integrating traditional field methods with non-traditional state of the art 

methods, this research aims to complete the following key objectives in chronologic 

order:  

1) To define and build a georeferenced three-dimensional geographic framework 

model of the lower Grayburg Formation. 

2) To define the structural framework of the lower Grayburg Formation by the 

mapping of the ―Hayes‖, ―Meter Brown‖, and ―Big Brown‖ stratigraphic marker 

horizons. 
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3) To define the depositional framework of the lower Grayburg Formation by 

interpolating the subtle dip anomalies that will provide the ―true‖ depositional dip.    

4) To define the stratal geometries of the lower Grayburg Formation by producing 

isopach maps that will capture thickness differences between the marker horizons. 

5) To define the depositional environment, evolution, and processes that would 

control the internal architecture of these stratal geometries.   

From these objectives, a full 3-D outcrop analog model can be constructed at a higher 

spatial precision than ever before.  Such knowledge is useful in characterization of the 

subsurface hydrocarbon reservoirs in the Grayburg Formation and can be used as an 

analog for other shallow-marine mixed-siliciclastic reservoirs that occur within an 

onlapping wedge. 
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Figure 10:  Schematic summary cross-section of the San Andres-Grayburg depositional 
sequences.  Note the use of the ―universal‖ model of an onlap between the underlying 
San Andres Formation and the Grayburg Formation, in the Last Chance Canyon study 
area highlighted in yellow. Also note downstepping clinoforms of the upper San Andres 
Formation below the last highstand ramp margin of the San Andres.   (Figure from Sarg, 
1986.)   
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Figure 11:  Panorama of the west nose of the mouth of Last Chance Canyon showing the stratigraphic position of the ―Big Brown‖, 
―Meter Brown‖ and ―Hayes‖ Sandstones.  Note the thickness variation between the base of the ―Big Brown‖ and the  
―Meter Brown‖.  View is to the northeast.  (Photo courtesy of Peter Holterhoff).  

―Hayes‖ Sandstone 
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Sandstone 

―Big Brown‖  
  Sandstone 50 m 
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Figure 12:  Interpreted sequence boundary between the onlapping Grayburg Formation 
and the underlying San Andres Formation.  The ―Big Brown‖ Sandstone overlies a 
crinoids-peloidal packstone of the underlying San Andres Formation.  Pencil circled in 
red for scale.  (Photo courtesy of Peter Holterhoff).  
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Figure 13:  The ―Meter Brown‖ Sandstone is very distinguishable by its thin crinkly 
laminations.  
 

 
 

Figure 14:  The ―Hayes‖ Sandstone is used as a marker bed for its bleach white 
appearance that can be traced throughout the Last Chance Canyon. 
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CHAPTER IV 

INSTRUMENTATION AND FIELD METHODS 

Overview  

Field data acquisition in the Last Chance Canyon study area was carried out on 

six separate trips on January 2009, January 2010, March 2010, May 2010, September 

2010, and January 2011.  Each trip lasted three to four days and three types of data were 

acquired.  The first was high-resolution (1-10 cm) LIDAR scans of the canyon 

topography (Figure 15).  The second was point-and-shoot LIDAR position measurements 

of the three target beds (―Big Brown‖, ―Meter Brown‖, and ―Hayes‖) exposed on the 

canyon walls (Figure 16).  The third was GPS roving position data along the same beds 

(Figure 17).  GPS position measurements were used for anchoring the LIDAR position 

measurement to the Universal Transverse Mercator coordinate system (UTM Zone 13-

North).  The current chapter describes the instruments and methodologies used in this 

study.   

Global Positioning System Surveying  

 GPS is a satellite-based technology formed from a constellation of 24 satellites 

and their ground stations to give precise positional information (Bolstad, 2005; Trimble 

Navigation Limited, 2011).  There are three main components to GPS (Figure 18).  The 

first is a satellite component consisting of the constellation of satellites orbiting the Earth 

at an altitude of approximately 20,000 km.  Each of the satellites orbits the Earth twice 

daily, and at any given time, there are four to eight satellites visible from any 
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unobstructed viewing location on Earth.   The second component of GPS is a control 

segment.  This segment consists of tracking, communications, data gathering, integration, 

analysis, and control facilities.  There are a total of five tracking stations around Earth 

and a master control station located in Colorado Springs, Colorado.  The master control 

station helps signal each satellite with data including course correction, changes in 

operation, and other maintenance issues.  The third component of GPS includes the users 

segment.  The user segment is comprised of individuals with GPS receivers.  These 

receivers operate by recording data transmitted by each satellite and process these data to 

obtain 3-D coordinates.   

 The method for determining GPS positional coordinates starts from broadcast 

signals sent from each GPS satellite (Bolstad, 2005; Trimble Navigation Limited, 2011).  

Each satellite continuously broadcasts data that indicates its positional measurements, 

identity, and the current time.  All GPS satellites are synchronized and therefore these 

recurring signals are conveyed at the same instant.  User GPS receivers detect these 

signals and determine which satellite it came from and the time it took for the signal to 

reach the receiver.  This travel time can then be multiplied by the speed of light to 

determine a range.  By calculating the range to four different satellites simultaneously, a 

user GPS receiver can determine its position in 3-D (Figure 19).   

 The GPS receiver used in this study was a Trimble R3 GPS system.  The Trimble 

R3 GPS system includes a GPS receiver, antenna, and a handheld controller equipped 

with Trimble Digital Fieldbook software (Figure 20).  The post-processing software the 

system utilizes is called Trimble Business Center.  The Trimble R3 GPS system provides 
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many benefits including its precise sub-centimeter accuracy, its ability to operate without 

line-of-sight between points, and its rugged design that can operate in day or nighttime in 

almost any weather condition.  One of the major attractions to the Trimble R3 GPS 

system is its use of carrier phase measurements (Trimble Navigation Limited, 2011).  The 

carrier phase measurements can determine the travel time with more accuracy than the 

traditional coded phase measurements (Figure 21).  The more precise calculated travel 

time results in higher positional accuracy.   

 There are many errors that affect GPS positional measurements.  These include 

uncertainties in satellite positions, atmospheric and ionospheric delays, multipath 

reflectance, and ephemeris errors (Bolstad, 2005).  These errors can be minimized by 

applying modeling techniques.  Because these models are based on typical days, they can 

be erroneous in nature.  Another major error that affects positional accuracy is the 

geometry of the GPS satellites relative to the receiver.  This satellite geometry is 

quantified using a number called the Positional Dilution of Precision (PDOP).  The 

PDOP is a ratio of the volume of a tetrahedron created by the four most widespread 

satellites to the volume defined by the ideal tetrahedron.  This ideal tetrahedron is created 

by one satellite directly overhead and three other satellites spaced at 120° intervals and is 

assigned the PDOP of one.  The lower the PDOP, the better the accuracy of the GPS 

measurements (Figure 22). 
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Field GPS Operations 

 The Trimble R3 GPS systems were used for fast-static and roving surveys in this 

study.  The fast-static surveys were needed to anchor the LIDAR data to the UTM Zone 

13-North coordinate system and to gather the ―known‖ coordinates for the base stations 

used in the roving surveys.  The roving surveys were required to physically trace marker 

beds when the point-and-shoot method could not be applied. 

 The fast-static surveys required two Trimble R3 GPS systems.  The Trimble GPS 

receivers and antennas were set up on tripods and placed approximately 10-20 meters 

apart (figure 23).  The receivers were set up on locations away from vegetation and steep 

canyon walls that allowed an unobstructed view of the sky.  Special attention was also 

taken to make sure the two receivers had a clear line of sight to each other.  The line 

between the two receivers is a vector referred to as a baseline and is imperative in post-

processing of the data.   The receivers were then turned on and allowed five minutes to 

search for satellite coverage and determine a PDOP number.  The number of satellites 

ranged from a minimum of 3 to a maximum of 13 and averaged 9 satellites during the 

majority of surveys.  The PDOP ranged from 1.5 to 30 and averaged approximately 2.5 

for most surveys in this study.  Once the receivers acquired good satellite coverage and 

PDOP numbers, they were run in fast-static mode for a duration of 20 minutes.  After 

finishing the survey, the data was post-processed in Trimble Business Center software.  

The fast-static surveys currently offer the most accurate positional measurements used in 

this study.   
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 The roving surveys also required two Trimble R3 GPS systems.  The Trimble 

receivers and antennas were set up on tripods and placed 10-20 meters apart.  One 

receiver was set up over a ―known‖ coordinate point and remained stationary, while the 

other roving receiver was set on a new point.  Before any operation started, the GPS 

receivers were turned on and allowed five minutes to acquire satellite coverage and 

PDOP.  There were typically 3 to 13 satellites within range of the GPS receivers.  An 

average of 9 satellites were present during the majority of roving surveys.  The PDOP 

ranged from 1.5 to 30 and averaged 3.5.  The PDOP was often higher in roving surveys 

than in fast-static survey due to the proximity of canyon walls when walking out beds.  

Once the satellite and PDOP were in acceptable ranges, the base station operation was 

started and ran for the duration of the roving survey.  The roving receiver first initialized 

a new point for 20 minutes.  It was then used to walk out marker beds using the stop-and-

go kinematic mode.  After all data were acquired, the roving receiver was turned off 

followed by the base station receiver.  Both the base station and roving receiver data were 

combined in order to post-process the data.   

Differential Global Positioning Systems  

Differential Global Positioning Systems (DGPS) are an enhancement to 

autonomous or traditional GPS technology (Bolstad, 2005).   DGPS was designed to 

correct the various inaccuracies in the GPS system and thus improve the overall accuracy 

of the positional measurements.  A good way to think about this enhancement is that 

traditional GPS surveying can help find an airport, while Differential GPS can help pin 

point the center of the runway (Trimble Navigation Limited, 2011). Traditional GPS 
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surveying has a precision of one to two meters while DGPS can offer one to two 

centimeter precision.  There are two types of DGPS operations used in this study.  The 

first is a fast-static survey while the second type is a roving survey.  Both surveys require 

post-processing in order to obtain optimal accuracy of GPS positional measurements. 

The objective of a fast-static survey is to improve the accuracy of the two GPS 

positional measurements gathered in the survey.  This data can then be used to anchor 

LIDAR data to the correct coordinate system or to serve as a base station for the roving 

survey.  The fast-static survey utilizes two static GPS receivers that collect simultaneous 

data from the same constellation of satellites for a period of five to twenty minutes 

(Trimble Navigation Limited, 2011; Figure 23).   After these data are processed, they 

compose a vector which is referred to as a baseline.  This baseline is then run in post-

processing software (i.e., Trimble Business Center) which attempts to average out the 

position uncertainties of each receiver thus making the survey very accurate.   

 The main objective of roving is to survey a large quantity of positional 

measurements quickly, while still maintaining higher accuracy than the traditional GPS 

methods.  The roving survey employs two GPS receivers.  One GPS receiver is stationary 

while the other is used for roving to gather position measurements (Bolstad, 2005).  The 

stationary receiver is called the base station and must be put on a ―known‖ coordinate 

position which has been accurately surveyed beforehand (i.e., fast-static survey).  Since 

the base station is placed on a ―known‖ coordinate position, it can figure out the 

discrepancies in travel time signals and calculate an ―error correction‖ factor.  Thus, one 

receiver can be used to measure timing errors and later apply the correction factors to the 
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roving receiver which is collecting raw range measurements (Figure 24).  It is important 

to point out that the two receivers must be relatively close in proximity to one another.  If 

the two receivers are too far apart, then they do not correspond to the same set of errors 

(Trimble Navigation Limited, 2011). However, since the scale of the GPS system is 

astronomical compared to the small distances humans travel on earth, two receivers 

relatively close (~200 km) in theory will have the same timing errors.     

LIDAR Technology   

 Light Detection and Ranging (LIDAR) scanning is a modern technology 

that is capable of creating 3-D photorealistic images or simply acquiring the position of 

remote objects (McCaffrey et al., 2005).  LIDAR is very much like sonar and radar 

except that it utilizes laser light to measure distances.  LIDAR technology works by using 

pulses of light to strike a surface and measures the time it takes for the pulse to return 

(Bellian et al., 2005; Figure 25).  This two-way travel time is then multiplied by the speed 

of light and divided by two in order to calculate an accurate range.  These measurements 

can vary due to air density but has little to no influence on distances less than several 

kilometers.  The beam direction (horizontal and vertical angles) and distance are 

measured relative to a pre-defined baseline.  These three measurements made in 

Spherical coordinate are transformed into the X, Y, Z (easting, northing, and elevation) 

values in Cartesian coordinate.  Because LIDAR can only measure the position of the 

target relative to itself, a Global Positioning System (GPS) is necessary in order to place 

the topographic measurements in a geographic coordinate system such as the Universal 

Transverse Mercator grid. 
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Modern scanners, such as the Quarryman Pro used in this study, use ―time of 

flight‖ to measure distances based off the average speed of light and now offer sub-

centimeter precision. The Quarryman Pro is the latest version of Measurement Devices 

Limited’s (MDL) ground based LIDAR rock profiling system (Figure 26).  It includes a 

scanner, three battery packs, two flash cards, and necessary wires.  The system’s 

applications include stockpile volume measurements, 3-D mapping, and 3-D rock 

profiling.  The MDL scanner is capable of capturing laser range data at a rate of up to 250 

individual X, Y, Z, and laser intensity points per second.  It has a single-point accuracy of  

+/- 5 cm at 1 cm resolution, angular encoder accuracy of 0.01º at 0.01º resolution, and a 

beam spot size of 1.38 m X 1.85-m (MDL Laser Systems, 2008).  The maximum field of 

view (FOV) is 360 degrees X 180 degrees and has a maximum range of +/- 400 m.  The 

Quarryman Pro provides many benefits including the ability to record data to a compact 

flash card therefore, not requiring any external PDA’s or computers out in the field.   It is 

also relatively light and can be carried in a medium size hiking pack.   The scanner 

permits researchers to utilize the system for fast 3-D auto scanning as well as rapidly 

firing across at a canyon wall or any target by using a method called point-and-shoot. 

Field Methods for 3-D LIDAR Scanning of the Canyon Topography 

 More than 40 3-D LIDAR scans were performed throughout the Last Chance and 

Gilson Canyon study area over a two year period (Figure 15).  The high-precision (1-10 

cm) LIDAR scans captured from the top of the San Andres Formation to the middle of 

the Grayburg Formation (Figure 27).  The extent of the LIDAR scans covered 
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approximately 3.5 square kilometers of continuous outcrop along the canyon walls.  

There were three major steps in recording the LIDAR topographic measurements.   

 The first step was to assemble two Trimble R3 GPS receivers and perform fast-

static surveys for both of them.  Both Trimble R3 GPS receivers were mounted on tripods 

and positioned approximately 10-20 meters away from each other.  The height difference 

between the ground and antenna phase centers was measured in order to input the 

information into the GPS receivers.  The GPS receivers used this data to correct for the 

elevation measurements.  Both GPS receivers were then run in fast-static mode for the 

duration of 20 minutes.  Once the GPS latitude, longitude, and elevation coordinates were 

recorded, the GPS receivers were disassembled and removed from the tripods.  These 

measured coordinates would later be post-processed using Trimble Business Center 

software. 

 The second step was to assemble the Quarryman Pro laser scanner and target in 

order to acquire the range and angle of the target relative to the laser scanner.  Both the 

laser scanner and the target were mounted on the same tripods and in the same positions 

as the GPS receivers.  Special attention was made to note which GPS receiver 

corresponded with the laser scanner.  This information is imperative for the post-

processing procedure.  Both instrument heights were measured relative to the ground and 

input into the laser scanner along with the date, face number, code number, and 

minimum/maximum ranges.   The face number (i.e., st01) was the assigned station 

number to the laser scanner and corresponding GPS receiver.  The code number (i.e., 

st02) was the assigned station number of the target and corresponding GPS receiver.  The 
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laser beam was then fired at the target to acquire the range and automatically recorded in 

the laser scanner’s external memory card.  This also allowed the author to verify if the 

equipment was calibrated correctly by visually inspecting and comparing the range 

between the two instruments.   

 The third and final step was to perform fast scans of the topography across the 

canyon.  There were two types of fast scans performed in every topographic survey.  The 

first type was a coarse scan of the entire road and outcrop within the +/- 400 m range of 

the LIDAR scanner.  These scans were set to horizontal angle (HA) and vertical angle 

(VA) increments of 1.0° although most only included the vertical section of the scan to 

save time.  This provided a spatial resolution of 10-15 cm and lasted an average of 10-20 

minutes.  The second type was a fine scan that solely concentrated on the lower Grayburg 

Formation.  The fine scans were set to HA and VA increments of .05°.  This provided a 

spatial resolution of 1-2 cm and lasted approximately one to two hours. 

Field Methods for Point-and-Shoot of the Beds 

 After performing all necessary fast-auto scans, the scanner was then used for the 

point-and-shoot method.  If a point-and-shoot was performed without any fast scan 

surveys beforehand, the first two steps of the previous paragraph were repeated in order 

to gather the precise coordinates for the GPS stations.  Then, the point-and-shoot method 

could be applied.  The point-and-shoot method was utilized to gather measurement 

positions of the ―Big Brown‖, ―Meter Brown‖ and ―Hayes‖ marker beds that were easily 

identifiable from across the canyon (Figure 16).   
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 After acquiring the range and angle of the target relative to the laser scanner, the 

point-and-shoot method was performed.  The code number assigned to the marker bed 

was input before any data was acquired.  The laser was then aimed at the opposite canyon 

wall exactly on the position of the marker bed of choice and shot to acquire the X, Y, and 

Z data relative to the laser scanner.  The marker bed was traced laterally until it was out 

of range (+/- 400 m).  A new code number was assigned for the next marker bed before 

aiming and shooting the bed.  Once all marker beds were captured, the laser scanner, 

target, and tripods were disassembled.  Later, after all field work was performed, post-

processing of the GPS baselines and registration of the laser scan data were applied to 

georeference the LIDAR data.        

 There are several limitations to this technique that need to be discussed.  The two 

main limiting factors are range and visibility.  The maximum range of the Quarryman 

Pro laser scanner is +/- 400 m and therefore any marker bed over the distance of 425 m 

cannot be acquired.  Most of the canyon walls are within this range but when the canyon 

opens up towards Gilson Canyon and Sitting Bull Falls, ranges are typically 500 m to 800 

m (Figure 4).  The visibility of marker beds is also a limiting factor in this technique.  

The ―Hayes‖ marker bed can be seen very easily throughout most of the canyons because 

of its bleach white color.  However, the other two marker beds (i.e., ―Big Brown‖ and 

―Meter Brown‖) cannot be as easily spotted from across the canyon.  This is due to 

vegetation cover and lack a significant visible characteristic that can be seen for several 

hundreds of meters from across the canyon like the ―Hayes‖ Sandstone.   Therefore, an 

alternate method was needed to completely map out the marker beds horizons where 
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range and visibility affected the point-and-shoot technique.  This method is known as 

roving.   

Field Methods for GPS Roving of the Beds 

The roving method was a vital part of field acquisition.  It helped confirm marker 

bed lateral variability and allowed the author to physically walk marker beds out while 

taking precise GPS positional measurements.  The roving technique was essential when 

the point-and-shoot method could not be performed due to the limitations previously 

discussed.   The method also helped cross-check the point-and-shoot elevation data.  Two 

Trimble R3 GPS receivers were used in the roving operation.  One receiver was used as a 

base station while the other was used as a roving receiver (Figure 23).  There were four 

steps needed to complete the roving operations.   

 The first step involved assembling two Trimble R3 GPS receivers and performing 

fast-static surveys in order to compute the baseline.  Both Trimble R3 GPS receivers were 

mounted on tripods and positioned approximately 10-20 meters away from each other.  

The height difference between the ground and antenna phase centers were measured and 

input into the GPS receivers.  The GPS receivers used this data to correct for the 

elevation measurements.  Both GPS receivers were then run in fast-static mode for the 

duration of 20 minutes.  Once the GPS coordinates were recorded, the GPS receivers 

were removed from the tripods and disassembled.   

 The second step required using a field laptop to run the baselines for the two GPS 

receivers to average out position uncertainties and find their ―known‖ coordinates.  Once 
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the ―known‖ coordinates were computed using Trimble Business Center, one GPS 

receiver was assigned to be the base station.  The other GPS receiver was assigned to be 

the roving receiver.   

 The third step required placing the base station GPS receiver over its original 

position and starting the base receiver operation.  When prompted, the station number 

was entered and the ―known‖ coordinates were input into the base station GPS receiver.  

The base station survey was started and continued throughout the entire roving operation.   

 The fourth step included starting the rover survey and initializing a new point.  

This initialization was later used in computing the baselines for all of the points measured 

during the roving operation.  The initialization took approximately 20 minutes and 

worked much like the static-surveys.  The rover receiver was then used for measuring 

topographic points by applying the stop-and-go method.  The point numbering system 

was input into the roving receiver.  The roving receiver was then used to walk out the 

marker beds.  The raw GPS positional measurements of the marker beds were collected 

every 10-20 m.  This spacing allowed for good lateral coverage while saving battery life 

of the GPS receivers.  The roving receiver would collect each raw topographic 

measurement for approximately 20 seconds.  Once complete, the rover receiver operation 

was ended followed by the base station.  After all field work was finished, the Trimble 

Business Center software was used to post-process the data.  This corrected for timing 

errors associated with the position measurements of the roving receiver data. 
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Traditional Field Methods 

 This study emphasized the importance of integrating recent technology with 

traditional outcrop techniques.  The traditional techniques used in this study were visual 

observations, walking of beds, working of photo panoramas, and hand sample analysis.  

A Nikon D200 camera with Nikkor AF-S DX 18-70mm f/3.5-4.5G IF-ED and Micro-

Nikkor AF-S VR 105mm f/2.8G IF-ED lenses were used to capture high quality outcrop 

panoramas.   

 Visual observations were necessary in order to correctly identify the marker beds 

and their lateral variability.  Before any point-and-shoot or roving operations were 

performed, visual observations were made with binoculars from across the canyon.  Once 

preliminary observations were made with the binoculars, marker beds were physically 

correlated by walking out the bed surfaces.  This was vital in identifying the 

Grayburg/San Andres sequence boundary as well as the other marker beds.  Photo 

panoramas of the study area were also taken of the canyon walls and used to make 

interpretations.  The marker beds were traced on the panorama as well as sedimentary 

features affecting the lateral variability of the beds (i.e., truncation surfaces, 

amalgamating sandstones).   

Four stratigraphic marker beds were described based on color, lithology, and 

sedimentary structures.  These strata cropped out in both Last Chance Canyon and Gilson 

Canyon, but were best accessible for description along the eastern entrance into Last 

Chance Canyon.  The four beds described in this study include the ―Big Brown‖ 
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Sandstone, the ―Meter Brown‖ Sandstone, the ―Hayes‖ Sandstone, and a carbonate 

mudstone to mud dominated wackestone.  The carbonate mudstone to mud dominated 

wackestone is the description of the carbonate beds within the lower Grayburg 

Formation.  The descriptions and interpretations will be discussed in Chapter VI of this 

thesis.   
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Figure 15:  Scan coverage map of the Last Chance Canyon study area.  More than 40 
fast-auto scans were needed to cover the approximately 1.5 km2 field area.   
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Figure 16:  Point-and-shoot data were gathered for the ―Big Brown‖, ―Meter Brown‖, and 
―Hayes‖ Sandstones.  These positional measurements were later used to drape over the  
3-D topography in Arcscene.  View is to the northeast.   

 

Figure 17:  The roving receiver was used to map out stratigraphic marker beds by 
utilizing the stop-and-go kinematic mode.  (Photo courtesy of Peter Holterhoff).   

200 Meters 
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Figure 18:  The three segments that compose the Global Positioning System.  (Figure 
from Bolstad, 2005).   

 

Figure 19:  Range measurements from multiple GPS receivers are combined to narrow 
down the position of a GPS receiver.  At least four satellites are needed in order to pin 
point the GPS receiver’s exact location.  (Figure from Bolstad, 2005).   
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Figure 20:  The Trimble R3 GPS system includes a GPS receiver, antenna, and a 
handheld controller.  This base station is needed to apply the differential correction in 
order to estimate the range measurement errors.   

 

Figure 21:  The schematic demonstrates how coded phase signals are used to calculate a 
travel time.  (Figure from Bolstad, 2005).   
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Figure 22:  GPS satellites spaced close together result in poor PDOP.  The widely-spaced 
satellites geometries have lower positional error and thus a better PDOP.  (Figure from 
Bolstad, 2005).   

 

 

Figure 23:  Typical field setup for performing fast-static and roving surveys.  The two 
GPS stations are approximately 10 to 15 meters apart. (The heights of the tripods are 
approximately 1.5 meters).   

1 m 
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Figure 24:  Post-process differential GPS correction allows users the freedom to perform 
field surveys without having to carry a laptop.  (Figure from Bolstad, 2005).   

 

 

 

Figure 25:  Schematic demonstrating LIDAR technology.  Commercial LIDAR 
instruments are capable of surveying hundreds to thousands of X, Y, and Z points per 
second.  (Photo courtesy of David R. Tribble).   
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Figure 26:  The Quarryman Pro is the latest version of MDL’s Industry Standard laser 
rock profiling system.  The MDL laser scanner can be used to apply the point-and-shoot 
method or to make a complete 3-D scan of an outcrop.  (Photo courtesy of Seiichi 
Nagihara).   

 

Figure 27:  This 3-D point cloud is composed of several high-precision (1-10 cm) LIDAR 
scans merged together in MDL’s software.   

400 
m 
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CHAPTER V 

DATA PROCESSING AND ANALYSIS  

Overview 

Over 10 million LIDAR topographic measurements were recorded in the Last 

Chance Canyon study area.  The point-and-shoot and roving data combined, added an 

additional ~900 topographic measurements (Figure 28).  The LIDAR data set was used to 

produce a high-resolution digital elevation model (DEM) of the study area (Figure 29).  

An aerial photo was then draped over the DEM to produce a 3-D prospective view of the 

field area (Figure 30).  The point-and-shoot and roving data were combined to provide a 

GIS vector (line) dataset that represented each of the three stratigraphic marker beds 

(Figure 28).  These data were then further processed to create Triangular Irregular 

Network (TIN) surfaces for each marker bed (Figure 31).   

First, all LIDAR data was saved in the Quarryman Pro’s external memory card 

and stored in ASCII format.  Before LIDAR data was used to create the DEM, the GPS 

coordinates of the base stations, targets, and roving receivers were post-processed and 

registered to the UTM Zone 13-N coordinate system in Trimble Business Center. The 

corrected GPS coordinates were then used to register and spatially orientate the various 

point clouds using MDL’s software MODEL-ACE (Figure 32).  ArcGIS was used to 

combine, manage, and analyze all digital elevation data.  Since the Quarryman Pro laser 

scanner could not capture all topography of study area, Shuttle Radar Topography 

Mission (SRTM) elevation data were used to fill in the voids (Figure 28).  Then, all 
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LIDAR point cloud data were merged with Shuttle Radar Topography Mission (SRTM) 

data and used to create a 1x1 m digital elevation model (DEM) (Figure 29; Figure 33).   

 A digital aerial photo of the study area was then draped over the DEM and 

yielded the 3-D prospective view in ArcScene (Figure 30).  Point-and-shoot and roving 

topographic measurement data were imported into ArcScene, and used to make triangular 

irregular network (TIN) surface models of the ―Big Brown‖, ―Meter Brown‖, and 

―Hayes‖ marker beds (Figure 31).  The TIN’s were used for analysis including the 

production of slope, aspect, structure and isopach maps.  The current chapter focuses on 

the data processing techniques used in this study.  Results and interpretations of the data 

will be discussed in chapter VII of this thesis.    

Background 

Terrain data are any GIS data that store X, Y, and Z (elevation) information 

(Bolstad, 2005; Childs, 2004).  Some examples of terrain data are points, lines, and 

polygons.  When combined in mass quantity, these data form terrain datasets.   Terrain 

datasets are an efficient way to manage large point data such as LIDAR or SRTM 

elevation points used in this study.    These datasets represent changes in landscapes and 

can be used to display continuity or variability across a surface by interpolation methods.   

Interpolation is a process that can be used to predict cell values at locations that lack data 

points, in this case elevation data between canyon walls.   The two types of surfaces 

created from terrain data in this study were TIN’s and DEM’s.  These surface models and 

the SRTM data are described in detail below.   
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 Most terrain analysis are performed using raster data models such as DEM’s, 

because they are composed of simple structures and are easily manipulated (Bolstad, 

2005; Childs, 2004).  A DEM provides elevation data in raster format.  Raster data 

characterize the world as a set of cells in a grid pattern, and are a natural way to represent 

continuous spatial features (Figure 34).  The cells are square and spaced evenly in the X 

and Y directions.  Each X and Y location stores only a single Z value, making it very 

functional for analysis.   

A Triangular Irregular Network (TIN) is a vector data structure used to display 

surface models commonly used to represent terrain heights (Bolstad, 2005; Childs, 2004).  

A TIN consists of X, Y, Z locations for measured topographic data that are irregularly 

spaced.  These data points are connected by edges that form non-overlapping triangles to 

create a continuous surface that represents the terrain (Figure 31).  Although a TIN’s 

structure is much more complex than raster data models; they are often more suitable for 

storing terrain data with variable relief.  TIN’s can be used to display the elevation, slope, 

and aspect of surfaces.   

The Shuttle Radar Topography Mission (SRTM) was an 11-day mission 

performed on February 11, 2000 by the National Geospatial-Intelligence Agency (NGA) 

and the National Aeronautics and Space Administration (NASA) (Farr, T.G., et al., 

2007).   The sole purpose of the SRTM was to gather high-resolution elevation 

topographic data over most of the world.  The SRTM provided the most complete high-

resolution digital topographic database of Earth.  The SRTM elevation data gathered over 

the Last Chance Canyon study area provided a spatial resolution of 30 m (Figure 33). 
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Post-Processing using Trimble Business Center 

 Before any of the LIDAR or roving GPS data were used to build a 3-D framework 

model of the study area, post-processing was essential to enhance the quality of the 

location data gathered by the GPS receivers.  Differential correction techniques were 

applied using Trimble Business Center.  Trimble Business Center software is capable of 

managing, analyzing, and post-processing all field survey data performed in this study.  It 

allows for easy import and export of field data in a variety of file formats including excel 

format (.csv) used in this study (Trimble Navigation Limited, 2011).   The three major 

steps in post-processing of the GPS data include importing the raw GPS measurements, 

processing of the baselines, and finally exporting the newly corrected GPS coordinates in 

excel format (.csv).   

 The raw GPS data from the base stations and roving receivers were first imported 

into Trimble Business Center.  After the data were imported, all baselines were processed 

to fix range measurement errors.  In fast-static surveys, the two GPS receivers both were 

―base stations‖, therefore, the baselines were run between the two static points.  In roving 

surveys, since one receiver functions as the base station, the baselines were run between 

the base station and each roving position measured.  In post-processing, the base receiver 

was used to estimate a portion of the range measurement errors for each position fix 

(Bolstad, 2005).  By processing the baseline formed by the two GPS receivers, these 

range error corrections were then applied to the roving receiver data.  Trimble Business 

Center processes the data automatically.  To ensure that all baselines were processed 

correctly, the baseline processing report was checked to verify that every baseline had a 
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fixed solution.  The point derivation report was also checked to compare coordinates 

before and after processing to ensure the data was not manipulated by any extreme 

measure.  The average horizontal and vertical precision in the corrected GPS data was 

.007-.05 m.  Once the quality of the data was confirmed, the newly processed GPS data 

was saved and exported in excel format.    

Point Registration using MODEL-ACE 

 After post-processing of the GPS data the newly corrected GPS measurements 

were imported into MODEL-ACE to point register the LIDAR point cloud data.  The 

MODEL-ACE software supports a wide range of laser scanning equipment including the 

Quarryman Pro laser scanner used in this study.  The software is primarily used for 

downloading of point cloud data and point registration.  Since both the fast-auto scans 

and point-and-shoot topographic measurements can only orient themselves relative to the 

scanner, the GPS measurements for the base station and target were needed to anchor the 

data to the UTM Zone 13-North coordinate system.  The three steps required in 

registering the point cloud data include importing the GPS coordinates for the reference 

stations, downloading the raw scan data, and finally classifying and viewing the 

registered point cloud.  The point cloud data sets can then be exported in excel format to 

be used in other third party software such as ArcGIS for further analysis.   

 The first step in point registration was importing the corrected GPS coordinates of 

the base station and target in excel format.  The excel spreadsheet consisted of GPS site 

(name) followed by easting (X), northing (Y), and finally elevation (Z).  The base station 
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and target are known as reference stations in MODEL-ACE.  The second step involved 

downloading the raw scan data from the laser scanner’s external memory card.  The data 

was stored in the external memory card as an ASCII file.  Once the data was downloaded 

successfully, the third and final step consisted of classifing the scan data.   The field 

operations (i.e., fast-auto scans) used in this study required the following classification 

scheme in MODEL-ACE: 

 Fast-auto scan =  fast scan 

 Base station =  reference 

 Target =  resection 

 Point-and-shoot =  points  

The point registration was complete once all observations were set to the correct type.  

The point clouds were then viewed, rotated, edited, and exported in excel format (Figure 

29).  

Building the Digital Elevation Model (DEM) using ArcGIS  

 After data sets had been post-processed and registered, a grid-based digital 

elevation model (DEM) of the study area was built.  The five steps required to build the 

DEM include importing elevation data into Arcmap, converting the elevation data into 

one meter raster files, converting the raster files back into elevation points, combining 

LIDAR elevation data with SRTM elevation data, and interpolating the combined 

elevation data to produce a DEM of the study area. 
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The first step in creating a DEM of the study area was to import all LIDAR 

elevation data into ArcMap.  Unfortunately, due to memory limitations, ArcMap could 

not interpolate millions of elevation data simultaneously.  Consequently, every LIDAR 

scan data set (i.e., January 13th, 2010 fast-auto scan) was imported and saved as separate 

shapefiles.   

The second step included converting each individual point data shapefile into a        

1 x 1 m spaced raster file.  The point to raster process used ―mean‖ cell assignment.  This 

meant thousands of elevation points within the one meter raster spacing were used to 

calculate a mean value to represent the cell.   

After converting the data into 1 x 1 m raster files, the third step required 

converting the raster files back into point elevation data.  This process reduced the 

amount of LIDAR topographic points from over 10 million to less than 1.1 million 

points.  All separate shapefiles were then merged into a single master shapefile.  

The fourth step involved merging the newly combined LIDAR data with SRTM 

data (Figure 33).   The SRTM was editing so that no overlapping would occur.  Since the 

spatial resolution of the SRTM was 30 m, priority was placed on the ground based 

LIDAR elevation data, which offered 1 m spatial resolution.    

Once LIDAR and SRTM elevation data were combined in ArcMap, the final step 

involved interpolating the data using the Topo to Raster method.  This process created the 

surface grid DEM (Figure 29).  The Topo to Raster interpolation method was designed to 

work with known characteristics of elevation surfaces (Childs, 2004).  It is primarily used 
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as a hydrologic tool but proved to be valuable for producing the LIDAR based DEM.  

The Topo to Raster method uses an iterative finite difference interpolation technique.  

Therefore, it essentially allows the fitted DEM to follow abrupt changes in terrain.  The 

following parameters were used in the Topo to Raster interpolation: 

 Output cell size: 1 

 Drainage enforcement: no enforce 

 Max iterations: 40 

 Discretisation error factor: 1 

 Type: point 

Photo Draping using ArcScene 

In order to provide a realistic view of the terrain in the Last Chance Study area, an 

aerial photo was draped over the DEM.  This photo draping technique was performed in 

ArcScene.  The first step required importing the DEM and aerial photo of the study area.  

These were saved as layer (.lyr) files in ArcScene.    The base heights of the aerial photo 

were set to the elevation (Z) values of the DEM.  This allowed for the photo to be draped 

over the DEM and provided the 3-D prospective view shown in Figure 30.  The raster 

resolution of the aerial photo and DEM were both 1x1 m. 

Building the Triangular Irregular Network (TIN) surfaces using ArcScene 

Once a DEM of the study area was created, the point-and-shoot and roving 

elevation data were used to build TIN surfaces for the ―Big Brown‖, ―Meter Brown‖, and 

―Hayes‖ marker beds in ArcScene (Figure 31).  The three major steps involved in 
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creating TIN surfaces include importing of elevation data, sorting the data according to 

marker bed, and finally creating the TIN.   

The first step was to import all point-and-shoot and roving elevation data into 

ArcMap.  The elevation data were then sorted and merged with corresponding data.  For 

example, the point-and-shoot data for the ―Hayes‖ Sandstone were combined with all  

―Hayes‖ roving data.  The sorted data were then saved as shapefiles and converted to     

3-D.  The 3-D shapefiles were imported to ArcScene and cross-checked with the DEM to 

verify the quality.  The final step was to create the TIN surface using the combined 3-D 

shapefile data.  This produced three different TIN surfaces, one for each of the marker 

beds (―Big Brown‖, ―Meter Brown‖, and ―Hayes‖; Figure 31).  The TIN surfaces were 

then further analyzed to produce the slope, aspect, elevation, and isopach maps. 
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Figure 28:  Map of Last Chance Canyon study area showing extent of scan coverage as 
well as marker bed coverage by point-and-shoot or roving.   
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Figure 29:  The Topo to Raster interpolation method was used to create this DEM.  The 
spatial resolution for the DEM is 1 X 1 m.  View is to the North.   

 

Figure 30:  A digital aerial photo of the study area was draped over the DEM to yield this 
3-D prospective.  Both the aerial photo and DEM have a 1 X 1 m spatial resolution.  
View is to the North.   
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Figure 31:  A TIN surface of the ―Hayes‖ marker bed.  TIN’s are created from non-
overlapping triangles that form continuous surface.  Contour interval is 10 m.  View to 
the North.   
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Figure 32:  Point cloud of May 2010 LIDAR scan of Gilson Bowl displayed in MODEL-

ACE software.  When the point cloud has been registered correctly in MODEL-ACE, the 
base station (Stn 1) is denoted by a green square and target station (g2) is denoted by a 
red square.  View is to the East.  

200 m 
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Figure 33:  Map showing LIDAR scan data (yellow circles) merged with SRTM data 
(blue dots).  The SRTM data was edited to prevent overlapping of the LIDAR scan data. 

 

 

Figure 34:  Rasters provide elevation data in grid format.  The cells are square and evenly 
spaced in the X and Y directions.  Each cell only stores one elevation (Z) value.  This 
makes the DEM very functional for analysis.  (Figure from Bolstad, 2005).    
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CHAPTER VI 

LITHOFACIES AND ENVIRONMENT OF DEPOSITIONS 

 This study integrates LIDAR and DGPS technologies with traditional outcrop 

techniques.  The traditional outcrop procedures used in this study include field 

observations, lateral walking of marker beds, and tracing strata on outcrop photographs.  

From outcrop work, six major lithofacies were identified and described by hand sample 

analysis (Figure 35).  These lithofacies were selected with an emphasis on the following 

criteria:  1) Stratigraphic positions between the San Andres/Grayburg sequence boundary 

and the ―Hayes‖ marker bed, 2) Distinct mineralogies (i.e., siliciclastic sand, dolostones), 

and 3) Distinct sedimentary structures (i.e., cross-beds, wave ripples, ect.).  Lithofacies 1-

5 are components of the ―Big Brown‖, ―Meter Brown‖, and ―Hayes‖ sandstones.  

Lithofacies 6 is a general description of the carbonate beds within the lower Grayburg 

Formation.  For reference, a full measured section of the lower Grayburg Formation is 

located in Appendix A.  Its location in within the study area is noted on Figure 4. 

The 6 lithofacies represent specific environments of deposition across a peritidal 

environment (Figure 36).  Sandstones were classified using Folk’s (1974) classification 

scheme.  Carbonate rocks were classified using Dunham’s (1962) classification scheme 

with Lucia’s (1995) modification that subdivides packstones into mud-dominated and 

grain-dominated.   Lithofacies 1 includes the most basinward lithofacies, while 

Lithofacies 6 consists of the most shelfward lithofacies (Figure 35; Figure 36).  Detailed 
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lithofacies descriptions are presented below followed by their interpreted environment of 

deposition.   

Lithofacies 1: Bioturbated Wavy Laminated Quartz Sandstone 

 Description:  Lithofacies 1, bioturbated wavy laminated quartz sandstone, is a 

light to dark brown, fine to medium grained sandstone (Figure 37; Figure 38).  The grains 

are medium-to-well sorted and well rounded.  Three characteristic sedimentary features 

that define Lithofacies 1 are bioturbation, medium parallel wavy laminations, and fining 

upward sequences.  It is also often coupled with medium-to-large scale low-angle cross-

beds.  Contacts and other features include amalgamated beds, truncation surfaces, and 

scour-and-fill.  Lithofacies is continuous in outcrop and massive bedded (1-2.5 m).   

Interpretation:  The environment of deposition for Lithofacies 1 is interpreted as 

a shallow subtidal zone (Figure 36).  This interpretation is primarily based on the 

presence of bioturbation, and medium wavy lamination.  The bioturbation and wavy 

laminations imply relatively low-energy and indicate that deposition occurred below low 

mean tide level.  The scour-and-fill features and truncation surfaces indicate high-energy 

environments and can be explained by high tidal-current velocities within an inundated 

shallow subtidal zone.   

Lithofacies 2: Cross-Bedded Quartzarenite 

Description:  Lithofacies 2, cross-bedded quartzarenite, is a light gray to white, 

fine to very-fine grained sandstone (Figure 39).  It is the most visible lithofacies due to 

the large amount of silica cement (Sarg, 1986).  It is well rounded, well sorted, and 
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displays fining upward sequences.  It is thick bedded (1-1.5 m) and displays a sheet like 

geometry.  Lithofacies 2 displays medium-scale low-angle trough and tabular cross-beds.  

It contains very little-to-no scour-and-fill structures unlike the previous lithofacies.  

Lithofacies 2 is laterally continuous in outcrop and is often capped by carbonate 

mudstone.   

Interpretation:  The environment of deposition for Lithofacies 2 is interpreted as 

a shallow-water, intertidal zone (Figure 36).  This interpretation is primarily based on the 

presence of medium scale low-angle cross beds, the lack of scour-and-fill structures, and 

its fine to very-fine grained nature.  The medium scale low-angle trough cross-beds 

indicate a medium to high-energy environment.  This is interpreted to be due to reversing 

tides within the intertidal zone.  The fine grained nature of the quartzernite could indicate 

a possible sand flat interval within the intertidal zone.  Furthermore, the lack of scour-

and-fill features and truncation surfaces indicate a relatively lower velocity environment 

than that of tidal channels.   

Lithofacies 3: Wave Rippled Quartz Sandstone 

 Description:  Lithofacies 3, wave rippled quartz sandstone, is a tan to dark 

brown, fine grained sandstone (Figure 40).  The sand grains are well sorted and well 

rounded.  It is thin bedded (0.1-0.5 m) and displays small scale symmetrical wave ripples 

(0.3-0.5 cm).  Contact and other sedimentary features include amalgamation, scour-and-

fill, and low-to-medium angle cross-beds.  The bed is continuous in outcrop and often 

grades vertically into Lithofacies 4.    
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 Interpretation:  The environment of deposition for Lithofacies 3 is interpreted as 

a shallow-water, middle-to-upper intertidal zone (Figure 36).  This interpretation is 

primarily based on the presence of symmetrical wave ripples and for its fine grained 

nature.  The fine grained small scale wave ripples suggest deposition in episodic high-

energy events, such as spring tide or flood tide events.  It could also indicate deposition in 

sand flats between tidal channels.  As fine grain sediments spills out from channels 

during rising tides, these sands spread across the intervening flats between channels.   

Lithofacies 4: Planar Laminated Quartz Sandstone 

 Description:  Lithofacies 4, planar laminated quartz sandstone, is a tan to dark 

brown, fine grained sandstone (Figure 41).  The grains are well sorted and well rounded 

and highly weathered.  It is thin to medium bedded (0.2-0.8 m), friable, and displays thin 

planar laminations. This lithofacies is often associated with small wave ripples.  Contacts 

and other features include scour-and-fill, soft sediment deformation, and low-angle cross-

beds.  The bed is not laterally continuous and is often scoured in outcrop.   

 Interpretation:  The environment of deposition for Lithofacies 4 is interpreted as 

a shallow-water, upper intertidal zone (Figure 36).  This interpretation is primarily based 

on the presence of planar laminations and for its fine grained nature.  The parallel 

laminations coupled with its fine grained nature indicate deposition in a lower velocity 

environment.  This is interpreted to be deposited in the sand flats between tidal channels.   
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Lithofacies 5:  Crinkly Laminated Quartz Sandstone 

Description:  Lithofacies 5, crinkly laminated quartz sandstone, is a tan to dark 

brown, fine to medium grained friable sandstone that contains small amounts of 

carbonate (Figure 42).  The grains are well sorted and well rounded.  It is thin to medium 

bedded (0.5-1.0 m) and often displays sharp basal contacts.   Lithofacies 5 displays 

distinct crinkly lamination (0.3-0.5 cm).   Other sedimentary features observed in 

Lithofacies 5 include scour-and-fill, medium angle trough cross-beds, and amalgamation 

of sandstone bodies.   The bed occurs as multiple sets of laterally and vertically 

amalgamated sandstone beds that are often capped by Lithofacies 6, carbonate 

mudstones.   

Interpretation:  The environment of deposition for Lithofacies 5 is interpreted as 

a shallow water, upper intertidal to lower supratidal zone (Figure 36).  This interpretation 

is primarily based on the presence of crinkly laminations.  The crinkly laminations are 

interpreted to be of algal origin.  The presence of algal laminations indicates an 

uppertidal to lower supratidal zone.  This can be formed by alternating eolian deposition 

and algal growth in arid conditions.   

Lithofacies 6: Carbonate Mudstone to Mud Dominated Wackestone  

 Describtion:  Lithofacies 6, Carbonate Mudstone to Mud Dominated 

Wackestone, is very fine grained and cream to tan in color (Figure 43).  It is thin (3-10 

cm), wavy bedded and tends to thicken upward.  It contains < 10% peloids and skeletal 

fragments and appears nodular in outcrop.  This lithofacies commonly contains abrupt 
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upper contacts and is often overlain and scoured by thick bedded quartz rich sandstones 

(Lithofacies 1-5).   

 Interpretation:  The environment of deposition for Lithofacies 6 is interpreted as 

a supratidal lagoon or pond (Figure 36).  This is based primarily on its mud dominance 

and lack of cross stratification.  The mud dominated carbonate and lack of cross 

stratification indicate deposition in a low-energy setting.  The low abundance of peloids 

and skeletal fragments suggest proximity to open marine conditions.  This could be 

explained by the skeletal fragments being transported onto supratidal zone during storm 

events. 
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Figure 35:  Lithofacies 1-6 from deep to shallow. 
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Figure 36:  Schematic diagram displaying the author’s interpreted lower Grayburg Formation peritidal system.  Note location of 
Lithofacies 1-6 denoted by numbers below schematic.  Dip is ~1-2°.    
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Figure 37:  Lithofacies 1—Bioturbated wavy laminated quartz sandstone, displaying low-
angle cross-beds.  (Photo courtesy of Peter Holterhoff). 

 

Figure 38:  Lithofacies 1—displaying bioturbation.  (Photo courtesy of Peter Holterhoff). 

0.5 m 

0.5 m 
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Figure 39:  Lithofacies 2—Cross-bedded quartzarenite, displaying medium-scale low-
angle tabular and trough cross-beds.  (Photo courtesy of Peter Holterhoff). 

 

Figure 40:  Lithofacies 3—Wave rippled quartz sandstone, displaying small scale 
symmetrical wave ripples.  Note scale denoting 0.1 m. (Photo courtesy of Peter 
Holterhoff). 
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Figure 41:  Lithofacies 4—Planar laminated quartz sandstone, displaying thin planar 
laminations and cross-beds.  (Photo courtesy of Peter Holterhoff). 

 

Figure 42:  Lithofacies 5—Crinkly laminated quartz sandstone, note distinct crinkly 
lamination.  Pencil for scale circled in red.  (Photo courtesy of Peter Holterhoff). 

0.5 m 
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Figure 43:  Lithofacies 6—Carbonate mudstone to mud dominated wackestone, contains 
very little skeletal fragments (<10%) and commonly contains abrupt upper contact.  
(Photo courtesy of Peter Holterhoff). 
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CHAPTER VII 

DISCUSSION 

Previously conducted sequence stratigraphic correlation and facies mapping 

studies (Sarg & Lehmman, 1986; Barnaby & Ward, 2007) have interpreted the Grayburg 

Formation to be a composite sequence onlapping the underlying San Andres composite 

sequence (Figure 44).  In previous research, the so-called ―paradigm‖ model has been 

often used for describing onlapping wedge formation processes in sequence stratigraphy 

(Galloway, 2006; Barnaby & Ward, 2007).  This has worked well in a regional scale (10’ 

km).  However, this research questions whether or not this ―paradigm‖ model (10’s km) 

can be used for describing onlapping processes at the inter-well (100’s m).  Modern 

geospatial technologies were used to interpret the stratal geometries, thicknesses 

variations, and structure orientations of the three stratigraphic marker beds within the 

lower Grayburg Formation.  Then, field observations were used in collaboration with the 

geospatial technologies to describe the depositional history of the lower Grayburg 

Formation and more specifically its onlapping process.   

Stratigraphic Surface Analysis 

 Using the LiDAR and GPS roving data, I have constructed 3-D TIN surface 

models of the three marker beds (i.e., ―Big Brown‖, ―Meter Brown‖, and ―Hayes‖).  

These surface models also yielded raster models for slope and aspect maps.  In addition, 

raster isopach maps of the Grayburg sediments were produced between the three marker 

beds. 
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 TIN and DEM surfaces also allow for determining patterns that are sometimes not 

apparent in the original surface, such as slope (Bolstad, 2005).  Slope identifies the 

steepest downhill gradient for any location on a surface (Figure 46).  In a TIN, the slope 

is calculated for each individual triangle, thus it represents the maximum rate of change 

for each triangle.  The slope can be displayed in degrees or as a percentage.  This study 

displays all slope maps in degree format (0º-90º). 

 Both TIN and raster surfaces also allow researchers to calculate the aspect of a 

surface.  The aspect is used to identify the downslope direction (Bolstad, 2005; Figure 

46).  The direction is displayed in azimuth angle, with zero in the direction of geographic 

north.    The azimuth angle increases from 0º to 360º in a clockwise direction.   

“Big Brown” Stratigraphic Surface Model: Figures 48, 49, and 50 

 The interpolated ―Big Brown‖ surface model encompasses an area of 1.8 km2 that 

spans from the entrance of Last Chance Canyon to Sitting Bull Falls Bowl.  The surface 

elevations within the ―Big Brown‖ average 1440.6 m, and range between a minimum of   

1353.6 m to a maximum of 1503.7 m.  Slopes range from a minimum of 0.5° to a 

maximum of ~10.0°.  The overall slope of the ―Big Brown‖ marker bed has a mean 

gradient of 4.80º.   The average slope from a northwest (NW) to southeast (SE) profile is 

~4.5-5.0°, while a southwest (SW) to northeast (NE) profile is ~ 5.0-5.5° (Figure 48; 

Figure 50).  The aspects of the ―Big Brown‖ surface range from ~32.0° (NE) to ~80.0° 

(E).  The mean aspect of the surface is 72.1° which is to the east.   
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 In other words, the ―Big Brown‖ marker bed is dipping east and has a slope of 

4.8°.  However, subtle dip anomalies between the NW-SE and SW-NE two profiles are 

interpreted to represent the difference of structural dip and depositional dip effects on the 

bed (Figure 50).  The steeper southeast to northwest slope profile is interpreted to be due 

to the Huapache Monocline.   

“Meter Brown” Stratigraphic Surface Model: Figures 52, 53, and 54 

 The ―Meter Brown‖ surface model covers an area of 1.9 km2 from the eastern 

entrance of Last Chance Canyon to Sitting Bull Falls Bowl in the western part of the 

study area.  Elevations for the ―Meter Brown‖ surface range from a minimum of     

1354.6 m to a maximum of 1516.8 m and have a mean of 1447.2 m.  The slopes range 

from a minimum of 3.0 º to a maximum of 10.6º and average 4.81º.  The average slope 

from a NW to SE profile is ~4.0-4.5°, while a SW to NE profile is ~ 6.0-6.5° (Figure 50; 

Figure 52).  The ―Meter Brown‖ aspect ranges from a minimum of 39.0º (NE) to a 

maximum of 89.3° (E).  The mean aspect for the ―Meter Brown‖ surface is 69.54º which 

is to the east. 

 The ―Meter Brown‖ marker bed has a structural dip of 4.81º to the east.  Visual 

interpretations indicate the ―Meter Brown‖ surface steepens from west to east.  

Furthermore, the ~2.0° steeper slope profile from SW-NE is interpreted to represent the 

structural effect of the Huapache Monocline (Figure 50).   
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“Hayes” Stratigraphic Surface Model: Figures 55, 56, and 57  

 The ―Hayes‖ surface model encompasses an area of 2.0 km2.  The Hayes marker 

bed was easily traceable through-out the study area and thus covers a larger lateral extent 

than the ―Big Brown‖ and ―Meter Brown‖ marker beds.  The ―Hayes‖ surface elevations 

range from a minimum of 1339.1 m to a maximum of 1525.8 m and average 1450.0 m.   

The mean slope for the ―Hayes‖ surface is 4.96º and ranges from a minimum of 2.7º to a 

maximum of 11.1 º.  The average slope from a NW to SE profile is ~3.5-4.0°, while a SW 

to NE profile is ~ 5.0-5.5° (Figure 50; Figure 55).  The ―Hayes‖ interpolated aspect 

ranges from a minimum of 38.4º (NE) to a maximum of 97.4º (E).  The mean aspect is 

72.96º which is to the east. 

 The ―Hayes‖ marker bed is dipping to the east by a slope of 4.96º.  By visual 

observations, the ―Hayes‖ is interpreted to be dipping ~ 1.5° more to the NE then to the 

SE.  This is interpreted to represent the structural effect of the Huapache Monocline.   

Isopach Maps 

 An isopach map shows geographic variation in thickness of the sediments 

sandwiched between two marker beds.  Three such maps were generated: one between 

the ―Big Brown‖ and the―Meter Brown‖ (BB –MB isopach), one between the ―Meter 

Brown‖ and the ―Hayes‖ marker beds (MB-HY isopach), and one between the ―Big 

Brown‖ and the ―Hayes‖ (BB – HY isopach).   

An isopach map can be generated by subtracting the elevation of the lower 

surface from the upper.  For the present study, the operation involved two steps.  First, for 
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each marker bed, the 3-D TIN surface model has been reformatted into a raster model 

with 1-m grid spacing.  The TIN-to-Raster transformation was necessary for enabling the 

subtraction of the elevation of the two surfaces.  In TIN-based surface models, such 

mathematical operation is not possible unless every single vertex of one TIN surface 

exactly overlaps the other.  In transforming the TIN to raster surface model, I performed 

linear interpolation of the TIN vertices.  Linear interpolation was chosen over other 

schemes because it displayed the subtle dip anomalies that other schemes smoothed over 

(i.e., natural neighbors).  Second, once the raster surface model was obtained for each 

marker bed, the difference in elevation was obtained for each grid cell and yielded the 

isopach maps.   

BM-MB Isopach 

  The BB-MB isopach map is shown in Figure 57.  BB-MB isopach thickness 

ranges from a minimum of 0.0 m on the northwestern edge of the field area to a 

maximum of 14.0 m to the southeast.  The average thickness for the isopach is 8.2 m.  

The general trend of the isopach seems to thicken from northwest to southeast.  However, 

on the most northeastern side of the study area, the isopach displays a thinning to the 

southeast.  The southern edge of the field study area displays a sharp thickening anomaly 

in the center.   

 The northwest to southeast thickness trend displayed in the center of BB-MB 

isopach map is interpreted to represent basinward thickening of the basal lower Grayburg 

Formation.   This interpretation has been confirmed with field observations that will be 
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discussed later in the chapter. The thinning to the northwest of the field area is interpreted 

to represent the ―Meter Brown‖ and ―Big Brown‖ marker beds onlapping the underlying 

San Andres.  The sharp thickening anomaly in the center of the field area is believed to 

be an artifact.  This can be due to the interpolation methods used in creating the DEM’s 

or because of a bad data point.   

MB-HY Isopach 

  The MB-HY isopach map is shown in Figure 58.  MB-HY isopach thickness 

ranges from a minimum of 0.6 m on the northwestern side to a maximum of 20.8 m on 

the southeast side of the field area.  The mean thickness of the MB-HY isopach is 8.15 m.  

The isopach displays a northwest to southeast thickening trend along the nose of Last 

Chance Canyon.  The MB-HY isopach thickens with a much lesser gradient then BB-MB 

isopach.    The southern part of the isopach displays a sharp thinning anomaly. 

 The northwest to southeast thickness trend displayed on the MB-HY isopach is 

interpreted to represent the lower Grayburg Formation thickening towards the basin.  

This interpretation has been confirmed by field observations and will be discussed later in 

this chapter.  The southeast to northwest thinning trend is interpreted to represent the 

lower Grayburg Formation onlapping the San Andres relic shelf margin.  The thinning 

anomaly in the south center of the filed area is believed to be an artifact.  This can be due 

to a lack of data points further to the south, the interpolation method used, or by a bad 

data point.   
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BB-HY Gross Isopach 

 The BB-HY gross isopach is shown in Figure 59.  It encompasses an area of     

~1.9 km2.  Isopach thickness ranges from a minimum of 2.9 m on the northwestern side 

of the field area to a maximum of 27.3 m to the southeast.  The mean thickness of the 

isopach is 16.27 m.  The gross isopach displays a northwest to southeast thickening trend.   

 The northwest to southeast thickening trend is interpreted to display the lower 

Grayburg thickening into the basin.  This is also interpreted to be the depositional dip of 

the lower Grayburg Formation.  Both these interpretations have been confirmed by field 

observations that will be discussed later in the chapter.  The thinning anomaly in the 

south center of the BB-HY gross isopach is interpreted to be due to an artifact.  Since 

elevation data coverage does not go to the south beyond the anomaly, it could be due to 

the interpolation method used in created the stratigraphic models or to a bad data point.  

The author does not believe that this thinning actually occurs but is an artifact of the 

interpolation methods used to create the surface models. 

Idealized Facies Cycle  

The idealized facies cycle for the lower Grayburg mixed siliciclastic-carbonate 

ramp in Last Chance Canyon is shown in Figure 60.  The cycle is a shallowing upward 

parasequence that was initiated with the deposition of Lithofacies 1 and terminated with 

Lithofacies 6 (Figure 61).  It is important to note that the idealized facies cycle is not the 

only facies cycle observed in Last Chance Canyon study area.  It is however, the most 
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observed (> 80%) and can be used to build a conceptual geologic model for the lower 

Grayburg Formation.   

The ideal facies cycle in Last Chance Canyon study area was initiated by an 

erosional surface, which was formed by a relative rapid rise in sea-level (i.e., flooding 

event) that resulted in the deposition of Lithofacies 1 (Figure 37; Figure 60).  This 

erosional surface is interpreted to be a transgressive ravinement surface or more 

specifically a tidal-ravinement surface.  An example of this is evident by Lithofacies 1 

overlying the highstand carbonate bank of the upper San Andres Formation in Last 

Chance Canyon  (Figure 62).  This surface is interpreted to represent a third-order 

sequence boundary (Sarg & Lehmann, 1986).  The bioturbation and wavy laminations 

features within Lithofacies 1 are representative of subtidal facies.  The quartz rich 

sandstone was transported by wind onto the San Andres Formation during sea level 

lowstand.  As the next flooding event caused small scale relative rise of sea-level, the 

trapped sand was reworked and resulted in a tidal-ravinement surface.   

Lithofacies 1 is followed by the deposition of Lithofacies 2.  This phase is 

interpreted to be initiated by normal regression.  As wind transport siliciclastics 

continued to be deposited at a higher rate than then sea-level rise, the shoreline began to 

prograde basinward.  As the shoreline moved basinward, it caused Lithofacies 2 to be 

vertically stacked on top of Lithofacies 1 (Figure 36; Figure 60).  This is evident in 

Lithofaces 2 by the lack of scour-and-fill features as well as the medium scale cross-beds.  

The fine to very fine grained nature of the quartzeranite is interpreted to represent sand 

flat deposits.  
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As the Grayburg shelf continued to prograde, deposition of Lithofacies 3 occurred 

(Figure 36; Figure 60).  The planar laminated sedimentary features in Lithofacies 3 are 

interpreted to represent a middle intertidal sand flat environment.  Lithofacies 3 is 

interpreted to bed deposited across the intervening sand flats in between tidal channels.  

The fine grained nature of the sand, coupled with the small symmetrical wave ripples, 

indicate a low energy environment.   

The deposition of Lithofaces 4 over Lithofacies 3 occurred as normal regression 

continued through the early Grayburg (Figure 36; Figure 60).  The planar laminations 

were formed during a relatively low energy environment, probably either in between tidal 

channels or towards the upper tidal flats.   

 As normal regression conditions continued, the shoreline continued prograding 

and deposited Lithofacies 5 over Lithofacies 4 (Figure 36; Figure 60).  Lithofacies 5 

contains the distinct crinkly laminations that are evidence that it was deposited in the 

upper intertidal to lower supratidal environment.  

The idealized facies cycle is capped by the deposition of Lithofacies 6, carbonate 

mudstone to mud dominated wackestone (Figure 36; Figure 60).  This lithofacies 

represents maximum progradation.  The abundance of carbonate mud reflects a low 

energy environment.  The rare presence of skeletal grains (<10%) indicate a restricted 

environment with proximity to an open ocean.  The peloids and skeletal fragments were 

transported onto the supratidal zone during storm events.      
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As stated above, it is important to note that the idealized facies cycle presented 

above is displayed throughout the majority (> 80%) of the study area.  However, there are 

many alternative facies staking patterns that also occur in the Last Chance Canyon area as 

well.  For example, instead of Lithofaces 1 starting a cycle, Lithofacies 3 can start the 

cycle (Figure 36; Figure 60).  There are two geologic processes that can explain these 

stacking patterns.   

The first process includes a difference in magnitude of flooding events.  During a 

higher magnitude flooding event, Lithofacies 6 is superimposed by Lithofacies 1.  

However, if there is a much lesser magnitude flooding event, then instead of Lithofacies 

1 overlying Lithofacies 6, Lithofacies 2-5 overlie Lithofacies 6.  This is because the 

lesser magnitude flooding event resulted in a smaller scale transgression where the 

middle intertidal facies would overly supratidal facies instead of the subtidal facies 

overlying the supratidal facies (Figure 36).   

The second explanation is due to the high or low amount of truncation.  For 

example, during relatively smaller flooding events, there is less erosion then during 

higher magnitude flooding events.  High magnitude flooding events result in tidal-

ravinement surfaces and can erode away the different lithofacies previously stacked 

within the parasequence.  So, if deposition of an idealized facies cycle (Lithofacies 1-6) 

occurred in conjunct with a major flooding event, then the tidal-ravinemant surface could 

cause enough erosion to erode Lithofacies 6-4.  This would result in a stacking of 

Lithofaces 3 directly on top of Lithofacies 6.   
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Lower Grayburg Onlapping Wedge 

The lower Grayburg Formation is wedge shaped in geometry and ranges in 

thickness from 2.9 m in Sitting Bull Falls Bowl to 27.3 m at the southeast entrance of 

Last Chance Canyon.  This onlapping wedge thickening trend has been interpreted to 

reflect depositional relief over the basinward-dipping top of the San Andres Formation 

(Sarg & Lehmann, 1986; Barnaby & Ward, 2007).  However, the author believes there is 

a second explanation for the lower Grayburg Formation thickening in a basinward 

direction.    

The southeast thickening trend can also be attributed to major tidal-ravinement 

surfaces scouring updip facies stacking pattern.  The full idealized facies cycless are often 

scoured in the updip (NW) section of the study area.  An example of this is shown in 

Figure 63.   Note the interpreted flooding surfaces that also represent major erosional 

events.  Also note that several lithofacies are missing in each upward shallowing 

parasequence package.  This results from high magnitude flooding events that in turn 

create high amount of truncation.  The erosional surfaces have eroded away most 

lithofacies in all three parasequence packages and have caused three different sandstone 

bodies to amalgamate on top of each other (Figure 63).   

This process occurs on the updip portion of the lower Grayburg Formation in Last 

Chance Canyon study area.  The author believes these are inter-well scale (100’s m) 

processes that result in the lower Grayburg Formation thinning in a shelfward direction or 

thickening in a basinward direction. The process is controlled by the magnitude of the 
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flooding event and by the amount of truncation during each cycle of normal regression 

and subsequent transgression. 

Outcrop Panorama Interpretation 

 Through the combination of digital mapping and field observations, the author has 

created a conceptual geologic model of the lower Grayburg Formation.  This model can 

be used for the interpretation of inter-well-scale (100’s m) geometries and architectures in 

an onlapping wedge setting.  Figure 64 displays an uninterpreted and interpreted 

panorama of the northeast wall of Last Chance Canyon.  

It can be noted from the interpreted panorama that sandstone bodies are both 

truncating carbonate mudstone and amalgamating in an updip direction.  The author 

interprets the truncation and amalgamation are a result of tidal-ravinement surfaces.  The 

two geologic factors controlling these processes include the magnitude of the flooding 

events and the amount of truncation.  After a complete thorough comparison of the 

―paradigm‖ onlap to the interpreted panorama, it can be concluded that the Lower 

Grayburg Formation onlapping wedge is much more geologically complex than a stately 

onlap (Figure 44; Figure 64).  Therefore, by applying the geologic model created in this 

thesis study the author demonstrates how this ―paradigm‖ onlap is not the correct 

interpretation at the inter-well scale (100’s m).     
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Figure 44:  Schematic cross-section showing Sand Andres/Grayburg depositional 
sequences.  The ―paradigm‖ model of an onlap is currently used to describe the geologic 
process in which the lower Grayburg Formation was deposited in the Last Chance 
Canyon region.  Red box indicates location of study area within the schematic model.  
(Figure modified from Sarg, 1986).   

 

Figure 45:  Slope can be displayed in percentage or in degree format.   This study utilizes 
the slope in degree format.  (Figure from ESRI, 2011).   
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Figure 46:  Aspect is defined as the steepest downhill direction.  This is used in this study 
to define dip direction.  Aspect is reported as an azimuth angle, with zero representing 
geographic North.  (Figure from ESRI, 2011).   

 

Figure 47:  ―Big Brown‖ surface model showing the interpolated surface elevations.    
Contour interval is 10m.  View to North.   

 

500 m 
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Figure 48:  ―Big Brown‖ slope map.  This surface is interpreted to represent the ―Big 
Brown’s‖ current slope in degrees.  Note cross-section lines in red.   
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Figure 49:  This surface is interpreted to represent the current day structural dip of the 
―Big Brown‖ marker bed which is to the east.  View is to the North.   
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Figure 50:  Spikes in raw data are artifacts due to the nature of TIN’s interpolation 
method known as Delaunay triangulation.  The smooth surface indicated in red was used 
to gather the mean slopes for each SW-NE and NW-SE slope profile.  Note the slopes for 
all three marker beds are greater along the SW-NE profiles.   
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Figure 51:  ―Meter Brown‖ surface model showing the interpolated surface elevations.    
Contour interval is 10m.  View is to the North.   
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Figure 52:  ―Meter Brown‖ slope map.  This surface is interpreted to represent the ―Meter 
Brown’s‖ current slope in degrees.  Note cross-section lines in red.   
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Figure 53:  This surface is interpreted to represent the current day structural dip of the 
―Meter Brown‖ marker bed which is to the east.  View is to the North.   

 

Figure 54:  ―Hayes‖ surface model showing the interpolated surface elevations.    
Contour interval is 10m.  View is to the North.   

500 m 
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Figure 55:  ―Hayes‖ slope map.  This surface is interpreted to represent the ―Hayes’s‖ 
current slope in degrees.  Note cross-section lines in red.   
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Figure 56:  This surface is interpreted to represent the current day structural dip of the 
―Hayes‖ marker bed which is to the northeast.  View is to the North.   
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Figure 57:  BB-MB isopach map.  Note the NW-SE thickening trend down the center of 
the field area.  Contour interval is 2m.   
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Figure 58:  MB-HY isopach map.  Note the NW-SE thickening trend.  This is interpreted 
to represent the lower Grayburg Formation thickening in a basinward direction. Contour 
interval is 2m.   
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Figure 59:  BB-HY gross isopach map.  The thickening trend in the southeast direction is 
interpreted to represent the depositional dip during deposition of the lower Grayburg 
Formation.  The author believes the thinning anomaly (denoted by red arrow) in the 
southern section of the study area is an artifact due to the interpolation scheme used to 
create the surface model. Contour interval is 2m.  
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Figure 60:  Idealized facies cycle within lower Grayburg Formation (red bracket) 
deposited in a tidal dominated coastal system.  The cycle was initiated by a tidal-
ravinment surface (erosional surface) and terminated with deposition of carbonate 
mudstone.  Then the next cycle began.  Note shallowing-upward parasequences (black 
arrows) and interpreted flooding surfaces.  Such cycles typically range from 0.5 m to 4 m. 
Also note that there are several possibilities when considering the stacking patterns of 
each parasequence.  Numbers represent lithofacies 1-6.   
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Figure 61:  Outcrop photograph of prograding lower Grayburg Formation stacked facies cycle in Last Chance Canyon.  Lithofacies are 
represented by numbers.  Scale in picture is 0.5 m in length.  (Photo courtesy of Peter Holterhoff).   
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Figure 62:  An example of Lithofacies 1 overlying the San Andres Formation highstand 
carbonate.  This surface represents a tidal-ravinement surface.  Pen circled in red for 
scale.   
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Figure 63:  Outcrop photograph displaying scouring of updip facies stacking patterns in 
the Last Chance Canyon study area.  Note the interpreted flooding surfaces (FS) that also 
represent major erosional events.  Due to the erosional surfaces, there are three separate 
sand bodies amalgamating which can easily be interpreted as one sand body.  (Photo 
courtesy of Peter Holterhoff).   
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Figure 64:  Uninterpreted and interpreted outcrop panorama of the northeast wall of Last Chance Canyon.  Note the amalgamation of 
sands and truncation of the carbonate mud lithofacies on the updip side (left) of the photograph. View is to the northwest.  
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CHAPTER VIII 

CONCLUSION 

 The lower Grayburg Formation is a Middle Permian, mixed siliciclastic-carbonate 

on the rim of the Delaware and Midland basins that is well exposed in Last Chance 

Canyon, Guadalupe Mountains.  These outcrops allow researchers to study the 

Grayburg’s shallow-marine succession and to develop a conceptual geologic model that 

can in turn be used for similar mixed siliciclastic-carbonate reservoirs.   

 Previous sequence stratigraphic work in the Grayburg recognizes the Grayburg 

Formation composite sequence onlapping the San Andres composite sequence.  This 

onlap has been only vaguely documented and generally described using the ―paradigm‖ 

model of an onlap in sequence stratigraphy.  This interpretation is true in a regional sense 

(10’s km); however, this research questions this ―paradigm‖ model of how the Grayburg 

onlapping wedge developed during time of deposition.  This study also questions if the 

inter-well scale (100’s m) of an onlapping wedge in similar geologic settings would 

behave as stately onlap. 

 This study focuses on the integration of geospatial technologies (i.e., LIDAR, 

DGPS, and GIS) and traditional field techniques (i.e., visual observations, lateral walking 

of beds, ect.).  Field data acquired in this study through the use of geospatial technologies 

include over ten million high-resolution LIDAR points and ~ 900 GPS positional 

measurements.   
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 The LIDAR scans capture the topography of the study area specifically 

concentrating on the base of the lower Grayburg Formation up through the ―Hayes‖ 

Sandstone marker bed (Figure 11).  The LIDAR scanner is also used for the point-and-

shoot method of the three stratigraphic marker beds (i.e., ―Big Brown‖, ―Meter Brown‖, 

and ―Hayes‖).   The GPS positional measurements are used to register and orient the 

LIDAR scans and to record the three stratigraphic marker beds by utilizing the roving 

technique (Figure 17).  These data sets are combined and used to produce a DEM of the 

study area (Figure 29).  Furthermore, the marker bed data is used to create 3-D TIN 

surface models and are analyzed to yield elevation, slope, aspect, and isopach maps 

(Figure 31).   

 From outcrop work, six lithofacies are identified and each represents a different 

depositional environment.  These interpretations are used to create a conceptual geologic 

model for the lower Grayburg Formation.  Additionally, they help create an idealized 

facies cycle for the study area (Figure 37).  Lithofacies stacking patterns and 

chronostratigraphically significant surfaces (i.e., flooding surfaces) are used to interpret 

the depositional history of the lower Grayburg Formation.  From this an inter-well scale 

panoramic photograph is interpreted and compared to the ―paradigm‖ model of an 

onlapping wedge previously used for the Grayburg Formation (Figure 64).  This results in 

the following conclusions:   

 The ―Big Brown‖, ―Meter Brown‖, and ―Hayes‖ marker beds are all dipping to 

the east.  The ―Big Brown‖ has a slope of 4.8º, the ―Meter Brown‖ a slope of 4.81º, and 

the ―Hayes‖ a slope of 4.96º (Figures 47-56).   All three marker beds display subtle dip 
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anomalies between a NW-SE and SW-NE profile.  This is interpreted to represent the 

difference of structural dip and depositional dip effects on the bed (Figure 50).  The 

steeper southwest to northeast slope profile is interpreted to be due to the Huapache 

Monocline.   

 The BB-MB isopach map ranges in thickness from a minimum of 0.0 m on the 

northwestern edge of the field area to a maximum of 14.0 m to the southeast (Figure 57).  

The MB-HY isopach map thickens from a minimum of 0.6 m on the northwest edge of 

the field area to a maximum of 20.8 m on the southeast side of the field area (Figure 58).  

The BB-HY gross isopach thickens from 2.9 m on the northwest side of Last Chance 

Canyon study area to 27.3 m on the southeastern side (Figure 59).  The NW-SE 

thickening trend is interpreted to represent depositional dip.   

 The six lithofacies identified are as follows:  1) Lithofacies 1—bioturbated wavy 

laminated quartz sandstone,  2) Lithofacies 2—cross-bedded quartzarenite,  3) 

Lithofacies 3—wave rippled quartz sandstone, 4)  Lithofacies 4—planar laminated quartz 

sandstone,  5) Lithofacies 5—crinkly laminated quartz sandstone,  6) carbonate mudstone 

to mud dominated wackestone (Figures 37-43).    Lithofacies 1 represents a subtidal zone, 

lithofacies 2-5 represent shallow to deep intertidal zones, and lithofacies 6 represents a 

supratidal lagoonal setting (Figure 36).  These lithofacies are then used to create an 

idealized facies cycle that was initiated by a tidal-ravinement surface and terminated with 

deposition of carbonate mudstone (Figure 60).  This cycle represents a shallowing 

upward parasequence.   
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 There are also several other cycles that can be seen in the Last Chance Canyon 

study area.   The two geological processes that explain the variation in facies stacking 

patterns are the magnitude of flooding events and amount of truncation.  These processes 

occur on the updip portion of the field area and result in the lower Grayburg thinning in a 

shelfward direction.   

 A panoramic photograph of the northeast wall of Last Chance Canyon is 

interpreted using the geologic model of the lower Grayburg Formation shown in Figure 

64.  The panorama is interpreted to represent sandstone bodies that are both truncating 

carbonate mudstone and amalgamating on the updip side of the photo (left).  These 

features are interpreted to be as a result of tidal-ravinement surfaces.  This causes the 

thinning of parasequence packages in an updip direction within the lower Grayburg 

Formation.   

 Three-dimensional LIDAR scanning and DGPS technologies are used to construct 

3-D surface models and enabled accurate examination of the strata geometries, structure 

orientation, and thickness variations of the three stratigraphic marker beds.  The 3-D 

models are used in conjunction with field observations to define the higher-resolution 

processes of the lower Grayburg Formation’s onlapping wedge and to interpret a 

panoramic photograph of the northeast wall of Last Chance Canyon.  This model 

enhanced understanding of the lower Grayburg Formation depositional processes and 

provides evidence that the Grayburg’s onlapping wedge is much more geologically 

complex than a stately onlap (Figure 44; Figure 64).   
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APPENDIX 

 

MEASURED SECTION OF LOWER GRAYBURG FORMATION 

 
Figure 65: Measured section of the lower Grayburg Formation in Last Chance Canyon 
study area.  Note location of the marker beds within the measured section and interpreted 
third order sequence boundary (SB).  Location of measured section is noted in Figure 4.   


