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ABSTRACT 

The Great Sand Dunes National Park and Preserve, located in the San 

Luis Valley of southern Colorado, contains Quaternary to modern deposits of 

dune sands, alluvial fans, stream channels, floodplain alluvium and lake 

sediments. In addition to these deposits, there are pronounced playa and sabkha 

environments surrounding the Dry Lakes and San Luis State Park occurring to 

the west and south of the active dune fields.  

While studies have been conducted on the sand sheet and active dune 

field within the Park, very little attention has been focused on the playa systems 

and their associated lunettes. The presence of lunette/playa systems within the 

Great Sand Dunes National Park and Preserve provides a unique opportunity to 

allow reconstruction of the paleoclimate for the area. Unlike purely aeolian 

systems, lunette and playa systems pair aeolian and lacustrine sedimentation, in 

a stable deposit that preserves a more intact record of the past climate than an 

active aeolian system alone can provide. Indentifying and understanding these 

records provides an important tool for evaluating playa/lunette system 

development and their link to climatic conditions. 

This work focuses on the reconstruction of the paleoclimate for the Great 

Sand Dunes National Park for the past 10,000 years, utilizing the preserved 

sedimentological and archaeological records within the lunette/playa system. 

This study confirms that the area has experienced several wet/dry cycles, with a 

significant drought occurring between 6,000 and 4,000 years BP. Furthermore, 

the study links migration of peoples in the San Luis Valley to some climate 

changes, but also indicates that not all peoples were sensitive to climatic 

variability. The lunettes began forming prior to 8,500 years BP, and are older 

than previously documented. 

Moreover, this work identified two previously unknown lunette types: 1) 

merged lunettes and 2) compound lunettes. The identification additional lunette 

morphologies significantly expands the existing knowledge on playa/lunette 

system development and provides a new tool for palaeobasinal reconstructions. 
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1.1 Introduction  

The Great Sand Dunes National Park and Preserve (GRSA) is located 

northeast of the town of 

Mountains and within the uppermost quarter

1981; Graham, 2006; Madole, 2006; Madole et al., 2008; Valdez, 2009). 

1.1 shows the location of the GRSA relative to Colorado and to 

Figure 1.1 Locational map of the GRSA site, modified after Matthews, 2003.

 

This following study, the “Geomorphological and Stratigraphic Evolution of 

the Great Sand Dunes National Park and P

was conducted for the Great Sand Dunes National Park and Preserve upon 

invitation to carry out research in an area of the GRSA that was part of an 

1 

CHAPTER 1  

INTRODUCTION AND OVERVIEW 

The Great Sand Dunes National Park and Preserve (GRSA) is located 

theast of the town of Alamosa, Colorado, west of the Sangre De Cristo 

and within the uppermost quarter of the San Luis Valley (McCalpin, 

1981; Graham, 2006; Madole, 2006; Madole et al., 2008; Valdez, 2009). 

1.1 shows the location of the GRSA relative to Colorado and to North America.

Locational map of the GRSA site, modified after Matthews, 2003.

This following study, the “Geomorphological and Stratigraphic Evolution of 

the Great Sand Dunes National Park and Preserve: 10,000 years BP to Present”,

was conducted for the Great Sand Dunes National Park and Preserve upon 

research in an area of the GRSA that was part of an 

The Great Sand Dunes National Park and Preserve (GRSA) is located 

Colorado, west of the Sangre De Cristo 

of the San Luis Valley (McCalpin, 

1981; Graham, 2006; Madole, 2006; Madole et al., 2008; Valdez, 2009). Figure 

North America. 

 

Locational map of the GRSA site, modified after Matthews, 2003. 

This following study, the “Geomorphological and Stratigraphic Evolution of 

reserve: 10,000 years BP to Present”, 

was conducted for the Great Sand Dunes National Park and Preserve upon 

research in an area of the GRSA that was part of an 
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expansion of the Park lands. The National Park Service (NPS) boundary at 

GRSA was expanded to protect more of the aeolian system and it now shares a 

border with San Luis Lake State Park. The NPS is interested in reconstructing 

the paleoclimate and paleogeography of the GRSA (excluding the active 

dunefield) over the last 10,000 years (Valdez, 2009), using the deposits in the 

expanded boundaries of the GRSA. One of the specific questions asked was the 

identity and significance of a deposit at San Luis Lake, here identified as a 

fluvially modified lunette. While no particular methods of analysis were required 

by the NPS, the time period of 10,000 years was stipulated. This time period is 

important to the National Park Service as significant archaeological sites (Valdez, 

2009), dating back to 10,000 years BP, have been identified and mapped within 

the GRSA (Jodry, 1987; Jodry and Stanford, 1992).  

During the course of this study, it became evident that the San Luis Lake 

deposit was interrelated with the rest of the GRSA, therefore the study needed to 

define this relationship and its importance in the paleohistory of the site. Figure 

1.2 presents a plan view map illustrating the position of the San Luis Lake 

deposit in relation to the primary GRSA deposits. This figure illustrates how the 

San Luis Lake deposits are tied to the sabkha, sand sheet, and to the active 

dune field, demonstrating the deposit is not an isolated feature, and cannot be 

disconnected from the adjacent deposits. 

 

1.2 Scientific Aims and Objectives 

The main contributions and outcomes of this project are important in 

determining not only the identity of the deposit adjacent to San Luis Lake, but 

also the importance of this previously unidentified lunette in the aeolian system 

as a whole. The results from this study, in addition to identifying a new type of 

lunette, and therefore broadening our understanding of what lunettes are and 

how they form, also signify the role of lunette systems worldwide in 

reconstructions of paleoclimate and geological history. The usefulness of lunettes 

have been recognized for their high preservation potential and sensitivity to  
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Figure 1.2 Map of GRSA features. The active dune field is labeled, with the 
Sangre de Cristo Mountains on the right hand side of the image and farmland 
within the San Luis Valley to the left. San Luis Lake and the deposit adjacent to it 
are seen in the lower left hand corner of the image, with the sand sheet and 
sabkha separating them from the active dune field. Note inset from Figure 1.1 for 
locational bearing, modified after Matthews, 2003. 

 

wetting-drying cycles (see also, Bowler, 1976; Bowler, 1983, Lees and Cook, 

1991; Thomas, et al., 1993; Holliday and Sabine, 1995; Holliday, 1997; 

Holliday,1999). These characteristics of the lunettes also make them valuable for 

archaeological reconstructions. The ability to take the relative stability of a 

localized lunette deposit and apply it as a tool for understanding the formation of 

a system over a much larger region is not something that had been previously 

utilized. However as this study shows, due to their high cohesive content, 

lunettes prove to be one of the most stable features within the aeolian systems, 

and demonstrate that use of lunette systems as the prime paleoclimatic record is 

highly useful in the GRSA as well as other parts of the world.  

Most importantly, this work identifies three types of lunettes observed 

within the field area: single, merged, and fluvially modified. This is a new 

classification that significantly expands the existing knowledge of lunettes, which 

have not been previously distinguished into three types (see also Bowler, 1983). 
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Each type of lunette is correlated to its modern depositional environment, which 

provides insights into paleoclimate and paleogeography. The results of this work 

add and extend current knowledge pertaining to identification of lunettes and 

their role in aeolian systems. Of importance is the identification of fluvially 

modified lunettes in a modern depositional setting and what they record of past 

depositional environments. No studies have been conducted on such features 

before, yet their identification is important for understanding depositional and 

erosional processes that form lunettes and paleoenvironment interpretations. The 

relative stability, both chronologically and spatially, of the lunette deposits in 

relation to the aeolian system is unique, but the presence and stratigraphic 

record of a fluvially modified system is important since other lunette systems do 

record wet and dry cycles, it is the modification of the lunette that gives some 

idea as to the magnitude of the cycles. In the lunettes identified as discrete or 

merged, only an estimate for magnitude of wetting and drying cycles can be 

made regarding the amount of precipitation change. The record within the 

fluvially modified lunette, however, is invaluable since it preserves fluvial deposits 

from periods of high flow or greater than average precipitation. This is critical to 

reconstructing the paleoclimatologic history, and provides a more systematic and 

scientific method for utilizing geological deposits to the climatological evolution of 

the area.  

The aims and importance of the geoarchaeological study were to utilize 

the extensive archaeological record to supplement the findings of the geological 

analyses conducted within the GRSA and demonstrate how the archaeological 

record can be applicable within geological research. With greater interest and 

importance currently being placed on the archaeological importance of the 

deposits within the GRSA, it is key to show how the two fields interact and how 

each can be used to support hypotheses or conclusions concerning the history of 

the area. Therefore, the emphasis of the geoarchaeological study was to 

ascertain a concise record of habitation with the San Luis Valley. This record was 

then combined with paleoclimatological data, both local and regional, 

demonstrating that the climatological record is only partially correlative to human 
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migration and inhabitation of the area. This then allowed for the archaeological 

data to be used as a method of supporting the interpretations of the geological 

deposits, or, in places, filling in when no deposit of a particular timeframe was 

available. 

The paleogeographic reconstructions presented at the end of this volume 

are significant because of their usefulness in establishing distribution patterns of 

sediments across the GRSA over time and the reaction of these deposits to 

climate change. The original intent of the project was to understand the formation 

and evolution of the San Luis Lake lunette. This included reconstructing the basic 

dimensions of the deposit through time to demonstrate how the deposit evolved. 

When the interconnected nature of all the lunettes became apparent, and their 

relative stability over time was understood, it enabled the reconstruction of the 

depositional history of not just one feature, but the depositional evolution of all 

identified and mapped lunettes. The reconstruction of all the identified lunettes, 

not just the deposit at San Luis Lake, provides a significantly larger amount of 

data concerning the evolution of the system as a whole, how the system is 

interconnected and what this ultimately meant in terms of sediment dispersal and 

depositional regime patterns across the area. 

 

1.3 Organization of the Thesis 

This thesis consists of thesis introduction; geological setting; three 

chapters (Chapters Three, Four, and Five) which are modified scientific papers in 

thesis format for a cohesive project documentation and interpretation; a detailed 

mapping and analysis report of the Northern Segment (Chapter Six) for the 

GRSA concerning a single mapping region; synthesis of paleogeographic 

evolution (Chapter Seven), a summary of key conclusions (Chapter 8); and 

eleven appendices that contain detailed data.  

The third chapter, “Geoarchaeology and Paleoclimatic History of the San 

Luis Valley and the Great Sand Dunes National Park and Preserve”, focuses on 

the archaeological and paleoclimatic record for the GRSA and how this data can 

be combined to produce a more detailed record of events within the area. The 
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main outcomes of this paper are acknowledgement of a long and not always 

climatically driven occupational history of the region. Most studies are conducted 

with the assumption that early groups of people behaved in predictable patterns 

and that records of habitation in active aeolian systems are poor, following basic 

archaeological standards, and therefore are not utilized to their full potential 

within paleogeographic and paleoclimatologic reconstruction. The results of this 

chapter challenge these notions by demonstrating varied occupational regime is 

important to recognize. Recognition of this concept allows for the inclusion of 

known archaeological artifacts to fill in gaps in the reconstruction record of 

climate, that might otherwise go unfilled and that certain aspects of aeolian 

systems can preserve, in situ, artifacts are key to interpretation of a region. 

 The fourth chapter, “Geomorphological Identification and Comparison: 

San Luis Lake and Dry Lake Systems”, focuses on the identification of lunettes, 

and especially the deposit at San Luis Lake, based on a geomorphological 

comparison to other geomorphologic features present. The main outcomes of 

this paper show that the feature is consistent with the geomorphological 

expression of a lunette, even though the shape does not fit the idealized lunette 

profile. This paper also shows that not only does the deposit at San Luis Lake 

classify as a lunette, but that there are three types of lunettes within the system, 

and all three are geomorphologically distinct. This led to the development and 

implementation of a system of lunette classification and analysis that has not 

been previously suggested or used in lunette systems.  

The fifth chapter, “Lunette and Playa Systems of the Great Sand Dunes 

National Park and Preserve”, focuses on the expansion of the results of the 

geomorphological analysis. With the identification of three distinct systems as 

opposed to the expected single lunette type deposit, it was necessary to enlarge 

the differentiation and understanding of lunette evolution and the full extent of the 

differences between them. The main outcomes of this paper show that while the 

lunettes can have vastly different geomorphological expressions, in terms of 

stratigraphy and sedimentology, the basic evolution and characteristics of 

lunettes are consistent across all deposit types. The main difference is not in 
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depositional processes, but in the degree of exposure to fluvial modification and 

the proximity to streams. Therefore, while there are different types of lunettes, 

the differentiation between them is purely geomorphological, not depositional. 

This study also shows that the lunettes are notably stable features in contrast to 

the surrounding more dynamic aeolian features, due to their higher cohesive 

component percentage. 

The detailed mapping and sampling analyses, “Northern Segment 

Stratigraphic Analysis”, was conducted to provide the GRSA with a detailed 

explanation of the deposits of the northern-most portion of the field area for 

reclamation purposes. The sedimentological data provided to the GRSA for this 

purpose was then used in conjunction with the results of the geoarchaeological, 

geomorphological and lunette based studies to provide a reconstruction of the 

paleogeography of the GRSA focused on the San Luis Lake system.  

The synthesis in Chapter 7, “Paleoreconstruction of the Great Sand Dunes 

National Park and Preserve, 10,000 years BP to Present”, integrates the results 

from the geoarchaeological, geomorphological and lunette analyses and 

produces a combined outcome in terms of evolution of the system as a whole, 

while remaining focused on San Luis Lake and the surrounding area. The main 

outcome of this chapter demonstrates that the area underwent multiple wet and 

dry cycles over the past 10,000 years and that these cycles are recorded in the 

lunette deposits, which, not only contain this in the geologic record, but also 

preserve supporting archaeological evidence. It shows how and why each of the 

lunette types exhibit specific geomorphologic expressions and when that 

differentiation in morphology from the idealized lunette expression took place in 

the evolutionary history of the area. This paper also links the importance of all the 

data gathered from the various deposits and interprets it in a broader, 

paleogeographic sense. This provides not only a detailed history of the GRSA, 

but establishes a method for use of lunettes in reconstructing localized history in 

areas of the world that have similar environments. 

Chapter Eight summarizes the key results and interpretations of each 

section of the study and shows how the separate sections combined to provide 
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the overarching conclusions of the project, and the importance of these results in 

scientific progression of the field. 

Appendices contain all analyses results in data form, along with all maps, 

aerial images, well logs and measured columns. Following is a list of the 

appendices and their contents. 

• Appendix A – Detailed Geological History of the Area  

• Appendix B – Sample Log Tables 

• Appendix C – Grain Size Analysis Results 

• Appendix D – Bulk and Hand Sample Analyses Results 

• Appendix E - Thin Sections – Results for Selected Samples 

• Appendix F - XRD Analysis – Results for Selected Samples 

• Appendix G - SEM – Results for Selected Samples 

• Appendix H- Carbon 14 Dating – Results for Selected Samples 

• Appendix I - OSL Dating – Results for Selected Samples 

• Appendix J- Measured Columns 

• Appendix K- Aerial Photographs – 1936 to 2003, all available years 

• Appendix L - Well Logs – San Luis Closed Basin Project 

 

1.4 Previous studies at the Great Sand Dunes National Park and Preserve in 

Relation to the Present Study 

The Great Sand Dunes National Park and Preserve (GRSA) is located 

northeast of the town of Alamosa, Colorado, and west of the Sangre de Cristo 

Mountains within the northernmost extent of the San Luis Valley. Originally 

declared a National Monument in 1932, the area was designated as the Great 

Sand Dunes National Park and Preserve on 13 September 2004, and contains 

approximately 150,000 acres. The Great Sand Dunes, which include the tallest 

dunes in North America (several taller than 200 m; 656 ft), are flanked to the 

west by the largest wetland in Colorado (Matthews, 2003), which are managed 

by The Nature Conservancy. The shape of the Sangre de Cristo Mountains acts 

as a sand trap, resulting in the formation of the sand dunes (Chatman et al., 

1997; Madole et al., 2008). The age of the dunes is estimated to be between 
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2,000 and 12,000 years old (Chatman et al., 1997) or significantly older, as 

suggested by Madole (2006), with an age closer to 125,000 years.  

Previous studies have indicated that the surficial deposits within the GRSA 

are strongly influenced by climate change, fluctuations of water-table level, and 

surface water (Fryberger, 1990; Wurster et al., 2003; Marîn et al., 2005; Madole 

and Mahan, 2007; Madole et al., 2008). Understanding these deposits and the 

interplay between climate change and geomorphic processes is important to 

management of both natural and cultural resources. In order to understand how 

climate change, fluctuations of water-table level, and surface water interaction 

has shaped the region for the past 10,000 years, the detailed study within this 

volume consisted of stratigraphic, sedimentologic, geomorphologic and 

landscape evolution analyses. This current study was paired with climatological 

data and archaeological sites to allow the reconstruction of how the region 

altered over time. Madole et al., 2008, provides one of the most comprehensive 

studies on the origin and age of the Great Sand Dunes. Madole’s study focused 

primarily on the formation of the sand dunes (source of sand and age), with 

detailed work within the dune fields and the sand sheet along Big Spring Creek. 

His study also provided some information (though not comprehensive) on the 

sabkha deposits and playas that lie west of the sand sheet and active dune 

fields. However, previous studies contained no detailed work concerning the 

paleoenvironment and paleoclimate of the area, and very little detailed work was 

completed between San Luis Lake and the active dune field (south of Big Spring 

Creek).  

In addition, previously conducted studies cite very little work done on the 

lunette located at San Luis Lake, or on the lunettes located approximately 4 

kilometers south of San Luis Lake, in the Dry Lakes area. Lunettes are playa 

shoreline deposits and the occurrence of extensive lunette arrays can be used to 

interpret geomorphic responses to fluctuations in hydrology, which in turn can 

provide important insights into the paleoclimate. Playas respond to changes in 

the regional and local hydrology by expanding during pluvial periods and 

contracting during arid phases. As the playa contracts, clay rich lunettes may 



10 
 

form due to wind erosion of the playa bed, which contains silts and clays. During 

pluvial periods, sandy lunettes may form from sand transport by currents to the 

shores of water filled playas. Therefore, the lunette composition can be an 

important tool to interpret climatic conditions (Bowler, 1983). Conceptual models 

of lunette development are discussed in Lees and Cook, (1991), Holliday and 

Sabin, (1995), and Thomas et al., (1993).  

The Madole (2008) study also did not consider the area north of Sand 

Creek to the flanks of the Sangre de Cristo Mountains. This area is of particular 

interest to the NPS, as little is known about the sand sheet and sand ramps in 

this area, which are in close vicinity to a known archeological site (Valdez, 2009). 

A portion of this area will be reclaimed to restore the channel of Sand Creek that 

has been modified by man-made ponds. Knowledge of the relationship of the 

Sand Creek channel to the evolution of the sand ramp and paleoclimate will be 

important in channel restoration planning and activities, as it will establish the 

basis to minimize further impacts on the surrounding features. The goal of this 

research was to collect sufficient stratigraphic and geomorphic data from within 

the GRSA to re-create the paleoenvironment and paleoclimate over the last 

10,000 years. 

 

1.5 Methods 

The work plan for this project was divided into two parts: 1) the field 

program, and 2) laboratory testing and data analysis. 

Part one, the GRSA field program consisted of the following: 

• Field mapping of the surficial deposits within the GRSA. The field 

mapping efforts focused on three primary areas: 

• The area north of Sand Creek extending north of San Luis Lake to 

the flank of the Sangre de Cristo Mountains, referred to as the 

Northern Segment. This area had not been mapped in detail by any 

previous studies. 

• The area between San Luis Lake and the active dune field, south of 

Big Spring Creek, referred to as the Central Segment. This area 
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extends across playa, sabkha, sand sheet, and dunes, and had not 

been mapped in detail by previous studies. 

• The area south of San Luis Lake, between the sabkha-lunette 

deposits and the sand sheet, referred to as the Southern Segment. 

This area had not been mapped in detail by previous studies. 

• Surface and subsurface sampling was conducted in the three areas 

determined by the study parameters. Sampling included: the lunette 

at San Luis Lake; the lunettes south of San Luis Lake (Dry Lakes); 

along Little Spring Creek and Sand Creek; and within the interior of 

the GRSA between San Luis Lake and the active dune field. 

Sampling was conducted using a hand-auger sampler and thin-

walled tube samples to a maximum depth of 4,570 millimeters (15 

feet). 

o Sampling of the playas and sabkha deposits in and south of 

San Luis Lake. Sampling was conducted using a hand-auger 

sampler and thin walled tube samples to a maximum depth 

of 4,570 millimeters (15 feet). 

o Discrete subsurface sampling was conducted in the study 

areas to expose subsurface depositional features. 

Subsurface sampling was conducted using a soil sampler 

(tube). 

o Collection of well logs completed within the GRSA from the 

Bureau of Reclamation. 

o Collection of past ground water levels (where known) to 

assist in analyzing any linkages between features found in 

the field and the past levels of ground water. 

o Collection of climatic data from a nearby tree ring study 

conducted on the Sangre de Cristo Mountains. Grissino-

Mayer, et al., (1998) compiled tree ring data from the GRSA, 

and have developed a climatic record for the site over the 

last 1,000 years. 



 

o Collection of historic aerial photographs (star

to present) to support a detailed analysis of sand dune 

evolution.

 

Figure 1.3 illustrates each of the mapping areas that were identified and 

their boundaries indicated by dotted lines. The Central and Southern Segments 

are the only two that contain lunettes and therefore the segments are centered 

on those specific features. The Northern Segment is centered on the sand ramp 

and the fluvial features of the adjacent Sand Creek.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Map showing the mapping segments identified at the GRSA. Each 
segment is labeled and identified in relation to the surrounding environments.
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Collection of historic aerial photographs (starting from 1930s 

to present) to support a detailed analysis of sand dune 

evolution. 

Figure 1.3 illustrates each of the mapping areas that were identified and 

their boundaries indicated by dotted lines. The Central and Southern Segments 

t contain lunettes and therefore the segments are centered 

on those specific features. The Northern Segment is centered on the sand ramp 

and the fluvial features of the adjacent Sand Creek. 

Map showing the mapping segments identified at the GRSA. Each 
segment is labeled and identified in relation to the surrounding environments.

ting from 1930s 

to present) to support a detailed analysis of sand dune 

Figure 1.3 illustrates each of the mapping areas that were identified and 

their boundaries indicated by dotted lines. The Central and Southern Segments 

t contain lunettes and therefore the segments are centered 

on those specific features. The Northern Segment is centered on the sand ramp 

Map showing the mapping segments identified at the GRSA. Each 
segment is labeled and identified in relation to the surrounding environments. 
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Part two of the work plan consisted of laboratory testing and data 

analyses. This work included the following: 

• Detailed bulk and hand sample analysis of grain size 

distribution, sorting, rounding, and basic mineralogy across the 

site from various depths. 

• Age dating of discrete samples obtained from the study area. 

Age dating consisted of radiocarbon dating (C14) organic 

materials by Beta Analytics Lab in Florida. Optically stimulated 

luminescence (OSL), conducted by the author at the USGS lab 

in Colorado, was used to date the sands obtained across the 

site. 

• Mineralogical analyses of the samples obtained from the study 

area. These analyses included x-ray diffraction (XRD), scanning 

electron microscopy (SEM), and thin section microscopy all 

conducted by the author at Colorado School of Mines facilities. 

• Analysis of field surficial mapping data and preparation of 

surficial geologic map(s) and cross-sections for the area. 

• Integration and synthesis of data from previous geologic, 

hydrologic, and hydrogeologic studies that have been 

conducted for areas adjacent to the field area. 

• Development of a geomorphological model for the area which 

combined data from the field program with previous studies. The 

focus of the geomorphological model was on the change in 

depositional features in the stratigraphic column. This, 

combined with age-dating, helped develop the 

paleoenvironment and paleoclimate for the area. 

• Impact of climate change on depositional features. The 

sampling and mapping data from features site-wide established 

pluvial and arid sequences. Age dating from the samples 

established the approximate timing of prolonged wet and dry 

periods. 
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• Relative age of the deposits and how the features that are found 

may be linked to climate changes (both known and inferred) and 

what role anthropogenic impact may have played in the 

evolution of the site. 

The data compiled from the field programs, laboratory testing, and 

analyses were used to reconstruct the paleoclimate and paleoenvironment of the 

GRSA over the last 10,000 years. 

 

1.6 Project Goals and Outcomes 

Important issues addressed by the study include the following: 

• Based on age dating, the lunettes in the GRSA began to form prior 

to 8,500 years BP, which correlates with the presence of a severe 

drought in the southwestern United States. This outcome dates the 

development of a stable playa-lunette system, which is still present 

in the modern depositional setting. 

• There are three types of lunettes present within the GRSA: 

o Single lunettes, 

o Merged lunettes, and 

o Fluvially modified lunette 

• The aeolian feature located at San Luis Lakes is a fluvially modified 

lunette, which reflects the complex and active depositional 

environment within this area, as it is influenced by fluvial processes 

associated with Sand Creek and Big Spring Creek. These fluvial 

processes rework and modify the lunette landform, which is in 

contrast to the Dry Lakes lunettes which are single and merged 

lunettes, associated with distinct and relatively stable playas.  
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CHAPTER 2  

GEOLOGY OF THE GREAT SAND DUNES NATIONAL PARK AND PRESERVE 

 

2.1 Geological Setting – The San Luis Valley  

The San Luis Basin is located in the southern half of the Northern 

Segment of the Rio Grande Rift (Manley, 1979; Gries and Brister, 1994; Wilson, 

et al., 2005). The basin is approximately 240 km long and 90 km wide, with the 

Taos Plateau taking up almost a third of its southern extent (Manley, 1979). The 

region containing the Great Sand Dunes is closer to the halfway point down the 

length of the eastern boundary of the San Luis Valley (see Figure 2.1), located 

over the buried basement structure of the San Luis Basin (Manley, 1979). In this 

area, the Rio Grande Rift is opening asymmetrically (Figure 2.3), with the 

greatest downthrow along the eastern margin between the Sangre de Cristo 

Mountains and the downdropping San Luis Basin (Wilson, et al., 2005; Graham, 

2006). The rift structure here, from east to west across the valley in cross-

section, leads to a high under the San Juan Mountains, a low in the Monte Vista 

Graben, a high seen as the Alamosa Horst, followed by the deepest section in 

the Baca Graben (Figure 2.3), before the Sangre de Cristo Mountains rise quite 

abruptly (Graham, 2006). 

The Rio Grande Rift is still actively subsiding beneath the San Luis Valley, 

deepening the eastern margin of the rift and the San Luis Basin (Wilson, et al., 

2005). While not as active as it previously was, the area is still capable of 

producing large magnitude earthquakes (Sanford, et al., 1995; Schule et al., 

1996). In July and November of 1906, centered near Socorro, New Mexico, two 

earthquakes struck, each with a magnitude between 5.8 and 6 (Reid, 1911). The 

last magnitude 7 or greater earthquakes to strike along the Northern Segment of 

the Rio Grande were located along the fault bounding the eastern margin of the 

rift, adjacent to the Sangre de Cristo Mountains (Reid, 1911; McCalpin, 1981, 

Gries and Brister, 1994). Approximately 15-10,000 years ago and again 

approximately 5,400 years ago, magnitude 7 or higher earthquakes occurred in 

the region near the Great Sand Dunes, and left scarps in excess of 8 m in height 
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(McCalpin, 1981). Since then, the majority of the Rio Grande Rift has 

experienced smaller earthquakes, with periods of little activity between the 

events (Gries and Brister, 1994; Wilson, et al., 2005, Machette, et al., 2007).  

 

2.1.1 Current Seismicity of the Rio Grande Rift: 2,000 years BP to Present 

The Rio Grande Rift, while known to be actively subsiding, has not 

produced any large or notable earthquakes in the region since a large event 

dating to approximately 1,500 years BP (Manley, 1979; Wilson et al., 2005). 

Minor seismic events have been noted in personal accounts from individuals 

living in and around the area, including a recent series of events in the summer 

of 2011 (Valdez, 2011). Similar to most of the Rift, the fault system underlying the 

eastern margin of the Great Sand Dunes appears to demonstrate a pattern of 

large events followed by periods of relative quiescence (Wilson, et al., 2005). 

 

2.2 Geological Setting: Sedimentology and Stratigraphy of the Great Sand 

Dunes 

The sampling and mapping of the Great Sand Dunes carried out in this 

project focused on the youngest uppermost layers of stratigraphy and sediments. 

The stratigraphy and sedimentology of the entire valley is also important, as it not 

only provides a record of the depositional history, but also provides a framework 

from which to consider the sources and provenance for the materials that are 

included in the mineralogical components of the deposits. As shown in Figure 

2.2, the surficial geology of the GRSA is mapped as an undifferentiated unit and 

the project focuses solely on subdivision of the aeolian deposits within this unit, 

which are more diverse than most maps illustrate, as shown in Figure 2.2. 

 

2.2.1 Stratigraphy of the San Luis Valley 

A stratigraphic cross-section of the San Luis Valley, Figure 2.3 on the 

following page, shows the infill of the valley on a generalized cross section 

(Graham, 2006): 
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• Precambrian age basement rocks: exposed in the Sangre de Cristo 

Mountains, these rocks are comprised of gneiss, leucogneiss, and two 

quartz monzonites (one quartz monzonite 1.8-1.7 Ga, similar in age to the 

gneiss and leucogneiss, the other is a younger intrusive feature 

approximately 1.4 Ga). These units contribute sediments to the dunes 

(McCalpin, 1981). 

• Paleozoic age sedimentary rock(s): known to be sedimentary in origin, it 

isunknown if they belong to any one of the sandstones or dolomites of 

Paleozoic age that make up the stratigraphy of other localities within the 

basin. A marked asymmetry in the basin has led to these rocks being 

completely eroded in the eastern half of the valley, and they are not 

present under the Great Sand Dunes (McCalpin, 1981; Graham, 2006). 

• Early Eocene age Blanco Basin Formation: redbeds, consist of 

interbedded mudstones, sandstones and gravels. These are not 

recognized as a source for the modern sediments (McCalpin, 1981; 

Graham, 2006). 

• Oligocene age Conejos Formation: interbedded intermediate-

composition ash-flow tuffs and basaltic flows, all capped by a sequence of 

distinctive welded ash-flow tuffs. These volcanics are not present 

underneath the Great Sand Dunes (Chapin and Elliston, 1979; McCaplin, 

1981; Graham, 2006). 

• Miocene-Pliocene age Santa Fe Formation: identified as syn-rift fill, the 

majority of this formation is comprised of sandstones, with conglomerates 

present in lobe shaped lenses found adjacent to the Sangre de Cristo 

Mountains. The Santa Fe Formation is very thick in the Baca Graben, 

which was likely the fastest subsiding part of the rift, thins considerably 

over the Alamosa Horst, and barely extends into the Monte Vista Graben. 

This unit is present underneath the GRSA (McCalpin, 1981; Graham, 

2006). 
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Figure 2.1 Map of the Rio Grande Rift, modified after Drenth (2009). The San 
Luis Basin comprises a large portion of the Northern Segment of the rift, and the 
position of the Great Sand Dunes is indicated in relation to the rift by the large 
red square. 



 

 

Figure 2.2 GRSA surficial geology map, adapted from Neu, 2005, to show 
locations of primary interest for the study (black boxes in the north, central and 
southern areas of the main site).

 

• Pre-Rio Grande River Entrenchment Alamosa Formation

and interbedded sands and silts from fluvial, extensive lacustrine and 

aeolian depositional systems (McCalpin, 1981). 

• Post-Rio Grande River Entrenchment Alamosa Formation:

timeframe, sedimentary units contain 
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GRSA surficial geology map, adapted from Neu, 2005, to show 
locations of primary interest for the study (black boxes in the north, central and 
southern areas of the main site). 

Grande River Entrenchment Alamosa Formation

and interbedded sands and silts from fluvial, extensive lacustrine and 

aeolian depositional systems (McCalpin, 1981).  

Rio Grande River Entrenchment Alamosa Formation:

imentary units contain limited fluvial deposits

 

GRSA surficial geology map, adapted from Neu, 2005, to show 
locations of primary interest for the study (black boxes in the north, central and 

Grande River Entrenchment Alamosa Formation: alternating 

and interbedded sands and silts from fluvial, extensive lacustrine and 

Rio Grande River Entrenchment Alamosa Formation: within this 

uvial deposits, and a 
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predominance of aeolian reworking. Alluvial deposition is limited to areas 

adjacent to the river and to the bajada present at the foot of the Sangre de 

Cristo Mountains. The alluvial fans that are creating the bajada are 

interpreted to be colluvial, older alluvial and glacial outwash deposits 

related to terminal moraines, which have all been reworked into the 

modern alluvial deposit. These features are very poorly preserved in the 

north, where rift floor subsidence is the slowest. The modern surface is a 

mixture of fluvial and aeolian depositional systems. Lacustrine deposits 

are found in the region surrounding the San Luis Lakes State Park 

(McCalpin, 1981; Graham, 2006). 

 

 

Figure 2.3 Generalized cross section of the GRSA, detailing the stratigraphy from 
modern valley floor to faulted basement. Modified after Graham, 2006, to show 
study location in relation to infill. 

 

This project focused on sediments within the Post-Rio Grande River 

Entrenchment timeframe only, which occurs in the Quaternary age Alamosa 

Formation. Maximum auger sampling depth was 8 m, which, as can be seen in 

Figure 2.3, remains in the uppermost Alamosa Formation.  



21 
 

CHAPTER 3  

GEOARCHAEOLOGY AND PALEOCLIMATIC HISTORY OF THE SAN LUIS 

VALLEY AND THE GREAT SAND DUNES NATIONAL PARK AND PRESERVE 

 

3.1 Overview 

Combining geology and archaeology is increasingly utilized to understand 

climatic changes worldwide. As seen in the modern world, populations react in 

generally predictable patterns when faced with climatic alterations. Most 

populations leave or decrease in the face of severe drought and return or 

increase in numbers during wet cycles. These basic reactions can be applied to 

analyzing the behaviors of ancient peoples, their appearance and disappearance 

from the archaeological record, and then combined with geological evidence to 

construct a general idea of what changes in climate may have occurred at what 

time and to what extent in a given area.  

In the Great Sand Dunes National Park and Preserve (GRSA), Colorado, 

a long but sporadic history of occupation is preserved as well as the geological 

record of a continually down-dropping half graben. This provides data from both 

fields to reconstruct a rough outline of climatic changes in the region, and how 

this reconstruction corresponds with climatic alterations across the Southwest at 

the same time. Starting with the oldest possible inhabitants of the GRSA, the 

Clovis people, and ending with the known occupation by the Spaniards, 

approximately 10,000 years of history are examined and combined with the 

geological record and known patterns of climatic change across the region.  

As predicted, the populations seem to follow a general trend of appearing 

with the onset of a wet cycle and disappearing with the onset of an arid cycle. An 

anomaly appears in the pattern with the Cody People, who remain in the area 

despite a known severe drought during their occupation. This leads to the 

hypothesis that perhaps the specialized forms of local topography and geology 

supported them through the drought and allowed for them to remain.  

Earthquakes are another geological phenomenon that occurs in the Great 

Sand Dunes National Park and Preserve, and have been suggested to be 
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responsible for the migration of ancient peoples, such as groups in Central and 

South America. Despite the location in the Rio Grande Rift, there is no correlation 

with known habitation patterns and earthquakes. This will be demonstrated, as 

within the GRSA, people such as the Cody, clearly remained in the valley despite 

tectonic activity.  

 

3.2 Introduction 

Archaeology of the San Luis Valley is an important component in 

understanding the geological and paleoclimate evolution of the region over the 

past 10,000 years. The people that inhabited the San Luis Valley left their traces 

in the deposits by way of archaeologic artifacts. The evolution of various cultures 

worldwide provides some of the strongest indications of historic climatic change, 

some of which can be tied directly to geological markers (Seely, et al., 2006). 

Other geological processes like earthquakes may be as significant and must be 

considered along with climatic changes. This paper shows that different types of 

civilizations may react to climate or other geological condition changes in 

distinctive ways, depending on the type of their cultural characteristics. 

The occupation of the area that became the Great Sand Dunes National 

Park and Preserve extends back at least 10,000 years (Wilson, 1971; Jodry, 

1987; Lister and Lister, 1993; Bunch, et al., 2001; Winger and Winger, 2003). 

Several different groups lived in the area over this period. In some cases there is 

both anthropological information and evidence of climatic conditions at the time 

of occupation. For other cultural groups, evidence is limited to a few scattered 

artifacts or sites located across the valley. The purpose of this study is to utilize 

the presence, or lack of, archaeological artifacts and sites, in conjunction with 

geological deposit types, to understand how the region’s changing climatic 

conditions can be reflected in the archaeological and geological records. 

The archaeological record of the Park was largely overlooked until a 

concerted effort, by the Park and other combined institutions, including the 

Smithsonian, in 2000, led to the collection and analysis of a large quantity of data 

(Bunch et al., 2001). In the Bunch et al., 2001 study, the background on the 
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majority of the sites in the area was provided and added to research that had 

been conducted in the early 1940s. The study in 2000 brought renewed interest 

and modern technology to the area and elevated archaeological research into the 

spotlight. This has provided invaluable data for understanding the San Luis 

Valley. 

Geomorphologically, the Great Sand Dunes National Park and Preserve 

area is dominated by aeolian deposits, ranging from stabilized sand sheet to a 

highly active dune field which has been mapped to various extents (Valdez, 

2000; Madole, 2006; Valdez, 2009, Brunhart-Lupo, 2011). The majority of 

geomorphic mapping has concentrated on the active dune field. Recent evidence 

(Holliday, 1999) indicates that within aeolian systems features called lunettes, a 

type of dune, and their accompanying playa are invaluable in terms of 

preservation of datable archaeological materials. The lunettes, combined with an 

active dune field, which is also an environment known for the ability to entrain 

and preserve artifacts, albeit not typically in situ, due to the dynamic nature of the 

deposit, increase our ability to reconstruct anthropological history. Given that 

lunettes have been identified within the area (Valdez, 2009; Brunhart-Lupo, 

2011) the ability to reconstruct the anthropological history of the area is likely to 

be expanded. 

 

3.2.1 Modern Climatic Conditions 

The GRSA currently experiences an arid to semi-arid climate, with the 

highest precipitation levels occurring during the spring and mid to late summer 

(Valdez, 2009). Modern yearly precipitation amounts to 11.18 inches (NPS and 

DOI, 2011). Storms travel in a north-northeast direction across the valley, 

commonly becoming trapped against the Sangre de Cristo Mountains, leading to 

higher precipitation on the mountains resulting in run-off into the GRSA streams 

and rivers (Valdez, 2009; NCDC, 2011; RCC, 2011; WRCC, 2011). 

Temperatures tend to follow trends seen in the southwestern United States, with 

hot summers and mild springs and autumns (RCC, 2011; WRCC, 2011). 

However, the San Luis Valley commonly experiences an inversion in the winter, 



 

whereby colder temperatures are trapped within the valley, making it cooler than 

average (NCDC, 2011; RCC, 2011). Wind regimes in the area

direction of wind transport to the n

secondary winds blowing either north or south (along the valley orientation), as 

illustrated in the wind rose presented in 

component can occasionally be seen in a south

attributable to the winds occasionally blowing down the Sangre de Cristo 

Mountain front. 

Figure 3.1 GRSA wind rose diagram (Machette, et al., 2007), indicating the most 
prevalent wind directions. (a) diagrams the percentage of occurrence of wind 
direction,(b) shows dominant wind direction, to the northeast.

 

3.3 Importance of Archaeology to Approximate 

Deposits  

While not typically used in geological studies, the use of archaeology is a 

valuable tool especially in estimating climatic patterns and therefore helping to 

understand the type of geological deposit (Holliday, 1999). As mo

archaeological sites are protected by law, in depth geological surveys are rarely 

granted within the confines of such sites (Bahn, 

a proxy for the geology
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work conducted at the GRSA, where the identification of buffalo fish bones 

allowed for the discovery and identification of an early peoples’ fish processing 

site (Bunch, et al., 2001; Valdez, 2009). While the site cannot be geologically 

examined due to the sensitive and rare nature of the artifacts, the remains of the 

fish can be used as a proxy for the climatic regime (Bahn, 2007). The fish 

processing site is located at the edge of a playa, which currently is dry. 

Therefore, the presence of the fish bones indicates that at the time, the region 

must have had sufficient water to not only fill the playa, but to also support a fish 

population (Valdez, 2009). 

A key point to this paper is to show how the archaeological record of 

historic peoples of the San Luis Valley region can be applied to filling in missing 

points of geological data. This inferential process is an invaluable method, 

particularly in areas where a long history of occupation is recorded, and often 

provides details that would otherwise be missing in a geological or climatological 

data set. 

The south and central regions of the GRSA are known to contain lunettes, 

which are now being recognized for their importance concerning establishing 

ages of horizons (Holliday, 1999) and the in situ preservation of artifacts. These 

features, combined with an active dune field, which is also an environment 

known for the ability to entrain and preserve artifacts, albeit not typically in situ, 

due to the dynamic nature of the deposit, lead to the ability to use anthropological 

artifacts to fill in missing or eroded portions of the geological record (Bahn, 2007). 

While some progress has already been made in the use of various deposit and 

artifact linkage, most notably and almost entirely by Holliday (1999), this has not 

yet been fully utilized within the GRSA. With such use of multiple proxy methods 

two methods may provide missing data for the third, and therefore create a 

considerably more complete dataset. The use of archaeological data, paired with 

geological data to enhance a climatological record, have been used previously in 

regions such as the Kalahari (Thomas, et al., 1993). 
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3.4 The Record of Human Habitation of the San Luis Valley 

The area surrounding the Great Sand Dunes, may be one of the oldest 

occupied areas in the state (Jodry, 1987; Jodry et al., 1989). The Great Sand 

Dunes are thought to have been occupied periodically from late Clovis time 

(13,500 years BP) to the late 1600s by indigenous peoples (Wilson, 1971; Lister 

and Lister, 1993; Winger and Winger, 2003), with intermittent lengthy periods of 

little to no occupation.  

There is a well known record of arid and wet cycles that has dominated 

the region for the entire length of human occupation (see chapter sections 3.5 

through 3.7), and which have seemingly influenced the appearance or 

disappearance of inhabitants (Jodry, et al., 1989; Lister and Lister, 1993). This 

record has been established by tree ring studies, additional geological surveys 

and extensive archaeological studies of nearby sites, such as the Mesa Verde 

Complex (Lister and Lister, 1993; Cordell, 1994; Jones and Molyneaux, 2001; 

Haynes, 2002). Archaeological finds in and around the area suggest that the San 

Luis Valley was occupied, probably on a seasonal basis, at least by the Folsom 

people, if not by the even older Clovis culture (Wilson, 1971; Lister and Lister, 

1993). In addition, tribal lineages, ancestral land records and linguistic 

evolutionary relationships indicate that the Apache, Arapahoe, Cheyenne, 

Comanche, Kiowa, Navajo, different Puebloan tribal groups, and the Ute Tribes 

(Winger and Winger, 2003) were in the valley beginning after 1300 CE. Of these 

tribes, the Puebloan tribes (specifically Tewa and Tiwa language speaking 

tribes), the Utes, the Jicarilla Apache and the Navajo, have significant ties to the 

Great Sand Dunes area (Lister and Lister, 1993; Winger and Winger, 2003) and 

have an oral history indicating their ancestors’ knowledge of the dunes and the 

conditions present at the time of their occupation. Other tribes are likely to have 

also passed through the lands or traded with tribes occupying the valley, and 

acquired beliefs or traditions concerning the dunes. 

Historical occupation of the following peoples has been built upon 

archaeological evidence, and, where possible, oral or written records. It is 

important to note that the different cultures left varying amounts of evidence. 



 

Preservation of artifacts also favors the users of preservable materials (such as 

stone), providing a biased preservation 

materials (Bahn, 2007). These factors combine to provide a scattered timeline, 

with better representation of 

gaps in the record of the human history of the area. Examples of archaeological 

artifacts, identified during the course of this project alone, show the nature of the 

artifacts. Two of these examples, from the Great Sand Dunes are shown in 

Figures 3.2 and 3.3.  

Known, authenticated and preserved sites within the GRSA region date 

back to just prior to 10,000 years (Bunch, et al., 2001; Valdez 2009). Artifacts 

from earlier times are known, but are not in situ and therefore, while 

authenticated, are not geographically preserved, leading to questions over their 

localized associations. Therefore, follow

and for this study, materials dating to just within the Pleistocene, i.e., prior to 

10,000 years BP, while still viable as evidence of presence, are not admissible as 

firm evidence. 

 

Figure 3.2 Typical scraper tool. Located during field mapping, it was identified 
from the basic shape and ratio of the dimensions.
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Preservation of artifacts also favors the users of preservable materials (such as 

stone), providing a biased preservation record depending upon a culture

materials (Bahn, 2007). These factors combine to provide a scattered timeline, 

with better representation of some cultures over others. Often there are 

gaps in the record of the human history of the area. Examples of archaeological 

dentified during the course of this project alone, show the nature of the 

artifacts. Two of these examples, from the Great Sand Dunes are shown in 

Known, authenticated and preserved sites within the GRSA region date 

to 10,000 years (Bunch, et al., 2001; Valdez 2009). Artifacts 

from earlier times are known, but are not in situ and therefore, while 

authenticated, are not geographically preserved, leading to questions over their 

localized associations. Therefore, following archaeological protocol, at this site 

and for this study, materials dating to just within the Pleistocene, i.e., prior to 

10,000 years BP, while still viable as evidence of presence, are not admissible as 

Typical scraper tool. Located during field mapping, it was identified 
from the basic shape and ratio of the dimensions. 

Preservation of artifacts also favors the users of preservable materials (such as 

record depending upon a culture’s use of 

materials (Bahn, 2007). These factors combine to provide a scattered timeline, 

there are large 

gaps in the record of the human history of the area. Examples of archaeological 

dentified during the course of this project alone, show the nature of the 

artifacts. Two of these examples, from the Great Sand Dunes are shown in 

Known, authenticated and preserved sites within the GRSA region date 

to 10,000 years (Bunch, et al., 2001; Valdez 2009). Artifacts 

from earlier times are known, but are not in situ and therefore, while 

authenticated, are not geographically preserved, leading to questions over their 

ing archaeological protocol, at this site 

and for this study, materials dating to just within the Pleistocene, i.e., prior to 

10,000 years BP, while still viable as evidence of presence, are not admissible as 

Typical scraper tool. Located during field mapping, it was identified 



 

Figure 3.3 Grindstone, located during field mapping. Par
tool ranges from the Cody People through to modern Native American tribes 
(Wilson, 1971), though it likely dates to between the Cody and Ancestral 
Puebloan Peoples. 

Please note that in accordance with archaeological convention an

wishes of the National Park Service (NPS) archaeological staff, no maps showing 

the location of any archaeological sites or finds will be published in this paper. 

This is to prevent scavenging of the sites and subsequent loss of irreplaceable 

artifacts showing human history in the area. No photographs of any of the known 

burials in the area will be published

who claim the remains as their ancestors and in accordance with NPS wishes.

 

3.4.1 The Clovis (13,500

The Clovis Culture (also known as the Llano Culture) is the first 

recognized culture in the region surrounding Colorado, 

site in Clovis, New Mexico (Wilson, 1971; Bahn, 2007; Fagundes, 2008). The 

Clovis first appear in the archaeological record in the region 

13,500 to 13,000 years BP and last

people approximately 10,000 years BP (Lister and Lister, 1993; Bahn, 2007; 

Fagundes, 2008). It is thought that the extinction of the Last Glacial Maximum 

megafauna and climate change in the region caused the decli

and their subsequent replacement by more advanced cultural groups (Lister and 
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Lister, 1993; Lepper, 1999; Haynes, 2002). The Clovis may have occupied the 

San Luis Valley long term, as opposed to using it as a game trail (Wilson, 1971), 

based on archaeological finds, and on the presence of a few select sites that 

contain mammoth remains (Valdez, 2009). Unfortunately, very few of the artifacts 

were left in situ (Wilson, 1971; Lister and Lister, 1993) and exact dates are not 

available. A map showing the location of recovered Clovis artifacts in North 

America is shown in Figure 3.4.  

 

3.4.2 The Folsom People (10,000-8,500 years BP) 

 Folsom is a term used to refer to paleo-Native Americans, and 

names the second stage of technological advancement among the first human 

inhabitants of North America during the Pleistocene age Last Glacial Maximum 

(Wilson, 1971; Haynes, 2002; Bahn, 2007). A map of known Folsom sites can be 

seen in Figure 3.5. Folsom age tools are distinctly more advanced than the 

earlier tools of the Clovis and the people left behind more evidence of their 

inhabitance. Specifically, the Folsom people are recognized by a type of “new” 

spear/atlatl point which has a distinctive style (Wilson, 1971; Bahn, 2007). They 

are shorter and have a different pressure flaking pattern than the earlier Clovis 

points. These points begin to appear around 10,000 years ago (Lister and Lister, 

1993; Lepper, 1999; Haynes, 2002; Bahn, 2007). Such Folsom style points and 

kill sites occur in the Great Sand Dunes.  

There are more Folsom age sites than Clovis artifacts located within the 

San Luis Valley (Wilson, 1971). Dated at about 8,000 years BP, there are two 

sites, the Linger and the Zapata sites, located in the sand dunes area at the foot 

of the Sangre de Cristo Range. These sites have yielded bones identified as 

"Bison taylori," and Folsom points and scrapers (Wilson, 1971). 

In 1941, Hurst, Sutherland and Pearsall excavated the Linger site and 

recovered twenty-two Folsom stone artifacts as well as animal bones in badly 

disintegrated conditions and are likely "Bison taylori" remains (Hurst, 1941).   
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Figure 3.4 Clovis artifact location map of North America (modified after 
Anderson, et al., 2005). The Great Sand Dunes National Park and Preserve site 
is indicated by a red circle. Note the distribution of Clovis artifacts and their 
general lack of clustering in the western US. The reason behind the lack of 
clustered sites is disputed, though the western Clovis age sites are accepted as 
in situ (Wilson, 1971; Bahn, 2007). 

 

Approximately a mile away is the Zapata site, which was excavated by Worman, 

who made similar finds with six artifacts and bones identified as bison (Wilson, 

1971).  

The Linger and Zapata sites are two of four major sites identified within 

the San Luis Valley (Wilson, 1971; Jodry, 1987; Jodry and Stanford, 1992; Lister 

and Lister, 1993; Winger and Winger, 2003), with a possible fifth site located 

during field mapping for this study. Formal identification of age of this fifth site 

has not yet been made. Two of the formally identified sites along with the 
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Figure 3.5 Map of known Folsom sites in North America, with the Great Sand 
Dunes National Park and Preserve site indicated by a red circle (modified after 
Anderson, et al., 2005). Of interest is the distinctive shift from dense artifact 
zones in the east, to more moderately distributed artifact zones in the Midwest 
and Mountain regions of the US. The cause for a shift is under debate (Wilson, 
1971; Lister and Lister, 1993; Bahn, 2007). 

 

possible fifth site are recognized as kill sites, where Folsom hunters caught and 

killed animals such as a now extinct form of bison, antelope, wolves, and rabbits 

(see also: Jodry and Stanford, 1992; Winger and Winger, 2003; Valdez, 2009). 

One site has the remains of 49 slaughtered bison from a Folsom hunt (Jodry, 

1987; Jodry, et al., 1989; Jodry and Stanford, 1992). The other two sites are 

recognized as camp sites, where they butchered kills. These sites were littered 

with stone objects. One camp alone had over 2,000 stone points or tools (Jodry 

and Stanford, 1992). Not only have the tools been found, but the materials used 

to make the tools have also been identified in the area (Winger and Winger, 

2003). There is direct evidence for the fires used to heat the camps, but no 

indication of any dwelling. Bone needles and beads have also been found within 
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camp boundaries (Jodry et al., 1989; Jodry and Stanford, 1992; Winger and 

Winger, 2003), indicating the presence of more than just a handful of seasonal 

hunters. 

The dunes have been the primary agent of preservation of evidence of the 

Folsom people, with sand covering their camps and tools, burying them until they 

are exposed in blowouts. Therefore, it is clear that dune deposits were present 

approximately 10,000 years ago. A relatively humid climate is thought to have 

existed (climatic trends presented in sections 3.5 to 3.7) at that time, with lakes 

possibly existing between the dunes (Lister and Lister, 1993; Winger and Winger, 

2003). The Folsom period ended approximately 8,500 years BP, likely with the 

Folsom being forced to leave by increasing aridity and climate change (Winger 

and Winger, 2003; Bahn, 2007).  

 

3.4.3 The Cody (7,000-2,000 years BP) 

The San Luis Valley appears to have been uninhabited by humans in the 

intervening time, between 8,500-7,000 years BP. Alternatively, it could be that to 

date, no evidence of long-term occupation has either been preserved or found. If 

the valley was occupied, it would have been inhabited by the Cody People. The 

Cody were a group of hunter-gatherer people belonging to the people of the 

Archaic Period, a timeframe dating approximately 8,000 to 1,000 years BP, and 

noted for slightly more advanced tools than their Folsom predecessors (Lister 

and Lister, 1993; Bahn, 2007; Fagundes, 2008). Known dates place the arrival of 

the Cody approximately 7,000 years ago, though older sites may exist (Lister and 

Lister, 1993). Likely they migrated into the region after the end of the arid cycle 

that forced the Folsom people to abandon the area (Lister and Lister, 1993). 

According to Frison (1998), the Cody were present in North America, covering an 

area from Canada to Northern Mexico, and from Wisconsin to Nevada. 

The Cody appear to have settled in the valley, as the post holes of ancient 

basin houses, dwellings that were made using posts and a plausible brush 

covering, were discovered in the Park in 2000 (Winger and Winger, 2003). The 

basin houses date to between 3,000 and 5,000 years ago. A few tools have been 
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found dating to this period as well, particularly along springs (Bunch, et al., 2001; 

Winger and Winger, 2003).  

Very little else is known about these people, except that they were 

present, and contrary to most other cultures, remained in the area during a 

severe arid cycle occurring approximately 5,000 to 4,000 years BP. Their lack of 

migrational response to severe climatic shifts is unusual, unless they remained in 

the valley but drew resources from the outside (Winger and Winger, 2003). No 

evidence has been found to support any cultural adaptation. 

 

3.4.4 Ancestral Puebloans (1,200 years BP – 1300 CE) 

The Ancestral Puebloans were a very early Native American cultural 

group that lived in and around the Four Corners region, and emerged 

approximately 1,200 years BP (Cordell, 1994; Jones and Molyneaux, 2001; 

Haynes, 2002; Winger and Winger, 2003). Previously referred to as the “Anazasi” 

people, the term has been dropped from current usage due to the offensive 

nature and insult of the term in reference to ancestors of various tribal groups. A 

provisional consensus has been reached to call the tribe “Ancestral Puebloans” 

though another name change is possible (Cordell, 2007). They are often 

subdivided into groups referred to as Basket Maker I, Basket Maker II and Basket 

Maker III, (Wilson, 1971). Each group belonged to a different time period, with an 

overlapping continuation of styles and traditions. Only Basket Maker II and III are 

thought to have migrated through the valley (Wilson, 1971). They were followed 

by Pueblo I, Pueblo II, and Pueblo III groups. The Pueblo III group is responsible 

for structures such as Mesa Verde and Chaco canyon (Wilson, 1971). The 

Pueblo IV group marks the timeframe when the Ancestral Puebloans abandoned 

their settlements, and Pueblos II through IV may have been in the valley at least 

seasonally (Wilson, 1971). 

Ancestral Puebloans are thought to be the last group of inhabitants in the 

valley before a period of sporadic inhabitance that lasted until the 1600s, when 

the Utes claimed part of the area as their homeland. The Ancestral Puebloans 

are possibly one of the groups of descendants from the Folsom and Cody 
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people, while the Ancestral Puebloans themselves are traditionally recognized as 

the ancestors of the modern Puebloan tribes (Cordell, 1994; Winger and Winger, 

2003).  A large number of grindstones (both the base and handheld stone), 

pottery fragments, additional tools and a small number of human burials are 

located within the Park (Valdez, 2009). While some of these archaeological 

treasures are identifiable to certain time periods or cultural groups, a large 

number of these artifacts remain in a grey zone that stretches from the end of the 

Cody culture approximately 2,000 years BP, and the beginning of Native 

American occupation in the 1600s. Due to the dynamic nature of the sand dunes, 

these artifacts are often hard to date reliably, and many remain unassociated to a 

particular group. 

 

3.4.5 Puebloan Tribes (post 1300 CE - Modern) 

Puebloan tribes are believed to be the descendants of three major 

cultures: the Mogollon (Cordell, 1994; Jones and Molyneaux, 2001); the 

Hohokam, (Cordell, 1994; Plog, 1997), and the Ancestral Pueblo Peoples 

(Cordell, 1994; Plog, 1997), who controlled the region before European contact 

and the modern tribal groups existed. Of the three cultural groups, the Ancestral 

Puebloans are the most likely to have inhabited the San Luis Valley, though there 

may have been overlap with other tribal groups, and the issue is still largely 

under debate (Fagan, 1991). 

The Puebloan people are an association of tribes in the southwestern 

United States, ranging from Southern Colorado into Northern Mexico (Keegan, 

1998). There are over 25 modern groups of Puebloans, identified by their 

affiliated pueblo. The pueblos that speak the Tewa and any of the three Tiwa 

languages are thought to be the Puebloans linked to the early San Luis Valley 

inhabitants (Fagan, 1991; Winger and Winger, 2003).  

 

3.4.6 Navajo and Related Tribes (post 1300 CE - Modern) 

Navajo and Apache (Diné, Jicarilla) tribal groups are known to have 

occupied the area surrounding the Great Sand Dunes for some time (Wilson, 
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1971). These tribal groups may, just like the Puebloans, be related to some of 

the first occupants of the valley (Lister and Lister, 1993; Plog, 1997; Jones and 

Molyneaux, 2001; Winger and Winger, 2003). However, very little archaeological 

evidence remains to suggest any lengthy stay in the area by either tribal group. It 

may have been a seasonal hunting ground as opposed to a settlement. 

 

3.4.7 Ute Occupation (post 1300 CE - Modern) 

The Ute people are thought to have inhabited the valley, particularly in the 

summers, and have left many traces of their nomadic lifestyle throughout the 

entire valley, not just the Great Sand Dunes (Wilson, 1971). Unlike many other 

tribal groups in this region, there is nothing in oral tradition, written history or 

archaeological evidence to suggest that the ‘modern’ tribe of the Utes migrated to 

the areas now known as Colorado and Utah (Fagan, 1991; Plog, 1997; Winger 

and Winger, 2003). Instead, it appears that the ancestors of the Ute, much like 

the Navajo and Puebloan ancestors, occupied the region for a minimum of a 

thousand years before the tribal group begins to appear in the archaeological 

record (Fagan, 1991). The Tabeguache (also called the Uncompahgre) group of 

the Ute tribes claimed the region and the area around Cochetopa Pass as their 

lands, and were the dominant people in the valley upon the arrival of the Spanish 

(Wilson, 1971). 

 

3.4.8 The Spanish Conquistadors (1599 CE – Modern)  

The Spanish arrived in the valley in 1599, but found the area so 

inhospitable that they did not create any settlements or formally claim the area 

for the Spanish crown until 1708. Even then, when they claimed the valley, they 

built no settlements near the Great Sand Dunes (Lister and Lister, 1993; Winger 

and Winger, 2003), possibly due to the climate and lack of available resources. 

Old trails established by the Ute, Navajo and Apache were taken over and 

connected, forming parts of the Los Caminos Antiguos, “The Ancient Roads” 

(Winger and Winger, 2003), a route which passes very close to the Great Sand 

Dunes. This linked trail then extends through the surrounding area, but appears 
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to be more of a trading or supply route, not an effort to establish a path to get 

closer to the dunes (Winger and Winger, 2003).  

Archaeological evidence and authenticated surviving records indicate that 

the valley was largely left to the Native Americans, being deemed too harsh for 

European settlement, and was left unsettled until the early 1800s (Winger and 

Winger, 2003). Hunting and migrational parties of Ute and Jicarilla Apache were 

still regularly seen in the 1800s, using the valley as a thoroughfare to the north. 

After nearly 200 years of wars and conflicts with the settlers and neighboring 

tribes, the tribes were relocated to reservations. No groups were placed on their 

ancestral lands within the San Luis Valley area (Wilson, 1971). 

 

3.4.9 Permanent Settling of the Valley (Early 1800s CE - Modern) 

The area was settled by means of land grants issued by both Spain and 

Mexico, starting in the 1800s (Wilson, 1971; Winger and Winger, 2003; Valdez, 

2009). One of the single largest grants in the entire valley, the Luis Maria Baca 

Grant was issued in the 1800s and eventually played a role in helping to create 

the Great Sand Dunes National Park and Preserve (Winger and Winger, 2003). 

The lands surrounding the Park are made up of the Trujillo, Baca, and Zapata 

Ranches, all of which were established on land grants (Winger and Winger, 

2003; Valdez, 2009). The dunes do not appear to have been “owned” by anyone, 

except for possibly a small claim by the Baca Ranch. The dunes remained 

largely untouched as they were basically unusable to the new inhabitants of the 

valley. 

 

3.4.10 21st Century Inhabitants – Issues with Settlement 

In 1932, President Herbert Hoover signed a proclamation that resulted in 

the Great Sand Dunes National Monument Act (Lister and Lister, 1993; Winger, 

and Winger, 2003). At that time, the area was to be preserved since it was such 

a unique feature of the area and nothing else like it existed in the state, and was 

attracting more attention from visitors using the nearby railroad. Eventually the 

area underwent construction of roads and other amenities. 
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By the 1960s, water studies were being conducted in the area by the 

USGS to understand where the water in the valley came from and how to best 

utilize the resource (Wurster, et al., 2003; Rupert and Plummer, 2004; Valdez, 

2009). This led to requests being made to pump large volumes of water out of 

the valley. A significant request was made in 1986 by American Water 

Development Incorporated, for the right to pump 200,000 acre feet per year from 

the valley (Rupert and Plummer, 2004; Valdez, 2009). Additional studies were 

conducted to determine the impact this plan might have on the valley. In 1990 it 

was discovered that any large scale change to the groundwater level and surface 

water levels could result in the loss of the dunes, due to a drop of the capillary 

fringe, which keeps the bases of the dunal masses stable (see also: Chen et al., 

1997; Dahlgren et al., 1997; Langford, 2002; Martinho and Giannini, 2002; Laity, 

2003; Rouhipour, 2006; Arzani, 2007; Mountney and Russell, 2009; Schmeisser, 

et al., 2009). A court dismissed the application in 1991. This process highlighted 

the difficulty of protecting the monument (Valdez, 2009).  

In 1999, the Colorado Congressional delegation proposed to purchase the 

Luis Maria Baca Land Grant (the Baca Ranch) and to create a National Park and 

Preserve. The idea was formally proposed on 11 May 2000. Negotiations began 

in January 2001, and the land was finally purchased on 10 September 2004. On 

13 September 2004, the Great Sand Dunes National Park and Preserve became 

America’s 58th national park (Valdez, 2009). 

 

3.5 Climatic Record of the San Luis Valley 

As shown above, a relative record of occupation of the GRSA and 

surrounding lands can be established using the archaeological record. In order to 

understand how the proposed archaeological reconstruction of the past can be 

used to enhance the known geological record, a reconstruction of the region’s 

climate is necessary. Discrepancies between the known climatologic and 

archaeologic records are resolved by literally using the geological deposit to 

determine which of the two reconstructions is more likely, given the fact that 
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geological deposits can be viewed on both a local and regional scale, therefore 

helping to establish the distribution of depositional systems across an area. 

Below is a synopsis of all known, authenticated and reliable climatological 

studies relating to the GRSA and surrounding region. Studies within the GRSA 

are limited, leading to the use of the surrounding area as opposed to directly in 

the valley. This does lead to error concerning the direct effects of the local 

weather system behaviors, and input from the surrounding environments, such 

as the Sangre de Cristo Mountains. However, such errors can be mitigated by 

comparing the climate data with the known archaeological record in order to best 

determine the most likely environmental conditions for a specific time frame. 

 

3.6 Climate Change of the Southwest United States  

Holocene climate change in the southwest United States has been the 

subject of several studies, the results of which in many cases contradict each 

other, reflecting the variability that can develop due to local conditions.  

Between 12,000 and 10,000 years BP, the climate in the southwest United 

States was interpreted to have been cooler and drier than present (Menounos 

and Reasoner, 1997). Menounos and Reasoner (1997) used stratigraphic and 

radiocarbon analyses on sites (Satanta Peak Deposits) from the Front Range of 

Colorado, and present results that suggest that the very early Holocene climate 

was cooler and drier than present. They further suggest that these conditions are 

associated with a possible Younger Dryas event (climatic conditions that are 

most similar to that which occurred in Europe, for comparison to events in 

recorded human history (Dean, 1994)) in the Front Range of Colorado between 

11,070 and 9,970 years BP.  

These data are in general agreement with a study by Haynes (1991) that 

used geoarchaeological and paleohydrological data from the Murray Springs 

Clovis site, located in southeastern Arizona, to infer that drought conditions were 

present in southeastern Arizona from 11,300 to 10,900 cal years BP. These 

drought conditions, termed the Clovis Drought, correlate with the abrupt demise 

of Pleistocene megafauna in the area. MacDonald et al., (2008) found evidence 
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of the Younger Dryas in the Sierra Nevada Mountains, however, the period 

corresponds to 12,900 to 11,500 years BP, a notably different range.  

In contrast to these studies, Vierling (1998) completed a palynological 

study at Lost Lake in central Colorado to investigate the relative changes in 

Holocene climate.  He inferred that between 12,000 and 9,000 years BP, the 

central Colorado region experienced increased precipitation (estimated at 20 cm 

greater than present), dominated by winter precipitation, with a general warming 

around 9,000 years BP, when the region experienced a change from winter 

dominant pattern to a summer monsoon precipitation pattern. In addition, Weng 

and Jackson (1999), using data from pollen samples from the Kaibab Plateau, 

suggest that the climate was cooler and wetter from 11,000 to 8,000 cal  years 

BP. Additionally, Johnson (1986) noted the presence of a 3,000 year pluvial 

environment in the southern High Plains (Texas), starting at around 11,100 years 

BP. 

It is clear from these referenced studies that climate in the southwestern 

United States was cooler than present; however precipitation may have varied 

depending on location and local orographic conditions. Alternatively, these 

differences may simply reflect the resolution of data and analyses from the sites. 

Between 10,000 and 9,000 years BP, the climatic interpretations from 

previous studies appear more consistent. The climate in the southwestern United 

States is shown to have been warmer and wetter than present. Andrews et al., 

(1975) reports on a study on changes of sediment and pollen deposition during 

the Holocene from five high altitude basins in the northern San Juan Mountains, 

Colorado. The Andrews et al., (1975) study focused on variations in 

sedimentation rates, sediment type, and pollen present in shallow cores. These 

data were used to infer relative changes in climate compared to present 

conditions. Their study found that glacial ice in the San Juan Mountains had 

receded, possibly to the point of complete disappearance, around 10,000 to 

9,000 years BP, indicating a general warming trend, similar to the conclusions 

drawn by Benedict (1973) for Front Range (Colorado) glacial cirques. Vierling 

(1998) found that around 9,000 years BP, the Lost Lake area, in central 
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Colorado, experienced a warming pattern resulting in a change from winter 

dominant pattern to a summer monsoon precipitation pattern. A study by Cole 

(1990) estimates that the summer precipitation in the southwestern United States 

appears to peak at about 9000 years BP, which agrees with Anderson et al., 

(2000) who reports maximum summer precipitation occurring along the southern 

Colorado Plateau during the beginning of the Holocene at approximately 9,000 

years BP.  

A study of the deposits at the Chihuahuenos Bog, in the Jemez 

Mountains, near Los Alamos, New Mexico (Anderson et al., 2008), found that the 

region experienced severe drought conditions between 8,500 years BP to 6,400 

years BP, resulting in complete drying of the bog. This agrees well with the 

conclusions presented by Cole (1990) indicating a drop in precipitation at 

approximately 8,200 years BP.  Alley et al., (1997) also identified general global 

drying conditions in Greenland ice cores between 8,400 and 8,000 years BP. 

Johnson (1986) infers the presence of drought conditions starting around 8,500 

years BP in the southern High Plains of Texas. 

The climate of the southwestern United States from 6,400 to 4,000 years 

BP appears to be dominated by highly variable wet and dry conditions, compared 

to the present climate. Anderson et al., (2008) suggests conditions of increasing 

precipitation around 6,400 years BP, but little information is provided for the 

period less than 6,400 years BP. Andrews et al., (1975) suggests that significant 

climate variations (alternating wet and dry conditions compared to present) 

developed between 6,000 and 4,000 years BP, evident from sedimentation rates 

and presence of organics from five high altitude basins in the northern San Juan 

Mountains.  

This conclusion agrees well with that of Pederson (2000) whose study 

also suggests wide climatic fluctuations occurring between 5,000 and 3,000 

years BP from evidence from paleolake deposits on the Colorado Plateau. 

However, Vierling (1998) suggests that drier than present conditions developed 

in the Lost Lake area between 6,000 and 4,000 years BP until approximately 

1,800 years BP, when cooler and drier conditions were established in the region, 
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similar to the existing climate. The differences between these studies may reflect 

the amount and quality of data collected. 

Concerning the areas closest to the GRSA, two studies are known: 

Grissino-Mayer’s 1998 tree ring study conducted within the Sangre de Cristo 

Mountains and Tainer’s 2010 chronostratigraphic analysis pertaining to 

depositional facies correlation of the eastern Grand Canyon, Arizona. However, 

Grissino-Mayer, et al., (1998) remains the only extensive study of historical 

precipitation at the Great Sand Dunes. Cores were taken from living and dead 

Ponderosa, Douglas-Fir, and Limber pines trees growing adjacent to the Great 

Sand Dunes. The tree rings from these cores were analyzed to develop 

climate/tree growth relationships. This study reconstructed the precipitation 

record from 1035 CE to 1995 CE. Figure 3.6 presents the reconstructed annual 

water year from this study. The major findings of this study included: 

• The period from 1400-1570 CE, was a period of relatively stable 

precipitation. 

• The most intense drought occurred between 1570-1600 CE. 

• There is an apparent decline in variability with precipitation over the last 

1,000 years, with the lowest variability occurring in the 1800s. 

• Shortly after this period, the region entered a wet period, which lasted until 

1930. 

• In the beginning of 1949, a drought in the area began that lasted 

  through 1965. 

 

Figure 3.7 presents a graph from Tainer’s 2010 study, which infers the 

relative climate conditions as compared to the present. As shown, the climate 

conditions vary significantly. These conditions agree somewhat with those from a 

tree-ring study conducted by Bigio et al., (2010) in Durango, Colorado; however 

they are more comparable to the results charted by Grissino-Mayer, et al., (1998) 

from the Sangre de Cristo Mountains.  

These two studies show a reasonable correlation to one another, taking 

into account the distance between the sites and the variability in fluvial source.  
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As can be seen in Figure 3.8, the studies from Grissino-Mayer and Tainer are the 

only studies to focus on the younger climatological shifts, with the older climatic 

patterns being summarized by additional studies. 

 

3.7 Climate Regimes during Known Occupation of the GRSA 

Similar to the above methodologies, the archaeological record of climate is 

also not fully complete, but can be combined with other studies for a more 

comprehensive understanding of the regimes. At the Murray Springs Clovis site, 

in southeastern Arizona, stratigraphic and geomorphic evidence, collected and 

analyzed by Haynes (1991), shows that an abnormally low water table existed 

circa 10,900 years BP. This was then followed by a water-table rise leading to a 

water-table fluctuation that correlates with pluvial lake fluctuations in the Great 

Basin during and directly after Clovis occupation (Haynes, 1991). Subsequent 

studies of the sediment and artifacts show that the water levels again drop closer 

to 10,000 years BP levels (Haynes, 1991). This drop corresponds with the end of 

the Clovis period and the beginning of the Folsom period (Haynes, 1991). In a 

nearly identical manner, the Folsom period ended approximately 8,500 years 

ago, likely with the Folsom people being forced to leave due to increasing aridity, 

recorded by lower than average water levels at known Folsom sites (Winger and 

Winger, 2003; Bahn, 2007). 

The Cody, who are known to have remained in the GRSA, in contrast to 

the Clovis and Folsom peoples, have their occupation marked by a severe arid 

cycle that changed the climate from approximately 5,000 to 4,000 years BP. A 

wetter climate is estimated to have returned approximately 4,000 years BP 

(Winger and Winger, 2003). The Cody appear to have remained in the area until 

approximately 2,000 years BP, when tool styles again change slightly, indicating 

a cultural shift (Bahn, 2007) but one not driven by an arid cycle. There is clear 

evidence that their descendants, the Ancestral Puebloans, experienced 

significant climate shifts during their occupation of the southwest. From 700 CE 

through 1130 CE, Ancestral Puebloan culture and population increased, and 

coincided with a timeframe when water levels in streams were at a 



 

Figure 3.6 Reconstructed precipitation record from Grissino
that shows the cyclicity present in the nearby Sangre de Cristo Mountains. While 
the Park receives less precipitation direc
Mountains, the data is a good match for the relative proportion of water seen 
within the Park during these phases. For example, a wetter year in the mountains 
corresponds to a likely wetter year in the Park, as explained by V

 

maximum, precipitation was increasing, and crop yields more predictable (Hevly, 

1988; Agenbroad and Mead, 1992). Historical records from 900 to 1300 CE in 

Europe indicate that this matches with a period of atmospheric circulation 

alteration that created the Medieval Warm Period (Dean, 1994). In high

regions this was largely beneficial, however, in arid regions a warmer climate, 

especially when accompanied by drought, exacerbated the drying cycle (Hevly, 

1988; Dean, 1994). A series of

“Great Drought”, a sharp decline in precipitation thought to have occurred 

approximately from 1276 to 1299 CE, although it may have begun as early as 

1230 CE (Grissino-Mayer, 1998). By 1300 CE, the majority of a

Puebloan settlements had been abandoned (Agenbroad and Mead, 1992).
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Reconstructed precipitation record from Grissino-Mayer et al., 1998, 
that shows the cyclicity present in the nearby Sangre de Cristo Mountains. While 
the Park receives less precipitation directly, than the Sangre de Cristo 
Mountains, the data is a good match for the relative proportion of water seen 
within the Park during these phases. For example, a wetter year in the mountains 
corresponds to a likely wetter year in the Park, as explained by Valdez (2009).

maximum, precipitation was increasing, and crop yields more predictable (Hevly, 

1988; Agenbroad and Mead, 1992). Historical records from 900 to 1300 CE in 

Europe indicate that this matches with a period of atmospheric circulation 

that created the Medieval Warm Period (Dean, 1994). In high

regions this was largely beneficial, however, in arid regions a warmer climate, 

especially when accompanied by drought, exacerbated the drying cycle (Hevly, 

1988; Dean, 1994). A series of worsening droughts began, cumulating in the 

“Great Drought”, a sharp decline in precipitation thought to have occurred 

approximately from 1276 to 1299 CE, although it may have begun as early as 

Mayer, 1998). By 1300 CE, the majority of all Ancestral 

Puebloan settlements had been abandoned (Agenbroad and Mead, 1992).
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Figure 3.7 Paleoclimate chart from the Grand Canyon (from Tainer, 2010). Note 
that this study compares well to Grissino
higher volume of precipitation approximately 1,200 years BP. The number of 
calculated paleofloods, however, i
proposes a higher than average flow over a longer period of time as opposed to 
a rapid flooding event. 

 

3.8 Seismic Activity in San Luis Valley

The geological record, in terms of scarps and seismically caused deposi

indicates that there may be a different reason for the lack of human occupation at 

certain times within the San Luis Valley, other than known climatic change. While 

not as active as it previously may have been, the fault zones along the rift 

boundary are still capable of producing large magnitude earthquakes along the 

Sangre de Cristo Fault, adjacent to the Sangre de Cristo Mountains (Reid, 1911; 

Sanford, et al., 1995; Schule et al., 1996; McCalpin, 1981; Machette, et al., 

2007).  
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Paleoclimate chart from the Grand Canyon (from Tainer, 2010). Note 
that this study compares well to Grissino-Mayer’s 1998 study results showing a 
higher volume of precipitation approximately 1,200 years BP. The number of 
calculated paleofloods, however, is quite low, leading to supposition that 
proposes a higher than average flow over a longer period of time as opposed to 
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Figure 3.8 Summary chart of paleoclimate study results for southwestern United 
States overall. Data has been grouped and plotted to show the relative pattern 
based on a proxy of today’s climatic patterns, and the relative wet
Discrepancies are noted, pa
years BP timeframe. This data was later compared with this study’s findings to 
provide a paleogeographic reconstruction.
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Summary chart of paleoclimate study results for southwestern United 
States overall. Data has been grouped and plotted to show the relative pattern 
based on a proxy of today’s climatic patterns, and the relative wet-
Discrepancies are noted, particularly around the 12,000 years BP through 7,500 
years BP timeframe. This data was later compared with this study’s findings to 
provide a paleogeographic reconstruction. 

Summary chart of paleoclimate study results for southwestern United 
States overall. Data has been grouped and plotted to show the relative pattern 

-arid cycles. 
rticularly around the 12,000 years BP through 7,500 

years BP timeframe. This data was later compared with this study’s findings to 
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Approximately 15-10,000 years ago and again approximately 5,400 years 

ago, magnitude 7 or higher earthquakes occurred in the region near the Great 

Sand Dunes, and left scarps in excess of 8 m in height (McCalpin, 1981). 

Structural maps show the area to be complex in terms of faults, and many of the 

faults show relatively recent activity (Wilson, et al., 2005). It has been suggested 

that tectonic activity rather than climate, or a combination of both tectonics and 

climate, caused migration of early peoples in Central and South America (Haug, 

et al., 2003). However, the first of the larger known earthquakes in the GRSA 

occurred in pre-Clovis/Clovis time and is unlikely to be the cause for a cultural 

shift. The alteration in point style suggests that the people were adapting to their 

environment and the pressures of a changing hunting style. This tool shaping 

trend would not be forced by an earthquake, provided the Clovis inhabited the 

San Luis Valley long term. The fact that they were nomadic makes migrational 

forcing factors even more difficult to access for that group. No evidence supports 

a stationary Clovis population within the valley, so it is unlikely the earthquake 

drove a migration. 

The second of the largest known earthquakes occurred in the middle of 

Cody occupation. At the time, the area was beginning to experience the severe 

drought that occurred from 5,000-4,000 years BP, but the evidence of multiple 

basin houses dated between 5,000 and 3,000 years old (Jodry et al., 1989), 

indicates that the Cody did not leave the area, despite the harsh climatic regime 

and earthquake activity. 

 

3.9 Controls on Migration of Peoples in the San Luis Valley 

Interestingly, there were no direct dates or surfaces located and age dated 

to correlate to the 1230 CE drought that is known to have affected the entire 

southwestern United States. This drought has been postulated to be severe 

enough that it was the main cause of the disappearance of the Ancestral 

Puebloans (Hevly, 1988; Lister and Lister, 1993). Occurring approximately 780 

years ago, there are no dates that young in test samples either in this, or other 

studies, such as Couroux’s (2001) which indicate a direct horizon linked to the 
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probable drought. It is possible that the 1230 CE drought, while severe, may not 

have been as severe as the drought that affected the Cody. However, it may 

have impacted the Ancestral Puebloans more, due to their more advanced 

settlement style. The more adaptive Cody lifestyle may have allowed the people 

to survive and remain in the area despite the conditions, as opposed to the more 

structured and rigid Ancestral Puebloan lifestyle. The hypothesis of a less severe 

drought during Ancestral Puebloan time could be supported by the geological 

evidence, since the Cody time drought is recorded in multiple sites and samples 

from this study (Chapter 5) and from studies conducted by Couroux (2001), and 

Madole (2006), the Ancestral Puebloan time drought does not appear in the 

sample record.  

Alternatively, there simply may have been so little sedimentation, or 

preserved sedimentation, in the past approximate 780 years that the drought 

surface is still close to the modern surface and is therefore difficult to analyze 

due to alterations from the modern environmental conditions. 

A third possibility is that the topography in the region may have been able 

to sustain both the Cody and the Ancestral Puebloans through the droughts. The 

Sangre de Cristo Mountains, which provide a formidable barrier along the 

eastern margin of the valley, are significant enough to trap volumes of sand 

within the valley, creating the dunes. The same barrier to the aeolian materials 

also traps clouds and weather systems. Any system brought into the valley on 

the same westerly winds would be influenced by the orographic barrier, the same 

as any windblown sands. While not trapped directly over the GRSA, the storms 

are stalled in an advantageous location to provide the GRSA and surrounding 

areas with runoff at a minimum to the foot of the mountains. This can be seen 

today, when certain systems are trapped against the mountain front, but little 

runoff reaches the foot of the mountains or into the Park (Machette, et al., 2007). 

The more independent and self-contained bands of Cody may have been able to 

make use of this natural resource over the duration of the drought. In contrast, 

the Ancestral Puebloans, who appear to have had a more centralized tribal 
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system, may have left, following a capital city’s order, or been too few in number 

to remain as a significant outlying population. 

Data from the above presented archaeological evidence, all known 

climatological studies of the region (Benedict, 1973; Andrews, et al.,1975; Hall, 

1977; Johnson, 1986; Cole, 1990; Haynes, 1991; Alley et al., 1997; Menounos 

and Reasoner, 1997; Grissino-Mayer, et al., 1998; Vierling, 1998; Weng and 

Jackson, 1999; Anderson, et al., 2000; Pederson, 2000; Anderson, et al., 2008; 

McDonald et al., 2008; Tainer, 2010) has been complied into a data set to 

demonstrate the climatic cycling paired with human occupation. Table 3.1 shows 

each field and how it relates across sciences and time to the data from other 

relevant sources. Also compared are climatic regime, landform alteration over 

time (Clarke and Rendell, 1998; Forman et al., 2001; Forman and Pierson, 

2003), and known earthquakes to have struck in any location that would have 

affected the GRSA, if not the entire San Luis Basin. Given that large earthquakes 

are known to affect the region (see Table 3.1), and evidence provided by a 

calculated magnitude 7 to 7.5 that occurred just above the GRSA, 15,000 years 

BP (McCalpin, 1982) indicates the severity of tectonics within the region. While 

the area was unpopulated in human terms, it is one of a few earthquakes used 

as evidence for large scale movement on faults in the area, and is a factor in 

understanding plausible human migrations. 

 

3.10 Comparison to other Cultures  

The Ancestral Puebloans compare, culturally, in terms of technological 

advancement and lifestyle, to the Mayan civilization. Both civilizations 

demonstrate a high degree of advanced technology for their time, and both had 

highly developed cultures, cultural beliefs and methods (Hodell, et al., 1991; 

Haug, et al., 2003). Both groups are known to inhabit areas of earthquake activity 

ranging from moderate to occasional severe earthquakes. Interestingly, neither 

culture appears to have left due to tectonic activity. 

No known earthquake is dated to Ancestral Puebloan time within the Park. 

However, it is known that the Maya remained throughout known activity, so it is 
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likely the Ancestral Puebloans would have remained as well. The prevailing 

hypothesis is that both cultures were destroyed by drought (Hodell, et al., 1991; 

Lister and Lister, 1993; Plog, 1997; Haug, et al., 2003; Winger and Winger, 

2003). Their societies were too dependent on a resource that they were unable 

to control or externally source (Jones, and Molyneaux, 2001). Their cultures were 

based around well fortified stone structures and cities, which they only 

abandoned after they had run out of options, or had been ordered to do so. 

In contrast, the Cody People are more comparable to the people of the 

Gobi desert (Seely, et al., 2006). While advanced in their own way, with an 

extremely intricate societal setting, these groups are less dependent on materials 

being directly available to them, and instead, while having set camps or long term 

settlements, are more nomadic than the more rigid cultures above (Auerbach, et 

al., 2001; Jones, and Molyneaux, 2001; Seely, et al., 2006). ‘Cities’ have been 

discovered from both of the cultural groups; however, neither completely 

detached from a nomadic existence, and were able to transfer to a full nomadic 

existence when the climate required (Seely, et al., 2006). Both climates are 

known for severe droughts (Winger and Winger, 2003; Seely, et al., 2006; Yang 

and Scuderi, 2010). The dwellings were not elaborate or intricately assembled 

(Jodry, 1989; Jodry and Stanford, 1992; Seely, et al., 2006). Instead the Cody 

and people of the Gobi culturally demonstrate a more hunter-gatherer type of self 

contained cultural center as opposed to a centralized single city and outlying 

smaller cities (Jones, and Molyneaux, 2001; Seely, et al., 2006). These hunter-

gatherer peoples’ less rigid habitation patterns or culturally ingrained methods 

may have enabled them to better adapt to a severe change in climate than a 

more advanced and centrally structured cultural system. 

 

3.11 Discussion and Conclusions 

While the idea of peoples migrating with the climatic changes in an area 

may work in environments such as the people inhabiting the historic Mayan 
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Table 3.1 Habitation, Climatic Regime, and Earthquake Activity-10,000 years BP 
to Present. 

Time 

(years BP) 

Climate 

 

People Known 

Earthquakes 

10,000-
8,000 

Wet, 
possibly 
seasonally 

• End Clovis occupation (~10, 000 years 
BP) 

• Begin Folsom occupation ~10,000 
years BP 

• Folsom occupation until ~ 8,500 years 
BP 

• Uninhabited 

Possible large 
earthquake 
 Mag.7 or > 
 ~10,000 years 
BP 

8,000-6,000 Wet/Semi-
Arid 
 

• Cody appear ~ 7,000 years BP  

6,000-4,000 Arid/ 
Extremely 
Arid 
 

• Cody occupation Identified large 
earthquake 
 Mag. 7 or >  
~5,400 years BP 

4,000-2,000 Wet • Cody occupation, ends at 
approximately 2,000 years BP 

 

2,000-0 Semi-Arid 
 

• Ancestral Puebloans appear 
approximately 1,200 years BP 

• Ancestral Puebloans disappear ~780 
years BP 

• Modern Puebloan Tribes, Utes, Navajo 
and Jicarilla Apache occupy the 
region, starting prior to 400 years BP, 
known occupation from 400 years BP 

• Spanish Conquistadors arrive ~ 400 
years BP 

• Spanish, European and Eastern 
settlers occupy valley ~200 years BP 

• Native tribes removed from ancestral 
lands ~200 years BP 

• Full settlement of valley by mixed 
population ~60 to 70 years BP 

 
 
 
 
 
 
 
 
 
 
 
Earthquake of ~ 
Mag. 5 occurs 
near GRSA, year 
2011, with 
multiple fore and 
aftershocks, Mag. 
2-3 

Sources (archaeology): Hurst, 1941; Wilson, 1971; Jodry, 1987; Jodry, et al., 1989; Fagan, 1991; 
Jodry and Stanford 1992; Lister and Lister, 1993; Cordell, 1994; Plog, 1997; Frison, 1998; 
Keegan, 1998; Lepper, 1999; Auerbach, et al., 2001; Bunch et al., 2001; Jones and Molyneaux, 
2001; Winger and Winger, 2003; Bahn, 2007; Cordell, 2007; Fagundes, 2008 
Sources (climate): Benedict, 1973; Andrews, et al.,1975; Hall, 1977; Johnson, 1986; Hevly, 1988; 
Cole, 1990; Haynes, 1991; Agenbroad and Mead, 1992; Dean, 1994; Alley et al., 1997; 
Menounos and Reasoner, 1997; Clarke and Rendell, 1998; Grissino-Mayer, et al., 1998, Vierling, 
1998; Holliday, 1999; Weng and Jackson, 1999; Anderson, et al., 2000; Pederson, 2000; Forman 
et al., 2001; Forman and Pierson, 2003; Anderson, et al., 2008;; McDonald et al., 2008; Bigio, et 
al., 2010; Tainer, 2010   
Sources (earthquakes): Reid, 1911; Chapin, 1971;  McCalpin, 1981; McCalpin, 1982; Golombek, 
et al., 1983; Baldridge, et al., 1994; Chapin and Cather, 1994; Keller and Cather, 1994; Sanford, 
et al., 1995; Schule, et al., 1996; Machette, et al.,, 2007, Valdez, 2009, USGS 2011 
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lands, it does not necessarily hold true within the San Luis Valley. While the 

presence of the Clovis and Folsom peoples does coincide with a wet period and 

abundance of resources, and the Folsom appear to have left due to a drought, 

the succeeding Cody, remained in the valley despite some of the most severe 

drought conditions. The occupation of the valley is a good indicator as to climatic 

regimes at the time, depending on what people were resourcing or hunting, their 

presence or absence cannot be attributed to climate change alone. It likely has 

more to do with culture and cultural response to climatic change dictating the 

migration of the people.  

The example of the Cody remaining and surviving despite the severe 

drought, while the Ancestral Puebloans disappeared, is more of an indication of 

cultural abilities and distinctions than the climate change. The more simplistic, 

adaptive culture of the Cody allowed for them to continue inhabiting the valley, 

even at the height of the drought and the extreme aeolian conditions that existed. 

Their use of basin houses indicates that they were using the geology and 

resources to their advantage – it is easy to dig into aeolian deposits, creating 

simple houses that do not use much valuable wood resources, while providing 

cool relief during the hot summers. The more rigid and structured settlements of 

the Ancestral Puebloans were based around the environment that had been in 

place when they settled the area. When the climate dried into drought-like 

conditions, even the least severe drought would have affected them negatively. 

With their civilization built around the presence of adequate water supply to 

produce food, they would not have been as adaptive as the earlier people. 

Therefore, the presence or lack of archaeological artifacts cannot be used 

to determine solely if climatic change is responsible for inhabitation patterns 

within the valley. Instead, the type of artifacts and their relationship to the 

geological deposits of similar age are more indicative of climatic regime and can 

be used to support the interpretation of what type of climate was likely in an area 

at a given time. 
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CHAPTER 4  

GEOMORPHOLOGICAL IDENTIFICATION AND COMPARISON: SAN LUIS 

LAKE AND DRY LAKES SYSTEMS 

 

4.1 Overview 

The Great Sand Dunes National Park and Preserve, located in the San 

Luis Valley of southern Colorado, contains Quaternary to modern deposits of 

alluvial fans, stream channels, floodplain alluvium, aeolian deposits and lake 

sediments. The most well-known deposits within the Great Sand Dunes National 

Park and Preserve are the dune features of the active dune field, which include 

star, parabolic, barchan, reversing, and nebkha dunes. In addition to the dune 

deposits, there are lesser known fluvial deposits associated with ephemeral 

streams. The fluvial deposits are part of a complex cycle of erosion and 

deposition occurring between aeolian and fluvial processes.  Added complexities 

to this system are the playa and sabkha environments surrounding the Dry Lakes 

and San Luis State Park that lie to the west and south of the active dune fields. In 

the Dry Lakes area, well formed lunettes have been identified that lie along the 

rim of playas. In the San Luis State Park, the identity of large dune-shaped 

features has been under discussion. These large features have been interpreted 

as parabolic dunes, (Madole, 2006) paired with blowouts (Fryberger, et al., 1979) 

or lunettes (Valdez, 2009). Identification of these features is the key to 

reconstructing the geomorphological evolution of the Great Sand Dunes National 

Park and Preserve and the surrounding areas. This geomorphological and 

stratigraphic study identifies the dune-shaped features in the San Luis State Park 

as lunettes and presents geomorphological reasoning as to why the features are 

identified as they are, and how such identification is useful. 

 

4.2 Introduction 

In the Great Sand Dunes National Park and Preserve (GRSA) in southern 

Colorado (Figure 4.1), a unique combination of aeolian and fluvial processes 

interacts to create a large variety of geomorphological features. This chapter will 



53 
 

discuss the aeolian features that are present in the GRSA and the physical 

processes that create and rework them. While the majority of the aeolian features 

at the Great Sand Dunes National Park and Preserve are easily categorized, 

several large scale features remain controversial as to their identity.  Large dune-

shaped features, in the Dry Lakes region south of the GRSA, and in the areas 

adjacent to the San Luis Lake State Park, have been suggested to be blowouts 

and parabolic dunes (Madole, 2006) or lunettes (Valdez, 2009). Each of these 

interpretations would have a different impact on generating geomorphological, 

geological and climatological reconstructions of the region’s history. Therefore, a 

special focus has been given to identification of these dune-like features along 

with documentation of the geomorphology and stratigraphy within a narrow 

section along the western margin of the Great Sand Dunes National Park and 

Preserve. 

This paper identifies these large dune-like features as lunettes, and 

presents criteria determining how to identify such features, using their 

geomorphological and stratigraphic parameters. The paper also discusses the 

role and importance of these features in understanding the geomorphological 

evolution of the Great Sand Dunes National Park and Preserve and the 

surrounding areas.  

Identification of the presence of lunettes in a greater proportion than 

previously documented has an impact on evaluation of the system as a whole. 

Criteria, developed specifically for this project, entail the utilization of lunettes to 

understand: (1) the percentages of available free sediment in a system; (2) how 

long that sediment has been present; (3) climatic trends in the valley and 

duration of climatic cycles; and (4) the length of time for which paleogeomorphic 

or paleogeographic reconstructions can be made.  

Lunettes have a much higher rate of preservation, and present a more 

complete record of geological events than parabolic dunes (Fryberger, et al., 

1979; Holliday, 1999). A parabolic dune is stable as long as it has sufficient 

vegetation cover, however, during a severe drought, the once stable feature can 

become mobile again, altering or destroying a depositional record (Fryberger, et 



 

al., 1979). Lunettes, on the other hand, have a much higher percentage of fines, 

such as clays and silts,

and therefore geologically longer lived than other aeolian counterparts 

(Fryberger, et al., 1979; Holliday, 1999). Moreover, identification of a larger 

percentage of lunettes indicates a far more cyc

lunettes need a specific combination of environmental, sediment type and 

humidity changes in order to form (Bowler, 1976).

 

Figure 4.1 Geologic map of GRSA (af
1986; Johnson et al., 1989; B
and Valdez, 2000). Green line denotes the boundary of the GRSA. Map modified 
to show mapping locations, boxes indicate the location of the Northern,
and Southern segments, respectively.
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al., 1979). Lunettes, on the other hand, have a much higher percentage of fines, 

such as clays and silts, the cohesive content of which makes the harder to erode 

and therefore geologically longer lived than other aeolian counterparts 

(Fryberger, et al., 1979; Holliday, 1999). Moreover, identification of a larger 

percentage of lunettes indicates a far more cyclic nature of climate changes, as 

lunettes need a specific combination of environmental, sediment type and 

humidity changes in order to form (Bowler, 1976). 

Geologic map of GRSA (after Lindsey et al., 1985; Lindse
1986; Johnson et al., 1989; Bruce and Johnson, 1991; Johnson and Bruce, 1991; 
and Valdez, 2000). Green line denotes the boundary of the GRSA. Map modified 
to show mapping locations, boxes indicate the location of the Northern,
and Southern segments, respectively. 

al., 1979). Lunettes, on the other hand, have a much higher percentage of fines, 

the cohesive content of which makes the harder to erode 

and therefore geologically longer lived than other aeolian counterparts 

(Fryberger, et al., 1979; Holliday, 1999). Moreover, identification of a larger 

lic nature of climate changes, as 

lunettes need a specific combination of environmental, sediment type and 

 

et al., 1985; Lindsey et al., 
and Bruce, 1991; 

and Valdez, 2000). Green line denotes the boundary of the GRSA. Map modified 
to show mapping locations, boxes indicate the location of the Northern, Central, 
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The previous interpretations of possible parabolic dunes (Madole, 2006) 

and blowouts are assigned to the morphological similarity. Where parabolic 

dunes and blowouts occur as a paired system, the deposit can superficially 

resemble a lunette and playa system (Fryberger et al., 1979). Parabolic dunes 

may resemble a lunette in that it is a relatively stable crescentric deposit of 

sediment, with the bulk of the dunal mass to the lee side, and ‘arms’ curving 

around a depression (McKee, 1979a). A blowout may also morphologically 

resemble a playa, as they are both depressions (McKee, 1979a). While there 

may be visual similarities, the conditions under which a paired parabolic 

dune/blowout system forms are considerably different than a playa/lunette 

system. Therefore, recognizing these differences is important to the 

advancement of geomorphological reconstructions.   

The results of this study are important in applications worldwide in order to 

understand the importance of lunettes in arid to semi-arid rifting infill systems. 

Most lunettes described are on flat plains such as in Australia (Bowler, 1976; 

Bowler, 1983; Bowler et al., 2003) or closely associated with deserts, like the 

Kalahari (Thomas et al., 1993). It is plausible that the identification of rift lunettes 

may lead to a revision of local geological evolution. 

 

4.3 Previous Geomorphic Studies in Relation to this Study 

Previous studies on the geomorphology of the GRSA have largely focused 

on the active dune field and its associated depositional environments (Fryberger, 

et al., 1979; Madole, 2006; Madole and Mahan, 2007; Valdez, 2007; Madole, et 

al., 2008). Studies on Pleistocene age geomorphological surfaces indicate that 

the GRSA was largely a pluvial environment during mid-Pleistocene (Nettleton, et 

al., 1989).  However, the GRSA contains long-lived features, such as the dune 

field, which may partially be of mid-Pleistocene age. 

Extensive mapping detailing the geomorphological components at the 

GRSA is presented in Quaternary Geology of Great Sand Dunes, Development 

and Eolian Geomorphology of Great Sand Dunes complied in 2006-2007 

(Valdez, 2007) and the primary findings presented in the report include:  
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• The GRSA dunefield is considered a classic draa, containing large sand 

dunes with other smaller dunes along the windward and leeward faces 

(Figure 4.2); 

• The sabkha formed in areas of basin subsidence and where deflation has 

lowered the ground surface to within the capillary fringe; 

• Playas have formed in the basin, in areas where surface water accumulates 

and evaporates;  

• Age dating of sediments has identified at least 13 episodes of droughts over 

the last 1,300 years, resulting in remobilization of sand; 

• The dominant wind direction is from the southwest, however there are periods 

when the wind direction reverses, forming reversing dunes; 

• The general direction of groundwater flow is from the northeast, which reflects 

recharge from the Sangre de Cristo mountains; 

• The prehistoric Lake Alamosa resided within the closed San Luis Basin until 

approximately 440,000 years ago, when the lake overflowed to the south. The 

lake eventually drained and became filled with sediments.  

 

This study utilizes the data compiled and presented in previous studies 

(Fryberger et al., 1979; Andrews, 1981; Marîn et al., 2005; Graham, 2006; 

Madole, 2006; Madole and Mahan, 2007; Valdez, 2007; Madole, et al., 2008), 

however, an independent geomorphological study was conducted as part of a 

field program, with the sole purpose of offering a geomorphological comparison 

and plausible explanation for the dune-like features at San Luis Lake. As stated 

by the GRSA (Valdez, 2009), the majority of all mapping efforts have been 

concentrated on the active dune field, and to a lesser extent, in the surrounding 

sand sheet while the areas identified as lunette and playa containing regions 

have not been as studied. This left areas that are poorly constrained in geological 

terms when compared with surrounding systems (Valdez, 2009). Therefore, 

these regions are the focus of the study with the surrounding, more frequently 

studied areas, noted and utilized for comparison purposes. The results 

 



 

Figure 4.2 Image showing the Active Dune Field, which was identified by the 
GRSA as the draa (Valdez, 2007). Figure shows all primary surficial water 
sources. 

 

of Andrews’ 1981 study and of the

presented alongside the results of this study. However, it is important to note that 

the studies did not share a common field area, so percentages of geomorphic 

cover and relevance to specific deposits var

 

4.4 Methodology 

For this study, field mapping and geomorphological comparisons were 

conducted. The entire site was mapped and subdivided into geomorphological 

zones, in order to delineate the distribution and environmental association of 

geomorphological components. Topographic profiles were constructed across 
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Image showing the Active Dune Field, which was identified by the 
GRSA as the draa (Valdez, 2007). Figure shows all primary surficial water 

study and of the mapping done by Valdez (2007) 

presented alongside the results of this study. However, it is important to note that 

the studies did not share a common field area, so percentages of geomorphic 

cover and relevance to specific deposits varies. 

For this study, field mapping and geomorphological comparisons were 

conducted. The entire site was mapped and subdivided into geomorphological 

zones, in order to delineate the distribution and environmental association of 

ical components. Topographic profiles were constructed across 

Image showing the Active Dune Field, which was identified by the 
GRSA as the draa (Valdez, 2007). Figure shows all primary surficial water 

mapping done by Valdez (2007) are 

presented alongside the results of this study. However, it is important to note that 

the studies did not share a common field area, so percentages of geomorphic 

For this study, field mapping and geomorphological comparisons were 

conducted. The entire site was mapped and subdivided into geomorphological 

zones, in order to delineate the distribution and environmental association of 

ical components. Topographic profiles were constructed across 
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pertinent locations in order to understand the nature of the boundary 

relationships between key, selected components.  

Field mapping was conducted at a 1:300,000 scale across the GRSA. 

Detailed mapping areas were chosen first in order to establish a zonation of the 

entire site. Then, due to the main focus of the project being centered on San Luis 

Lake and the deposit associated with it, any and all plausible or previously 

suggested deposits and their specific zones were mapped to allow for a 

comparison. This mapping was on a 1:100,000 scale. Note that other maps were 

done at different, identified scales dependent upon area and level of description 

required. In addition to the surficial mapping, the shape and dimensions of the 

geomorphological features were studied. Since one of the main aims of this study 

was to identify lunettes in the GRSA, all geomorphologic features that were 

similar to lunettes were studied in  greater detail by creation of cross sections 

across each feature, and compared to each other. These features were identified 

and mapped based on field mapping and aerial photo imagery (used for locations 

where mapping by foot was not allowed or crossed privately owned lands), and 

were chosen by identifying locations for plausible component comparison. 

 

4.5 Geomorphologic Features at the Great Sand Dunes National Park and 

Preserve  

The Great Sand Dunes Park and Reserve can be divided into the 

following general geomorphological areas, according to the occurrence of 

dominant geomorphological features observed during this current project 

(Figures 4.3 – 4.7).  

• the Active Dune Field with reversing dunes, star dunes, parabolic 

dunes, barchan dunes, transverse dunes and nebkha dunes (see 

Table 4.1);  

• the Sand Sheet with blowouts, sand sheet containing fluvial 

deposits, and stabilized dunes (see Table 4.1); 

• the Sabkha with sabkha surfaces (see Table 4.1);  



 

• the Lunette and Playa Systems 

(see Table 4.1)

• the Sand Ramps

Table 4.1)

• the Farmland Zone

located along the western margin of this study’s field site; and 

• the Sangre de Cristo Mountains

east. 

 

Figure 4.3 Map showing distribution of geomorphological zones within the Great 
Sand Dunes field area 

 

For this study, both the farmland and the Sangre de Cristo Mountains are 

not further considered. Farmland was not studied due to the anthropological 

removal and/or control of geomorphologic features. The Sangre de Cristo 

Mountains are the source of aeolian and fluvial sediment (McCalpin, 1981; 
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Lunette and Playa Systems with lunettes and playa deposits

(see Table 4.1);  

Sand Ramps with sand ramp deposits and fluvial deposits

Table 4.1);  

Farmland Zone with extensive anthropological modification 

located along the western margin of this study’s field site; and 

Sangre de Cristo Mountains, which border the GRSA to the 

Map showing distribution of geomorphological zones within the Great 
 

For this study, both the farmland and the Sangre de Cristo Mountains are 

considered. Farmland was not studied due to the anthropological 

removal and/or control of geomorphologic features. The Sangre de Cristo 

Mountains are the source of aeolian and fluvial sediment (McCalpin, 1981; 

with lunettes and playa deposits 

with sand ramp deposits and fluvial deposits (see 

with extensive anthropological modification 

located along the western margin of this study’s field site; and  

GRSA to the 

 

Map showing distribution of geomorphological zones within the Great 

For this study, both the farmland and the Sangre de Cristo Mountains are 

considered. Farmland was not studied due to the anthropological 

removal and/or control of geomorphologic features. The Sangre de Cristo 

Mountains are the source of aeolian and fluvial sediment (McCalpin, 1981; 
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Madole, 2006; Valdez, 2009) and the Sand Ramp, while aeolian, did not contain 

any materials relevant to the geomorphological analysis of the features nor was it 

in any close proximity to the Dry Lakes and San Luis Lakes Regions, and is 

therefore not documented in great detail by this study.  The areal extent of each 

feature in the field was estimated from the current study. 

Below are brief descriptions of each zone and their major components. 

Given the project parameters, the majority of the focus is on selected 

geomorphological components that pertain to the central project goal. Therefore, 

the focus is on lunette and playa systems, and parabolic dune and blowout 

systems. While not disregarded entirely, other systems are identified and 

described to ensure that no other plausible identity can be suggested for the 

deposit at San Luis Lake. Figure 4.8 presents the locations of each of the cross-

sectional profiles created for the various geomorphologic zones. Note that in 

Table 4.1, Andrews, 1981, combined the lunette (identified as berms) and playa 

systems with the sabkha. While estimates for the percentage of areal extent of 

the active dune field are similar, estimates for the amount of land covered by the 

sand sheet, sabkha, and lunette and playa systems are smaller in this study’s 

analyses and in the values from Valdez, 2007, than they are in Andrews, 1981 

study. This may be due to how the landforms were associated to the relevant 

categories of geomorphologic zonation.  

 

4.5.1 Active Dune Field  

The Active Dune Field is the most well known of the geomorphological 

zones within the GRSA and is located in the eastern-northeastern section of the 

GRSA, against the Sangre de Cristo Mountains. The region of active dunes is 

relatively small in relation to some of the other geomorphologic zones, as it 

covers approximately 9% of the area (Valdez, 2007), or approximately 15 % 

areal extent for this study. The active dune field consists of reversing dunes, star 

dunes, parabolic dunes, barchan dunes, and transverse dunes. The active sand 

dunes in the GRSA are present due to the barrier created by the Sangre 



 

Figure 4.4 Map showing the three detailed mapping areas of the GRSA.

 

Figure 4.5 Map showing distribution of geomorphological zones within the 
Northern Segment of the GRSA field area.
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Map showing the three detailed mapping areas of the GRSA.

Map showing distribution of geomorphological zones within the 
Northern Segment of the GRSA field area. 

 

Map showing the three detailed mapping areas of the GRSA. 

 

Map showing distribution of geomorphological zones within the 



 

Figure 4.6 Map showing distribution of geomorphological zones within the 
Central Segment GRSA field a

Figure 4.7 Map showing distribution of geomorphological zones within the 
Southern Segment GRSA field area.
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Map showing distribution of geomorphological zones within the 
Central Segment GRSA field area  

Map showing distribution of geomorphological zones within the 
Southern Segment GRSA field area. 

Map showing distribution of geomorphological zones within the 

 

Map showing distribution of geomorphological zones within the 



 

Figure 4.8 Map showing the locations of the cross sections presented in Figures 
4.9, 4.10, 4.11, 4.13, 4.14 and 4.23.

 

de Cristo Mountains, directly to the east of the dunes (Valdez, 2007). The 

prevailing wind is unable to carry sand over the range and so it is trap

deposited against the mountain front, creating the dune field (Andrews, 1981; 

Fryberger, 1990; Madole, 2006; Valdez, 2009). As a result, the dune field is 

topographically complex and distinct from other geomorphologic zones (Figures 

4.9, 4.10 and 4.11). Significant sand transport occurs in the active dune field 

during storms (Figure. 4.12).  

  

Reversing Dunes 

 Reversing dunes are the most common dunes in the GRSA. They occur 

both in the Active Dune Field as well as in the Sand Sheet, and form the g

percentage of morphological features in the Active Dune Field (Figure 4.12). The 

reversing dunes have an asymmetrical, near ridge

steep lee face and a shallow windward face. They range from a
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Map showing the locations of the cross sections presented in Figures 
4.9, 4.10, 4.11, 4.13, 4.14 and 4.23. 

de Cristo Mountains, directly to the east of the dunes (Valdez, 2007). The 

prevailing wind is unable to carry sand over the range and so it is trap

deposited against the mountain front, creating the dune field (Andrews, 1981; 

Fryberger, 1990; Madole, 2006; Valdez, 2009). As a result, the dune field is 

topographically complex and distinct from other geomorphologic zones (Figures 

.11). Significant sand transport occurs in the active dune field 

during storms (Figure. 4.12).   

Reversing dunes are the most common dunes in the GRSA. They occur 

both in the Active Dune Field as well as in the Sand Sheet, and form the g

percentage of morphological features in the Active Dune Field (Figure 4.12). The 

reversing dunes have an asymmetrical, near ridge-like crest and profile with a 

steep lee face and a shallow windward face. They range from a few meters

 

Map showing the locations of the cross sections presented in Figures 

de Cristo Mountains, directly to the east of the dunes (Valdez, 2007). The 

prevailing wind is unable to carry sand over the range and so it is trapped and 

deposited against the mountain front, creating the dune field (Andrews, 1981; 

Fryberger, 1990; Madole, 2006; Valdez, 2009). As a result, the dune field is 

topographically complex and distinct from other geomorphologic zones (Figures 

.11). Significant sand transport occurs in the active dune field 

Reversing dunes are the most common dunes in the GRSA. They occur 

both in the Active Dune Field as well as in the Sand Sheet, and form the greatest 

percentage of morphological features in the Active Dune Field (Figure 4.12). The 

like crest and profile with a 

few meters 
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Table 4.1 Geomorphological zones 

Geomorphologic Mapping Percentage Comparisons* 

Geomorphologic 

Zone 

 

 

Landforms 

% Areal 

Extent – 

Andrews, 

1981, 

provinces 

I-III 

% Areal 

Extent  - 

GRSA 

estimates, 

Valdez, 

2007 

% Areal 

Extent  -  

estimates 

by this 

study 

 

 

 

Active Dune 

Field 

reversing, 

star, parabolic,  

barchan, 

transverse 

and nebkha 

dunes 

 

 

 

11% 

 

 

 

9% 

 

 

 

15% 

 

 

Sand Sheet 

blowouts, 

sand sheet 

(with fluvial 

deposits) and 

stabilized 

dunes 

 

 

 

33% 

 

 

 

55% 

 

 

 

50% 

 

Sabkha 

 

sabkha 

 

 

56% 

 

36% 

 

22% 

Lunette and 

Playa Systems 

lunette and 

playa deposits 

 

N/A 

 

8% 

 

Sand Ramps 

sand ramp 

and fluvial 

deposits 

 

N/A 

 

N/A 

 

5% 

* All values are normalized. 

 



 

Figure 4.9 Topographic
Sheet and Active Dune Field. See Figure. 4.8. for location.

 

 

Figure 4.10 Topographic profile 
Sheet and Active Dune Field. See Figure. 4.8. for location.
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Topographic profile A-A’ showing the relationship between the Sand 
Sheet and Active Dune Field. See Figure. 4.8. for location. 

Topographic profile B-B’ showing the relationship between the Sand 
Active Dune Field. See Figure. 4.8. for location. 

 

A’ showing the relationship between the Sand 

 

B’ showing the relationship between the Sand 



 

Figure 4.11 Topographic profile 
Sheet and Active Dune Field. See Figure. 4.8. for location.

 

 

Figure 4.12 Reversing dunes in the Active Dune Field, during a storm. West is to 
the left in the photograph.
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Topographic profile C-C’ showing the relationship between the Sand 
Sheet and Active Dune Field. See Figure. 4.8. for location. 

Reversing dunes in the Active Dune Field, during a storm. West is to 
the left in the photograph. 

 

C’ showing the relationship between the Sand 

 

Reversing dunes in the Active Dune Field, during a storm. West is to 
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height and width to several tens, if not hundreds, of meters in height and width. 

Internally, the reversing dunes display major and minor slipfaces that are 

oriented in opposite directions, or very close to opposite directions to one 

another. The reversing dunes are mobile or stable bedforms that typically occur 

in groups. Stabilized reversing dunes occur at edges of the Active Dune Field. 

 

Interpretation 

The variable directions of the internal slipfaces in reversing dunes indicate 

that they are formed when the prevailing winds occasionally change direction 

(McKee, 1979a). This wind direction reversal and the subsequent reversal of the 

dunal features are usually seasonal (e.g. McKee, 1979a). In the GRSA, the 

winds predominantly blow towards the northeast (Machette, et al., 2007; Valdez, 

2009) and can shift to a more northerly flow or even blow downslope out of the 

Sangre de Cristo Mountains, in a southwesterly direction. Moreover, during 

severe storms winds are of a magnitude and duration to cause ‘reversal’ of some 

smaller reversing dunes’ crests (McKee, 1979a). Therefore, the change pattern is 

not always seasonal, but may be caused by local storms that are capable of 

producing similar changes (McKee, 1979a).  

 

Star Dunes 

Star dunes occur within the central to northeastern section of the Active 

Dune Field. These dunes have four “arms”, though the fourth is more weakly 

developed than the three others. These dunes occur in small groups to isolated 

forms, in the portion of the Active Dune Field closest to the foot of the Sangre de 

Cristo Mountains. The star dunes at the GRSA are among the tallest dunes in the 

continental United States, with the tallest dune at the GRSA being a star dune 

that is approximately 229 m high (Matthews, et al., 2003; Machette, et al., 2007; 

Valdez, 2009; USGS, 2011).  

 

Interpretation 

Star dunes form in areas that have a multidirectional wind regime 
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(Ahlbrandt and Fryberger, 1982). Typically there are more than two distinct wind 

directions over the course of a year. In order to create the pyramidal sand form, 

high sand drift potential is required in combination with the changing winds. Star 

dunes are commonly quite complex as they are an amalgamation of compound 

dunes (Fryberger and Dean, 1979). Star dunes are defined as having three or 

more slipfaces; the presence of three or more arms that radiate from the center 

of the dune form and the dunes may be radially symmetrical (Fryberger and 

Dean, 1979, Ahlbrandt and Fryberger, 1982). These dunes tend to accumulate 

vertically as opposed to laterally (Fryberger and Dean, 1979). Like in the GRSA, 

star dunes tend to occur around the margins of sand seas, particularly near 

topographic barriers where wind directions may shift or be forced to shift more 

often (Fryberger and Dean, 1979).   

 

Barchan and Transverse Dunes  

Barchan and transverse dunes occur along the edges of the Active Dune 

Field, and form distinct, localized, elongated groups, whereas stabilized forms 

are more solitary. These dune forms are generally wider than they are long, and 

have varying heights, though none of the observed dunes exceeded 2 or 3 

meters in height. The barchan and transverse dunes exhibit the reverse profile of 

a parabolic dune in that the ‘arms’ lead the main dunal mass, the lee face is 

steep, but within the curvature of the dunal mass, and the shallow faces are 

along the outside of the dune. The barchan and transverse ridges have been 

documented in the GRSA (Valdez, 2000), but no barchanoid ridge dunes were 

identified at the time of mapping due to their short lived nature in the lower sand 

supply within the system. 

 

Interpretation 

Barchans, barchanoid ridges and transverse ridge dunes occur in 

conditions of one prevailing wind direction, and, much like the parabolic dunes 

(McKee, 1979a), they have one main, distinctive slipface, down the concave side 

of the dune (McKee, 1979b; Ahlbrandt and Fryberger, 1982). Smaller, minor 
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slipfaces may be present along the edges of the dune. Depending on the volume 

of available sand, any combination of the three forms may occur (McKee, 

1979b). Barchan dunes are the end member of the range of the dunal features 

that appear gradationally in response to increasing sand supply (McKee, 1979a). 

Barchan dunes occur at the minimal amount of sand supply. Additional sand 

leads to the creation of barchan complexes, which can converge together to form 

features known as barchanoid ridge dunes (McKee, 1979b). An increase in 

supply of sand to these ridge dunes can lead to the formation of transverse ridge 

dunes. All three forms may be present in an aeolian system (McKee, 1979b; 

Ahlbrandt and Fryberger, 1981, Ahlbrandt and Fryberger, 1982). 

 

Parabolic Dunes 

Parabolic dunes occur at the boundary of the Active Dune field to the 

Sand Sheet (Figure 4.9, 4.10 and 4.11). They occur as mobile or stabilized 

forms, where the stabilized forms are more common. Their idealized shape is a 

single crested, u-shaped dune with vegetation stabilized ‘arms’ trailing the main 

dune mass, where the lee side is steep and on the outside of the curvature of the 

dunal mass, while the windward face is shallow and within the dune’s curved 

form. The parabolic dunes are oriented so that the crest of the dune, not the 

arms, leads the dune migration. The majority of the stabilized parabolic dunes in 

the GRSA are 5 to 6 meters long, 3 to 4 meters tall, and approximately 8 to 9 

meters wide. Most of these dunes are internally structureless. 

 

Interpretation 

Parabolic dunes form under the conditions of one prevailing wind direction 

and therefore form with one, distinctive slipface down the convex face of the 

dune (McKee, 1979b). This is commonly paired with smaller, minor slipfaces 

along the edges. These dunes may create complex dunes as they migrate over 

the edges of one another (McKee, 1979b).  



 

4.5.2 Sand Sheet 

The Sand Sheet is

the GRSA, as it forms approximately 55% of the area (Valdez, 2

approximately 50% area

mix of aeolian and fluvial features and has the ability to remobilize if stabilizing 

vegetation cover is removed or lessened. 

The Sand Sheet is a stabilized and well vegetated deposit 

situated upwind of the active dunefield

continuous and flat-lying feature

fluvial, lacustrine deposits, as well as dunes and blowouts (

4.15, 4.17-4.21). Moreover

over the Sand Sheet (Figure

Therefore the sand sheet deposits are an intermixed sedimentary unit that 

contains multiple altered deposits belonging to different systems. The key 

characteristics of this deposit are not only the intermixed nature, but the fact that 

it is relatively flat and low lying, and it is stabilized by vegetation.

Figure 4.13 Topographic profile
Sheet and the Fluvially Modified Lunette deposit. See Figure. 4.8. for location.
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Sheet is the largest of the observed geomorphologic zones in 

the GRSA, as it forms approximately 55% of the area (Valdez, 2007), or 

tely 50% areal distribution for this study. The Sand Sheet is a unique 

mix of aeolian and fluvial features and has the ability to remobilize if stabilizing 

vegetation cover is removed or lessened.  

The Sand Sheet is a stabilized and well vegetated deposit that is generally 

upwind of the active dunefield (Figure 4.4). It is a single, large, laterally 

lying feature. However, the sand Sheet also contains areas of 

fluvial, lacustrine deposits, as well as dunes and blowouts (Figures 

). Moreover, in places, portions of the active dune field move out 

Figure 4.18), or the sand sheet itself becomes reactivated. 

Therefore the sand sheet deposits are an intermixed sedimentary unit that 

s multiple altered deposits belonging to different systems. The key 

characteristics of this deposit are not only the intermixed nature, but the fact that 

it is relatively flat and low lying, and it is stabilized by vegetation. 

 

Topographic profile D-D’ showing the relationship between the Sand 
Sheet and the Fluvially Modified Lunette deposit. See Figure. 4.8. for location.

the largest of the observed geomorphologic zones in 

007), or 

l distribution for this study. The Sand Sheet is a unique 

mix of aeolian and fluvial features and has the ability to remobilize if stabilizing 

that is generally 

). It is a single, large, laterally 

. However, the sand Sheet also contains areas of 

s 4.13, 4.14, 

in places, portions of the active dune field move out 

), or the sand sheet itself becomes reactivated. 

Therefore the sand sheet deposits are an intermixed sedimentary unit that 

s multiple altered deposits belonging to different systems. The key 

characteristics of this deposit are not only the intermixed nature, but the fact that 

 

D’ showing the relationship between the Sand 
Sheet and the Fluvially Modified Lunette deposit. See Figure. 4.8. for location. 



 

Figure 4.14 Topographic profile 
the Sand Sheet. See Figure. 4.8. for location.

 

The sand sheet contains traces of ephemeral fluvial and lacustrine 

features (Figure 4.16). In add

migrating across the surface, toward the active dunefield

dunes are partially stabilized parabolic dunes, with parts of them preserved by 

vegetation. The sand sheet 

3 to 8 m across, which is consistent with observations from Fryberger, et al.

(1979), and Graham (2006). Internally, the sand sheet contains moderately 

dipping cross stratification (horizontal to 

Fryberger, et al., 1979) and the observations from this study reveal that the sand 

sheet commonly faintly preserves laminations at the lower end of this range. 

Most deposits show erosive surfaces (gently curved and usually quite irregular) 

that can be several meters in length

possibly the traces of blowouts (McKee, 1979a). Sand sheet deposits here have 

an upper layer of grains that are too large for transportation by saltation, but may 

be subjected to creep under high winds and lack of stab

observations are consiste

Ahlbrandt and Fryberger (1982) and Schwan (1988). Some erosional features 

are channel shaped and include coarse

observed in the field to be zonations of coarser

maximum grain size of a pebble.

across the sand sheet.
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Topographic profile E-E’ showing deflationary surfaces (blowouts) in 
the Sand Sheet. See Figure. 4.8. for location. 

The sand sheet contains traces of ephemeral fluvial and lacustrine 

. In addition, the sand sheet contains active dunes 

migrating across the surface, toward the active dunefield (Figure 4.18

dunes are partially stabilized parabolic dunes, with parts of them preserved by 

vegetation. The sand sheet also contains deflationary features, such as blo

3 to 8 m across, which is consistent with observations from Fryberger, et al.

(1979), and Graham (2006). Internally, the sand sheet contains moderately 

dipping cross stratification (horizontal to approximately 20° as measured by 

979) and the observations from this study reveal that the sand 

faintly preserves laminations at the lower end of this range. 

Most deposits show erosive surfaces (gently curved and usually quite irregular) 

that can be several meters in length and width, and these features 

the traces of blowouts (McKee, 1979a). Sand sheet deposits here have 

an upper layer of grains that are too large for transportation by saltation, but may 

be subjected to creep under high winds and lack of stabilizing vegetation. These 

observations are consistent with the findings of Fryberger, et al., (1979); 

Ahlbrandt and Fryberger (1982) and Schwan (1988). Some erosional features 

are channel shaped and include coarse-grained deposits. The deposits are 

d in the field to be zonations of coarser-grained materials, with a 

maximum grain size of a pebble. The deposits are fluvial in origin and occur 

across the sand sheet. In other places, lenses of very fine sand to mud may 

 

E’ showing deflationary surfaces (blowouts) in 

The sand sheet contains traces of ephemeral fluvial and lacustrine 

active dunes that are 

(Figure 4.18). These 

dunes are partially stabilized parabolic dunes, with parts of them preserved by 

contains deflationary features, such as blowouts 

3 to 8 m across, which is consistent with observations from Fryberger, et al., 

(1979), and Graham (2006). Internally, the sand sheet contains moderately 

20° as measured by 

979) and the observations from this study reveal that the sand 

faintly preserves laminations at the lower end of this range. 

Most deposits show erosive surfaces (gently curved and usually quite irregular) 

features may be 

the traces of blowouts (McKee, 1979a). Sand sheet deposits here have 

an upper layer of grains that are too large for transportation by saltation, but may 

ilizing vegetation. These 

., (1979); 

Ahlbrandt and Fryberger (1982) and Schwan (1988). Some erosional features 

grained deposits. The deposits are 

grained materials, with a 

The deposits are fluvial in origin and occur 

to mud may 
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occur. In many locations bioturbation, identified and observed to be from root 

traces, occurs within the upper layer. 

The aeolian features present in the sand sheet include parabolic dunes, 

nebkha dunes, blowouts and stabilized barchan and transverse dunes. The 

barchan and transverse dunes are described above, whereas the description of 

the parabolic dunes, nebkha dunes and blowouts follows below. 

 

Parabolic Dunes 

Parabolic dunes in the sand sheet occur primarily southwest and 

northwest of the active dune field. They are either mobile or stabilized forms 

though the stabilized forms are more common. The parabolic dunes are only 

present in less than 1 percent of the sand sheet and occur as isolated dunes.  

 

Interpretation 

As in the active dunefield, the parabolic dunes form under the conditions 

of one prevailing wind direction (McKee, 1979b). The distribution and location of 

parabolic dunes is dependent on wind patterns and sand supply within the GRSA 

(Valdez, 2007). 

 

Nebkha Dunes 

Nebkha dunes, also referred to as coppice dunes, are domal mounds, 

commonly oval or circular in shape that lack any slipfaces. They occur around 

vegetation on the sand sheet interior and are among the most common dune 

forms in the GRSA, especially in sheltered zones between larger partially 

stabilized parabolic dunes and adjacent to both Sand and Medano Creeks. The 

nebkha dunes occur both in groups and in isolated forms, and were observed to 

be up to 0.5 m tall, 0.5 m wide and 0.5 m long. 

 

Interpretation 

Typically, these dunes are created by the accumulation of sand at the 

base of and around a vegetative feature, stabilizing the sand (McKee, 1979a). A 
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Figure 4.15 Sabkha and Sand Sheet in foreground, with active dune field in the 
middle ground and Sangre de Cristo Mountains in the background. 

 

 

Figure 4.16 Wetland fed by Sand and Big Spring Creeks within Sand Sheet. 



 

Figure 4.17 Dry Lakes lunette (left) with Sand Sheet (right). Active dune field is in 
middle ground. 

 

Figure 4.18 Interface of an active dune with the stabilized Sand Sheet.
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Dry Lakes lunette (left) with Sand Sheet (right). Active dune field is in 

Interface of an active dune with the stabilized Sand Sheet.

 

Dry Lakes lunette (left) with Sand Sheet (right). Active dune field is in 

 

Interface of an active dune with the stabilized Sand Sheet. 



 

Figure 4.19 Deflation area (center of photograph).

 

Figure 4.20 Deflation area stabilized by vegetation.
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Deflation area (center of photograph). 

Deflation area stabilized by vegetation.  
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single wind direction is preferable to form these dunes. They can be non-

vegetated but this is not very common (McKee, 1979a; McKee, 1979b). These 

dunes tend to form at the far upwind margins of aeolian fields (McKee, 1979a; 

McKee, 1979b).  The nebkha dunes in the GRSA are known to reach heights on 

the order of several meters (Valdez, 2011), but this was not observed during 

mapping. 

 

Blowouts 

Blowouts are asymmetrical depressions in the sand dunes or sand sheets 

within the south-south central section of the sand sheet. They do not occur at the 

margins of the active dunefield or in any proximity to modern fluvial or lacustrine 

sources. At the GRSA, the blowouts are commonly areas of great archaeological 

importance as the wind naturally both excavates and then re-buries surfaces and 

artifacts. These blowouts occurred some distance from each other and therefore 

do not appear to form in groups. They are associated with vegetated areas, with 

the lee side exhibiting a deposit of windblown materials removed from the directly 

adjacent depression. The lee side of the accumulated materials is steep, and the 

windward side of both the depression and the accumulated materials is shallow. 

Therefore the blowouts generate irregular surfaces (refer to Figures 4.13, 4.19, 

and 4.20). 

 

Interpretation 

Blowouts are depressions that are caused by the local removal of 

sediments by wind. Winds will blow across the forming depression, creating an 

eddy (McKee, 1979b; Hugenholtz and Wolfe, 2006). This eddy is formed as the 

wind crosses over the edge of the depression and speeds up, and the 

depression does not even need to be very large to begin creating this effect 

(Hugenholtz and Wolfe, 2006). The eddy will cause erosion to occur more quickly 

and therefore the depression deepens, due to the localized alteration in 

topographic expression. Material from within the blowout will be deposited on the 

lee side of the depression and may create a dune (McKee, 1979b). This leads to 
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the alternate name for blowouts being blowout dunes, however, such dunes are 

not present in all cases (Hugenholtz and Wolfe, 2006).  

 

Sand Sheet Formation 

The formation and location of the sand sheet reflects the gradual 

topographic rise eastward. The sand sheet terminates either at the active dune 

field or at the toe of the alluvial fans at base of the Sangre de Cristo Mountains. 

The erosional features associated with coarse-grained deposits are left by 

ephemeral streams or other fluvial systems (see also Fryberger, et al., 1979). 

The lenses of very fine sand to mud are interpreted to be deposited in ephemeral 

lakes or shallow ponds.  Fluvial materials in the Sand Sheet were deposited by 

lateral shifting of the streams like Medano Creek, (see Langford and 

Bracken,1987). Bioturbation was caused by vegetation growth and the animal life 

that accompanies the vegetation. Vegetation is key to the location and 

distribution of the Sand Sheet, as well as accumulation rate of sediment, as the 

sands are unstable without sufficient vegetative cover.  

 

4.5.3 Sabkha  

Sabkha forms approximately 36% of the area in the GRSA (Valdez, 2007), 

or approximately 22% in this study, and is located along the western margin, the 

southern region and in sporadic patches within the Sand Sheet (see Figures 4.4, 

4.15, and 4.21). Sabkha is a surface with a mineralized evaporate layer, and the 

type of evaporite minerals present is dependent upon the system and 

concentration of dissolved elements. At the GRSA specifically, the sabkha 

contains predominantly sodium carbonate, calcite, and trona, with other minor 

trace evaporite minerals, such as gypsum (Valdez, 2007).  

 

Sabkha formation 

Sabkhas are deflationary surfaces, where the wind has eroded down to 

the top of the capillary fringe of the water table (Briere, 2000). The presence of 

the capillary fringe provides moisture that stabilizes the sand deposit, preventing 
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further aeolian erosion. In addition, the precipitation of evaporite minerals at the 

surface of the capillary fringe forms a mineralized crust that further stabilizes the 

surface (Briere, 2000). In inland aeolian systems, sabkhas may also occur as 

interdunal evaporitic systems, or simply as an inland sabkha (Briere, 2000). They 

form where a shallow or ephemeral lake or pond undergoes a drying cycle or 

where evaporation of a damp surface can drive precipitation of minerals such as 

gypsum, anhydrite, etc (Briere, 2000). These minerals can form a hard cap over 

the deposits underlying them, and this can lead to better preservation of 

interdunal bases or other surfaces (Briere, 2000). 

As the sand has been eroded from the surface, the sabkha is not a 

significant active sediment supply source at the GRSA. Instead, the sabkha 

behaves as a sediment bypass surface.  Figures 4.21 and 4.22 show the sabkha 

in relation to the surrounding environments within the field area. 

 

4.5.4 Lunette and Playa Systems 

One of the more unique features located within the GRSA, the lunette and 

playa systems are located mostly within the south-southwestern portion of the 

GRSA, and represent approximately 8% of the areal extent of the project 

mapping area. While lunettes are dunes, they form the furthest from the active 

dune field, and occur in far more stable, non-migrating sediments located in 

areas surrounded by sand sheet or sabkha (see Figure 4.4). Lunette and playa 

pairs are what make these features distinctive and the majority of the playas in 

the GRSA are associated with a lunette. 

Playas are found in all shapes and sizes and their accompanying lunettes 

are reflective of that. Multiple lunette and playa systems were documented within 

the southernmost portion of the GRSA. Some of the playa/lunette systems have 

water year round or most of the year, while others have a very brief period where 

water may be present.  

Lunettes typically exhibit a horseshoe shape that extends around 

approximately 2/3 of the lee face diameter of an adjacent playa or playa surface. 

Lunettes are a specific type of parabolic dune, and are always associated with an 



 

Figure 4.21 This photograph shows the downwind edge of the San Luis Lake 
lunette (left), Sabkha and Sand Sheet deposits (center) and active dune field 
(upper center). 

 

Figure 4.22 Playa surface between a lunette (back
the sabkha (mineralized surface between foreground playa deposit and 
background lunette) Tan zone corresponds to the interface between the sabkha 
and lunette deposits. 
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This photograph shows the downwind edge of the San Luis Lake 
lunette (left), Sabkha and Sand Sheet deposits (center) and active dune field 

Playa surface between a lunette (background vegetated ridge) and 
the sabkha (mineralized surface between foreground playa deposit and 
background lunette) Tan zone corresponds to the interface between the sabkha 

 

This photograph shows the downwind edge of the San Luis Lake 
lunette (left), Sabkha and Sand Sheet deposits (center) and active dune field 

 

ground vegetated ridge) and 
the sabkha (mineralized surface between foreground playa deposit and 
background lunette) Tan zone corresponds to the interface between the sabkha 



 

adjacent playa deposit, located on the windward side of the 

(Bowler 1976; Bowler, 1983). Lunettes are also far more stable than a parabolic 

dune, exhibiting no migration of the dunal mass by aeolian processes (Bowler, 

1976). Rarely does the morphological expression of the feature alter over time by 

aeolian processes alone (Bowler, 1976), and the topographic profile of the 

deposit is only significantly impacted by prolonged exposure to external forcing 

factors (Lees and Cook, 1991)

the playa, outside of the dunal mass, while the low gradient, windward side faces 

the playa or playa surface. The associated playa varies in shape or dimension, 

but typically is quite shallow (on the order of 1 to 2 m), in most cases with a 

clayey, partially mineralized evapor

pairs create high relief contrasts compared to the sand sheet or sabkha (

4.23). 

Figure 4.23 Topographic profile 
Sheet, the Lunettes and the Playa deposits. See Figure 4.8 for location.

 

 In places, the lunettes consist internally of cross

interbedded with silts and clays on the side that faces the adjacent playa. 

However, in many cases, 

pattern was not preserved and the playa

discernible. The largest of the lunettes adjacent to t
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adjacent playa deposit, located on the windward side of the lunette deposit 

(Bowler 1976; Bowler, 1983). Lunettes are also far more stable than a parabolic 

dune, exhibiting no migration of the dunal mass by aeolian processes (Bowler, 

1976). Rarely does the morphological expression of the feature alter over time by 

aeolian processes alone (Bowler, 1976), and the topographic profile of the 

deposit is only significantly impacted by prolonged exposure to external forcing 

(Lees and Cook, 1991). The steep lee face of a lunette faces away from 

the dunal mass, while the low gradient, windward side faces 

the playa or playa surface. The associated playa varies in shape or dimension, 

but typically is quite shallow (on the order of 1 to 2 m), in most cases with a 

clayey, partially mineralized evaporitic pan along the floor. The lunette and playa 

pairs create high relief contrasts compared to the sand sheet or sabkha (

Topographic profile F-F’ showing the relationship between 
Sheet, the Lunettes and the Playa deposits. See Figure 4.8 for location.

In places, the lunettes consist internally of cross-stratified sands, 

interbedded with silts and clays on the side that faces the adjacent playa. 

However, in many cases, within documented lunettes, the lee-side slipface 

pattern was not preserved and the playa-side interbedding pattern barely 

he largest of the lunettes adjacent to the San Luis Lake (

lunette deposit 

(Bowler 1976; Bowler, 1983). Lunettes are also far more stable than a parabolic 

dune, exhibiting no migration of the dunal mass by aeolian processes (Bowler, 

1976). Rarely does the morphological expression of the feature alter over time by 

aeolian processes alone (Bowler, 1976), and the topographic profile of the 

deposit is only significantly impacted by prolonged exposure to external forcing 

The steep lee face of a lunette faces away from 

the dunal mass, while the low gradient, windward side faces 

the playa or playa surface. The associated playa varies in shape or dimension, 

but typically is quite shallow (on the order of 1 to 2 m), in most cases with a 

itic pan along the floor. The lunette and playa 

pairs create high relief contrasts compared to the sand sheet or sabkha (Figure 

 

F’ showing the relationship between the Sand 
Sheet, the Lunettes and the Playa deposits. See Figure 4.8 for location. 

stratified sands, 

interbedded with silts and clays on the side that faces the adjacent playa. 

side slipface 

side interbedding pattern barely 

he San Luis Lake (Figure 4.2) 
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is different in that it is not topographically connected with a modern playa; has a 

more complex morphology with multiple lunette ridges, and contained intra-dunal 

playas, sabkhas and even active dunes. Over thirty separate lunettes were 

identified and separated into three types, based on their morphology: (1) single 

discrete lunettes, (2) merged lunettes, and (3) fluvially modified lunettes.  

Lunette and playa systems are only discussed pertaining to 

geomorphology in this chapter. Chapter 5 contains detailed analyses related to 

the lunette and playa systems specifically. 

 

4.5.4.1 Single Discrete Lunettes 

Single lunettes are the most common type of lunette and occur across the 

Lunette and Playa Zone, accounting for approximately 90% of all identified 

lunette deposits around both the Dry Lakes and San Luis Lake. These lunette 

and playa systems are observed mostly within the south-southwestern portion of 

the GRSA. The lunettes have variable dimensions, but are generally narrow, 

rarely more than 3 to 4 m in width, with a most common height of 3 m tall. These 

lunettes are most similar to the lunettes recognized elsewhere (e.g. Bowler, 

1976; Bowler, 1983; Lees and Cook, 1991; Thomas, et al., 1993; Bowler et al., 

2003; Valdez, 2009). They have a distinctive horseshoe shape, and curve 

approximately 2/3 around the lee side of the associated playa (Figures 4.24 and 

4.25). They do not connect to any other morphologic features, and are closely 

linked to the lee perimeter of the playa. There is no additional topography 

between the lunette and the playa (Figures 4.24). The results of the field 

analyses revealed that the accepted lunette definition and profile would not be 

sufficient for the recognized deposits. Therefore specific subcategories were 

established, with detailed, descriptive identities that denote their 

geomorphologically distinct features.  

Single, discrete lunette is a subcategory of lunette that refers to the fact 

that these features have a single crest; discrete referring to the localized nature 

of the deposit and the fact that they are not connected to other lunettes or other 

aeolian features. Single, discrete lunettes accrete in the manner identified for the 
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basic lunette (Bowler, 1976; Lees and Cook, 1991; Thomas et al., 1993), with the 

creation of a low lying sedimentary barrier, and the subsequent vertical and 

lateral accumulation and stabilization, via cohesive fines, of sediments.  

In topographic profile, the single, discrete lunettes have a steep lee face 

and a shallow windward face, closely resembling the profile of a parabolic dune. 

The steep lee face connects to the sand sheet, while the low gradient windward 

face borders the playa. In most cases, the distance between lunettes and their 

adjacent playa boundary is zero to a maximum of 3m, depending on lunette and 

playa orientation. 

 

4.5.4.2 Merged Lunettes 

Merged lunettes, of which two were identified, with plausible third and 

fourth features being located in the mapped segments, are the next most 

common lunette type identified. These lunettes form 7% of all identified lunettes. 

Merged lunettes occur predominantly in the vicinity of the Dry Lakes area. Both 

original lunettes match the profile of a single, discrete lunette.  A topographic 

profile of the merged lunettes (Figure 4.26) is also approximately identical to the 

profile of a single, discrete lunette (Figure 4.24). Also, similar to the single 

lunettes, there is no topography between the lunette and the playa. However, in 

the merged lunette system, the playa is furthest from the lunette at the edges, 

with up to 5 m between the lunette and the playa, whereas towards the center 

the playa is closer, with a maximum of 3 m distance between the lunette and 

playa. 

While similar to the single discrete lunette, the scalloped morphology of 

the merged lunette is unusual. It is referred to as merged, as the scalloped 

pattern resembles two single horseshoe shaped lunettes merging into a more 

complex shape (Figure 4.26). This paper proposes two models demonstrating 

how this form can be acquired: 



 

Figure 4.24 A map of o
Lakes region, with topographic profiles 
lunette and playa. 

Figure 4.25 Lunette DEM from the Dry Lakes area, showing the single, discrete 
and merged lunette systems.
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A map of one of the singular, discrete lunette systems 
topographic profiles showing the two transects across the 

Lunette DEM from the Dry Lakes area, showing the single, discrete 
and merged lunette systems. 

iscrete lunette systems in the Dry 
showing the two transects across the 

 

Lunette DEM from the Dry Lakes area, showing the single, discrete 



 

  

Figure 4.26 A map showing o
region of the mapping area
transects across the lunette and playa.

 

Merging of Two Single, Discrete Lunettes

 This model suggests that m

lunettes which formed in close proximity

lunette front (Figures 4.24 and 4.26

adjacent playa. As a playa expands, the lunette width will widen and shift in 

response to the alterati

therefore, would require a prolonged rise in the level of the water in the playa. As 

the lunette widens with increasing playa dimensions, if 

that had formed in proximity, they may reach the point where two edges may 
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A map showing one of the merged lunette systems in the sout
region of the mapping area. Note the topographic profiles showing the two 
transects across the lunette and playa. 

Merging of Two Single, Discrete Lunettes 

This model suggests that merged lunettes consist of two, single, discrete 

which formed in close proximity, and over time developed into a si

lunette front (Figures 4.24 and 4.26). Lunettes directly reflect the size of their 

adjacent playa. As a playa expands, the lunette width will widen and shift in 

response to the alteration of playa dimensions. This is not a rapid process, and 

would require a prolonged rise in the level of the water in the playa. As 

widens with increasing playa dimensions, if there were 

had formed in proximity, they may reach the point where two edges may 

in the southern 
showing the two 

erged lunettes consist of two, single, discrete 

and over time developed into a single 

). Lunettes directly reflect the size of their 

adjacent playa. As a playa expands, the lunette width will widen and shift in 

on of playa dimensions. This is not a rapid process, and 

would require a prolonged rise in the level of the water in the playa. As 

there were two lunettes 

had formed in proximity, they may reach the point where two edges may 
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coalesce into a single deposit where the merge point becomes the approximate 

middle point of a new, merged lunette. This process would entail the length of the 

original single lunettes increasing to extend around the lee side of the enlarged 

playa. The thickness of the newly formed, merging lunette gradually increases 

through this process, as new materials accumulate and the two arms converge. 

Therefore, the original lunettes are not eroded, but are instead widened and 

lengthened. 

The merge point is visible along the lunette crest in the form of a 

depression from where sediments have been removed from the crest and 

windward face. As the merging arms of the lunettes would be exposed on both 

sides to changing water levels of the playas and becomes eroded, removing the 

ends of the merged arms of the lunettes. This occurs due to saturation with water 

weakening the lunette merge point, which, even with the high cohesiveness of 

the fines, becomes unstable due to increased pore pressure and collapses into 

the main merged playa body. Alternatively, the erosion may occur in a process 

more similar to the erosion of spits in oceans (Benumof, et al., 2000), with wave 

refraction increasing erosion on both sides of the exposed merged lunette arm. 

Wind driven waves on a sizeable playa can produce a significant erosive force, 

particularly if refracted to concentrate on a central point.  

 

Irregular basins 

Another method proposed by this paper, concerns the formation of a 

merged lunette around a depression with an irregular topography and diameter. 

An irregular floor of a basin can create the appearance of two separate playas 

with distinct depocenters, when actually it is two separate low points within a 

singular playa basin. This topographic difference can create the appearance of a 

merged system due to the two separated depocenters and therefore, if the 

depression contains unusual basinal floor topography, it may also present with 

an irregular shoreline, which may contribute to the scalloped morphology of the 

lunette. 
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In the GRSA, the first model, with the merging of two systems is favored 

as the central point of the documented merged lunettes was the lowest and the 

area lacked two, distinct depocenters, and the floor of the playa was smooth. As 

proposed by Bowen and Johnson (2011), playas deepen and widen in their 

formational phases, and it may be that an irregular playa deepened and widened 

to the point where the floor evened out to a less irregular surface and therefore 

may still be a merged system.  

4.5.4.3 Compound Lunettes  

Compound lunettes are a specific category of lunettes defined by this 

study, and contain all modified lunette deposits. Specifically, modified lunettes 

are defined by this paper to be lunettes that were not altered by the merging of 

two systems but instead by other process: for example, fluvial or lacustrine 

processes. These processes alter the morphology of the main lunette body into 

orientations and sediment distributions not normally found within a standard 

lunette deposit (discussed in Chapter 5,deposits shown specifically in Figures 

5.55, 5.56, 5.57, 5.72 and 5.73) . This difference in orientation and deposit 

distribution can include: creation of complex internal topography between the 

playa and lunette; dissection and alteration of the lunette front; creation of 

localized subenvironments within the lunette body; and atypical lunette crest 

orientations. As the modification may be caused by multiple processes, it is 

necessary to subdivide the possible compound lunette types into subgroups 

delineated by the dominant modifying force. At the GRSA, the deposit at San 

Luis Lake is identified as belonging to a subgroup of compound lunettes, the 

fluvially modified lunette. The deposit is a lunette that was modified by the impact 

of a fluvial system occurring at and in proximity to San Luis Lake. This is the only 

compound lunette identified at the GRSA. 

4.5.4.4 Fluvially Modified Lunette  

The fluvially modified lunettes are the least common, as only one lunette 

of this type was documented and accounts for only 3% of the lunette population. 

The largest lunette in the GRSA is a fluvially modified lunette (Figure 4.27).  This 

lunette has also directly been anthropologically modified or otherwise altered, 



 

due to human interference (such as diversion of fluvial sources)

and eastern flanks of the

modifications to the lunette are not what causes the 

from the common shape of lunett

Thomas et al., 1993), as the difference in morphology 

installation of canals and a fence line.

 

Figure 4.27 DEM model of the fluvially modified lunette and associated lunette 
fragments at San Luis Lake.

 

Unlike the other lunettes that connec

modified lunette system

lunette front and the playa 

wide and has complex and distinctive topography with 
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due to human interference (such as diversion of fluvial sources) on the southern 

and eastern flanks of the deposit. While present, the anthropological 

modifications to the lunette are not what causes the lunette to deviate greatly 

from the common shape of lunettes documented elsewhere (see Bowler, 1976; 

), as the difference in morphology extends beyond the 

installation of canals and a fence line. 

DEM model of the fluvially modified lunette and associated lunette 
fragments at San Luis Lake. 

Unlike the other lunettes that connect directly to their playas, the fl

modified lunette system displays a large amount of relief between the m

lunette front and the playa (Figure 4.28). This zone ranges from 200 to 

wide and has complex and distinctive topography with localized deposits of sand 

on the southern 

. While present, the anthropological 

deviate greatly 

Bowler, 1976; 

extends beyond the 

 

DEM model of the fluvially modified lunette and associated lunette 

t directly to their playas, the fluvially 

a large amount of relief between the main 

). This zone ranges from 200 to 600 m 

localized deposits of sand 
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sheet, remnant lunette ridges, small playas, sabkha and even active dunes. 

These subenvironments occur as a series of ridges and troughs (Figures 4.27 

and 4.28), where the ridges consist of remnant lunettes, other dunes and sand 

sheet deposits. Troughs contain small playa systems, or sabkha surfaces. 

Therefore, these deposits have a very distinct internal architecture with a 

complex mixture of different deposit types from different sub-environments, such 

as coarser grains and incisional scours from fluvial systems, and finer clays and 

evaporites from playas. 

The shape of the main lunette resembles that of the single, discrete 

lunette, but this lunette type does not have a uniform, solid front. Instead the front 

is dissected by small valleys and the lunette crest has inconsistent dips (Figure 

4.28).  

 

Interpretation 

The merged lunettes are interpreted to have formed initially as single 

lunettes in such close proximity that the edges of the lunettes merged. The 

lunette then further developed as a single feature. The merging of the lunettes is 

likely caused by the underlying topography, in areas where there was a lack of 

topographic relief between the two separate playas. If flooding connected the two 

playas, they would behave as a single feature until the next drying cycle. Over 

time, the system merged into one, the center depression would deepen (see 

Bowen and Johnson, 2011) and then remain connected to the adjacent playas. 

This new main depression would be located at the point of the joined lunettes, 

with secondary depressions to the sides, at the sites of the original location of the 

playas. This is why the playa and lunette are closer in the center than at the 

edges, as with a new central depression, the deposits would form closer to the 

inner edges of the merged lunettes, and further from the outer edges. The 

documented merged lunettes have not been anthropologically modified, but there 

are examples of previously merged lunettes that were partially removed by 

ranchers in the 1950s, as observed from aerial photographs, as well as due to 

ongoing modification to the flow at San Luis Lake (Valdez, 2009).  Therefore the 



 

actual percentage of merged lunettes would have been higher without human 

intervention. 

The fluvially modified lunettes

typical lunette morphology that has later been altered by fluvial processes. This 

interpretation is based on the presence of ephemeral creeks close to such 

lunettes that can significantly increase water supply, flo

large-scale water-level rise, and therefore significant modification of the lunettes.  

 

Figure 4.28 The fluvially modified lunette
mapping areas. Note the topographic profile
the lunette and playa. 

 

Presence of features that indicate erosion through lunettes and floodi

into the depressions behind 
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actual percentage of merged lunettes would have been higher without human 

The fluvially modified lunettes are interpreted to originally have had a 

typical lunette morphology that has later been altered by fluvial processes. This 

interpretation is based on the presence of ephemeral creeks close to such 

lunettes that can significantly increase water supply, flood the playas and lead to 

level rise, and therefore significant modification of the lunettes.  

he fluvially modified lunette system in the central region of the 
s. Note the topographic profiles showing the two transects across 

 

Presence of features that indicate erosion through lunettes and floodi

into the depressions behind further suggest fluvial erosion. These 

actual percentage of merged lunettes would have been higher without human 

are interpreted to originally have had a 

typical lunette morphology that has later been altered by fluvial processes. This 

interpretation is based on the presence of ephemeral creeks close to such 

od the playas and lead to 

level rise, and therefore significant modification of the lunettes.   

 

region of the 
s showing the two transects across 

Presence of features that indicate erosion through lunettes and flooding 

 features 
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include breach points that are identified as small valleys in the lunette front, or as 

inconsistent dips along the lunette crest. Erosion due to fluvial action or due to 

the playa water-level rise caused failure of lunette sides, producing valleys and 

irregularities in the lunette front.  

4.5.4.5 Dip Angles of Lunette Types 

The lunettes documented in this study exhibit a gentle windward slope and 

a steep lee slope.  As seen in Tables 4.2, 4.3, 4.4 and 4.5, the windward face 

presents with a very low angle slope, and the leeward slope is generally steeper, 

in many cases almost twice the angle of the windward face. This can be seen in 

the single discrete lunettes, with an example of a shallow windward slope of 3.9 

degrees, and a steeper lee slope value of 8.5 degrees.The steepest slopes occur 

in the fluvially modified lunette, but even these are below the angle of repose and 

therefore the angle seen in most lee facing sides of active dunes.  

Therefore, the values in Tables 4.2, 4.3, 4.4 and 4.5, can only be applied 

to comparison of active dunal masses, but not for distinguishing lunettes from 

other stabilized aeolian features, such as sand sheet deposits. Simply by looking 

at slope angle values or at a cross section of a lunette, the range is so great that 

it encompasses deflationary surfaces, low angle dunes, lunettes and all other 

dunal masses. While the angle is characteristically low, there is a wide range of 

outlying values (Tables 4.2, 4.3, 4.4, and 4.5).  

Interdunal deposits average less than 10 degrees dip for preserved 

bedding planes on their windward side (Ahlbrandt and Fryberger, 1981), a value 

that is commonly observed also in the lunette deposits. Additionally, the sand 

sheet preserves low angle deposits of a maximum angle of 20 degrees on lee 

side preserved bedding planes (Fryberger et al., 1979) and encompasses a 

range of values that include the majority of the fluvially modified deposits as well 

as the deposits of the single, discrete and merged lunettes. 

The fluvially modified lunette does has a greater than average dip values 

for the majority of the  leeward slope values, as it is the only lunette to have dips 

of over 20 degrees present (Tables 4.2, 4.3, 4.4 and 4.5). However, it also has 

values under a degree, and therefore can be essentially flat and therefore has 
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the largest range of values for lunettes in the GRSA. The merged lunettes and 

single, discrete lunettes group in clusters with leeward slope angles between 4 

and 7 degrees for merged lunettes, and 6 and 9 degrees for single, discrete 

lunettes. Given their overlap in values and that to the eye, the difference between 

4 and 9 degrees dip is nearly negligible, this is not a defining characteristic 

between lunettes.  

For windward slopes, the fluvially modified lunette slopes are the only 

slopes to reach 10 degrees and steeper, to nearly 25 degrees where strongly 

modified. This is an outlying value, however, and most lunettes have a windward 

slope value between 2 and 10 degrees, with the most common value falling 

between 3 and 4 degrees (Tables 4.2, 4.3, 4.4 and 4.5). Therefore, when these 

values are compared to the average range for active dunes, which have values 

of an average range of 10 to 12 degrees for the windward face, and 32 to 37 

degrees for the lee slipface (Fryberger, et al., 1979; Goudie et al., 2000), it can 

be seen that the lunettes have lower angle slopes, except for some examples in 

the fluvially modified lunette, which can be close to the angle range for active 

dunes. However, a key point, indicated by Valdez (2009), is that the stabilized 

dunes within the GRSA exhibit lower angles than their active counterparts. This 

is due to the aeolian processes continuing to affect the shape of the deposit and 

remove material. Therefore while the difference in dips is apparent in active 

dunes compared to lunettes, the difference may not be as great or reliable in 

stabilized dunal masses. 

Table 4.2 Single, Discrete Lunette Slope Angles 

Single, Discrete Lunette Slope Angles 
Windward Leeward 

3.9 8.5 
3.3 7.1 
3.7 7.8 
4.8 6.0 
3.8 6.6 
4.2 7.9 
5.3 9.0 
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Table 4.3 Merged Lunette Slope Angles 

Merged Lunette Slope Angles 
Windward Leeward 

3.3 5.6 
4.4 4.5 
4.6 5.3 
7.3 7.4 
4.0 3.7 
5.6 4.7 

 

Table 4.4 Fluvially Modified Lunette Slope Angles - Main Lunette Front 

Fluvially Modified Lunette Slope Angles – Main Lunette Front 
Windward Leeward 

7.7 6.6 
4.5 7.3 

10.1 11.1 
2.5 7.0 
8.8 14.2 
6.5 26.1 

12.5 11.3 
10.7 22.1 
10.6 6.7 

 

Table 4.5 Fluvially Modified Lunette Slope Angles - Interior Lunette Ridges 

Fluvially Modified Lunette Slope Angles – Interior Lunette Ridges 
Windward Leeward 

4.1 2.3 
2.0 0.6 
2.8 2.1 
1.9 3.3 
9.5 3.4 
3.0 2.8 
8.6 9.6 

24.7 22.6 
10.2 9.4 
5.3 8.6 
5.5 11.6 
4.8 15.9 
3.7 5.6 
8.3 4.3 
4.0 3.3 
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4.5.4.6 Lunette Morphology Comparisons 

Lunettes have been well documented worldwide, but not in terms of any 

specific morphology. The lunette form known from literature (for example, 

Bowler, 1976: Thomas et al., 1993) is a simple lunette form (e.g. lunettes in 

Australia, Chen, 1995). This morphology compares to the single and merged 

lunettes in the Dry Lakes area, as the lunettes of the single or merged lunette 

type produce a similar plan and cross-sectional view (Figure 4.20; see also 

Figure 4.26). 

Two examples, presented below in Figures 4.30 and 4.31, illustrate 

complex lunette morphologies, though these deposits are not interpreted as 

modified lunettes. Both the Australian (Figure 4.30, Harper and Gilkes, 2004) and 

African (Figure 4.31, Thomas et al., 1993) examples demonstrate that not only is 

the topographic profile be complex, but that the deposits are quite sizeable. The 

Australian Cairlocup region (Figure 4.30) contains lunette deposits on a scale 

that dwarfs the deposit at San Luis Lake.  

This is illustrated in Figure 4.32, which contains a comparison of the 

topographical profiles of the San Luis Lake lunette (top of the figure, indicated by 

A-A’) with the Cairlocup lunette (lower profile in Figure 4.32). Not only does the 

San Luis Lake lunette account for only half of the length of the Cairlocup lunette 

(2.57 km compared to over 5 km), but it also has a maximum height of just over 

half the maximum of Cairlocup (7.5 m maximum height of San Luis Lake lunette 

crest compared to approximately 14 m maximum height of the Cairlocup lunette 

crest: all crest heights measured from playa floor to top of lunette crest). This 

demonstrates that while relatively large in terms of deposit size, the San Luis 

Lake lunette is not an excessive size for a lunette. 

4.5.5 Sand Ramps 

Sand Ramps occur exclusively along the foot of the Sangre de Cristo 

Mountains on the north-eastern margin of the Active Dune Field, and are the 

features with the least areal extent, as they only cover 5% of the areal extent of 

the project area. The Sand Ramps are located adjacent to the active dunes and 

sand sheet, and in many places exhibit significant fluvial modification. 



 

Figure 4.29 Comparison of the topographic profiles of single lunettes. Top profile 
is of a Dry Lakes lunette (this study Figure 4.24) and the bottom profile is of an 
Australian lunette (Chen, 1995).

 

The sand ramp deposits are connected, creating an ‘apron’ 

sediments along the foot of the mountains and onto the slopes (Figures 4.33 and 

4.34). Morphology of the ramp is in places continuous and in others 

discontinuous and dissected by creeks. The sand ramp consists of layers of 

aeolian derived sediment interbedded with coarse alluvial, colluvial and fluvial 

materials transported down the mountain side.

 

Interpretation 

Sand ramps are accumulations where thick wedges of sand that have 

been blown onto or down the flanks of a topographic high, usually a 

feature that is not actively part of or resulting from the aeolian system (

Harris, 1999). Therefore, sand ramps can form in two ways, by upslope or 

downslope deposition. With upslope deposition, the prevailing wind direction is 

such that it brings the sand to the foot of a topographic high (mountain, cliff,
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Comparison of the topographic profiles of single lunettes. Top profile 
is of a Dry Lakes lunette (this study Figure 4.24) and the bottom profile is of an 
Australian lunette (Chen, 1995). 

The sand ramp deposits are connected, creating an ‘apron’ 

sediments along the foot of the mountains and onto the slopes (Figures 4.33 and 

4.34). Morphology of the ramp is in places continuous and in others 

discontinuous and dissected by creeks. The sand ramp consists of layers of 

ent interbedded with coarse alluvial, colluvial and fluvial 

materials transported down the mountain side. 

Sand ramps are accumulations where thick wedges of sand that have 

been blown onto or down the flanks of a topographic high, usually a 

feature that is not actively part of or resulting from the aeolian system (

). Therefore, sand ramps can form in two ways, by upslope or 

downslope deposition. With upslope deposition, the prevailing wind direction is 

that it brings the sand to the foot of a topographic high (mountain, cliff,

 

Comparison of the topographic profiles of single lunettes. Top profile 
is of a Dry Lakes lunette (this study Figure 4.24) and the bottom profile is of an 

The sand ramp deposits are connected, creating an ‘apron’ or wedge of 

sediments along the foot of the mountains and onto the slopes (Figures 4.33 and 

4.34). Morphology of the ramp is in places continuous and in others 

discontinuous and dissected by creeks. The sand ramp consists of layers of 

ent interbedded with coarse alluvial, colluvial and fluvial 

Sand ramps are accumulations where thick wedges of sand that have 

been blown onto or down the flanks of a topographic high, usually a topographic 

feature that is not actively part of or resulting from the aeolian system (Kiver and 

). Therefore, sand ramps can form in two ways, by upslope or 

downslope deposition. With upslope deposition, the prevailing wind direction is 

that it brings the sand to the foot of a topographic high (mountain, cliff, 



 

Figure 4.30 Plan and cross sections through lunettes in Cairlocup area of 
Australia (after Harper and Gilkes, 2004).

Figure 4.31 Lunette section from t
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Plan and cross sections through lunettes in Cairlocup area of 
Australia (after Harper and Gilkes, 2004). 

Lunette section from the Kalahari Desert, Thomas et al, 1993.

 

Plan and cross sections through lunettes in Cairlocup area of 

 

Thomas et al, 1993.  



 

Figure 4.32 Comparison of two modified lunette systems. Top profile (A
the San Luis Lake lunette (this study, Figure 4.28) and the bottom profile is of the 
Cairlocup lunette, Australia, (Harper and Gilkes, 2004).
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Comparison of two modified lunette systems. Top profile (A
the San Luis Lake lunette (this study, Figure 4.28) and the bottom profile is of the 
Cairlocup lunette, Australia, (Harper and Gilkes, 2004). 

Comparison of two modified lunette systems. Top profile (A-A') is of 
the San Luis Lake lunette (this study, Figure 4.28) and the bottom profile is of the 
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mesa, etc), and as the wind slows down and is diverted as it reaches a 

topographic high, sand begins to pile up at the base (Rendell and Sheffer, 1996; 

Kiver and Harris, 1999). This pile will begin to form a wedge shaped deposit, as 

subsequent deposits of sand will migrate up the side of the initial pile and build 

up the slope from there. Systems with enough sand supply can build the wedge 

into a thick apron of sediments (Kiver and Harris, 1999). Unless stabilized by 

vegetation, these ramps can be extremely active systems, with sand migrating 

upward as the winds continue.  

Some ramps are steep enough to generate grain flows back down the 

slope, though the material that moves down will simply be blown back up again 

(Kiver and Harris, 1999). Down slope deposition occurs where winds cause 

migration of aeolian sediments over an edge of a topographic high, a mountain, 

cliff, or a mesa. This results in the formation of a growing pile of sand at the base 

of the topographic high (Kiver and Harris, 1999). This accumulation can also 

grow to a great thickness depending on the size of the topographic high the sand 

ramp is forming against, and the amount of sand that is supplied to it. Since 

these deposits are on the lee side of a windbreak, the deposits can remain here 

for some time without too much interference from the prevailing wind. Grain flows 

may occur on the ramp as additional sand is added to the system (Kiver and 

Harris, 1999). In areas with sufficient supply, the ramp can build up one side of a 

topographic high, migrate across the top, and then build a ramp on the downwind 

side of the same feature, creating a double ramp (Kiver and Harris, 1999). At the 

Great Sand Dunes, the ramps up the flanks of the Sangre de Cristo Mountains 

are deposited by upslope winds, whereas along the edges of some more 

resistant topographic highs in the southern part of the GRSA downslope 

deposition occurs, and no double ramps have been observed (Valdez, 2007). 

 

Differentiation between Sand Ramp and Sand Sheet Deposits 

While the sand ramp and sand sheet exhibit a gradational boundary as 

both are distinct deposits. The sand sheet contains features such as deflationary 

surfaces, mixed fluvial and aeolian deposits, most notably stabilized dunes, and 
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is vegetated. The sand ramp exhibits a steeper gradient, lacking dunal forms and 

with a highly variable degree of vegetation present across the slope. 

Sedimentologically, it contains a significantly greater percentage of coarse 

materials, that are identifiable as alluvial and colluvial deposits, than the much 

finer and well sorted aeolian dominant sediments of the sand sheet. These two 

geomorphic zones do have a highly interbedded and non-distinct boundary, but 

they are distinctly different deposits with different geomorphologic and 

sedimentologic characteristics. 

 

4.6 Comparison of Lunettes with other Geomorphologic Features 

Below is a comparison of lunettes with other geomorphologic features that 

occur in the GRSA, as lunettes may superficially resemble other aeolian 

bedforms. This comparison aims to demonstrate the reasons for this project’s 

interpretation. The comparison below also aims to strengthen the arguments for 

broadening the definition of lunettes from single distinct forms to merged and 

fluvially modified lunettes. 

 

4.6.1 Comparison to Reversing Dunes 

Lunettes may resemble the general description of a reversing dune, 

displaying an asymmetrical cross-sectional shape and with the steep lee faces 

and shallow windward faces (see Tables 4.2 to 4.5). However, the reversing 

dune lacks the distinctively curved morphology in plan view exhibited by nearly 

all the lunettes.  There are no examples of reversing dunes, or plausible 

mechanisms, to form a reversing dune into a horseshoe shape. 

 

4.6.2 Comparison to Barchan Dunes 

Lunettes may also resemble the horseshoe shape in plan view, of barchan 

dunes. However, the lee and windward sides of the barchan dunes are opposite 

of the lunettes and are not supported at such scale from the known wind regimes 

within the GRSA. Due to this discrepancy and the incorrect orientation of the 

 



 

Figure 4.33 Sand Ramp deposit looking towards the Sangre de Cristo Mountains.

 

 

Figure 4.34 Sand Creek with Sangre de Cristo Mountains in the background. 
Note the sand ramp in the center 
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Sand Ramp deposit looking towards the Sangre de Cristo Mountains.

Sand Creek with Sangre de Cristo Mountains in the background. 
sand ramp in the center middle ground of the photograph.

Sand Ramp

 

Sand Ramp deposit looking towards the Sangre de Cristo Mountains. 

 

Sand Creek with Sangre de Cristo Mountains in the background. 
photograph. 

Sand Ramp 
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sediment body in relation to the prevailing wind directions, this dune category 

was ruled out as a plausible deposit type. 

 

4.6.3 Comparison to Parabolic Dunes and Blowouts 

Parabolic dunes, with their characteristic horseshoe morphology and crest 

leading the migration, strongly resemble the lunettes. The upwind elongated 

arms of parabolic dunes are stabilized by vegetation, leading to the creation of 

the horseshoe shape. In contrast, lunettes are unlikely to have a vegetation 

driven morphology, as in many cases they do not have extensive vegetation 

cover on the ‘arms’ or on the main dunal mass. Based purely on geomorphology 

however, the two dunes very closely resemble one another. 

As lunettes occur as pairs with playas, the playas may resemble the basic 

pattern of blowouts (Fryberger et al.,1979). However, there are also some 

distinguishing differences. Blowouts have eroded materials accumulating on their 

downwind side, but this accumulation does not have the steeper lee face and 

distinctive morphology of lunettes, as their topography has too low relief and too 

gentle gradients (refer to Figure 4.13 and Tables 4.2 to 4.5). Moreover, the shape 

of the blowouts is in many cases indistinct even though the horseshoe shaped 

morphology does occur. Size is also different, as the blowouts do not commonly 

reach the size of the playa-lunette pairs. 

 Parabolic dunes tend to be surrounded by other parabolic dunes in 

complex series or groups, or by a sand sheet, with a flat surrounding topography. 

The blowouts tend to exhibit a steeper edge with a narrow trough, leading to a 

small, but noticeably ‘sharp’ transition from the blowout to the surrounding sand 

sheet. 

 

4.6.4 Lunette and Playa Systems 

Lunettes characteristically have distinctive curved shape, with the bulk of 

the dunal mass further downwind than the trailing ‘arms’ of the dune. Vegetation 

is not a direct control on this geometry, as many lunettes are not vegetation 

covered. The largest of the documented lunettes however, exhibits a dunal mass 
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almost entirely covered by vegetation. The curved shape of the lunette is 

maintained, despite the presence or lack of vegetation, suggesting that the shape 

is not controlled by vegetative cover. The windward face of the lunettes is 

shallow and the lee side is noticeably steep (refer to Figures 4.24, 4.26, and 

4.28, and Tables 4.2 to 4.5) in unmodified lunette types. Modified lunettes, as 

shown, can exhibit the opposite dip angles (such as in some Australian 

examples, Bowler, 1968) or can mimic the trend seen in the unmodified lunette 

deposits (Tables 4.4 and 4.5) 

The adjacent playa is a key factor for the lunette. The main disputed 

lunette, interpreted as a parabolic dune (Madole, 2006), occurs by San Luis Lake 

(Figure 4.27). This paper suggests that the San Luis Lake is the playa. The 

feature is only terms a lake due to it being artificially maintained, as the lake does 

dry out if it is not supplied with water during dry years, which is more in keeping 

with a playa. The latter is in agreement with the shallow depth of the lake. Also, 

the orientation of the lake in relation to the dunal mass is in agreements with the 

playa-lunette pair (Figures 4.24 and 4.28).  It is the morphology of this dunal 

mass at the San Luis Lake that does not match the profile of a typical lunette. 

While curved, similar to most lunettes, the deposit has a complex shape and 

extent (Figure 4.28), including internal topographical changes not observed in 

between a typical lunette and the accompanying playa (Figure 4.24). Therefore, 

this paper suggests that there are a variety of lunettes, and only the single, 

distinct lunettes have the typical morphology of a lunette commonly described in 

literature (e.g. Bowler, 1976; Lees and Cook, 1991; Thomas et al., 1993).  

 

4.7 Geomorphological Characteristics of the Dry Lakes and San Luis Lake 

Lunettes  

The San Luis and Dry Lakes areas were studied in greater detail, as 

lunettes are common in these areas, and as some of the dune features in these 

areas are controversial and previously interpreted as parabolic dunes rather than 

lunettes (Madole, 2006). The Dry Lakes lunettes have been previously identified 

as lunettes and their adjacent playas (Couroux, 2001; Valdez, 2009).  
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4.7.1 The Dry Lakes Lunettes 

Lunettes in the Dry Lakes area vary in size from 0.5 km in diameter to 2.5 

km diameter in size (Figure 4.25). These lunettes are singularly crested, 

horseshoe or approximately horseshoe shaped, with steep lee faces along the 

outer curve of the deposit. The windward face is along the inner curve of the 

lunettes and has a low gradient (Tables 4.2 and 4.3). Some lunettes are single 

lunettes, whereas others are merged, causing more complex shapes as shown in 

Figure 4.25, which demonstrates the scalloped edge pattern distinctive to the 

deposit type. Four primary lunettes were mapped, but there are at minimum 

twenty to twenty-five lunettes present (access was only granted to the 

northernmost lunettes). Most lunettes in the Dry Lakes region had previously 

already been identified as lunettes (Couroux, 2001; Valdez, 2009). 

 

4.7.2 The San Luis Lake Lunettes 

In the San Luis Lake area the lunettes exhibit noticeable differences in 

size, with a smaller lunette towards the north and east, and the largest lunette 

located in the southwestern edge of the segment (Figure 4.27). The smaller 

lunette, under a kilometer in diameter, appears singularly crested, while the 

larger lunette, over 2.5 km in length, displays multiple crests within large scale 

internal topographical changes and significant distances between crests. The 

smaller lunette is horseshoe or approximately horseshoe shaped and are 

comprised of multiple curved deposits. The larger lunette exhibits an unusual 

shape, similar to a rounded arrowhead rather than a horseshoe (Figure 4.28). In 

such lunettes, the internal crests are either fragmented and ridge shaped, as 

opposed to horseshoe shaped, except for an innermost ridge that almost has a 

horseshoe shape. The steep lee faces on all the lunettes occur along the outer 

curve, and the gentle windward faces are along the inner curve (Figure 4.28 and 

Tables 4.4 and 4.5).  

The smaller lunettes are here interpreted as single lunettes (Figure 4.35), 

whereas the larger lunette is seen as a fluvially modified lunette due to their 

complex nature and spatial orientation. This fluvially modified lunette contains 
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both the oldest and youngest true lunette fronts, and the heavily modified internal 

zone between the two, demonstrating the complex topographical changes 

characteristic for that lunette type (Figure 4.28). The lunettes in the San Luis 

Lake State Park and GRSA have recently been interpreted as lunettes (Valdez, 

2009), but have previously been identified as very large, stabilized parabolic 

dunes (Madole, 2006) possibly with adjacent blowouts. As a lunette is a 

specialized form of parabolic dune (Bowler, 1983; Thomas, et al., 1993; Holliday, 

1999), the main difference in the interpretation is the link to the playa. The lunette 

occurs downwind from the San Luis Lake that today has an artificially controlled 

water level (Valdez, 2009). In the past, the lake has likely dried out and therefore 

is likely to be a large playa in its natural state.  

The complex nature of this lunette is interpreted to reflect significant fluvial 

modification by fluvial means. This modification is much more significant than 

that in the Dry Lakes area. Nearly all the streams of the GRSA terminate close to 

this complex lunette, and are therefore likely to have interacted with the aeolian 

processes. As the innermost crest within the complex topography of this large 

lunette is horseshoe shaped, single crested deposit and, on the lee side of the 

water body, it resembles a single lunette (Figure 4.27). This suggests that the 

main body of the lunette started its evolution as a single distinct lunette, but was 

modified due to repeated flooding and reworking by fluvial processes. As the San 

Luis Lake is larger than the other playas, the size of the adjacent lunette may be 

at least in part controlled by the size of its playa. Figures 4.35 through 4.39 show 

the field expression of the fluvially modified lunette deposits located at Head and 

San Luis Lakes. 

 

4.8 Discussion and Conclusions: Implications of Lunettes in the Great 

Sand Dunes National Park and Preserve 

The reinterpretation of the dunal features as lunettes and playas rather 

than parabolic dunes and blowouts is significant for environmental and 

paleoclimate interpretations. The presence of the playas indicate that at times 

there is sufficient water to fill the ephemeral lakes. Furthermore, it shows that 



 

Figure 4.35 Head Lake lunette, looking west
Mountains. Note the low, irregular topography of the lunette crest (foreground to 
the playa). 

Figure 4.36 Upwind face of San Luis Lunette (San Luis Lake is to the left). Image 
shows the gentler gradient leading up to the crest and the steep lee facing side.
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Head Lake lunette, looking west (upwind) toward the San Juan 
Mountains. Note the low, irregular topography of the lunette crest (foreground to 

Upwind face of San Luis Lunette (San Luis Lake is to the left). Image 
shows the gentler gradient leading up to the crest and the steep lee facing side.

 

toward the San Juan 
Mountains. Note the low, irregular topography of the lunette crest (foreground to 

 

Upwind face of San Luis Lunette (San Luis Lake is to the left). Image 
shows the gentler gradient leading up to the crest and the steep lee facing side. 
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Figure 4.37 San Luis Lunette (looking upwind toward San Luis Lake), showing 
the irregular topography between the main lunette front and the playa. 

 

 

Figure 4.38 San Luis Lunette (looking northeast toward active dunefield). Note 
the topographic relief within the lunette. 



 

Figure 4.39 San Luis Lake lunette (looking south) with an excellent profile of the 
main San Luis Lake lunette front. Note the steep gradient of the lunette front, 
leading up to the crest.
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San Luis Lake lunette (looking south) with an excellent profile of the 
main San Luis Lake lunette front. Note the steep gradient of the lunette front, 
eading up to the crest. 

there is high enough water table to allow the lakes to be sustained, even though 

they are notably shallow. The concentration of the playas is espec

. In the Dry Lakes area, recharge from surface water

apparent by the lack of well-formed natural streams or creeks. Therefore, the 

playas in the Dry Lakes area remain as ephemeral lakes, filled by events of high 

and groundwater recharge.  

In contrast, the San Luis Lake and Head Lake areas receive re

from Sand Creek, Big Springs Creek, and Little Springs Creek. In conditions of 

dry and hot climate the playas dry up, in many cases completely. This is an 

step in the accretion of a lunette, and such multiple wetting an

cycles are needed to create a lunette. Therefore, the presence of the lunettes is 

indicator of current and past climate variability. Indicators for such 

repetitive wetting and drying cycles, reflected in both the lunette and the playa

would not be preserved in a parabolic dune or a blowout. The fluvially modified 

 

San Luis Lake lunette (looking south) with an excellent profile of the 
main San Luis Lake lunette front. Note the steep gradient of the lunette front, 

there is high enough water table to allow the lakes to be sustained, even though 

they are notably shallow. The concentration of the playas is especially high in the 

. In the Dry Lakes area, recharge from surface water is limited as 

formed natural streams or creeks. Therefore, the 

, filled by events of high 

ake areas receive recharge 

In conditions of 

dry and hot climate the playas dry up, in many cases completely. This is an 
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repetitive wetting and drying cycles, reflected in both the lunette and the playa, 

would not be preserved in a parabolic dune or a blowout. The fluvially modified 
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lunettes also serve as climatic indicators, providing evidence for periods of fluvial 

water supply. Presence of streams and creeks indicate that the area must have 

experienced cycles when water was far more abundant than in the current 

climate conditions. Therefore, lunettes are valuable for understanding the climatic 

regime, geological history and evolution of the area. 

This study also re-defines the lunettes and shows that there are other 

types of lunettes in additional to the single, distinct lunettes presented in literature 

(see Bowler, 1976; Bowler, 1983). Merged lunettes form where single lunettes 

merge due to topographic controls. Large, complex lunettes are related to 

modification due to rapid fluvial flooding of the lakes and fluvial erosion, and 

consequent aeolian redeposition. This study also shows that the Dry Lakes area, 

previously stated to contain parabolic dunes and lunettes, contains multiple 

idealized form lunettes, with only a few showing an unusual or atypical 

morphology. This is likely due to subsequent modification of the feature after it 

had already formed. 

The San Luis Lakes State Park features were previously identified as 

stabilized parabolic dunes, with some suggestion that part of the system was a 

blowout. While far more complex than the ideal form of a single lunette system, 

the deposits fit the profile of a lunette, albeit with heavy modification, with better 

accuracy and fewer modifiers than they fit the description of a parabolic dune. If 

the system is treated as a whole, there is also the close association of the dunal 

features and the adjacent bodies of water and the similar orientation of the Dry 

Lakes features to the deposits at San Luis Lake. Parabolic dunes are present in 

the area and can be directly compared to the feature seen at San Luis Lake and 

simply do not reach the size nor complexity exhibited by the deposit. As a lunette 

is tied to the size of the playa it accompanies, the size of the lunette and playa 

system becomes more understandable, given the size of the San Luis Lake 

basin.  
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CHAPTER 5  

LUNETTE AND PLAYA SYSTEMS OF THE GREAT SAND DUNES NATIONAL 

PARK AND PRESERVE 

 

5.1 Overview 

The presence of lunette and playa systems in the Great Sand Dunes 

National Park and Preserve poses an interesting and unique distinction in how 

the entire system may have evolved. Unlike purely aeolian systems, a lunette 

and playa system pairs aeolian and lacustrine sedimentation with possible fluvial 

modifications, and produces a deposit that can preserve a more intact record of 

the past, than an active aeolian system alone could provide. The lunette and 

playa systems, identified along the westernmost margin of the Great Sand Dunes 

National Park, and in the Dry Lakes Region, are compared to the known lunette 

systems, and also to each other, due to the distinctly different characteristics 

displayed across a relatively small area. This paper combines documentation of 

their physical and geomorphological characteristics, stratigraphy, grain size, and 

age of the deposits. Given the high preservation potential of materials within a 

lunette deposit and ability to capture drying and wetting cycles, compared to the 

surrounding environments, they are useful for reconstruction of the evolution of 

an area as the lunettes proved to be far more stable than their adjacent 

geomorphologic counterparts, and record a complex history of arid and wet 

cycles.  

 

5.2 Introduction 

This study seeks to understand the development of the lunettes in the San 

Luis Lake and Dry Lakes areas and the implications behind their different 

morphologies and internal stratigraphy. Lunettes are not well known, and are 

mainly described in literature as a sidebar to the main study (Lees and Cook, 

1991; Thomas, et al., 1993; Holliday, 1999). For example, the best known and 

most documented example of a lunette, the Lake Mungo lunette, is mainly known 

due to its importance in piecing together hominid history in Australia (Bowler, 
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1976; Bowler, 1983; Bowler et al., 2003). Commonly found in arid areas such as 

the Kalahari Desert of Namibia; along the border of Oklahoma and Texas, United 

States; and in regions surrounding Lake Victoria, Australia; lunettes are 

distinctive deposits associated with playas (Bowler, 1976; Bowler, 1983; Lees 

and Cook, 1991; Thomas, et al., 1993; Bowler et al., 2003). 

Lunettes are defined as crescent shaped deposits, curving around 

approximately two-thirds of the lee side of an adjacent playa (Bowler, 1976; Lees 

and Cook, 1991; Carr et al., 2006). They share a profile similar to that of a 

parabolic dune, with a playa behind the main dune face, and two ‘arms’ pointing 

in the upwind direction (Bowler, 1976). The lunette is further defined to be a 

single ridge of sediment, with a steep lee side and a gentle windward face 

(Bowler, 1976; Madole, 2006). The internal stratigraphy is expected to have a 

fine-grained core, in most cases consisting of clay, with an overlying layer of 

sand that has accreted from the playa side of the bedform (Lees and Cook, 

1991). Even if true internal architecture is not observed or described, the 

published lunette diagrams indicate a succession of sand and clays sourced from 

the playa bed during dry phases that expose the floor of the playa, followed by a 

return of sand, and again by the evaporate/clay layers (Madole, 2006). This is 

either distinguishable, or too indistinct to document (Bowler, 1976). Lunettes 

accrete by means of aeolian action (Bowler, 1976; Lees and Cook, 1991, Valdez, 

2009). Wind entrains the fine materials of the playa and deposits them along the 

lee edge of the playa (Carr et al., 2006). These materials are cohesive during wet 

cycles and can lead to the creation of a low, less erosive ridge (Bowler, 1976; 

Thomas, et al., 1993; Valdez, 2009). This ridge then acts as a wind break, 

causing larger particles to be deposited on the downwind side of the dune, 

leading to formation of a lunette (Bowler, 1976; Bowler, 1983; Holliday, 1995). 

The lunette therefore accretes upwind, in contrast to the accumulation pattern of 

dunes. 

Some of the first lunettes were identified and described in Australia, at 

Lake Mungo (Bowler, 1976; Bowler, 1983; Bowler, 2003). It is from these 

descriptions that the hypothesis that lunettes are clay cored was derived. 
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Subsequent work on lunettes across southern Africa (Holliday, 1995) and in 

systems across Oklahoma and Texas (Holliday, 1997) show that the lunettes do 

not always contain a clay core, though they commonly display discontinuous 

layers of higher than average of fines (silt and clay sized particles) than adjacent 

aeolian deposits. 

One of the primary objectives of this study was to establish whether the 

lunettes within the Great Sand Dunes National Park and Preserve (GRSA) are 

similar to the lunette depositional model proposed for the Australian systems 

(Bowler, 1976; Bowler, 1983), or if they contain internal architectures similar to 

the African (Thomas, et al., 1993; Carr et al., 2006; Telfer and Thomas, 2006) or 

Midwestern (Holliday, 1997) lunette examples. The lunettes found in the 

aforementioned areas do not differ greatly, aside from the amount of internal 

architecture preserved and the percentage of clay within the deposits. The 

Australian lunettes contain a higher percentage of clays and other fines (Bowler, 

1976) when compared to the African or Midwestern lunette examples (Lees and 

Cook, 1991; Thomas et al.,1993; Holliday, 1997; Telfer and Thomas, 2006). The 

African lunettes have a higher percentage of internal architecture preservation 

(Thomas et al., 1993; Carr et al., 2006: Telfer and Thomas, 2006), while both the 

Australian and Midwestern lunettes are shown to be nearly entirely structurally 

massive internally (Bowler, 1976; Holliday, 1997). Midwestern United States 

lunettes follow a more idealized pattern for lunette sedimentological presentation, 

with a finer core and sand contained in the overlying layers (Holliday, 1997). This 

study shows that while the majority of the GRSA lunettes appear similar to the 

models developed from the Lake Mungo system, the largest lunette, the San Luis 

Lake lunette, does not fit the expected form or shape. This study aims to 

understand the development, accretion and modification of lunettes, as well as 

evaluate the lunettes as a means for reconstructing the past climate of the San 

Luis Valley, particularly of the area near the GRSA over the last 10,000 years. 

Moreover, evaluation of the area surrounding San Luis Lake enabled 

recognition of a different type of lunette not documented before. Therefore one of 

the aims of this study is to describe the differences between the lunette types, 
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the internal architecture and stratigraphy, and to recreate a history of depositional 

evolution for the lunettes (see also Clarke and Rendell, 1998; Forman et al., 

2001; Forman and Pierson, 2003; Carr et al., 2006) to understand the nature of 

the deposits and the geological history recorded. 

 

5.3 Methods 

The study was initiated by geomorphological mapping of the GRSA, the 

results of which were presented in Figures 4.3 through 4.7, of the previous 

section, followed by a sampling and analyses program. As the lunettes are 

relatively stable they were sampled at a higher density and in greater detail, 

compared to the adjacent areas. Samples for dating were gathered based on the 

analysis of the prevalence of certain environments, observed from the aerial 

imagery over time. 

 

5.3.1 Analytical Methods and Processes 

A field investigation program was developed to collect surface and shallow 

subsurface samples for laboratory testing and analysis. Since the GRSA is part 

of the National Park Service and land adjacent to the park is owned by The 

Nature Conservancy, there are restrictions to the type of sampling and amount of 

disturbance allowed within the park and the surrounding areas. In general, 

sampling is limited to hand augered holes and shallow, hand excavated pits. 

While trenching would have provided more subsurface information, it was not 

allowed due to the disturbance size and the presence of important archeological 

sites. Geophysical studies were also considered for the field investigation 

program, however, geophysical methods, such as seismic refraction and ground 

penetrating radar, have not been successful at the Great Sand Dunes as the 

unconsolidated sand attenuates the seismic and radar signal such that detailed 

layering cannot be discerned (Valdez, 2009). In addition, the differences in 

seismic velocity of the sand layers is subtle, therefore distinct layering within the 

upper few meters cannot be resolved using seismic techniques (Chatman et al., 

1997; Valdez, 2009). 
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In addition, sampling was limited to the lunettes only within the wetlands 

surrounding San Luis, and Head Lakes, as this area is part of the San Luis Lakes 

State Wildlife Area and only limited disturbance is allowed. The methods chosen 

to analyze the lunette deposits were as follows: 

o Grain Size Analysis (results in Appendix C) 

o Bulk and hand sample analysis (results in Appendix D) 

o Thin section analysis (results in Appendix E) 

o XRD analysis (results in Appendix F) 

o SEM analysis (results in Appendix G) 

o C14 dating (results in Appendix H) 

o OSL dating (results in Appendix I) 

Samples were gathered by hand auger from continuous holes, allowing for 

not only the collection of material, but also the construction of stratigraphic 

sections. 

 

5.3.2 Field Segment Delineation 

Field mapping of the GRSA was conducted based on geomorphological 

associations and landforms present, rather than based on mineralogy or 

lithology. The coarse fluvial material is derived from Sangre de Cristo Mountains, 

an ongoing process that is observable in the field area and well documented 

(Winger and Winger, 2003). The aeolian material however, is contributed by both 

the Sangre de Cristo and San Juan Mountains (Figure 1.1) which has been 

proven in extensive mineraological analyses conducted by Bauer (1971), 

Bieberman (1971) and Slack (1980). Therefore, mapping by geomorphological 

association was the most suitable method. Based on the initial geomorphological 

results from the first part of the study and the surficial mapping, the field area 

was subdivided into three distinct sections, with only the Central and Southern 

Segments containing lunettes (Figure 5.1). 

 The Central Segment contains Head Lake and San Luis Lake and their 

accompanying lunettes, while the Southern Segment contains the Dry Lakes and 

their associated lunettes (Figure 5.2). Samples were gathered from the lunettes 
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present in the Central and Southern Segments of the study area. The data set 

consists of samples from varying depths from all lunettes where permission by 

both the National Park Service and the Nature Conservancy was granted to 

access and sample. All samples chosen for additional testing (grain size 

analysis, thin section, SEM, or XRD were separated into smaller samples before 

any analysis began to avoid any possible contamination of the samples. These 

samples were set aside and were used for each applicable test. While some 

samples appear to yield multiple results from a variety of tests, no single sample 

container of material was ever used more than once, for a single type of analysis.   

 

5.3.3 Sample Collection Methods 

Surface and subsurface samples for lithological description and testing 

were collected across the site. A total of 272 bulk samples were collected from 

38 sites within the two mapping segments. Surface bulk sampling was completed 

using a shovel, while subsurface bulk samples were collected by a cross-handle 

soil hand-auger equipped with a 7.5 cm (3-inch) diameter stainless steel sampler 

bucket (Figure 5.3). The hand auger had a maximum sampling depth of 457 cm 

(15 feet) with extension rods. Subsurface bulk samples were collected 

approximately every 30 cm until the maximum auger depth was achieved or 

further sampling could not be completed, as rock was encountered or the hole 

collapsed from high water table. Surface and subsurface bulk samples were 

collected and preserved in clean, sealable plastic bags. Each sample was 

labeled for depth and date of collection and located on the map by their GPS 

location and by sample number. Samples from the same auger hole share the 

same GPS and sample number, but were kept track of by consecutive alpha-

numeric additions. 

In addition to the bulk samples, 17 discrete samples were obtained at 11 

selected locations for OSL testing. The discrete samples were obtained by hand-

driving thin-walled brass tubes into the soil. The brass tubes have a nominal 

diameter of 5 cm (2 inch) and are 10 cm (4 inch) long (Figure 5.4). The discrete 



 

Figure 5.1 Complete study area field map. Red indicates aeolian deposits 
(active), blue is modern fluvial deposits, purple is sand sheet, orange indicates 
vegetated sand ramp, yellow is the active aeolian area of the sand ramp, brown 
is sabkha, green indicates the l

 

Figure 5.2 Study area field map showing the Central (top red box) and Southern 
Segments (lower red box). Both segments contain lunettes.
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Complete study area field map. Red indicates aeolian deposits 
(active), blue is modern fluvial deposits, purple is sand sheet, orange indicates 
vegetated sand ramp, yellow is the active aeolian area of the sand ramp, brown 
is sabkha, green indicates the lunettes and the playas are grey. 

tudy area field map showing the Central (top red box) and Southern 
Segments (lower red box). Both segments contain lunettes. 

 

Complete study area field map. Red indicates aeolian deposits 
(active), blue is modern fluvial deposits, purple is sand sheet, orange indicates 
vegetated sand ramp, yellow is the active aeolian area of the sand ramp, brown 

 

tudy area field map showing the Central (top red box) and Southern 
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brass tube samples were capped with plastic caps and taped to preserve 

moisture and to prevent light from affecting the sample. All OSL samples were 

stored in lightproof containers and collected in a manner that minimized exposure 

to sunlight. Each sample was labeled with depth and date and located on the 

map by their GPS location and by sample number. Samples from the same 

auger hole share the same GPS and sample number, but were kept track of by 

consecutive alpha-numeric additions. 

Samples taken in the Southern Segment were gathered from the main 

lunettes of the upper Dry Lakes region.  Samples were collected from March to 

July of 2009, with a few additional bulk samples gathered in October of 2009. 

The sampling pattern was plotted so that samples would come across the 

lunettes in two transects (Figure 5.5) – one down the long axis of the lunettes, 

and the others cutting a front to back profile. Sampling locations are presented in 

their respective sections in Figure 5.6 and 5.7. 

 

 

 

Figure 5.3 Auger sampler used for sampling and collection of all bulk and hand 
samples. Note the measuring stick for scale. 
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Figure 5.4 Tube sampler. Both were used in collection of samples within the field 
area. Note the measuring stick for scale. 

 

Sampling Strategy 

Sampling in the Central Segment and Southern Segments were 

conducted in the following pattern (see Figure 5.6 and Figure 5.7) in order to 

provide details in transects across areas and features of interest. Areas to the 

north and northeast of the Central Segment have three known burial sites 

(Valdez, 2009). Sampling activities were not conducted in these areas out of 

respect for the remains. The sampling pattern was designed to gather the 

maximum amount of data in the area, while also keeping the maximum distance 

from archeologically important sites. The archeological sites are not marked on 

the map in accordance with NPS standards. Permission was not granted to map 

in the southern regions of the Dry Lakes area, so all mapping was conducted 

only in the northern part of the Dry Lakes area. As the lunettes are relatively 

stable, they were sampled at a higher density and in greater detail, compared to 

the adjacent areas. Samples for dating were gathered based on the analysis of 

the prevalence of certain environments, observed from the aerial imagery over 

time.  
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5.3.4 Grain Size Analysis 

Initial grain size analysis was conducted in the field when the samples 

were collected. A secondary, more accurate grain size analysis was completed 

by sieving and recording percentages of materials per grain size for the following 

selected samples, detailed in Table 5.1. Map location numbers refer to locations 

marked on the maps in Figures 5.6 and 5.7.  

These samples were chosen from strategic locations in order to provide 

the most detailed information possible for areas of high interest or complexity, 

and to support the analyses conducted on the Bulk and Hand Samples. All 

graphs and data tables for grain size analyses are presented in Appendix C. 

To evaluate the silt and clay fraction between Facies 4 and Facies 5, 

hydrometer tests were conducted on a select set of samples. The hydrometer 

tests were conducted in accordance with ASTM D422-63 (2007). A hydrometer 

test is conducted by dispersing a quantity of soil in a suspension, followed by 

periodically measuring the specific gravity of the suspension over time. A special 

hydrometer is used to relate specific gravity of the suspension to amount and 

particle size suspended in the liquid. The results of the hydrometer tests are 

presented in Appendix C and presented in Figures 5.31 and 5.36. 

 

5.3.5 Bulk and Hand Sample Analysis  

All 272 samples from the Central and Southern Segments were processed 

by drying, at 105 degrees C, any excessively damp samples (after noting the 

presence of moisture and an approximate percentage of moisture value 

calculated by weight), and photographed with a label stating sample 

identification. Samples were dried at the appropriate temperature to avoid 

diagenetic alteration of clays. Once this was completed, a complete analysis 

involving grain size and texture, mineralogic composition, and additional 

components were systematically analyzed for each sample.  

 



 

Figure 5.5 Sampling locations for the entire field site. Each red x indicates a 
sampling site. Samples gathered at each site range f
per site. 
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Sampling locations for the entire field site. Each red x indicates a 
sampling site. Samples gathered at each site range from one to fifteen samples 

Sampling locations for the entire field site. Each red x indicates a 
rom one to fifteen samples 



 

 

Figure 5.6 Sampling locations in the Central Segment. Each identified red x has 
the sample and location identifying number recorded in the table below the 
image. 
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Sampling locations in the Central Segment. Each identified red x has 
the sample and location identifying number recorded in the table below the 

 

Sampling locations in the Central Segment. Each identified red x has 
the sample and location identifying number recorded in the table below the 



 

Figure 5.7 Sampling locations in the Southern Segment. Each identified red x 
has the sample and location identifying number recorded in the table below the 
image. 
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Sampling locations in the Southern Segment. Each identified red x 
has the sample and location identifying number recorded in the table below the 

 

Sampling locations in the Southern Segment. Each identified red x 
has the sample and location identifying number recorded in the table below the 
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Table 5.1 Grain size analysis samples. Table showing the location numbers 
corresponding to the sample map shown in Figures 5.6 and 5.7, along with the 
samples selected at the location for grain size analysis. 

Map 

Location 

Number 

Sample 

1 Playa2E, Playa5E 

5 LPL1D, LPL2D, LPL3D, LPL4D, LPL5D 

6B SLLP1, SLLP5 

8 CF1K, CF10K 

9 Playa1C, Playa3C, Playa6C 

10 SD31H, SD32H, SD33H, SD35H, SD36H, SD37H, SD38H, 

SD39H 

11B Playa2B, Playa6B, Playa8B 

12 MD1J, MD2J, MD3J, MD4J, MD5J, MD6J, MD7J 

14 Sabkha1A, Sabkha6A, Sabkha14A 

16 DunePlaya1D, DunePlaya4D, DunePlaya7D 

28 SLLP1Q, SLLP2Q, SLLP3Q, SLLP5Q, SLLP6Q, SLLP7Q, 

SLLP8Q, SLLP9Q 

29 SLLP21R, SLLP22R, SLLP23R, SLLP24R, SLLP25R, SLLP26R, 

SLLP27R, 

32 SLLL1S, SLLL2S, SLLL3S, SLLL4S, SLLL5S, SLLL6S, SLLL8S, 

SLLL9S 

 

Analysis of the hand samples and bulk samples included the following data: 

• color 

• grain size/grain range 

• rounding 

• sorting 

• mineralogic composition based on hand lens identification 

• additional secondary features (organic content, water content, etc) 
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The results of all of the analyses of all bulk and hand samples are 

presented in Appendix D. 

 

5.3.6 Thin Sections 

Seventeen thin sections were analyzed from the samples already 

analyzed for bulk and hand sample analysis. Samples, which had been chosen 

beforehand, were submitted to Mr. John Skok of Colorado School of Mines, for 

preparation and creation of unconsolidated sediment thin sections.  Thin section 

images are presented in Appendix E. 

 

5.3.7 X-Ray Diffraction 

Seven samples were selected for X-Ray Diffraction for identification of 

clay minerals. Samples that were selected came from each major feature or the 

boundary between major features or geomorphologic zones. Samples were 

prepared following the procedure of Blackwood, et al., (2001). Samples were first 

dried for a week in an oven at 105 degrees C, to remove the water content 

present in each sample (Blackwood, et al., 2001). No sample of clay or fine 

material had been dry when sampled and, unusually, they had retained their 

moisture content through transport and storage. After being dried, each sample 

required grinding in a mortar and pestle in order to break down any large grains 

that may have been present. Each sample was then sealed in a metal container 

with a metal ball bearing, and was shaken until the sediments were the 

consistency of a fine powder (Blackwood, et al., 2001). Processing time ranged 

from 90 seconds for the finest clay with the least content of coarser particles, to 

nearly five minutes for two samples which had a higher percentage of coarse 

material. Each sample was then placed in a small sampling container that was 

placed in the XRD (Blackwood, et al., 2001). Samples were then run and data 

collected on the content of each sample.  

Samples with anomalous peaks were re-run (e.g. Sample 2DH12E). 

These peaks likely occurred due to a larger grain fragment that was oriented in 
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such a way it produced a larger spike than it should have, since the peaks did not 

reappear during re-testing. Sample results are presented in Appendix F. 

 

5.3.8 Scanning Electron Microscopy 

Given the importance that fines play in a lunette and playa system, careful 

attention was paid in terms of identifying the mineralogic composition of the fines 

as well as the main sedimentary components. Three samples of the fines were 

selected for analysis. Prior to XRD analysis, a small percentage of material from 

the ground samples was set aside for use in SEM analysis. 

After being attached to adhesive and placed on small metal disks, these 

samples were loaded into the SEM on the CSM campus and then analyzed for 

mineralogic components. These results were not only used to analyze 

component, but also to provide a self-checking system to the other analytical 

methods. Images and data read outs are presented in Appendix G. 

 

5.3.9 Carbon 14 Dating 

While C14 appeared to initially be the best dating method, the lack of 

organic matter made it less useful than originally anticipated. A revised sampling 

scheme had to be created to date samples only from locations where visible 

organic remains could be identified without need of a handlens. This ensured that 

a large amount of organic matter was present and that the sample was suitable 

for C14 age dating. 

Six samples that met these criteria were sealed in separate containers 

and processed by accelerator mass spectrometer (AMS) methodology (Wagner, 

1995; Ellis, 1997) at the Beta Analytics lab in Florida. The AMS allows use of a 

much smaller sample, and a smaller percentage of organic matter, and instead of 

counting the number of beta particle emissions, it measures the proportion of 

C14, C13 and C12 within the sample (Wagner, 1995; Ellis, 1997). The majority of 

all samples obtained for Late Quaternary geology are age dated using C14, since 

this technique is useful and more or less accurate within the timeframe in 

question and, while still expensive, is less costly than other methods.  Samples 
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for this study contained too small a percentage of organics to be tested by 

conventional means and had to be tested by AMS (Wagner, 1995; Ellis, 1997). 

The results from the C14 age dating are presented in Appendix H. 

 

5.3.10 Optically Stimulated Luminescence  

OSL dating is a valuable method for gaining age results in quartz rich 

systems. Any portion of the aeolian system that dominates the GRSA therefore 

made the sediments prime for OSL (Rendell and Sheffer, 1996). As the method 

works by essentially calculating the last time a quartz grain was exposed to 

sunlight, the eleven samples gathered for this method could not be exposed to 

sunlight (Aitken, 1985, Huntley, et al., 1985, Aitken, 1998). A brass sampling tube 

was affixed to the end of the hand auger pole. Opaque end caps were set aside 

for when the sample was retrieved. The sample was rapidly pulled to the surface 

and the end caps were put on as quickly as possible and secured. These 

samples were then stored in opaque bins until they could be processed. 

OSL was conducted at the USGS lab in Golden, Colorado by the author. 

Samples meant for OSL testing were opened in controlled lab settings and the 

ends of the samples, which may have been contaminated, were discarded. 

Samples were prepared for luminescence dating using standard procedures for 

hydrochloric acid (4N HCl), hydrogen peroxide (35-40 percent), wet sieving, 

Frantz magnetic separation (due to the high concentration of magnetic minerals, 

the samples had to be run twice, one at 0.5mA, and the other at 2.0mA), and 

heavy liquid separation of feldspar from quartz and hydrofluoric acid (50 percent) 

on the remaining quartz grains (see Singhvi et al., 2001; Mahan and Brown, 

2006; Millard and Maat, 2006). Following standards set by the USGS (Mahan, 

2010), after preparation, samples were centrifuged in LST (lithium sodium 

tungstate) heavy liquid with a density of 2.58 gm/l, to separate the feldspar and 

quartz. The float from the centrifuging process was subjected to a 50 percent 

solution of HF acid for forty minutes while in an ultrasonic bath. Once the HF 

solution was poured off, the sample was placed in 6N HCl for five minutes also in 

an ultrasonic bath. Material was then separated out onto discs, or aliquots for 
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processing. Each of the aliquots contained approximately 200 to 250 grains (1 

mm mask size) (see Mahan, 2010). All quartz grain samples were measured 

using the single-aliquot regenerated dose (SAR) procedure (see Duller, 1991; 

Murray and Wintle, 2000; Murray and Olley, 2002; Murray and Wintle, 2003; 

Wintle and Murray, 2006), with a continuous wave (CW-OSL) blue-light 

stimulation, a Risø TL-DA-15 OSL reader, fitted with an internal 90Sr/90Y beta-

source was used, and the quartz was stimulated for 40 seconds at 125 ◦C with 

blue diodes with a wavelength of 470 ± 30nm and an intensity of 22 mW cm2 . 

The emitted photons were filtered through two Hoya U-340 filters. The growth of 

the luminescence with increasing dose was represented well by a single 

saturating exponential and linear function and illustrates the generally fast OSL 

component of the quartz samples when utilizing the SAR protocol (Mahan, 2010). 

Comparisons of the equivalent doses obtained on the quartz indicate that the 

SAR procedure returned reliable, precise measurements. For each aliquot that 

was measured, the complete growth curve was constructed, based on the 

measurement of three regenerative doses (2 times the natural). The response to 

a zero dose was also measured to see whether the growth curve passes through 

the origin (Mahan, 2010). Verification of the sensitivity correction is done by a 

second measurement of the response to the lowest regenerative dose (a 

recycling ratio). Recycling ratios between 0.85 and 1.15 are ideal and are well 

within 15 percent of unity. 

The quartz samples were affected by recuperation and these aliquots 

were separated from the final equivalent dose calculations (Mahan, 2010). There 

were also some samples that had increased incidence of dim samples (i.e. no 

decay response from a stimulation of the natural). This is likely due to either very 

recent additions of quartz grains to the mix or volcanic quartz additions (Mahan, 

2010). The samples were initially tested using preheat plateaus and dose 

recovery tests. Next, equivalent dose aliquots were run at either 220 ◦C for ten 

seconds or 200 ◦C for ten seconds, depending on the initial estimate obtained 

from the preheat plateau test for a specific site (Mahan, 2010). The results of the 

OSL testing are presented in Appendix I. 
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5.3.11 Age Result Validation 

Carbon 14 dating results were contrasted with known age results from 

Couroux’s (2001) to demonstrate that the ages were within reasonable range 

(see Figures XX). No previous data on OSL dating exists from the specific areas 

of study in this volume, therefore results from (Madole and Mahan, 2007) were 

used as a comparison to show that the results of the analysis parameters (Gy 

and radioactive mineral components) were within range. Error percentages were 

compared where possible (values within Couroux’s 2001 study were confirmed 

by more than one age analysis to be reasonable ages) to ensure that this study’s 

samples were not vastly different to known results from the area. There are 

discrepancies due to the different depositional environments being analyzed. 

C14 dating methods were used in the Central (Figure 5.8) and Southern 

(Figure. 5.9) Segments. However, due to the lack of organic material preserved 

in the Central Segment, only two samples were tested. The Southern Segment 

contains more organic remains and therefore C14 methods were useful in four 

samples. 

The two C14 dates came from opposite sides of the Central Segment, one 

from Big Spring Creek, and the other adjacent to the Head Lake. The date 

received from Big Spring Creek was compared to four known samples from a 

previous study by Couroux (2001), and the comparison with the age dates and 

error percentiles from the Big Spring Creek values shows that it is within range of 

the other samples, and places in the middle of the available data.  

The Southern Segment sample ages were also compared to results to 

Couroux’s 2001 study, which used AMS 14C dating on the samples taken in the 

Dry Lakes area. The resultant ages are comparable to the other samples and 

place in the middle of the available data.  

OSL age results within the Central Segment range from 1,170±90 to 

8,400±680 years BP. The two Head Lake samples date at 1,170±90 to 

8,400±680 years BP, and the San Luis Lake samples range from 1,260±100 to 

6,140±480 years BP. Samples analyzed for OSL dating showed a much higher 

than average water content (approximately 60 to 70 percent saturated, which is 
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within range for the GRSA (Mahan, 2010)). Results also showed that the 

samples had a higher than average concentration of thorium and uranium. 

Values in ranging between 11.1 to 14.6 ppm Th were found, while the average 

value averages closer to 5.5 to 5.6 ppm Th (Rogers and Richardson, 1964; 

Mernagh and Miezitis, 2006) and uranium concentrations between 3.4 to 4.5 ppm 

were found, which is higher than the average of 1.7 ppm U (Rogers and 

Richardson, 1964) for sediments . These elevated values are common within the 

San Luis Valley and likely reflect the source rock that these sediments are 

derived from and with which they are mixed (Madole and Mahan, 2007). 

Three OSL samples were prepared and dated for the Southern Segment. 

OSL age results within the Southern Segment range from 4,270±360 to 

5,420±340 years BP. The sample from the first lunette, sample PLAYA6E, dates 

at 4,370±320 years BP, though this date had to obtained from the fine grained 

fraction of the sample, unlike most samples, due to the lack of grains within the 

typically tested range. Sample 2DH12E, taken from the edge of the merged 

lunette at the third location, resulted in an age of 5,420±340 years BP, and 

sample LPL5A provided a date of 4,270±360 years BP. Like sample PLAYA6E, 

however, it too had to be tested from the fine grained fraction of the sample, as it 

also lacked grains in the medium grain size fraction.  Identical to results seen in 

the Central Segment, samples analyzed for OSL dating showed a much higher 

than average water content, though their percentage of saturation was higher 

than that of the Central Segment. The field samples were shown to be 

approximately 85 to 91 percent saturated, a high value, but were due to the 

proximity to the water table and do not affect the age dating results. Results also 

showed that the samples had high concentrations of thorium and uranium, and a 

higher than average percent potassium, which is identical to the findings within 

the Central Segment. These large values are common within the San Luis Valley 

and are due to the source rock from which the sediments are derived. All OSL 

data is shown in relevant sections under age dating results, and full tables and 

histograms are presented in Appendix I. 
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5.4 Aerial Photograph Analysis and Evaluation of Regional Stability 

The sediment stability of the area was assessed by use of aerial image 

comparisons. Air photographs of the region surrounding San Luis Lake and Head 

Lake have been taken every decade, starting in the late 1930s, with the 

exception of the 1940s due to World War II. These photographs show the 

changes that occurred to the lunettes and lake boundaries over time. The 

lunettes appear to remain quite stable over the last 75 years, even as water 

levels varied.  

It is known from written record, climatic data and eyewitnesses (Grissino-

Mayer et al., 1998; Valdez, 2009) that in the 1940s, one of the wettest periods 

post 1230 CE occurred and a significant amount of flooding in the area. This 

flooding included the inundation of the land between Head Lake and San Luis 

Lake, and was already beginning to occur in the 1930s (Figure 5.10a). This 

region, while low lying, is typically referred to as a swamp, though it rarely floods 

to the point where it behaves as more of an extension of the San Luis or Head 

Lakes. This rare occurrence was noted in the 1940s and the beginning of this 

flooding can be seen years before, in the 1936 photographs (Figure 5.10a). Also 

seen in these photographs are small interdunal lakes occurring within the large 

San Luis Lake lunette complex. These small lakes are scattered within the 

irregular topography between the lake and the lunette, and a few are located 

directly next to the main lunette edge (Figure 5.10a). Small flooded areas are 

also evident to the east of the lunette. These small flooded areas are also seen 

near Head Lake, though none of the flooded depressions are within the much 

smaller Head Lake lunette as they are with San Luis Lake’s lunette system. 

Below is a comparison showing the wet cycle present in 1936 (Figure 5.10a) and 

the drier climate setting in 1975 (Figure 5.10b). The red circles highlight areas of 

differences in areas of flooding between these two time periods. 

By the time the next set of aerial photographs was taken in 1975, the 

water levels had greatly receded and the area was notably drier than in the 1936 

photographs. Canals are now present (lower left of Figure 5.10b), diverting water 



 

Figure 5.8 Age dating locations for the Central Segment, red triangles indicate 
C14 dates from this study, and black triangle are OSL dates from this study. 
Other studies are indicated by a black circle and a black square.
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Age dating locations for the Central Segment, red triangles indicate 
C14 dates from this study, and black triangle are OSL dates from this study. 
Other studies are indicated by a black circle and a black square. 

Age dating locations for the Central Segment, red triangles indicate 
C14 dates from this study, and black triangle are OSL dates from this study. 



 

 

Figure 5.9 Dating sample locations for the Southern Segment red triangles 
indicate C14 dates from this study, and black triangle are OSL dates from this 
study. Other studies are indicated by a black circle and a black square.
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Dating sample locations for the Southern Segment red triangles 
indicate C14 dates from this study, and black triangle are OSL dates from this 
study. Other studies are indicated by a black circle and a black square.

Dating sample locations for the Southern Segment red triangles 
indicate C14 dates from this study, and black triangle are OSL dates from this 
study. Other studies are indicated by a black circle and a black square. 



 

Figure 5.10 (a) Flooding at San Luis Lake in 1936. Red circles highlight areas 
flooding 1936-1904s (Valdez, 2009). (b) Conditions at drier climate setting in 
1975. 

into San Luis Lake and into other adjacent canals (Fi

San Luis Lake are artificially maintained

onwards, leading to near negligible topographic changes occurring in the 

immediate San Luis Lake area. Water level drops are also seen in the remainder 

of the site, as the small interdunal lakes are no longer present. The region to

east of the lunettes has also lost a considerable number of small w

which are not in any of the subsequent photographs.

In terms of stabil

Lakes reveal that during the late 1930s the ar

percentage of surficial water than it currently does today (Figure 5.11a). Much 

like the regions around San Luis Lake, seen above, the Dry Lakes were nearly 

flooded, or at least experiencing above average water levels, which, fro

accounts lasted into the 1940s. While not as flooded as at San Luis, the playa 

lakes in this area are nearly all filled, or at least show signs of having a moist soil 

zone (Figure 5.11a). There is no evidence of the evaporitic deposits that a

found within the lowest points

edges of flooded playas, and within other, non

131 

(a) Flooding at San Luis Lake in 1936. Red circles highlight areas 
1904s (Valdez, 2009). (b) Conditions at drier climate setting in 

into San Luis Lake and into other adjacent canals (Figure 5.10b). Water levels in 

San Luis Lake are artificially maintained via the canals, from this point in time 

onwards, leading to near negligible topographic changes occurring in the 

immediate San Luis Lake area. Water level drops are also seen in the remainder 

of the site, as the small interdunal lakes are no longer present. The region to

east of the lunettes has also lost a considerable number of small w

in any of the subsequent photographs. 

In terms of stability and evolution, aerial imagery for the adjacent Dry 

l that during the late 1930s the area contained a much larger 

percentage of surficial water than it currently does today (Figure 5.11a). Much 

like the regions around San Luis Lake, seen above, the Dry Lakes were nearly 

flooded, or at least experiencing above average water levels, which, fro

accounts lasted into the 1940s. While not as flooded as at San Luis, the playa 

lakes in this area are nearly all filled, or at least show signs of having a moist soil 

zone (Figure 5.11a). There is no evidence of the evaporitic deposits that a

lowest points of the playa (Figure 5.11b). Vegetation along the 

edges of flooded playas, and within other, non-inundated playas, and 

 

(a) Flooding at San Luis Lake in 1936. Red circles highlight areas 
1904s (Valdez, 2009). (b) Conditions at drier climate setting in 

gure 5.10b). Water levels in 

from this point in time 

onwards, leading to near negligible topographic changes occurring in the 

immediate San Luis Lake area. Water level drops are also seen in the remainder 

of the site, as the small interdunal lakes are no longer present. The region to the 

east of the lunettes has also lost a considerable number of small water bodies, 

aerial imagery for the adjacent Dry 

ea contained a much larger 

percentage of surficial water than it currently does today (Figure 5.11a). Much 

like the regions around San Luis Lake, seen above, the Dry Lakes were nearly 

flooded, or at least experiencing above average water levels, which, from written 

accounts lasted into the 1940s. While not as flooded as at San Luis, the playa 

lakes in this area are nearly all filled, or at least show signs of having a moist soil 

zone (Figure 5.11a). There is no evidence of the evaporitic deposits that are now 

(Figure 5.11b). Vegetation along the 

inundated playas, and 



 

surrounding the lunettes is also larger and more developed than the vegetative 

cover that exists today.

1975) show that the region underwent drying out, seen at San Luis Lakes in the 

1975 photographs.  

Therefore the analysis of the photographs reveals that the lunette system 

is amongst the most stable in 

no changes to the deposits. Small scale changes, due to the flooding and drying 

of the playas are seen in the drying

deposits is unaffected, with no accretion or eros

Figure 5.11 Changes in the Dry Lakes area from (a) wet conditions in 1936 to (b) 
dry conditions in 1979. Red circles indicate the same feature, but no changes are 
observed. 

 

5.5 Formation of Lunettes

Lunettes are a specific type of parabolic dune (Bowler, 1976; Madole, 

2006, Chapter 4 of this volume

These deposits always have an adjacent associated playa, and the lunettes are 

always located on the lee side of the playa (Bowler, 1976; Bowler, 1983). It is the 

presence of the associated playa that provides a characteristic identifying feature 
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surrounding the lunettes is also larger and more developed than the vegetative 

cover that exists today. Later photographs from 1979 (none are available from 

1975) show that the region underwent drying out, seen at San Luis Lakes in the 

Therefore the analysis of the photographs reveals that the lunette system 

is amongst the most stable in the entire area for the past 75 years, as there are 

no changes to the deposits. Small scale changes, due to the flooding and drying 

of the playas are seen in the drying-wetting cycles, but morphology of the 

deposits is unaffected, with no accretion or erosion observed. 

Changes in the Dry Lakes area from (a) wet conditions in 1936 to (b) 
dry conditions in 1979. Red circles indicate the same feature, but no changes are 

Lunettes 

unettes are a specific type of parabolic dune (Bowler, 1976; Madole, 

, Chapter 4 of this volume) but are far more stable than a parabolic dune. 

These deposits always have an adjacent associated playa, and the lunettes are 

e lee side of the playa (Bowler, 1976; Bowler, 1983). It is the 

presence of the associated playa that provides a characteristic identifying feature 

surrounding the lunettes is also larger and more developed than the vegetative 

Later photographs from 1979 (none are available from 

1975) show that the region underwent drying out, seen at San Luis Lakes in the 

Therefore the analysis of the photographs reveals that the lunette system 

the entire area for the past 75 years, as there are 

no changes to the deposits. Small scale changes, due to the flooding and drying 

wetting cycles, but morphology of the 

 

Changes in the Dry Lakes area from (a) wet conditions in 1936 to (b) 
dry conditions in 1979. Red circles indicate the same feature, but no changes are 

unettes are a specific type of parabolic dune (Bowler, 1976; Madole, 

are far more stable than a parabolic dune. 

These deposits always have an adjacent associated playa, and the lunettes are 

e lee side of the playa (Bowler, 1976; Bowler, 1983). It is the 

presence of the associated playa that provides a characteristic identifying feature 
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of lunettes and also provides the source of the fines that create the lunette 

deposits, as defined by Bowler (1976). 

Lunettes form when a playa dries and the surface of the playa floor is 

subaerially exposed (Bowler, 1983). The playa fines are blown across the playa 

surface to the lee side of the playa. There, the materials are caught against the 

edge of the playa depression and begin to accumulate (Bowler, 1983; Lees and 

Cook, 1991) as seen in Figure 5.12 from Bowen and Johnson (2011). Aeolian 

sand becomes trapped by the fines contained in the low ridge of accumulating 

sediment. When the playa next fills, partially or fully covering the sediment ridge, 

fines settle out creating a drape on the sediment ridge surface and further 

consolidate the sediment (Bowler, 1983; Bowen and Johnson, 2011 see Figure 

5.12). Aeolian sands may or may not become trapped against the sediment ridge 

during the filled playa stage, depending on if the ridge is fully or partially 

exposed, and the location of the ridge in relation to the playa depression. As the 

playa dries out again, cohesive fines mix with aeolian sand and are blown 

against the sediment ridge (Bowen and Johnson, 2011, Figure 5.12). These 

sediments accumulate, further building up the ridge. The larger the ridge 

becomes, the more sediment it is able to trap, given that the playa provides the 

source of an adequate volume of fines in relation to the aeolian sand component. 

At a certain point, which is dependent upon the specific location and the 

existing parameters for that location, the lunette begins to accrete upwind, or 

towards the playa (Bowler, 1983; Thomas et al., 1993). This is due to the angle 

of the windward side of the lunette and the distance at which aeolian processes 

can no longer transport a cohesive mixture of fines and sand particles up the 

lunette slope. Materials therefore build up on the windward face, backfilling into 

the playa (Bowler, 1983).  

As seen in the diagram in Figure 5.12, sediments do accumulate on the 

lee side of the lunette deposit, however, it has been proposed that these 

sediments do not consolidate and are often removed from the system soon after 

their initial deposition, unless the area has sufficient water and vegetation to 

stabilize these deposits (Bowen and Johnson, 2011). The sediments are 
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removed by ongoing aeolian processes and accumulate elsewhere within the 

system. This process is suggested as the most similar as to what is occurring at 

the GRSA, where the lee side sediments are not being preserved, but, instead 

transported from the base of the relatively vegetation free lunette surfaces, out 

onto the sand sheet.  

 

5.6 Types of Identified Lunettes 

Over thirty separate lunettes were identified and documented in the 

GRSA. These lunettes were divided into three separate types, based on their 

morphology: the single discrete lunette, merged lunettes and the fluvially 

modified lunette. The most common type of lunette is the single, discrete lunette, 

with 25 identified deposits, while the fluvially modified lunette is the least 

common with only one identified example. With identification of each facies 

based on geomorphological features, further analysis of the sedimentological and 

deposition characteristics of each facies was conducted.  

All the documented single discrete and merged lunettes occur in the 

Southern Segment, while the documented fluvially modified lunette occurs in the 

Central Segment (specifics of the Central Segment are shown in detail in Figure 

5.6, with Figure 5.7 containing those of the Southern Segment). The Northern 

Segment (detailed in Chapter 6) was also mapped for this study, but no lunettes 

were identified. Figure 5.13 shows these selected segments. 

 

5.7 Division and Identification of Stratigraphic Units  

 Analysis of the sediments within the lunette deposits revealed that there 

are five distinct sedimentary units. All five facies occur across both the Central 

and Southern Segments and in all three lunette types. The proportions of the 

sedimentary units, and the continuity of individual layers, however, vary from 

location to location and are distinct for each lunette. These five facies are 

described in detail below. Specific internal stratigraphy of the lunettes in the 

Central and Southern Segment are presented in following subsections that focus 

separately on each of the areas.  
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Figure 5.12 Illustration of lunette formation, modified from Bowen and Johnson 
(2011). Vegetation is shown in this model as a component of early formation, but 
not as relevant in later lunette phases. Sediment accumulation is also noted on 
the lee side of the lunette deposit. This sediment may be eroded or preserved, 
dependent upon system and the amount of water or surrounding vegetation 
present. GRSA lunettes do not preserve the lee side deposits, but otherwise, 
form in the manner suggested above. 

 



 

Figure 5.13 Field segments as shown on the surficial geological map of the field 
site (modified from Figure 5.1). The Northern field segment contained no 
lunettes, while the Central and Southern Segments contain all m
Red indicates aeolian deposits (active), blue is modern fluvial deposits, purple is 
sand sheet, orange indicates vegetated sand ramp, yellow is the active aeolian 
area of the sand ramp, brown is sabkha, green indicates the lunettes and the 
playas are grey. 

 

Facies 1: Moderately sorted coarse sands

Facies 1 sediments (Table 5.2a) occur as either a continuous layer or as 

discrete lenses within other types of sediments. When occurring as a layer, the 

sediments are found at the base of a sample 

of 0.3 m. As the base of the layer was not reached the total thickness of the 

sediment is this depositional form

sediment was observed to reach a minimum of 0.25m to a maximum of 3m 

These sediments consist of sand with a grain size range between 10

(silt to very coarse sand)

very coarse), (Figures 5.14
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Field segments as shown on the surficial geological map of the field 
site (modified from Figure 5.1). The Northern field segment contained no 
lunettes, while the Central and Southern Segments contain all mapped lunettes. 
Red indicates aeolian deposits (active), blue is modern fluvial deposits, purple is 
sand sheet, orange indicates vegetated sand ramp, yellow is the active aeolian 
area of the sand ramp, brown is sabkha, green indicates the lunettes and the 

Facies 1: Moderately sorted coarse sands 

Facies 1 sediments (Table 5.2a) occur as either a continuous layer or as 

discrete lenses within other types of sediments. When occurring as a layer, the 

sediments are found at the base of a sample site and have a minimum thickness 

of 0.3 m. As the base of the layer was not reached the total thickness of the 

sediment is this depositional form is unknown. When present as a lens the 

was observed to reach a minimum of 0.25m to a maximum of 3m 

These sediments consist of sand with a grain size range between 10

coarse sand), with most grains being within 710-2000 µm

5.14 and 5.15). Minor amounts of sediment occur within 

Field segments as shown on the surficial geological map of the field 
site (modified from Figure 5.1). The Northern field segment contained no 

apped lunettes. 
Red indicates aeolian deposits (active), blue is modern fluvial deposits, purple is 
sand sheet, orange indicates vegetated sand ramp, yellow is the active aeolian 
area of the sand ramp, brown is sabkha, green indicates the lunettes and the 

Facies 1 sediments (Table 5.2a) occur as either a continuous layer or as 

discrete lenses within other types of sediments. When occurring as a layer, the 

site and have a minimum thickness 

of 0.3 m. As the base of the layer was not reached the total thickness of the 

is unknown. When present as a lens the 

was observed to reach a minimum of 0.25m to a maximum of 3m thick. 

These sediments consist of sand with a grain size range between 10-6000 µm 

2000 µm (coarse to 

). Minor amounts of sediment occur within 
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10-500 µm (silt to medium sand), and within 2050-6000 µm (very coarse sand). 

The coarser sediments are more prevalent than the smaller grain sizes.  

The sediments are dark in color, commonly perceived as nearly black. 

This is consistent for all samples gathered from within the water table. Facies 1 

deposits collected from above the water table are grey in color instead. There is 

no staining present on the grains to explain the difference in coloration and the 

deposits are not mineralogically distinct. The grains are subrounded to 

subangular, with very few rounded or angular grains. No internal structures were 

observed. The deposit is well to moderately sorted (Figures 5.15, 5.16, 5.17, 5.18 

and 5.19) and contains 45-50% quartz, 20-35% plagioclase and 2-5% orthoclase. 

Mafic minerals, identified as pyroxenes, amphiboles, magnetite and assorted 

volcanic rock fragments comprise the remaining 10-33% of volume (Figure 5.20a 

and b). No clay is present. No secondary mineralization or organic matter is 

found within the Facies 1 deposit. The majority samples from this type of 

sediment come from just above or below the water table. No bulk samples were 

retrieved from any layer below this zone, due to hole instability caused by the 

presence of the water table. 

 

Facies 2: Discontinuous cohesive clays 

Facies 2 sediments (Table 5.2a) consist of 0.15-1.75m thick, laterally 

discontinuous lenses or truncated beds of cohesive clay with potting clay type 

consistency. The clay contains only minor mixing at the edges of the deposit 

(Figures 5.21 and 5.22). Samples contain small and varying amounts of silt and 

very fine sand within the clay. 

The majority of Facies 2 deposits are typically quite thin, and do not 

extend for any significant distances, and do not form any recognizable patterns 

across the lunettes.  Figures 5.22, 5.23, 5.24, 5.25 and 5.26 present the results 

of grain size analyses conducted on the samples with the most intermixed silts 

and sands, as the clays were well sorted. The interbedded layers, however, 

illustrate the nature of the components within the coarser fraction of this 
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Figure 5.14 Cumulative summary graph for the grain sizes present in the Facies 
1 sediments across the site. Outlier plot comes from a sample from the boundary 
of the fluvial sand with an overlying clay layer. See Figures 5.6 and 5.7 for 
location of samples. 

 

Figure 5.15 Facies 1 grain size distribution curves. See Figures 5.6 and 5.7 for 
sample locations. 
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Figure 5.16 Facies 1 sorting coefficient. 

 

 

Figure 5.17 Facies 1 skewness. 
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Figure 5.18 Facies 1 kurtosis. 

 

 

Figure 5.19 Facies 1 mean particle size. 
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Figure 5.20 (a) Thin section
Segment. Image is of Sample SLLPR
lunette, from a depth of 487 cm, and contains quartz, plagioclase, orthoclase, 
minor clay, minor mafics (amphibole). (b) 
Southern Segment. Image is of Sample LPL15GG, taken from the Dry Lakes 
lunette one, from a depth of 436 cm, and contains quartz, plagioclase, minor 
orthoclase, mafic minerals, volcanic fragments and magnetite.

 

facies. The deposits are predominantly composed of mo

clays (Figure 5.27a and 5.27b

some sample sites, however the deposit mostly has a massive internal structure. 

The clay commonly contains organic material, namely grass or root frag

The organic matter content is not consistent across the individual lunettes or 

within the clay deposits. 

Facies 3-5 (Table 5.2a and b) comprise the bulk of the lunette bodies and 

provide the distinguishing characteristics of the lunettes. Facies 

to the lunettes and were not observed in other deposit types. Separation of the 

sediments into the three distinct, but associated facies, occurred when grain size 

analyses revealed the difference between the sedimentary units.
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(a) Thin section (plane polarized light) of Facies 1 sediments: Central 
is of Sample SLLPR-24FF, taken from the San Luis Lake 

lunette, from a depth of 487 cm, and contains quartz, plagioclase, orthoclase, 
minor clay, minor mafics (amphibole). (b) Thin section of facies 1 sediments: 

Segment. Image is of Sample LPL15GG, taken from the Dry Lakes 
lunette one, from a depth of 436 cm, and contains quartz, plagioclase, minor 
orthoclase, mafic minerals, volcanic fragments and magnetite. 

facies. The deposits are predominantly composed of montmorilloni

clays (Figure 5.27a and 5.27b). The clay has poorly preserved laminae visible in 

some sample sites, however the deposit mostly has a massive internal structure. 

The clay commonly contains organic material, namely grass or root frag

The organic matter content is not consistent across the individual lunettes or 

within the clay deposits.  

5 (Table 5.2a and b) comprise the bulk of the lunette bodies and 

provide the distinguishing characteristics of the lunettes. Facies 3-

to the lunettes and were not observed in other deposit types. Separation of the 

sediments into the three distinct, but associated facies, occurred when grain size 

analyses revealed the difference between the sedimentary units. 

 

1 sediments: Central 
24FF, taken from the San Luis Lake 

lunette, from a depth of 487 cm, and contains quartz, plagioclase, orthoclase, 
1 sediments: 

Segment. Image is of Sample LPL15GG, taken from the Dry Lakes 
lunette one, from a depth of 436 cm, and contains quartz, plagioclase, minor 

ntmorillonite and illite 

). The clay has poorly preserved laminae visible in 

some sample sites, however the deposit mostly has a massive internal structure. 

The clay commonly contains organic material, namely grass or root fragments. 

The organic matter content is not consistent across the individual lunettes or 

5 (Table 5.2a and b) comprise the bulk of the lunette bodies and 

-5 were unique 

to the lunettes and were not observed in other deposit types. Separation of the 

sediments into the three distinct, but associated facies, occurred when grain size 
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Facies 3: Well to moderately sorted, fine to medium grain sand 

Facies 3 sediments (Table 5.2a) are between 0.25 to 4 m thick, and 

consist of predominantly 177-350 µm size grains (fine to medium sand). This 

facies has minor percentages of clay and coarser fragments based on hand 

sample and thin section analyses. No clasts larger than 5,000 µm (granule) were 

observed, as shown in Figures 5.28 and 5.29. The majority of grains are 

subrounded or rounded, with a small proportion of subangular grains, and the  

 

 

Figure 5.21 Cumulative summary graph for the grain sizes of Facies 2 sediment, 
see Figures 5.6 and 5.7 for location of samples. 
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Figure 5.22 Facies 2 grain size distribution curves. See Figures 5.6 and 5.7 for 
sample locations. 

 

 

Figure 5.23 Facies 2 sorting coefficient. 
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Figure 5.24 Facies 2 skewness. 

 

 

Figure 5.25 Facies 2 kurtosis. 
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Figure 5.26 Facies 2 mean particle size. 

 

layer is well to moderately sorted (Figures 5.29, 5.30, 5.31, 5.32 and 5.33). 

Stratification was poorly preserved with only a few locations containing bedding 

or low angle cross stratification. The majority of deposits were massive, with non-

distinct internal layering. As seen in both hand sample and thin sections, of the 

sediments consist of approximately 55% quartz, 30% to 35% plagioclase, 

approximately 2% orthoclase and only 8%-13% of mafics minerals were present. 

Mafic minerals were identified as pyroxenes, amphiboles, volcanic fragments and 

magnetite, with varying concentrations present in different samples (Figures 

5.46a and 5.46b). Secondary mineralization was present in discrete lenses. This 

type of sediment contained either none or minor proportions of organic materials, 

identified as root fragments or traces, and non-specified organic sediments and 

shells, dependent on sample location. The proportions were not consistent 

across the individual lunettes, or even within the sample locations.
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a 

 

Figure 5.27 XRD result on a typical Facies 2 sediment (Sample Playa5B). Multiple runs are due to sample 
needing to be glycolated. Peaks at 4.0, 6.0, 9.0, 17.5, 25.0, 26.75, 29.5 and 36.0 degrees respectively indicate the 
presence of montmorillonite and illite, which are the primary minerals within the deposits. (b) XRD result from an 
interbedded Facies 2 sediment and a sand (Sample SLLLP5T). Multiple runs are due to sample needing to be 
glycolated. Clays are indicated at peaks at 6.5, 13.75, 18.9, 30, 34.5 and 35.5 degrees, indicating illite and 
montmorillonite. As the sample contains an interbed of sand, the composition of the grains of sand can also be 
seen, with peaks located at 22 and 27.5 degrees correspond to plagioclase. The peaks for orthoclase and quartz 
are located at 23.5 and 26.25 degrees respectively, indicating the sand component of the clay layer. 
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Figure 5.27b Continued 
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Figure 5.28 Cumulative summary graph for the grain sizes of Facies 3 sediment, 
see Figures 5.6 and 5.7 for location of samples. 

 

 

Figure 5.29 Facies 3 grain size distribution curves. See Figures 5.6 and 5.7 for 
sample locations. 
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Figure 5.30 Facies 3 sorting coefficient. 

 

 

Figure 5.31 Facies 3 skewness. 
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Figure 5.32 Facies 3 kurtosis. 

 

 

Figure 5.33 Facies 3 mean particle size. 
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Facies 4: Fine to medium grain sand with clay and organic matter 

Facies 4 sediments (Table 5.2b) are 0.05 to 2.5 m thick, and most 

commonly the layers are between 0.5 and 1m thick. This facies consists of a 

mixture of sand and finer materials. The grains of sand are predominantly 177-

350 µm in size (fine to medium). Coarser fragments of 420-500 µm size (medium 

to coarse sand) are present throughout the deposits. No clasts larger than 2,000 

µm (very coarse sand) were observed (Figures 5.34 and 5.35). The majority of 

grains are subrounded or rounded, with a small proportion of subangular grains, 

and the sediment is well to moderately sorted (Figures 5.35, 5.36, 5.37, 5.38 and 

5.39). The fine fraction comprised 10%-15% of the samples by volume. 

Stratification was poorly preserved with only a few locations containing bedding 

or low angle cross stratification. The majority of deposits were massive, with non-

distinct internal layering. The sediment consists of approximately 55% quartz, 

30% to 35% plagioclase, approximately 2% orthoclase and 8%-13% mafic 

minerals identified by hand sample and thin section analyses. Mafics were 

identified as pyroxenes, amphiboles, volcanic fragments and magnetite, in 

varying concentrations present dependent on sample, as shown in Figures 5.46a 

and 5.46b. Secondary mineralization was present in discrete lenses. A unique 

feature of this sediment is that the deposits site wide contained root traces or 

organic materials, regardless of sample location. This type of sediment also 

contained shells in select locations. 

 

Facies 5: Fine to medium grain sand with clay and silt 

Facies 5 deposits (Table 5.2b) are 0.15 to 1.5 m thick with a common 

thickness of 0.5m, and are comprised of a mix of grain sizes. The predominant 

grain size is 177-350 µm (fine to medium sand), with an additional silt to very fine 

sand fraction of 74 to 105 µm. These sediments have a higher percentage of clay 

than Facies 3 and fewer coarser fragments were observed in hand sample and 

thin section analyses. No clasts larger than 2,000 µm (very coarse sand) were 

observed (Figures 5.40 and 5.41). Grains are predominantly subrounded or  
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Figure 5.34 Cumulative summary graph for the grain sizes of Facies 4 sediment, 
see Figures 5.6 and 5.7 for location of samples. 

 

 

Figure 5.35 Facies 4 grain size distribution curves. See Figures 5.6 and 5.7 for 
sample locations. 
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Figure 5.36 Facies 4 sorting coefficient. 

 

 

Figure 5.37 Facies 4 skewness. 
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Figure 5.38 Facies 4 kurtosis. 

 

 

Figure 5.39 Facies 4 mean particle size. 
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rounded, with a small proportion of subangular grains, and the layer is 

moderately sorted (Figures 5.41, 5.42, 5.43, 5.44 and 5.45). The fine fraction 

comprises 15%-20% of the sample by volume. Stratification was poorly 

preserved with only a few locations containing bedding or low angle cross 

stratification. The majority of deposits were massive, with non-distinct internal 

layering. Hand sample and thin sections reveal a composition of approximately 

55% quartz, 30% to 35% plagioclase, approximately 2% orthoclase and 8%-13% 

mafic minerals identified by hand sample and thin section analyses. Mafics were 

identified as pyroxenes, amphiboles, volcanic fragments and magnetite, in 

varying concentrations present dependent on sample, as shown in Figures 5.46a 

and 5.46b, with varying concentrations. Secondary mineralization was present in 

discrete lenses. Organic matter is present in these deposits in the form of root 

fragments or non-specified organic sediment. The presence of organic matter 

was not consistent across the lunettes in this facies. 

 

 

 

Figure 5.40 Cumulative summary graph for the grain sizes of Facies 5 sediment, 
see Figures 5.6 and 5.7 for location of samples. 
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Figure 5.41 Facies 5 grain size distribution curves. See Figures 5.6 and 5.7 for 
sample locations. 

 

 

Figure 5.42 Facies 5 sorting coefficient. 
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Figure 5.43 Facies 5 skewness. 

 

 

Figure 5.44 Facies 5 kurtosis. 
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Figure 5.45 Facies 5 mean particle size.

 

Figure 5.46 (a)Thin section
Central Segment. Image is of Sample SLLL2S, taken from the San Luis Lake 
lunette, from a depth of 116 cm, and contains quartz, plagioclase, 
orthoclase, clay, and magnetite. (b) Thin section 
Southern Segment. Image is of Sample DunePlaya 2D, taken from the Dry Lakes 
lunette system, from a depth of 29 cm, and contains quartz, plagioclase, minor 
orthoclase, clay, minor magnetite and secondary minerals (iron or manganese 
oxide). 
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Facies 5 mean particle size. 

(a)Thin section (plane polarized light) of Facies 3-5 sediments: 
Central Segment. Image is of Sample SLLL2S, taken from the San Luis Lake 
lunette, from a depth of 116 cm, and contains quartz, plagioclase, 
orthoclase, clay, and magnetite. (b) Thin section of Facies 3-5 sediments: 
Southern Segment. Image is of Sample DunePlaya 2D, taken from the Dry Lakes 
lunette system, from a depth of 29 cm, and contains quartz, plagioclase, minor 

nor magnetite and secondary minerals (iron or manganese 
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5 sediments: 
Central Segment. Image is of Sample SLLL2S, taken from the San Luis Lake 
lunette, from a depth of 116 cm, and contains quartz, plagioclase, minor 

5 sediments: 
Southern Segment. Image is of Sample DunePlaya 2D, taken from the Dry Lakes 
lunette system, from a depth of 29 cm, and contains quartz, plagioclase, minor 
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Facies Interpretation 

Based on the above sedimentological results and comparison with surficial 

sediments in the GRSA, each facies was compared to modern systems. Grain 

size; sorting; rounding; mineralogy; presence of organic matter; clay content, and 

spatial occurrence of the deposits were the criteria utilized for the comparisons 

with modern surface GRSA systems.  

Facies 1 deposits were interpreted to be fluvial due to their larger grain 

size, and lack of organic matter and clay components (Table 5.2). The 

occurrence of the deposits is in a layer located stratigraphically low. Deposits of 

lens shape and orientation occur stratigraphically higher. The fluvial deposits are 

interpreted to have been much thicker and more extensive than the present 

occurrence. Currently, the fluvial deposits in the GRSA are spatially minor and 

are concentrated along fluvial systems in the central region of the GRSA land. 

Facies 2 deposits are interpreted as two different types of clay deposits, 

associated to playas (Table 5.2). Clay layers that lack organic material and have 

a higher than average percentage of silt or fine sand are interpreted to indicate a 

lack of readily available organic matter and an increased destabilization of sands, 

owing to the lack of vegetation and therefore they indicate periods of aridity. In 

contrast, clay layers that contain organic remains and lack silt or sand 

components are interpreted to record periods of higher precipitation. Higher 

water concentration leads to an increase in vegetative cover, thereby stabilizing 

deposits, and also to the ability of the system to contain and sustain lasting 

bodies of water. Observations of the modern playas show the most clay rich 

sediments to be located at the deepest part of the depressions containing the 

playa, which also is the last part of the playa to dry in an arid cycle. Since not all 

cycles result in full drying and erosion of the deepest part of the basin, clay layers 

are more likely to be preserved in those locations. Playa depocenters are not 

spatially extensive layers and so the discontinuous nature of the deposits is 

expected. Therefore, these deposits are indentified as playa depocenter 

deposits. 
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Facies 3 deposits are identified as aeolian sand of either lunette body or 

sand sheet association (Table 5.2). As the sand sheet is the source of the 

majority of the sediments within the lunette body, it is not possible to distinguish 

where portions of sand sheet may have accreted onto the lunette. Therefore, 

most Facies 3 sediments in the lunettes are interpreted as the lunette deposit, 

with acknowledgement that portions may be remnants of sand sheet build up. 

The bi-modal distribution of grains sizes within the samples is typical of dunes in 

the area (Bauer, 1971) and is likely due to the greater than average feldspar 

content breaking down to a finer size fraction. 

Facies 4 sediments are interpreted to be aeolian sands intermixed with 

playa fines, corresponding to the lunette and playa system boundary zone (Table 

5.2). Comparison with the modern systems present at the GRSA show that these 

zones are the only locations within the lunettes to consistently contain vegetation 

but also to be in a location that can receive aeolian derived sands. The fine 

materials are sourced from the lunette system’s adjacent playa. As the size of the 

playa changes with climatic cycling, this zone changes in width and in the ratio of 

fines to sand present. Vegetation presence and amount will also change with the 

size of the playa, with the zone becoming narrower as the playa fills and limits 

the width of exposed land between the lunette and the playa edge. 

Facies 5 sediments are identified as sourced from between the boundary 

zone and the depocenter of the playa (Table 5.2). This area was the only location 

observed in the modern system that could contain the intermixing of Facies 2 and 

4 in a consistent manner. The spatial and stratigraphic expression of these 

deposits is controlled by the processes governing the distribution and extent of 

the playa deposits and lunette deposits.  

Facies 1 and 2 are distinct and are discussed and analyzed separately in 

the following sections. Due to the similarity and relationship of the sediments 

within Facies 3, 4 and 5, these sediments are combined and treated as a 

combined lunette and playa sediment layer. Distinction of these three sediment 

types is recognized only in the relative percentage of fine materials present and 

the presence of organic matter, and not by any other analyses. The source of the 
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sandy sediment for the lunette body is the sand sheet, as lunette and sand sheet 

deposits occur adjacent to one another. However, the playa and lunette are 

related and the playa system inputs fines directly into the lunette deposit, and not 

to the sand sheet. Facies 3, 4 and 5 therefore better characterize the lunette 

body, and distinguish the lunette deposit from the sand sheet deposit. 

The similarity of the deposits is not only summarized in Tables 5.2a and 

5.2b, but can also be seen in the cumulative graphs plotted for each facies. All 

five facies are plotted to show sorting coefficient (Figure 5.47), skewness (Figure 

5.48), kurtosis (Figure 5.49) and the mean particle size (Figure 5.50). The graphs 

show, that sans the variation in clay or silt components and excluding the fluvial 

sand, all of the aeolian deposits are notably difficult to distinguish. An interesting 

point, demonstrated by the graphs, is that while most samples plot in a relatively 

constrained pattern, facies two, with the varying degrees of interbedding and 

added components, plots with the least graphical consistency.  

 

5.8 Central Segment  

The Central Field Segment is a zone that stretches from just north of Head 

Lake, to directly south of San Luis Lake, (Figure 5.51). It is the only area that 

contains a fluvially modified lunette. The lunette found at Head Lake and the 

reworked multiple lunettes found along San Luis Lake, are the only identified 

lunettes located in the Central Segment, as the remainder of the lunettes occur in 

the Dry Lakes area, in the Southern Segment.  

Of the three segments, the Central Segment has experienced the most 

human interference. San Luis Lake is a controlled water storage system, with the 

lake depth being maintained year round to allow for fishing from the lake, while 

Head Lake has a small sluiceway to allow water to flow from it, into a channel 

that appears to drain to San Luis Lake. The two lakes are also located in a very 

centralized region between the active ranches and farms that utilize both the 

surface and groundwater resources. This area is within the San Luis Valley
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Table 5.2 Facies descriptions and interpretation 

Facies Descriptions and Interpretation 

Facies Predominant 

Grain Size 

Sorting Rounding Mineralogy Organics Clay 

Content 

Deposit 

Occurrence 

Interpreted 

Environment 

Facies 1: moderately sorted coarse sands (Fluvial Facies) 

1 710-2000 µm Well to 

moderate 

Subrounded 

to 

subangular 

Quartz, plagioclase, 

orthoclase, pyroxenes, 

amphiboles, magnetite, 

volcanic fragments 

None 

present 

None to 

minor 

Layer or 

discrete 

lenses 

Fluvial Sand 

Facies 2: discontinuous cohesive clays (Playa Depocenter Facies) 
2 Clay (small, 

varying 

amounts of 

silt/ very fine 

sand present) 

Well to 

moderate 

N/A Montmorillonite, illite, 

quartz, plagioclase, 

orthoclase pyroxenes, 

amphiboles, magnetite, 

volcanic fragments 

Yes, 

varying: 

none to 

minor 

presence 

Almost 

entirely 

clay 

Discrete, 

commonly 

thin, 

discontinuou

s layers 

Clay – Arid 

Stage Playa 

Depocenter 

or Wet Cycle 

Playa 

Depocenter 

Facies 3,4 and 5 comprise subgroups within the Lunette Facies 

Facies 3: well to moderately sorted, fine to medium sand (Lunette Facies: Aeolian Subgroup) 
3 177-350 µm Well to 

moderate 

Subrounded 

to 

subangular 

Quartz, plagioclase, 

orthoclase, pyroxenes, 

amphiboles, magnetite, 

volcanic fragments and 

clay 

Yes, 

varying: 

none to 

minor 

presence 

Minor Discontinuou

s layers of 

varying 

internal 

structure 

Aeolian 

Sand: 

Lunette Body, 

partial Sand 

Sheet 

 

 

 

 

 

1
6

2
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Table 5.2 Facies descriptions and interpretation, Cont’d. 

 

Facies Descriptions and Interpretation 

Facies Predominant 

Grain Size 

Sorting Rounding Mineralogy Organics Clay 

Content 

Deposit 

Occurrence 

Interpreted 

Environment 

Facies 4: moderately sorted, fine to medium sand with clay and organic content (Lunette Facies: Boundary Subgroup) 
4 177-350 µm Well to 

moderate 

Subrounded 

to 

subangular 

Quartz, plagioclase, 

orthoclase, 

pyroxenes, 

amphiboles, 

magnetite, volcanic 

fragments, and clay 

Yes, 

always 

present 

Minor to 

moderate 

Discontinuous 

lenses and 

layers of 

varying 

internal 

structure 

Aeolian Sand 

and Playa 

Fines: 

Lunette/Playa 

Boundary 

Zone 

Facies 5: moderately sorted, fine to medium sand with clay and silt (Lunette Facies: Playa Subgroup) 
5 177-350 µm, 

second 

fraction within 

74 to 105 µm 

Moderate Subrounded 

to 

subangular 

Quartz, plagioclase, 

orthoclase, 

pyroxenes, 

amphiboles, 

magnetite, volcanic 

fragments and clay 

Yes, 

varying: 

none to 

minor 

presence 

Moderate Discontinuous 

lenses of 

varying 

internal 

structure 

Aeolian Sand 

and Clay Mix: 

Playa Deposit 

1
6

3
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Figure 5.47 Facies sorting coefficient summary plot. 

 

 

Figure 5.48 Facies skewness summary plot. 
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Figure 5.49 Facies kurtosis summary plot. 

 

 

Figure 5.50 Facies mean particle size summary plot. 
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Figure 5.51 Central Segment field map. The above image shows a detailed field 
map of the Central Segment. Red indicates aeolian deposits (active), blue is 
modern fluvial deposits, purple is sand sheet, brown is sabkha and green 
indicates the lunettes. Note San Luis and Head Lake remain uncolored. 

 

Closed Basin Project, run by the San Luis Valley Water Council. Their project 

aims to monitor water table depth and behavior across the San Luis Valley, and 

keeps records of wells drilled in the area. The San Luis Lake area and lunettes 

also have had roadways constructed through them, some of which has required 

digging through the lunette edges. 

Originally, Head Lake and its lunette were thought to be independent of 

San Luis Lake and its lunette, but over the course of the field mapping conducted 

for the geomorphology portion of the study, the trend of the deposits and the 

projection of the lunette front show that the two were likely connected at some 

point and that a fluvial channel cut between the two lunettes, separating them. 

 

5.8.1 Coumpound Lunette: Fluvially Modified Lunette  

This lunette type is the least common of the lunettes, though it is the 
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largest (Figure 5.51). There is one identified fluvially modified lunette within the 

GRSA field area, comprising 3% of all identified lunette deposits. 

 

Morphology 

The lunette at San Luis Lake is the proxy for the fluvially modified lunette 

description, as there are no references to previously studied fluvially modified 

lunettes. The San Luis Lake lunette deposit has an atypical shape and 

orientation compared to the lunettes documented in literature (see Bowler, 1983; 

Thomas et al., 1993). Multiple internal ridges occur between the playa and an 

outermost ridge of sand. Internal ridges between the adjacent playa and the 

lunette front are absent at Head Lake. This was previously shown and described 

by this volume’s geomorphology study (Brunhart-Lupo, 2011) and is 

demonstrated in a DEM of the fluvially modified lunette at San Luis Lake. Figure 

5.52. This DEM map indicates the specific irregular terrain noted in this lunette 

type as well as the outermost and most prominent lunette front. 

There are a minimum of three sets of ridge-like features present at the 

San Luis Lake system (Figures 5.53 and 5.55). The outermost ridge of sediment 

is quite steep on the external face, and the gradient becomes gentler towards the 

playa (Chapter 4). This ridge is quite stable and resistant to erosion, largely due 

to the stabilizing vegetation. The ridge of sediment appears intact and not 

dissected. Internal ridges of sediment are similarly more resistant to erosion than 

the surrounding sediments, also because they are vegetated. These ridges do 

not parallel the outermost ridge of sediment but instead are nearly perpendicular 

to the internal ridge faces. The ridges are quite steep, and rise sharply from the 

floor. They do not connect to any adjacent geomorphologic features. A cross 

section of this geomorphological orientation was presented in the previous 

chapter, in Figure 4.28, and is shown again, in Figure 5.55, to demonstrate the 

nature of the deposits.  

The internal ridge of sediment is far more similar to the ridge of sediment 

interpreted as a lunette that occurs at Head Lake, with a single, simple, dune-like 



 

Figure 5.52 Fluvially modified lunette at San Luis Lake, shown with the lunette 
front and irregular internal topography specific to this type of terrain. A star 
indicates one of the main areas of anthropogenic modification, marking a portion 
of the campground (remain

 

deposit, relatively unbroken, as it curves around most of the playa. Also this ridge 

is steeper and relatively resistant to erosion when compared with the surrounding 

sediments. 

5.8.1.2 Internal subenvironments

Complex subenvironments occur 

modified lunette crests 

include: sabkha surfaces, playas, acti

lunette (Figure 5.54). Small fluvial systems are present between troughs in the 
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Fluvially modified lunette at San Luis Lake, shown with the lunette 
front and irregular internal topography specific to this type of terrain. A star 
indicates one of the main areas of anthropogenic modification, marking a portion 
of the campground (remainder out of view).  

deposit, relatively unbroken, as it curves around most of the playa. Also this ridge 

is steeper and relatively resistant to erosion when compared with the surrounding 

environments of the Fluvially Modified Lunette

Complex subenvironments occur between the ridges of the fluvially 

d lunette crests of the San Luis Lake lunette. These subenvironments 

include: sabkha surfaces, playas, active dunes  and sand sheet internal to the 

Small fluvial systems are present between troughs in the 

 

Fluvially modified lunette at San Luis Lake, shown with the lunette 
front and irregular internal topography specific to this type of terrain. A star 
indicates one of the main areas of anthropogenic modification, marking a portion 

deposit, relatively unbroken, as it curves around most of the playa. Also this ridge 

is steeper and relatively resistant to erosion when compared with the surrounding 

of the Fluvially Modified Lunette 

the fluvially 

of the San Luis Lake lunette. These subenvironments 

internal to the 

Small fluvial systems are present between troughs in the 
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lunette, as water drains from one playa to another. Isolated ridges of modified 

lunette materials trap and accumulate sediments in a manner resembling that of 

a sand ramp, where unconsolidated sediments build up against the more stable 

lunette ridge, forming small sediment aprons. This distribution of highly localized 

environments causes the irregular and discontinuous nature of the observed 

deposits. 

Figure 5.53 shows the distribution of deposits within the lunette at San 

Luis Lake. Lunette crests and remnant ridges are indicated by their associated 

number and color (ridge one is in black; ridge two is in blue and ridge three is in 

purple). Stabilized internal ridges are shaded black; active sand in brown; sabkha 

and playas are grey and the remainder of the lunette interior, which is lunette 

related sand sheet, is left uncolored for ease of viewing. Ages of the deposits are 

not indicated as the map represents a surficial map of the modern 

subenvironment distribution. These processes in localized regions within the 

main lunette body are likely to have occurred in similar forms, if not locations in 

the past. 

 

Anthropologic Effects at San Luis Lake 

The western side of the San Luis Lake is completely modified by 

anthropogenic means, where a campground, camp headquarters and 

recreational area have been constructed (Figures 5.52). The majority of natural 

features have been removed or leveled for construction. In areas closer to the 

campground, parking lot, recreational areas and canal, the remnants of what 

appears to have been stabilized sand sheet and some sabkha occur, but the 

remainder is too modified to identify. Big Spring Creek contributes a significant 

amount of water to San Luis Lake and the lake level is artificially maintained by a 

canal.  

Along the eastern face of the San Luis Lake lunette, part of the lunette 

appears to have been modified to make way for a roadway and for a few of the 

buildings. While changes have been made to the general outline of the features, 

the anthropogenic impact is easily distinguishable. The orientation of the deposits 



 

Figure 5.53  Fluvially modified l
individual lunettes in this system, 1 being the oldest and 3 being the youngest.
Image San Luis Lakes 37 43’17.26” N 105 46’24.01 W 
22, 2011. January 16, 2012

 

and their relationship to the immediately adjacent play

innermost ridge of sediment is a lunette. The outermost deposit is somewhat 

more problematic, given its complex shape and unusual orientation, and the fact 

that the feature only partially resembles an idealized lunette. However, if the 

outermost ridge is analyzed on its own, without the internal topography being 

considered, then the feature can be seen as a lunette deposit belonging to this 

complex system. The internal ridges are a feature unique to the San Luis Lake 

system, as these are observed nowhere else in the area.
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Fluvially modified lunette subenvironment map. Numbers represent 
individual lunettes in this system, 1 being the oldest and 3 being the youngest.
Image San Luis Lakes 37 43’17.26” N 105 46’24.01 W Google Earth
22, 2011. January 16, 2012 

and their relationship to the immediately adjacent playa indicate that the 

innermost ridge of sediment is a lunette. The outermost deposit is somewhat 

more problematic, given its complex shape and unusual orientation, and the fact 

that the feature only partially resembles an idealized lunette. However, if the 

outermost ridge is analyzed on its own, without the internal topography being 

considered, then the feature can be seen as a lunette deposit belonging to this 

complex system. The internal ridges are a feature unique to the San Luis Lake 

observed nowhere else in the area. 

 

Numbers represent 
individual lunettes in this system, 1 being the oldest and 3 being the youngest. 

Google Earth, October 

a indicate that the 

innermost ridge of sediment is a lunette. The outermost deposit is somewhat 

more problematic, given its complex shape and unusual orientation, and the fact 

that the feature only partially resembles an idealized lunette. However, if the 

outermost ridge is analyzed on its own, without the internal topography being 

considered, then the feature can be seen as a lunette deposit belonging to this 

complex system. The internal ridges are a feature unique to the San Luis Lake 
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Head Lake Lunette 

Head Lake contains a lunette front that is in three distinct fragments, with 

the breaks occurring along the north northeast side of the playa, the southern 

edge of the lunette and playa, and along the due east facing edge. One of the 

breaks is being caused by a sluiceway and embankment dam. The north 

northeast and southern breaks are fluvially caused breaches through the lunette 

front (Figure 5.54). These breaks were likely caused by Sand and Big Spring 

Creeks, due to the projection of the channel towards Head Lake, and the volume 

of water that can be carried in times of high flow. The region around Head Lake 

has a very low relief, with only a few meters difference in height across the entire 

playa and lunette system. Surrounding the playa and ridge of sediment are a 

series of small depressions, with the majority of these depressions forming small 

swamps during wet periods and localized evaporitic deposits during dry phases.  

The Head Lake and the surrounding area contain a higher percentage of 

vegetative cover than most areas within the mapping zones, and very little active 

aeolian processes.  

Mapping of the deposits around Head Lake indicated that while 

fragmented, the ridge of sediment at the Head Lake is most likely a remnant of a 

lunette, which has undergone noticeable erosion. This identification was made on 

the geomorphological expression of the deposit and on the relationship it has 

with the adjacent playa. Of the three fragments, while one break is easily 

identified as being anthropologically enhanced, the other break is more difficult to 

assess. This second break aligns with what appears to be a possible failure zone 

within the lunette, as the break lines up with a low depression in front of Head 

Lake (Figure 5.55). The entire area appears to be quite stable in terms of 

geomorphic processes, as shown by aerial imagery analysis. 

 

5.8.2 Stratigraphy of the Central Segment Fluvially Modified Lunette 

The lunette deposits contain all the five facies identified as: fluvial sand 

(Facies 1); playa depocenter clay (Facies 2) and lunette facies (Facies 3, 4 and 



 

Figure 5.54 Fluvially modified lunette at San Luis Lake, shown with the lunette 
front and irregular internal topography in cross section. The location of the 
campground is marked by a star.

 

5, Tables 5.2a and 5.2b). These deposits are not continuous, and their thick

and extent vary. The only fluvially modified lunette in the GRSA occurs only in 

the Central Segment, while the single and merged lunettes are present in the 

Southern Segment. A special focus here is paid to the stratigraphic differences 

between the lunette types. Samples taken across

utilized in the analyses are shown below, in Figure 5.56. Cross sectional lines are 

also indicated for the completed transects of the lunette system. All sample 

numbers are indicated and labeled on 

location number.  
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Fluvially modified lunette at San Luis Lake, shown with the lunette 
front and irregular internal topography in cross section. The location of the 
campground is marked by a star. 

5, Tables 5.2a and 5.2b). These deposits are not continuous, and their thick

and extent vary. The only fluvially modified lunette in the GRSA occurs only in 

the Central Segment, while the single and merged lunettes are present in the 

Southern Segment. A special focus here is paid to the stratigraphic differences 

nette types. Samples taken across the Central Segment and 

utilized in the analyses are shown below, in Figure 5.56. Cross sectional lines are 

also indicated for the completed transects of the lunette system. All sample 

numbers are indicated and labeled on the map along with their corresponding 

 

Fluvially modified lunette at San Luis Lake, shown with the lunette 
front and irregular internal topography in cross section. The location of the 

5, Tables 5.2a and 5.2b). These deposits are not continuous, and their thickness 

and extent vary. The only fluvially modified lunette in the GRSA occurs only in 

the Central Segment, while the single and merged lunettes are present in the 

Southern Segment. A special focus here is paid to the stratigraphic differences 

the Central Segment and 

utilized in the analyses are shown below, in Figure 5.56. Cross sectional lines are 

also indicated for the completed transects of the lunette system. All sample 

the map along with their corresponding 



 

Figure 5.55 DEM map of the topography around Head Lake, indicating the 
breaks within the lunette front and their relationship to nearby fluvial syst
The embankment dam is located at the same point as the sluiceway.

 

Figure 5.56 Central Segment cross
to detail the majority of the San Luis Lake deposits.
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DEM map of the topography around Head Lake, indicating the 
breaks within the lunette front and their relationship to nearby fluvial syst
The embankment dam is located at the same point as the sluiceway.

Central Segment cross-section location map, with sections oriented
to detail the majority of the San Luis Lake deposits. 

 

DEM map of the topography around Head Lake, indicating the 
breaks within the lunette front and their relationship to nearby fluvial systems. 
The embankment dam is located at the same point as the sluiceway. 

 

location map, with sections oriented 
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Fluvial Sand 

The fluvial facies (Table 5.2a) consists of sand grains 710-2000 µm 

(coarse to very coarse sand) in size range and is consistently within that range 

across the Central Segment (Figure 5.57). Appendix C contains all grain size 

percentages and graphs for the samples analyzed for this facies: SLLP21R 

series, SLLP1Q series and SLLL1S series.  

As these deposits occur as either a continuous layer or as discrete lenses 

within other types of sediments, a range of thicknesses were found. When 

occurring as a layer, the sediments are found at the base of a sample site and 

have a minimum thickness of 0.3 m. As the base of the layer was not reached, 

the total thickness of the sediment is this depositional form is unknown. When 

present as a lens the sediment was observed to reach a minimum of 0.25m to a 

maximum of 3m thick. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.57 Summary cumulative graph for grain sizes in the fluvial sand of the 
Central Segment. See Figure 5.56 for sample locations. 
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Stratigraphy  

Stratigraphically, this layer was found in two forms in the Central Segment. 

As the representative columns in Figure 5.50 show, fluvial sands are present in 

either the lowermost section of the stratigraphic column (Figure 5.58a,b and c), 

or are higher and have deposits of lunette association both overlying and 

underlying them (Figures 5.58c and d). No location showed the fluvial sands to 

be at the surface and all deposits are located greater than a meter depth below 

modern surfaces. Figure 5.58c shows that the fluvial sand can be present in both 

the lowermost layer and higher in the column at the same location, suggesting 

multiple fluvial events.  

The lowermost layer of fluvial sands is more extensive than the higher 

layers of sand, with the lower layer being present in eleven of the twenty-two 

columns from the Central Segment lunette (50%), and more prevalent in the 

columns that reached a depth of 2.5 meters or greater (ten of seventeen columns 

containing fluvial sands, or 58% of the total). The lower layer fluvial sands are 

always associated with the water table. The fluvial sands present higher in the 

column are less common, are more discontinuous across the site, and are 

present in only three of the twenty-two lunette columns from the Central Segment 

(~14%). This value did not favor columns that reached a certain depth, unlike the 

columns that contain the lower sand, as the higher fluvial deposits are not limited 

to a specific depth and are not associated with the presence of the water table. 

As shown in Figures 5.58c and 5.58d, these deposits can be of varying thickness 

and are not similar in terms of dimensions, across the site, ranging from 25 cm 

thick to a maximum of approximately 3m. 

Two ages resulted from this layer, one being seen in Figures 5.58d. 

Sample 2Hd#12E has an OSL age of 5,420±34 years BP, at a depth of 305cm 

and sample Sabkh9A has an OSL age of 4,680±34 years BP (Table 5.3). Sample 

Sabkha9A is from the boundary of the fluvial sand with an overlying aeolian sand 

at a depth of 114cm. OSL records the approximate time that quartz grains were 

last exposed to sunlight, and therefore may indicate the date of last deflation of 
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the surface and exposure of the underlying sediments, as well as the time of 

deposition. 

Combining the stratigraphic columns, ages and all sedimentological data 

pertaining to the layers (Table 5.2), cross sections were created across selected 

transects across the lunettes. These cross sections (Figures 5.59, 5.60 and 5.61) 

show the relationship of the fluvial sands with the surrounding deposits and the 

varying depths at which the fluvial sand is present. Importantly, the lower fluvial 

layer is always associated with the water table, creating a basic indication of the 

behavior of the water table across the site as well as the stratigraphical alteration 

within the Central Segment. 

Each of these cross sections transects the lunette deposits from the 

windward side (playa side) to the lee side of the deposit to demonstrate the 

nature of not only the topography, but the stratigraphy through the main lunette 

body. Interpretations of these cross sections are located in section 5.7.3 of this 

chapter and detail the lunettes with each sediment type represented in the 

interpretation. 

Playa Depocenter Clay 

The clay deposits in the Central Segment range from 15 to 25 cm thick, 

and are laterally discontinuous. In the Central Segment, the clay layer does 

contain organic material, namely grass or root fragments. In some locations, the 

clay contains more silt and sand particles (Figure 5.62) and lacks any organic 

matter. The basic composition and distribution of the clays does not alter with the 

changing percentage of organics or the percentage of silt and sand particles. 

 
Stratigraphy 

Stratigraphically, the playa depocenter clays were found at varying 

stratigraphic depths within the Central Segment. As the representative columns 

in Figures 5.63a and 5.63b show, the clays can be found at any depth; be 

overlain and underlain by different sediment types and can be of varying 

thicknesses. No sampled location has a clay of this type located at the modern 

day surface. This deposit type is not common in the Central Segment and is  



 

Figure 5.58 Stratigraphic columns showing the distribution of the fluvial sands in 
the Central Segment. (a) SLLP contains a lower layer fluvial sand;(b) SLLPQ 
contains a lower layer fluvial sand; (c) CFK contains both a lower layer and a 
stratigraphically higher fluvial
stratigraphically higher fluvial deposit as well as an age result.
on Figure 5.56. 

177 

 

ratigraphic columns showing the distribution of the fluvial sands in 
the Central Segment. (a) SLLP contains a lower layer fluvial sand;(b) SLLPQ 
contains a lower layer fluvial sand; (c) CFK contains both a lower layer and a 

y higher fluvial deposit; and (d) SabkhaA contains a 
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contains a lower layer fluvial sand; (c) CFK contains both a lower layer and a 
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Figure 5.59 Cross section G
indicated on Figure 5.5

 

178 

Cross section G-G’ Central Segment. Cross section location 
indicated on Figure 5.56. Additional nearby well log data is in Appendix L.

ocation 
. Additional nearby well log data is in Appendix L. 



 

Figure 5.60 Cross section H
indicated on Figure 5.5
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Cross section H-H’ Central Segment. Cross section location 
indicated on Figure 5.56. Additional nearby well log data is in Appendix L.

ocation 
og data is in Appendix L. 



 

Figure 5.61 Cross section I
on Figure 5.56. Additional nearby well log data is in Appendix L.
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Cross section I-I’ Central Segment. Cross section location indicated 
. Additional nearby well log data is in Appendix L. 

I’ Central Segment. Cross section location indicated 
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present in only two of twenty-two sample locations across the lunette 

(approximately 9% of the total). No beds of this deposit type were correlative 

between sample locations within the Central Segment. 

No age dates were recovered from the playa depocenter clay within the 

Central Segment. Concerning the presence of the deposit in cross section, it is 

present in only one location, as seen in Figure 5.60, on cross section H-H’. This 

deposit is a subsurface, highly localized deposit on the playa facing side of the 

lunette, and underlies a modern topographic high. 

                          

 

 

Figure 5.62 Cumulative graph of grain sizes for the playa depocenter clays found 
in the Central Segment. See Figure 5.57 for sample locations. 

 



 

 

Figure 5.63 Stratigraphic columns showing the distribution of the playa 
depocenter clays in the Central Segment. (a) 2HDE contains clay over a lower 
layer fluvial sand. An age result comes from the boundary b
layers. 2DHE comes from the boundary between the Central and Southern 
Segments; (b) SLLLS shows clay located stratigraphically higher and bounded by 
aeolian sediments. Sample locations on Figure 5.56
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Stratigraphic columns showing the distribution of the playa 
depocenter clays in the Central Segment. (a) 2HDE contains clay over a lower 
layer fluvial sand. An age result comes from the boundary between the two 
layers. 2DHE comes from the boundary between the Central and Southern 
Segments; (b) SLLLS shows clay located stratigraphically higher and bounded by 

Sample locations on Figure 5.56. 

Stratigraphic columns showing the distribution of the playa 
depocenter clays in the Central Segment. (a) 2HDE contains clay over a lower 

etween the two 
layers. 2DHE comes from the boundary between the Central and Southern 
Segments; (b) SLLLS shows clay located stratigraphically higher and bounded by 
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Lunette Deposit Sediments 

These sediments measure between 0.25 and 4 m thick in the Central 

Segment and, as described in Facies 3 through 5, consist of a most common 

range within 177-350 µm (fine to medium sand) size grains, with only varying 

percentages of clay and coarser fragments based on hand sample and thin 

section analyses. No clasts larger than 5,000 µm (granule) were observed 

(Figure 5.64). Appendix C contains the full data sets for all grain size 

percentages and their graphs, under sample numbers: SLLP21R series, SLLP1Q 

series and SLLL1S series.  

 

 

Figure 5.64 Cumulative grain size plot for the lunette facies of the Central 
Segment. Sample location in Figure 5.56. 

 

Secondary mineralization in the form of manganese lenses occur in four of 

the lunette samples from San Luis Lake, all within the lunette deposits sediments 

(further chemical analyses, conducted by the San Luis Valley Closed Basin 

Project, and locations of lens sites indicated in the well logs in Appendix L). 

These lenses range from approximately 26 cm in diameter and 10 cm thick, to 
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dimensions well beyond the sampling radius and were too well indurated to 

auger through to establish a thickness. Organic matter was rare in the San Luis 

Lake lunette system with viable organic remnants being located in one sample, 

SLLPR2DD. The sample contained fragments of shells intermixed with the 

sediments. Few shells were relatively whole and were identified as a species of 

bivalve. The majority of the shells were in poor condition and heavily fragmented. 

There is a possibility that the shells were damaged in acquisition and transport of 

the samples, making an intact to fragmented shells ratio unreliable.  

Three of the four XRD results from the Central Segment (Figure 5.65), 

were taken from the lunette facies (Facies 3-5). They indicate a whole rock result 

of each sample with predominantly plagioclase and quartz, with minor amounts 

of orthoclase (Figure 5.65).  Results show that all of the samples contain 

nonconsistent plagioclase values, as these values are markedly higher or 

significantly lower than average marker height, likely due to compositional 

variation within the samples. Samples from a lunette deposit in proximity to the 

playa show a high percentage of clays, namely illite (Figure 5.65) and 

montmorillonite also being definitively present within three of the four samples. It 

is likely present in the fourth, but has a weaker signature than in the previous 

three.  

Content of the micas is lower than anticipated and was identified to be the 

variety muscovite, as biotite was not identified in any of these samples from the 

lunette deposit sediments. Unexpectedly, Sample SLLP-4Q showed a clear 

presence of magnesian calcite within the clay fraction of the lunette deposit 

sediments (Figure 5.66). Magnesian calcite is not present in any of the other 

samples and plausibly reflects the presence of a localized lacustrine setting, 

likely a smaller playa, due to the presence of a mineral that can be derived by 

evaporation driven precipitation, as opposed to a mineral sourced from the 

surrounding regions.   

Sample HL21OCC, also from the lunette deposit sediments showed a 

unique gypsum signature, which occurred only in this sample (Figure 5.67). The 

presence of gypsum reflects the probable proximity of a sabkha surface as a  
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Figure 5.65 XRD result from the lunette facies within the Central Segment. Image 
is of Sample SLLD4, taken from the San Luis Lake lunette. Multiple runs are due 
to sample needing to be glycolated. The highest peaks at 22, 27.5 and 29.5 
degrees correspond to plagioclase. The high peaks for quartz and orthoclase are 
at 26.5 and 23.5 degrees respectively. Clays are indicated at peaks at 4.0, 6.5, 
13.75, 30, 34.5 and 35.5 degrees, indicating illite and montmorillonite. Sample 
location in Figure 5.56. 
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Figure 5.66 XRD result for Sample SLLP-4Q, from the Central Segment’s lunette 
facies, taken from the San Luis Lake lunette. Multiple runs are due to sample 
needing to be glycolated. Peaks indicating the presence of magnesian calcite are 
located at 29.6, 36 and 39.5 degrees. The highest peaks at 22.0 and 27.5 
degrees correspond to plagioclase. The high peaks for quartz and orthoclase are 
at 26.5 and 23.5 degrees respectively. Sample location in Figure 5.56. 
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source of sediment, or perhaps the intermixing of a thin sabkha surface in the 

deposit. Both gypsum and trona are commonly observed evaporitic minerals on 

sabkha surfaces in the GRSA (Valdez, 2009). 

One Central Segment sample, SLLD4, was chosen for SEM analysis to 

provide a comparison with the clays collected in the Southern Segment. The 

sample was sourced from the lunette deposit sediments, from an aeolian sand 

and clay mix representing a playa, as these features are notably common to both 

segments. SEM results of sample SLLD4, designated Sample “C”, reveals that 

the main elements present were identified as silicon, aluminum, iron, calcium, 

potassium, and manganese (Figure 5.68). 

 

Stratigraphy 

Stratigraphically, lunette sediments were found at varying stratigraphic 

depths within the Central Segment, as the representative columns in Figure 

5.69a through d show. The deposits are present in multiple and non-consistent 

patterns of stacking throughout the entire Central Segment. Found at all depths 

of the stratigraphic columns, these deposits can comprise the entire sample or be 

represented in series of interbeds, all dependent upon location.  

The lunette deposit sediments as a whole are found in all of the twenty-

three sample sites across the Central Segment lunette. The specific subgroups 

belonging to this facies are present in the following values. The color 

representing them in the columns has also been stated: 

• Facies 3: Aeolian Sand (red): found in twenty-two of twenty-two 

sample locations (100% of the total – columns in Figures 5.69a-d) 

• Facies 4: Aeolian Sand and Playa Fines(blue): found in three of 

twenty-two sample locations (14% of the total – column in Figure 

5.69c) 

• Facies 5: Aeolian Sand and Clay Mix (grey): found in nine of the 

twenty-two sample locations (41% of the total – column in Figure 

5.69b) 



188 
 

 

Figure 5.67 XRD result for Sample HL21OCC, from the lunette facies of the 
Central Segment, taken from the San Luis Lake lunette. Multiple runs are due to 
sample needing to be glycolated. Peak indicating the presence of gypsum is 
located at 11.5 degrees. The highest peaks at 22, 27.5 and 29.5 degrees 
correspond to plagioclase. The high peaks for quartz and orthoclase are at 26.5 
and 23.5 degrees respectively. Sample location in Figure 5.57. 

 

 



 

Figure 5.68 Example of an SEM result from Sample SLLD4 (“C”) from the Central 
Segment’s lunette facies
aluminum, iron, calcium, potassium, and manganese are marked by their 
elemental abbreviation.

 

Therefore, while the group of sediments overall is

type, with the aeolian sands comprising the most common of the subfacies and 

the aeolian sand and playa fines comprising the least common.

Of the eleven samples age dated for the Central Segment, nine came 

from the lunette facies. Seven of the nine OSL samples (Table 5.3) in this area 

belong to lunette deposit sediments, as do both of the C14 dates (Table 5.4). All 

dates, their location in te

and 5.4.These sediments have ages that range from 1,170±90 to 8,400±68 years 

BP (OSL dates) and cover the youngest to oldest dates for the entire segment. 

The dates provide the valuable 

prior to 8,400±68 years BP

deepest part of the lunette core reached. However, the wide range of ages does 
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Example of an SEM result from Sample SLLD4 (“C”) from the Central 
ent’s lunette facies, taken from the San Luis Lake lunette. Peaks for silicon, 

aluminum, iron, calcium, potassium, and manganese are marked by their 
elemental abbreviation. Sample location in Figure 5.56. 
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belong to lunette deposit sediments, as do both of the C14 dates (Table 5.4). All 

dates, their location in terms of depth, and sediment type are listed in Tables 5.3 

and 5.4.These sediments have ages that range from 1,170±90 to 8,400±68 years 

BP (OSL dates) and cover the youngest to oldest dates for the entire segment. 

The dates provide the valuable evidence that the lunette deposits began forming

68 years BP, as the sample with that date did not come from the 

deepest part of the lunette core reached. However, the wide range of ages does 
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from the lunette facies. Seven of the nine OSL samples (Table 5.3) in this area 

belong to lunette deposit sediments, as do both of the C14 dates (Table 5.4). All 

rms of depth, and sediment type are listed in Tables 5.3 
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BP (OSL dates) and cover the youngest to oldest dates for the entire segment. 

the lunette deposits began forming 

, as the sample with that date did not come from the 

deepest part of the lunette core reached. However, the wide range of ages does  



 

Figure 5.69 Stratigraphic columns showing the distribution 
the Central Segment. (a) BPO exhibits all aeolian sand; (b) HL2CC presents an 
example of aeolian sand and clay mix; (c) SLLD shows aeolian sands 
interbedded with aeolian sand and pla
aeolian sand overlaying fluvial sediments.
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Stratigraphic columns showing the distribution of the lunette facies
the Central Segment. (a) BPO exhibits all aeolian sand; (b) HL2CC presents an 
example of aeolian sand and clay mix; (c) SLLD shows aeolian sands 
interbedded with aeolian sand and playa fines; and (d) SLLPR2FF contains 
aeolian sand overlaying fluvial sediments. Sample locations in Figure 5.56

of the lunette facies in 
the Central Segment. (a) BPO exhibits all aeolian sand; (b) HL2CC presents an 
example of aeolian sand and clay mix; (c) SLLD shows aeolian sands 

ya fines; and (d) SLLPR2FF contains 
Sample locations in Figure 5.56. 
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not allow for a specific timeframe to be established for the deposit type as it 

covers the whole timeframe studied. 

Within the cross sections, these deposits are seen to dominate the bulk of 

the lunette bodies, with the features being comprised of between 50% (Figure 

5.59) and 80% (Figure 5.60) of this sediment group. Aeolian sands (Facies 3) are 

the most common of the sediments, as previously stated, and can be seen to be 

the most widespread within the lunette bodies. This is not to say they form the 

most continuous layer, as there is a lack of bedding planes preserved, but they 

form the most prevalent deposit type. The aeolian sand and playa fines (Facies 

4) and aeolian sand and clay mix (Facies 5) are present as interbeds in all three 

cross sectional diagrams (Figures 5.59 to 5.61) and are discontinuous within the 

deposits. Surficial exposure is on the edges of the internal topography of the 

lunette ridges only. 

 

Age Dating Summary Tables 

Nine samples from this area underwent OSL dating and two samples were 

dated using C14. The following tables, Tables 5.3 and 5.4 present OSL results 

and C14 age results for the lunettes from the Central Segment. The OSL results 

are presented along with specific determining factors for age calculation. Both 

tables have been integrated to show the sediment type the date resulted from 

and the sample depth from below modern surface. 

 

5.8.3 Integration of Data Sets and Interpretation of the Stratigraphy of the 

Fluvially Modified Lunette  

The morphology of the fluvially modified lunette (Figure 5.70) is interpreted 

as an effect of fluvial reworking in the Central Segment. The area has a higher 

potential to receive sediments from fluvial sources, but it also has a higher 

potential to undergo erosion via fluvial sources, as seen by the proximity of Big 

Spring, Little Spring and Sand Creeks (Figure 5.71). It also has a higher potential 

for lacustrine processes to affect the depositional patterns, as seen by the 

presence of the larger lacustrine systems contained in Head and San Luis Lakes 
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(Figure 5.71). Both these systems can then be altered significantly when the 

climate changes. San Luis Lake is at the topographically lowest elevation in the 

valley, and therefore, represents the collection of all modern drainage, complete 

with accompanying sediment or dissolved loads from several of the drainages 

originating from the Sangre de Cristo Mountains. In the past, the lake may not 

have been as topographically low as it is now, (McCalpin, 1982) due to ongoing 

subsidence of the half graben. There are multiple faults that are known to extend 

through the area and their exact location under the GRSA is not known. There 

are faults between the San Luis Lake area and the dune field (McCalpin, 1982), 

so the location may not subside in as a single block. While the change in 

elevation driven by any tectonic changes would not have been large, as the 

valley floor has been of low relief for a significant amount of time (McCalpin, 

1982), a slight change in base level would be sufficient to alter the depositional or 

erosional patterns to a high degree.  

5.8.3.1 Stratigraphic Interpretation of the Central Segment 

The discontinuous nature of the sedimentary units of the fluvially-modified 

lunette from the Central Segment indicates a dynamic nature of the system 

(Figures 5.59, 5.60 and 5.61). In places, the lack of some deposit types or their 

thin nature indicates that they have either been eroded away, not deposited or 

truncated (Figure 5.60). Moreover, the distribution of the sediment types, such as 

the presence or lack of fluvial or playa deposits, and their thickness depends on 

the changing precipitation patterns.  

Fluvial Sands 

 The wide-spread presence of the fluvial sands in the lower stratigraphic 

layers of the Central Segment (Figures 5.59, 5.60 and 5.61) indicates that at 

some point a fluvial system existed in the area. The presence of fluvial sands 

higher in the stratigraphic columns indicates that at later times, fluvial systems 

were actively depositing in the area. Whether it was due to a wet cycle that either 

caused the formation of drainages or the reactivation of a previous fluvial system; 
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Table 5.3 OSL Age Results for the Central Segment 

OSL Dates – Central Segment 

Sample ID K% U (ppm) Th (ppm) n Depth 

(cm) 

Deposit  

Type 

Age  

(years BP) 

HL6BB 3.71±0.09 3.78±0.17 14.4±0.29 22(25) 231 Aeolian Sand 8,400±680 

SLLPR22E

E 

3.96±0.15 4.18±0.24 14.6±0.29 19(20) 55 Aeolian Sand 6,140±480 

Sabkha 9A 3.51±0.12 3.74±0.13 12.7±0.32 25(30) 114 Aeolian/Fluvial Sand 4,680±340 

SLLL7 3.96±0.14 3.41±0.20 12.3±0.22 19(20) 284 Aeolian Sand 4,620±510 

SLLD5 3.75±0.07 4.03±0.20 13.2±0.6 20(30) 216 Aeolian Sand 4,010±300 

SLLP6 3.62±0.12 3.76±0.10 11.1±0.25 16(20) 208 Aeolian Sand 2,850±300 

SLLP3 3.62±0.12 3.76±0.10 11.1±0.25 26(28) 152 Aeolian Sand 1,260±100 

HL4BB 3.71±0.09 3.78±0.17 14.4±0.29 20(35) 126 Aeolian Sand 1,170±90 

*Note: Table 5.3 is modified after the full OSL age dating results table presented in Appendix I. Terms removed 
include dosage rates and percentage of water content at testing. 

 

Table 5.4 C14 dating results for the Central Segment 

Carbon 14 Dates – Central Segment 

Sample ID Material Tested Depth (cm) Deposit Type Age 
(conventional radiocarbon age years 

BP) 
CBN4 organic sediment 148 Aeolian Sand 7,620±50  
HL5BB organic sediment 187 Aeolian Sand 3,100±40  

Full graphs and calculated ages per sample for C14 age dating results are presented in Appendix H. 

1
9
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Figure 5.70 Map of the Central Segment (cross section and sample locations are 
indicated) showing the relationship of the deposit with the surrounding fluvial and 
aeolian features. 
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4,680±340 years BP and 5,420±340 years BP from this study from the interface 

of the lower sand layer indicates re-exposure, rather than deposition. 

Playa Depocenter Clays 

The presence of a clay layer is an important indicator of change in the 

availability of water in the system. Due to the presence of active fluvial systems 

in the Central Segment (Figure 5.70) the clay layers are not common, likely due 

to erosion by both the aeolian and fluvial systems and only one clay deposit is 

recorded within the lunette body (Figure 5.60). No age dates resulted from the 

clays within the Central Segment. 

Lunette Deposit Sediments 

The sediments grouped into lunette deposit sediments are interpreted to 

contain deposits related to lunette formation and accretion, with few discrete 

lenses of fine materials that are interpreted as remnants of playas or intermixed 

playa and lunette deposits, as well as modern lunette deposits. The occurrence 

of lenses or interbeds of intermixed grain sizes indicates mixing of different 

depositional processes. In locations, the mixed deposits overlie the aeolian 

deposits. Seen in the example of SLLD4, the playa fines are mixed with aeolian 

sands and create a mixed zone over the lunette deposits (Figure 5.71). The 

playa is not likely to have formed up and over the lunette, but is interpreted to 

have dried out and the fines were then incorporated into the lunette deposit by 

aeolian processes. This mixed depositional process is interpreted to occur along 

the length of the lunette, specifically in locations in close proximity to the adjacent 

playa.  

The OSL age dates which range from 1,170±90 to 8,400±680 years BP 

indicate a long life-time of the lunette.  Moreover, the topographically high 

position of the oldest date indicates that the lunette accretion started even earlier 

than that. The discontinuous internal nature of the lunette deposits shows that 

while the lunettes are one of the most stable features in the aeolian system, they 

are still dynamic. As seen in Figures 5.60, 5.61 and 5.62, the lunettes do record 

the shift of depositional systems. However, the sediments located underneath 



 

Figure 5.71 Sample SLLD, which illustrates the layering between the aeolian 
sands and the mixed aeolian and playa deposits. All stratigraphic columns are in 
Appendix J. 

 

the crest of the primary

interbedding. Interbedded deposits are located close to the deposit under the 

crest, identified as the core of the lunette, but they are not located in the crest to 

just above the core sediment. This is distinctly different from the interbedding 

patterns that may exist on th

highly irregular topography that exists between the playa and lunette. Indeed, the 

unusual topographic expression of the San Luis Lake lunette may be a factor in 

driving the sedimentation patterns obser

cause the creation of highly localized deposits in the depressions between the 

higher topographic areas. Therefore, the nature of the deposits may not be 

indicative of lunettes as a whole, but instead, within the fluvial

systems, be heavily site specific in terms of deposits and stratigraphic 

expression. 

Regardless as to whether or not the sedimentation pattern observed within 

the cross sections is applicable to other lunette systems, at San Luis Lake, based 

on the lack of stratigraphic change located over the core of the lunette deposits, 

the fronts of the lunettes do not move much over time. However, the playa sid
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Sample SLLD, which illustrates the layering between the aeolian 
sands and the mixed aeolian and playa deposits. All stratigraphic columns are in 
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higher topographic areas. Therefore, the nature of the deposits may not be 
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the cross sections is applicable to other lunette systems, at San Luis Lake, based 

the lack of stratigraphic change located over the core of the lunette deposits, 

the fronts of the lunettes do not move much over time. However, the playa side of 
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the lunettes does undergo alteration. As seen by the interbedding of playa 

sediments and the aeolian sands, the sediments are eroded or deposited 

depending on the amount of water in the system. Such localized playas are 

observed to be very common within the deposits between the lunette and playa ( 

Figures 5.60 and 5.61 cross sections G-G’ and H-H’), especially on the outer 

edge of the lunette. Where the playa clays are mixed with silt and fine sand, and 

occur as asymmetrical lenses deposited during drought conditions, it is likely that 

they may have been thicker in the direction of the playa, but were eroded, as the 

environmental conditions further changed.  

Erosional effects on the deposits are also illustrated by the small thickness 

of the deposit between the layers dated to 1,260±100 and 2,850±300 years BP 

(Figure 5.62), as this is the smallest deposit thickness in the study area. The 

sand on sand contact did not preserve any structures but the intermixed beds in 

the neighboring sample location suggest possible truncation and reworking by 

the aeolian system. This intermixing along with the characteristic lack of 

correlative beds, across the deposit, indicates partial removal of sediments and 

suggests that the unusual thinness of the deposit is caused by erosion. 

 In summary the lunettes do not display a definable clay core as proposed 

in published lunette analyses (see Bowler, 1976; Bowler, 1983; Lees and Cook, 

1991; and Thomas et al., 1993) and show a high degree of internal stratigraphic 

variability and complexity. The lunettes within the San Luis Valley are much more 

sand rich than the previously described systems (see Bowler, 1976; Bowler, 

1983; Lees and Cook, 1991; Thomas et al., 1993, Holliday and Sabine, 1995 and 

Holliday, 1997), but similar to other studied systems, as they exhibit deposits that 

are non-correlative through the lunette and contain interbedded sands and clay 

lenses. Therefore, the grain size alone may not be as good an indicator for 

recognizing lunettes as suggested by previous studies (see Bowler, 1976; 

Bowler, 1983; Lees and Cook, 1991; Thomas et al., 1993, Holliday and Sabine, 

1995 and Holliday, 1997). This section shows that stratigraphically it is the 

combination of the discontinuous nature of the stratigraphic units with the local 

interbedding of sandy and clay deposits that is the most usable recognition 
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criterion. When age results are available, the next most useful criterion would be 

the relative stability of the deposit over time. 

5.8.3.2  Formation of the Fluvially Modified Lunette Ridges 

The age dates across the fluvially modified lunette constrain the ages of 

the individual ridges (Figure 5.72). The oldest dates, 10,490 years BP and 

11,060 years BP, from Madole (2006), indicate that the sediment in the 

uppermost 50 cm in Head Lake are older than the timeframe of the project, but 

as they were interpreted as playa sediments, does indicate the presence of a 

playa at Head Lake prior to 10,000 years BP (G and H in Figure 5.72).  The 

oldest lunette date, 8,400±680 years BP, from above the lunette core, indicates 

that the front of the lunette had already been in place prior to that time (F in 

Figure 5.72). 

The second ridge dates to 6,140±480 years BP (this study), which 

indicates that the deposit predates a severe, known drought, and correlates to 

the beginning of a dry cycle. The formation of this ridge is interpreted to be linked 

to the lowering of water levels in San Luis Lake, as this ridge is closer to the 

deeper playa basin than the first ridge (Figure 5.72). The age of the third lunette 

ridge can only be constrained as between the ages of 3,100±40 years BP (this 

study) and 920 years BP (from Madole, 2006; E and F in Figure 5.72). This 

poorly constrained range of ages probably indicates that the youngest ridge has 

been modified and continues to undergo alteration, as it is in direct contact with 

areas that are anthropogenically altered. Despite the large range, the dates show 

the lunette to be younger than the other two lunette ridges (Figure 5.72).  

The other dates from the lunette reflect wet and dry cycles recorded by the 

deposit, such as the dates of 2,850±300 years BP, 1,260±0100 years BP and 

1,170±90 years BP (this study). Although the dates come from aeolian deposits, 

these are OSL dates and therefore reflect age of last exposure rather than 

depositional age, and are therefore interpreted to reflect the fluvial dissection of 

the lunette front and the flooding of the interior of the San Luis Lake lunette. 

Other age dates reflect periods of sediment bypass, dating to 4,620±510 years 

BP and 4,010±300 years BP (A and B in Figure 5.72, ages from this study), as 
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they correlate to known zones of large scale deflation in the adjacent sand sheet 

and non deposition within the playa and lunette systems (see Chapter 7). 

The ridges of modified lunette crests within the perimeter of the San Luis  

Lake lunette  (Figure 5.72) therefore can be summarized to have formed in the 

following sequence: 

• The playa at modern San Luis Lake is completely filled; 

• Accretion of the outermost, or main lunette front (lunette ridge one, 

in the following Figure 5.72); 

• Playa shore recedes as water level drops; 

• Accretion of second lunette front (lunette ridge two, Figure 5.72), 

subenvironment formation begins to occur between first and 

second lunette fronts; 

• Partial, if not full, drying of the playa, aeolian modification to second 

and first lunettes, with ongoing subenvironment development, 

formation of third lunette ridge beginning at playa edge (lunette 

ridge three, Figure 5.72); 

• Filling of the playa with added fluvial effects: dissection of main 

front (lunette one), overtopping or breaching (all fluvial breaks 

indicated in orange)  of lunette three, dissection and reworking of 

lunette two, lacustrine and fluvial modification to internal 

subenvironments; 

• Playa shore recede as water level drops; 

• Lowering of playa to within modern basin with renewed accretion of 

lunette three and re-establishment of aeolian dominated 

subenvironment formation within main lunette perimeter. 

This evolution is specific to the San Luis Lake lunette (Figure 5.72) and 

the complete evolution of the full field area is discussed in full in Chapter 7. 

Specific evolution of the Southern Segment lunettes is presented in section 

5.9.3.2 of this chapter. 
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5.9 Southern Segment 

The Southern Segment contains the Dry Lakes area (Figure 5.73) and 

was originally considered as an extension of the Central Segment. They were 

separated after field mapping showed that the two segments were too distinct to 

group into one mapping zone.  The lunettes in the southern mapping area are 

predominantly single, discrete lunettes, which fit the morphology proposed by 

Bowler (1976), and merged lunettes. Both of these lunettes are very distinctive 

and well formed, with very little erosional features. The similarity of the single 

discrete lunettes found in the area make them an excellent example to compare 

not only to the established lunettes in literature, such as those described by 

Bowler (1976; 1983) and Thomas et al., (1993) but makes them an excellent 

comparative system for the Central Segment lunettes. The Southern Segment 

has a notable lack of free flowing surficial water, although playas do exist during 

wet periods. However, this area has no physiological evidence of any type of 

surficial drainage (Figure 5.73). This is in contrast to the Central Segment, which 

has a significant number of streams and fluvial reworking signatures.  

This field segment includes the land south of the Central Segment, to the 

southernmost edge of the large playa and lunette (Figure 5.73). This is the 

narrowest of the field segments, with the lunettes occurring in a rough en echelon 

pattern, in a zone directly in line with the lunettes to the north. The site is 

bordered by sabkha or stabilized sand sheet, and is the furthest from the active 

sand dunes (Figure 5.73). Along with Sand Creek, this is one of the least 

anthropologically altered sites in the region – a small watering pit was dug nearby 

the lunettes to provide water for cattle, minor fence construction was undertaken 

and a canal runs along a roadway directly to the east of the area.  

 

5.9.1 Single Discrete Lunettes and Merged Lunettes 

Single discrete and merged lunettes are the most common deposits in the 

Southern Segment. They have already been described in the geomorphological 

study (Chapter 4 of this volume) as accounting for over 84% of the lunette  

 



 

Figure 5.72 Map of lunette ridges. Ridge one is shown in black and is the oldest. 
Remnants of the crest of lunette two are shown in blue. Ridge three, the 
youngest lunette, is in purple. Zones of fluvial dissection are shown in orange. 
Dates in accompanying table are
marking results from Madole, (2006).
46’24.01 W Google Earth
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Map of lunette ridges. Ridge one is shown in black and is the oldest. 
Remnants of the crest of lunette two are shown in blue. Ridge three, the 
youngest lunette, is in purple. Zones of fluvial dissection are shown in orange. 
Dates in accompanying table are from this study, unless indicated by an asterisk, 
marking results from Madole, (2006). San Luis Lakes 37 43’17.26” N 105 

Google Earth, October 22, 2011. January 16, 2012 

Map of lunette ridges. Ridge one is shown in black and is the oldest. 
Remnants of the crest of lunette two are shown in blue. Ridge three, the 
youngest lunette, is in purple. Zones of fluvial dissection are shown in orange. 

from this study, unless indicated by an asterisk, 
San Luis Lakes 37 43’17.26” N 105 
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deposits identified and mapped for this study, over both the Central and Southern 

Segments. 

In the Dry Lakes area, the northernmost lunette system is identical to the 

lunettes described in literature (e.g. Bowler, 1976). The length of playa shoreline 

rimmed by the lunette is approximately two thirds of the distance around that 

particular playa (Figure 5.73), and is therefore on the smaller side of the 

previously documented fluvially modified systems. The playas contain some 

vegetation, namely grasses, and only small amounts of surficial evaporitic 

materials are present. These lunettes are surrounded predominantly by stabilized 

sand sheet, and a short length of sabkha (Figure 5.73). 

The Southern Segment’s lunette and playa systems were described in 

terms of numbered identified lunettes. Each identified lunette was assigned a 

number (Figure 5.73). Permission for field work on lunettes four and five was not 

granted, so they remain tentatively identified via aerial imagery. Field work on 

lunettes one, two, three and six was conducted following the same system as in 

the Central Segment. The first lunette (lunette one) is also very similar to the 

typical lunette described in literature (for example: Bowler, 1976), and is a lunette 

identified in the area as having archaeological importance. This site is known for 

containing the remains of buffalo fish and evidence of human inhabitants using 

them for food (Jodry, et al., 1989; Valdez, 2009) see also Chapter 3 of this 

volume. Lunette four also fit the description of an idealized single, discrete 

lunette, but lacks any known archaeological importance. 

Four merged lunettes (lunettes two, three, five and six) were identified in 

the Southern Segment (Figure 5.73). These lunettes, while similar to the single 

discrete lunette (refer to Figures 4.24 and 4.25), consist of two, single, discrete 

lunettes which formed in close proximity, and over time developed into a single 

lunette front. These lunettes are the second most common lunette type and form 

13% of all identified lunettes. Merged lunettes occur predominantly in the vicinity 

of the Dry Lakes area. Both original lunettes match the profile of a single, 

discrete lunette (refer to Figure 4.24).  A topographic profile of the merged 



 

Figure 5.73 Southern Segment detailed field map. Purple indicates the sand 
sheet, brown is sabkha and green indicates the lunettes, while their associated 
playas are grey. Lunettes are numbered for identification.
single discrete lunette is numbe
such. Lunettes numbers
Note that field work on lunettes four and five was not allowed and therefore they 
can only be identified by aerial image analysis.

 

lunettes is also approximately

(refer to Figure 4.25). Also, similar to the single lunettes, there is no topography 

between the lunette and the playa. However, 

playa is furthest from the lunette at the edges, with up to 5 m between the lunette 

and the playa, whereas towards the center the playa is closer, with a maximum 

of 3 m distance between the lunette and playa. Sediment sour

lunettes are similar to the single, discrete lunette sediment sources. Fines, such 

as clays and silts, are sourced from the playa deposits and the coarser sized 

fraction is sourced from the sand sheet. However, unlike the single, discrete 

lunettes, an additional sediment source is from the point of merging of the two 

lunettes. While this merge point is preserved in the shape of the lunette front, the 
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Southern Segment detailed field map. Purple indicates the sand 
sheet, brown is sabkha and green indicates the lunettes, while their associated 
playas are grey. Lunettes are numbered for identification. The largest lunette, a 
single discrete lunette is number one, with lunette four also being identified as 
such. Lunettes numbers two, three, five and six are identified as merged lunettes. 
Note that field work on lunettes four and five was not allowed and therefore they 

be identified by aerial image analysis. 
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sediments at the merge point are eroded and incorporated in the deposit. The 

original source of these sediments is the playa and sand sheet, but additional 

sediment is provided by erosion of the sides of the two pre-existing lunettes. 

In the Dry Lakes area, lunettes two, three, five and six (Figure 5.73) 

demonstrate the above characteristics. Topographically, these systems accrete 

around the lee side of a sizeable playa. It is surrounded predominantly by sabkha 

and by a lesser extent, stabilized sand sheet. Lunette three is different in 

comparison to the other lunettes in the area, in that in some places the main 

crest almost appears to be splitting in two, or that two lunettes may have merged 

together, leaving two ridges of sand, with a slight depression separating them. 

This is visible from field level only, not on any aerial imagery.  No evidence could 

be found in any field mapping efforts distinguishing one ridge from the other. The 

playa surface, which was partially flooded at one point, is covered in grass, and 

evaporitic deposits. These deposits are thin and easily disturbed. Vegetation is 

also present in the form of creosote growing along both the inner and outer 

edges of the lunette. The western portion of the playa and lunette are surrounded 

by sabkha with small remnants of stabilized sand. The eastern half is bordered 

by stabilized sand sheet and only a few small occurrences of sabkha (Figure 

5.73).  

In particular, lunette system number six demonstrates a complete 

amalgamation of two individual lunettes. It has a larger playa which 

topographically appears to have at one point either joined with or separated from 

a smaller, adjacent playa (Figure 5.73). Each of the lunettes forms a discrete 

crescent, fitting the profile of a typical lunette. They have joined with the southern 

edge of one merging with the northern edge of the other, forming the double 

crescent shape. A lower point in the stable lunette front marks where this 

connection has likely occurred. Aside from the slight change in topography, the 

two deposits are indistinguishable from a sedimentological stand point as 

opposed to a geomorphological view, are identical and can be treated as one 

feature. This site contains the largest percentage of vegetative cover, both within 

the playa and on the outer edge of the lunette. This is likely occurs as the lunette 
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is situated in the middle of stabilized sand sheet and its associated vegetation, 

including a large amount of creosote. Grasses cover most of the playa surface, 

which contains very little in the way of surficial evaporitic deposits. 

 

5.9.2 Stratigraphy of the Southern Segment Single, Discrete and Merged 

Lunette Types 

The lunette deposits contain all the five facies identified as: fluvial sand 

(facies 1), playa depocenter clay (facies 2) and lunette facies (facies 3, 4 and 5, 

Table 5.2). These deposits are not continuous, and their thickness and extent 

vary. The only fluvially modified lunette in the GRSA only occurs in the Central 

Segment, while the single and merged lunettes occur predominantly in the 

Southern Segment. A special focus here is paid to the stratigraphic differences 

between the lunette types. Sites in transects across the lunette deposits were 

selected in the Southern Segment and both lunette systems were analyzed 

following the description method employed in the Central Segment. Samples 

taken across the Southern Segment and utilized in the analyses are shown 

below, in Figure 5.74, cross sectional lines are also indicated for the completed 

transects of the lunette system. All sample numbers are indicated and labeled on 

the map along with their corresponding location number. 

 

 Fluvial Sand 

As described previously, this facies (Table 5.2a) consists of sand grains 

with a most common value within the 710-2000 µm size range (coarse to very 

coarse sands) and was consistent across the Southern Segment, see Figure 

5.75. Appendix C contains all grain size percentages and graphs for the samples 

analyzed for this sediment type: Sabkha A series, LPL1D series, SD31H series, 

MD1J series, CF1K and CF10K, DunePlaya1D series, Playa2E series, Playa1C 

series and Playa2B series.  

As these deposits occur as either a continuous layer or as discrete lenses 

within other facies, a range of thicknesses were found. When occurring as a 

 



 

Figure 5.74 Southern Segment cross
detail the majority of the lunette deposits.

 

layer, the sediments are found at the base of a sample site and have a minimum 

thickness of 0.3 m. As the base of the layer was not reached, the total thickness 

of the sediment is unknown. When present as a lens the 

to reach a minimum of 0.25m to a maximum of 1 m thick. In the Southern 

Segment, the sand present at the base of the columns is thicker and better 

represented in the samples, as can be seen in Figure 5.76a and 5.76b. These 

lower sand bodies appear more dominant in the Southern Segment as the area 

does not have as thick of overlying deposits as in the Central Segment. With the 

overlying material taken into account, despite the appearance of the columns, the 

area does not have a thicker o

the Dry Lakes area than in the San Luis Lake area.
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Southern Segment cross-section location map, with sections cut to 
the majority of the lunette deposits. 
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Figure 5.75 Cumulative summary graph for the grain sizes of the fluvial sand of 
the Southern Segment. Sample locations shown in Figure 5.75. 

 

Stratigraphy 

Stratigraphically, this facies was found in two forms in the Southern 

Segment, similar to what was seen in the Central Segment. As the representative 

columns in Figure 5.76 show, fluvial sands are present in either the lowermost 

section of the stratigraphic column (Figures 5.76a), or are higher and have 

deposits of lunette association both overlying and underlying them (Figure 

5.76b). No location showed the fluvial sands to be at the surface and all deposits 

are located greater than 0.5m depth below modern surfaces. Unlike the Central 

Segment, no samples recorded the presence of a fluvial deposit at the base and 

higher up in the stratigraphic column at the same location. 
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The lowermost layer of fluvial sands is more extensive than the higher 

layers of sand, with the lower layer being present in nine of the sixteen columns 

from the Southern Segment lunettes (56%). Unlike the Central Segment, the 

fluvial sands were not more common in sample locations reaching greater 

depths, plausibly due to the fact that the thickness of the overlying sediments in 

the Southern Segment is less than in the Central, therefore, the layer is closer to 

the modern day surface. The lower layer of fluvial sands is always associated 

with the water table. It may correlative to the fluvial sands in the Central 

Segment, but there are no dates or horizons that can be definitely stated to prove 

correlation. 

The fluvial sands present higher in the column are less common, are more 

discontinuous across the site and are present in only one of the sixteen lunette 

columns from the Southern Segment (~6%). As shown in Figures 5.76a and 

5.76b, these deposits can be of varying thickness and are not similar in terms of 

dimensions, across the site. 

The only date available from the fluvial sand in the Southern Segment is 

from the shared boundary sample 2HDE, which gives an OSL age 5,420±340 

years BP from the boundary of the fluvial sand with an aeolian sand (Table 5.5, 

sample 2HD#12E). As discussed previously, this age can indicate either the age 

of last deflation and exposure of the surface, or the age of deposition. 

Combining the stratigraphic columns, ages and all sedimentological data 

pertaining to the layers (Tables 5.2a and 5.2b), cross sections were created 

across selected transects across the lunettes. These cross sections (Figures 

5.77, and 5.78) show the relationship of the fluvial sands with the surrounding 

deposits and the varying depths at which the fluvial sand is present. Each of 

these cross sections transects the lunette deposits from the windward side (playa 

side) to the lee side of the deposit to demonstrate the nature of not only the 

topography, but the stratigraphy through the main lunette body. Importantly, the 

fluvial deposits in the Southern Segment are more discontinuous than in the 

Central Segment, and despite 60% of all sample locations containing the fluvial 



 

Figure 5.76 Stratigraphic columns showing the distribution of the fluvial sands in 
the Southern Segment. (a)  LPLB contains a lower layer fluvial sand; (b) SP3G 
contains a fluvial layer not associated with the base of
locations in Figure 5.74.
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Stratigraphic columns showing the distribution of the fluvial sands in 
the Southern Segment. (a)  LPLB contains a lower layer fluvial sand; (b) SP3G 
contains a fluvial layer not associated with the base of the column.
locations in Figure 5.74. 

Stratigraphic columns showing the distribution of the fluvial sands in 
the Southern Segment. (a)  LPLB contains a lower layer fluvial sand; (b) SP3G 

the column. Sample 



 

Figure 5.77 Cross section J
in Figure 5.74. Additional nearby well log data is in Appendix L
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Cross section J-J’ Southern Segment. Cross section location shown 
Additional nearby well log data is in Appendix L 

location shown 



 

Figure 5.78 Cross section K
in Figure 5.74. Additional nearby well log data is in Appendix L.
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Cross section K-K’ Southern Segment. Cross section location shown 
. Additional nearby well log data is in Appendix L. 

on location shown 
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sands at the base of the column, it can be seen that the sediment is not as 

common under the lunettes as in the Central Segment. Interpretations of these 

cross sections are located in section 5.8.3 of this chapter and detail the lunettes 

with each sediment type represented in the interpretation.  

Playa Depocenter Clay 

The clay deposits in the Southern Segment range from 0.25 to 1.75m 

thick. These deposits do not extend for any significant distance and do not form 

any recognizable pattern across the site. Clay deposits in the Southern Segment 

are more discontinuous than those of the Central Segment, and appear to cover 

a smaller surface area (see cross section Figures 5.77 and 5.78).  As described 

in the Facies 2 sediment description previously (Table 5.2a) and similar to the 

Central Segment deposits, the clay contained minor amounts of grains mixed into 

the deposits (Figure 5.79), and displays mixing at the edges of the deposit.  

 

Stratigraphy 

Stratigraphically, the playa depocenter clays were found at varying 

stratigraphic depths within the Southern Segment. As the representative columns 

in Figures 5.80a and 5.80b show, the clays can be found at any depth and can 

be of varying thicknesses. No sampled location has a clay of this type located at 

the modern day surface. This deposit type is more common in the Southern 

Segment than in the Central Segment, and is present in eight of sixteen sample 

locations across the lunette (50% of the total). No beds of this deposit type were 

correlative between sample locations within the Central Segment. 

No age dates were recovered from the playa depocenter clay within the 

Southern Segment, similar to the results from the Central Segment. Unlike the 

Central Segment, however, the clay layer is more common in the cross sections, 

as it is present in both Figures 5.77 and 5.78. These deposits, while localized, 

are present in the form of four distinct lenses of clay at distinctly differing 

stratigraphic heights throughout the deposits. 
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Figure 5.79 Cumulative summary graph for the grain sizes present in the playa 
depocenter clays of the Southern Segment. Sample locations are shown in 
Figure 5.75. 

 

Lunette Deposit Sediments 

These sediments measure between 0.5 and 3.5 m thick in the Central 

Segment and, as described in sediment types 3 through 5 (Table 5.2a and 5.2b), 

consist mainly of 177-350 µm size grains (fine to medium sand), with only varying 

percentages of clay and coarser fragments based on hand sample and thin 

section analyses. No clasts larger than 5,000 µm (granule) were observed 

(Figure 5.81) though in places, interbedded layers of different grains sizes are 

present. Appendix C contains the full data sets for grain size percentages and 

their graphs, under sample numbers: Sabkha A series, LPL1D series, SD31H 

series, MD1J series, CF1K and CF10K, DunePlaya1D series, Playa2E series, 

Playa1C series and Playa2B series.  

Secondary mineralization by magnesium and iron was present in discrete 

lenses (further chemical analyses, conducted by the San Luis Valley Closed 

Basin Project, and locations of lens sites indicated in the well logs in Appendix L) 



 

Figure 5.80 Stratigraphic columns showing the distribution of the playa 
depocenter clays in the Central Segment. (a) LPLD showing a clay located over 
a lower layer fluvial sand; (b) 2HD
locations in Figure 5.74.
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Stratigraphic columns showing the distribution of the playa 
the Central Segment. (a) LPLD showing a clay located over 

lower layer fluvial sand; (b) 2HDE demonstrating a basal clay layer.
locations in Figure 5.74. 

Stratigraphic columns showing the distribution of the playa 
the Central Segment. (a) LPLD showing a clay located over 

E demonstrating a basal clay layer. Sample 
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Figure 5.81 Cumulative summary graph for the grain sizes present in the lunette 
deposit sediments of the Southern Segment. Sample locations are shown in 
Figure 5.75. 

in some lunette and playa samples. The samples did contain a relatively high 

percentage of organic materials when considering the system as a whole. The 

organic remains were identified as grass fragments, small wood slivers and three 

different types of shell, none of which exceeded 0.8 cm in length. Of the shell 

types, two types of shells belonging to members of Gastropoda, and one shell 

type belonging to a species of Pelecypoda were identified. The majority of the 

shells were whole and relatively undamaged, though fragments of other shells 

were also identified in the samples. 

XRD results on three selected samples from the Southern Segment, 

including one from a single, discrete lunette and a merged lunette, indicated a 

whole rock result of each sample with predominantly plagioclase and quartz with 

minor amounts of orthoclase. All of the samples came from the lunette deposit 

sediments, though each came from a different subset within the group. Sample 

PLAYA5B was collected from the subgroup of aeolian sand and clay mix: playa 

deposit; sample LPL-2A is from the aeolian sand: lunette body, and probable 

partial sand sheet; and sample 2HD#10E belongs to the aeolian sand and playa 

fines facies: lunette and playa boundary zone. 
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 Results show that all of the samples contain abnormal plagioclase values, 

as these values are markedly higher or significantly lower than average marker 

height and are likely due to compositional variation within the samples. Samples 

from the playa show a high percentage of clays, namely illite and montmorillonite 

within all samples (Figure 5.82). Content of the micas is lower than anticipated. 

The specific mica variety was identified as muscovite, as biotite was not identified 

in any of these samples.  

Unexpectedly, Sample 2HD10E (lunette facies, specifically: aeolian sand 

and playa fines: lunette and playa boundary zone) contained chlorite, and was 

the only sample to do so (Figure 5.83). This is an unusual mineral considering 

the studied deposits, but has been identified in the faults of the Sangre de Cristo 

Mountains (McCalpin, 1981; McCalpin, 1982, Valdez, 2011).  

Sample LPL-2A (lunette facies, specifically: aeolian sand: lunette body, 

and probable partial sand sheet) shows traces of calcite (Figure 5.84). Calcite is 

not an overly unusual mineral, given the type of system and the presence of 

magnesian calcite in the Central Segment.  

From the Southern Segment, two samples from the clay layer were 

chosen for SEM analysis as a basic elemental compositional profile was needed 

to understand the nature of the clays in the region. Sample LPL-2A is from the 

aeolian sand: lunette body, and probable partial sand sheet; and sample 

2HD#10E belongs to the aeolian sand and playa fines facies and the lunette and 

playa boundary zone facies. SEM results of sample LPL-2A, designated Sample 

“B”, reveals that the main elements present can be identified as silicon, 

aluminum, iron, calcium, potassium, and manganese (Figure 5.85). Results for 

sample 2HD10E, designated sample “A”, however, are different, involving 

magnesium instead of manganese, with the presence of silicon, aluminum, iron, 

calcium, and potassium remaining the same (Figure 5.86). 

 

Stratigraphy 

Stratigraphically, the lunette deposit sediments were found at varying 

stratigraphic depths within the Southern Segment, as the representative columns 
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in Figures 5.78a through d show. The deposits are present in multiple and non-

consistent patterns of stacking throughout the entire Southern Segment. Found 

at all depths of the stratigraphic columns, these deposits can comprise the entire 

sample or be represented in series of interbeds, all dependent upon location.  

The lunette deposit sediments as a whole are found in all of the twenty-

three sample sites across the Southern Segment lunette. The specific subgroups 

belonging to this deposit type are present in the following values. The color 

representing them in the columns has also been stated: 

• Facies 3: Aeolian Sand (red): found in sixteen of sixteen sample 

locations (100% of the total – columns in Figures 5.87a-5.87d); 

• Facies 4: Aeolian Sand and Playa Fines(blue): found in three of 

sixteen sample locations (19% of the total – column in Figure 5.87a); 

• Facies 5: Aeolian Sand and Clay Mix (grey): found in six of the sixteen 

sample locations (38% of the total –  column in Figure 5.87b). 

Therefore, while the group of sediments overall is the dominant deposit 

type, with the aeolian sands comprising the most common of the subgroups and 

the aeolian sand and playa fines comprising the least common, identical to the 

trend seen in the Central Segment.  

The samples age dated for the Southern Segment (Tables 5.5 and 5.6) 

correspond to two different deposit types; the aforementioned fluvial sand age 

and a series of dates from the lunette deposit sediments. These ages give 

ranges for the deposits as follows: 

Lunette Facies: 

• Subgroup: aeolian sand and clay mix: 4,270±360 years BP 

(OSL) to 13,100±60 years BP (C14); 

• Subgroup: aeolian sand and playa mix: 8,110±50 (C14) to 

8,280±50 years BP (C14); 

• Subgroup: aeolian sand: lunette and probable sand sheet 

deposits: 4,840±40 years BP. 
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Figure 5.82 XRD result from Sample PLAYA 5B in the Southern Segment. 
PLAYA5B is of aeolian sand and clay mix: playa deposit facies. Multiple runs are 
due to sample needing to be glycolated. Peak at 26.75 degrees corresponds to 
quartz. Plagioclase and orthoclase are are represented by peaks at 27.5 and 
24.25 degrees respectively. Sample location is shown in Figure 5.75. 
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Figure 5.83 XRD result from Sample 2HD-10E in the Southern Segment. Multiple 
runs are due to sample needing to be glycolated. Peak indicating the presence of 
chlorite are shown at 5.25, 9 and 12.75 degrees respectively. Peak at 26.75 
degrees corresponds to quartz. Plagioclase and orthoclase are represented by 
peaks at 27.5 and 24.25 degrees respectively. Sample location is shown in 
Figure 5.75. 
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Figure 5.84 XRD result from Sample LPL-2A in the Southern Segment. Multiple 
runs are due to sample needing to be glycolated. Peaks indicating the presence 
of calcite are shown at 28.75, 36, and 39.5 degrees respectively. Illite is well 
represented in this sample as well, with a well defined peak at approximately 8.5 
degrees. Peak at 26.75 degrees corresponds to quartz. Plagioclase and 
orthoclase are represented by peaks at 27.5 and 24.25 degrees respectively. 
Though in different concentrations, and in place of manganese, magnesium is 
present (Figure 5.76). Given that lenses, cemented with manganese and 
magnesium, are known throughout the area, this is likely due to a difference in 
elemental concentrations caused by groundwater. Sample location is shown in 
Figure 5.75. 



 

Figure 5.85 Example of an SEM result from Sample LPL
Southern Segment. Sample location is shown in Figure 5.75.

Figure 5.86 Example of an SEM result from Sample 2HD
Southern Segment. Sample location is shown in Figure 5.75.
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Example of an SEM result from Sample LPL-2A (“B”) from the 
Sample location is shown in Figure 5.75. 

Example of an SEM result from Sample 2HD-10E (“A”) from the 
Southern Segment. Sample location is shown in Figure 5.75. 

 

2A (“B”) from the 

“A”) from the 
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Within the cross sections, the lunette deposit sediments are seen to 

dominate the bulk of the lunette bodies, with the features being comprised of 

between 90% (Figure 5.78) and 98% (Figure 5.77) of this sediment group. 

Aeolian sands (Facies 3) are the most common of the sediments, as previously 

stated, and can be seen to be the most widespread within the lunette bodies. 

This is not to say they form the most continuous layer, as there is a lack of 

bedding planes preserved, but they form the most prevalent deposit type. The 

aeolian sand and playa fines (Facies 4) and aeolian sand and clay mix (Facies 5) 

are present as interbeds in both cross sectional diagrams (Figures 5.77 to 5.78) 

and are discontinuous within the deposits. Surficial exposure of the finer aeolian 

mixed sediments is by erosion. 

 

Age Dating Summary Tables 

The following tables, Table 5.4 of OSL age dates and Table 5.5 of C14 

age results, present data for the lunettes from the Southern Segment. The OSL 

dates are presented, along with age determining factor values for each sample. 

Both tables have been integrated to show the sediment type the date resulted 

from and the sample depth from below modern surface. 

In addition to the age dating results, the Southern Segment contains 

archaeological sites that have been dated. There is a known archaeological site 

containing the remains of buffalo fish (see Chapter 3 of this volume). Not only do 

the remains of the fish provide an age, but they also provide environmental 

constraints on the system. These fish are known, from archaeological and 

geological evidence, to require a water depth of 3-4 meters in order to survive, 

with an optimum water depth of 1.2 to 1.4 m depth (Edwards and Twomey, 1982; 

Hubbs et al., 1991; Etnier and Starnes, 1993). This indicates that the large, 

single discrete playa, contained at least 3 meters of water, at some point, for a 

length of time to allow for fish to not only populate the feature, but become 

established as a food source. Archaeological studies date the fish to an 

approximate age of 9,000 years (Jodry et al., 1989). This site was used as an  

 



 

 

Figure 5.87 Stratigraphic columns showing the distribution 
the Southern Segment. (a) LPLGG shows the thickness the aeolian sand and 
playa fines can reach; (b) PlayaB demonstrates interbedding within the aeolian 
sediments; (c) LPLA, shows more interbedding patterns in aeolian sediment with 
a clay interbed and (d) Playa4C contains aeolian sand overlaying fluvial 
sediments. Sample locations in Figure 5.74.
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Stratigraphic columns showing the distribution of the lunette facies
the Southern Segment. (a) LPLGG shows the thickness the aeolian sand and 
playa fines can reach; (b) PlayaB demonstrates interbedding within the aeolian 
sediments; (c) LPLA, shows more interbedding patterns in aeolian sediment with 
a clay interbed and (d) Playa4C contains aeolian sand overlaying fluvial 

Sample locations in Figure 5.74. 

of the lunette facies in 
the Southern Segment. (a) LPLGG shows the thickness the aeolian sand and 
playa fines can reach; (b) PlayaB demonstrates interbedding within the aeolian 
sediments; (c) LPLA, shows more interbedding patterns in aeolian sediment with 
a clay interbed and (d) Playa4C contains aeolian sand overlaying fluvial 
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age date for the surficial exposure of the largest lunette in the Southern 

Segment. 

 

5.9.3 Integration of Data Sets and Interpretation of the Stratigraphy of the 

Single, Discrete and Merged Lunette Systems 

The merged lunettes are interpreted to have formed as single lunettes in 

such proximity that the edges of the lunettes merged. The lunette then further 

developed as a single feature. The merging of the lunettes is likely caused by the 

underlying topography, in areas where there was a depression between the two 

separate playas. If a flooding event connected the two playas, they would behave 

as a single feature until the next drying cycle. Over time, the system merged into 

one, with the center depression deepening and remaining connected to the 

adjacent playas (see Bowen and Johnson, 2011). This new main depression 

would be located at the point of the joined lunettes, with secondary depressions 

to the sides, at the sites of the original location of the playas. This is why the 

playa and lunette are closer in the center than at the edges. 

 With a new central depression, the deposits would form closer to the 

inner edges of the merged lunettes, and further from the outer edges. The 

documented merged lunettes have not been anthropologically modified, but there 

are examples of previously merged lunettes that were partially removed by 

ranchers in 1950s, as well as by canal construction in 1970-1980s (Valdez, 

2009). Therefore the actual percentage of merged lunettes would have been 

higher without human intervention.  

 

5.9.3.1 Stratigraphic Evolution of the Southern Segment 

In Figure 5.88, a map of the Southern Segment is presented to illustrate 

the relationship and proximity of the lunettes to fluvial features. Note the lack of 

surficial drainages in the Southern Segment, which is interpreted to have 

impacted the sediment types and their distribution within this segment. 
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Table 5.5 OSL Age Results for the Southern Segment. 

OSL Dates – Southern Segment 

Sample ID K% U (ppm) Th (ppm) n Depth 

(cm) 

Deposit Type Age (years BP) 

2DH#12E 3.96±0.13 4.18±0.15 14.0±0.37 17(25) 305 Fluvial Sand 5,420±340 

PLAYA6E 3.42±0.14 3.97±0.17 13.1±0.20 18(25) 100 Aeolian Sand/Clay 4,370±320 

LPL#5A 3.80±0.08 4.54±0.23 11.8±0.63 26(28) 153 Aeolian Sand/Clay 4,270±360 

*Note: Table 5.5 is modified after the full OSL age dating results table presented in Appendix I. Terms removed 
include dosage rates and percentage of water content at testing. 

 

 

Table 5.6 C14 dating results for the Southern Segment 

Carbon 14 Dates – Southern Segment 

Sample ID Material Tested Depth 
(cm) 

Deposit Type Age 
(conventional radiocarbon age 

– years BP) 
DUNE2G6 wood fragment 322 Aeolian Sand/Clay 13,100±60  

DUNEPLAYA3D Shells 129 Aeolian/Playa Mix 8,280±50  
LPL10GG  Shells 264 Aeolian/Playa Mix 8,110±50  
PLAYA4C  organic sediment 307 Aeolian Sand 4,840±40  

Full graphs and calculated ages per sample for C14 age dating results are presented in Appendix H 
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Fluvial Sands 

The documented fluvial deposits in the Southern Segment that are present 

at depth (Figure 5.78) are interpreted to be similar to the fluvial d

Central Segment. The isolated fluvial deposits (Figure 5.77) are more likely to be 

an isolated channel deposit, and the more extensive fluvial deposit may be 

present deeper in the stratigraphic section. The only date available from the 

fluvial sand in the Southern Segment is from the shared boundary sample, 

2HD#12E, with an OSL age 5,420±340 years BP from the boundary of the fluvial 

sand with an aeolian sand (Table 5.5). 

 

Figure 5.88 Map showing cross section and sample locations for the Southern 
Segment in relation to the surficial features.

This age can indicate either the age of last deflation and exposure of the 

surface, or the age of deposition. Interestingly, th

4,680±340 years BP in

the Central Segment, suggesting a presence of fluvial systems around that time 

in both segments. 
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The documented fluvial deposits in the Southern Segment that are present 

at depth (Figure 5.78) are interpreted to be similar to the fluvial deposits in the 

Central Segment. The isolated fluvial deposits (Figure 5.77) are more likely to be 

an isolated channel deposit, and the more extensive fluvial deposit may be 

present deeper in the stratigraphic section. The only date available from the 

al sand in the Southern Segment is from the shared boundary sample, 

2HD#12E, with an OSL age 5,420±340 years BP from the boundary of the fluvial 

sand with an aeolian sand (Table 5.5).  

Map showing cross section and sample locations for the Southern 
Segment in relation to the surficial features. 

This age can indicate either the age of last deflation and exposure of the 

deposition. Interestingly, the age is quite similar to the 

years BP in age from the top of the fluvial deposits in the middle of 

the Central Segment, suggesting a presence of fluvial systems around that time 

The documented fluvial deposits in the Southern Segment that are present 

eposits in the 

Central Segment. The isolated fluvial deposits (Figure 5.77) are more likely to be 

an isolated channel deposit, and the more extensive fluvial deposit may be 

present deeper in the stratigraphic section. The only date available from the 

al sand in the Southern Segment is from the shared boundary sample, 

2HD#12E, with an OSL age 5,420±340 years BP from the boundary of the fluvial 

 

Map showing cross section and sample locations for the Southern 

This age can indicate either the age of last deflation and exposure of the 

milar to the 

age from the top of the fluvial deposits in the middle of 

the Central Segment, suggesting a presence of fluvial systems around that time 
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Playa Depocenter Clays 

The Southern Segment deposits contain thicker clay lenses with a lower 

content of mixed silt and sand than in the Central Segment (Figure 5.89a-d, 

Samples LPLA, LPLB, LPLC and LPLD), and therefore record more wet cycles, 

or  longer duration wet cycles. In addition, the highly cohesive clays are difficult 

to erode, even when desiccated and with the lack of major surficial fluvial 

sources in the Southern Segment, the clay can be better preserved, compared to 

the Central Segment with a distinct surficial fluvial presence. These clays are 

playa deposits, and do contain organic matter (Figure 5.89a-d, Samples LPLA, 

LPLB, LPLC and LPLD), though no age dates resulted from analyses of these 

deposits. Similar to the Central segment, the clays that lack organic matter and 

contain silt and sand are interpreted as arid-cycle clays (Figures 5.77 and 5.78). 

 

Lunette Facies 

The notably smaller thickness of the upper aeolian sands in the Dry Lakes 

region of the Southern Segment (Figure 5.90) is interpreted to occur due to a 

more stabilized surrounding sand sheet as the vegetation cover is greater than 

that in the Central Segment. However, the region displays some of the best 

preserved sequences of wet to dry deposits. An excellent example of 

interbedding is presented in Figure, 5.90, Sample LPLGG. This location 

preserved alternating layers of shells and root traces, and is interpreted to be 

representative of the zone that marks the boundary between a lunette and playa. 

Root traces indicate a drying phase, and the shells indicate a wet cycle. The 

sediment types 3-5 are interpreted to contain deposits related to lunette 

formation and accretion, with few discrete lenses of fine materials that are 

plausibly remnants of playas or intermixed playa and lunette deposits. This type 

of deposit is present in the Central Segment, but is not as well preserved, or 

found in thicknesses as great as what is shown in Figure 5.90. 

 The wide range of the age dates from the aeolian deposits from 

13,100±60 to 8,280±50 and 4,840±40 years BP, indicates long duration of lunette 

accretion. The oldest age however is from a wood fragment, and is therefore 
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likely to be re-deposited. The 8,280±50 years BP age came from above the base 

of the lunette core and therefore the lunette accretion is older than that. 

As in the fluvially-modified lunette, the discontinuous nature of the 

deposits indicates the dynamic nature of the lunettes, although they are one of 

the most stable aeolian features. This is the same pattern that occurred in the 

Central Segment, where the sediments located underneath the crest of the 

primary ridge of the lunette body did not contain any interbedding. Interbedded 

deposits are located close to the deposit under the crest, identified as the core of 

the lunette, but they are not located in the crest to just above the core sediment. 

This is distinctly different from the interbedding patterns that exist on the flanks of 

the lunette, Therefore, just as in the Central Segment, the fronts of the lunettes 

do not appear to move much over time, but the deposits on the playa side do 

undergo alteration (Figures 5.77 and 5.78). The interbedding of sands and clay 

layers shows that sediments on the playa side are eroded or deposited 

depending on the amount of water in the system.  

Clay layers in the Southern Segment are more discontinuous and cover 

smaller areas than in the Central Segment. This is attributed to the lack of 

external fluvial input into the system. The playa surfaces in the Southern 

Segment remain small, as they do not accommodate large volumes of surficial 

flow; an example of this limited size can be seen in Figure 5.88, analogous to 

what is present in the modern day system. The deposits are in places eroded 

and altered, but predominantly by aeolian processes, unlike the fluvial erosion in 

the Central Segment. 

A similar and highly localized clay layer interbedding can be seen in 

Figure 5.78 on cross section K-K’. The only difference in this section is the 

presence of the stratigraphically higher clay layer on the far left of the lunette 

profile. This clay layer is interpreted to have been deposited when the system 

was filled with water, so that the depression between the lunette crest (an 

erosional feature, not indicative of type) also contained water, leading to a 

stratigraphically higher than average deposit of clay. This is also the location 

showing a large difference in topographic height in terms of age. The deposits 
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show that sediments 8,110±50 years BP in age are located topographically 

above a deposit that is 5,420±340 years BP in age. The younger deposit sits on 

the outer edge of a lunette, and it is not located on the more stabilized lunette 

front. Therefore, the relative stability of lunettes is highly localized and does not 

extend much beyond the areal extent of the deposit. The immediately adjacent 

sediments of the sand sheet are likely to be more susceptible to erosion and are 

likely to be altered faster than the lunettes. 

In summary, the Southern Segment lunettes, while sharing similar internal 

stratigraphy with the Central Segment lunettes, contain fewer clay interbeds and 

the interlayering present is typically on a smaller scale. The lunettes of the 

Southern Segment also dominantly consist of sand with no discernable clay core, 

as proposed by the published lunette models (see Bowler, 1976; Bowler, 1983; 

Lees and Cook, 1991; and Thomas et al., 1993). Therefore this paper shows that 

similar to the fluvially-modified lunette, the single and merged lunettes are 

characterized by discontinuous internal stratigraphy and interbedded sands and 

clay. The only differences between these morphologically distinct lunette types 

are the size and number of the clay interbeds. 

5.9.3.2 Formation of the Southern Segment Lunettes 

Unlike the deposits surrounding San Luis Lake in the Central Segment, 

the lunettes of the Southern Segment have a more simple evolution. Dates of 

8,280±50 years BP and 8,110±50 years BP (Tables 5.5 and 5.6), from layers of 

close to the core of the lunettes indicate that the deposits began accreting prior 

to 8,250 years BP. This is similar to the beginning of formation of the lunettes in 

the Central Segment. Unlike in the Central Segment, however, the lunettes in the 

Southern Segment, do not exhibit any fluvial modification and instead record 

accumulation to modern surface, with a sedimentary bypass surface dating to 

between 5,420±340 and 4,270±360 years BP (Tables 5.5 and 5.6). This is 

supported by the presence of similarly aged mineralized lenses, interpreted as 

the paleo-capillary fringe, occurring in the surrounding deposits (see Chapter 7 of 

this volume). 

 



 

 

Figure 5.89 LPL series stratigraphic columns. (a) through (d) show a thick, 
correlative clay layer in Southern Segment, interpreted to belong to a sizable 
playa depocenter in an arid stage cycle. Sample locations in 
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LPL series stratigraphic columns. (a) through (d) show a thick, 
correlative clay layer in Southern Segment, interpreted to belong to a sizable 
playa depocenter in an arid stage cycle. Sample locations in Figure 5.74.

LPL series stratigraphic columns. (a) through (d) show a thick, 
correlative clay layer in Southern Segment, interpreted to belong to a sizable 

Figure 5.74. 



 

Figure 5.90 Note the much thinner overlying aeolian sediments as opposed to 
the thicker sequences that are present in the Central Segment. This column also 
shows the well preserved interbedding found in the aeolian sand and playa fines 
sediment (blue) within the Sout
wet and dry cycles that occurred altering the level and proximity of the shoreline 
of the playa. Sample locations in Figure 5.74.

 

5.10 Paleobasin Mapping by Use of Lunette Morphology

The locations of the 

as seen in Figure 5.92. The largest, most complex lunette in the GRSA is located 

at the depocenter of the basin, and has been located there since prior to 8,500 

years BP, as shown by dating results.

need a significant body of water, with a longer lasting water supply, in order to 

reach and sustain the size of the deposit. The depocenter in this closed basin 

has an adequate supply of water to provide the w

accompanying lacustrine system.

Merged lunettes, which need a moderate volume of water and duration, 

occur along the edge of the area dominated by the larger fluvially modified 

lunette (Figure 5.92). These features have associ

rapidly than the larger, topographically lower playas, due to their slightly higher 
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Note the much thinner overlying aeolian sediments as opposed to 
the thicker sequences that are present in the Central Segment. This column also 
shows the well preserved interbedding found in the aeolian sand and playa fines 
sediment (blue) within the Southern Segment. Shells and root traces record the 
wet and dry cycles that occurred altering the level and proximity of the shoreline 

Sample locations in Figure 5.74. 

5.10 Paleobasin Mapping by Use of Lunette Morphology 

The locations of the three types of lunettes are rather specific in the basin, 

as seen in Figure 5.92. The largest, most complex lunette in the GRSA is located 

at the depocenter of the basin, and has been located there since prior to 8,500 

years BP, as shown by dating results. This is logical, as a feature that size would 

need a significant body of water, with a longer lasting water supply, in order to 

reach and sustain the size of the deposit. The depocenter in this closed basin 

has an adequate supply of water to provide the water volume necessary for the 

accompanying lacustrine system. 

Merged lunettes, which need a moderate volume of water and duration, 

occur along the edge of the area dominated by the larger fluvially modified 

lunette (Figure 5.92). These features have associated playas which dry more 

rapidly than the larger, topographically lower playas, due to their slightly higher 

Note the much thinner overlying aeolian sediments as opposed to 
the thicker sequences that are present in the Central Segment. This column also 
shows the well preserved interbedding found in the aeolian sand and playa fines 

hern Segment. Shells and root traces record the 
wet and dry cycles that occurred altering the level and proximity of the shoreline 

three types of lunettes are rather specific in the basin, 

as seen in Figure 5.92. The largest, most complex lunette in the GRSA is located 

at the depocenter of the basin, and has been located there since prior to 8,500 

This is logical, as a feature that size would 

need a significant body of water, with a longer lasting water supply, in order to 

reach and sustain the size of the deposit. The depocenter in this closed basin 

ater volume necessary for the 

Merged lunettes, which need a moderate volume of water and duration, 

occur along the edge of the area dominated by the larger fluvially modified 

ated playas which dry more 

rapidly than the larger, topographically lower playas, due to their slightly higher 
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elevation (not being at the exact depocenter) and the fact that water will drain to 

the larger playa in the lower elevation. Also, they are slightly higher, in terms of 

proximity to the water table and therefore drier than the conditions than the large, 

lowest elevation fluvially modified lunette, which occurs in the depocenter of the 

valley. 

The single discrete lunettes occur around the edges of the merged 

lunettes and surround the fluvially modified lunette (Figure 5.92). These lunettes 

need, and receive, the least amount of water from ground water and fluvial flow 

derived from the edges of the basin. Therefore, due to the response of the 

lunette type to internal and external drainage and ground water levels, the lunette 

types can be used to identify basin geometry and depocenter. The larger and 

more complex lunettes will occur in the central location which receives larger 

volumes of water, creating a larger body of water, while the single discrete 

lunettes will be at the edges as they are related to least water supply. The 

merged lunette is located between the end members. 

This application of lunette types is also useful in analyzing depocenter 

migration over time. If the depocenter shifts, the lunette’s morphology would 

respond to the alteration in fluid flow and a map of the changes can be created 

using geomorphology, and age dating techniques. In a tectonically active basin, 

like the San Luis Valley, such migration can indicate structural evolution. The 

San Luis Basin is a closed basin and therefore it is unclear if the lunette system 

would respond similarly in an open system. There is no comparable data 

available from an open system.  

 

5.11 Role of Evaporitic Minerals, Fine Materials and Vegetation in Lunette 

Stability 

Evaporitic Minerals 

While the presence of fine materials has been shown to be a key 

component in the stabilization and preservation of lunettes, what remains unclear 

is the role that evaporitic minerals may play in the lunette and playa system. It is  



 

Figure 5.91 Evolution of the southern lunettes
from Madole (2006), a double asterisk is from Couroux 
37’50.66 N 105 42’06.61” W 
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Evolution of the southern lunettes. Dates with a single asterisk are 
from Madole (2006), a double asterisk is from Couroux (2001). Dry Lakes  
37’50.66 N 105 42’06.61” W Google Earth, October 22, 2011. January 16, 2012

. Dates with a single asterisk are 
Dry Lakes  

, October 22, 2011. January 16, 2012. 



 

 

Figure 5.92 Map of the San Luis Lake and Dry Lake lunette systems showing 
inferred paleobasinal boundaries by utilizing lunette geomorphology. Note 
elongated shape of the merged and single, discrete lunette boundaries. 
Boundaries are open in the north as the area was
single , discrete type lunettes are known to occur to the north of the project site 
(Valdez, 2007; Valdez, 2009).
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Map of the San Luis Lake and Dry Lake lunette systems showing 
inferred paleobasinal boundaries by utilizing lunette geomorphology. Note 
elongated shape of the merged and single, discrete lunette boundaries. 
Boundaries are open in the north as the area was not included in this study, but 
single , discrete type lunettes are known to occur to the north of the project site 
(Valdez, 2007; Valdez, 2009). 

clearly observed in the modern system that evaporitic minerals, such as trona 

(Valdez, 2007) are present in the playas across the site. As seen in the results of

the mineral analyses conducted in both the Central and Southern Segment, there 

are no identified evaporitic mineral deposits, aside from two results. O

contains gypsum and another sample contains magnesian calcite.

nature of the site, with a high water table and the cyclic wetting and drying paired 

with the wind, the preservation potential for the evaporitic minerals is quite low, 

so the lack of results indicating their presence is not unusual. Therefore,

that evaporitic minerals may play in lunette stabilization and accretion remains
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Map of the San Luis Lake and Dry Lake lunette systems showing 
inferred paleobasinal boundaries by utilizing lunette geomorphology. Note 
elongated shape of the merged and single, discrete lunette boundaries. 
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1993; Holliday, 1999; Bowen and Johnson, 2011) contain a different 

concentration of elemental constituents within the water in the playas and 

therefore, the formation and presence of evaporitic minerals varies widely. 

Despite this, these systems all contain lunettes that exhibit a wide range of sizes 

and shapes. Therefore, seem as though the presence and concentration of 

evaporitic minerals in the system does not play a significant role in the lunettes 

present today. An understudied issue concerning the importance of evaporitic 

minerals in the system is the role they may play in initialization of the lunette 

deposit. No studies have been specifically conducted on this topic and no 

lunettes in the initial stages of development were identified within the field area. 

 

Fine Materials 

As the importance of fine materials within lunettes has been demonstrated 

and is common to lunettes worldwide, the percentage of fine materials within 

lunette deposits varies from system to system. Therefore, the stability of lunettes 

and the accretion of lunettes is directly tied to the presence of playa fines, the 

concentration of fines is not as definitive. The GRSA lunettes have been shown 

to have a relatively low concentration of fine materials, instead containing a much 

higher percentage of sand than proposed by most models (Bowler, 1976; Bowler, 

1983). The GRSA lunettes also do not exhibit a clay core which is a feature 

commonly cited as a characteristic of a lunette deposit (Bowler, 1976). The 

reason for the difference in the amount of fine materials and the lack of a 

definable clay core, is due to the overall lack of fine materials in the system. It 

has been noted (Valdez, 2009) that the GRSA area does not contain a high 

percentage of fine material. This is due to the limited source of fine materials in 

the region; aeolian fine materials transported from the San Juan Mountains 

remain suspended as opposed to settling out, and the Sangre de Cristo 

Mountains do not provide clay, aside from what is produced as a weathering 

product. This leads to a system wide lack of fine materials and to the lower than 

average content of fine materials in the lunettes.   
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Vegetation  

Vegetation cover has shown itself to be a non-governing factor in the 

stability of developed lunettes within the GRSA. One of the key differences 

between the lunettes and the parabolic dunes of the region, is that the parabolic 

dunes remobilize with the removal of vegetation, while the lunettes do not. 

Vegetated and nonvegetated lunettes occur in the GRSA in both the Central and 

Southern Segments. Lunettes with nearly full vegetation cover and with no 

vegetation present are both stable and neither appears to be undergoing any 

significant erosion or dissection when compared with another. Therefore, it 

appears that in the GRSA, vegetation does not play a significant role in lunette 

stability. 

This does not rule out the importance that vegetation may have in the 

initialization of a lunette. As indicated by Bowen and Johnson (2011), in lunette 

systems in Kansas, vegetation may play a crucial role in helping to establish and 

protect the initial ridge of sediment that becomes the lunette deposit. There are 

no studies that indicate whether this is common across all systems, or if it is only 

present in some and does not affect lunette development. 

5.12 Recognition of Paleolunette Systems 

Modern lunettes can be used to analyze the relative location and evolution 

of a paleobasin by utilizing the differentiation in morphological expression. 

However, the identification of lunettes in subsurface systems is little studied and 

very complex. Given the nature of the internal architecture of lunettes, and the 

wide range of textural variations possible, it is not prudent to state the exact 

parameters of the GRSA lunettes as characteristics useful for identification of 

lunettes in ancient systems. Instead, recognition of three criteria that are relevant 

to all lunette types is more applicable. These criteria are created by observing the 

components of a lunette that are comparable across all systems: 

• there is an identifiable playa deposit adjacent to the proposed lunette 

deposit; given how the two systems are so closely linked, this is the 

most important parameter ; 
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• the deposit in question is on the lee side of the identified playa; this 

criterion necessitates the analysis of surrounding deposits to observe 

cross bedding, etc, to obtain a paleotransport direction; 

• when compared to surrounding sediments (sans the playa) the deposit 

contains a higher percentage of fine materials;  however, there are no 

established values to state how much higher, due to textural variance 

across lunette types 

The variable internal architecture, degree of preservation and wide range  

of compositions contained within lunettes makes them difficult to categorize 

based on stratigraphy and sedimentology alone. Without the three parameters 

common to all lunettes, the deposits would be virtually indistinguishable to 

deposits such as sand sheet, or dune and interdunal complexes, due to the 

likelihood of deposits becoming modified prior to burial or lithification. As seen in 

the dip angle  analyses tables (Tables 4.2, 4.3, 4.4 and 4.5), there is no 

conclusive way in which to set values that  are consistent across all lunette types. 

5.13 Discussion and Conclusions  

This study has shown that while lunettes appear to form and accrete in 

similar ways and that while single lunettes have a characteristic morphology, 

there are some unique variations that previously were not well understood. For 

example, the ideal version of a lunette is shown having a clay core, with only a 

small sand component belonging to the core. The lunettes within the GRSA 

display a distinctly coarser core, composed dominantly of sand with only a 

minimal clay percentage. This actually appears to be a quite common but little 

studied variation on the basic form of a lunette. To simply recognize these 

deposits as a lunette is often difficult and very little in terms of general study has 

been devoted to the understanding of the means and implications of the multiple 

different lunette morphological expressions that exist. The key developmental 

points concerning lunette formation and accretion generally concur with the 

published record, allowing for understandable differences given different study 

locales. This is consistent to a point but deviates with the subject of lunette 
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modification, due to the lack of published data on the mechanisms and 

morphological expressions that certain modifying agents or patterns may have on 

a lunette deposit. 

Lunettes have shown themselves to be valuable resources in terms of 

archaeological preservation and record. Due to their relative stability compared to 

the surrounding dynamic aeolian and fluvial systems, lunettes have the ability to 

preserve, in situ, sites and artifacts of archaeological importance, and provide a 

relatively intact and consistent climatic record, preserved in both the geological 

deposits and the archaeological features. As the playas were a source of food 

and water for ancient peoples, the deposits not only preserve the artifacts, but 

also represent an archaeological trap in terms of preferential occupation and 

usage. This leads to lunettes being important in terms of reconstructing not only 

the geological evolution of an area, but also the climatological patterns and 

cycling over the duration of the lunette’s existence. 

The GRSA lunettes also provide a record of sedimentation patterns within 

the valley. Variations in mineral assemblages indicate that at some point in the 

past, the input of material from the Sangre de Cristo Mountains was higher than 

the estimated input from today’s system. This indicates that sedimentation 

sources within the valley can and do change. An example used by Valdez (2011) 

is that chlorite is a common mineral found in Mosca Creek, a tributary of Medano 

Creek. So, key minerals, such as chlorite, show that creek flow does alter and 

the deposits can be used in determining the likely source of sediment. The 

changes in creek flow and depositional features are likely due to climate change 

within the valley, as during a wet cycle, more material will be transported to the 

valley floor, but is also due to seismic activity. An increase in elevation difference 

between the valley floor and walls leads to increased erosion of the walls, leading 

to increased sedimentation. Given the ability of a lunette to preserve features as 

compared to the dynamic nature of the surrounding aeolian deposits, it stands to 

reason that at some point, lunette stratigraphy may be useful in reconstructing 

not just climate change within the past, but also relative tectonic history. 
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The presence and identification of different lunette types within a single 

system is unique, and demonstrates that the size and morphological expression 

of lunettes are directly tied to their adjacent playa, and that they can be 

subsequently modified to the extent that they barely resemble a traditional 

lunette. The multiple lunette crests that belong to the San Luis Lake lunette 

system are also unique and show that several generations of lunettes can be 

associated with a single playa, provided the system is large enough and has 

enough water capacity to provide sustained volume changes over time. This 

timeframe is greater than what can be seen in the timeframe of the aerial images, 

but is reflected in the cross sections. This in turn creates a specialized record of 

water levels over the timeframe that the lunette has existed. The presence of 

single, discrete lunettes and merged lunettes also provides a basic water level 

record for the area. Merged lunettes indicate that lunettes in proximity to one 

another were provided with sufficient water and at some point, the two features 

merged into a single front. Single, discrete lunettes can be used to show that 

even if they are in proximity, the water levels in them did not reach levels causing 

the playas merged and allowing for the second form of the lunette to develop. 

However, it is the spatial relationship of these distinct systems in the GRSA that 

makes the area a unique location. The difference in playa size, variation in 

degree of fluvial input, and elevation over such a short distance provide an 

excellent example of the different variations that a lunette can display dependent 

on factors. The presence of the largest, fluvially modified lunette at the lowest 

point of the valley indicates a sufficient water source and capacity to create and 

sustain multiple lunette systems over drought and wet cycles. The presence of 

merged lunettes on the periphery of the low point show that at the height of wet 

cycles, they are in a position to function as a larger, independent lunette system, 

much like the largest feature, and also indicates the edges of where water levels 

will reach a point at which merging of playas can occur. Single discrete lunettes 

rim the edges of the area, indicating that while their playas can still fill and hold 

sufficient water for lunette development, they are above the level at which 

internal drainage would supply them with more water. This is useful in 
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understanding not only the paleoclimate of an area, but also the extent over 

which an environmental regime is prevalent. 
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CHAPTER 6   

NORTHERN SEGMENT STRATIGRAPHIC ANALYSIS 

 

6.1 Overview 

The Northern Segment is the section of the Great Sand Dunes National 

Park and Preserve that contains the southernmost extent of the Sand Ramp that 

is exposed along the cutbank of Sand Creek, and is of special interest for the 

Great Sand Dunes National Park and Preserve. The objective concerning this 

location was two-fold: the first being to conduct a detailed mapping and 

sedimentary analysis for the GRSA to be utilized for reclamation of a zone of the 

Sand Ramp that had been highly modified due to anthropogenic actions. The 

second aim was to determine if any portion of the Northern Segment contained 

lunettes similar to those at San Luis Lake, and then establish their evolutionary 

history. Due to the nature of the deposits, the well preserved cutbank along Sand 

Creek provided the only outcrop exposure in the entire Park. This material was 

therefore used for the GRSA to understand the nature of the deposits that are to 

be reclaimed, and timeframes of when the deposits may have been formed are 

proposed. 

 

6.2 Introduction and Purpose of Study 

The Northern Segment of the project is located in the northeastern corner 

of the field site, with Sand Creek running just below the Sand Ramp (Figure 6.1). 

The Sand Ramp was studied and characterized for the geomorphological 

analysis of the area, and results of that study are presented in the 

geomorphology section of this volume.  

On the Sand Ramp, several large pits were dug before the land was 

acquired by the National Park Service (NPS) (Valdez, 2009). These large pits 

and the accompanying environmental alteration disrupted the flow and historical 

alignment of Sand Creek and the adjoining streams. Efforts are currently being 

made to correct the damage done to the drainage system and to the Sand Ramp. 

As the Sand Ramp is distinctly different from the other nearby aeolian deposits, 
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questions concerning the nature of the deposits within the ramps have been 

raised. A main concern is to avoid improperly infilling the pits, causing further 

disturbances to the Sand Creek alignment. The nature and stratigraphy of the 

deposit in an area that is unaltered by anthropogenic means is crucial to 

determining the method by which to best reclaim portions of the ramp. 

 

6.3 Methodology 

Northern Segment analysis took place in two distinct locations: one on the 

Sand Ramp and one along Sand Creek, seen in Figure 6.1. The site along the 

Sand Ramp was chosen as an analogue to understand how reclamation of the 

Sand Ramp needed to be designed. The Sand Creek site was chosen as this 

location presented the only natural large outcrop exposure in the entire field area. 

An image of this outcrop is presented in a panel of photomosaics located later in 

this section (Figure 6.5). In addition to the outcrop, this area also offered a 

chance to assess if the drainage was affected by the anthropogenic modification 

of the ramp. Different methods were utilized in the two locations. The Sand Ramp 

was assessed in a manner similar to the methodology used in the Central and 

Southern Segments, using surficial mapping and sedimentological analysis, and 

sampling via hand auger. Seventeen samples were collected on the Sand Ramp. 

Selected samples were used for age dating but were not viable. 

The Sand Creek area was photographed and analyzed in terms of 

stratigraphy and sedimentary structures. Sedimentological analysis was also 

conducted, however, the samples were from surface collection, not by hand 

auger, due to the proximity of high water table and the propensity for hole 

collapse. Samples were also collected for age dating. Instead of measuring 

stratigraphic columns and cross-sections, this site was analyzed by means of 

panoramic photo analysis and outcrop mapping. 

 

6.4 Surficial Geology 

Field mapping was conducted for the Northern Segment to delineate the 

extent of aeolian and fluvial deposits and to describe the deposits of interest to  



 

Figure 6.1 Northern Segment field map. Detailed field map of the Northern 
segment. Red indicates aeolian deposits (active), blue is modern fluvial deposits, 
purple is sand sheet, orange indicates vegetated sand ramp, and yellow 
indicates an active aeolian area of th

 

the project. The geological map developed for the Northern Segment is 

presented in Figure 6.1, and shows the distribution of identified deposits across 

the entire Northern Segment.

Presented below are both sections of the analysis for the Nor

Segment. The results for the studies at Sand Creek and their implications are 

presented first, followed by the analysis of the Sand Ramp site. Both locations 

are shown with their relationship to the surficial geology.

 

6.5 Sand Creek Site 

The Sand Creek site is located on the north

creek (Figure. 6.2). The outcrop is actually comprised of a series of exposures 

within the channel of the creek. Measured lengths of outcrop amounted to 

approximately 2 km of exposure, which 
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Northern Segment field map. Detailed field map of the Northern 
segment. Red indicates aeolian deposits (active), blue is modern fluvial deposits, 
purple is sand sheet, orange indicates vegetated sand ramp, and yellow 
indicates an active aeolian area of the sand ramp. 

the project. The geological map developed for the Northern Segment is 

presented in Figure 6.1, and shows the distribution of identified deposits across 

the entire Northern Segment. 
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Figure 6.2 The location of the Sand Creek study area within the Northern 
Segment. The area is shown along the red line, with the exposed cross
view of the outcrop facin
the outcrop does vary due to yearly variations in channel flow and exposure.

 

below. Due to the sinuous nature of the channel, the indicated location is shorter 

than the actual measured exposures.

 

6.5.1 Aerial Image Analysis Results

In addition to field mapping, aerial photographs from the Northern 

Segment were obtained to assess changes in the landscape by aeolian and 

fluvial processes through time. Aerial photographs were available for every 

decade, from 1936 to 2003 (or, in some years, more than on

excluding the 1940s, due to W

location. 

Based on the aerial photographs, Sand Creek has remained in a 

consistent location since the late 

of the creek, which are bordered with vegetation and therefore quite stable, show 
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The location of the Sand Creek study area within the Northern 
Segment. The area is shown along the red line, with the exposed cross
view of the outcrop facing to the south-southeast. Note that the actual location of 
the outcrop does vary due to yearly variations in channel flow and exposure.

below. Due to the sinuous nature of the channel, the indicated location is shorter 

than the actual measured exposures. 

Aerial Image Analysis Results 

In addition to field mapping, aerial photographs from the Northern 

Segment were obtained to assess changes in the landscape by aeolian and 

fluvial processes through time. Aerial photographs were available for every 

de, from 1936 to 2003 (or, in some years, more than once a decade, 

due to World War II) and include the majority of the site 

Based on the aerial photographs, Sand Creek has remained in a 

consistent location since the late 1970s, seen in Figure 6.3. The upper reaches 

of the creek, which are bordered with vegetation and therefore quite stable, show 

 

The location of the Sand Creek study area within the Northern 
Segment. The area is shown along the red line, with the exposed cross-sectional 

southeast. Note that the actual location of 
the outcrop does vary due to yearly variations in channel flow and exposure. 

below. Due to the sinuous nature of the channel, the indicated location is shorter 

In addition to field mapping, aerial photographs from the Northern 

Segment were obtained to assess changes in the landscape by aeolian and 

fluvial processes through time. Aerial photographs were available for every 

ce a decade, 

II) and include the majority of the site 

Based on the aerial photographs, Sand Creek has remained in a 

The upper reaches 

of the creek, which are bordered with vegetation and therefore quite stable, show 
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no significant movement over time on any of the aerial photographs. Noted 

movement can only be recorded at the downstream end of the creek as it flows 

towards Head and San Luis Lakes. The end of the creek is located within a zone 

of active sand and, based on visual observations, appears more like a braided 

stream (see Walker and Cant, 1984) than any other type of system (see also, 

Lerand and Oliver, 1983; Walker and Cant, 1984). As seen in the photographs, 

there is not much avulsion out onto the shallow and flat southern bank and 

floodplain, though this area has been occupied during periods of high flow, 

Figure 6.3b. At high flow, the creek contains enough water that it floods over the 

small bars at the end of the streambed, as seen in Figure 6.3b. This leads to a 

seasonal and climatically driven cycle occurring at the end of Sand Creek, 

creating distinctive shifts in flow regime dependent on water supply. To illustrate 

the avulsion within the Sand Creek drainage, two aerial photographs are shown 

in Figure 6.3a and Figure 6.3b. Figure 6.3a shows an aerial photograph from 

1975 when Sand Creek was under a low flow condition (relatively drier climate). 

Figure 6.3b is an aerial photograph from 1988, with the creek under a higher flow 

condition. It is known from records that post 1936, the uppermost reach of Sand 

Creek underwent deep entrenchment, and the stream was braided throughout 

the 1930s (Valdez, 2011). By the 1950s it was a rectangular channel and has 

since undergone lateral migration, widening the channel, even in the more deeply 

entrenched upper reaches (Valdez, 2011). The red circles highlight changes in 

the Sand Creek streambed between the conditions of wet and dry cycles. Note 

the relative stability of the creek over time. 

 

6.5.2 Sand Creek Stratigraphic and Photomosaic Analysis 

Sand Creek mapping was carried out along both the northern and 

southern banks of the creek. Mapping of the southern bank showed that the 

materials belonged to the stabilized sand sheet and partially to the active dune 

field. No aeolian structures remained that were not in some way fluvially affected, 

and incisions caused by periods of higher flow occurred along the entire length of 

the southern bank. 



 

Figure 6.3 Changes in the Sand Creek from dry low flow conditions in 1975 (a) to 
high flow conditions in 1988 (b).  Red circles highlight areas where the 
streambed changed. 

 

In contrast to the southern side of the river, the northern bank forms a very 

steep and high exposure. This outcrop exposes the stratigraphic architecture with 

four distinct layers. The lowermost sand layer is very poorly exposed and often 

submerged in Sand Cre

followed by a 3-5 m thick san

the uppermost layer, 2-

were identified prior to the start of photomosaic mapping in order to have 

surfaces to follow. The Creek was at a moderate flow

deposit has already been identified by previous work as a channel complex 

(Valdez, 2009). The nature of the deposits and their depositional hist

regime, and its significance, 

goals of analyzing the outcrop. The large paleochannel system covers four 

outcrops along the modern day Sand Creek and

paleochannel system, there is no evidence of additional ch

exposure of the deposits
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Changes in the Sand Creek from dry low flow conditions in 1975 (a) to 
high flow conditions in 1988 (b).  Red circles highlight areas where the 

In contrast to the southern side of the river, the northern bank forms a very 

exposure. This outcrop exposes the stratigraphic architecture with 

four distinct layers. The lowermost sand layer is very poorly exposed and often 

submerged in Sand Creek. This layer is overlain by a 5-15 cm thick 

m thick sand layer with complex sedimentary structures, and 

-5 m thick, is a predominantly massive sand. These layers 

were identified prior to the start of photomosaic mapping in order to have 

surfaces to follow. The Creek was at a moderate flow at the time of analysis. The 

deposit has already been identified by previous work as a channel complex 

(Valdez, 2009). The nature of the deposits and their depositional hist

regime, and its significance, is not largely understood and was one of the

goals of analyzing the outcrop. The large paleochannel system covers four 

outcrops along the modern day Sand Creek and, aside from this large 

there is no evidence of additional channels.

of the deposits along Sand Creek’s northern bank, stratigraphic 

 

Changes in the Sand Creek from dry low flow conditions in 1975 (a) to 
high flow conditions in 1988 (b).  Red circles highlight areas where the 

In contrast to the southern side of the river, the northern bank forms a very 

exposure. This outcrop exposes the stratigraphic architecture with 

four distinct layers. The lowermost sand layer is very poorly exposed and often 

15 cm thick clay layer, 

d layer with complex sedimentary structures, and 

predominantly massive sand. These layers 

were identified prior to the start of photomosaic mapping in order to have 

at the time of analysis. The 

deposit has already been identified by previous work as a channel complex 

(Valdez, 2009). The nature of the deposits and their depositional history and 

is not largely understood and was one of the primary 

goals of analyzing the outcrop. The large paleochannel system covers four 

, aside from this large 

. With the clear 

along Sand Creek’s northern bank, stratigraphic  
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Figure 6.4 Map showing panorama image locations indicated by the yellow box. 
Panoramic photos taken looking to the north-northwest. 

 

columns were not created. Instead, large panoramic photographs (Figure 6.4) 

were combined with analyses of sedimentary structures.  

A large paleochannel complex is exposed in the outcrop with defined 

edges of its banks (Figures 6.5, 6.6 and 6.7). No floodplain horizons occur. 

Ripples and poor to moderately defined cross stratification indicate paleocurrent 

directions, which have been indicated in the following figures. Due to the highly 

variable paleocurrent direction and the single outcrop exposure, the observation 

for this specific site and outcrop is a south-southwestern transport direction on 

average, with noted local changes to paleocurrent direction. 

 

Results 

Sediments were initially identified by type as done in the previous lunette 

section. These layers proved to be noncorrelative, so the type designation was 

dropped and the layers were described with reference to Northern Segment 

features. The facies is indicated before the description of each sedimentary unit 

to indicate that it was a unique, definable deposit and does not match the 

descriptions of any Central or Southern Segment sediments.  

 



 

Figure 6.5 Sand Creek Segment 1; large paleochannel complex exposed in the outcrop. No floodplain horizons 

occur. 

Figure 6.6 Sand Creek Segment 2; large paleochannel complex exposed i
occur. Ripples and poor to moderately defined cross stratification indicate paleocurrent directions, which have been 
indicated in the insets. 

2
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Sand Creek Segment 1; large paleochannel complex exposed in the outcrop. No floodplain horizons 

Sand Creek Segment 2; large paleochannel complex exposed in the outcrop. No floodplain horizons 
occur. Ripples and poor to moderately defined cross stratification indicate paleocurrent directions, which have been 

 

Sand Creek Segment 1; large paleochannel complex exposed in the outcrop. No floodplain horizons 

n the outcrop. No floodplain horizons 
occur. Ripples and poor to moderately defined cross stratification indicate paleocurrent directions, which have been 



 

 

 

 

 

 

Figure 6.7 Sand Creek Segment 3; large paleochannel complex exposed in the outcrop. No floodplain horizons 
occur. Ripples and poor to moderately defined cross stratification indicate paleocurrent directions, which have been 
indicated in the insets. 
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Figure 6.8 Inset photographs for Sand Creek Segment 2, with indicated 
paleoflows, showing ripples, and labeled pertinent layers, such as the thick clay 
drape observed in (c). A series of ripples are shown in (a), a close up of the 
slightly more indurated ripples is shown in (b) and (d) shows the layering of 
ripples with planar laminae or massive beds. 
Segment 3, panoramic view, with 
located in (e). Dunes are shown in (f), and ripples and laminae on a bedding 
scale are shown in (g). 
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Inset photographs for Sand Creek Segment 2, with indicated 
paleoflows, showing ripples, and labeled pertinent layers, such as the thick clay 

ved in (c). A series of ripples are shown in (a), a close up of the 
slightly more indurated ripples is shown in (b) and (d) shows the layering of 
ripples with planar laminae or massive beds. Inset photographs for Sand Creek 
Segment 3, panoramic view, with paleoflows indicated. Note the scour surface 
located in (e). Dunes are shown in (f), and ripples and laminae on a bedding 
scale are shown in (g). Scales are indicated for each image. 

 

 

Inset photographs for Sand Creek Segment 2, with indicated 
paleoflows, showing ripples, and labeled pertinent layers, such as the thick clay 

ved in (c). A series of ripples are shown in (a), a close up of the 
slightly more indurated ripples is shown in (b) and (d) shows the layering of 

Inset photographs for Sand Creek 
paleoflows indicated. Note the scour surface 

located in (e). Dunes are shown in (f), and ripples and laminae on a bedding 
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The lowermost sand layer, called facies 6, was largely submerged or 

covered over during the field mapping portion of the project. Retrieved samples 

were not intact and were too heavily modified once brought out of the creek to be 

analyzed for structure and for accurate grain size distribution, as sediments were 

lost to the creek when retrieved and sediment from the creek became intermixed 

with the sample. The clay layer, identified as facies 7, (noncorrelative to facies 2, 

which is also a clay), 12 - 13 cm thick, occurs as two segments, interpreted to 

connect at depth. One segment is on the far left hand side of the outcrop, and 

curves down to the right, under the water level and dips out of the outcrop 

towards the creek (see Figures 6.5 and 6.7, photo inset Figure 6.8c). The second 

segment is on the far right hand side of the outcrop, and curves downward to the 

left and also dips out of the outcrop towards the creek. The clay layer does not 

appear elsewhere in the exposure. No evaporitic minerals were observed within 

the clay. 

The sand layer (facies 8) above the clay layer contains multiple layers of 

climbing ripples; cross strata; loading structures and scour surfaces, in 500-710 

µm grain sand (see photomosaics in Figure 6.5, 6.6 and 6.7, photo insets, 

Figures 6.8a, 6.8b, 6.8d, 6.8e, 6.8f and 6.8g). This layer is by far the most 

stratigraphically complex in terms of sediment architecture. The lateral continuity 

of beds is highly variable as there are many cases where the deposit was 

partially eroded by the overlying fluvial system. There are a few interbeds of 500-

2000 µm sized sand and isolated pebbles occur rarely in some cross strata. The 

sand is well sorted and well rounded, whereas the pebbles are also well rounded, 

but poorly sorted. No organic material or root traces were observed. This layer is 

distinctive due to the extreme degree to which the sedimentary structures are 

preserved. Many rippled intervals form more resistant intervals on the outcrop 

face. 

Capping the exposure is a layer of very fine to fine grained sand, 1-3 m 

thick, which is more massive than the underlying unit, although some intervals 

are cross stratified.  The grain size is smaller than that in the underlying unit, 

consisting of a grain size ranging between 177-350 µm.  Any coarse grain sizes 
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(pebble sized) encountered were observed to be actively rolling down the eroding 

exposure face from the Sand Ramp and Sand Sheet above. The sediment is well 

sorted and well rounded, with minor organic matter preserved within the 

uppermost 30 cm of sediment. The majority of the root traces and fragments 

were directly relatable to modern vegetation. 

 

Interpretation 

No environmental association can be established for the lowermost sand 

layer, due to its poor exposure. The clay layer is interpreted to be a clay drape, 

formed along the bottom of the paleochannel as it slowly dried and filled. The 

curved nature of the clay layer follows the cross-section of channel base, and 

therefore supports that it drapes the channel, rather than is a playa base or 

related deposit. The clay layer resembles processes that occur in the area today, 

with fines accumulating into layers in slow moving or evaporating bodies of 

water. The clay layer is either not present or not preserved on the south-

southeastern bank of the creek. It is also unclear if this layer of clay is coeval with 

the known clay deposits found elsewhere in the GRSA project area, or if the 

layers are distinct and independent of one another. 

The overlying sand layer, containing the high percentage of preserved 

sedimentary structures is next, and the nature of the deposits proposes that the 

system underwent a distinct increase in fluvial force. There are no clay layers 

present within this layer, suggesting an increase in terms of transportational 

capabilities which is supported by the presence of the much higher energy 

sedimentary structures. The structures are within the moderate flow range 

(Southard and Boguchwal, 1990), with many of the ripples approaching the 

boundary between ripple and dune in terms of size (i.e. coming close to the 5 cm 

height of  the ripple/dune boundary), or reaching it, though this may also be due 

to flow depth as opposed to velocity. 

The presence of the bars and incisional surfaces indicate an active 

channel environment. With many discontinuous beds identified, this interpretation 

is supported by the architecture of the outcrop. However, it is unclear if the beds 
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were originally continuous and partially eroded later, or if they were discrete, 

localized deposits such as constructional bars.  

This finer grained and architecturally complex uppermost sand layer is 

interpreted as an aeolian deposit that overlays the fluvial channel fill.  The weak 

cross stratification together with the massive appearance is similar to other 

aeolian deposits observed in the GRSA. The flat nature of the contact (Figure 

6.9) between the underlying fluvial unit and the aeolian unit confirms this 

interpretation, as aeolian deposits possess characteristically basal planed 

surfaces due to aeolian deflation prior to deposition (as seen in Fryberger et al., 

1979). Therefore the upper layer is interpreted as aeolian reworking and 

deposition after the infill of the channel and the cessation of fluvial activity. 

 

6.6 Sand Ramp Site 

The Sand Ramp site is located on a portion of the Sand Ramp identified to 

experience active aeolian processes as compared to the more heavily vegetated 

and stable Sand Ramp to the north (Figure 6.10). The site was picked due to the 

proximity to not only the Sangre de Cristo Mountains and therefore the 

associated colluvial materials and runoff that is important in understanding the 

Sand Ramp, but it is also close to both the active creek and the location of 

anthropogenic modification.  

 

6.6.1 Aerial Image Analysis Results 

The furthest northern edge of the sand ramp is not always shown on the 

aerial photographs. A visual comparison of the aerial photographs, from 1936 to 

modern, show that the sand ramp is the most stable feature in the system with no 

accretion of material or any erosive alterations (Figure 6.11a and 6.11b). Small 

areas of active and unstabilized sand are, however, visible on the surface of the 

ramp, particularly along the northern side (Figure 6.11b). These deposits, while 

exhibiting minor amounts of motion, largely appear to migrate back and forth 

within a localized zone, likely due to the presence and stabilization of 



 

Figure 6.9 Close up image of the Sand Creek outcrop showing well preserved 
sedimentary structures in the middle sand layer, and
the aeolian deposits of the upper sand layer and the fluvial deposits of the middle 
sand layer. In the fluvial d
surfaces are visible. Paleocurrent directions from cross strata in the lower layers 
of the exposed fluvial strata are towards south, whereas ripples just above the 
cross strata show a flow towards wes

 

Figure 6.10 The location of the Sand Ramp sampling sites within the Northe
Segment. The location is 150m
of the locations that were dug up and 
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Close up image of the Sand Creek outcrop showing well preserved 
sedimentary structures in the middle sand layer, and the flat boundary between 

eolian deposits of the upper sand layer and the fluvial deposits of the middle 
sand layer. In the fluvial deposit erosion surfaces, ripple marks and bar accretion 
surfaces are visible. Paleocurrent directions from cross strata in the lower layers 
of the exposed fluvial strata are towards south, whereas ripples just above the 
cross strata show a flow towards west-southwest. 

The location of the Sand Ramp sampling sites within the Northe
Segment. The location is 150m above the level of Sand Creek and is due south 
of the locations that were dug up and are now to be reclaimed. 

 

Close up image of the Sand Creek outcrop showing well preserved 
the flat boundary between 

eolian deposits of the upper sand layer and the fluvial deposits of the middle 
eposit erosion surfaces, ripple marks and bar accretion 

surfaces are visible. Paleocurrent directions from cross strata in the lower layers 
of the exposed fluvial strata are towards south, whereas ripples just above the 

 

The location of the Sand Ramp sampling sites within the Northern 
above the level of Sand Creek and is due south 



 

Figure 6.11 (a) Aerial image of the Sand Ramp and upper reaches of Sand 
Creek, in 1936; and (b) image from 2003, showing the stability and lack of 
alteration of the region over time.

 

surrounding vegetation, as barely visible at the scales of the aerial imagery in 

Figure 6.11a and 6.11b. They do not migrate far up or down the ramp, even in 

times of noted drought. However, these recorded droughts may not have been 

severe enough to bring the vegetation cover down to a critical percentage to 

allow for sediment migration.

 

6.6.2 Sedimentological Analysis

Unlike the exposure at Sand Creek, the Sand Ramp d

be analyzed by the methods employed elsewhere in this study, with samples 

retrieved by a hand auger and stratigraphic columns based on the sampling. The 

subsurface samples show mixed grain sizes from fine sand to nearly cobble 

sized particles. The closer the samples wer

Ramp, the finer they were. The coarser material is

of the Sand Ramp the sample was retrieved. The lateral distribution of these 

grain sizes is highly irregular
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(a) Aerial image of the Sand Ramp and upper reaches of Sand 
Creek, in 1936; and (b) image from 2003, showing the stability and lack of 
alteration of the region over time. 

surrounding vegetation, as barely visible at the scales of the aerial imagery in 

gure 6.11a and 6.11b. They do not migrate far up or down the ramp, even in 

times of noted drought. However, these recorded droughts may not have been 

severe enough to bring the vegetation cover down to a critical percentage to 

allow for sediment migration. 

Sedimentological Analysis 

Unlike the exposure at Sand Creek, the Sand Ramp deposits needed to 

the methods employed elsewhere in this study, with samples 

retrieved by a hand auger and stratigraphic columns based on the sampling. The 

subsurface samples show mixed grain sizes from fine sand to nearly cobble 

sized particles. The closer the samples were retrieved to the foot of the Sand 

Ramp, the finer they were. The coarser material is common the closer to the top 

of the Sand Ramp the sample was retrieved. The lateral distribution of these 

grain sizes is highly irregular, and is not a projectable feature. At two of the 

 

(a) Aerial image of the Sand Ramp and upper reaches of Sand 
Creek, in 1936; and (b) image from 2003, showing the stability and lack of 

surrounding vegetation, as barely visible at the scales of the aerial imagery in 

gure 6.11a and 6.11b. They do not migrate far up or down the ramp, even in 

times of noted drought. However, these recorded droughts may not have been 

severe enough to bring the vegetation cover down to a critical percentage to 

eposits needed to 

the methods employed elsewhere in this study, with samples 

retrieved by a hand auger and stratigraphic columns based on the sampling. The 

subsurface samples show mixed grain sizes from fine sand to nearly cobble 

e retrieved to the foot of the Sand 

common the closer to the top 

of the Sand Ramp the sample was retrieved. The lateral distribution of these 

. At two of the 
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locations down the front of the sand ramp axis, organic material identified as 

twigs, coniferous tree needles and fragments of twigs, occur within the upper 70 

cm of sediment. This organic material was poorly preserved in most cases, 

though some were better preserved. In those cases, the organics were located 

within a few centimeters of the modern surface or partially exposed on the 

surface. 

Given that there is no exposure of internal structure along the Sand Ramp, 

the stratigraphic analysis is based on the hand augered samples gathered in a 

transect down the front of the southernmost extent of the Northern Segment 

Sand Ramp (Figure 6.10). Following the sediment type descriptions used in the 

stratigraphy observed in the Central and Southern Segments, the Sand Ramp 

stratigraphy can be divided up into four distinct facies. 

 

Facies11: Poorly sorted coarse sands 

The lower mixed sediment is a very poorly sorted deposit containing 

grains ranging from 63-64,000 µ. Thickness is unknown as the base of the unit 

was not reached during sampling, but is a minimum of 0.5m.The grains are 

poorly to well rounded, with all of the coarser grains being more angular and the 

finer grains demonstrating a more rounded profile. It consists of approximately 

45% quartz, approximately 30% plagioclase and minimal traces of orthoclase. 

Mafic minerals and assorted metamorphic rock fragments comprised the 

remaining 25% of the mineralogy. No secondary mineralization or organic matter 

is found within this lower layer. The water table was not encountered, unlike in 

the Central and Southern Segments and hole depth was therefore dictated by the 

size of the coarse material encountered (the hand auger was unable to retrieve 

samples with cobble sized inclusions, ending sampling sites prematurely) or by 

the length of the hand auger assemblage. No age dating materials were viable 

from this layer. The deposit occurs in four of five sample locations on the Sand 

Ramp (80% of the total sampling location results). Figures 6.12a, 6.12b , 6.12c 

and 6.12d contain measured sections showing this deposit type across the Sand 

Ramp sampling location. 
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Facies 12: Moderately sorted fine sands 

This deposit, ranging 1.75 to just over 3 m thick, has a distinctive grain 

size shift, with a drop in the average grain size to within the 63-420 µ range. 

Significantly coarser colluvial material sits on the exposed surface of this layer 

further up slope, ranging in size from pebble up to sizeable boulders. These 

coarse materials are encountered rarely in the actual deposit. Overall the deposit 

is moderately sorted and the grains are angular to subrounded. The smaller grain 

sizes are more rounded than the larger grain sizes. The average mineralogy of 

the deposit is approximately 50% quartz, 25% plagioclase and less than 5% 

orthoclase with mafic minerals and metamorphic fragments making up the 

remaining approximate 20%. No secondary mineralization or organic matter is 

found within this layer. No age dating materials were viable from this layer. This 

deposit is found in three of five sampling locations on the Sand Ramp (60% of 

the total sampling location results). Figures 6.12a, 6.12b and 6.12c contain 

measured sections showing this deposit type across the Sand Ramp sampling 

location. 

 

Facies 13: Well sorted, fine to medium grain sand 

Ranging in thickness from 0.5 to 4 m thick, this deposit has a distinctly 

smaller grain size, ranging within 125-500 µ, and consists of moderate to well 

sorted, subrounded sands. There are locations where surficial float of a larger 

grain size, ranging from pebble to boulder, is present, however, this was not 

encountered within the deposit. Mineralogically, this layer is approximately 55% 

quartz, 30% plagioclase and approximately 2% orthoclase with mafic minerals 

and mixed metamorphic and volcanic rock fragments comprising the remaining 

13%, making it virtually identical to the values observed for the aeolian 

dominated Central and Southern Segments.  No secondary mineralization was 

found, however, organic matter was located within this layer. No age dating 

materials were viable from this layer. This deposit is found in three of five 

sampling locations on the Sand Ramp (60% of the total sampling location 
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results). Figures 6.12c, 6.12d and 6.12e contain measured sections showing this 

deposit type across the Sand Ramp sampling location. 

 

Facies 14: Silt rich medium grain sand 

Occurring in only one column, this deposit is 1m thick and has a distinctly 

smaller grain size, ranging between 63-420 µ, making it a silt to medium grain 

size sand mix. It consists of moderately sorted, subrounded medium sized 

grains. The remainder is a well sorted silt. Overall the deposit is poor to 

moderately sorted. Mineralogically, the visible grains are approximately 55% 

quartz, 30% plagioclase and approximately 2% orthoclase with mafics and mixed 

metamorphic and volcanic rock fragments comprising the remaining 13%, 

making it virtually identical to the values observed for the aeolian dominated 

Central and Southern Segments. Proportionally, fines make up 10-15% of the 

deposit by volume. No secondary mineralization was found, however, organics 

were located within this layer. No age dating materials were viable from this 

deposit. Due to the single location it is found, this deposit accounts for only 20% 

of the total sampling location results. Figure 6.12d contains a measured section 

showing this deposit type. 

 

Interpretation 

Following the same method used in the Central and Southern Segments 

to describe the sediments, the Northern Segment sediments are interpreted to be 

the following environments based on their characteristics and on field 

observations: 

• Facies 11: colluvial deposit; 

• Facies 12: aeolian and colluvial mixed deposit; 

• Facies 13: aeolian sand deposit; 

• Facies 14: aeolian sand and silt mixed deposit. 

It is interpreted that the uppermost sand ramp is dominated by aeolian and 

colluvial derived deposits (Facies 12 and 13), which are deposited over 

  



 

 

Figure 6.12 Stratigraphic columns for the Sand Ramp sampling location. (a) 
SR3W and along with (b) SR4X, display sediment Facies 11 and 12; (c) SR5Y 
exhibits sediment Facies 11, 12 and 13; (d) SRU displays F
(e) contains only Facies 13.
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Stratigraphic columns for the Sand Ramp sampling location. (a) 
SR3W and along with (b) SR4X, display sediment Facies 11 and 12; (c) SR5Y 
exhibits sediment Facies 11, 12 and 13; (d) SRU displays Facies 11, 13, and 14; 
(e) contains only Facies 13. 

Stratigraphic columns for the Sand Ramp sampling location. (a) 
SR3W and along with (b) SR4X, display sediment Facies 11 and 12; (c) SR5Y 

acies 11, 13, and 14; 
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predominantly colluvial materials (Facies 11). The sediments are thought to be a 

minor amount of alluvial and colluvial materials intermixed with aeolian deposits. 

The surficial extent of Facies 12 (alluvial/colluvial mix) materials is highly 

localized and irregularly distributed. The localized occurrence of these mixed 

deposits is interpreted to be linked to the source locations for the alluvial and 

colluvial materials and the depositional processes (as shown in Figure 6.12a-d 

and 6.14). Alluvial and colluvial materials rarely make it off the sand ramp and 

onto the valley floor.  

The deposit identified as colluvial within the Northern Segment Sand 

Ramp was termed as such, as the material was compared with thin surficial 

deposits present on the modern slope and they appeared identical. It is plausible 

that the deposits are colluvial in nature but it is also plausible that they are debris 

flow and associated deposits. Unfortunately, given the limited sampling area, and 

the restrictions of the hand auger, if the deposits are debris flows, indicative 

characteristics were not retrieved from the samples. 

 Given the presence of the large incised feature in the center of the cross 

section, it is certainly probable that there may have been a paleodrainge present 

on the sand ramp, which may have, at times contained debris flows. This is 

plausible, particularly since the incisional feature aligns with what appears to be a 

channel further upslope. However, given the limitations of the site, and the 

evidence from further upslope, the deposit will be referred to as colluvial, with the 

recognition that there is a high probability that debris flow deposits are present. 

As observed, larger clasts occur at the surface, and very few larger clasts 

are present in the near surface samples. The upper stratigraphic layers appear to 

be dominated by their aeolian source, not the alluvial or colluvial source. The 

preferred occurrence of coarse materials along the axes of the sand ramp is 

interpreted as fluvial sediment transport along the axes to the valley floor, 

although no active fluvial process were observed at the time of sampling 

gathering. It may also be that the deposit is a reworked debris flow, as both 

interpretations are plausible. The rare stratigraphic identification of such layers 

indicates either poor preservation, or a rare occurrence of such transport events.  
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Facies 14, the aeolian sand and silt mixed deposit, poses a challenge as 

there are no other deposits similar to it in terms of grain size distribution 

observed on the sand ramp. The deposit may be a remnant of a small lake or 

similar depression on the sand ramp, from a wetter climatic regime. 

Unfortunately, given the lack of viable age dating materials there is no way to 

correlate the deposit with a plausible climatic shift. 

As was done for the Central and Southern Segments, each stratigraphic 

column for the Northern Segment was compiled from data taken as the site 

location hole was drilled. To evaluate the formation of the Sand Ramp, a cross 

section was constructed based on information obtained from the auger holes.  

Figure 6.13 shows the location of the cross section. The cross section 

constructed in the Sand Ramp is presented in Figure  6.14. In general, the 

colluvial and mixed layer are somewhat continuous. However, the ramp is 

periodically incised, likely by fluvial sources (or plausibly a mix of fluvial and 

debris flow influences) and subsequently backfilled with aeolian deposits.  

 

6.7 Evolution of the Sand Ramp and Sand Creek Systems 

Based on the results from field mapping, aerial photograph comparison, 

climatic data compilation and sedimentological analyses, the following evolution 

of the Sand Creek and the Sand Ramp is proposed. The large paleochannel 

complex exposed in the northern bank of Sand Creek runs parallel to the base of 

what is now the sand ramp, as seen by the dominant southerly paleocurrent 

directions. The material to either side of the channel complex is identical to 

modern day stabilized sand sheet, as the deposits host the same massive 

texture as the modern sand sheet, with localized areas of preserved cross strata. 

The materials that constitute the surrounding sediments of this early sand sheet 

have characteristics of aeolian source due to the fine grain size, good sorting and 

good rounding. This is in contrast to the fluvially sourced sediments in the 

paleochannel that are poorly sorted, coarser and poorly rounded. In addition, the 

compositional difference, such as the absence of heavy minerals (predominantly 



 

Figure 6.13 Sand Ramp cross
Each red x represents a sample site.

 

magnetite) in the fine-grained sediments, confirms their aeolian nature. Magnetite 

and other heavy minerals appear within the coarser, fluvially deposited beds. 

The channel, which appears to have deeply incised this older sand sheet, 

as seen in the photomosaics (Figure 6.5, 6.6, and 6.7), left a clay drape along the 

majority of the length of the base. The drape may once have extended along the 

full basal length and then eroded from the edges of the channel, plausibly during 

exposure of the deposit prior to

amount of water from north to south. Whether this was a briefly existing system 

with a high water and sediment capacity, or if it was a longer lasting system with 

a lower water and sediment load remains unkno

available from these deposits. When comparing the amount of incision of this 

paleochannel to modern day Sand Creek’s incision, it seems more likely that

stream was a longer lasting feature with seasonal water supply that

moderate sediment load.

262 

Sand Ramp cross-section location within the Northern Segment. 
Each red x represents a sample site. 

grained sediments, confirms their aeolian nature. Magnetite 

and other heavy minerals appear within the coarser, fluvially deposited beds. 

The channel, which appears to have deeply incised this older sand sheet, 

osaics (Figure 6.5, 6.6, and 6.7), left a clay drape along the 

majority of the length of the base. The drape may once have extended along the 

full basal length and then eroded from the edges of the channel, plausibly during 

exposure of the deposit prior to infill. The channel transported a considerable 

amount of water from north to south. Whether this was a briefly existing system 

with a high water and sediment capacity, or if it was a longer lasting system with 

a lower water and sediment load remains unknown as no absolute age dates are

available from these deposits. When comparing the amount of incision of this 

paleochannel to modern day Sand Creek’s incision, it seems more likely that

stream was a longer lasting feature with seasonal water supply that

moderate sediment load. 
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and other heavy minerals appear within the coarser, fluvially deposited beds.  

The channel, which appears to have deeply incised this older sand sheet, 
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majority of the length of the base. The drape may once have extended along the 
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infill. The channel transported a considerable 

amount of water from north to south. Whether this was a briefly existing system 

with a high water and sediment capacity, or if it was a longer lasting system with 
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Figure 6.14 Sand Ramp cross
retrieved samples along the front of the Sand Ramp.
Figure 6.13. 
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Sand Ramp cross-section L-L’ based on results from hand auger 
retrieved samples along the front of the Sand Ramp. Samples sites shown on 

L’ based on results from hand auger 
Samples sites shown on 
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The sedimentary structures indicate that the stream may have been a 

braided stream system (Walker and Cant, 1984), with multiple braid bars, the 

flow around which created a complex system of interchannel paleoflow 

indicators, as seen within the lower level of the outcrop. Over time, incision 

began to decrease and the channel began to infill. This may have been due to a 

shift in paleotopography in the tectonically active valley and/or a shift in 

hydrologic regime, caused by large scale channel avulsion at a location above 

the site, or other climatic or tectonic alteration of water flow patterns in the valley. 

The infilled channel was then buried by active aeolian sands, which later 

stabilized into a new sand sheet deposit. 

While the channel system at Sand Creek underwent its evolution, the 

adjacent sand ramp appears to have had few changes. The sand ramp already 

existed before the channel complex formed (Winger and Winger, 2003). This 

relatively stable system of the sand ramps dominated for much of recent history 

by proximal aeolian influences. A noted lack of strongly alluvial or colluvial 

sourced layers indicates that, while there is observable input to the ramps via the 

mountain front, this material is in significantly smaller percentages than the 

aeolian sourced sediments. The ramp builds up slowly, with portions of the 

sediment comprising it, being stabilized by vegetation. 

 

6.8 Conclusions of Study Pertaining to Reclamation 

Knowing how the area might have evolved and the nature of the sediment 

within the area, and the relationship with the surrounding systems, the following 

can be stated about the Sand Ramp and the issues that need to be understood 

for reclamation. 

• The impact of the ramp on Sand Creek is quite small. All observed 

inputs of material from the more active and less stabilized face of 

the ramp did not involve direct sedimentary input into the creek. 

The area was observed under normal conditions, and at the height 

of a storm, and it was seen that bedrock sourced materials (from 

the Sangre de Cristo Mountains) are transported down the front of 
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the ramp, not out to the side and into the creek. Locations along the 

creek have obvious input, but they are not subject to the 

depositional regime on the Sand Ramp as they are too far out in 

front of the ramp and are considered Sand Sheet. Coarse 

fragments, up to the size of cobbles, from the Sand Ramp do end 

up in Sand Creek, but it appears to be by a longer process of 

transport down the ramp, across part of the Sand Sheet and then 

into the creek. Active aeolian processes also contribute to the 

creek, but again, are independent of the nature of the Sand Ramp. 

• Internally, the Sand Ramp is quite complex, likely with multiple 

incised channels and infilled channels all down the length of the 

front of the ramp. Highly intermixed zones between colluvial, 

alluvial and aeolian deposits exist in layers within the ramp, but do 

not necessarily occur in predictable patterns. 

• An important point to consider is that the Sand Ramp sits along the 

active Sangre de Cristo Fault, and the deposits are therefore 

tectonically influenced more than sediments at the center of the 

valley. Incised channels may not be caused by higher precipitation 

or flow, but could be due to uplift. While there is only one significant 

Holocene age event, the valley has been continuously 

downdropping with movement occurring in a plastic as opposed to 

brittle manner (Wilson, et al., 2005). Therefore, incision on the 

Sand Ramp may be enhanced by a continual lowering of base 

level. Tectonic activity needs to be taken into consideration for 

mechanisms of incision on the Sand Ramp; particularly as no age 

dates were retrieved and the age of the Sand Ramp sediments is 

unknown. 

• The thick layer of clay makes the base of the first Sand Creek 

channel unlikely to have been incised due to tectonics. Instead, it is 

more likely that the large, slower moving fluvial feature may have 

existed prior to an event that caused uplift, and therefore an 
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increase in the difference between the head waters and local base 

level.  

 

In terms of infill that can be suggested for the anthropogenically caused 

depressions on the ramp, comparison and analysis of the grain sizes and 

stratigraphic columns created on the Sand Ramp lead to the following: 

• Material with a high percentage of fines is not recommended. The 

Sand Ramp drains via percolation down the front interior of the ramp. 

Causing baffling to occur to the flow, particularly in times of excessively 

high amounts of runoff, such as during spring, could cause local fluid 

build-up, and may destabilize the affected areas, or even cause them 

to release by way of a land flow or debris flow. It could also cause fluid 

flow to route back to the surface, and flow down the relatively 

unconsolidated front of the Sand Ramp in a larger than average 

volume. This could cause damage to the deposits on the Sand Ramp 

surface and could result in an abnormal amount of debris being 

brought down off the ramp. While likely not a distinct problem, the 

velocity of the debris could be an issue given the steep slope and it 

may adversely impact the Sand Ramp, Sand Sheet and possibly even 

Sand Creek at that point. 

• Infill material similar to the commonly mixed materials found on the 

ramp would be more suitable. A mix of aeolian sand and larger 

colluvial or alluvially derived fragments would provide a better and 

more natural infill to the area than either pure aeolian sediment or a 

deposit of cobbles would. Given how the ramp builds up and the forces 

that affect it, the mix of grain sizes either in layers or in a poorly sorted 

deposit would be best. The larger grains will stabilize the smaller 

grains, which in turn would infill the pore spaces between the larger 

clasts. This allows for water percolation at a more natural rate (not 

overly slow, nor overly fast) and establishes a similar subsurface 

structuring that may allow for re-vegetation of affected areas. 
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CHAPTER 7  

PALEORECONSTRUCTION OF THE GREAT SAND DUNES NATIONAL PARK 

AND PRESERVE, 10,000 YEARS BP TO PRESENT  

 

 

7.1 Overview  

Paleoreconstruction of the lunette and playa systems of the Great Sand 

Dunes National Park and Preserve is an important factor in understanding the 

spatial relationships and deposit distribution. The lunette and playa deposits are 

much more stable, and tend to preserve signatures of drying-wetting cycles and 

this is in contrast to the highly variable nature of the surrounding deposits of the 

sand sheet or sabkha. Therefore the latter deposits were used as a secondary 

source for paleoreconstruction, due to their more dynamic nature. As the age 

dating analyses conducted previously showed, the lunettes are the more stable 

and therefore the more viable reconstructive sources for the region, having dates 

extending back to 8,500 years. Two thousand year timeframes were chosen for 

reconstructions in order to offer the best resolution to the data that resulted from 

the analyses. In some cases, where no age dates from a certain timeframe were 

obtained, the datasets were combined into a longer time period. If only one 

segment was missing data points from a timeframe, it is clearly noted. As the 

reconstructions demonstrate, the region is responsive to climatic changes, and 

these changes are best recorded in the lunette deposits. 

 

7.2 Introduction 

This analysis is based on the data presented in the previous chapters, and 

combines the Central and Southern Segments. Data from the Northern Segment 

is also used, but no age dates resulted from analyses. These results were then 

compared to published data on climatic regime for the area starting 10,000 years 

BP. Furthermore, the reconstructions explain the discrepancies between the 

lunette shapes, and when the shapes changed and why. The results are 

presented as a series of paleogeographic maps, as seen in Figures 7.11, Figure 
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7.13, Figure 7.16, Figure 7.18 and Figure 7.19. Where dates were not sufficient, 

the paleoreconstructions were correlated to published climate data.   

Primary depositional processes changed in response to climatic changes 

and these depositional changes can be observed in the lunette deposits. These 

alterations in sedimentation pattern can then be combined with age dates, tying 

depositional changes to climatic cycles. The lack of age dates from the Northern 

Segment does not allow specific correlations, but timeframes of plausible 

paleochannel incision are indicated. As large bodies of water experience a 

difference in climatic expression the topographic changes in the San Luis Valley 

may have contributed to extremes or moderations of the regional climatic effects. 

All data is summarized, and raw data for each category can be seen in 

Appendices C through I. Each timeframe is described by segment in order to 

clearly demonstrate the origin of each interpretation represented on the 

paleoreconstruction maps. When data was unavailable for a certain section, 

interpretations for timeframes were then either combined in order to gather the 

necessary data, or were based off the strongest data from a representative 

segment. Outside dates from additional studies (Couroux, 2001; Madole, 2006; 

Madole and Mahan, 2007) were also utilized in order to constrain the distribution 

of geomorphic features over time. 

 

7.3 Timeframe Reconstructions  

Presented below are summarized key components of each data set, for 

each segment, for a given timeframe, along with their interpretations, an event 

summary and a reconstruction map of the area at that time. Timeframes were 

chosen in order to offer the best resolution to the data and age results, as a 

shorter length of time created too much ambiguity and overlaps, and a longer 

length of time made the reconstruction process less detailed as more deposits of 

different type were gathered into too large of segments. Figure 7.1 is a map of 

sampling locations and cross section locations within the Northern Segment, with 

relevant locations marked to indicate age dated stratigraphic columns. Seen in 

Figure 7.2 a-b are maps of sampling locations and cross section locations within  



 

Figure 7.1  Indicates the 
shows an age dated sampling location for the Central Segment (yellow circle 
around the relevant site).
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Indicates the cross sectional location for the Northern Segment; and
shows an age dated sampling location for the Central Segment (yellow circle 
around the relevant site). 

on for the Northern Segment; and 
shows an age dated sampling location for the Central Segment (yellow circle 



 

Figure 7.2 Age dated stratigraphic column locations (yellow circles) for both the 
Central (7.2a) and Southern Segments
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Age dated stratigraphic column locations (yellow circles) for both the 
d Southern Segments (7.2b), modified after age maps.

 

 

Age dated stratigraphic column locations (yellow circles) for both the 
, modified after age maps. 
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the Central and Southern Segment, with relevant locations marked to indicate 

age dated stratigraphic columns 

Figure 7.3 through 7.8 contain the cross sections created for each of the 

field segments and their relevant deposits. These sections are presented below 

for reference concerning the deposit location and evolution over time. Specific 

and applicable stratigraphic columns are contained in the sections on the 

timeframes that they represent. 

In the following table, Table 7.1a and b, all pertinent sedimentological data 

is summarized by the timeframe that it has been associated with and the deposit 

types are listed. The table contains all dates from both the Central and Southern 

Segments. As discussed earlier, the Northern Segment samples resulted in no 

viable age dating materials, and therefore that segment cannot be included in the 

summary table. It is included in the reconstructions and interpretations. Data 

summarized for each timeframe is predominantly the sedimentary texture, 

interpreted deposit type and the resultant ages, where possible. The reasoning 

behind this is due to the nature of the bedding and the distribution of ages across 

the site, interpretations were made using age dates and the sedimentary textures 

to infer the dominant depositional process related to climate for each timeframe. 

 

7.3.1 10,000-8,000 years BP  

Distribution and stratigraphy are detailed below for each of the mapping 

segments. Interpretation follows and an event summary describes this timeframe 

and the accompanying map. 

 

Northern Segment:  

A plausibly correlative feature is present in the form of an incision on a 

portion of the Sand Ramp (Figure 7.8) and the paleochannel observed along 

Sand Creek. No datable materials were found. With a lack of viable dateable 

material, it can only be hypothesized that the features on the Sand Ramp and 

within Sand Creek may be coeval, which is plausible, given their spatial  

 



 

Central Segment 

 

Figure 7.3 Cross section G
6,000 years BP. See Figure 7.2a for location.
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Cross section G-G’ Central Segment, relevant for time frame 8,000
See Figure 7.2a for location. 

G’ Central Segment, relevant for time frame 8,000-



 

 

Figure 7.4 Cross section H
4,000 years BP. See Figure 7.2a for location.
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Cross section H-H’ Central Segment, relevant for time frame 6,000
See Figure 7.2a for location. 

H’ Central Segment, relevant for time frame 6,000-



 

 

Figure 7.5 Cross section I
4,000 years BP, 4,000-
Figure 7.2a for location.
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Cross section I-I’ Central Segment, relevant for time frames 6,000
-2,000 years BP and 2,000 years BP to Present. See 

Figure 7.2a for location. 

I’ Central Segment, relevant for time frames 6,000-
2,000 years BP and 2,000 years BP to Present. See 



 

Southern Segment  

 

Figure 7.6 Cross section J
4,000 years BP, and the other marked date is prior to 10,000 years BP.
Figure 7.2b for location
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Cross section J-J’ Southern Segment, relevant for time frame 6,000
4,000 years BP, and the other marked date is prior to 10,000 years BP.
Figure 7.2b for location. 

J’ Southern Segment, relevant for time frame 6,000-
4,000 years BP, and the other marked date is prior to 10,000 years BP. See 



 

 

Figure 7.7 Cross section K
10,000-8,000 and 6,000
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Cross section K-K’ Southern Segment, relevant for time frames 
8,000 and 6,000-4,000 years BP. See Figure 7.2b for location.

K’ Southern Segment, relevant for time frames 
See Figure 7.2b for location. 



 

Northern Segment 

 

Figure 7.8 Cross section L
Figure 7.1 for location. 
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Cross section L-L’ Northern Segment, no resultant age dates.
 

L’ Northern Segment, no resultant age dates. See 
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Table 7.1 a Summary of Paleoreconstruction Data: Central and Southern Segments (10,000 - 6,000 years BP) 

Summary of Sedimentary Paleoreconstruction Data – Central and Southern Segments 

Sample ID 
OSL or 

C14 
Location 

Depth 
(cm) 

Deposit Type 
Age (years 

BP) 

prior to 10,000 years BP in age 
DUNE2G6 C14 Southern Segment 322 Aeolian Sand/Clay 13,100±60  

10,000 to 8,000 years BP in age 

HL6BB OSL Central Segment 231 Aeolian Sand 8,400±680  

DUNEPLAYA3D C14 Southern Segment 129 Aeolian/Playa Mix 8,280±50  

LPL10GG C14 Southern Segment 264 Aeolian/Playa Mix 8,110±50  

8,000 to 6,000 years BP in age 

CBN4 C14 Central Segment 148 Aeolian Sand 7,620±50  

SLLPR22EE OSL Central Segment 55 Aeolian Sand 6,140±480  

 

  

 

2
7

8
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Table 7.1 b Summary of Paleoreconstruction Data: Central and Southern Segments (6,000 years BP - Present) 

Summary of Sedimentary Paleoreconstruction Data – Central and Southern Segments 
Sample ID OSL or 

C14 
Location Depth 

(cm) 
Deposit Type Age (years BP) 

6,000 to 4,000 years BP in age 
2DH#12E OSL Central and Southern 

Segment Boundary 
305 Fluvial Sand 5,420±340  

PLAYA4C C14 Southern Segment 307 Aeolian Sand 4,840±40  

Sabkha 9A OSL Central Segment 114 Aeolian/Fluvial Sand 4,680±340  

SLLL7 OSL Central Segment 284 Aeolian Sand 4,620±510 

PLAYA6E OSL Southern Segment 100 Aeolian Sand/Clay 4,370±320 

LPL#5A OSL Southern Segment 153 Aeolian Sand/Clay 4,270±360 

SLLD5 OSL Central Segment 216 Aeolian Sand 4,010±300  

4,000 to 2,000 years BP in age 

HL5BB C14 Central Segment 187 Aeolian Sand 3,100±40  

SLLP6 OSL Central Segment 208 Aeolian Sand 2,850±300  

2,000 years BP to Present in age 

SLLP3 OSL Central Segment 152 Aeolian Sand 1,260±100  

HL4BB OSL Central Segment 126 Aeolian Sand 1,170±90  

 

2
7

9
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relationship and alignments not only with each other, but also with the closed 

basin with the Central Segment as the point of interior drainage.   

 

Central Segment:  

Layers dated to this timeframe are uncommon in this segment, with the 

only viable date retrieved from the deepest sample location adjacent to Head 

Lake. Therefore, lateral distribution of distinct horizons is unknown.  Sampling 

shows massive bedding and a poorly defined core within the lunette at this age. 

The deepest sample retrieved from the lunette at Head Lake dates to 8,400±680 

years BP by OSL methods. A stratigraphic column is presented in the following 

Figure 7.9, showing the location of the age dated layer in relationship to depth 

and the surrounding sediments.  No interlaying of playa fines and aeolian lunette 

sands were observed within the samples, although a mix was occasionally 

retrieved during the sample collection process, as seen in the previously shown 

grain size and hand sample analysis.  

 

Southern Segment: 

Notably more dates resulted from analyses within this timeframe relative 

to the data set from the Central Segment. Dated layers come from across the 

Southern Segment and are not confined to a single location. The sampled layers 

were close to the surface, and are from the interior face of the lunette. There is a 

noticeably higher percentage of cohesive materials. Dating of the lunettes here 

shows ages ranging from 13,100±60 years BP to dates of 8,280±50 to 8,110±50 

years BP. Stratigraphic columns are presented in the following Figure 7.10a and 

7.10b, showing the location of the age dated layers in relationship to depth and 

the surrounding sediments.  

The anomalous 13,100±60 years BP date was retrieved from a large 

dunal deposit and the dates resulted from C14 analysis on wood fragments, shell 

fragments and isolated complete shells. The deposits consist of silt to fine  

 



 

Figure 7.9 Stratigraphic column from Head Lake Lunette, showing the dated 
layer relevant to the 10,000
deposits. Refer to Figure 7.2 for column location.

grained sands that are moderately rounded, moderately to 

moderate to high sphericity

shell fragments. Root traces are observed

 

Interpretation  

Field observations and geomorphological trend patterns show that the 

lunette at Head Lake may once have been connected to the lunette at San Luis 

Lake. The paleoclimate studies for the southwestern US indicate that 

approximately 10,000 y

precipitation to summer dominated precipitation with monsoonal pattern

(Benedict, 1973; Andrews, et al.,1975; Cole, 1990;  Alley et al.,1997;  Anderson, 
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Stratigraphic column from Head Lake Lunette, showing the dated 
layer relevant to the 10,000-8,000 years BP timeframe in relation to the overlying 
deposits. Refer to Figure 7.2 for column location. 

 

that are moderately rounded, moderately to well sorted, with 

moderate to high sphericity and organic content ranges from twig fragments to 

shell fragments. Root traces are observed in the uppermost layers.

Field observations and geomorphological trend patterns show that the 

lunette at Head Lake may once have been connected to the lunette at San Luis 

Lake. The paleoclimate studies for the southwestern US indicate that 

approximately 10,000 years BP, the climate shifted from winter dominated 

precipitation to summer dominated precipitation with monsoonal pattern

(Benedict, 1973; Andrews, et al.,1975; Cole, 1990;  Alley et al.,1997;  Anderson, 

 

Stratigraphic column from Head Lake Lunette, showing the dated 
8,000 years BP timeframe in relation to the overlying 

well sorted, with 

organic content ranges from twig fragments to 

in the uppermost layers. 

Field observations and geomorphological trend patterns show that the 

lunette at Head Lake may once have been connected to the lunette at San Luis 

Lake. The paleoclimate studies for the southwestern US indicate that at 

d from winter dominated 

precipitation to summer dominated precipitation with monsoonal pattern 

(Benedict, 1973; Andrews, et al.,1975; Cole, 1990;  Alley et al.,1997;  Anderson, 
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et al., 2000). At approximately 9,000 years BP, it has been inferred that summer 

precipitation had peaked, with a gradual trend of decreasing moisture (Benedict, 

1973; Johnson, 1986; Cole, 1990; Alley et al., 1997; Vierling, 1998; Anderson, et 

al., 2000). Starting 8,500 years BP, a drought is inferred to have affected the 

region (Wilson, 1971; Lister and Lister 1993; Plog, 1997). This drought has here 

been interpreted to have initiated the formation of the lunette at the San Luis 

Lake, based on comparison to the behavior of modern lunettes that experience 

active deposition periods during dry climate cycles (Thomas et al., 1993; Clarke 

and Rendell, 1998; Forman, et al., 2001). Given Head Lake’s topographically 

higher position, and its shallower depth, it is interpreted that the Head Lake 

drained first, before the larger body of water of the San Luis Lake. Therefore it 

likely would have formed the beginnings of a lunette first, making Head Lake one 

of the older exposed segments of lunette in the area. The date of 8,400±680 

years BP for the lunette at Head Lake agrees well with this interpretation. 

Couroux (2001) also suggests a deposition episode on lunettes to approximately 

8,450±40 years BP, from a separate lunette/playa system in the Southern 

Segment, as shown in Figure 5.9. Couroux (2001) also notes deposits 

interpreted as grain flow drapes from the lunette crests date to approximately 

8,110±50 years BP. These lunettes have remained stable over time, and appear 

to have behaved more like sediment bypass surfaces than zones of 

accumulation or erosion. The date of 13,100±60 years BP comes from wood 

fragments, and therefore probably does not reflect the actual age of the deposit, 

as the wood is likely to have been transported.  

 

7.3.2 10,000-8,000 years BP Event Summary 

Based on the above results and interpretations, it can be hypothesized 

that the region may have exhibited an environmental distribution as seen in the 

following map, Figure 7.11, which shows a connected lunette front between Head 

Lake and San Luis Lake. The suggested climatic regime dominated by a wet 

cycle, drought and then subsequent return of a wet cycle (Benedict, 1973;  

 



 

 

 

 

Figure 7.10 Stratigraphic columns from the Southern Segment, showing the 
dated layers relevant to the 10,000
overlying deposits. Refer to Figure 7.2 for column locations.
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Stratigraphic columns from the Southern Segment, showing the 
yers relevant to the 10,000-8,000 years BP timeframe in relation to the 

overlying deposits. Refer to Figure 7.2 for column locations. 

Stratigraphic columns from the Southern Segment, showing the 
8,000 years BP timeframe in relation to the 
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Andrews, et al.,1975; Cole, 1990; Anderson, et al., 2000) are interpreted to have 

been favorable for accretion of lunettes along existing playas (Bowler, 1976; 

Bowler, 1983; Thomas et al., 1993). Given that the above results indicate a pre-

8,500 year BP age for the origin of the lunettes, this is a plausible scenario.  The 

large merged lunette at the San Luis Lake had two playa basins behind the main 

front, and was surrounded by sand sheet and sabkha deposits (Figure. 7.11). 

Within the Southern Segment, similarly merged lunettes, with their filled adjacent 

playas, occurred in nearly identical conditions aside from scale (Figure. 7.11). 

The large channel identified in the Northern Segment may have been incised 

during this time period, during the initial wet cycle.  

 

7.3.3 8,000-6,000 years BP 

Distribution and stratigraphy are detailed below for each of the mapping 

segments. Interpretation follows and an event summary describes this timeframe 

and the accompanying map. 

 

Northern Segment: 

As noted for the previous timeframe, a plausibly correlative feature is 

present in the form of an incision on a portion of the Sand Ramp (Figure 7.8) and 

the paleochannel observed along Sand Creek. No datable materials were found. 

With a lack of viable dateable material, it can only be hypothesized that the 

features on the Sand Ramp and within Sand Creek may be coeval, which is 

plausible, given their spatial relationship and alignments not only with each other, 

but also with the closed basin with the Central Segment as the point of interior 

drainage.   

 

Central Segment:  

 Samples from across the site produced dateable materials, leading to 

viable ages across both the lunette surfaces and the surrounding environments. 

Sampling reveals the continuation of a more massive structure within the 

deposits. Sediments within this time zone are described by the following: silt 



 

 

Figure 7.11 Paleogeographic map, combined Central and Southern Segments, 
10,000 to 8,000 years BP. White areas are unmapped by this study. Mapping 
completed on standard quadrangle USGS topographic map.
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Paleogeographic map, combined Central and Southern Segments, 
10,000 to 8,000 years BP. White areas are unmapped by this study. Mapping 
completed on standard quadrangle USGS topographic map. 

Paleogeographic map, combined Central and Southern Segments, 
10,000 to 8,000 years BP. White areas are unmapped by this study. Mapping 
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through medium grain sized, moderately rounded, poor to well sorted, moderate 

to high sphericity, and organics present in terms of root fragments and traces. 

Materials dated were quartz via OSL and organic sediment via C14. A date of 

7,620±50 years BP was obtained via C14 dating of organic sediment, and a date 

of 6,140±48 years BP resulted from OSL analysis of sediments from the San Luis 

Lake lunette. Two stratigraphic columns are presented in the following Figure 

7.12a and 7.12b, showing the location of the age dated layers in relationship to 

depth and the surrounding sediments. 

 

Southern Segment: 

Deposits from this timeframe are likely present, but were not present in 

any of the selected samples. No age dates from within this time period were 

yielded by this study’s testing. 

 

Interpretation  

 Evidence, which is supported by Madole et al., (2008) suggests, based on 

dating organic sediment deposits from Big Spring Creek to 7,620 years BP, that 

the region between San Luis and Head Lakes and the modern dune field still 

contained vegetation even during the drought that occurred approximately 8,000 

years BP (Holliday, 1999). The vegetation likely belonged to stabilized sand 

sheet and drainage related vegetation, similar to the environmental relationship 

that exists today.  A short wet period began approximately 6,500 years BP, 

based on evidence from Anderson et al., (2008). This wet period may have 

resulted in filling Head and San Luis Lakes, as well as provided recharge for 

vegetative growth along Big Spring and Little Spring Creek. Dates from other 

studies (Couroux, 2001; Madole et al., 2008) were utilized as stratigraphic 

markers in order to determine the alteration in paleotopography. Comparisons 

between the Central Segment and Southern Segment were instead used to 

determine the nature of the deposits, to correlate to the age dates from the 

Central Segment lunettes.  

 



 

Figure 7.12 Stratigraphic columns from the Central Segment, showing the dated 
layers relevant to the 8,000
deposits. Refer to Figure 7.2a
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Stratigraphic columns from the Central Segment, showing the dated 
layers relevant to the 8,000-6,000 years BP timeframe in relation to the overlyin
deposits. Refer to Figure 7.2a for column locations. 

Stratigraphic columns from the Central Segment, showing the dated 
6,000 years BP timeframe in relation to the overlying 
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7.3.4 8,000-6,000 years BP Event Summary 

Utilizing the above data it is suggested that a continuous connected 

lunette front between Head Lake and San Luis Lake existed, but there were two 

separate playas (Figure. 7.13). This interpretation is supported by the climatic 

data suggesting a drought and then a short wet cycle (Haynes, 1991; Holliday, 

1999; Anderson et al., 2008) which would have altered the water levels within the 

lakes. Within the Southern Segment, the results of the field study show that the 

lunettes are present more in their current forms as single discrete lunettes with 

some merged lunettes. The reason for the disappearance of the merged lunette 

fronts in the Southern Segment, but not the one at San Luis Lake, is likely due to 

their scale. Lunettes are not easily eroded deposits (Bowler, 1976; Bowler, 1983, 

Lees and Cook, 1991; Thomas et al., 1993), and the San Luis Lake lunette would 

be difficult to erode in such a short time period. In the Southern Segment, 

however, the lunette fronts are lower and thinner, making them relatively easier 

to erode. The large channel identified in the Northern Segment may have been 

active during this time, during shorter-term high flow events within a water level 

decrease as proposed by the climatic data, i.e. functioning as an ephemeral 

stream tied to the climatic shifts, not the seasonal shifts. 

 

7.3.5 6,000-4,000 years BP  

Distribution and stratigraphy are detailed below for each of the mapping 

segments. Interpretation follows and an event summary describes this timeframe 

and the accompanying map. 

 

Northern Segment: 

Deposits from this timeframe are likely present, but, given the proposed 

climatic regime, the incised feature on the Sand Ramp and the presence of the 

paleochannel are unlikely to correlate to this timeframe. Therefore, this segment 

is unlikely to have any horizon or deposit that is readily identifiable as a plausible 

correlative component to any deposits or features located elsewhere in the 

system. 



 

 

 

Figure 7.13 Paleogeographic map, combined Central and Southern Segments, 
8,000 to 6,000 years BP. White areas are unmapped by this study. Mapping 
completed on standard quadrangle USGS topographic map.
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Paleogeographic map, combined Central and Southern Segments, 
8,000 to 6,000 years BP. White areas are unmapped by this study. Mapping 
completed on standard quadrangle USGS topographic map. 

Paleogeographic map, combined Central and Southern Segments, 
8,000 to 6,000 years BP. White areas are unmapped by this study. Mapping 
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Central Segment: 

The lateral extent of the lunette and playa system at San Luis Lake covers 

the majority of the area that was field mapped and sampled for this section of 

study. No samples with dates from this timeframe were retrieved from Head 

Lake, and all dates from this study are from San Luis Lake lunette deposits. 

Sampling shows a continuation of the previously observed massive bedding, 

though now scattered lenses of sediment, cemented by manganese and/or iron, 

are present. These are weakly cemented and poorly defined in terms of lateral 

extent. Sediments within this time zone are described by the following: clay 

through coarse grain sized, moderately rounded, poor to well sorted, low to high 

sphericity, and no organic materials.  Materials dated were quartz via OSL and 

produced resultant ages of 4,010±300 years BP, 4,270±360 years BP, and 

4,680±340 years BP. All ages were within a similar range of depths averaging 

2.5 m below a projected average surface.  Three stratigraphic columns are 

presented in the following Figure 7.15a-7.15c, showing the location of the age 

dated layers in relationship to depth and the surrounding sediments. 

 

Southern Segment: 

Results come from across the site, located at similar depths of 2 to 2.5 m 

below a projected average surface from widespread sample locations. Similar 

characteristics as the deposits seen in the Central Segment are present, with 

massive bedding and lenses of cemented sediments. Lenses here are cemented 

by iron and/or manganese. These layers are exceedingly well indurated and 

have a distinct, sharp boundary. No lens was found that extended beyond the 

size of a small pool. Sediments within this time zone are described by the 

following: clay through medium grain sized sand, poorly to moderately rounded, 

poor to well sorted, low to high sphericity, and an uncharacteristic lack of 

organics, with only one sample containing minor organic sediment traces. 

Materials dated were predominantly quartz via OSL, producing dates of 

4,270±360 years BP, 4,370±320 years BP and 5,420±340 years BP, and single 

sample of organic sediment dated via C14, with an age of 4,840±40 years BP.  
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Four stratigraphic columns are presented in the following Figure 7.15a-d, 

showing the location of the age dated layers in relationship to depth and the 

surrounding sediments. Sample 2HDE was assigned to the Southern Segment 

for interpretation purposes as it comes from the boundary between the Central 

and Southern Segments and functions as a tie between the two segments. As 

the Central Segment contained three relevant dates for the timeframe, 2DHE 

was used with the Southern Segment data to illustrate the close ages of the 

deposits. 

 

Interpretation  

Proposed climatological regime is non-conducive to creation of extensive 

channel development. Therefore it is unlikely that the channel deposits observed 

in the Northern Segment belong to this timeframe and are likely to be 

noncorrelative to any features of the Central and Southern Segments from this 

timeframe. Starting just prior to 5,000 years BP and continuing on until just 

after4,000 years BP, the area underwent a severe drought (Andrews, et al.,1975; 

Vierling, 1998; Pederson, 2000; Anderson, et al., 2008), and the lack of water 

can be inferred to have caused vegetation loss and a destabilization of the 

surrounding aeolian deposits. The least affected are the more cohesive lunettes, 

with the surrounding destabilized sand sheet showing the most significant 

amount of erosion or deflation (see also: Chen et al., 1997; Dahlgren et al., 1997; 

Langford, 2002; Martinho and Giannini, 2002; Laity, 2003;Rouhipour, 

2006;Arzani, 2007; Mountney and Russell, 2009; Schmeisser, et al., 2009). 

Surfaces within this study, dated to this time period, record a shift to an aeolian 

dominant system.  

Due to the lack of dates from Head Lake correlating to the 6,000-4,000 

year BP time period, the processes at San Luis Lake were utilized as a proxy for 

an evolutionary model of what likely occurred to the nearby Head Lake system. 

The dates from the lunette deposits come from topographically higher deposits 

than the surrounding area. Given that there are no faults in the immediate vicinity 

and that is it unlikely that the lunettes have been tectonically lifted with the 



 

 

 

 

Figure 7.14 Stratigraphic columns from the Central Segment, showing the dated 
layers relevant to the 6,000
deposits. Refer to Figure 7.2a for column locations.
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Stratigraphic columns from the Central Segment, showing the dated 
layers relevant to the 6,000-4,000 years BP timeframe in relation to the overlying 
deposits. Refer to Figure 7.2a for column locations. 

Stratigraphic columns from the Central Segment, showing the dated 
4,000 years BP timeframe in relation to the overlying 
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surrounding regions subsiding, the logical and geologically plausible explanation 

for the discrepancy between age and stratigraphic position is in climate cycling.  

Dates from Couroux’s 2001 study shows a significant stratigraphic change 

occurs between 5,300-4,740 years BP. This change corresponds to areas of 

organic rich material being covered over by significant deposits of aeolian sands. 

Stratigraphy and dates in this study show that many locations became 

deflationary surfaces down to the paleo-water table. The discontinuous layers of 

manganese and iron oxide cementation mark this horizon, supporting this 

hypothesis. This horizon is approximately 2m below the modern surface. The 

corresponding sediments date to between 5,420 to 4,270 years BP. Therefore, 

lunettes, with their cohesive components, were less affected by the erosion than 

the surrounding areas. The surrounding areas, likely dominated by stabilized 

sand sheet, as they are now, would have been greatly affected, as the vegetation 

cover diminished and allowed for sand to begin moving again. The now 

destabilized masses of sediment would be quickly affected, and blowouts on the 

order of a few meters, similar to the modern blowouts, would form, deflating the 

area to the water table .Other areas could have been deflated and then had 

sediment redeposited within the deflationary zone. 

As seen in the combined table of age dates for both the Central and 

Southern Segments (Tables 7.1a and 7.1b), there are seven samples which date 

to the 6,000 to 4,000 year BP timeframe. Therefore, a significantly large number 

of samples, amounting to 41% of the total, fell within this range of dates. These 

dates came from layers just above or within mineralized lenses, indicating that 

the mineralized deposits are regionally significant. Some of these lenses were 

too thick and well indurated to fracture with the hand auger. The samples were 

then taken from the layer just above the mineralized zone. Other mineralized 

lenses were quite thin (minimum thickness of ~2mm) and poorly indurated, and 

often incorporated into the overall sample that was age dated. 

These lenses, all with an age between 6,000 and 4,000 years, do not 

connect into a continuous layer, but instead occur as a horizon of lenticular 
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bodies of a common age. These mineralized lenses were compared to the 

modern system and were found to be similar to the modern sabkha surfaces. 

Representing the capillary fringe and a deflationary surface, the modern sabkha 

occurs approximately two meters above the majority of the lenses. The deposits 

are considered analogous and therefore the lenses were interpreted to be the 

capillary fringe and deflationary surface present 6,000 to 4,000 years BP. This 

timeframe coincided with a significant drought and the area is thought to have 

undergone substantial deflation to the level of the mineralized lenses. 

7.3.6 6,000-4,000 years BP Event Summary 

Based on the above results and interpretations, it can be hypothesized 

that the region exhibited an environmental distribution as seen in the following 

map, Figure 7.16. A severe drought occurred between 5,000 and 4,000 years BP 

(Andrews, et al.,1975; Vierling, 1998; Pederson, 2000; Anderson, et al., 2008) 

and the area underwent deflation.  A connected lunette front is still proposed for 

Head Lake and San Luis Lake, however the playas were either drying up or 

possibly completely dried at this timeframe (Figure 7.16). The San Luis Lake 

lunette was still a large merged lunette, with two playa basins. Layers of the 

lunette were deposited as the playa retreated (Figure 7.16). This is a similar 

process as when a lake dries and exposes the shore, and deposits are left 

behind. In this case, the deposits are in a large zone of intermixed lunette and 

playa sediments between the playa of San Luis Lake and the lunette of San Luis 

Lake. Within the Southern Segment, the lunettes are present more in their 

current forms of single discrete lunettes with some merged lunettes, as no 

evidence indicates that the morphology underwent any large scale alterations. 

Aside from the largest lunette which may have been large enough to contain 

sufficient water to not dry immediately, these playas are theorized to have dried 

out quickly and remained dry. The large channel in the Northern Segment was 

most likely inactive at this time. Given the dominance of deposits dated to 

between 5,000 and 4,000 years BP across the site in terms of retrieved age 

results, and the relationship of this layer with surrounding deposits, it is proposed 



 

 

 

Figure 7.15 Stratigraphic columns from the Southern Segment, showing the 
dated layers relevant to the 6,000
overlying deposits. Refer to Figure 7.2b for column locations.
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Stratigraphic columns from the Southern Segment, showing the 
dated layers relevant to the 6,000-4,000 years BP timeframe in relation to the 
overlying deposits. Refer to Figure 7.2b for column locations. 

Stratigraphic columns from the Southern Segment, showing the 
4,000 years BP timeframe in relation to the 
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that areas not protected by the more resistant lunette and playa deposits 

underwent significant deflation, in places, possibly down to the paleo-water table. 

Sediments removed during deflation are hypothesized to have been incorporated 

into the active dune field. 

 

7.3.7 4,000-0 years BP 

Distribution and stratigraphy are detailed below for each of the mapping 

segments. Interpretation follows and an event summary describes this timeframe 

and the accompanying map. An unusual component to this timeframe is it is the 

only timeframe that necessitated combination. Because of limited age results, the 

timeframe was expanded to 4,000 years. Therefore, the dateable layers from the 

Central and Southern Segments were combined, leading to the delineation of the 

probable response in the Northern Segment deposits, based on comparison to 

available data sets. 

 

Northern Segment: 

 

4,000-2,000 years BP: 

A plausibly correlative feature is present in the form of an incision on a 

portion of the Sand Ramp (Figure 7.8) and the paleochannel observed along 

Sand Creek. With a lack of viable dateable material, it can only be hypothesized 

that the features on the Sand Ramp and within Sand Creek may be coeval, 

which is plausible, given their spatial relationship and alignments not only with 

each other, but also with the closed basin with the Central Segment as the point 

of interior drainage.   

 

2,000 – 0 years BP:  

Deposits from this timeframe are likely present, but, given the proposed 

climatic regime, the incised feature on the Sand Ramp and the presence of the 

paleochannel are unlikely to correlate to this timeframe. Therefore, this segment 

is unlikely to have any horizon or deposit that is readily identifiable as a plausible  



 

 

Figure 7.16 Paleogeographic map, combined Central and Southern Segment, 
6,000 to 4,000 years BP. White areas are unmapped by this study. Mapping 
completed on standard quadrangle USGS topographic map.
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Paleogeographic map, combined Central and Southern Segment, 
6,000 to 4,000 years BP. White areas are unmapped by this study. Mapping 
completed on standard quadrangle USGS topographic map. 

Paleogeographic map, combined Central and Southern Segment, 
6,000 to 4,000 years BP. White areas are unmapped by this study. Mapping 
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correlative component to any deposits or features located elsewhere in the 

system. 

 

Central Segment 4,000 – 0 years BP:  

Deposits present across sampling site, with the majority sourcing from the 

lunette. Deposits dating to this timeframe are also likely in the surrounding 

sabkha and sand sheet, but all data for this timeframe consists of samples from 

Head and San Luis Lake lunettes. Sampling reveals the continuation of a more 

massive structure within the deposits, however the deposits are noticeably 

eroded, specifically within proximity to the lunette fronts. Sediments within this 

time zone are described by the following:  clay through fine grain sized, poor 

through well rounded, poor to well sorted, and low to high sphericity. No organics 

were located within any San Luis Lake samples. Materials dated were quartz via 

OSL, with resultant ages of 1,260±100 years BP, 1,170±90 years BP and 

2,850±300 years BP. A single sample from Head Lake contained organic 

sediment and was dated using C14 to date to approximately 3,100±40 years BP.  

Two stratigraphic columns are presented in the following Figure 7.17a and 7.17b, 

showing the location of the age dated layers in relationship to depth and the 

surrounding sediments. 

 

Southern Segment 4,000 – 0 years BP: 

Deposits from this timeframe are likely present, but were not present in 

any of the selected age dated samples. No age dates from within this time period 

were yielded by this study’s testing. 

 

Interpretation  

This is a plausible timeframe for development of the fluvial channel 

deposits located within this segment and plausible relationship to the features 

within the path of the paleodrainage. Post 2,000 years BP, however, the 

proposed climatological regime became non-conducive to creation of extensive 

channel development. Therefore it is unlikely that the channel deposits observed 
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in the Northern Segment belong to this time period and are likely to be non-

correlative to any features of the Central and Southern Segments from this 

timeframe.  

Similarity between the deposits in the Central and Southern Segments 

ends when the post 4,000 years BP sedimentation begins. The Central Segment 

samples indicate a shift to fluvial deposition during this timeframe, with fluvially 

derived modification occurring to the lunette deposits. This is in contrast to the 

cyclic accumulation observed in samples surrounding the Dry Lakes lunettes. 

From age dates and stratigraphic markers along Big Spring Creek, Little Spring 

Creek, the lunette at San Luis Lake and the sediment behind of San Luis Lake, 

the signature of large scale fluvial action can be seen, present from 

approximately 3,000 years BP until approximately 1,300 years BP. Erosion, 

caused by multiple fluvial channels, occurs in the stabilized sand sheet adjacent 

to the San Luis and Head Lake complex. The unusual structure of the lunette at 

San Luis Lake is estimated to have formed between 3,000 to 1,300 years BP. 

During this time, the western edge of the lake recorded a more fluvially 

active environment than what exists in the modern. Combined drainage from 

modern Sand Creek and modern Big Spring Creek projects to flow directly 

through an unusual break in what may have been the single lunette once 

connecting Head Lake and San Luis Lake. Abnormally little sediment 

accumulated at Head Lake as seen by the close spacing of the layers dating to 

3,100±40 and 1,170 ±90 years BP (see cross section G-G’, Figure 7.3 and the 

associated, single stratigraphic columns presented in Appendix J). This lack of 

deposit thickness indicates that the surface either became more erosive or 

simply did not receive much sediment or acted as a sediment bypass surface. 

The primary evidence for the timing of the fluvial dissection of the lunette front 

comes from the deposits at Head and San Luis Lake lunette margins, which are 

within the zone that would have been eroded by the proposed fluvial system. 

Samples HLBB (Head Lake) and SLLP6 (San Luis Lake) both contain sediments 

with very young ages present at depths that are substantially lower than 

predicted, in relation to the surrounding deposits (Figures 7.4, and 7.5). Since the 



 

Figure 7.17 Stratigraphic columns from the Central Segment, showing the dated 
layers relevant to the 4,000 years BP to Present timeframe in relation to the 
overlying deposits. Refer to Figure 7.2a
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Stratigraphic columns from the Central Segment, showing the dated 
layers relevant to the 4,000 years BP to Present timeframe in relation to the 

g deposits. Refer to Figure 7.2a for column locations. 
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increased water levels that followed. The length of time it would take for a body 

of water the size of San Luis Lake to recede in a drought is enough time to form 

a new lunette system, since there is more sediment available, compared to the 

shallower and smaller adjacent systems. As the low point, when a wet cycle 

returned, San Luis Lake would then receive water. Both of these factors, 

combined with the available sediment supply, contributed to the construction of 

the unusual lunette at San Luis Lake. After this highly active and erosive period, 

the area then settled into a pattern very similar to that seen in the south. It is 

possible that the fluvial system may have avulsed as opposed to ceased to flow, 

however, there are no paleochannels or other fluvial evidence to indicate this 

occurred in proximity to the lunettes.  Active sedimentation surrounded the 

lunette, with the lunette remaining more or less stable and acting as a sediment 

bypass surface. A new, much smaller lunette began to form along San Luis Lake, 

likely due to the effects from the excessive drought seen in approximately 1230 

CE (Hevly, 1988), and likely built up in a natural sequence until the lake came 

under anthropogenic control. 

  The lunettes appear to have remained relatively untouched, with 

only minor effects to their accumulation, but the area around the lunettes shows 

a relatively high rate of sedimentation, and records the presence of cyclic playas 

and stabilized sand sheet. This cyclicity, post 4,000 years BP, is recorded in 

many of the sample sites, such as the LPLGG sample site within the Southern 

Segment’s largest playa, where the presence of shells and roots indicates the 

pattern of wetting and drying that the playa adjacent to one of the lunettes 

underwent. Dates from other studies (Couroux, 2001; Madole et al., 2008) were 

utilized as stratigraphic markers in order to determine the alteration in 

paleotopography, but were not used in determining the evolution of the area 

beyond that. Instead, correlation between the systems in the Central Segment 

and Southern Segment were used and deposits relative to the age dates from 

the Central Segment lunettes can be inferred. 
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7.3.8 4,000-0 years BP Event Summary 

Based on the above results and interpretations, it can be hypothesized 

that the region exhibited an environmental distribution as seen in the following 

maps, Figures 7.18 and 7.19. Maps were created from the timeframes of 4,000 to 

2,000 years BP and 2,000 years BP to Present. The key event between 4,000 

and 2,000 years BP is the presence of a large fluvial system dissecting the 

lunette front at San Luis Lake, with the lake flooding up onto the older lunette 

surfaces (Figure. 7.18). The lunette is fluvially eroded, and the unique nature of 

the interior topography of the lunette can be explained by the fluvial system not 

only eroding the lunette front but flooding the playa. This was caused by a return 

of a wet cycle and the lack of further fluvial accommodation space in the already 

filled lacustrine systems. The lunette therefore becomes the distinctive fluvially 

modified lunette that exists today. The semi-arid climate that is dominant at 

present began approximately 2,000 years BP and at San Luis Lake, the lunettes 

gain their approximate modern day orientations, but without the modern 

anthropogenic modifications (Figure. 7.19). The fluvial channel that dissected the 

lunette front has ceased to flow, leaving a fragmented lunette deposit and highly 

modified lunette series behind the main lunette front. 

Within the Southern Segment, the lunettes are present more in their 

current forms of single discrete lunettes with occasional merged lunettes present. 

Aside from the filling and drying cycles at the lunettes, no physical alterations 

occur within this segment of the site. Again, the large channel identified in the 

Northern Segment (see following study and analysis of the Northern Segment) 

could plausibly be dated to the wet cycle timeframe of 4,000 to 2,000 years BP, 

as the climatic conditions are within acceptable parameters. The large fluvial 

feature that dissects the lunette front at San Luis Lake is in the proper alignment 

to have been an extension of the channel within the Northern Segment. The 

channel was most likely not active during semi-arid conditions starting 2,000 

years BP, as there was not enough precipitation to feed a channel system of that 

size. Only smaller creeks are present today within the region. 
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7.4 Discussion and Conclusions 

Climatic cycling patterns for the study area were reconstructed from the 

data gathered across the site. Specific depositional regimes were identified as 

plausible for given climatic conditions, and correlated with known dates and 

additional relevant climatic studies when applicable. With the result on nonviable 

age dating materials in the Northern Segment, the known deposits were instead 

associated via geological and climatological correlation as opposed by 

chronological means. 

 As seen, the northern portion of the site records the presence of 

channels, however the lack of any age results makes a definitive correlation 

unattainable. Therefore, the deposits are plausibly associated to any of the 

climatic cycles that had sufficient water. The deposits most likely belong to the 

4,000-2,000 years BP wet cycle. This association is suggested as the drainage 

development known from that timeframe in the Central and Southern Segments. 

However, until viable materials for age dating can be obtained from either the 

sand ramp or the paleochannels it will have to remain as a hypothesis.  

The central region and southern mapped portions of the site produced 

viable age dating materials within multiple samples across the site. The deposits 

show the general cycling of the climate known to have occurred in the area. The 

effects may have been mitigated or enhanced by the position of the location in an 

actively subsiding valley. Much as large bodies of water experience a difference 

in climatic expression, the orientation and location of the site within the San Luis 

Valley may have contributed to extremes or moderations of the regional climatic 

effects. 

The entire progression of the system over time is presented in Figure 

7.20. The maps have been cropped to allow for the ease of comparison across 

images.  

The lunettes in both regions are at their largest during the 10,000-8,000 

years BP wet cycle; begin to shrink as their associated playas diminish in a semi-

arid dominant 8,000-6,000 years BP; remain as the most stable, albeit modified, 



 

 

Figure 7.18 Paleogeographic map, combined Central and Southern Segments, 
4,000 to 2,000 years BP. White areas are unmapped by this study. Mapping 
completed on standard quadrangle USGS topographic map.
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Paleogeographic map, combined Central and Southern Segments, 
4,000 to 2,000 years BP. White areas are unmapped by this study. Mapping 
completed on standard quadrangle USGS topographic map. 

Paleogeographic map, combined Central and Southern Segments, 
4,000 to 2,000 years BP. White areas are unmapped by this study. Mapping 



 

Figure 7.19 Paleogeographic map, combined Central and Southern Segments, 
2,000 years BP to Present. White areas are unmapped by this study. Mapping 
completed on standard quadrangle USGS topographic map.
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Paleogeographic map, combined Central and Southern Segments, 
2,000 years BP to Present. White areas are unmapped by this study. Mapping 
completed on standard quadrangle USGS topographic map. 

 

Paleogeographic map, combined Central and Southern Segments, 
2,000 years BP to Present. White areas are unmapped by this study. Mapping 



 

Figure 7.20 Cropped reconstructed maps presented side by side for a 
comparison of the alteration and evolution of the system over time. Note the 
prevalence of the basins at Head Lake and at San Luis Lake and the relative 
stability of the lunette deposits over time.

 

 

 

306 

Cropped reconstructed maps presented side by side for a 
comparison of the alteration and evolution of the system over time. Note the 
prevalence of the basins at Head Lake and at San Luis Lake and the relative 

lunette deposits over time. 

 

Cropped reconstructed maps presented side by side for a 
comparison of the alteration and evolution of the system over time. Note the 
prevalence of the basins at Head Lake and at San Luis Lake and the relative 
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features during a severe drought occurring within the 6,000-4,000 years BP dry 

cycle; are flooded and undergo fluvial input (most notably at San Luis Lake), 

during the 4,000-2,000 years BP wet cycle; and have remained at their rough 

current orientations and dimensions from 2,000 years BP until the present. This 

demonstrates a unique stability of these features and their evolution in relation to 

the dynamic adjacent aeolian system. 
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CHAPTER 8   

DISCUSSION AND CONCLUSIONS 

 

The results of this study show that the combined archaeological and 

paleoclimatic records for the GRSA produce a useful and practical reconstruction 

of events applicable in a dynamic aeolian system. The knowledge and utilization 

of a long and not always climatically driven occupational history of the region 

paired with climatological studies assists in the ongoing expansion of 

establishment of a paleoclimatological record within the valley. It also 

demonstrates that lunettes are a key factor in preserving artifacts in situ, allowing 

for the use of the archaeological remains to be better utilized and placed within 

the history of aeolian regions. 

Identification of lunettes, particularly the deposit at San Luis Lake, was the 

goal of the study, which was achieved through a multiple tiered approach. This 

allowed for the deposits to be broken down into basic elements to determine the 

identity of the feature and how it related to the surrounding environments. This 

study shows that the feature is consistent with the geomorphological expression 

of a lunette, even though the shape does not fit the idealized profile of a lunette. 

An unexpected outcome was the result of finding that not only is the deposit at 

San Luis Lake a lunette, but that there are three types of lunettes within the 

system, (single, discrete lunettes, merged lunettes and fluvially modified lunettes) 

and all three are geomorphologically distinct.  

This led to the development and implementation of a system of lunette 

classification and analysis that has not been previously suggested or used in 

lunette system. Analyses of the grain size, sedimentological composition and 

stratigraphic architecture showed that while the lunettes can have vastly different 

geomorphological expressions, in terms of stratigraphy and sedimentology, the 

features and characteristics are constant across all deposit types. The main 

difference is not in depositional processes, but in the degree of exposure to 

fluvial modification and the proximity and duration of exposure to streams and 

lacustrine systems.  
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Therefore, while there are different types of lunettes, the differentiation 

between them is purely geomorphological, not depositional. These types of 

lunettes, however, can be used to map the margins of a paleobasin. This study 

showed that the longer a lunette is exposed, or in proximity to, an adjacent 

lacustrine system and fluvial system, the more likely it is to be modified from the 

original, idealized form. Using this result, it was shown that the more heavily 

modified fluvially influenced lunettes will be at the center or near the center of a 

paleobasin, ringed by the less modified structures of the merged lunettes, 

followed by the relatively unaltered single, discrete lunettes. By using the 

morphology as a guide to creating boundaries, this result has multiple 

applications in mapping evolutionary patterns in lunette systems worldwide. 

The detailed analyses with the focus on reclamation, conducted for the 

Northern Segment, provided not only sedimentological data pertinent to 

successful reclamation, but also a way to link the northern deposits with the 

geoarchaeological, geomorphological and lunette based studies in the Central 

and Southern Segments. It showed that while the deposits in the northern area 

lacked viable age dating material, the plausible connection of the large 

paleochannel complex located along Sand Creek and the incisions observed on 

the front of the Sand Ramp may be postulated to link to various timeframes, 

dependent on climate. This allowed for the framework of how the systems link 

and what the effects might be, which is valuable for understanding the nature of 

the Sand Ramp relationship and impact on the central focus of the lunette 

systems. 

 The combined synthesis of all data into a paleoreconstruction from 

10,000 years BP to Present, centered on San Luis Lake, but considered all 

segments. The reconstruction demonstrates that the area underwent multiple 

cycles of wet to arid over the past 10,000 years, and that these cycles are 

recorded in the more stable lunette deposits and are supported by the evidence 

from the archaeological data and surrounding deposits. It shows that this cycling 

is what drove the varying degrees of lunette geomorphological types, and each 

timeframe showed how and when that differentiation in form from the idealized 
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lunette expression took place in the evolutionary history of the area. The lunettes 

were shown to be far more stable in relation to the surrounding environments 

than previously thought. The results show that the lunettes have been present in 

the area prior to 8,500 years BP. The stability of the deposits and their duration 

over the timeframe of interest coincides with the timeframe of human occupation. 

This provided a unique opportunity to correlate anthropologic data, climatic data 

and the results gathered during this study. This multidisciplinary approach 

provides a more detailed and scientifically referenced evolutionary reconstruction 

of the region than any one field would have otherwise allowed. This is unique in 

terms of analyzing lunettes as no study has used the depositional sequencing 

and geomorphology of a lunette to reconstruct a paleogeographic map. This 

provides not only a detailed history of the GRSA and an explanation as to the 

identity of the feature at San Luis Lake and its importance, but establishes a 

method for use of lunettes in reconstructing localized history in areas of the 

world. 

  



311 
 

REFERENCES CITED 

 

Agenbroad, L. and Mead, J. (1992). Quaternary paleontology and 
paleoenvironmental research in National Parks on the Colorado Plateau, Park 
Science vol. 12: pgs. 13-14. 

 
Aitken, M. (1985). Thermoluminescence Dating, Academic Press, London. 

359 pg. 
 
Aitken, M. (1998). An Introduction to Optical Dating. Oxford University 

Press. 280 pg.  
 
Ahlbrandt, T., and Fryberger, S. (1981). Sedimentary features and 

significance of interdune deposits. In Ethridge, F., and Flores, R., editors, Recent 
and ancient nonmarine depositional environments: Models for exploration. 
Society of Economic Paleontologists and Mineralogists Special Publication 31, 
pgs. 293-314. 

 
Ahlbrandt, T., and Fryberger, S. (1982). Introduction to eolian deposits. In 

Scholle, P., and Spearing, D., editors, Sandstone depositional environments. 
American Association of Petroleum Geologists Memoir 31, pgs. 11-47. 

 
Alley, R., Mayewski, P., Sowers, T., Stuiver, M., and Taylor, K. (1997). 

Holocene climatic instability: A prominent, widespread event 8200 yr ago. 
Geology, June, vol. 25, no. 6, pgs. 483–486. 

 

Anderson, D., Miller, D., Yerka, S., Gilliam, J., and Faught, M. (2005). 
Paleoindian Artifact Distribution in the Southeast and Beyond. Clovis in the 
Southeast. Conference on Early North American Peoples, Columbia, South 
Carolina, 22: 91-92. 

 
Anderson, R., Betancourt, J., Mead, J., Hevly, R., and Adam, D. (2000). 

Middle- and late-Wisconsin paleobotanic and paleoclimatic records from the 
southern Colorado Plateau, USA. Paleogeography, Palaeoclimatology, and 
Palaeoecology, vol. 115, pgs. 31-57. 

 
Anderson R.S., Jass R.B., Toney J.L., Allen C.D., Cisneros-Dozal L.M., 

Hess M., Heikoop J., Fessenden J. (2008) Development of the mixed conifer 
forest in northern New Mexico and its relationship to Holocene environmental 
change, Quaternary Research, 69 (2), pgs. 263-275. 

 
Andrews, J., Carrara, P., King, F., Stuckenrath, R. (1975). Holocene 

Environmental Changes in the Alpine Zone, Northern San Juan Mountains, 
Colorado : Evidence from Bog Stratigraphy and Palynology. Journal of 
Quaternary Research, vol. 5, pgs., 173-197. 



312 
 

 
Andrews, S., (1981a), "Sedimentology of Great Sand Dunes, Colorado", in 

Ethridge, F.G., and R.M. Flores, Recent and ancient non-marine deposition 
environments, models for exploration. Soc. Econ. Petrologists and Mineralogists 
Spec. Pub. No. 31, pgs. 279-291. 

 
Arzani, N. (2007). Playa-Lake Level Fluctuation and Recent Sediments of 

a Terminal Fan Playa Fringe, Arbarkoh Basin, Central Iran. Journal of Sciences. 
Islamic Republic of Iran,vol. 18(1), pgs. 19-33. 

 
ASTM Standard D422-63 (2007). "Standard Test Method for Particle-Size 

Analysis of Soils," ASTM International, West Conshohocken, PA, 2003, DOI: 
10.1520/C0033-03, www.astm.org. 

 
Auerbach, L., Birrell, A., Boord, M., Bruce-Mitford, M., Clayton, P., 

Dunning, R., Grayson, J., Gunson, N., Hodge, S., Leick, G., Morales, H., Nuttall, 
M., Prime, R., Riordan, J., Saunders, N., Scheub, H., Wannell, B., and Weiner, J. 
(2001). Encyclopedia of World Mythology, editor, Cottrell, A., Parragon, Barnes 
and Noble, New York, New York, 320 pg. 

 
Bahn, P. (2007). The World's Great Archaeological Treasures, Barnes and 

Noble, New York, 255 pg. 
 
Baldridge, W., Ferguson, J., Braile, L., Wang, B., Eckhardt, K., Evans, D., 

Schultz, C., Gilpin, B., Jiracek, G., Biehler, S. (1994). The Western Margin of the 
Rio Grande Rift in northern New Mexico: an aborted boundary?, Geological 
Society of America, Bullentin December, vol. 196, pgs. 1538-1551. 

 
Bauer, C. F. (1971). Minerals of the San Luis valley and adjacent areas of 

Colorado. In Twenty-second Field Conference, New Mexico. New Mexico 
Geological Society. 

 
Benedict, J. (1973). Chronology of Cirque Glaciation, Colorado Front 

Range. Journal of Quaternary Research, vol.3, pgs. 584-599. 
 
Benumof, B., Storlazzi, C., Seymour, R., and Griggs, G. (2000). The 

Relationship between Incident Wave Energy and Seacliff Erosion Rates: San 
Diego County, California. Journal of Coastal Research., vol 16. no.4. pgs 1162-
1178. 

 
Bieberman, R. A. (1971). Mineral Resources of the San Juan Basin. In 

Twenty second Field Conference, New Mexico. New Mexico Geological Society. 
 
Bigio, E., Swetnam, T., and Baisan, C. (2010). A comparison and 

integration of tree-ring and alluvial records of fire history at the Missionary Ridge 
Fire, Durango, Colorado, USA. The Holocene, vol. 20, no. 7, pgs.1047–1061. 



313 
 

 
Blackwood, D., Hathaway, J., Paskevitch, V., Poppe, L. (2001). A 

Laboratory Manual for X-Ray Powder Diffraction. USGS Open-File Report, 01-
041. 

 
Bowler, J.M. (1968). Australian landform example No. 11: lunette. Aust. 

Geog. 10 (5), 69. 
 
Bowler, J. (1976). Aridity in Australia: Age, origins and expression in 

aeolian landforms and sediments. Earth Science Reviews, vol.12, issues 2-3, 
pgs. 279–310. 

 
Bowler, J. (1983). Lunettes as indices of hydrologic change: a review of 

Australian evidence. In Proceedings of the Royal Society of Victoria, vol. 95, pgs. 
147–168. 

 
Bowler, J., Johnston, H., Olley, J., Prescott, J., Roberts, R., Shawcross, 

W., and Spooner, N. (2003). New ages for human occupation and climatic 
change at Lake Mungo. Australia Nature, vol. 421, pgs. 837–840. 

 
Bowen, M. and Johnson, W. (2011) Late Quaternary environmental 

reconstructions of playa-lunette system evolution on the central High Plains of 
Kansas, United States. Geological Society of America Bulletin. v. 124. no. 1/2. 
pgs. 146–161 

 
Briere, P. (2000). Playa, playa lake, sabkha: Proposed definitions for old 

terms.  Journal of Arid Environments. Elsevier, 45 (1), pgs.1–7. 
 
Bruce, R., and Johnson, B. (1991). Reconnaissance Geologic Map of 

parts of the Zapata Ranch and Mosca Pass Quadrangles, Alamosa and 
Huerfano Counties, Colorado: U.S. Geological Survey, Miscellaneous Field 
Studies Map MF-2168, scale 1:24,000. 

 
Bunch, F., Martorano, M., Anderson, A., Jodry, P., Madole, R., Hoefer III, 

T., White, D. (2001). Great Sand Dunes eolian system archaeological program 
research through multiple disciplines and multiple partners, Crossing boundaries 
among disciplines to understand our natural and cultural heritage. In Harmon, D., 
editor, Crossing Boundaries in Park Management: Proceedings of the 11th 
Conference on Research and Resource Management in Parks and on Public 
Lands, Hancock, Michigan: The George Wright Society, 8 pg. 

 
Carr, A., Thomas, D., and Bateman, M. (2006). Climatic and sea level 

controls on Late Quaternary eolian activity on the Agulhas Plain, South Africa. 
Journal of Quaternary Research, vol. 65, no. 2, pgs. 252-263. 

 



314 
 

Chapin, C. (1971). The Rio Grande Rift, Part 1: Modifications and 
Additions, New Mexico Bureau of Mines and Mineral Resources, Socorro, New 
Mexico, 10 pg. 

 
Chapin, C. and Cather, S. (1994). Tectonic setting of the axial basins of 

the northern and central rio grande rift. In Keller, G. and Cather, S., editors, 
Basins of the Rio Grande Rift: Structure, Stratigraphy, and Tectonic Setting, 
Geological Society of America Special Paper, Boulder, Colorado. vol. 291, pgs. 
5–25. 

  
Chatman, M., Sharrow, D., and Valdez, A. (1997). Water resources 

management plan, Great Sand Dunes GRSA. Number 197. Colorado National 
Park Service, Water Resources Division, 197 pg. 

 
Chen, X., Bowler, J., Magee, J. (1993). Late Cenozoic stratigraphy and 

hydrologic history of Lake Amadeus, a central Australian playa. Australian 
Journal of Earth Sciences, vol. 40, no. 1, pgs. 1-14. 

 
Chen, X. (1995). Geomorphology, stratigraphy and thermoluminescence 

dating of the lunette dune at Lake Victoria, western New South Wales. 
Palaeogeography, Palaeoclimatology, Palaeoecology, vol.13. pgs. 69-86. 

 
Clarke, M. and Rendell, H. (1998). Climate change impacts on sand 

supply and the formation of desert sand dunes in the southwest USA. In Journal 
of Arid Environments, vol. 39, pgs. 517–531. 

 
Cole, K. (1990). Reconstruction of past desert vegetation along the 

Colorado River using packrat middens. Palaeogeography, Palaeoclimatology, 
and Palaeoecology, vol. 76, pgs. 349-366.  

 
Cordell, L. (1994). Ancient Pueblo Peoples. St. Remy Press and 

Smithsonian Institution, 176 pg. 
 
Cordell, L. (2007). The Antiquities Act: A Century of American 

Archaeology, Historic Preservation, and Nature Conservation. School of 
Advanced Research; Museum Anthropology Review, vol. 1, no. 1. 

 
Couroux, E. (2001). An integrated study of landform development using 

near surface geophysics, remote sensing, and geomorphology at the Great Sand 
Dunes national monument, southern Colorado. Master’s thesis, University of 
Texas at El Paso, 175 pg. 

 
Dalhgren, R., Richards, J., Yu, Z. (1997). Soil and groundwater chemistry 

and vegetation distribution in a desert playa, Owens Lake, California. Arid Soil 
Research and Rehabilitation, vol.11, no. 3, pgs. 221-244. 

 



315 
 

Dean, J. (1994). The medieval warm period on the southern Colorado 
Plateau. Climatic Change, vol. 26, pgs. 225-241. 

 
Drenth, B. (2009). Potential field studies of the central San Luis Basin and 

San Juan Mountains, Colorado and New Mexico, and southern and western 
Afghanistan, The University of Oklahoma, 165 pg. 

 
Duller, G. (1991). Equivalent dose determination using single aliquots. In 

Nuclear Tracks and Radiation Measurements, vol.18, pgs. 371–378. 
 
Edwards, E. and Twomey, K. (1982). Habitat suitability index models: 

smallmouth buffalo. U.S. Department of Interior, Fish and Wildlife Services, 
FWS/OBS -82, pgs. 28. 

 
Ellis, S. (1997). The Ice Age History of Southwestern National Parks, 

Smithsonian Institution Press. pgs. 39–43. 
 
Etnier, D., and Starnes, W. (1993). The fishes of Tennessee. University of 

Tennessee Press, Knoxville, Tennessee, 681 pg. 
 
Fagan, B. (1991). Ancient North America: The Archaeology of a Continent 

(Part V). Thames and Hudson, Inc., New York, New York, 286 pg. 
 
Fagundes, N. (2008). Mitochondrial population genomics supports a single 

pre-Clovis origin with a coastal route for the peopling of the Americas. The 
American Journal of Human Genetics, vol. 82, pgs. 1–10. 

 
Forman, S. Oglesby, R., and Webb, R. (2001). Temporal and spatial 

pattern of Holocene dune activity on the great plain of North America: 
megadroughts and climate links. Global and Planetary Change, vol. 29, pgs.1–
29. 

 
Forman, S., and Pierson, J. (2003). Formation of linear and parabolic 

dunes on the eastern Snake River Plain, Idaho in the nineteenth century. 
Geomorphology, vol. 56, issues 1-2, pgs. 189–200. 

 
Frison, G.C. (1998). Paleoindian large mammal hunters on the plains of 

North America, Proc. Natl. Acad. Sci. USA, November Anthropology vol. 95, pgs. 
14576–14583. 

 
Fryberger, S., and Dean, G. (1979). Dune forms and wind regime. In 

McKee, E., editor, A study of global sand seas. US Geological Survey 
Professional Paper 1052, pgs. 137-169. 

 
Fryberger, S., Ahlbrandt, T., and Andrews, S. (1979). Origin, sedimentary 

features, and significance of low-angle eolian “sand sheet” deposits, Great Sand 



316 
 

Dunes National Monument and vicinity, Colorado. Journal of Sedimentary 
Petrology, vol. 49. 

 
Fryberger, S. (1990). Great Sand Dunes depositional system – an 

overview. In Fryberger, S., Krystinik, L., and Schenk, C.,editors, Modern and 
Ancient Eolian Deposits: Petroleum Exploration and Production. Rocky Mountain 
Section, S.E.P.M. ch. 1, pgs. 1.1–1.9.  

 
 
Golombek, M., McGill, G., Brown, L. (1983). Tectonic and Geologic 

Evolution of the Espanola Basin, Rio Grande Rift: Structure, Rate of Extension 
and Relation to the State of Stress in the Western United States, 
Teetanaphysies, vol.94, pgs. 483-507. 

 
Goudie, A., Livingstone, I., and Stokes, S. (2000). Aeolian Environments, 

Sediments and Landforms. John Wiley and Sons. Hoboken, New Jersey. 
pgs.336. 

 
Graham, J. (2006). Great Sand Dunes National Park and Preserve 

geologic resource evaluation report. Natural Resource Report 
NPS/NRPC/GRD/NRR-2006/011 National Park Service. 
 

Gries, R., and Brister B. (1994). Tertiary Stratigraphy and Tectonic 
Development of the Alamosa Basin (Northern San Luis Basin), Rio Grande Rift, 
South-Central Colorado. The Geological Society of America Special Paper 291, 
pgs. 39-48. 

 
Grissino-Mayer, H., Baisan, C., and Swetnam,T. (1998). A multicentury 

reconstruction of precipitation for Great Sand Dunes National Monument, 
southwestern Colorado. U.S. Department of the Interior National Park Service, 
37 pg. 

 
Harper, R., and Gilkes, R. (2004). Aeolian Influences on the soils and 

landforms of the southern Yilgarn Craton of semi-arid, southwestern Australia. 
Geomorphology, 59, pgs. 215-235. 

 
Haug, G., Detlaf, G., Peterson, L., Sigman, D., Hughen, K., and 

Aeschlimann, G. (2003). Climate and the collapse of the Maya Civilization, 
Nature vol. 299, pgs. 1731-1735. 

 
Haynes, Jr., C. (1991). Geoarchaeological and Paleohydrological 

Evidence for a Clovis-Age Drought in North America and Its Bearing on 
Extinction. Journal of Quaternary Research, vol. 35, pgs. 438-450. 

 
Haynes, G. (2002). The Early Settlement of North America: The Clovis 

Era. New York: Cambridge University Press. 



317 
 

 
Hevly, R. (1988). Prehistoric vegetation and paleoclimates on the 

Colorado Plateaus. In Gumerman, G., editor, The Anasazi in a Changing 
Environment. Cambridge University Press, New York, New York. pgs. 93-118. 

 
Hodell, D., Curtis, J., and Brenner, M. (1991). Possible role of climate in 

the collapse of Classic Maya civilization, Nature, vol. 375, pgs. 391-394. 
 
Holliday, V. and Sabin, T. (1995). Playas and lunettes on the southern 

high plains: Morphometric and spatial relationships. Annals of the Association of 
American Geographers, vol. 85, no. 2, pgs. 286–305. 

 
Holliday, V. (1997). Origin and Evolution of Lunettes on the High Plains of 

Texas and New Mexico. Journal of Quaternary Research, vol 47, pgs. 54–69. 
 
Holliday, V. (1999). Paleoclimatology: Reconstructing climates of the 

quaternary. Geoarchaeology 2nd Ed, ch .14, pgs.717–718. 
 

Hubbs, C., Edwards, R., and Garrett, G. (1991). An annotated checklist of 
freshwater fishes of Texas, with key to identification of species. Texas Journal of 
Science. Supplement 43(4), pgs. 1-56. 

 
Hugenholtz, C., and Wolfe, S. (2006). Morphodynamics and climate 

controls of two aeolian blowouts on the northern Great Plains, Canada. Earth 
Surface Processes and Landforms 31(12), pgs.1540-1557. 

 
Huntley, D., Godfrey-Smith, D., and Thewalt, M. (1985). Optical dating of 

sediments. Nature, vol. 313, pgs. 105–107. 
 
Hurst, C. (1941). A Folsum Location in the San Luis Valley, Colorado. 

South Western Lore 7, No. 2, pgs 31-34, Boulder, Colorado. University of 
Colorado. 

 
Jodry, M. (1987). Stewart’s Cattle Guard site—A Folsom site in southern 

Colorado—A report on the 1981 and 1983 field seasons: The University of Texas 
at Austin, Department of Anthropology, unpublished Master’s thesis. 

 
Jodry, M., Shafer, D., Stanford, D. and Davis, O. (1989). Late Quaternary 

environments and human adaptation in the San Luis valley, south-central 
Colorado. In Harmon, E., editor, Water in the valley—A 1989 perspective on 
water supplies, issues, and solutions in the San Luis Valley, Colorado, Colorado 
Ground-Water Association Guidebook, 8th annual field trip, pgs. 189–208. 

 
Jodry, M., and Stanford, D. (1992). Stewart’s Cattle Guard site—An 

analysis of Bison remains in a Folsom kill–butchery campsite. In Stanford, D. and 



318 
 

Day, J., editors, Ice age hunters of the Rockies, Niwot, University Press of 
Colorado, pgs. 101–168. 

 
Johnson, B., Bruce, R., and Lindsey, D. (1989). Reconnaissance geologic 

map of the Medano Pass quadrangle and part of the Liberty Quadrangle, 
Alamosa, Huerfano, and Saguache Counties, Colorado. U.S. Geological Survey 
Miscellaneous Field Studies Map MF-2089, scale, 1:24,000. 

 
Johnson, B. and Bruce, R. (1991). Reconnaissance Geologic Map of parts 

of the Twin Peaks and Blanca Peak Quadrangles, Alamosa, Costilla, and 
Huerfano Counties, Colorado: U.S. Geological Survey, Miscellaneous Field 
Studies Map MF-2169, scale 1:24,000. 

 
Johnson, E. (1986). Late Pleistocene and Early Holocene Vertebrates and 

Paleoenvironments on the Southern High Plains, U.S.A. Géographie physique et 
Quaternaire, vol. 40, no. 3, pgs. 249-261. 

 
Johnson, R. (1971). The great sand dunes of southern Colorado. In 

James, H., editor, Guidebook of the San Luis Basin, Colorado. New Mexico 
Geological Society, Twenty-Second Field Conference, pgs. 123–128. 

 
Jones, D. and Molyneaux, B. (2001). The Mythology of the Americas: 

Encyclopedia of the Gods, Spirits and Sacred Places of North America, 
Mesoamerica and South America. Lorenz Books, London, 256 pg. 

 
Keegan, M. (1998). Pueblo People, Ancient Traditions Modern Lives. 

Clear Light Publishers, Santa Fe, New Mexico, 264 pg. 
 
Keller, G. and Cather, S. (1994). Introduction. In Keller, G. and Cather, S., 

editors, Basins of the Rio Grande Rift: Structure, Stratigraphy, and Tectonic 
Setting, vol. 291, pgs. 1–3. Geological Society of America Special Paper, 
Boulder, Colorado. 

 
Kiver, E., and Harris, D. (1999). Geology of U.S. Parklands (Fifth Edition 

ed.). New York: John Wiley & Sons, 912 pg . 
 
Kluth, C. and Schaftenaar, C. (1994). Depth and geometry of the northern 

Rio Grande Rift in the San Luis Basin, Southcentral Colorado. In Keller, G. and 
Cather, S., editors, Basins of the Rio Grande Rift: Structure, Stratigraphy, and 
Tectonic Setting, Geological Society of America Special Paper, Boulder, 
Colorado, vol. 291, pgs. 27–37. 

 
Laity, J. (2007). Aeolian Destabilization Along the Mojave River, Mojave 

Desert, California: Linkages among Fluvial Groundwater, and Aeolian Systems. 
Physical Geography, Soil Science and Conservation, vol. 24, no. 3, pgs. 196-
221. 



319 
 

 
Langford, R., and Bracken, B., (1987). Medano Creek, Colorado, a Model 

for Upper-Flow-Regime Fluvial Deposition. Journal of Sedimentary Research, 
vol. 57, pgs 863-870. 

 
Langford, R. (2002). Eolian Deflation of Holocene Playas and Formation of 

White Sands Dune Field. Publication 02-2, pg. 400. In: Lee, J., and Zobeck, T., 
Proceedings of ICAR5/GCTE-SEN Joint Conference, Internal Center for Arid and 
Semiarid Lands Studies, Texas Tech University, Texas. 

 
Lees, B., and Cook, P. (1991). A conceptual model of lake barrier and 

compound lunette formation. Palaeogeography, Palaeoclimatology, and 
Palaeoecology, vol. 84, pgs. 271-284. 

 
Lepper, B. (1999). Ice Age People of North America, Pleistocene Peoples 

of Midcontinental North America. Corvallis: Oregon State University Press. 
 
Lerand, M. and Oliver, T. (1983). Recognition of fluvial depositional 

environments: The meandering stream model. Canadian Society of Petroleum 
Deposits, pages 14–23. 

 
Lindsey, D., Soulliere, S. J., Hafner, K., and Flores, R., (1985). Geologic 

Map of Rito Alto Peak and Northeastern part of Mirage Quadrangles, Custer and 
Saguache Counties, Colorado: U.S. Geological Survey, Miscellaneous Field 
Studies Map MF-1787, scale 1:24,000 . 

 
Lindsey, D., Johnson, B., Soulliere, S., Bruce, R., and Hafner, K., (1986). 

Geologic Map of the Beck Mountain, Crestone Peak, and Crestone Quadrangles, 
Custer, Huerfano, and Saguache Counties, Colorado: U.S. Geological Survey, 
Miscellaneous Field Studies Map MF-1878,1:24,000 scale. 

 
Lipman, P. (2007). Incremental assembly and prolonged consolidation of 

cordilleran magma chambers: evidence from the southern Rocky Mountain 
volcanic field. Geosphere, vol. 3, no.1, pgs. 42–70. 

 
Lister, R. and Lister, F. (1993). Those Who Came Before: Southwestern 

Archeology in the National Park System. Southwest Parks & Monuments 
Association, Albuquerque, NM, 12 pg. 

 
MacDonald, G., Moser, K., Bloom, A., Porinchu, D., Potitof, A., Wolfeg, B., 

Edwards, T., Petel, A., Orme, A., and Orme, A. (2008).  Evidence of temperature 
depression and hydrological variations in the eastern Sierra Nevada during the 
Younger Dryas stade. Journal of Quaternary Research, vol. 70, pgs.131–140. 

 



320 
 

Machette, M. and Marchetti, D. (2006). Pliocene to middle Pleistocene 
evolution of the Rio Grande, northern New Mexico and Southern Colorado. 
Geological Society of America Abstracts with Program, vol. 38, no. 6, pg. 36. 

 
Machette, M., Coates, M., and Johnson, M. (2007). 2007 Rocky Mountain 

Section Friends of the Pleistocene Field Trip—Quaternary Geology of the San 
Luis Basin of Colorado and New Mexico, September 7–9, 2007, Open File 
Report 2007-1193. 

 
Madole, R. (2006). Surficial Geology and Geomorphology of the Great 

Sand Dunes Area, South-Central Colorado. U.S. Geological Survey, Open File. 
 
Madole, R. and Mahan, S. (2007). Stop A 6.1 Overview of quaternary 

stratigraphy in the Great Sand Dunes area. In Machette, M., Coates, M., and 
Johnson, M., editors, Rocky Mountain Section Friends of the Pleistocene 
Guidebook, Chapter A – Quaternary Geology of the San Luis Basin, Southern 
Colorado and Northern New Mexico, U.S. Geological Survey Open- File Report 
2007-1193, pgs. 31–34. 

 
Madole, R., Romig, J., Aleinikoff, J., VanSistine, D., and Yacob, E. (2008). 

On the Origin and Age of the Great Sand Dunes, Colorado. Geomorphology, vol. 
99, pgs. 99-119. 

 
Mahan, S. and Brown, D. (2006). An optical age chronology of late 

quaternary extreme flood events recorded in Ugandan dambo soils. In 
Quaternary Geochronology 2, pages 174–180. 

 
Mahan, S. (2010). Personal conversation with Shannon Mahan. Notes, 

laboratory materials. 
 
Manley, K. (1979). Stratigraphy and structure of the Espanola Basin, Rio 

Grande Rift, New Mexico. In Riecker, R., editor, Rio Grande Rift Tectonics and 
Magmatism, American Geophysical Union, Washington. pgs 71–86.  

 
Marîn, L., Forman, S., Valdez, A., and Bunch, F. (2005). Twentieth century 

dune migration at the Great Sand Dunes National Park and Preserve, Colorado, 
relation to drought variability. Geomorphology, vol. 70, pgs. 163–183. 

 
Martinho, C., and Giannini, P. (2002). Morphology of the Ibiraquera 

Dunefield, SC. Anais de Academia Brasileira de Ciencias, vol. 74, no. 3. 
 
Matthews, V. (2003). Messages in Stone: Colorado’s Colorful Geology. 

Colorado Geological Survey, Special Publication 52, Denver, Colorado, 157 pg. 
 



321 
 

McCalpin, J. (1981). Quaternary geology and neotectonics of the west 
flank of the northern Sangre de Cristo Mountains, south-central Colorado. 
Colorado School of Mines, unpublished Ph.D. dissertation. 

 
McCalpin, J. (1982). Quaternary geology and neotectonics of the west 

flank of the Northern Sangre de Cristo Mountains, south-central Colorado. 
Colorado School of Mines Quarterly, vol. 77, no. 3, pg. 97. 

 
McKee, E. (1979a). Introduction to a study of global sand seas. In McKee, 

E., editor, A study of global sand seas. US Geological Survey Professional Paper 
1052, pgs. 1-19. 

 
McKee, E. (1979b). Sedimentary structures in dunes. In McKee, E., editor, 

A study of global sand seas. US Geological Survey Professional Paper 1052, 
pgs. 83-134. 

 
Menounos, B., and Reasoner, M. (1997). Evidence for cirque glaciation in 

the Colorado Front Range during Younger Dryas chronozone. Journal of 
Quaternary Research, vol. 48, pgs. 38–47. 

 
Mernagh T. and Miezitis, Y. (2008). A Review of the Geochemical 

Processes Controlling the Distribution of Thorium in the Earth’s Crust and 
Australia’s Thorium Resources. Geoscience Australia. Record 08. pgs. 48. 

 
Millard, H. and Maat, P. (2006). Thermoluminescence Dating Procedures 

in use at the U.S. Geological Survey, Denver, Colorado. In US Geological Survey 
Open File Report 94-249, pg. 112. 

 
Mountney N., and Russell, A. (2009). Aeolian dune-field development in a 

water-table controlled system: Skeidararsandur, Southern Iceland. International 
Association of Sedimentologists, vol. 56, no. 7, pgs. 2107-2131. 

 
Murray, A. and Wintle, A. (2000). Luminescence dating of quartz using an 

improved single-aliquot regenerative-dose protocol. Radiation Measurements, 
vol. 32, pgs. 57–73. 

 
Murray, A. and Olley, J. (2002). Precision and accuracy in the optically 

stimulated luminescence dating of sedimentary quartz: a status review. 
Geochronometria, vol. 21, pgs. 1–16. 

 
Murray, A. and Wintle, A. (2003). The single aliquot regenerative dose 

protocol: Potential for improvements in reliability. Radiation Measurements, vol. 
37, pgs. 377–381. 

 



322 
 

Nettleton, W., Brasher, B., Yenter, J., Priest, T. (1989). Geomorphic age 
and genesis of some San Luis Valley, Colorado, soils. Soil Science Society of 
America, vol. 53, January-February, no. 1, pgs. 165-170. 

 
Neu, R. (2005). An investigation of source water feeding Buck Creek, 

Great Sand Dunes National Monument and Preserve. Master of Science Thesis, 
College of Bowling Green State University, 118 pg. 

 
Pederson, J. (2000). Holocene paleolakes of Lake Canyon, Colorado 

Plateau: Paleoclimate and landscape response from sedimentology and 
allostratigraphy. GSA Bulletin, January,  vol. 112, no. 1, pgs. 147–158. 

 
Plog, S. (1997). Ancient Peoples of the American Southwest. Thames and 

Hudson, London, England, 224 pg. 
 
Reid, H. (1911). Remarkable earthquakes in central New Mexico in 1906 

and 1907. Bulletin of the Seismic Society of America, vol. 1, pgs. 10–16. 
 
Rendell, H. and Sheffer, N. (1996). Luminescence dating of sand ramps in 

the eastern Mojave Desert. Geomorphology, vol.17, pgs.187–197. 
 
Rogers, J., and Richardson, K. (1964). Thorium and uranium contents of 

some sandstones. Geochimica et Cosmochimica Acta, vol. 28, no. 12, pgs. 
2005-2011. 

 
Rouhipour, H. (2006). Seasonal Fluctuations of Soil Moisture Content and 

Condensation Process in Khuzestan Sand Dune. Research Institute of Forests 
and Rangelands, Tehran, Iran. 14th International Soil Conservation Organization 
Conference. Water Management and Soil Conservation in Semi-Arid 
Environments, Marrakech, Morocco, May 14-19. 

 
Rupert, M. and Plummer, L. (2004). Groundwater flow direction, water 

quality, recharge sources, and age, Great Sand Dunes (GRSA) and Preserve, 
south-central Colorado 2000-2001. U.S. Geological Survey Scientific 
Investigations Report 2004-5027, 32 pg. 

 
Sanford, A., Balch, R., and Lin, K. (1995). A seismic anomaly in the Rio 

Grande Rift near Socorro, New Mexico. In New Mexico Institute of Mining and 
Technology Geophysics Open-File Report, no. 78, 17 pg. 

 
Schmeisser, R., Loope, D., and Wedin, D. (2009). Clues to the Medieval 

Destabilization of the Nebraska Sand Hills, USA, from Ancient Pocket Gopher 
Burrows. Palaios, vol. 24, pgs. 809-817. 

 



323 
 

Schule, J., Aster, R., and Meyer, R. (1996). A lower crustal extension to a 
mid-crustal magma body in the Rio Grande Rift, New Mexico. Journal of 
Geophysical Research, 101(B11), 25283-25291. 

 
Schwan, J. (1988). The structure and genesis of Weichselian to Early 

Holocene aeolian sheets in western Europe. Sedimentary Geology, vol. 55, pgs. 
197-232. 

 
Seely, M., Al-Amoud, A., Chatty, D., Henschel, J., Kinahan, J., Kinahan, 

J., Klintenberg, P., León, A., Morrison, S., Roedern, C., Abraham, E., Felger, R., 
Laureano, P., Mouat, D., Portnov, B., Safriel, U., Schmidt, S., Sciortino, M., 
Warren, A., and Zohary, D. (2006). Chapter 2, People and Deserts, United 
Nations Environment Programme, Division of Early Warning and Assessment, 21 
pg. 

 
Singhvi, A., Bluszcz, A., Bateman, M., and Rao, M. (2001). Luminescence 

dating of loess-palaeosol sequences and coversands: Methodological aspects 
and palaeoclimatic implications. Earth Science Reviews, vol. 54, pgs.193–211. 

 
Slack, J. F. (1980). Multistage vein ores of the Lake City District, western 

San Juan Mountains, Colorado. In Economic Geology, U.S. Geological Survey. 
vol. 75, pgs. 963–991. 

 
Southard, J., and Boguchwal, L. (1990). Bed configurations in steady 

unidirectional water flows. Part 2. Synthesis of flume data: Journal of 
Sedimentary Petrology, v.60, p.658-679. 

 
Tainer, E. (2010). High-resolution Holocene Alluvial Chronostratigraphy at 

Archaeological Sites in Eastern Grand Canyon, Arizona. Master’s Thesis, Utah 
State University, 165 pg. 

 
Telfer, M., and Thomas, D. (2006). Complex Holocene lunette dune 

development, South Africa: Implications for paleoclimate and models of pan 
development in arid regions, Geology; v. 34; October no. 10; pgs. 853-856. 

 
Thomas, D., Nash, D., Shaw, P., and der Post, C. (1993). Present day 

lunette sediment cycling at Witpan in the arid southwestern Kalahari Desert.  
Catena, vol. 20, pgs. 515-527 
 
USGS, (2011). press release, online earthquake data. 
 
Valdez, A. (2000). Unpublished geologic mapping of Great Sand Dunes 

National Park, Colorado. 
 
Valdez, A. (2007). Development and Eolian Geomorphology of Great 

Sand Dunes,  Quaternary Geology of Great Sand Dunes, 2007. Rocky Mountain 



324 
 

Section Friends of the Pleistocene Field Trip—Quaternary Geology of the San 
Luis Basin of Colorado and New Mexico, September 7–9, 2007. 

 
Valdez, A. (2009). Personal conversations: Recorded March, 2009. Data 

from the National Park Service, including conversations with Andrew Valdez and 
field mapping work. 

 
Valdez, A. (2011). Personal correspondence, December 12, 2011. 
 
Van Alstine, R. (1968). Tertiary trough between the Arkansas and San 

Luis Valleys, Colorado. U.S. Geological Survey Professional Paper 600-C, pgs. 
C158–C160. 

 
Vierling, L. (1998). Palynological Evidence for Late- and Post-Glacial 

Environmental Change in Central Colorado. Journal of Quaternary Research, vol. 
49, pgs. 222–232. 

 
Wagner, G. (1995). Age Documentation of Young Rocks and Artifacts. 

Springer, Berlin. pgs. 177–263. 
 
Walker, R., and Cant, D. (1984). Sandy Fluvial Systems. Facies Models, 

Second Edition, ed. Walker, R., Geoscience Canada Reprint Series 1, Geological 
Association of Canada, pgs. 71-91. 

 
Weng, C., and Jackson, S., (1999). Late-glacial and Holocene vegetation 

and climate history of the Kaibab Plateau, northern Arizona.  Palaeogeography, 
Palaeoclimatology, Palaeoecology, vol. 153, pgs. 179-201. 

 
Wilson, D. (1971). "They Came To Hunt", Early Man In the San Luis 

Valley, Anthropology Museum. Adams State College, Alamosa, Colorado. New 
Mexico Geological Society Twenty-Second Field Conference, 5, pgs. 203-208. 

 
Wilson, D., West, M., Aster, R., Ni, J., Grand, S., Gao, W., Baldridge, S., 

and Sempken, S. (2005), Lithospheric structure of the Rio Grande Rift, Nature, 
vol. 433, pgs. 851-855. 

 
Winger, C. and Winger, D. (2003). The Essential Guide to the Great Sand 

Dunes National Park and Preserve. The Colorado Mountain Club Press, Golden, 
CO., 239 pg. 

 
Wintle, A. and Murray, M. (2006). A review of quartz optically stimulated 

luminescence characteristics and their relevance in single-aliquot regeneration 
dating protocols. Radiation Measurements, vol. 41, pgs. 369–391. 

 
Wurster, F., Cooper, D., and Sanford, W. (2003). Stream/aquifer 

interactions at Great Sand Dunes National Monument, Colorado: influences on 



325 
 

interdunal wetland disappearance. Journal of Hydrology, vol. 271,1-4, pgs. 77–
100. 

 
Yang, X., and Scuderi, L. (2010). Hydrological and climatic changes in 

deserts of China since the late Pleistocene, Journal of Quaternary Research, 
vol.73, pgs. 1–9. 

 
ONLINE REFERENCE DATABASES 

National Climatic Data Center (NCDC), accessed 2011 
Regional Climate Center (RCC), accessed 2011 
Western Region Climate Center (WRCC), accessed 2011 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



326 
 

APPENDICES 

 

Contents: 

Appendix A – Detailed Geological History of the Area  

Appendix B – Sample Log Tables 

Appendix C – Grain Size Analysis Results 

Appendix D – Bulk and Hand Sample Analyses Results 

Appendix E - Thin Sections – Results for Selected Samples 

Appendix F - XRD Analysis – Results for Selected Samples 

Appendix G - SEM – Results for Selected Samples 

Appendix H - Carbon 14 Dating – Results for Selected Samples 

Appendix I - OSL Dating – Results for Selected Samples 

Appendix J- Measured Columns 

Appendix K- Aerial Photographs – 1936 to 2003, all available years 

Appendix L - Well Logs – San Luis Closed Basin Project 

 


