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1. Abstract
The Chacoan people flourished in northwest New Mexico between 850 and 1150 AD. Today, remnants of their monumental architecture draw over 40,000 visitors a year to Chaco Canyon National Park to experience the natural grandeur of the area and to learn about Native American history throughout the San Juan Basin. However, many Chacoan roads and communities are located outside the boundaries of the National Park. These unprotected sites are threatened by encroaching infrastructure associated with resource extraction, such as drill pads with requisite access roads and pipelines. Currently, the National Park Service (NPS), Binghamton University, the University of Nebraska-Lincoln, and the University of Colorado Boulder rely on expensive and time-consuming ground surveys, imagery from Google Earth, and the Landsat series to identify the extent of Chacoan roads and houses. This project utilized Landsat 8 Operational Land Imager (OLI) surface reflectance, Shuttle Radar Topography Mission Version 2 (SRTM-v2) digital elevation models (DEMs), Terra Advanced Spaceborne Thermal Emission and Reflectance Radiometer (ASTER) emissivity data, Thermal Infrared Multispectral Scanner (TIMS) data, and Hyperspectral Thermal Emission Spectrometer (HyTES) data to identify highly probable locations of unknown Chacoan sites, to determine sites at risk from infrastructure development, and to identify the spectral signatures of these ancient communities. Documenting Chacoan community signature profiles and determining which areas are at risk of being affected by encroaching development These products will help the project partners to better understand the Chacoan landscape, as well as to better protect and preserve these ancient sites.
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[bookmark: id.30j0zll]2. Introduction
2.1 [bookmark: id.1fob9te]Background Information
Chaco Canyon National Park, located in northwestern New Mexico, is a United Nations Educational, Scientific, and Cultural Organization (UNESCO) World Heritage Site, hosting over 40,000 visitors each year. Guests visit the park to take in the natural beauty of the area, as well as to explore ancient monumental structures constructed by the Chaco people between 800 and 1100 AD. While Chaco Canyon is recognized as the center of the ancient Chacoan landscape (Van Dyke et al., 2016), the Chaco people also constructed an extensive network of roads outside the boundaries of Chaco Canyon National Park, cross-cutting the San Juan Basin and beyond. These roads most often connect sites to important locations on the landscape and are characterized by their consistent nine-meter width and their linearity, often traversing harsh terrain in lieu of less strenuous paths (Sever, 1991). In addition to a complex system of roads, dozens of Chacoan communities have also been identified throughout the San Juan Basin. These sites are characterized by the presence of great houses, kivas, shrines, and other distinctive structures (Sever, 1991; Van Dyke et al., 2016).

The study area for this project is the entire San Juan Basin, which encompasses northwestern New Mexico and extends into southern Colorado (Figure 1).  Despite extensive surveys and excavations at Chacoan sites throughout the San Juan Basin, many of these roads and communities have yet to be fully delineated (Van Dyke et al., 2016). Roads, especially, are not easily visible during ground surveys (Sever, 1991). This poses a problem because infrastructure is rapidly expanding in the San Juan Basin, primarily due to the geological richness of the area for producing oil, gas, methane, uranium, and other natural resources (New Mexico Office, 2016). A 2014 study conducted by the United States Energy Information Administration (EIA) identified the San Juan Basin as the second largest proved natural gas field in the United States and the sixth largest crude oil production area in the United States (New Mexico State Energy Profile, 2016). The San Juan Basin also holds 26% of the country’s coalbed methane proved reserves (New Mexico State Energy Profile, 2016). From 2011 to 2013, oil production in the San Juan Basin, mainly from horizontal hydraulic fracturing, ramped up from 1,100,000 barrels per day to 1,500,000 barrels per day. As of 2013, approximately 200 new oil drills were being constructed each year (New Mexico Office, 2016). This environment puts these ancient Chacoan communities and road networks at risk for destruction before they can be fully studied.
 
In addition to the risk posed directly by natural resource exploration and extraction, infrastructure development resulting from population growth within portions of the San Juan Basin also poses a threat to these ancient Chaco sites. For example, McKinley County, New Mexico, had an estimated 7.3% increase in population from 2010 to 2015. Likewise, Sandoval County, New Mexico, saw an increase in population of 6.0% during the same time period (US Census Bureau, 2016). Other counties in the study area, such as San Juan County, New Mexico, have populations that are intimately tied to the boom and bust of the natural resource economy. When prices for oil, gas, uranium, and methane go up, these areas experience a rapid increase in population as workers move in to facilitate resource extraction; alternatively when resource prices decrease, an out-migration of the working population occurs (New Mexico Office, 2016). Despite unstable population growth in some counties, infrastructure is still continuously being developed in anticipation of boom times. For example, as of 2016 the town of Farmington, San Juan County, New Mexico, is planning the construction of over 1,000 new housing units in anticipation of future growth in oil production in the area (New Mexico Office, 2016).
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Figure 1. Chaco Canyon Cross-Cutting study area encompasses southwestern New Mexico and southern Colorado. 

2.2 Project Partners & Objectives
This project partnered with Tom Lincoln, the Intermountain Region Assistant Regional Director for Cultural Resources at the National Park Service (NPS), Dr. Ruth Van Dyke of Binghamton University, Dr. Carrie Heitman of the University of Nebraska-Lincoln, and Dr. Steve Lekson of the University of Colorado Boulder. Currently, these partners rely on Google Earth and Landsat series imagery to identify locations of ancient Chaco roads and houses. The project partners also locate Chacoan roads and communities through extensive field surveys and excavations, which are both time-consuming and expensive.

The goal of the Chaco Canyon Cross-Cutting project was to assist the project partners in utilizing NASA Earth observations to identify Chacoan communities and roads in order to better protect this important cultural heritage from developing infrastructure. To this end, the project consisted of four objectives: 1) create a Chacoan Site Density Map of known Chacoan sites, 2) create a Chacoan Site Suitability Map using ecological suitability modeling to identify areas with a high relative probability of environmental suitability for Chacoan sites, 3) create a Chacoan Site Risk Map illustrating areas where Chacoan sites are the most at risk from encroaching development, and 4) delineate ancient Chacoan roads and communities using earth observations.
[bookmark: id.2et92p0]3. Methodology
3.1 Data Acquisition 
3.1.1 NASA Earth Observations
Three NASA Earth observation datasets were used in this project: Landsat 8 Operational Land Imager (OLI) surface reflectance, Shuttle Radar Topography Mission Version 2 (SRTM-v2) Digital Elevation Models (DEMs), and Terra Advanced Spaceborne Thermal Emission Radar (ASTER) L1T thermal infrared (TIR) data. Landsat 8 OLI surface reflectance data were downloaded from the USGS Earth Explorer website at a 30 m spatial resolution. The data were selected for June 2015 because the images contained minimal cloud cover. This dataset was used to calculate a Normalized Difference Vegetation Index (NDVI) as an input into the Princeton University Maximum Entropy model (MaxEnt). SRTM-v2, C-band data at a 30 m spatial resolution were also downloaded for the San Juan Basin via the USGS Earth Explorer website. This data were used to derive the slope and aspect inputs for the MaxEnt model. The Terra ASTER L1T thermal radiance dataset was downloaded at a 90 m resolution from the NASA EarthData website. This thermal band dataset was used to visually delineate unknown Chacoan sites and roads.
 
3.1.2. Ancillary Datasets
In addition to NASA Earth observations, several ancillary datasets were also necessary for this project. LANDFIRE land cover data were downloaded at a 30 m spatial resolution from the LANDFIRE website. This data set represents current vegetation classifications across the study area.
 
USDA Farm Service Agency National Agriculture Imagery Program (NAIP) 1m resolution data were downloaded for New Mexico for 2014 and for Colorado for 2015 from the USDA Geospatial Data Gateway website. These datasets helped in visual identification of ancient Chacoan roads and communities.
 
USDA Natural Resources Conservation Service Soil Survey Geographic Database (SSURGO 2.2) data were downloaded for the states of Colorado and New Mexico from the USDA Geospatial Data Gateway website. These data were entered into the MaxEnt model to determine if soil type was related to Chaco site location suitability.
 
OpenStreetMap road locations were used to determine the proximity of existing Chacoan sites to roads for the Chacoan Sites Risk Map. 
 
Population density data were provided by the LANDSCAN product from Oak Ridge National Laboratory. These data were provided at 1000 m resolution and used to determine population density thresholds for the Chaco Sites Risk Map. 
 
Current and future oil and natural gas drill locations for New Mexico were downloaded from the San Juan County, New Mexico GIS website. Current and future oil and natural gas drill locations for Colorado were downloaded from the Colorado State Oil and Gas Commission website.  This dataset consisted of current, future, and past oil and gas drill locations throughout the San Juan Basin. These data were used to determine the proximity of existing Chacoan sites to drill locations for our Chacoan Sites Risk Map. 
 
Dr. Carrie Heitman of the University of Nebraska - Lincoln provided in situ Chacoan road and house locations. House locations were provided as a point shapefile. Road segments were provided as a polyline shapefile. These data were used as inputs in the MaxEnt model, to train the team’s eyes in identifying ancient Chacoan roads and communities, and to create the Chacoan Site Risk Map. 

All HyTES emissivity and land surface temperature (LST) datasets located in New Mexico and Colorado were downloaded as .kmz files from the NASA Jet Propulsion Laboratory (JPL) website. The datasets were then opened in Google Earth and overlaid with the known site locations. Only two known Chacoan sites overlapped with the available HyTES data. These swaths were La Plata Line 2 and La Plata Line 7, originally collected on April 20th, 2015 at 4:11PM and 5:47PM, respectively. These two swaths were then downloaded from the NASA JPL website as .hdf5 files at 4.25 m resolution. 

TIMS data were provided by Dr. Tom Sever and Dr. Jeffrey Luvall. This dataset was provided as .hdr files at 4 m resolution. There was no geospatial information included with the TIMS data. 

3.2 Data Processing
Each of the raster and vector layers were viewed and processed in ArcMap 10. 3 and ENVI 5.3. The SRTM-v2 DEM, ASTER L1T thermal radiance, Landsat 8 OLI Surface Reflectance, and LANDFIRE land cover imagery were reprojected into WGS 84 UTM Zone 13N, mosaicked, and clipped to the study area.

Using ArcMap 10.3, slope and aspect were derived from the SRTM-v2 DEM to provide inputs for the MaxEnt model. 

Using ArcMap 10.3, a cloud mask was created for the Landsat 8 OLI surface reflectance imagery. Additionally, NDVI was calculated from the Landsat 8 OLI Surface Reflectance imagery using ArcMap 10.3 using the following equation:


where NIR is near infrared band reflectance (Band 5) and R is red band reflectance (Band 4). The NDVI was calculated for input into the MaxEnt model. 

The vector point data referring to the locations of Chacoan sites and roads were also reprojected to WGS 84 UTM Zone 13N and clipped to the study area. 

Socioeconomic Data and Applications Center (SEDAC) population density raster files from 2015 and future projection data for 2020 were used to calculate areas in the San Juan Basin with a projected increase in population. Percent change was calculated using the following equation: 



The resulting raster was reclassified into “density increase” and “no density increase” categories. Euclidean distance was calculated for the “increase” category. The resulting raster was used in the fuzzy membership for the Chacoan Sites Risk Map. 

We also created Euclidean Distance raster files for current drill locations, future drill locations, road locations, and perennial hydrological feature locations using the “Euclidean Distance” tool in ArcMap 10.3. These raster files were used in the “Fuzzy Membership” tool for the creation of the Chacoan Sites Risk Map.  

3.3 Data Analysis
3.3.1 Chacoan Site Density Map
A density map of known Chacoan sites was created using in situ data provided by the University of Nebraska – Lincoln and the “Kernel Density” tool in ArcMap 10.3. 

3.3.2 MaxEnt Site Probability Map
In ArcMap 10.3, each environmental layer (NDVI, SRTM-v2 DEM, slope, aspect, LANDFIRE vegetation type, and USDA soil type) was resampled to a cell size of 30 m. The “Raster to ASCII” tool in ArcMap 10.3 was used to convert each environmental layer to ASCII format for analysis in the MaxEnt model. The point data referring to the locations of known Chacoan sites were converted into a CSV file containing the longitude and latitude coordinates of each site. Since site locations were not identified throughout the entire extent of the study area, a bias file was created that limits the background samples (or pseudo absences) in the calculation of the model to only counties containing known sites within the San Juan Basin. In MaxEnt, the CSV file containing the georeferenced site locations was inputted into MaxEnt along with the 6 environmental layers in ASCII format. Eighty-percent of the known Chacoan site locations were used to train the model while the remaining twenty-percent were used to test the performance of the model. 

3.3.3 Chaco Sites Risk Map
The project created a Chacoan Sites Risk Map to identify areas where Chacoan sites would be at risk from developing infrastructure. Risk is defined by our model as any area in close proximity to one of the following: 1) areas with an expected population increase from 2015 to 2020, 2) existing roads, 3) existing or planned oil and gas drills, and 4) perennial hydrological features. We used the “Fuzzy Membership” tool in ArcMap 10.3 to assign a fuzzy membership between 0 and 1 to each variable. Spread, midpoint, and membership type were decided based on a review of the literature describing the size and extent of these variables. The fuzzy memberships were then combined using the “OR” function in the “Fuzzy Overlay” tool in ArcMap 10.3. The “OR” function identifies the maximum fuzzy membership between all of the input variables. This function was chosen because a close proximity to any one of the input variables will put the archaeological site at risk for disturbance. 

3.3.4 Identifying Signatures of Chacoan Communities and Roads 
Multiple band combinations and image processing techniques were tested in an effort to delineate known Chacoan sites and roads in high resolution satellite imagery in order to determine the most useful techniques in identifying new Chacoan features within the San Juan Basin. Considering the small spatial extent of the known Chacaon features, both satellite and aerial imagery with a spatial resolution higher than 100 m were analyzed. These datasets included: ASTER L1T TIR data, HyTES emissivity and LST, and TIMS data.

The vector shapefiles of known Chacoan features were overlaid onto the high resolution satellite and aerial imagery and each of the images were visually analyzed separately. Google Earth imagery served as a tool in referencing the locations of known and potential Chacoan features since many of these features were clearly delineated in the very high spatial resolution imagery. Terra ASTER 1LT thermal radiance data were analyzed using multiple band combinations and image stretching in ENVI 5.3. JPL HyTES emissivity and LST data were analyzed using multiple band combinations, image stretching, and a high pass filter in ENVI 5.3 and ArcMap 10.3. 

TIMS data, originally collected in the 1980s for Dr. Tom Sever’s dissertation (Sever, 1991), were examined using an equalization and a decorrelation stretch in multiple band combinations in ENVI 5.3. The TIMS data were provided without a geographic reference; therefore, the identification of Chacoan features in this data relied heavily on identifying geographic points of reference in Google Earth. 

The spectral signature profiles of identified Chacoan features in the satellite and aerial images were surveyed for distinct characteristics in ENVI 5.3. The “2-D Scatter Plot” tool and the Spectral Profile viewer in ENVI 5.3 were used to derive more information about the spectral characteristics of known Chacoan features.   
[bookmark: id.tyjcwt]4. Results & Discussion
4.1 Analysis of Results.
4.1.1 Chacoan Site Density Map	
The Chacoan Site Density Map shows a higher concentration of known sites in the southwestern portion of the San Juan Basin (Figure 2). Areas in red have a relatively high site density, while areas in green have a relatively low site density. 
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Figure 2. Chacoan Site Density Map.

4.1.2 MaxEnt model
MaxEnt identifies potentially suitable habitat using presence-only locations which is compatible with the georeferenced occurrence data associated with Chaco sites in the San Juan Basin. MaxEnt uses a maximum entropy approach to determine whether a location is likely to be habitat and non-habitat. The representation of the MaxEnt model for Chaco sites shows warmer colors towards the northwestern and southwestern areas of the study area indicating higher predicted probabilities of presence (Figure 3). Red pixels indicate areas with a high relative probability (>76%) of containing Chaco sites, yellow pixels indicate areas with moderate relative probability (51-75%), and blue pixels indicate areas with a low relative probability (0-50%) of containing Chacoan sites. The Receiver Operating Characteristic (ROC) curve for the MaxEnt model is shown below (Appendix A). The results indicate a high performance model with an Area Under the Curve (AUC) of the test data (0.814) and the AUC of the Training Data (0.877) (Appendix A). The results show that USDA Soil Type, LANDFIRE Existing Vegetation Type and NDVI were the most parameters in predicting the occurrence of Chaco sites, with a total percent contribution of 92.1% (Table 2). 
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Figure 3. Chacoan Site Suitability Map

Marginal response curves were provided for each of the environmental variables representing the change in each variable with all other variables held constant at their average sample value (Appendix B). The most influential USDA Soil Types based on the marginal response curves were Turley-Fruitland, Water, Tocito-Mesa-Cudei-Bandland, and Sheek-Rock outcrop-Archuleta (Appendix C). The most influential LANDFIRE Existing Vegetation Types based on the marginal response curves were Western Cool Temperate Undeveloped Ruderal Deciduous Forest, Southern Colorado Plateau Sand Shrubland, Western Cool Temperate Undeveloped Ruderal Shrubland, Rocky Mountain Lower Montane-Foothill Shrubland (Appendix D). 

Table 1. MaxEnt Model Contributions
	ANALYSIS OF VARIABLE CONTRIBUTIONS FROM MAXENT MODEL

	Environmental Layer
	Percent Contribution

	USDA Soil Type Data
	49.4%

	LANDFIRE Existing Vegetation Type
	23.1%

	NDVI
	19.6%

	DEM
	3.4%

	Slope
	2.8%

	Aspect
	1.6%




4.1.3 Chacoan Sites Risk Map
The Chacoan Sites Risk Map suggests that a large area of the San Juan Basin is being impacted by developing infrastructure, which aligns with the comments from the project partners (Figure 4).  Forty-four of the 123 (35%) known Chacoan great houses in the study area are at the highest risk for disturbance from developing infrastructure. Fortunately, nineteen of these sites are already protected by National Park Boundaries (Chaco Canyon National Park, Aztec Ruin National Monument, or Mesa Verde National Park). Other organizations, such as the Archaeological Conservancy Group are buying up the land these sites are located on to facilitate protection and research.
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Figure 4. Chacoan Sites Risk Map

4.1.4 Chacoan Site Identification
Multiple band combinations and image processing techniques were tested in an effort to delineate known Chacoan sites and roads in high resolution satellite imagery in order to determine the most useful techniques in identifying new Chacoan features within the San Juan Basin. Google Earth imagery was used as a reference to the location of the known features and was paired with each of the processed images. No sites or roads were delineated in the ASTER L1T data, likely due to the low resolution (100m) of the data. Chacoan roads are typically around 9m wide (Sever, 1991) and therefore it is unlikely for the features to be distinguished in 100m data. An example of the ASTER L1T data paired with Google Earth imagery is provided, which shows Chacoan road (77) that is indistinguishable in the ASTER image with band combination (3, 5, 1) and a decorrelation stretch applied (Appendix F). 

[bookmark: h.3dy6vkm]Chacoan road (77) was distinguishable in the TIMS data using band combination (1, 3, 6) with a decorrelation stretch applied (Appendix G) Further analysis was conducted in an effort to identify spectral signatures of Chacoan roads in the TIMS data, however, the features were not distinguishable from the signatures of modern roads and landscapes.

Two known sites and one known road were identified in the HyTES LST and emissivity data, the Morris 39 site and the Holmes group (Appendix H). However, their spectral signatures were not distinctive from other anomalies throughout the area. The project was able to identify several known archaeological features in the aerial imagery and HyTES emissivity and LST data. Two potential archaeological features (a structure at the Morris 39 site and a road at the Holmes group) were identified in the HyTES LST imagery. Potential Chacoan roads and sites identified in the TIMS and HyTES LST data would need to be confirmed with ground-truthing and excavations. 


4.2 Future Work
This study revealed the potential of using satellite and aerial remote sensing to delineate Chacoan sites and roads in the San Juan Basin. Based on the results of this project, it is recommended that full coverage, very high resolution data, such as GeoEye-1, is used in any future studies given the relatively small extent of the Chaco known features. Furthermore, it is recommended that the study area be expanded to include all known Chacoan site and road locations. This will increase the sample size for the suitability map and increase the robusticity of the Chacoan Site Suitability Map. 

Additionally, the locations of destroyed sites could help to build a more robust Chacoan Sites Risk Map. These data can usually be found in the State Historic Preservation Office of the respective state. However, in many cases these records are not digitized and access would require a physical trip to the state’s offices. Additionally, data concerning the stability and degree of preservation of known sites over time could also contribute to a stronger risk map. 

Finally, future satellite missions like HyspIRI and NASA ECOSTRESS will provide high resolution thermal data that could aid efforts in delineating ancient Chacoan features.
[bookmark: id.1t3h5sf]5. Conclusions
This project revealed both the potential and challenges of using remote sensing to identify and describe ancient Chaco ruins in the San Juan Basin. The Chacoan Site Suitability Map will aid the project partners in narrowing the locations of field surveys to identify new archaeological sites. The Chacoan Sites Risk Map will aid the project partners in allocating resources for site preservation by highlighting known Chaco sites that are at the highest risk of being destroyed by developing infrastructure in the San Juan Basin. Additionally, the results of the project indicate that high resolution thermal data is useful for delineating known Chacoan sites and roads. Furthermore, very high resolution satellite imagery would be useful in further delineating known ancient Chaco sites and roads and to identify new sites and roads.
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9. Appendices
Appendix A –MaxEnt Accuracy Assessment
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Appendix B – MaxEnt Response Curves				
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Appendix C- Soil Type
	MOST INFLUENTIAL USDA SOIL TYPES ON MAXENT PREDICTIONS BASED ON MARGINAL RESPONSE CURVES

	Soil Type
	Probability of Presence (%)

	Turley-Fruitland (s5175)
	>90%

	Water (s8369)
	>90%

	Tocito-Mesa-Cudei-Badland (s5228)
	>90%

	Sheek-Rock outcrop-Archuleta (s1425)
	>85%



Appendix D –LANDFIRE Land Cover
	MOST INFLUENTIAL LANDFIRE LAND COVER TYPES ON MAXENT PREDICTIONS BASED ON MARGINAL RESPONSE CURVES

	Land Cover Type
	Probability of Presence (%)

	Western Cool Temperate Undeveloped Ruderal Deciduous Forest
	>95%

	Southern Colorado Plateau Sand Shrubland
	>95%

	Western Cool Temperate Undeveloped Ruderal Shrubland
	>90%

	Rocky Mountain Lower Montane-Foothill Shrubland
	>90%




Appendix E- Chacoan Roads 
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Appendix F –ASTER L1T Road Identification


Visual Analysis of Chacoan Roads Using Google Earth and ASTER L1T At-Sensor Radiance Imagery
 Road Network
San Juan Basin, New Mexico and Colorado

[image: ][image: ][image: ][image: ] [image: ]Identified Chacoan Road (77) is not clearly visible in the ASTER L1T image from 05/12/2016 using a band combination of (3, 5, 1) with a decorrelation stretch applied.

Identified Chacoan Road (77) is referenced in the image above using Google Earth Imagery from 06/24/2014
35°52'55.89"N 108° 0'11.39"W



















Appendix G –TIMS data
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Identified Chacoan Road (77) is not clearly visible in the ASTER L1T image from 05/12/2016 using a band combination of (3, 5, 1) with a decorrelation stretch applied.

Identified Chacoan Road (77) is referenced in the image above using Google Earth Imagery from 06/24/2014
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Appendix H –HyTES data 
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Only two sites overlapped with the HyTES data we were able to acquire. The Morris 39 site is indicated in fuchsia and the Holmes Group is indicated in green.







Visual Analysis of Chacoan Roads Using Google Earth and Thermal Infrared Multispectral Scanner Imagery



[image: ][image: ] These images represent the Morris 39 site. The figure on the left is aerial imagery from Google Earth. The figure on the right is the original site map redrawn from Morris, 1939. The red arrows indicate Chacoan features that are visible in both the aerial imagery and the original site map. 


[image: ][image: ]These images represent the Morris 39 site. The image on the left is ASTER L1T imagery at 90m resolution. The image on the right is redrawn from the original site map by Morris, 1939. The resolution of the ASTER L1T imagery is much too coarse to identify any known archaeological features. 

[image: ][image: ]These images represent the Morris 39 site. The image on the left is HyTES emissivity data. The image on the right is redrawn from the original site map by Morris, 1939. Known archaeological features are indicated by the red arrows. Black arrows indicate potential features that are not identified on the original site map.

[image: ][image: ]These images represent the Morris 39 site. The image on the left is HyTES land surface temperature data. The image on the right is redrawn from the original site map by Morris, 1939. Known archaeological features are indicated by the red arrows. Black arrows indicate potential features that are not identified on the original site map.





[image: ][image: C:\Users\kherndon\Desktop\develop\Other\Morris_39\M39_lst_dcs_equ3.JPG]These images represent the Morris 39 site. The image on the left is HyTES land surface temperature data with a 3, 1, 2 band combination and a decorrelation stretch. The image on the right is redrawn from the original site map by Morris, 1939. Known archaeological features are indicated by the red arrows. Black arrows indicate potential features that are not identified on the original site map.
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These images represent the Holmes Group. The figure on the left is aerial imagery from Google Earth. The figure on the right is the original site map from Dykeman and Langenfeld, 1984. No known Chacoan features are identifiable in the aerial imagery. 










[image: C:\Users\kherndon\Desktop\develop\Other\Holmes_group\Capture.JPG][image: ]These images represent the Holmes Group. The figure on the left is the ASTER 1LT LST product. The figure on the right is the original site map from Dykeman and Langenfeld, 1984. The low resolution of the ASTER imagery makes it impossible to identify any known Chacoan features. 





[image: C:\Users\kherndon\Desktop\develop\Other\Holmes_group\Capture.JPG][image: ]These images represent the Holmes Group. The image on the left is the HyTES emissivity data. The image on the right is the original site map from Dykeman and Langenfeld, 1984. The red arrow indicates a feature that is visible in both the HyTES emissivity data and the original site map. The black arrows indicate a potential Chacoan road or historic Native American trail. 




[image: C:\Users\kherndon\Desktop\develop\Other\Holmes_group\Capture.JPG][image: ]These images represent the Holmes Group. The image on the left is the HyTES land surface temperature data. The image on the right is the original site map from Dykeman and Langenfeld, 1984. The red arrows indicate features that are visible in both the HyTES land surface temperature data and the original site map. The black arrows indicate a potential Chacoan road or historic Native American trail. 







[image: C:\Users\kherndon\Desktop\develop\Other\Holmes_group\Capture.JPG][image: C:\Users\kherndon\Desktop\develop\Other\Holmes_group\Holmes_lst312_dcs_linear5.JPG]These images represent the Holmes Group. The image on the left is the HyTES land surface temperature data with a 3, 1, 2 band combination and a decorrelation stretch. The image on the right is the original site map from Dykeman and Langenfeld, 1984. The red arrows indicate features that are visible in both the HyTES land surface temperature data and the original site map. The black arrows indicate a potential Chacoan road or historic Native American trail. 
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