Abstract


Monitoring sediment and cultural resources in the Colorado River through Grand Canyon is currently of great interest to scientists and resource managers.  Historically, sediment deposits in eddies and along the margins of the Colorado River have been studied using conventional surveying techniques. Various remote sensing techniques such as oblique photogrammetry, airborne photogrammetry and LIDAR have also been utilized as an effective way to determine area change, as well as being less intrusive and time consuming.   Addressed in this study are photographic methods that could potentially be implemented for the archaeological monitoring and treatment plans as well as determination of condition of sediment supply and activity at and around selected cultural sites and feasibility to use past photography with recent photography. 

Recommendations are made how photogrammetry and historical/recent photo comparisons can be used in long-term monitoring of sediment supply proximal to cultural sites. 

Introduction
Monitoring cultural and  sediment resources in the Colorado River downstream from Glen Canyon Dam has been of great interest to scientists and resource managers since scientific studies since the Bureau of Reclamation Upwind Program in 1983 (United States Department of Interior, 1995).  Stationary, land based photography provides an effective, minimally invasive tool for assessing large-scale changes on sandbars, terraces and arroyos in Grand Canyon at many time scales.  In this report a methods is presented which test techniques to quantify geomorphic change contiguous to cultural sites on various temporal scale. Daily photography using stationary cameras could be an effective technique to analyze short-term geomorphic change in sandbars, cobble bars and pre-dam terraces which are not routinely surveyed.  Historical photography from the ongoing Grand Canyon National Park River Corridor Monitoring Program (RCMP) is also used to determine relative change over time.  Remote sensing techniques such as aerial photogrammetry and LIDAR may show promise as well, however resolution, accuracy and precision or repeatability of location are issues that may limit the effectiveness of all of these techniques.
Historically, sediment deposits in eddies and along the margins of the Colorado River have been studied using conventional surveying techniques (Schmidt and Graf, 1990, Kaplinski et al., 1995; Hazel et al., 1997).  Oblique photogrammetry has also been utilized as an effective way to determine area change (Dexter et al., 1994) as well as, being less intrusive and time consuming.  Photogrammetric techniques utilizing daily photography have been used to analyze and monitor sand bar area change in Grand Canyon, beginning in August 1990.  Cluer et al. (1992) used images taken during the low flow of a typical daily hydropower fluctuation and measured morphologic shoreline changes with the aid of a calibrated loupe.  Although this technique was successful, subsequent monitoring has shown that changes in sandbar morphology were more precisely quantified with volume calculations derived from landform models using dense total-station surveys (Kaplinski et al., 1995; Hazel et al., 1999). However, perceptions of invasive onsite visitation and logistical constraints limit the frequency with which these conventional total station surveys can be completed.  
Dexter et al. (1994) showed that large-scale erosion of Grand Canyon sandbars can occur within a period of hours to days and thus go undetected by the annual or semi-annual time step of total station surveys. As a result, a technique was developed that produced relatively accurate two-dimensional measurements (+/- 0.5 m2) from images (Manone et al., 1994).    
Results from the 1996 Beach/Habitat Building Flow showed a system-wide high elevation (above 566 m3/s) sandbar response of increases in volume and area of 164% and 67%, respectively (Hazel et al., 1999).  These values indicate that the vertical component, and three-dimensional analysis, is key in assessing near-shore sediment related response.  The critical nature of three-dimensional measurements in sandbar monitoring is also supported by Schmidt et al. (1995) who suggest that the average elevation of a sandbar can considerably increase or decrease and the exposed area does not significantly change.  The vertical component of a sand deposit adjacent to the river is important to cultural sites as it can provide a protective mantle from river processes or it can expose cultural artifacts that may be more susceptible to erosion.  Therefore, a few technique using photography and remotes sensing techniques to look at change is important to evaluate rapid sediment erosion in the case of changing dam releases for (eg, another BHBF).  
Hypothesis

Repeat photography using historical, modern, and daily images is valuable for identifying sediment deposition / erosion on and around archaeological sites.

Purpose and Discussion
The purpose of this study was to identify the possibility of visually quantifying sediment erosion or aggradation on or near archaeological sites by analyzing historical photos, medium format photos, and 35 mm daily photos. Testing these methods should assist in future archaeological monitoring and treatment efforts.  Past research has shown that historical photos can be used to display sediment change at selected sites (Webb 1996). Repeat photography has been long accepted as a technique for quantitatively assessing landscape changes particularly geological (Webb 1996). The U.S. Geological Survey (USGS) was the first federal agency to perform repeat photography in the Grand Canyon, for scientific purposes. They began this in 1968, and by the 1970s the USGS began systematic repeat photography (Webb 1996). Photographs taken in the 1970s were mainly of the riparian zones because the USGS was concerned with recent changes related to Glen Canyon Dam operations.   Daily photographs have been taken at selected sandbars proximal to archaeological sites along the Colorado River. These photographs can also be used to quantify rates of sediment modification (Manone 1994). Grand Canyon National Park RCMP archives several medium format repeat, oblique images beginning in 1996 to the present. Using the techniques described in Manone 1994 these images can be rectified and measured for area change and possible vertical depletion or deposition of sand.

This study will compare these three types of repeat photography methods to determine whether they can be used in conjunction with each other to determine recent sand activity at and around cultural sites. The study will also provide a preliminary and comparative archaeological photographic database representing approximately 100 years of time.

O’Brien et al. (2000) performed the first study using existing Grand Canyon stereo imagery for photogrammetric modeling.  They used Erdas Orthomax software, which preceded Erdas Orthobase, to generate three-dimensional surfaces from newly acquired and historic aerial photography and compared the results to Northern Arizona University (NAU) topographic survey data from similar dates.  O’Brien et al. (2000) found agreement between the stereo-photogrammetry and the surveyed surfaces to be relatively accurate with a vertical error of 0.25-0.30 m.  They concluded that the level of accuracy achieved in the study was adequate for measuring large-scale changes over long reaches, or for quantifying sandbar topography in historical aerial photographs for which no other means of measurement are possible.  

In 2000, the Grand Canyon Monitoring and Research Center (GCMRC) contracted for aerial stereo photographic acquisition and photogrammetric processing to achieve accurate 0.25 m contours.  The contours were generated with acceptable accuracy for bare ground; however, contours had limited accuracy under vegetation canopy or obscured views (Davis et al., 2002).  As part of the same study low and moderate density Light Detection and Ranging (LIDAR) data was captured for comparison of channel margin sediment deposit and sandbar change. 
Previous studies have used oblique photogrammetry to develop protocols and derive appropriate data for fluvial research..  Lo and Wong (1973) used 35mm cameras to examine the development of rills and gullies on a small section of weathered granite in Hong Kong.  Collins and Moon (1979) measured stream bank erosion photogrammetrically.  This technique was further developed by Welch and Jordan (1983) who used non-metric 35mm imagery to measure cross-sectional profiles and three-dimensional terrain models to represent change occurring in a dynamic stream meander bed.  More recently, Lane et al. (1994) combined analytical photogrammetry with standard survey methods to quantify change occurring in a rapidly evolving braided pro-glacial channel in the Alps.  A Wild P32 camera was used to acquire high-oblique terrestrial images.  Their studies reported RMS errors of less than 2mm demonstrating just how improved topographic monitoring photogrammetry could assist fluvial geomorphic research (Lane et al., 1996.).

Objectives

The main objectives of this study are to: 

-address photographic methods that could be implemented for the archaeological monitoring and treatment plans.
-determine condition of sediment supply and activity at and around selected cultural sites. 

-determine feasibility to use past photography with recent photography. 

-recommend how photogrammetry and historical/recent photo comparisons should be used in long-term monitoring of sediment supply proximal to cultural sites. 

 
Sites
-9 mile bar


This site is located approximately 9.8 miles upstream from Lees Ferry (historically called -9 mile bar in the daily photography record)  and consists of a large cutbank on the north side of  the river (Figures 1 – 11).  The cutbank is at the beginning of a two mile horseshoe bend in the river and directly parrralel to a gravel bar which produces a mid-channel constriction and accelerates flow against the cutbank.  The cutbank is 140m long and measures 5m high.  This site was instrumented in 1992 and is currently monitored by the Glen Canyon National Recreation Area (GCNRA).  The cultural significance of this site lies in what is on top of and within the cutbank.  Rapid retreat of this cutbank can greatly impact potential cultural resources.  –9 mile bar was used for ten years of photogrammetric comparison between 1992 and 2002.  The camera is on the opposite side of the river from the site, approximately 150 meters to the center of the photo and has a low depression angle of 9 degrees.
-.5 mile arroyo

This site is located .5 miles upstream from Lees Ferry on the south side of the river (river left).  .5 mile arroyo was instrumented in 1992 with a stationary camera which captured a picture daily for monitoring.  The camera is located above the site, looking into the riverward end of the long arroyo and at the terrace which is adjacent to the west side of the arroyo.  The camera is located on the same side of the river as the arroyo and looks towards the river.  Two-dimensional photogrammetry was performed at this site on selected photos over a 5 year period.  LIDAR was also tested at this site for accuracy and resolution for monitoring deposition or erosion of the arroyo.  This site is mantled well by vegetation where it enters the Colorado river and is not susceptible to inundation by normal Colorado River flows (Figures 12-18).  The width of the arroyo is four meters at its widest point in the image, only the far face of the bank is visible from the view of the camera.  The camera is located 16 meters from the center of the image with a low depression angle of 12 degrees.
63.8 mile – Hopi Salt Mines

     This site is located along the Hopi Salt Mines stretch of the river which is forbidden from visitation or camping.   The area is culturally sensitive and has special significance for several Native American tribes.  The site was instrumented with a daily camerea in 1993 along the right side of the river which is not forbidden for stopping or visitation (Figure 19).  The CRMP has photographs of this area from the 1960s through the present (Figures 20 and 21).  This the only site in the study where we have photographic comparison for a time scale greater than ten years.  Some and visual and quantitative comparisons can be made from the recent daily photos and the historical photos from the 1960s.  The daily camera is placed opposite from the site and is located approximately seven meters above the river and 140 meters from the center of the photo with a low depression angle of 7 degrees.

62.3 mile – Crash Canyon

Crash Canyon is located just downstream from the confluence of the Colorado and Little Colorado Rivers and consists of a boulder/sand terrace approximately 4 meters above the river.  This area is protected on the riverward side by dense vegetation and is not susceptible to inundation at normal Colorado River Flows.  Crash Canyon is primarily vulnerable to gully erosion and debris flow activity from the adjacent drainage which is evident by the large boulders deposited in to the river near the mouth of the drainage.  This site was instrumented with a daily camera in 1993 (Figure 22) and has also been the focus of monitoring efforts by the CRMP (Figures 23-25).  CRMP photography was used at this site for relative geomorphic change near calibrated features in the photographs.  The daily camera is located on the same side of the river, is located 20 meters from the center of the image and has a moderate depression angle (27 degrees) Two-dimensional photogrammetry was also performed at this site over a three year period.
Techniques
Daily Camera Instrumentation


Pentax IQZ 105 cameras were used for image capture in all of the studies.  The Pentax IQZ 105 features a lens that zooms from 38mm to 105mm in focal length.  The lens’ effective aperture is f4 at 38mm and f7.8 at 105mm.  This aperture was used because of the added light loss caused by extending the zoom lens.  The lens is made up of 11 elements in 9 groups, which means two of the elements are grouped together twice and the rest are positioned in the lens by themselves.  The angle of view varies from 59 to 23.5 degrees based on the focal length (Pentax Corp., 1991).  Each site was instrumented with a Pentax camera which were set to acquire images in conjunction with the control point survey.  The cameras were housed in 50 caliber ammunition cans fitted with a circular hole covered with plexiglass.  A sheet metal visor was fashioned to shield the plexiglass hole from direct light.  The boxes were painted to blend in with the surrounding terrain and also had a small padlock to deter possible theft.  A wooden base sits in an immovable position within the can and is mounted to the camera with a screw.  The cans were semi-permanently mounted to larger boulders with clear caulk which can be removed upon completion of the project.  The height above the ground principal point, horizonatal distance, slope distance and depression angle were the criteria used for optimal location of each camera,, however natural surroundings usually dictated placement.
Photogrammetric Control


The use of control points is required to achieve any type of image registration or rectification.  Control was surveyed from previously established benchmarks used by the initial camera instrumentation downriver deployment in March 1993 and previously verified by GCMRC surveyors (Gonzales, written communication.).  Control points consisted of prominent features or photo control panels or a combination of both.  Location of the points and panels were selected to fall outside of as well as within the area of interest.  The points were deliberately spread out without a strong concentration in any particular region, which can bias triangulation results.   A total station and hixon rod were used for control to achieve positional accuracy of +/- 0.03 m in both vertical and horizontal.  To test for statistical condition of the surveyed control points, such as clumped, dispersed or random, a nearest neighbor distribution was calculated using Systat.  The results at all sites suggest a dispersed population which is a desired result based on the preference of a spatially complete coverage.  Dispersed data in this case is better than clumped, however a larger population of points would most likely lead to a random distribution which would be equally preferred.  Photogrammetric control was not performed at the upriver sites in Glen Canyon.  Therefore, all analysis on the -9 Mile and -.5 Mile sites were calibrated manually and compared relatively.
Image Processing

Daily images were acquired with 100 speed print film.  The film was processed and digitally transferred onto a PhotoCD at five different resolutions.  The images were also digitally scanned using a standard flatbed scanner at a resolution of approximately 1600 dpi.  The scanned images were saved in uncompressed, tagged image file (TIF) format.  

Planimetric rectification

Two-dimensional rectification was performed in Erdas Imagine using the Geometric Correction module.   Control points were identified on the control image, which is the photo taken when the control survey was performed.  The identified points were given surveyed positional coordinates and a second order, non-linear transformation matrix was calculated for each image.  Because the camera is fixed, this transformation matrix can be used for all subsequent images taken from the same camera station whether they have visible control or not.  An image is generated from the transformation matrix, which is essentially a planimetric view of the area of interest and RMS error is expressed in pixels.  RMS error is the distance between the input (source) location of a GCP, and the retransformed location for the same GCP.  Polygons were screen digitized and the areas were calculated in m2.  Previous research measured two-dimensional change of sandbars based on this same instrumentation setup, however, they were never able to validate the accuracy of the measurements outside of software generated RMSE (Dexter, et al., 1995).  

Relative Photographic comparison

 Relative is done by  taking field measurement of obvious features visible in all of the photographs.  Measuerments should be made around features where change detection will be made. If change detection will be made throughout an oblique image then there should features measured for calibration in the forground, midground and background and comparisons should be made separatlely for the three different fields.  The calibration measurements can be made by hand upon site visitation or derived from accurate georeferenced airphotos or rectified imagery.  Based on the calibration information geomorphic measurements can be calculated near the feature.
LIDAR
LIDAR is an active remote sensing system that uses pulses of light to illuminate the terrain.  LIDAR data collection involves mounting an airborne laser scanning system onboard an airplane along with a Global Positioning System (GPS) receiver and an Inertia Measurement Unit (IMU) to closely monitor location.  By accurately monitoring the round trip travel time of the laser pulse from the airplane to the ground and back, an accurate spot elevation can be calculated. An evaluation was performed at the -.5 study site to determine the usability of LIDAR data sets at cultural sites.  The LIDAR data was collected in November 2003 by 3Di Corporation within 11 of the USGS long term monitoring reaches. Data was collected at a .5m point spacing which ensures that there is a return collected for every .5m on the ground.  During this study Davis, et al. 2002 found the two LIDAR datasets to be unreliable (vertical error of .15m to .79m) for the resolution and vertical accuracy needed to quantify useful data for bare ground surfaces and was unusable (vertical error of .13m to1.44m) for terrain under canopy or obscured by vegetation.
Results

-9 mile

Nine images over a ten year period were photogrammetrically rectified at –9 mile bar.  Due to the orientation of the face of the cutbank, the X and Y axis were rotated so that the area rectified was not the oblique view across the photo but the actual face of the cutbank.  Therefore any measured area change over time would be representative of geomorphic change of the vertical component of the cutbank.  If the area decreases than the cutbank is getting lowered or sand deposted at the base. An increase in area would represent deposition on the terrace above the cutbank or sediment depletion at the base of the cutbank.  The lower boundary was held static so that fluctuation of river flow would not skew the results.    A local grid was established by using points and locations measured in the field.  The points at this site consisted primarily of vegetation, boulders on top of the terrace, and visible cobbles at the river.  The RMS error was 2.8 pixels with a pixel six of 9cm which as an overall positional error 25.2 cm.  The face of the cutbank remained essentially unchanged from an area standpoint over the last ten years (Table 1).  A change of 3% is within the range of the error of the technique used.  Upon visual inspection of the images there was overall stabization of the cutbank by increased vegetation growth in bank and new vegetation establishment along the river brought by sustained lower flows from 2000-2002 (Figures 9-11).
	Date
	
	Photogrammetric Area
	
	Relative Change

	8/26/92
	
	1226 m2
	
	

	2/6/94
	
	1220 m2
	
	-1%

	4/7/95
	
	1238 m2
	
	1%

	3/25/96
	
	1256 m2
	
	2%

	4/3/96
	
	1227 m2
	
	0%

	4/8/96
	
	1262 m2
	
	3%

	3/3/97
	
	1257 m2
	
	3%

	4/18/98
	
	1235 m2
	
	1%

	9/24/00
	
	1235 m2
	
	1%

	4/23/01
	
	1243 m2
	
	1%

	1/1/02
	
	1238 m2
	
	1%


Table 1. Photogrametically measured areas of -9 mile cutbank with change relative to 8/26/92.

-.5 mile arroyo


 At this site attempts were made using the newly acquired GCMRC LIDAR data to extract accurate locations of prominent features in the images.  The testing of this techniques was to provide a completely non intrusive was to generate a surface from the remote cameras where site visitation and impact would not occur.  LIDAR points were overlaid on orthorectified imagery and coordinates were taken from features which could be accurately located in both the oblique imagery as well as the orthophoto (Figure 26).   To be usable as control, the points needed to be rotated from Arizona stateplane coordinate system ellipsoid height to the established local coordinate system at each site.  A surface was generated from the LIDAR points (Figures 27-30) and locations from the georeferenced airphoto were extracted.  Based on error anlysis performed on the vertical position of the LIDAR points (Manone et al. 2001) and the contractor reported ground spot spacing, LIDAR derived control points are accurate to .7m in vertical and 1meter in horizontal.  Two images (4/14/93 and 4/21/98) were rectified using this method.  The results were poor based on the inability to accurately select hard point features from the georeferenced photo and extract an accurate elevation from the LIDAR data.  The RMS error calculated for 2/14/93 and 4.21.98 were 14.6 and 16.3 pixels, respectively.  The overall error calculated was 1.32 and 1.47 meters.  This error is grossly inadequate to try and measure change on an arroyo bank at the resolution of  .1 - .2 m.  Therefore, although LIDAR provides a good means to generate a representative surface it is not possible to extract usable control to rectify imagery which will be used for small scale change.  From visual inspection from the imagery it is safe to say that this site remains unchanged in the field of view of the camera.  The visible bank of the arroyo has not changed and the only impact seems to be the creation of a trail up towards the direction of the camera.
Hopi Salt Mines


This was the only site in the study where we were able to effectively use historical photography in combination with daily camera photography to see some real geomorphic change.  Upon investigation into the RCMP photographic database, pictures from the 1960s (some with dates and some without) were found which showed an area visible in the daily camera photo as well.  Visual inspection showed that this bar has remained remarkably stable throughout the daily photographic record (1993-1996)(Figure 19).  The sandbar portion of the sandbar remained unchanged from 1993 through the 1996 BHBF with no greater than 1% area change on four images rectified.  By calibrating the image in the vertical plane near the wall (by measuring boulders near the river), an estimation to vertical deposition of sediment can be made from undated 1960s photo (Figure 20) to the daily camera photo of 5/15/95 (Figure 19).  The area of the daily camera photo which coincided with the 1060s photo was scanned at 2100dpi and measurements were made neard the large, flat boulder in the backwater area just upstream from the Hopi Salt Mines.  Deposition was measured between the two photos of .6 meters.  The tamarisk in front of the Hopi Salt Mines was also measured as growing 2.5 meters over the last ~40 years.
Crash Canyon

Photogrammetric rectification was used with great accuracy at this site with a .8 rms error and .07 meter overall error.  However, there was absolutely no horizontal area change to be measured at the Crash Canyon site.  However, this location would be a good potential candidate for a terrestrial based stereo photogrammetric setup given the low RMS and the steep depression angle which is desirable for stereo work.  The accuracy of the photogrammetry made it possible to measure hard points in the scene accurately and also not requiring visitation to the site to measure the points.  Several hard points such as rocks and vegetation were calibrated from the daily photo (Figure 22) and used to measure deposition of depletion of sediment near the same feature which can be identified in the RCMP database photos (Figures 24 and 25).  Three boulders in the midground of figures 24 and 25 as well as four plants in the foreground were used for change detection.  Using these features there was little or no change between the two photos (<2%) at all seven feature points.  Visual inspection of the photographic record of the daily photographs support this finding of no change.
Conclusions

The primary goal of this project was to address photographic methods that could be implemented for the archaeological monitoring and treatment plans.  That was done by evaluating the use of visual inspection and planimetric photogrammetry of existing oblique photographs, relative calibration of historic photography and by using LIDAR to assist in non intrusive surface generation of a cultural site.  Another charge was to determine condition and activity of sediment at and around selected cultural sites.   This was done by visual inspection and measurements at 4 sites which were overall very stable.  Using past photography with recent photography can be useful as shown by Webb et al. 1996, and seems to be best used in that application where the historical photography is on hand and a trip is launched to reproduce existing historic photos. Matching existing historic photographs with existing recent photographs was challenging at best.  I spent three days at NAU special collections looking through most of there Grand Canyon photos and did not find one that I could use with recent photography.  It is recommended that photography and historical/recent photo comparisons should be used in long-term monitoring of sediment proximal to cultural sites, however, the errors involved with current techniques of terrestrial photogrammetry and airborne remote sensing are too great to look at small scale geomorphic change.  Photogrammetry would be valuable if large scale change detection is required.  It seems that the greatest use of photography for monitoring cultural sites is by visual inspection and image calibration and relative change close to calibrated features.  Overall, the question of resolution needs to be addressed prior to assessing geomorphic monitoring techniques at cultural sites. 
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Figure 1. -9 mile cutbank 8/26/92
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Figure 2. -9 mile cutbank 2/6/94
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Figure 3. -9 mile cutbank 4/7/5
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Figure 4. -9 mile cutbank 3/25/96
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Figure 5. -9 mile cutbank 4/3/96
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Figure 6. -9 mile cutbank 4/8/96
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Figure 7. -9 mile cutbank 3/3/97

[image: image8.jpg]



Figure 8. -9 mile cutbank 4/18/98
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Figure 9. -9 mile cutbank 9/24/00
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Figure 10. -9 mile cutbank 4/23/01
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Figure 11. -9 mile cutbank 1/1/02
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Figure 12. .5 mile arroyo 8/24/92
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Figure 13. .5 mile arroyo 4/14/93
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Figure 14. .5 mile arroyo 4/19/94
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Figure 15. .5 mile arroyo 4/15/95
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Figure 16. .5 mile arroyo 6/1/96

[image: image17.jpg]



Figure 17. .5 mile arroyo 4/5/97
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Figure 18. .5 mile arroyo 4/21/98
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Figure 19. Hopi Salt Mine from NAU daily camera locatoin 5/15/95
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Figure 20. RCMP photo archives of Hope Salt time sometime in the 1960s
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Figure 21. RCMP photographic archives, Hopi Salt Mine 6/3/65
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Figure 22. Crash Canyon site from NAU daily camera location 5//95
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Figure 23.  Crash Canyon site from RCMP archives 10/12/90
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Figure 24.  Crash Canyon site from RCMP archives 4/27/96
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Figure 25.  Crash Canyon site from RCMP archives 4/18/98
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Figure 26. Aerial photograph of .5 mile site
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Figure 27. TIN model of LIDAR data at .5 mile site
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Figure 28. Contours (1m interval) of LIDAR data at .5 mile site
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Figure 29.  3D oblique view of .5 mile site
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