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Presenter
Presentation Notes
GRCA is 1.4 million acres/5665 square km~2 km depth to Colorado River
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Kaibab Plateau

• 9200 ft (2817m) elevation
• Precipitation: 652 mm/yr
• Winter Snow, Summer 

Monsoon
• 90-100m of Limestone 

Bedrock 
• Karst Environment
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KARST ENVIRONMENTS
KARST ENVIRONMENTS

Thanks to BGR and UNESCO for block diagram

Presenter
Presentation Notes
Block diagram of a heterogeneous karst aquifer illustrating the duality of recharge (allogenic vs. autogenic), infiltration (point vs. diffuse) and porosity/flow (conduits vs. matrix) (Goldscheider & Drew 2007)Source: GoldscheiderBGR and UNESCO own the copyright on the data and maps provided here. The maps may be reproduced without further permission from the copyright owner provided that an acknowledgement to BGR & UNESCO is included in presentations and publications. WHYMAP requests reprints of publications or products and services resulting from the use of the maps.(Disclaimer: https://www.whymap.org/whymap/EN/Maps_Data/maps_data_node_en.html, Image: https://www.whymap.org/whymap/EN/Maps_Data/Wokam/wokam_fig3_g.html?nn=9930710), accessed 7/26/2019
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Grand Canyon Aquifers and Drinking Water

Roaring 
Springs

Trans-Canyon 
Pipeline (>23 km)
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Groundwater Vulnerability

Evaluate Risks to Grand Canyon 
Groundwater and Drinking Water

Sinkholes as Vulnerability Indicators
Direct Conduit to Groundwater
Higher Density Near Faults
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Presenter
Presentation Notes
Non-Native Bison and transportation corridors are major groundwater vulnerability concerns.
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Kaibab Plateau  >1,630 square km

Where are the 
Sinkholes?

Presenter
Presentation Notes
Kaibab Plateau >400,000 acres
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Tiyo Point Trail Area—NAIP Imagery
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Tiyo Point Trail Area—LiDAR ”Bare Earth” Hillshade

Presenter
Presentation Notes
LiDAR is a beautiful thing!Transportation, Sinkholes, Archeology Sites, Detailed Topography and Contours, Vegetation StructureAnyone see Sinkholes?
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Extract “Depressions” from
1-meter DEM

1. “Smooth” DEM (3x3 cells)
2. “Fill” Depressions to Pour Points
3. “Calculate” Difference Raster

(Representing Depressions)
4. Convert Raster to Polygons
5. Remove Small (<3 m2) Polygons
6. “Smooth” Remaining Polygons

Presenter
Presentation Notes
Modified after Miao, X. Q.-S. (2013). Developing efficient procedures for automated sinkhole extraction from lidar DEMs. Photogrammetric Enigineering and Remote Sensing, 79 (6), 399-406.
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Tiyo Point Trail Area—”Depressions”

Presenter
Presentation Notes
Which ones are “true” Sinkholes?
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Kaibab Plateau

257,519 LiDAR 
“Depressions”

Presenter
Presentation Notes
Which ones are “true” Sinkholes?
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Delineate “True” Sinkhole Features
1. Develop Training Dataset
2. Characterize Depressions as 

Sinkholes (presence) or Non-
Sinkholes (absence)

3. Develop Independent Variables
4. Classify Depressions via 

ITERATIVE Correlation Modeling 
(“Machine Learning”)

5. Field Validate Models

Presenter
Presentation Notes
Modified after Zhu, J. P. (2016). Applying a weighted random forests model method to extract karst sinkholes from LiDAR data. Journal of Hydrology 533, 343-352.
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Training Dataset
 Ten Randomly Generated 1 km2

Training Areas
 3,057 Depression Features (~1%)
 Three Reviewers per Depression 

Feature (Visual Inspection of 
Hillshade)

 Classification as “Sinkhole” or 
“Non-Sinkhole”
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Sinkhole Independent Variables
1. Depth Related

• Mean and Maximum Depth
• Volume
• Depth Index (~Slope)

2. Surface Shape
• Area, Perimeter, Length, Width
• Elongation, Circularity Index, 

Compactness
3. Orientation
4. Concavity (Curvature)

Presenter
Presentation Notes
Depth Index is derived from Depth and Area, and is roughly equivalent to Slope.Circularity Index and Compactness are measures of deviation from a perfect circle. Used Minimum Bounding Geometry (circle) Tool.Concavity calculated using the Curvature Tool
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Random Forests Machine Learning
Iterative Modeling

Presenter
Presentation Notes
CART on steroids. We used Salford Predictive Modeler (SPM) from Minitab.
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Model Iteration
 Dependent Variable Weight

• Sinkhole (2)
• Non-Sinkhole (1)

 Presence/Absence Training Data
• 1, 2, 3 Reviewer Classifications

 Model Internal Performance Metrics
 Visual Inspection of Outcomes

Presenter
Presentation Notes
1. Weight: many fewer sinkholes than non-sinkholes2. Presence/Absence classification(s), as determined by 1, 2, or 3 of the training reviews3. Visual Inspection of Hillshade raster4. Performance Metrics for “bootstrapped” records (typically 37%)
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Field Validation of Models

 2.5 mile2 Validation Survey Area
 64 Randomly Selected Depressions 

(multiple size classes) Field Inspected 
•23 Sinkholes
•41 Non-Sinkholes
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Sinkhole Modeling Results
 257,519 LiDAR “depressions” within 1,634 

square km (Kaibab Plateau)
 6,973 (2.7%) of “depressions” are 

Sinkholes
 79% Overall Internal Model Accuracy
 87.5% Overall Field Validation Accuracy

•78.3% of Sinkholes Correctly Classified
•92.3% of Non-Sinkholes Correct
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Tiyo Point Trail Area—”True” Sinkholes

“True” 
Sinkholes

Presenter
Presentation Notes
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Kaibab Plateau Sinkholes
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Kaibab Plateau Sinkhole Density
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Kaibab Plateau Sinkhole Density and Mapped Faults
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Dye Trace Studies Area



2016 - 2017 Dye Detections

Presenter
Presentation Notes
Brand new dye detections of uranine from 2017 complicate the story. Perhaps flow along the adjacent faults is radically different, but we get detections at Vasey’s spring in each case. Perhaps the flow paths vary depending on the intensity and source of water, and antecedent conditions. Summer precipitation comes from intense monsoon events, which could have very different flow impacts from the constant soaking input during snow melt. Piston effect, etc.These dye receptors were all in the field roughly May to July. Some springs had detections in May/June and June/July. The earliest dye receptor was placed in Transept in March and not retrieved until June. The latest receptor was placed in Vasey’s June 2 and not retrieved until Aug 2.
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Coconino Aquifer
“C-aquifer”

Redwall-Muav Aquifer
“R-aquifer”

Grand Canyon Aquifers
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Shallow, C Aquifer Deep, R Aquifer
Modified COP Aquifer Vulnerability

Presenter
Presentation Notes
Modified COP (Concentration, Overburden, Precipitation) Vulnerability Models (Jones, et al., 2019, in press)
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Thank You!
Mark_Nebel@nps.gov
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