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GroundGround--Water Vulnerability?Water Vulnerability?

Conceptual Model Conceptual Model ––
High Plains AquiferHigh Plains Aquifer

MethodsMethods
•• Ground water flow and Ground water flow and 

particle tracking simulationsparticle tracking simulations
•• Logistic regressionLogistic regression

Vulnerability to NitrateVulnerability to Nitrate

Uncertainty EstimatesUncertainty Estimates
•• Latin hypercube sampling Latin hypercube sampling 

simulationssimulations

OutlineOutline



Why Assess GroundWhy Assess Ground--Water VulnerabilityWater Vulnerability

High Plains AquiferHigh Plains Aquifer
Elevated nitrate (NOElevated nitrate (NO33

-- as N) in ground water  as N) in ground water  

Minimal Minimal denitrificationdenitrification

Ground Water Management ToolGround Water Management Tool
Identify factors responsible for NOIdentify factors responsible for NO33

-- vulnerabilityvulnerability

Prediction of NOPrediction of NO33
-- in nonin non--sampled locationssampled locations



Rangeland = 56%Rangeland = 56%

Irrigated Agriculture = 12%  Irrigated Agriculture = 12%  
(13.1 million acres)(13.1 million acres)

NonNon--irrigated Agriculture = 29%irrigated Agriculture = 29%

Land Use / Land CoverLand Use / Land Cover

Conceptual Model Conceptual Model –– Spatial VariabilitySpatial Variability



Conceptual Model Conceptual Model –– Temporal VariabilityTemporal Variability
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Vertical Gradients in Ground Water AgeVertical Gradients in Ground Water Age

from from -- McMahon and others (2004) McMahon and others (2004) 

PaleorechargePaleorecharge nitrate: nitrate: 
1.9 to 3.5 mg/L1.9 to 3.5 mg/L
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Spatial and Temporal Variability Spatial and Temporal Variability ––
Nitrate Concentrations in Ground WaterNitrate Concentrations in Ground Water



Objectives Objectives –– Vulnerability AssessmentVulnerability Assessment

1.1. Identify factors responsible for vulnerability to NOIdentify factors responsible for vulnerability to NO33
--

2.   Develop empirical model and map that predicts the 2.   Develop empirical model and map that predicts the 
probability of detecting concentrations of NOprobability of detecting concentrations of NO33

-- (as N) (as N) 
> 4 mg L> 4 mg L--11 in recently recharged ground water          in recently recharged ground water          
(< 50 years) of the High Plains aquifer.(< 50 years) of the High Plains aquifer.

3.3. Quantify uncertainty associated with these  Quantify uncertainty associated with these  
vulnerability predictions.vulnerability predictions.



2. Define Contributing Area2. Define Contributing Area

3. Extract Explanatory Variables3. Extract Explanatory Variables

1. Particle Tracking Simulations1. Particle Tracking Simulations
MethodsMethods

4. Independent Validation4. Independent Validation
336 wells selected that intercept336 wells selected that intercept

recently (<50 years) rechargedrecently (<50 years) recharged
ground water.ground water.

GroundGround--water age water age –– Tritium (Tritium (33H) method H) method 
86% of wells analyzed for 86% of wells analyzed for 33H H 

indicate that ground water wasindicate that ground water was
recharged during the last 50 years.recharged during the last 50 years.

�

Travel time = 50 years.
Each arrow represents 1 year.
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Methods Methods –– Logistic Regression ModelingLogistic Regression Modeling
ExplanatoryExplanatory Variables:Variables:

Land UseLand Use
•• Irrigated agricultural landIrrigated agricultural land
•• NonNon--irrigated agricultural landirrigated agricultural land
•• Rangeland Rangeland 

Nitrogen applicationNitrogen application
•• Commercial fertilizerCommercial fertilizer
•• ManureManure
•• Soil residuals Soil residuals 
•• Atmospheric depositionAtmospheric deposition

Soils (clay, organic matter,       Soils (clay, organic matter,       
permeability, thickness, etc)permeability, thickness, etc)

Unsaturated zone Unsaturated zone lithologylithology
Depth to waterDepth to water
Saturated thicknessSaturated thickness
Number of irrigation wellsNumber of irrigation wells
Number of playa basinsNumber of playa basins

ResponseResponse Variable:Variable:
Nitrate (NONitrate (NO33

-- as N) concentrations as N) concentrations 
greater than greater than ““backgroundbackground””..

•• Background concentration = 4 mg/LBackground concentration = 4 mg/L
((paleorechargepaleorecharge water nitrate water nitrate 
concentrations: 1.9 to 3.5 mg/L)concentrations: 1.9 to 3.5 mg/L)

Logistic Regression ModelLogistic Regression Model::
Predicts the probability of detecting Predicts the probability of detecting 

nitrate > 4 mg/L in  recently (< 50 years)nitrate > 4 mg/L in  recently (< 50 years)
recharged ground water.recharged ground water.



NonNon--Irrigated Ag      Irrigated Ag       Soil Organic MatterIrrigated Ag      Irrigated Ag       Soil Organic Matter
(1.566)                   (1.133)                  ((1.566)                   (1.133)                  (--0.741)0.741)

Results Results –– Logistic Regression ModelsLogistic Regression Models

Northern High Plains (NHP) Model:Northern High Plains (NHP) Model:

Central and Southern High Plains (CHP and SHP) Model:Central and Southern High Plains (CHP and SHP) Model:

UZ Thickness     NonUZ Thickness     Non--Irrigated Ag     Irrigated Ag      Clay in UZ (%)Irrigated Ag     Irrigated Ag      Clay in UZ (%)
((--1.621)               (0.909)                 (0.710)            1.621)               (0.909)                 (0.710)            ((--0.678)0.678)



Model CalibrationModel Calibration NHP Model

y = 1.0336x - 1.8214
r2 = 0.910
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CHP and SHP Model

y = 1.0266x - 1.2442
r2 = 0.891
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HL p =0.989HL p =0.989
RR22 = 0.906= 0.906

HL p = 0.959HL p = 0.959
RR22 = 0.891= 0.891

N = 243N = 243

Central and Southern HP Model

Northern HP Model
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Predicted Probability of Nitrate
Greater than 4 milligrams per liter

Predicted Probability of Nitrate
Greater than 4 milligrams per liter



Predicted probability of Predicted probability of 
detecting NOdetecting NO33 > 4 mg L> 4 mg L--11

in recently recharged in recently recharged 
(<50 years) ground water.(<50 years) ground water.

PredictedPredicted Percentage ofPercentage of
ProbabilityProbability Study Area (%)Study Area (%)

: 11.9

: 41.3

: 25.6

: 19.6

: 1.3

Vulnerability MapVulnerability Map



N = 105 (randomly selected wells)N = 105 (randomly selected wells)

Validation of combined NHP Model and 
CHP and SHP Model 

y = 0.9537x + 1.7583
r2 = 0.834
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Central and Southern Model
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RR22 = 0.834= 0.834

Model ValidationModel Validation



Uncertainty of Vulnerability PredictionsUncertainty of Vulnerability Predictions
Two Sources of Error:Two Sources of Error:

1.1. Estimated coefficients in the LogisticEstimated coefficients in the Logistic
Regression model, due toRegression model, due to
lack of spatial coverage of monitoring lack of spatial coverage of monitoring 
wells.wells.

2.2. GIS explanatory variables, due to GIS explanatory variables, due to 
accuracy, precision, and processing accuracy, precision, and processing 
of GIS data.of GIS data.

Error PropagationError Propagation
•• Latin Hypercube SamplingLatin Hypercube Sampling

Example: Example: 
80% Correct Identification80% Correct Identification

QiQi and others, 2002and others, 2002



Uncertainty EstimationUncertainty Estimation
Vulnerability Map                                 Vulnerability Map                                 90 Percent Prediction Interval90 Percent Prediction Interval



Monitoring Network                   Vulnerability Map          Monitoring Network                   Vulnerability Map          Uncertainty MapUncertainty Map

ConclusionsConclusions
Developing conceptual Developing conceptual model(smodel(s) ) —— important first step:important first step:

•• Define recently recharged (< 50 years) ground water Define recently recharged (< 50 years) ground water 
•• Delineate contributing areas using upDelineate contributing areas using up--gradient 90gradient 90--degree sectors in GISdegree sectors in GIS

Coupling logistic regression with GIS:Coupling logistic regression with GIS:
•• Effective method to extrapolation from monitoring network to aqEffective method to extrapolation from monitoring network to aquifer.uifer.

Vulnerability assessment Vulnerability assessment —— valuable groundvaluable ground--water management tool. water management tool. 
•• 20% of High Plains aquifer > 60% predicted probability of recen20% of High Plains aquifer > 60% predicted probability of recently tly 
recharged ground water having nitrate > 4 mg/L (as N). recharged ground water having nitrate > 4 mg/L (as N). 



Conclusions Conclusions –– ContinuedContinued
Important factors Important factors —— nitrate management in High Plains aquifer:nitrate management in High Plains aquifer:

1. Non1. Non--Irrigated agricultural land Irrigated agricultural land 2. Irrigated agricultural land2. Irrigated agricultural land
3. Clay content of the unsaturated zone 3. Clay content of the unsaturated zone 4. Organic material of the soil  4. Organic material of the soil  
5. Depth to water table (unsaturated zone thickness)5. Depth to water table (unsaturated zone thickness)

Uncertainty analysis Uncertainty analysis —— practical tool for improved management.practical tool for improved management.
•• Spatial estimates of model confidence across the aquifer.Spatial estimates of model confidence across the aquifer.
•• Quantify how and where to improve future vulnerability models.Quantify how and where to improve future vulnerability models.

•• Additional monitoring wells and improved GIS data sets.Additional monitoring wells and improved GIS data sets.

Continuing need to quantify uncertainty associated with GIS datContinuing need to quantify uncertainty associated with GIS data.a.

Monitoring Network                   Vulnerability Map          Monitoring Network                   Vulnerability Map          Uncertainty MapUncertainty Map



http://co.water.usgs.gov/nawqa/hpgw/index.html

Questions Questions –– jjgurdak@usgs.govjjgurdak@usgs.gov
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