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THE GOOD, THE BAD AND THE UGLY

• The Good
– Recharge rates > 0.60 m/day (2 feet/day)
– Large storage capacity
– Ability to control mound and manage storage

• The Bad
– Recharge rates < 0.15 cm (6 inches/day)
– Low storage capacity
– Subsurface impediments to downward flow
– Potential off-site impacts

• The Ugly – When Bad gets built



Causes for Project Failure/Uncertainty

– Inadequate characterization of 
hydrogeologic properties

– Focus on characterizing groundwater 
conditions and not vadose zone

– Project momentum, engineering and land 
purchase decisions before thorough 
hydrogeologic investigation

– Excessive characterization of marginal 
sites

– Improper data interpretation

Those that must not be named….

Source: US DOE



Maximizing the Opportunities

• Surface infiltration rates?
• Perching layers?

– Will mounding near to surface impede infiltration?
– Spreading and lateral flow?

• Effect on off-site wells?
• Daylighting?

• How much storage in the vadose zone?
– Bypass of sediments
– Structure/groundwater elevation impediments

FATAL FLAW

FATAL FLAW

FATAL FLAW



High permeability gravelly sands

Cemented, silty sands

Regional Groundwater Table

Sand, silty sands

Low permeability fine-grained layers`

State of the Art Techniques in 
Identifying and Characterizing 
Optimum Surface Spreading 
Groundwater Recharge Projects

  

INFILTRATION

Artificial Groundwater Recharge Processes



Integrated Vadose Zone Characterization

• Phase I – Desktop screening
• Phase II - Assess near-surface infiltration properties

– Assess operational infiltration rates
• Phase III - Assess deeper sub-surface sediment 

properties
– Assess sub-surface layering and interconnectivity

• Define recharge and storage characteristics
– Modeling and analysis

• In most cases pilot projects are NOT needed



Phase I – Desktop Screening
• Integration of soils, hydrologeologic, geomorphologic 

data into relative permeability facies
• California tools

– SAGBI
– LAND IQ GRS
– GRAT

• Other issues
– Land
– Power
– Water
– Environmental/ 

social

Source: Earth Genome, Sustainable Conservation



• Test-pits to determine lithologies
– Visual-manual logging
– Small scale lab testing (PSD)

• Intermediate scale Ksat tests
– Infiltrometer/permeameter testing
– Small-scale infiltration basins

• Spatial variability?
• Integrate lithology and field 

measurement data

Phase II - Near-surface Characterization



• Hydraulic conductivity typically increases with sample 
size (effect of heterogeneity, interconnectivity)

• Saturated systems
− Small - slug tests
− Intermediate - 24 hour single well
− Large aquifer tests (Multi-day, observation wells)

Measurement Scale Effects

• Unsaturated systems
− Laboratory
− Surface and borehole tests
− Atmospheric pressure wave

Source: Schulze-Makuch et al., 1999



Single Ring vs Double Ring Infiltrometer

• Bouwer et al. (1999) developed lateral flow and gradient 
correction for simpler single-ring cylinder infiltrometers

10



A Critical Review of Single Ring 
Infiltrometers (Rice et al., 2015)

• Ksat from double-ring infiltrometer several times higher than 
paired single-ring infiltrometer effective Ksat

• Single-ring effective Ksat agree well with basin scale 
measurements (small to up to 5 acres)

• Rapid and low cost
• Measurement errors are small relative to spatial variability



Phase III - Deeper Sub-surface 
Exploration

• Exploration boreholes
– Focus on upper 30 m (100 feet)
– Need good samples (i.e. sonic)
– Visual manual logging
– Small scale sample testing (PSD, 

moisture content, core density)
• Spatial variability?
• Relate to surface measurements



Phase III - Deeper Sub-surface Testing

• Poor stratigraphy?
– Significant fine-grained units < 30 m bgs)

• Subsurface testing 
– Installation of water and air piezometers nests
– Intermediate-scale borehole permeameter test
– Large-scale Atmospheric Pressure Wave tests

• Cross-sections and test result integration
• Supplemental methods



Air and Water Piezometer Installation





Borehole Permeameter (BP) Testing

• Intermediate scale (1 
to 5 foot interval)

• Constant head water 
injection

• Measures vertical and 
horizontal Ksat

• USBR 1974 and other 
solutions



Atmospheric Pressure Wave (APW) Testing

• Monitor atmospheric pressure 
change into/out of subsurface

• Change in amplitude and 
phase correlates to air 
permeability, air porosity, 
interconnectivity

• Inverse model to estimate  
vertical Ksat

• Assess fine-grained unit 
interconnectivity

• Weeks et al. 1978



Atmospheric Pressure Wave (APW) Testing
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Other Supplemental Methods

• Geophysics
– Electrical resistivity, surface and vertical
– Electromagnetic (i.e. AEM, airborne TDEM)

• Surface/borehole NMR/MRS (water content, effective 
porosity, estimated permeability) 

• Temperature/Heat (tracer) monitoring and modeling
– Fiber optic distributed temperature sensing (FO-DTS)
– Particularly useful in streambeds, existing basins

• Tracers
– Intrinsic, Isotopes
– Added tracers (Cl, Br, Rhodamine, Fluorescein)



Application to Flood Flow/On-Farm 
Recharge?

• Growers know their high permeability fields
• Historical record indicates 3 out of ten years are wet

– Climate reconstructions indicate last 150 years anomalously wet
• Existing screening tools identify low permeability and 

duripan areas 
• Still need near-surface and some subsurface exploration 

to reduce uncertainty and maximize recharge rates
• Lots of good work to address water quality and potential 

crop effects (Sustainable Conservation, Bachand, 
Dahlke and others)



Source: RRG



CONCLUSIONS

• Need to quantify groundwater AND vadose zone 
hydraulic properties:

• Tools are available to test both near-surface and deeper 
subsurface sediments

• Need to consider spatial variability  
• Understand measurements at different scales
• Integrated vadose zone characterization methods can 

accurately assess recharge project feasibility
• Start small, take many steps



THANK YOU!

mike@gsanalysis.com


	THE GOOD, THE BAD AND THE UGLY: A REVIEW OF SURFACE SPREADING AQUIFER RECHARGE CHARACTERIZATION METHODS
	THE GOOD, THE BAD AND THE UGLY
	Causes for Project Failure/Uncertainty
	Maximizing the Opportunities
	Slide Number 5
	Integrated Vadose Zone Characterization
	Phase I – Desktop Screening
	Phase II - Near-surface Characterization
	Measurement Scale Effects
	Single Ring vs Double Ring Infiltrometer
	A Critical Review of Single Ring Infiltrometers  (Rice et al., 2015)
	Phase III - Deeper Sub-surface Exploration
	Phase III - Deeper Sub-surface Testing
	Air and Water Piezometer Installation
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Other Supplemental Methods
	Application to Flood Flow/On-Farm Recharge?
	Slide Number 21
	CONCLUSIONS
	THANK YOU!

