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� Introduction

� Water movement

� Chloride & nitrate accumulation

� Implications for ground-water quality



INTRODUCTIONINTRODUCTION

� Recent studies discovered unexpected reservoir of natural 
nitrate in desert subsoils

� Accumulation & retention of the subsoil reservoir are closely 
tied to flow processes in the unsaturated zone

� Important to understand this connection … 
changes in land use can alter natural flow processes &
mobilize subsoil nitrate toward ground water

Amargosa Desert Amargosa Desert 
Research Site (ADRS)Research Site (ADRS)

[Map from Stonestrom et al., USGS OFR, 2003]

Precipitation = 167 mm/yrPrecipitation = 167 mm/yr
Elevation = 1200 mElevation = 1200 m
Water table depth = 464 mWater table depth = 464 m

Common characteristics: 
� Arid climate
� Alluvial valley
� Sparse Mojave Desert scrub vegetation

Precipitation = 108 mm/yrPrecipitation = 108 mm/yr
Elevation = 845 mElevation = 845 m
Water table depth = 110 mWater table depth = 110 m

Yucca Yucca 
Flat (YF)Flat (YF)



WATER MOVEMENTWATER MOVEMENT

� Monitoring & measurements to characterize present-day
flow processes in the unsaturated zone (UZ)

� Soil-water potential
– Wetting & drying  
– Direction of water movement

� Chloride mass-balance method to estimate long-term
flow processes … 100’s to 1,000’s of years before present

� Atmospherically deposited chloride … precipitation + dryfall
– “ Tracer”  to determine depth of liquid water penetration
– Accumulated mass to estimate age of soil-pore water

Present Day – Water Potential Response to Precipitation

[Andraski, WRR, 1997; Scanlon et al., WRR, 2003]

� Root zone (0-1 m)
� Common, large increases due to precipitation & decreases due to evapotranspiration
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Present Day – Water Potential Response to Precipitation

� Root zone (0-1 m)
� Common, large increases due to precipitation & decreases due to evapotranspiration

� Just below root zone (1-2 m)
� Episodic water penetration under high precipitation (e.g., 1987-88 = 150% of average)

[Andraski, WRR, 1997; Scanlon et al., WRR, 2003]
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Present Day – Water Potential Response to Precipitation

� Root zone (0-1 m)
� Common, large increases due to precipitation & decreases due to evapotranspiration

� Just below root zone (1-2 m)
� Episodic water penetration under high precipitation (e.g., 1987-88 = 150% of average)

� Greater depths (2-13 m)
� No response to precipitation; persistent upward gradients for liquid & vapor flow

[Andraski, WRR, 1997; Scanlon et al., WRR, 2003]
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Water-efficient desert plants play a major role in shallow & deep UZ flow processes
� Agronomic plants … permanent wilting point (PWP) = � 150 m
� Desert plants … PWP = � 800 m

� Minimize downward percolation out of root zone 
� Maintain dry “ upper boundary”  conditions that support persistent upward flow in deep UZ

[Walvoord et al., WRR, 2002]

Upward gradients for liquid & vapor flow extend well below 13-m depth

[Andraski, 1997; Andraski & Prudic, 1997]
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Present Day – Deep Water Potential Profiles

[Walvoord et al., WRR, 2002; Scanlon et al., WRR, 2003]

� How long have upward flow & limited downward percolation persisted
in the deep UZ?

Period corresponds with 
Pleistocene-to-Holocene 
climate change & 
vegetation change

Long-Term Processes – Chloride Mass Balance Method

“ Bulge”  = zone 
of accumulation  

… percolation below 10 m 
has been negligible for 
past 10,000–16,000 yr

Ages approach 10,000–
16,000 yr at 10-m depth …

Chloride Mass Balance Age (kyr)
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Evolution of Water Flow in Evolution of Water Flow in Deep Unsaturated ZonesDeep Unsaturated Zones

Sediments beneath southwestern 
deserts have been drying out for 
10,000–16,000 years in response to 
paleoclimate & vegetation changes.

Desert ScrubDesert ScrubWoodlandWoodland
Wet, CoolWet, Cool Arid, WarmArid, Warm

>10,000 to 16,000>10,000 to 16,000

Liquid Vapor

years ago    years ago    TodayToday

CHLORIDE & NITRATE ACCUMULATIONCHLORIDE & NITRATE ACCUMULATION
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Nitrogen (N) Cycling in Desert Ecosystems –

Studies traditionally have examined only the “ biologically active zone”
(~0-1 m depth)

Conclusions from these traditional studies:

1) Low level of nutrient accumulation in desert soils [Science, 1990]

2) Maximum accumulation of N is at soil surface [Ecology, 1996 & 1998; Oecologia, 2002]

3) Vertical leaching of N below root zone is negligible [Biogeochemistry, 1988 & 1990]

Bottom line … 
the limited N in desert ecosystems results in tight retention &
negligible loss of bioavailable N from the root zone to the subsoil.

Conceptual Model Based on Traditional Thinking

Nitrate Concentration
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HOWEVER …HOWEVER …
data collected to “ nontraditionaldata collected to “ nontraditional
depths”  tell a different story!!depths”  tell a different story!!

Yucca Flat
� Soil pore-water profiles to 5-m depth

Results
� Nitrate parallels chloride profile
� Large inventory of nitrate below root zone
� Maximum nitrate at 2-m depth

Is this a local anomaly in Yucca Flat or 
is it widespread in desert UZs?

0

1

2

3

4

5 0 2000 4000 6000
Pore-water concentration (mg L-1)

D
ep

th
 (

m
)

0

1

2

3

4

5

D
ep

th
 (

m
)

[Hartsough et al., Geophys. Res. Lett., 2001]

Site A1

Site B1

Cl

Cl

NO3
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NO3
� -N

Root zone
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Investigation Expanded to Several AridInvestigation Expanded to Several Arid--toto--Semiarid LocationsSemiarid Locations
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[Walvoord et al., Science, 2003]
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[Walvoord et al., Science, 2003]

� General trends in NO3
� -N & Cl profiles are similar

� Subsoil NO3
� -N concentrations vary from location-to-location

� Can exceed 3,000 mg L � 1 … 10 times > root-zone soil

� Los Alamos (semiarid woodland) … conditions less favorable for accumulation

PorePore--Water Nitrate & Chloride Profiles (10Water Nitrate & Chloride Profiles (10--30 m depth)30 m depth)
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New Conceptual ModelNew Conceptual Model

� Nitrate (like chloride) can leach from root 
zone & accumulate in the subsoil

� Subsoil characteristics promote long-term 

nitrate stability:
� Low organic matter, few microbes

� Aerobic (low water content)
� Neutral to basic pH

Nitrate Transport Pathways (major)
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EMPHASIZES close coupling 
between nitrogen dynamics & 
hydrodynamics



IMPLICATIONS FOR GROUNDIMPLICATIONS FOR GROUND--WATER QUALITYWATER QUALITY

� Under natural desert conditions … subsoil-nitrate has 
been accumulating & “ locked in place”  for thousands of 
years

� What happens if natural, present-day conditions change?
� Conversion to irrigated land (agricultural, urban)
� Reservoir construction

Evidence for IrrigationEvidence for Irrigation--Mobilization of Subsoil Nitrate Mobilization of Subsoil Nitrate ––
Soil poreSoil pore--water profiles beneath native vegetation & irrigated fieldwater profiles beneath native vegetation & irrigated field––Amargosa Desert, NVAmargosa Desert, NV

[Stonestrom et al., USGS OFR, 2003]
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Change in land use can alter previous Change in land use can alter previous 
10,00010,000––16,000 years of work by Mother Nature16,000 years of work by Mother Nature

� Reverse direction & increase 
magnitude of water flow

� Mobilize subsoil nitrate toward 
ground water

Irrigated LandIrrigated Land

Liquid

NONO33
�� reservoirreservoir

Desert ScrubDesert Scrub

Vapor

NONO33
�� reservoirreservoir

TodayToday Tomorrow?Tomorrow?

Shift from desert to sustained 
wetter conditions can:

In summary … 

� Nitrogen dynamics are closely tied to hydrodynamics 
of the unsaturated zone 

� New findings raise concern about potential fate of 
natural nitrate in desert subsoils following 
environmental change

� Further research is needed to determine prevalence 
of subsoil nitrate accumulations & controlling 
processes 
� Information will help to evaluate severity & extent of 

potential threats to ground-water quality




