Vadose Zone

The vadose zone (unsaturated zone) lies between the land surface and the water table and is critical for water resources and contaminant transport.  Water movement through the vadose zone controls to a large extent groundwater recharge to aquifers and also transports contaminants to aquifers because most contamination originates at the land surface. The Bureau has unique capabilities in characterizing the vadose zone.  The vadose zone program is comprehensive and includes the use of physics, chemistry, isotopes, and numerical modeling to characterize the direction and rate of water movement and contaminant transport.  Examples of vadose zone studies include site characterization studies for low-level radioactive waste disposal (1987 - 1997), contaminant transport at DOE facilities such as the Pantex Plant near Amarillo (1992 – 1998), and engineered covers for waste containment in West Texas, Idaho, and Nevada Test Site.  

Geophysics 

Surface geophysics is a valuable reconnaissance tool for vadose zone hydrology studies.  Electromagnetic induction measures the apparent electrical conductivity of the subsurface, which [image: image3.emf]0.001
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varies with clay content, water content, and salinity.  Apparent electrical conductivity (ECa) can be measured with above ground, noninvasive EM meters such as the EM31, EM34, and EM38 meters (Geonics Inc., Mississauga, Ontario).  A downhole EM meter (EM39) can also be used to monitor the vertical variation in EC.  The various frequency domain conductivity meters manufactured by Geonics differ in the distances between the transmitter and receiver coils, and the frequency at which they operate resulting in different exploration depths (Table 1).  The exploration depth of the instruments increases with increased intercoil spacing and decreased transmission frequency and also varies with the orientation of the coils relative to land surface.  Variations in ECa measured with the above-ground EM31 meter were affected by variations in clay content in a playa/interplaya setting, water content in a fissure, and chloride content adjacent to a drainage system.  These factors affecting ECa were confirmed by comparing ECa measured with the downhole EM39 meter and clay, water, and chloride content of soil samples from boreholes.  The hydrologic significance of parameters controlling ECa was evaluated.  EM induction was very useful in interpolating and extrapolating from borehole data.  

Scanlon, B. R., J. G. Paine, and R. G. Goldsmith. 1999. Evaluation of electromagnetic induction as a reconnaissance technique to characterize unsaturated flow in an arid setting. Ground Water 37:296-304.
EM induction has also been used to monitor spatial and temporal variability in water content  and water storage in the shallow subsurface (1.5 m) in a field-scale prototype engineered cover (17 m × 34 m) designed for waste containment. Water content was monitored with a neutron probe, and bulk soil electrical conductivity was monitored with a Geonics EM38 ground conductivity meter at 10 locations at approximately monthly intervals over a 3-yr period. A simple linear regression model was developed to predict average water content in the upper 1.50 m of the soil profile at any location at any time (R2 0.80, average standard deviation = 0.009 m3/m3) and spatially averaged water content over the entire area at any time (R2 0.99, average standard deviation = 0.003 m3/m3). The model residual water content values did not appear to drift significantly with time, indicating that once the model is calibrated over a sufficient range of water content values with the neutron probe, further neutron probe measurements may not be necessary. EM induction has several advantages over traditional techniques for monitoring water content, including non-radioactivity, speed and ease of use over large areas, and noninvasive character, which is important for avoiding development of preferred pathways. 

Reedy, R. C., and B. R. Scanlon. 2002. Soil water content monitoring using electromagnetic induction. J. Geotech. and Geoenvir. Engin.
Soil physics

The Bureau has used a variety of instruments to monitor soil physics parameters, including water content, water pressure, and hydraulic conductivity.  The Bureau has two neutron probes (Model 503DR Hydroprobe, CPN, Martinez, CA) and various types of time domain reflectometry systems to monitor soil water content. The neutron probe is used to monitor the vertical variation in water content in neutron probe access tubes.  The probe is calibrated using water content data from soil samples based on oven-dried measurements of core samples.  A 41 m deep access tube was installed to monitor water content in the Hueco Bolson in West Texas.  Temporal variability in water content is used to monitor infiltration.  Horizontal access tubes (aluminum and clay) were used to monitor water movement beneath a prototype engineered cover designed for waste containment at a site in West Texas.  The SEAMIST system (FLUTe, Santa Fe, NM) is used to transport the neutron probe through the horizontal neutron probe access tubes.    

Time domain reflectometry was used to monitor water content at many sites in Texas.  Two different systems were used, a Tektronix system (Tektronix Inc. Model 1502c, Beaver, OR) and a TRASE system (Soilmoisture Equipment Corp, Santa Barbara, CA).  Different types of probes were also used: 30 cm long uncoated probes (Campbell Scientific Inc. model 610), 20 cm uncoated probes (Soilmoisture Equipment Corp. model 6005), and 20 cm long coated probes (Soilmoisture Equipment Corp. model 6005C).  The coated probes were used to reduce signal attenuation in high conductivity materials. TDR also measures bulk soil electrical conductivity, which may be useful for monitoring infiltration.  TDR probes were installed in pits dug to a maximum depth of 1.8 m.  The probes were inserted into the walls of the pit to minimize disturbance of soils above the probes. Water content varies with soil texture; therefore, spatial variations in water content cannot be used to determine the direction of water movement. 

The direction of water movement can be determined from the gradient in potential energy because water moves from regions of high energy to low energy.  Potential energy is the energy that results from position in a force field including gravity, capillarity (under wet conditions), adsorption (under dry conditions), and osmotic force fields in the unsaturated zone. Matric potential describes the forces related to the soil matrix and includes capillary and adsorptive forces. Osmotic potential results from the addition of solutes to the pore water. Water potential includes matric and osmotic potential. The Bureau has used a wide variety of instruments to measure or monitor these pressure potentials in the unsaturated zone. Water potential can be measured in the laboratory on soil cores collected in the field using a thermocouple psychrometer sample changer (Decagon SC10A model) or a water activity meter (Decagon CX2 model). These instruments measure the relative humidity of the air around the soil, which is related to the water potential using the Kelvin equation. The Bureau has installed tensiometers and advanced tensiometers to monitor potentials in the wet range in the field. The Bureau has also used thermocouple psychrometers and heat dissipation sensors to monitor potentials in the dry range.  Heat dissipation sensors measure the rate at which a heat pulse is dissipated in the instrument matrix material, which increases with increasing saturation and is related to pressure through laboratory calibration.  Monitoring data provide information on infiltration and deep drainage in the vadose zone.  Field installations include data loggers (CR7x, CR10x, CR21x, or CR23X) and are transmitted to the office using cellular data telemetry. Figure x shows the results of long term monitoring of water potentials at a sandy site in the Hueco Bolson in west Texas. The data show infiltration of water to 0.3 m depth. The lack of infiltration to greater depths reflects the ability of vegetation to remove water through evapotranspiration and minimize subsurface flow.  Typical upward water potential gradients result from long-term drying of unsaturated sediments for the past 10,000 yr and indicate that there is no recharge in these interdrainage settings in arid regions.  

Scanlon, B. R., B. J. Andraski, and B. J. 2002. Miscellaneous methods for measuring matric or water potential. Pages 643-670 in J. H. Dane and G. C. Topp, editors. Methods of Soil Analysis, Part 4 Physical Methods. Soil Science Society of America, Inc., Madison, Wisconsin.

Andraski, B. J., and B. R. Scanlon. 2002. Thermocouple psychrometry. Pages 609-642 in J. H. Dane and G. C. Topp, editors. Methods of Soil Analysis, Part 4, Physical Methods. Soil Science Society of America, Inc., Madison, Wisconsin.
The Bureau has estimated permeability in unsaturated media by monitoring atmospheric pumping as a result of barometric pressure fluctuations and performed pneumatic pressure tests as part of a research program conducted at the Maricopa Environmental Monitoring site to evaluate unsaturated zone monitoring techniques and strategies. This study was funded by the Nuclear Regulatory Commission. 

Young, M. H., P. J. Wierenga, A. W. Warrick, L. L. Hoffmann, S. A. Musil, B. R. Scanlon, and T. J. Nicholson. 1996. Field testing plan for unsaturated zone monitoring and field studies. NUREG/CR-6462, U.S. Nuclear Regulatory Commission, Washington, D.C.

Young, M. H., P. J. Wierenga, A. W. Warrick, L. L. Hofmann, S. A. Musil, M. Yao, C. J. Mai, Z. Zou, and B. R. Scanlon. 1999. Results of field studies at the Maricopa Environmental Monitoring Site, Arizona. NUREG/CR5694, U.S. Nuclear Regulatory Commission, 260 p.
The Bureau routinely measures saturated hydraulic conductivity in the laboratory using constant head or falling head approaches. The Bureau has a flexible wall permeameter to measure hydraulic conductivity in sediments of low conductivity in the laboratory

The Bureau has used a Guelph permeameter (model 2800K, Soilmoisture Equipment Corp, Santa Barbara, CA) and borehole permeameter to measure saturated hydraulic conductivity (Ks) in unsaturated sediments.  The Guelph permeameter is generally used to measure Ks in the shallow subsurface.  Constant head borehole permeameter tests were used to estimate Ks at much greater depths in the unsaturated zone. We have also evaluated techniques for analyzing the borehole permeameter tests. 

Xiang, J., B. R. Scanlon, W. F. I. Mullican, L. Chen, and R. S. Goldsmith. 1997. A multistep constant-head borehole test to determine field saturated hydraulic conductivity of layered soils. Adv. Water Resour. 20:45-57.
The Bureau also develops water retention functions for different soils, which describes the relationship between water content and water potential.  Hanging water columns are used to measure water retention in the wet range (0. – 0.25 bar) and pressure plate extractors are used in the dry range (1, 5, and 15 bar chambers).  

Environmental Tracers

Environmental tracers are present in the Earth’s atmosphere and are used to estimate recharge rates.  

Chloride

Chloride is the most widely used environmental tracer and originates in precipitation and dry fallout and is transported into the subsurface with infiltrating water.  Chloride concentrations in unsaturated zone pore water are inversely related to recharge: high chloride concentrations indicate low recharge rates because chloride accumulates in the subsurface as a result of evapotranspiration whereas low chloride concentrations indicate high recharge rates because chloride is flushed through the subsurface.  High chloride concentrations in interplaya settings in the Central and Southern High Plains indicate low recharge rates whereas low chloride concentrations beneath playas indicate high recharge rates.  Water fluxes and ages of pore water can be estimated using the chloride mass balance approach in which the mass of Cl into the system (precipitation and dry fallout) times the Cl concentration in precipitation and dry fallout is balanced by the mass out of the system (recharge) times the Cl concentration in recharge water in the unsaturated zone.  The age of the pore water can be estimated by dividing the cumulative mass of Cl from the surface to the depth of interest by the Cl input to the system.  Profiles have been analyzed for Cl in west Texas, Central and Southern High Plains, and central Carrizo Wilcox outcrop.  Recharge rates range from < 0.1 mm/yr in west Texas to 1 cm/yr in the Carrizo Wilcox outcrop. Uncertainties in recharge estimates have been analyzed in detail. 

Scanlon, B. R. 1991. Evaluation of moisture flux from chloride data in desert soils. J. Hydrol. 128:137-156.

Scanlon, B. R. 2000. Uncertainties in estimating water fluxes and residence times using environmental tracers in an arid unsaturated zone. Water Resour. Res. 36:395-409.
Chlorine-36 and Tritium   

The subsurface distribution of tracers resulting from atmospheric nuclear bomb testing can be used to determine the rate of water movement during the past 50 yr.  Examples of bomb pulse tracers include tritium and chlorine-36.  Tritium concentrations increased from 10 to ≥ 2,000 TU during atmospheric nuclear testing (IAEA, 1983) that began in 1952 and peaked in 1963 to 1964. Tritium has a half life of 12.34 yr. Bomb pulse chlorine-36 resulted from neutron activation of chlorine-35 in seawater during nuclear testing in the Pacific in the mid 1950s.  Chlorine-36 has a half life of 301,000 yr.  In many semiarid regions, these tracers are restricted to the root zone, which indicates very little water movement during the past 50 yr.  Such information is important for siting waste disposal systems. 

Scanlon, B. R. 1992. Evaluation of liquid and vapor flow in desert soils based on chlorine-36 and tritium tracers and nonisothermal flow simulations. Water Resour. Res. 28:285-297.

Scanlon, B. R., P. W. Kubik, P. Sharma, B. C. Richter, and H. E. Gove. 1990. Bomb Chlorine-36 analysis in the characterization of unsaturated flow at a proposed radioactive waste disposal facility, Chihuahuan Desert, Texas. Nucl. Inst. Meth. Phys. Res. B52:489-492.
Stable isotopes of oxygen (18O) and hydrogen (2H or deuterium) have been used to evaluate unsaturated flow.  Because of coupling between fractionation of oxygen and hydrogen, a plot of stable isotopes of water samples from precipitation, rivers, and lakes throughout the world follows a straight line called the global meteoric water line (Craig, 1961). Local meteoric water lines have been established from precipitation at severa locationsl. Although the isotopic composition of individual rain events is highly variable, the annual mean values are fairly constant (Gat, 1981).  The isotopic composition of pore water in the unsaturated zone is generally either depleted or enriched relative to the mean isotopic composition of rainwater.  Enriched values of the stable isotopes indicate evaporation from surface water prior to infiltration or from pore water in the unsaturated zone. Slopes of 2H versus 18O are ~ 5 for surface water evaporation but can decrease to 2 for evaporation of pore water in the unsaturated zone. Stable isotope profiles from Eagle Flat basin in West Texas parallel the local meteoric water line beneath areas of ponded water (playa and fissure) indicating no evaporation. In contrast, stable isotope profiles in interdrainage settings show enrichment of 18O relative to 2H with a slope of ~ 3. This low slope is consistent with evaporation of pore water in the unsaturated zone, similar to slopes determined by Allison (1982) for evaporation from dry soils.  These profiles were used to estimate evaporation rates of up to 0.5 mm/yr. 

 Scanlon, B. R., R. S. Goldsmith, and R. P. Langford. 2000. Relationship between arid geomorphic settings and unsaturated zone flow: case study, Chihuahuan Desert, Texas. Univ. Texas Austin, Bureau Econ. Geol., Rept. Inv. No. 261, 133 p.
Modeling  
The Bureau has used numerical models to evaluate flow and transport processes in unsaturated media.  Codes that have been used in different studies include

HELP: http://www.wes.army.mil/el/elmodels (Schroeder et al., 1994)

HYDRUS1D: http://www.ussl.ars.usda.gov/MODELS/HYDR1D1.HTM (Simunek et al., 1998)

SHAW: http://www.nwrc.ars.usda.gov/models/shaw/index.html (Flerchinger et al., 1996)

SoilCover: http://www.geo2000.com (Wilson et al., 1994)

SPLaSHWaTr: Simulation Program for Land-Surface Heat and Water Transport

SWIM: http://www.clw.csiro.au/products/swim (Verburg et al., 1996)

TRACR3D: http://ees-www.lanl.gov/EES5/models/lanl_models.html

UNSAT-H: http://hydrology.pnl.gov/resources.asp (Fayer, 2000)

VS2DTI: http://water.usgs.gov/software/vs2di.html (Healy, 1990)

A detailed comparison of seven different codes, HELP, HYDRUS-1D, SHAW, SoilCover, SWIM, UNSAT-H, and VS2DTI, was conducted for an EPA study using 1 – 3 yr water-balance monitoring data from nonvegetated engineered covers (3 m deep) in warm (Texas) and cold (Idaho) desert regions. Results from this study provided valuable information on various approaches to simulating different processes in the various codes and the importance of boundary conditions and hydraulic parameters for simulating subsurface flow.  A unique aspect of the code comparison study was the ability to explain the outliers by incorporating the simulation approaches (boundary conditions or hydraulic parameters) used in the outlying codes in a single code and comparing the results of the modified and unmodified code.  This approach overcomes the criticism that valid code comparisons are infeasible because of large numbers of differences among codes. 

Scanlon, B. R., M. Christman, R. Reedy, and B. Gross. 2001. Intercode Comparisons for Simulating Water Balance in an Engineered Cover. Pages Paper ID. No. 148 in 2001 Intl. Containment and Remediation Technol. Conf., Orlando, Florida. Inst. of Intl. Coop. Env. Res., Florida State Univ., http://www.iicer.fsu.edu, Orlando, Florida.

Scanlon, B. R., M. Christman, R. C. Reedy, I. Porro, J. Simunek, and G. Flerschinger. in press. Intercode comparisons for simulating water balance of surficial sediments in semiarid regions. Water Resour. Res.

Scanlon, B. R., M. Christman, J. Simunek, and R. C. Reedy. 2001. Intercode Comparisons for Simulating Water Balance of Near-Surface Soils. EOS Trans AGU, 82 (47), Fall Meet. Suppl. Abstract H12F-10, 2001.
The SPLaSHWaTr code was used to evaluate the relative importance of liquid and vapor flow in semiarid regions by simulating subsurface flow in response to meteorologic forcing and comparing simulated fluxes with those estimated from environmental tracers including tritium and chlorine-36.  

Scanlon, B. R. 1992. Evaluation of liquid and vapor flow in desert soils based on chlorine-36 and tritium tracers and nonisothermal flow simulations. Water Resour. Res. 28:285-297.

Scanlon, B. R., and P. C. D. Milly. 1994. Water and heat fluxes in desert soils 2. Numerical simulations. Water Resour. Res. 30:721-733.


Review of Existing Data on Groundwater Recharge in Texas

Abstract

The purpose of this study was to assess the status of data on recharge for the major aquifers in Texas to provide input to the Groundwater Availability Modeling program at the Texas Water Development Board, evaluate the reliability of the recharge estimates, develop conceptual models for recharge for each of the aquifers, review techniques for quantifying recharge, and recommend appropriate techniques for quantifying the recharge of each of the major aquifers. 

Recharge rates for all major aquifers were compiled from published reports. The Edwards aquifer is the most dynamic, and recharge rates are highly variable spatially and temporally. Recharge is fairly accurately quantified using stream-gauge data. Estimates of recharge rates in the Carrizo-Wilcox aquifer range from 0.1 to 5.8 in/yr, with higher recharge in the sandy portions of the aquifer (i.e., the Carrizo and Simsboro Formations). Reported recharge rates for the Gulf Coast aquifer (0.0004 to 2 in/yr) are generally lower than those for the Carrizo-Wilcox aquifer.Regional recharge rates in the High Plains aquifer, outside irrigated areas, are generally low (0.004 to 1.7 in/yr), whereas playa-focused recharge rates are much higher (0.5 to 8.6 in/yr). Irrigated areas also have fairly high recharge rates (0.6 to 11 in/yr). Recharge rates in the Trinity and Edwards-Trinity Plateau aquifers generally range from 0.1 to 2 in/yr. The Seymour aquifer has recharge rates that range from 1 to 2.5 in/yr. Recharge rates for the Hueco-Mesilla Bolson and the Cenozoic Pecos Alluvium are represented as total recharge along mountain fronts and valley floors.

The main techniques that have been used for estimating recharge are Darcy’s Law, groundwater modeling, base-flow discharge, and stream loss. Uncertainties in estimates based on Darcy’s Law are considered high because of uncertainties in estimates of regional hydraulic conductivity. Recharge estimates based on groundwater model are not considered highly reliable because calibration based on hydraulic head data alone can only be used to estimate the ratio of recharge to hydraulic conductivity. This review of existing data indicates that additional studies are required to provide more quantitative estimates of recharge to the major aquifers.

Scanlon, B. R., A. R. Dutton, and M. A. Sophocleous. 2002. Groundwater Recharge in Texas. Bureau of Economic Geology, Univ. of Texas at Austin, Final Contract Report, variably paginated.


Field Studies to Estimate Groundwater Recharge beneath Irrigated and Nonirrigated Regions in the Southern High Plains, Texas  

.  Field studies were conducted in collaboration with the U.S. Geological Survey (USGS) National Water Quality Assessment (NAWQA) program to estimate recharge beneath irrigated and nonirrigated regions in the Southern High Plains.  Two boreholes were drilled in areas that had been irrigated since 1958 (Roberts and Maple sites) and one borehole was drilled in a non-irrigated site in the Muleshoe National Wildlife Refuge (MNWR) for comparison with irrigated sites (Figure 3). The drilling, sampling, and analyses were conducted by the U.S. Geological Survey as part of the NAWQA program.  Post-bomb tritium was generally restricted to the root zone at the non-irrigated site and indicates negligible recharge whereas postbomb tritium was found throughout the unsaturated zone in the irrigated sites indicating much higher recharge. 

Heat dissipation sensors were installed to monitor the negative pressures in the unsaturated zone to determine the direction of water movement and to evaluate drainage beneath the irrigated plots.  Heat dissipation sensors were installed in shallow boreholes beneath the pivot irrigation system and in the deep boreholes drilled by the USGS. The instruments are logged daily and data are telemetered to the Bureau of Economic Geology using a cell phone system. 

Matric potential profiles in the non-irrigated site were generally much lower (more negative) than those in the irrigated sites in the upper 10 ft in the spring and summer indicating generally drier conditions in the non-irrigated site (Figure 5).  The vertical matric potential profile in the non-irrigated site indicates matric potentials as low as –20 to –25 bars in the shallow subsurface and increasing to close to zero at a depth of ~ 38 ft.  The increase in matric potentials with depth indicates an upward driving force for water movement and suggests upward flow. The vertical matric potential profiles in the irrigated plots are close to zero throughout the profile indicating fairly wet conditions as a result of irrigation. The time series plots of matric potentials provide information on infiltration of water as a result of precipitation and irrigation and indicate very little water movement over time beneath the irrigated and nonirrigated sites. These data suggest that recharge from irrigation return flow is negligible beneath the current very efficient center pivot irrigation systems but may have been much higher in the past when flood irrigation was used. 

Reedy, R. C., B. R. Scanlon, B. W. Bruce, P. B. McMahon, K. F. Dennehy, and K. Ellett. 2003. Groundwater Recharge in the Southern High Plains. in T. N. Blanford, D. J. Blazer, A. R. Dutton, and B. R. Scanlon, editors. Groundwater Availability of the Soutehrn Ogallala Aqufier in Texas and New Mexico Numerical Simulations through 2050. Contract Report Submitted to Texas Water Development Board.

Reedy, R. C., and B. R. Scanlon. 2002. Comparison of different approaches for estimating recharge in the High Plains Aquifer, Texas. EOS Trans AGU, 83(47), Fall Meet. Suppl. Abstract H61-0777.


Field Studies to Estimate Groundwater Recharge in the Central Carrizo Wilcox Aquifer

Recharge was estimated using Cl concentrations in the unsaturated zone and groundwater and using 3H/3He concentrations in groundwater in 7 boreholes in the outcrop area of the Simsboro Formation in the central part of the Carrizo Wilcox aquifer (Fig. 1). Long-term (50 yr) mean annual precipitation in the central part of the Carrizo-Wilcox aquifer ranges from 29 inches in the southwest to 48 inches in the northeast of the area. 

Average chloride concentrations in the unsaturated zone ranged from 23 to 519 mg/L (Figure 3, Table 2).  Variability in mean chloride concentrations was high locally.  Chloride concentrations were also highly variable within each profile. There was no systematic variation in chloride concentrations with depth.  Recharge rates were calculated for the portion of the profiles that generally represented the last 50 yr where possible.  In some cases recharge rates were so low that a 50 yr section corresponded to a very narrow depth interval.  Recharge rates generally ranged from 0.2 to 1.4 in/yr.  The time required to accumulate chloride in each profile ranged from 110 to 2815 yr. Groundwater chloride concentrations were generally lower than those in the unsaturated zone (5 – 180 mg/L) (Table 2, App. 1). Representative recharge rates based on groundwater chloride concentrations range from 1 to 1.5 in/yr and are higher than those based on unsaturated zone chloride.  The generally higher recharge rates based on groundwater chloride relative to unsaturated zone chloride are considered more representative of the regional system whereas the unsaturated zone data indicate that locally recharge rates are lower.  

Groundwater tritium concentrations ranged from 0.76 to 3.57 TU (Table 3). These tritium levels were much greater than the detection limit for tritium (~ 0.2 TU) and indicate that a component of the water was recharged in the last 50 yr.  Tritium/helium was also used to date the water in 3 of the 7 wells (CW3, CW4, and CW6).  There were problems with analysis of 3He in water samples from CW6.  3He concentrations were low in well CW3 and much higher in well CW4.  The low 3He concentrations in CW3 indicate a short residence time of the water of 2.2 – 6.1 yr (replicate analyses) whereas the much higher 3He concentrations in CW4 indicate a residence time of 21.4 yr. The times represent the time of 3He accumulation since it was isolated from the unsaturated zone.  Water velocities were calculated by dividing the distance between the water table and the center of the well screen by the age of the water and resulted in velocities of 0.4 (CW4) to 1.4 – 4.0 ft/yr (CW3).  Recharge rates of 1.6 (CW4) to 6.0 – 16.7 in/yr (CW3) were calculated by multiplying the velocities by the average porosity of 0.35.  The recharge rate for CW4 of 1.6 in/yr is similar to that estimated from the groundwater chloride concentration.  The recharge rate for CW3 of 6.0 – 16.7 in/yr is high similar to the high recharge rate calculated the groundwater chloride concentration (6.2 in/yr).  Future work should consider using gas diffusion samplers for tritium–helium dating rather than copper tubes used in this study, particularly in low yield wells.  This approach would help reduce the uncertainties in the age estimates. 

Reedy, R. C., B. R. Scanlon, and A. R. Dutton. 2003. Collection and analysis of environmental tracers for estimation of recharge rates in the GAM model of the central Carrizo-Wilcox aquifer. in A. R. Dutton, B. Harden, J. P. Nicot, and D. O'Rourke, editors. Groundwater Availability Model for the Central Part of hte Carrizo-Wilcox Aquifer in Texas. Contract Report prepared for the Texas Water Development Board.


Monitoring and Modeling of Engineered Covers for Waste Containment

The purpose of this study was to compare water-balance simulation results from 7 different codes, HELP, HYDRUS-1D, SHAW, SoilCover, SWIM, UNSAT-H, and VS2DTI, using 1 – 3 yr water-balance monitoring data from nonvegetated engineered covers (3 m deep) in warm (Texas) and cold (Idaho) desert regions. The codes evaluated in this study include HELP (Hydrologic Evaluation of Landfill Performance, Version 3; Schroeder et al., 1994), HYDRUS-1D (Version 3.0; Simunek et al., 1998), SoilCover (Version 4.1; Wilson, 1990; Wilson et al., 1994; GEO2000, 1997), SHAW (Simulation of Heat and Water; Version 2.4; Flerchinger and Saxton, 1989; Flerchinger et al., 1996), SWIM (Soil Water Infiltration and Movement model; Version 2; Verburg et al., 1996), UNSAT-H (Version 3.0; Fayer, 2000), and VS2DTI (Variably Saturated 2 Dimensional Transport Interface; Version 1.1; Healy, 1990). URL’s for the various codes are included with the references. Graphical user interfaces are available for most codes (Table 1). SHAW has an interface for data input but does not have a postprocessor. Detailed descriptions of the codes can be found in the user’s manuals listed above. It is impossible to describe all the attributes of the various codes in this paper; however, many of the attributes related to water-balance modeling for HELP, HYDRUS, SoilCover, and SHAW are described in Wilson et al. (1999).

HELP: http://www.wes.army.mil/el/elmodels (Schroeder et al., 1994)

HYDRUS1D: http://www.ussl.ars.usda.gov/MODELS/HYDR1D1.HTM (Simunek et al., 1998)

SHAW: http://www.nwrc.ars.usda.gov/models/shaw/index.html (Flerchinger et al., 1996)

SoilCover: http://www.geo2000.com (Wilson et al., 1994)

SWIM: http://www.clw.csiro.au/products/swim (Verburg et al., 1996)

UNSAT-H: http://hydrology.pnl.gov/resources.asp (Fayer, 2000)

VS2DTI: http://water.usgs.gov/software/vs2di.html (Healy, 1990)

The Texas site is located near Sierra Blanca, which is about 120 km southeast of El Paso, Texas. The site is within the Chihuahuan Desert of Texas. Long-term (30-yr) mean annual precipitation at Sierra Blanca is 320 mm. The site consists of heavily instrumented engineered covers that were installed in the summer of 1997. The surface dimensions of the engineered cover are 34 × 17 m. 

The Idaho site is located at the Idaho National Engineering and Environmental Laboratory in southeastern Idaho (Porro, 2001) on the Snake River Plain. Long-term (40-yr) mean annual precipitation is 221 mm. The site consists of a concrete structure containing 10 cells, each of which is 3 m × 3 m × 3 m (four walls and a floor). Replicates of a monolithic soil cover and a capillary barrier cover were constructed in the cells. Data from only one of the monolithic soil cover cells are used in this study. 

This study demonstrates the variability in simulated water-balance components using a variety of different codes (HELP, HYDRUS-1D, SHAW, SoilCover, SWIM, UNSAT-H, UNSAT-H, and VS2DTI) on the basis of field monitored data from engineered covers at warm (Texas) and cold desert (Idaho) sites and provides some indication of the expected reliability of simulated water balances. Simulation results from most codes were similar and generally reproduced measured water-balance components at the Texas and Idaho sites. Both sites consisted of unvegetated loam soil. 

Simulation of infiltration-excess runoff was a problem for all codes, underscoring the difficulties of representing actual precipitation intensities and of measuring hydraulic conductivity of surficial sediments (as shown by the data from Texas). Drainage is the most critical parameter for evaluation of contaminant transport, engineered covers for waste containment, and groundwater recharge. Drainage could be estimated to within ~ ( 64% by most codes. Outliers for the various simulations could be attributed to the following factors:

· the modeling approach, i.e., water-storage routing versus Richards’ equation,

· the upper boundary condition during precipitation and time discretization of precipitation input, 

· water retention functions (i.e., van Genuchten versus Brooks and Corey), and

· the lower boundary condition (i.e., unit gradient versus seepage face).

The water storage routing approach does not seem to adequately represent the flow system in semiarid regions. By assuming that gravity is the only driving force and ignoring matric-potential gradients that are often upward in semiarid regions, downward flow is generally overestimated and ultimately results in overestimation of drainage. 

The approach used to simulate the upper boundary condition during precipitation is crucial when precipitation is input on a daily or larger time step. Setting PE to zero on rain days (VS2DTI) greatly underestimated evaporation and overestimated drainage. Subtracting PE from precipitation and applying net precipitation or net PE on a daily basis (HYDRUS-1D) had a much lesser impact on simulation results. The best approach is to disaggregate daily precipitation and apply it at a specified rate, allowing PE to occur throughout the rest of the day, as shown by the UNSAT-H simulations. 

The impact of water retention functions was demonstrated at the Idaho site, where increased unsaturated hydraulic conductivity based on the Brooks and Corey functions relative to the van Genuchten functions resulted in overestimation of evaporation and underestimation of drainage. In contrast, the input value of residual water content (0 for Campbell function versus > 0 for Brooks and Corey) had little impact on simulation results. 

The most appropriate lower boundary condition for simulating wickless lysimeters is a seepage face. Simulations using HYDRUS-1D demonstrated that this boundary condition could be approximated by simulating a thin bottom layer of gravel with a unit gradient boundary condition in codes that use Richards’ equation but do not include a seepage face option. However, use of a unit-gradient lower boundary condition alone greatly overestimated drainage. This study demonstrates the usefulness of conducting intercode comparisons to evaluate the reliability of water-balance simulations and to determine important factors controlling water-balance simulation results. 

Scanlon, B. R., M. Christman, R. Reedy, and B. Gross. 2001. Intercode Comparisons for Simulating Water Balance in an Engineered Cover. Pages Paper ID. No. 148 in 2001 Intl. Containment and Remediation Technol. Conf., Orlando, Florida. Inst. of Intl. Coop. Env. Res., Florida State Univ., http://www.iicer.fsu.edu, Orlando, Florida.
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Monitoring Engineered Covers for Waste Containment

Robert C. Reedy
 and Bridget R. Scanlon

The growing realization that remediation of many contaminated sites is technically infeasible has resulted in a shift in emphasis to containment as an alternative to remediation.  Monitoring is required to demonstrate the effectiveness of engineered cover systems in minimizing infiltration into underlying waste.  The purpose of this study is to evaluate a variety of monitoring technologies.  Monitoring systems were installed in a resistive (GCL/asphalt) barrier at 1.3 m depth and a conductive (capillary) barrier at 2.0 m depth constructed near El Paso, Texas, in 1997.  

Monitoring of most systems began in October 1997.  The monitored components of the water balance include precipitation, surface runoff, lateral drainage from the asphalt layer, deep drainage, and water content.  Evapotranspiration (ET) is calculated as the residual of the monitored components. Ground conductivity measurements using an EM38 (Geonics, Mississauga, Ontario) in the vertical and horizontal dipole modes were conducted concurrent with the neutron probe measurements to evaluate electromagnetic induction (EM) as a non-invasive technique for monitoring water content.  

Results of the water balance monitoring for the last three months of 1997 and for the complete years 1998 through 2000 are presented in Table 1.  Net infiltration was calculated as the sum of precipitation and irrigation minus runoff.  The storage values shown are the results of the neutron probe surveys.  The data indicate that both barrier designs have performed similarly.  However, annual precipitation has averaged only 56% to 75% of the 30-year average (116% for 1998 including irrigation) with the result that neither barrier has been sufficiently stressed to induce drainage. 

	
	
	
	Asphalt Barrier (0 to 1.1 m depth)
	Capillary Barrier (0 to 1.8 m depth)

	Year
	Precip
	Irrigation
	Infiltration
	Drainage
	S
	ET
	Infiltration
	Drainage
	S
	ET

	1997
	78
	0
	58
	0
	20
	38
	55
	0
	18
	36

	1998
	177
	223
	354
	0
	-10
	364
	357
	0
	1
	355

	1999
	211
	0
	206
	0
	-55
	261
	206
	0
	-58
	264

	2000
	187
	0
	172
	0
	16
	156
	174
	0
	15
	160


Table 1.  Water balance parameters (mm) for specified depth intervals of the two barrier designs.

TDR has been of limited use for monitoring water content at our site.  Periods of higher water content and/or higher soil temperature increased the sandy clay loam subsoil (Figure 1) bulk conductivity to the point that TDR waveforms displayed little or no reflections.  Probes installed in the topsoil were generally less affected.  Water content values derived from analysis of the less attenuated waveforms were not in agreement with the neutron probe measurements despite calibration of the TDR probes using site soils.  The TDR measurements also displayed seasonal changes in water content ranging from 0.05 to 0.10 m3/m3 at depths where no changes were indicated by the neutron probe measurements.

[image: image1.png]


Electromagnetic induction has proved to be a rapid and accurate method for determining water storage at our site.  The models predict water contents to within 0.007 m3/m3 of the measured averages.  The GCL/asphalt barrier models had similar results.  Using each of the individual location models to calibrate all of the remaining location data resulted in predicted water contents averaging within 0.015 m3/m3 of the measured average.  These results demonstrate the usefulness of applying electromagnetic induction to obtain accurate measurements of water storage.
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Figure 2.  Monitored and predicted water content 
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Heat dissipation sensors have been more reliable than thermocouple psychrometers for monitoring soil water potential at our site.  The HDS instruments displayed rapid and stable responses to changes in water content (Figure 3) and the data are in agreement with the neutron probe measurements.  Duplicate HDS instruments generally displayed measurements within 10% of each other at potential values above -1.0 MPa.  In contrast, most of the TCP data were not in agreement with the HDS or neutron probe data and duplicate TCP instruments rarely displayed similar responses.  Heat dissipation sensors provide accurate measurements in the wet range (≥-0.5 MPa) and have the additional advantage of measuring a wider range of potential energy values (-0.01 to -1.0 MPa) compared to thermocouple psychrometers (-0.5 to -8 MPa).  

Reedy, R. C., and B. R. Scanlon. 2001. Long-term Water Balance Monitoring of Engineered Covers for Waste Containment. Pages Paper ID. No. 073 in 2001 Intl. Containment and Remediation Technol. Conf., Orlando, Florida. Inst. of Intl. Coop. Env. Res., Florida State Univ., http://www.iicer.fsu.edu, Orlando, Florida.



Vadose Zones as Archives of Paleoclimate Fluctuations (0-90 kyr): Field Studies and Modeling Analysis 

ABSTRACT

An understanding of unsaturated flow and potential recharge in interdrainage semiarid and arid regions is critical for quantification of water resources and contaminant transport. We evaluated system response to paleoclimatic forcing using water-potential and Cl profiles and modeling of nonisothermal liquid and vapor flow and Cl transport at semiarid (High Plains, Texas) and arid (Chihuahuan Desert, Texas; Amargosa Desert, Nevada) sites.  Infiltration in response to current climatic forcing is restricted to the shallow (~ 0.3–3 m) subsurface. Subsurface Cl accumulations correspond to time periods of 9 to 90 kyr. Bulge-shaped Cl profiles generally represent accumulation during the Holocene (9–16 kyr). Lower Cl concentrations at depth reflect higher water fluxes (0.04 – 8.4 mm/yr) during the Pleistocene and earlier times. Low water potentials and upward gradients indicate current drying conditions. Nonisothermal liquid and vapor flow simulations indicate that upward flow for at least 1 to 2 kyr in the High Plains and for 12 to 16 kyr in the Chihuahuan and Amargosa desert sites is required to reproduce measured upward water potential gradients and that recharge is negligible (< 0.1 mm/yr) in these interdrainage areas.  

4. CONCLUSIONS

Unsaturated flow and transport were evaluated in thick desert vadose zones beneath native vegetation in the High Plains (HP), Texas; in the Hueco Bolson (HB) and Eagle Flat (EF) Basins in the Chihuahuan Desert, Texas; and in the Amargosa Desert (AD), Nevada. Upward water potential gradients indicate that current water fluxes in the shallow subsurface of interdrainage semiarid and arid regions are upward. Minimum water potentials measured near the surface were extremely low (down to –1,000 m), indicating very dry conditions. Long-term water-potential monitoring (5–12 yr) shows that penetration of wetting fronts is restricted to the upper 0.3 to 3 m in response to seasonal fluctuations in precipitation. Low Cl concentrations beneath the Cl bulge at depths of ~10–25 m represent higher water fluxes during the Pleistocene.  

The response of subsurface flow to paleoclimatic forcing varied among the sites as a function of sediment texture. The Cl inventory in fine-grained sediments at the EF site represents ~90 kyr of accumulation in a 17.5 m deep profile. High Cl concentrations (~2,600 mg/L) at depth at this site represent low water fluxes (0.04 mm/yr) that persisted through the Pleistocene. In contrast, Cl inventories in coarse-grained sediments in the Chihuahuan and Amargosa Deserts represent ~12 to 16 kyr of accumulation within the Cl bulge. Low Cl concentrations at depth (20–460 mg/L) represent higher water fluxes (8.4 to 0.2 mm/yr) during the Pleistocene. The site in the High Plains has fine-grained sediments; however, Cl concentrations are low at depth, which suggests high water fluxes during the Pleistocene (1.3 mm/yr).  

Numerical modeling of nonisothermal liquid and vapor flow indicates that development of upward water-potential gradients requires thousands of years and that the water potential and Cl profiles at depth are out of equilibrium with current climatic forcing but reflect Pleistocene climate conditions. The simulations suggest that the drying front that was initiated during the Pleistocene/Holocene climate shift has propagated downward slowly with time. Downward Cl transport occurs by diffusion against upward water flux in the shallow subsurface. The shallower profiles (water table depth ~100 m; HP and AD sites) have simulated upward total water flux throughout the unsaturated zone, whereas deeper profiles in the Chihuahuan Desert (water table depth ~200 m) have a divergent total water-flux pattern with upward water fluxes in the upper 40 to 115 m depth and downward water fluxes below this zone. The relative importance of liquid and vapor flux varies among the sites as a result of variations in climate and sediment textures. Vapor flux is negligible at the HP site where the sediments are fine grained and climate is wetter, whereas vapor fluxes are higher in the AD profile and in the upper 8 m of the HB profile where the sediments are coarse grained and dry.  Vapor fluxes at these sites are dominated by thermal vapor fluxes. 

Integration of soil-physics monitoring and environmental tracer profiles with numerical modeling provided a comprehensive understanding of subsurface flow processes under current and past climatic conditions. The results of this study have important implications for water resources and indicate that current recharge in interdrainage desert regions is negligible. These results also suggest that soil-plant-atmosphere interactions should be considered in the design and evaluation of waste-disposal sites in interdrainage desert settings. 

Scanlon, B. R., K. Keese, R. C. Reedy, J. Simunek, and B. J. Andraski. 2003. Variations in flow and transport in thick desert vadose zones in response to paleoclimatic forcing (0-90 kyr): field measurements, modeling, and uncertainties. Water Resour. Res.


Groundwater Surface Water Interaction

Focused Recharge Beneath Playas in the Central High Plains

ABSTRACT

We quantified unsaturated flow beneath playa and adjacent interplaya settings at a site in the Southern High Plains (USA) to resolve issues related to where and how water moves through the unsaturated zone. This is the first study where the data density (39 boreholes) and the variety of techniques used (physical, chemical and isotopic) sufficient to quantify spatial variability in unsatured flow. Water contents, water potentials, and tritium concentrations were much higher and chloride concentrations were much lower beneath playas than in interplaya settings which indicated that playas focus recharge.  These results refute previous hypotheses that playas act as evaporation pans or that recharge is restricted to the annular region around playas.Water fluxes estimated from environmental tracers ranged from 60 to 120 mm yr–1 beneath playas and were ≤ 0.5 mm yr–1 beneath natural interplaya areas not subjected to ponding.  To evaluate the apparent inconsistency between high recharge rates and thick clay sediments beneath playas, we applied bromide and FD&C blue dye to evaluate flow processes. These applied tracer experiments showed preferential flow of bromide and FD&C blue dye along roots and desiccation cracks through structured clays in the shallow subsurface in playas.  

CONCLUSIONS

Unsaturated flow is focused beneath playas, as evidenced by high water contents, high water potentials, low chloride and high tritium concentrations in the pore water, high apparent electrical conductivities, and low carbonate contents in the sediments. Water potentials close to zero suggest drainage of water under unit gradient conditions. Low mean chloride concentrations (16 to 29 g m–3) indicate high water fluxes (60 to 100 mm yr–1), which prevent chloride accumulation or flush out previously accumulated chloride. High tritium concentrations to a 29-m depth indicate high water fluxes (~120 mm yr–1). In contrast to the playa setting, unsaturated water movement in interplaya regions not subject to ponding is negligible, as shown by low water contents, low minimum water potentials, high peak chloride concentrations in the pore water, low apparent electrical conductivities, and high carbonate contents in the sediments. Steep upward water potential gradients (≤1.5 MPa m–1) in the top 10 m result in an upward driving force for liquid and isothermal vapor movement. At depths greater than ~10 m, water potential gradients are negligible, suggesting drainage of water. Water fluxes estimated from the chloride data were ≤0.5 mm yr–1 and indicate negligible water fluxes during the past 2,000 to 5,000 yr. Higher water fluxes before that time were ≤3 mm yr-1 at ~26-m depth. 

Frequent ponding of water in playas and the highly structured nature of the clays predispose the system to preferential flow. Applied tracer experiments that included FD&C blue dye and bromide provided visual evidence of preferential flow along interpedal pores, roots, and desiccation cracks in playas. Additional evidence of deep preferential flow was provided by a multipeaked tritium profile beneath a playa. 

The primary control on unsaturated flow is surface ponding of water, which occurs in playas and in ditches and which focuses recharge to the underlying aquifer. Macropores in the structured clay in playas allow rapid transport of contaminants through the system and bypass the buffering capacity of much of the unsaturated matrix. Structureless sand layers affect the vertical extent of preferred pathways and may provide a reservoir for volatile contaminants.

Scanlon, B. R., and R. S. Goldsmith. 1997. Field study of spatial variability in unsaturated flow beneath and adjacent to playas. Water Resour. Res. 33:2239-2252.
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