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EXECUTIVE SUMMARY 
 
The County Sanitation Districts of Los Angeles County (CSDLAC) are considering expansion of 
their reclaimed water land application system to grow agricultural crops using reclaimed water 
from the Lancaster Water Reclamation Plant (WRP).  The CSDLAC prepared a draft 
Environmental Impact Report (Draft EIR), which considers alternatives for the land application 
system. Several alternatives include construction of reservoirs to store reclaimed water during 
low crop demand periods for use during peak agricultural demand.  One concern is how the 
stored effluent will migrate through the unsaturated zone and reach the groundwater table 
approximately 100 feet below ground surface.  In light of this, the CSDLAC asked Cascade 
Earth Sciences (CES) to evaluate the following questions: 
 
• What is the estimated travel time for water and solute to migrate from the proposed storage 

reservoirs through the unsaturated zone to the groundwater approximately 100 feet below 
ground surface (BGS)? 

 
• What changes in concentration in total dissolved solids (TDS), chloride, and nitrate would be 

expected by the time reservoir percolate reaches the groundwater table? 
 
• How will changing effluent concentrations, as treatment improvements are installed in the 

future, affect solute transport? 
 
The CSDLAC needed a fast, but scientifically defensible, analysis to answer these questions.  
CES suggested numerically modeling the unsaturated zone (vadose zone) to assist.  The 
modeling approach and assumptions had to be created using published reports and limited 
existing field data in order to complete the task within the short time frame. The model 
simulations included several reservoir depths, changes in hydraulic conductivity, and placement 
of a clay liner.  Conclusions are summarized below: 
 
• Using several saturated hydraulic conductivities in the sandy silt, water seepage and solute 

reached the groundwater table, 100 feet below ground surface, in 70 to 220 days. 
 
• Simulations indicate that increasing or decreasing the reservoir depth by 5 feet does not alter 

the migration rate appreciably (17 to 35 days longer). 
 
• Simulations were designed to identify the expected range of travel times by simulating travel 

times from scenarios using an unlined reservoir (where saturated hydraulic conductivities of 
the various natural lithologies range from 0.29 centimeters per second [cm/sec] to 5.5 x 10-6 

cm/sec) and scenarios using a well- lined reservoir (two-foot compacted layer with saturated 
hydraulic conductivity of 10-7 cm/sec).  A well-constructed clay liner could retard seepage to 
the groundwater by more than 20 years compared to the seepage rate from an unlined 
reservoir.  If the caliche layer beneath the Site were left intact, the travel time would fall 
somewhere within the estimated range. 

 
• The simulated travel times are consistent with extensive field investigations conducted 

elsewhere in the Mohave Desert under similar conditions. 
 
• Model simulations predict that the TDS, chloride, and nitrate concentrations arrive at the 

groundwater table at approximately the same initial concentration in the storage reservoir.  
Therefore, changes to the water quality of the effluent introduced into the storage reservoirs 
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would result in similar changes in the seepage water reaching the groundwater table.  These 
changes should be easy to observe through a well-designed and operated groundwater-
monitoring program. 

 
• TDS, chloride, and nitrate were modeled as conservative compounds, meaning they migrate 

similar to the flow of water with no adsorption or biogeochemical degradation.  Though this 
is a valid assumption for this preliminary study, recent United States Department of Interior 
Geological Survey (USGS) studies suggest that nitrate concentrations can decline due to 
microbial denitrification as water moves through the unsaturated zone.  Other variables, such 
as existing pore water, other nearby water sources, and soil geochemistry could also affect 
the water quality of migrating seepage.  Collection of local field data to assess water quality 
at various depths and moisture contents in the unsaturated zone would be critical in 
determining the extent of degradation and potential effects to groundwater. 

 
• Due to time constraints, a rigorous sensitivity analysis was not performed.  However travel 

time is clearly sensitive to hydraulic conductivity of the unsaturated zone.  Additional 
investigation and hydraulic conductivity data from the unsaturated zone beneath the proposed 
storage reservoir site would help to validate the model.  

 
• The intent of this study was to provide a preliminary estimate of travel time and solute 

migration through the unsaturated zone under limited time constraints.  It was beyond the 
scope of this study to interpret mixing or hydraulic interaction with the groundwater.  The 
flow regime and degree of mixing is a function of the geometry, hydraulics, and water 
quality of the aquifer.  CES recommends the collection of additional site-specific data about 
the aquifer in order to determine potential effects from reservoir seepage. 

 
• The results of this modeling effort are based on assumptions from limited site-specific data.  

Simplifications, generalizations, and professional judgment estimates had to be made from 
published data about flow hydraulics, lithologic bedding, soil chemistry, liner permeability 
and thickness, and operating depths.  Therefore the results and interpretations contained in 
this report are indications of what might be expected under the model conditions and should 
be used with those limitations in mind. If a more precise assessment of solute migration is 
desired, CES highly recommends the collection of additional site-specific data to address the 
generalizations listed above prior to designing or constructing the storage reservoirs.    
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1.0 INTRODUCTION 
 
The County Sanitation Districts of Los Angeles County (CSDLAC) are considering expansion of 
a land application system for reclaimed municipal effluent from the Lancaster Water 
Reclamation Plant (Lancaster WRP).  Land application is a viable method to recycle the effluent 
by supplying water to crops in the Antelope Basin. The CSDLAC has prepared a draft 
Environmental Impact Report (Draft EIR), which considers several alternatives for expanding 
the existing limited land application program.  Some of the alternatives being considered include 
the construction of storage reservoirs to store treated effluent in the low irrigation demand winter 
season for use when it is needed during peak agricultural demand in the summer.   
 
Cascade Earth Sciences (CES) has provided the CSDLAC with evaluation of specific land 
requirement, water balance, and storage issues in the Draft EIR.   One issue that needs additional 
evaluation is how the stored effluent would seep as percolate from the storage reservoirs, migrate 
through the unsaturated zone in this arid environment, and reach the groundwater table 
approximately 100 feet below ground surface.  In light of this, the CSDLAC asked CES to assist 
in addressing the following questions: 
 

• What is the estimated travel time for water and solute to migrate from the proposed 
storage reservoirs through the unsaturated zone to the groundwater approximately 100 
feet below ground surface (BGS)? 

 

• What changes in concentration in total dissolved solids (TDS), chloride, and nitrate 
would be expected by the time reservoir percolate reaches the groundwater table? 

 

• How will changing effluent concentrations in the future affect solute transport? 
 
The CSDLAC needed a fast but scientifically defensible analysis to answer these questions.  
CES suggested numerically modeling the unsaturated zone (vadose zone) to assist.  The 
modeling approach and assumptions had to be created using published reports and limited 
existing field data in order to complete the task within the short time frame. 
 
The rationale for performing a numerical simulation of the unsaturated zone, including defining 
the conceptual model, is presented in Section 2.  Once the conceptual model is defined, 
assumptions of how the model should, and should not, be used are discussed in Section 3.  Model 
selection and development is also presented in Section 3.  Results are presented in Section 4, and 
conclusions are summarized in Section 5. 
 
  
2.0 CONCEPTUAL MODEL 
 
The foundation of any numerical model is a sound understanding of the natural system to be 
modeled.  The following section presents features and processes that are important in developing 
a conceptual understanding of the hydrogeologic system at the Site. 
 

2.1 Site Location and Description 
 
The proposed area for the storage reservoirs (Site) is approximately one square mile just north of 
the Lancaster WRP between the Antelope Valley Highway to the west and Sierra Highway to the 
East.  The Site is shown in Figure 1.  Other relevant features shown in Figure 1 include the 
existing WRP oxidation ponds and storage ponds, Paiute Ponds and the Rosamond Dry Lake 
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Bed to the east, and one of the potential land application areas under consideration to the west.  
The locations of nearby monitoring wells and boreholes providing hydrogeologic information are 
also shown. 
 
The Site is located in the Antelope Valley in northern Los Angeles County with an arid climate 
that receives an average of 7.4 inches of rainfall annually.  Sagebrush, Joshua trees, various 
desert range grasses, and other desert flora characterize the native vegetation.   
 
Agriculture in the area must use irrigation for crop production.  Irrigation water is provided from 
groundwater, and by the Antelope Valley-East Kern Water Agency.  The cities of Lancaster and 
Palmdale, to the south, are the major population centers along with several smaller municipalities 
and Edwards Air Force Base to the north.  Water for domestic use is supplied to the cities of 
Lancaster and Palmdale from groundwater and the Antelope Valley-East Kern Water Agency. 
 

2.2 Topography 
 
The Site resides in a flat, closed basin.  Land slopes gently towards the Rosamond Dry Lakebed 
from all directions in the valley.  The elevation along the southern edge of the Site is 
approximately 2,315 feet above mean sea level (amsl) dropping about 10 feet to 2,305 amsl to 
the northeast. 
 

2.3 Soils 
 
One of the assumptions made in this study is that the proposed storage reservoirs will be 
constructed to a depth of at least 10 feet BGS.  Therefore, a thorough discussion of the surface 
soil profile is not included.  Some of the soil aspects important to this investigation are: the well-
drained nature of the soils throughout the area, the low soil organic matter content, and the 
calcareous evaporite and precipitate minerals in the subsurface horizons, all of which were 
observed by CES during a Site visit on July 10, 2003.  
 

2.4 Geology 
 

2.4.1 Regional 
 
The lithology of the Lancaster sub-basin is comprised of a complex interfingering of moderately 
permeable alluvial deposits derived from erosion of the mountains along the southern and 
western edges of the sub-basin, and slightly permeable lacustrine deposits in the north and center 
of the sub-basin.  The moderately permeable alluvial deposits consist of sands, silty sands, and 
gravels with modern geomorphic expression in the many alluvial fans at the mountainous edges 
of the basin.  The less permeable lacustrine deposits consist of silts and clays that include the 
material beneath the modern playa lake known as the Rosamond Dry Lake.  The extent and 
location of the more permeable alluvium from alluvial fans with respect to the less permeable 
beds of the closed playa system in the Lancaster sub-basin is highly variable through geologic 
time.  This variability is well illustrated in the lithologic logs from borings and previous 
investigations performed throughout the region.  However, in general, the interfingering of clays 
and silts increases, and becomes more pervasive, towards Rosamond Lake in the center of the 
basin (east of the Site).  What this means from a hydrologic perspective is, even though the exact 
location and edges of the lower permeability lake beds have extended in different areas in the 
basin over geologic time, they become more significant closer to Rosamond Dry Lake. 
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2.4.2 Local 
 
Site-specific geologic information was reviewed in order to develop a reasonable conceptual 
model of the lithology of the unsaturated zone.  CES reviewed well logs from three monitoring 
wells installed at the Lancaster WRP in 1987 (MW-5, MW-6, and MW-7).  The monitoring wells 
provided lithologic information through the unsaturated zone into the upper portion of the 
aquifer.  Furthermore, the CSDLAC provided CES with the lithologic logs from four boreholes 
advanced in the vicinity of the proposed storage reservoir site in 2001.  The boreholes were 
completed to a total depth of 51 feet BGS, about half the total depth of this study.  The boring 
log for the Lancaster WRP water supply well, constructed in 1958, was also reviewed.  The 
water supply well log provided lithologic information down to a total depth of 500 feet BGS.  
Only one borehole (B4) is actually located on the proposed Site.  The locations of the wells and 
boreholes are shown in Figure 1.  Copies of the logs are included in Appendix A. 
 
The well and borehole logs were used to create a geologic cross section of the unsaturated zone 
through the Site.  The line of the cross section is shown on Figure 1 and the cross section is 
presented in Figure 2.  Information from MW-7 and borehole B8 logs were used to add to our 
understanding of the local subsurface lithology, though they do not fall on the cross section line.  
Each type of well and borehole was constructed for different reasons. Each employed different 
drilling techniques, and each was logged at a different scale and technical accuracy.  Therefore, 
some interpretation was necessary to produce the conceptual cross section (Figure 2).  
Nonetheless, the following observations can be made:   
 

• The general lithology of the unsaturated zone beneath the Site consists of fine-grained 
sediments, which are often classified as silty sands or sandy silts.   

• The fine-grained sediments are interbedded (or interfingered) with lenses of higher 
permeability sands and gravels, as well as lower permeability silty clays and sandy clays.   

• None of the interfingering lenses appear to be pervasive across the entire Site.   
• The lenses randomly alternate through the vertical extent of the unsaturated zone.  
• Sometimes the contacts between the different materials are obvious, but in most cases the 

contacts are gradational (change gradually from one lithology type to another) as would 
be expected in an environment that slowly altered between wet and dry over time.   

• Though the conceptual geologic cross section runs south to north through the Site, it is 
reasonable to assume that similar spatial and vertical variability occurs within the Site 
area from east to west as well. 

 
2.5 Hydrogeology 

 
The principal source of natural recharge to the aquifer is precipitation that occurs in mountains to 
the south and west and subsequently percolates into the subsurface via flood flows and streams 
(Amjad 1995).  However the natural groundwater flow regime has been significantly altered by 
anthropogenic (human-caused) activity in the recent past.  Some of the most significant effects 
are cones of depression caused by pumping of production wells for municipalities and 
agriculture, and groundwater mounding from flood irrigation and man-made storage ponds and 
lakes (USGS 2003, USGS 1998, and TRC 2003).  Not only do these mounds and cones alter the 
groundwater flow direction, they can significantly alter the flow gradient as well.  For example, 
one of the cones of depression caused by relatively high rates of groundwater pumping south of 
the nearby Palmdale Water Reclamation Plant generates a 200-foot change in groundwater 
elevation in less than 2 miles (TRC 2003). 
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2.6 Unsaturated Zone Properties 
 
Though conditions are typically unsaturated, knowledge of the saturated hydraulic conductivity 
(Ksat) of the different lithologic media, along with moisture content, is a cornerstone in 
understanding and predicting flow through the unsaturated zone.  If there are no site-specific 
data, saturated hydraulic conductivity can be estimated from published sources.  Saturated 
hydraulic conductivity data are available for many alluvial and lacustrine deposits, and many 
published values of Ksat for sands, gravels, silts, and clays are readily available.  However, the 
values can range across several orders of magnitude for the same type of lithologic unit 
depending on the grain-size mixture (e.g., different sand units may have varying amounts of 
clay).  Furthermore, as mentioned above, the lithology at the Site is an interfingering of alluvial 
deposits with gradational contacts, making it difficult to identify the exact location and extent of 
discrete lithologic units.  
 
Fortunately, the site-specific geotechnical testing reported by MTC in 2001 included 
determination of moisture content and field and laboratory assessment of saturated hydraulic 
conductivity (Ksat) in different boreholes and at varying depths in one borehole (B5).  Ksat was 
measured for each of the recent boreholes (B4, B5, B6, and B8) in the vicinity of the Site.  These 
measurements included in situ field tests using the US Bureau of Reclamation shallow well 
permeameter method (Method 7305-89), and laboratory tests on samples collected at various 
depths in some of the boreholes using ASTM method D5084 (Appendix B).  The Ksat at borehole 
B5 decreased one-thousand fold from a maximum of 4.1 x 10-4 centimeters per second (0.35 
meters per day) at 3 feet BGS to 9.5 x 10-7 centimeters per second (8.2 x 10-4 meters per day) at 7 
feet BGS as a result of caliche cementation.  A copy of the summary of hydraulic conductivity 
test results is included in Appendix B.  For the evaluation in this report, more emphasis was 
placed on the field tests, because the test is designed to take into account the effects of soil 
layering throughout the length of the borehole being tested.  The field tests were performed in 
boreholes approximately 5 feet deep.  The tests are influenced to some extent by the soil below 
the 5-foot bottom.  This information was used in conjunction with the geologic assessment 
discussed above and the published values to identify Ksat values, porosity and other hydraulic 
properties necessary for modeling simulations.  It was especially helpful in determining 
reasonable values for the sandy silts encountered throughout the unsaturated zone at the Site 
 
The moisture content in the shallow portion of the unsaturated zone has been measured in several 
of the boreholes, and ranges from 1.2% (sand at 16 feet BGS in B4) to 13.8% (sand at 31 feet 
BGS in B5).  Most values range from 8% to 12 %.  This was helpful in setting initial moisture 
contents for simulations.  The initial moisture content was set within this range near the surface, 
and was increased with depth beyond the evapotranspiration zone. 
 
Natural deposits of caliche 1 in the subsoil are common in arid environments.   Review of 
lithologic logs shows caliche is pervasive in the soils at or near the Site, occurring from 
approximately 4 to 8 ft BGS.  The presence of caliche in the shallow soil is important when 
considering reservoir construction, as well as water and solute migration from land application 
methods.  Geotechnical testing performed in the boreholes at the Site in 2001 confirms that the 
most extensive cementation typically occurs at 7 ft BGS (MTC 2001).  Caliche is also found as 
discrete lenses at other depths in some of the alluvial deposits as noted on Figure 2 (Bookman, 
2002).  The horizontal and vertical location and extent of the caliche lenses that formed 

                                                 
1 Gravel and sand cemented by calcium carbonate. 
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historically throughout the area is highly variable, providing another heterogeneity in the 
bedding and permeability of the geologic profile. 
 

2.7 Storage Reservoirs  
 
Several treatment and storage ponds already exist at the Lancaster WRP immediately south of 
the Site.  There are 8 treatment (oxidation) ponds that are not lined (Figure 1).  Four larger 
storage ponds were constructed east of the oxidation ponds across the Sierra Highway.  These 
ponds may have been lined by compacting local soil material, however the nature and degree of 
compaction are not known.   
 
The proposed storage reservoirs will be larger than the existing ponds, unlined, and are planned 
to be constructed to a depth of approximately 10 feet.  However variations, such as lining the 
reservoirs, altering the proposed 10-foot design water depth (head), and berming the area to 
allow minimum excavation to manage seepage from the reservoirs have been discussed by the 
CSDLAC. 
 

2.8 Solute Concentrations  
 
Three parameters, total dissolved solids (TDS), chloride, and nitrate, were selected for solute 
transport simulations.  Monthly effluent concentrations for 2002 provided by CSDLAC were 
used to calculate an average concentration for each parameter expected in the reservoirs.  
However, additional effluent treatment, including chlorination, is planned after the first two 
years of storage reservoir use.  Though the additional treatment would decrease concentrations of 
many compounds, including nitrate, the chlorination process would increase TDS, including 
chloride.  In light of this, CES estimated the change in concentrations from the proposed 
treatment process. 
 
Table 1 shows the average concentrations using the 2002 data and a ‘worst case’ concentration 
based on the highest values reported in 2002, along with the estimated concentrations expected 
from the chlorination process.  The recent (2002) average values for TDS, chloride and nitrate 
were used as starting concentrations in the simulations.  Due to the conservative nature of the 
migration of these compounds observed in initial simulations (discussed in the following 
section), concentrations were not changed after two years. 
 
 
3.0 MODEL SIMULATIONS 
 

3.1 Model Selection 
 
The applicability of two different models that simulate fate and transport through the unsaturated 
zone were reviewed.  VS2DT is a finite-difference hydrologic model capable of simulating two-
dimensional flow and transport in variably-saturated porous media.  It is part of a modeling 
package called VS2DTI, created by the United States Geological Survey (USGS), that can also 
simulate heat transport, and has a stand-alone post processor for viewing results (Hsieh, 2000; 
Healy, 1990; Healy, 1996; Lappala and others, 1987).  The source code was written in 
FORTRAN, and can be compiled and run separately from the graphical pre- and post-processors, 
if desired.   
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HYDRUS 2D is also a vadose zone modeling program developed for simulating the two-
dimensional movement of water, heat, and solute through the unsaturated zone.  This modeling 
software was developed by the United States Salinity Laboratory operated by the Department of 
Agriculture. 
 
Both models use the Richards equation to solve for the migration of fluid flow, and the 
advective-dispersion equation for solute transport.  The mathematical functions deve loped by 
van Genuchten (1980), Brooks and Corey (1964), and Haverkamp (1977) are used to analyze 
relations between pressure head, moisture content, and relative hydraulic conductivity in the 
unsaturated zone.  Both models can simulate flow and transport in unsaturated media and use 
mathematical flow equations widely accepted in the field.  Both are accepted and used by the 
USGS, USDA, and other agencies. 
 
VS2DT was ultimately selected for simulations because VS2DT is more applicable to modeling 
the unsaturated stratigraphic column, whereas HYDRUS is geared more towards agricultural 
applications in the shallow soil profile and root zone.  
 

3.2 Model Assumptions   
 
Based on what was learned about the Site in development of the conceptual model, the following 
basic assumptions were made in order to perform modeling simulations: 
 

• Though depth to groundwater may vary depending on proximity to anthropogenic 
features, groundwater is assumed to be 100 feet BGS. 

 
• Storage reservoirs will be constructed to accommodate at least 10 feet of water that will 

represent the pressure head applied to the pond bottom.  Therefore, the caliche layer 
observed from approximately 3 to 7 feet BGS will be removed or broken up, and caliche 
will not be specifically introduced in initial simulations.  However, to assist in 
understanding effects from construction variations such as lining the reservoirs, or 
constructing them above the caliche layer (thereby leaving it intact), a clay liner will be 
introduced in one simulation. 

 
• Based on well drilling logs and boring logs, lenses of less permeable material are 

assumed to be non-contiguous and not continuous across the site. 
 

• The lithology of the unsaturated zone is too complex to model layer by layer over the 
entire square mile site.  Furthermore, the interfingering lenses of different material are 
discontinuous over the Site, and gradational from one lithologic unit to another with 
frequent interbedding of units.  In light of this, a better modeling approach is to 
incorporate lenses of higher permeability and lower permeability into the model domain 
in order to provide a reasonable range of travel time and solute transport. 

 
• Placement of an unlined storage reservoir will create a hydrologic groundwater mound 

beneath the Site over time.  It is beyond the scope of this study to attempt to model or 
interpret the magnitude or extent of the mound. 

 
• Once solute reaches the groundwater table, it will mix with the groundwater in some 

fashion.  The flow regime and degree of mixing is a function of the geometry, flow 
characteristics, and water quality of the aquifer.  If the groundwater flow gradient is low, 
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or if the thickness of the aquifer is relatively thin (a small aquifer with slow-moving 
water), very little mixing can occur and solute concentrations are not appreciably 
reduced.  If the groundwater flow gradient is high, or the aquifer is thick (a large aquifer 
with faster-moving water) a great deal of mixing can occur and solute concentrations 
decrease. It is beyond the scope of this study to interpret mixing or hydraulic effects to 
groundwater. 

 
• The water is assumed to enter the subsurface from the bottom of the storage reservoirs, 

and the reservoirs are assumed to contain water throughout the simulation time.  
Therefore, there are no evapotranspiration effects to consider. 

 
• Precipitation will fall onto the surface of the reservoir, and effects to total depth and 

reservoir water quality are negligible. 
 

•  For the purposes of the model simulations, TDS, chloride, and (for the most part) nitrate 
are considered conservative compounds in water, meaning that they migrate with the 
water with little sorption or biogeochemical degradation along the way. 

 
• The intent of the model is to predict an estimated travel time for water and solute to 

migrate from the proposed storage reservoirs to groundwater.  In order to achieve this 
with available data under the project time constraints, the contribution of water quality 
from other sources, such as any pore water existing in the arid soils, will not be 
considered. 

 
• Due to the time constraints set at the outset of this project, a rigorous sensitivity analysis 

of the model to various input parameters cannot be performed.  Mass balances within the 
model simulations provide quality assurance monitoring points to evaluate the 
performance of the simulations.  

 
The specific model input parameters developed from the conceptual model developed to 
explain conditions at the site and the assumptions (above) are described in detail below.  

 
3.3 Input Parameters  

 
Input values and conditions used in the model simulations are summarized in Table 2 and are 
discussed below.  Figure 3 is a schematic representing model input parameters that can be shown 
visually. 

3.3.1 Basic Setup 
 
Meters, days, and grams were selected as modeling units of length, time and mass.  Simulations 
were set in a Cartesian coordinate system.  Though the model used meters, lengths will be 
converted and discussed herein using feet.  Model results are shown visually with a scale along 
the edges of the graphics.  However the scale does not export with the graphic, and therefore is 
not shown in the figures in this report that illustrate results of the model simulations. 
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The two-dimensional model domain is 150 feet deep by 600 feet wide.  A 10-foot deep by 500-
foot wide depression was included along the top of the model domain to simulate the reservoir 
geometry2.  Model grid cells were set at 5 feet deep by 20 feet wide.  
 
Two years (730 days) was selected as the simulation time for most model runs.  However the 
scenarios involving a clay liner were allowed to run for 20 years. 
 

3.3.2 Solver 
 
The solver is a set of input instructions used to solve the mathematical functions for each grid 
cell in the model for each time step in the simulation.   Examples of solver input include the 
minimum and maximum number of times the model attempts to solve the function (iterations) in 
a time step before it halts the process, and total time steps in the simulation.  The solver values 
necessary to run the simulation depend on the hydraulic function model selected.  Choices 
included in VS2DTI include the van Genuchten model, the Brooks-Corey model, and the 
Haverkamp model.  The van Genuchten model was selected for simulations, and solver values 
are shown in Table 2. 
 

3.3.3 Lithologic Units 
 
As discussed above, it is beyond the scope of this (or perhaps any) study to attempt to model 
each actual lens or layer with differing hydrogeologic characteristics throughout the unsaturated 
zone at this Site.  Most of the domain was modeled as sandy silt.  However, many of the well 
logs listed sand and silty sand near the groundwater interface.  Therefore a layer of silty sand was 
placed at approximately 100 feet BGS.  A layer of sand and gravel was placed in the sandy silt in 
the left portion of the domain, and a layer of silty clay was placed in the sandy silt in the right 
portion of the model domain.  In this way, the effects of higher permeability (left side) and lower 
permeability lenses (right side) shown in the lithologic logs could be modeled, and the resulting 
effects on travel times could be observed in each simulation. 
 
The input parameters for each model layer are shown in Table 2.  The selection of saturated 
hydraulic conductivity (Ksat) was discussed in the conceptual model section.  Data from the 
laboratory and in situ hydraulic conductivity testing performed at the Site were used in 
conjunction with the geologic assessment discussed above and the published values  (Todd, 
1980; and Freeze & Cherry, 1979) to identify Ksat values, porosity and the other hydraulic 
properties necessary for modeling simulations.  Preference was given to the in situ testing.  Ksat 
was set at 0.108 meters per day (m/day) for the sandy silt, 1 m/day for the silty sand, 0.0048 
m/day for the silty clay, and 250 m/day for the sand and gravel. 
 
The ratio of hydraulic conductivity in the vertical vs. horizontal direction (Kz/Kh) allows for 
anisotropy in the layers.  Kz/Kh was set at 0.7 in the sandy silt to account for preferential 
horizontal flow along depositional bedding planes within the unsaturated zone.  Kz/Kh was set to 
1 for all other layers, as they are already being modeled as smaller discrete layers.  Porosity and 
residual moisture content was estimated for each layer based on review of field data and 
literature values.  
 

                                                 
2 Heads greater than the depth of the simulated reservoir depression can be applied to the model domain, thus 
facilitating the 15-foot depth simulation. 
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Use of the van Genuchten function in the model solver requires values for two additional curve-
fitting parameters (alpha and beta) for unsaturated conditions specific to lithologic units (not 
shown in Table 2).  The default values offered in VS2DTI for the lithology selected lithology 
types were used.  Values for alpha ranged from 0.5 in the silty clay to 4.31 in the sand and 
gravel, and values for beta ranged from 1.09 in the silty clay to 3.1 in the sand and gravel.  3 
 
It was assumed that the caliche layer identified from 4-8 feet BGS will be removed during 
excavation.  However, some simulations were performed after introducing a low permeability 
compacted clay liner beneath the reservoir.  Results for those simulations may provide 
information of the effects of lower permeability caliche as well. 
 

3.3.4 Boundary Conditions  
 
The initial flow regime was prepared by setting initial moisture content for each cell (Figure 3).  
The initial moisture content should be similar to expected natural conditions.  As the model 
simulations begin, the moisture content equilibrates for each cell.  Setting reasonable initial 
moisture contents assists in allowing the model to equilibrate more quickly.  The initial moisture 
content was set at 30% just below the reservoir, at 40% (saturation) near the groundwater table, 
and ranging from 10% to 20% elsewhere.  The initial moisture content reported for silty sand and 
sandy silt samples collected from boreholes B4, B5, B6, and B8 were also used (MTC, 2001). 
 
Recharge was simulated by setting a specified total head of 10 feet in the reservoir.  No flow 
boundaries were set at the top of the domain along the edges of the reservoir or along the sides of 
the domain down to 80 feet BGS.  A possible seepage face was set along both sides from 80 to 
100 feet BGS to simulate more natural conditions should mounding occur.  Discharge to the 
aquifer was simulated along both sides beneath 100 feet BGS, and along the bottom of the 
domain by setting a specified total head of –101 feet BGS. 
 

3.3.5 Transport 
 
The average values reported for effluent in 2002 for TDS (570 mg/L), chloride (145 mg/L) and 
nitrate3 (24.9 mg/L) were used as starting concentrations in the storage reservoir for the 
simulations (Table 1).  The reclaimed water constituent concentrations in the storage reservoir 
were kept constant throughout the simulation.  As mentioned in the assumptions, water quality 
from other sources, such as any pore water existing in the arid soils, was considered, and 
concentrations beneath the pond and in the groundwater in the model domain were initially set to 
0.0 mg/L. 
 
Compounds dissolved in water move through the aquifer by the physical processes of advection, 
dispersion, and molecular diffusion, as well as chemical reactions.   
 

• Advection is the component of solute movement attributed to the velocity of flowing 
groundwater.  This is calculated in the model using the discharge rate and the porosity of 
the media. 

 
• Dispersion is a mechanical process that tends to `disperse', or spread, the compound mass 

in the X and Z directions along the advective path of the plume and acts to reduce the 
                                                 
3 Average total Kjeldahl nitrogen reported in 2002 was used, and it was conservatively assumed that all will be 
converted to nitrate. 



 

Cascade Earth Sciences – M edford, OR CSDLAC, Seepage Model Report 
PN: 2423006 / Doc: CSDLAC Seepage Model Report-B.Doc March 2004 / Page 10 

mass concentration at the edges of the plume.  Dispersion is caused by the tortuosity of 
the flow paths of the water as it travels through the interconnected pores of the soil. 
Dispersivity (the modeling term for dispersion) input parameters used in the base model 
simulation are shown in Table 2.  Longitudinal dispersivity was set at 10 meters, and 
transverse dispersivity was set at 0.1 times longitudinal dispersivity (1 meter). 

• Molecular diffusion is the process whereby ions move in the porous media under the 
influence of their own kinetic activity (Freeze and Cherry, 1999).  Diffusion becomes 
significant at very low velocities, and is much more prevalent in clays (Devinny, 1990).  
The effects of diffusion are likely to be negligible on this scale.  Nonetheless a value of 
0.0001 square meters per day was set for all layers except the sand and gravel layer, 
where diffusion was set at zero. 

 
• Chemical reactions from biogeochemical processes, such as sorption, biological 

degradation, volatilization, etc. were not considered in the simulations because only 
conservative compounds were being investigated. 

 
 
4.0 RESULTS 
 

4.1 Base Model 
 
Using the assumptions and values for the model input parameters discussed above, a basic initial 
simulation was performed, which is referred to herein as the base model.  Figures 4 through 10 
show the simulation results at various time steps throughout the base model simulation.  Figure 4 
shows conditions after two hours of simulation.  The degree of saturation is shown in the upper 
image.  Blue represents fully saturated conditions, and red represents completely dry conditions.  
The groundwater table (blue) is clearly visible at approximately 100 feet BGS.  Saturated soil, 
immediately beneath the reservoir, can also be seen as represented by the blue color.  
 
The clay lens (right) has a higher volumetric water content as denoted by the blue coloration than 
the surrounding sandy silt.  The sand and gravel lens (left) has a lower volumetric water content 
than the surrounding sandy silt as denoted by the orange coloration.  This is due to the intrinsic 
low water holding capacity of sand and gravel and the low initial moisture content set in the 
model.  The clay has a greater matric potential (suction) than the surrounding material and 
preferentially pulls moisture into the clay lens.  The sand and gravel has a lower matric potential, 
therefore, the surrounding sandy silts above the lens retain moisture and the sandy silts below the 
lens pulls the initial moisture from the sand and gravel creating moister conditions immediately 
above and below the sand and gravel lens.  
 
Flow velocity vectors are also shown as black lines in the figures.  The vectors help to show the 
downward movement directly beneath the reservoir, and the flow interaction between the sand 
and gravel, and the sandy silt discussed above.  Vectors also show a downward component of 
flow in the aquifer.  This is a modeling artifact as the model adjusts to the initial conditions that 
were set, and goes away in the first two days of simulation. 
 
The relative concentration of TDS is shown in the lower image of each figure.  The VS2DTI 
program simulates changes in concentration in each cell based on the highest concentration 
introduced in the model.  Red represents the maximum concentration (100%) and blue represents 
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0%.  Therefore, when TDS is introduced at 570 mg/L in the reservoir, red corresponds to 570 
mg/L.  Very little dispersion has occurred. 
 
Figures 4 and 5 also show the fluid and solute mass balance error for the time step at which the 
image was captured, as well as cumulative error for the entire simulation up to that point in time.  
The mass balance error is discussed in greater detail in the Quality Assurance section below. 
 
Figures 5 through 10 show changing conditions throughout the base model simulation, including 
5 days, 15, days, 25 days, 45 days, 70 days, and 85 days, respectively.  Water seepage and solute 
from the reservoir reach the groundwater table in 70 to 100 days depending on location.  Figure 9 
shows the initial arrival, after 70 days, of the seepage front beneath the sand and gravel lens 
(left).  Figure 10 shows subsequent arrival beneath the sandy silt (center) after 85 days of 
simulation.  The simulated travel times through the unsaturated zone presented in this report are 
consistent with extensive field investigation conducted elsewhere in the Mohave Desert under 
similar conditions (Amjad, 1995). 
 
The attenuating effects of the low-permeability silty clay are sho wn to the right Figure 9.  The 
vector lines near the clay lens show how water preferentially migrates around the silty clay lens 
and continues downward along the edges.  Review of the relative concentration in the same 
figure shows that solute has also migrated through the lower permeability lens, but at a slower 
rate.  
 
Dispersion has very little effect on solute concentration in any of the simulations, and each of the 
compounds arrive at the ground water table at approximately the same concentration that they 
exhibit upon leaving the bottom of the storage reservoir.  In most cases the gradient from zero to 
maximum concentration is within 5 to 10 feet.  This ‘plug flow’ would be expected given the 
assumed conservative nature of the compounds, the migration rate, and the lack of other sources 
of moisture in the area.  The gradient spreads somewhat once the seepage reaches the 
groundwater table. 
 
Comparison of migration from 15 days to 25 days (Figure 6 and Figure 7) shows how solute 
concentrations are spread laterally in the sand and gravel layer, and reach the left model 
boundary after 45 days (Figure 8). 
 

4.2 Variations on the Base Model Simulation 
 

4.2.1 Increased Reservoir Depth 
 
The reservoir depth was increased to 15 feet of head in one simulation, while all other input 
parameters remained the same (Table 2).  The flow and solute transport regime were very similar 
to those of the base model.  Water seepage and solute from the reservoir reached the 
groundwater table in 68 to 90 days depending on location, just a few days earlier than the base 
model run using a 10-foot head.  Since the results were so similar, additional figures are not 
presented. 
 

4.2.2 Decreased Reservoir Depth 
 
The reservoir depth was decreased to 5 feet of head in one simulation, while all other input 
parameters remained the same.  Again, the flow and solute transport regime were very similar to 
those of the base model.  Water seepage and solute from the reservoir reach the groundwater 
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table in 85 to 125 days, about 15 days later than the base model run using a 10-foot head.  Since 
the results were so similar, additional figures are not presented. 
 

4.2.3 Decreased Hydraulic Conductivity 
 
As discussed above, the bedding described in the lithologic logs is often gradational, gradually 
changing from silty sand to sandy silt.  Some of the Ksat values reported in the laboratory tests 
were lower than the value selected for the base model.  Therefore, one simulation was run for 
which Ksat in the sandy silt was reduced by 50% to 0.05 meters per day.  Water seepage and 
solute from the reservoir reached the groundwater table in 150 to 220 days, slightly more than 
twice the travel time for the base model.  Aside from the time difference, the flow and transport 
regime looks very similar to the results shown for the base model.  Therefore, additional figures 
are not presented. 
 

4.2.4 Reservoir Lining 
 
A 2-foot thick clay liner compacted to achieve a saturated hydraulic conductivity of 10-7 cm/sec 
was placed beneath the storage reservoir for two simulations.  All other settings in the base 
model were maintained.  In this way, a range of travel time, from an unlined reservoir to a well-
lined reservoir could be determined with the limited times constraints.   Figure 11 shows the 
addition of the clay liner.  A close up of an area where the liner was breached in one simulation 
is shown.  The breached scenario is discussed separately below.  Figures 12 through 16 show 
conditions after 45 days, 250 days, 3 years, 10 years, and 20 years, respectively.  The reservoir 
water finally reaches the groundwater table at approximately 20 years.  Note that solute 
continues to migrate slowly downward through the unsaturated zone although conditions beneath 
the liner never become saturated.  The clay lens to the right becomes saturated, and maintains 
saturation, due to its greater relative matric potential than the surrounding materials, illustrating 
how the moisture content can vary as water moves through different lithologic units. 
 
There can be some variability introduced in a low-permeability clay line r during initial 
construction or maintenance over time.  Therefore, for one of the simulations, a breach in the 
liner was placed in one model cell near the left edge of the storage reservoir (Figure 11). Figure 
11 also shows a close up of the breached area after 27 days of simulation.  Figures 17 and 18 
show conditions after 45 days and 250 days, respectively.  The importance of the horizontal 
spreading effects of the sand and gravel lens can be seen after 45 days when the breached water 
reaches the sand and gravel lens.   The seepage water spreads across a wider area once it 
penetrates the sand and gravel lens.  The breached water and solute reach the groundwater table 
after 250 days, rather than 20 years under the intact liner scenario. 
 
As mentioned above, the presence of low-permeability caliche was not considered in the base 
model.  However, results from the modeling scenarios showing a compacted clay liner provide 
good comparison if the caliche layer were intact.  That is, the attenuating effects of the caliche on 
travel time would likely fall between the range identified by unlined base model and the lined 
simulations.  Predicting migration through the caliche, as well as the effects of caliche on water 
quality would require further study and site-specific data. 
 

4.3 Quality Assurance 
 
Tracking the mass balance of both the water and the solute introduced into, and removed from, 
the model domain is one method to assess the integrity of modeling simulation. 
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Mass balance errors in flow and transport are tracked in VS2DTI, both for the entire model, and 
for each time step.  Examples of the reported mass balance errors are shown in Figures 4 and 5.  
Error is typically high during the first time steps of simulation as the model takes the initial 
conditions set by the modeler, and applies the solver equations to begin adjusting conditions in 
each model grid cell.  As shown in Figure 4, the model converged quickly within the first few 
hours of simulation.  The fluid mass balance error decreased from over 90% in the first few 
minutes of simulation down to 17.8% for that particular time step.  After 5 simulated days 
(Figure 5) the mass balance error for each time step errors decreased to 1.1%, which brings the 
total cumulative error down to 26%.  In other words, if the error observed in the first few hours 
of simulated time as the model initially equilibrates were removed, most of the cumulative error 
for the simulation would be removed.  The same discussion applies to the mass balance error for 
solute.   
 

• The total fluid and solute mass balance errors for the base model simulation were - 4.5 % 
and –3.9%, respectively. 

 
• Total fluid and solute mass balance errors for the 5-foot head simulation were 7.8 % and 

–3.3%, respectively. 
 

• Total fluid and solute mass balance errors for the 15-foot head simulation were –0.56 % 
and –3.9%, respectively. 

 
• Total fluid and solute mass balance errors for the reduced hydraulic conductivity 

simulations were 3.95% and –3.8%, respectively. 
 

• Total fluid and solute mass balance errors for the breached liner simulation were 6.2 and 
–5.4 %, respectively at the time the leakage from the breach reached the groundwater 
table (about 250 days).  However, the error steadily increased for the next 19 years to a 
maximum of 34% as the simulation was allowed to continue to observe migration from 
the unbreached portion of the reservoir.  This was likely due to groundwater exiting the 
system in the aquifer once mounding occurs.  The need to better understand the geometry 
and flow regime of the aquifer in order to understand mounding and solute mixing has 
already been discussed. 

 
• Total fluid and solute mass balance errors for the liner simulation were –2.8 % and –

5.1%, respectively. 
 
Another helpful method to assure the quality of numeric simulation is to thoroughly assess the 
assumptions used to create the conceptual model.  A significant portion of this report has been 
devoted to describing the assumptions used to reach a conceptual understanding of the system. 
 
Due to time constraints, a sensitivity analysis of the model to specific input parameters 
(assumptions) could not be performed.  However some of the scenarios have highlighted 
parameters for which the model appears to be sensitive (such as hydraulic conductivity and 
moisture content), and these parameters have been discussed. 
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5.0 CONCLUSIONS 
 
Based on the base model simulation, water seepage and solute from the reservoir could reach the 
groundwater table, 100 feet below the Site, in 70 to 100 days depending on the specific lithologic 
units encountered.  Using other simulations where saturated hydraulic conductivity in the sandy 
silt was reduced by 50% the predicted travel time ranged from 150 to 220 days.  Due to the 
gradation of sandy silts to silty sands throughout the Site, results from these simulations should 
be combined, providing a reasonable range of predicted travel time from 70 to 220 days. 
 
Simulations indicate that increasing or decreasing the head by 5 feet in the storage reservoir does 
not alter the predicted migration rate appreciably (expected rates range from 17 to 35 days longer 
for the 5-foot head simulation than the 15-foot head simulation).  This is a relatively small 
change in travel time for a significant change in head.   
 
The simulations were created and conducted within a short timeframe with limited data, to 
provide a range of travel time estimates, for seepage from two reservoir extremes, an unlined 
reservoir and a well- lined reservoir.  A well-constructed clay liner could significantly retard 
leakage to the groundwater table.  Model simulations show that a 2-foot thick clay liner 
compacted to a hydraulic conductivity of 10-7 cm/sec could slow the migration of reclaimed 
water including conservative solute in the water by more than 20 years.  However, a breach in 
the integrity of the liner can significantly reduce the travel time to rates more similar to a pond 
with no liner. These travel time estimates ignored a shallow caliche layer that is present at the 
site. The modeling scenarios showing a compacted clay liner compare favorably to the expected 
travel time if the caliche layer were intact beneath the reservoir.  That is, the caliche layer, while 
not as restrictive as the clay liner, would likely provide a travel time that falls between the range 
identified by unlined base model and the lined simulations.  Predicting migration through the 
caliche, as well as the effects of caliche on water quality would require further study after 
acquisition of detailed site-specific data. 
 
Migration through the unsaturated zone is very dependent on moisture content.    There is a non-
linear relationship between moisture content and hydraulic conductivity.  It is difficult for water 
to migrate under very dry conditions.  As moisture content increases, unsaturated hydraulic 
conductivity increases by orders of magnitude.  Therefore, the biggest driver for travel time in 
the unsaturated zone in a desert is the moisture content of the media until it becomes saturated.  
Once the floor of the reservoir is saturated, hydraulic conductivity of the media reaches its 
maximum value, and the effects from a relative change in head are less significant.  The 
resistance of the soil materials to flow far out-weighs the changes in pressure head in the pond.  
However, if a clay liner is placed at the bottom of the reservo ir, the unsaturated zone beneath the 
liner remains unsaturated because it can conduct water faster than the seepage rate through the 
liner.  In this way, the reclaimed water flowing to the groundwater table beneath a clay liner is 
slow because the seepage from the liner is slow, and the unsaturated zone remains in an 
unsaturated condition.  
 
Mass balance of flow and solute within the model indicated that the model operated properly 
within the constraints of the input parameters.  The model simulations converged quickly and 
showed very good mass balance of fluid and solute.  Typical startup errors in mass balance of 
flow and solute were removed within the first few time steps of each simulation. The total flow 
mass balance error for all simulations ranged between plus or minus 5%, and the total solute 
mass balance error for all simulations ranged between –6% and –3%.  
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The simulated travel times through the unsaturated zone presented in this report are consistent 
with extensive field investigation conducted elsewhere in the Mohave Desert under similar 
conditions. 
 
Model simulations predict that the TDS, chloride, and nitrate concentrations arrive at the ground 
water table at approximately the same initial concentration in the storage reservoir.  Therefore, 
improvements to the water quality of the effluent introduced into the storage reservoirs would 
result in similar improvements in the seepage water reaching the groundwater table. 
 
TDS, chloride, and nitrate were modeled as conservative compounds, meaning they migrate 
similarly to the flow of water with no adsorption or biogeochemical degradation.  This 
assumption, while useful for the scope of this study ignores recent studies regarding nitrate 
performed by the USGS elsewhere in the Mohave Desert.  The USGS studies suggest that nitrate 
concentrations can decline by as much as 50% due to microbial denitrification as water moves 
through he unsaturated zone (Amjad, 1995).  However the USGS study pertained to a different 
site (several septic systems) under different conditions.  Other variables, such as existing pore 
water, other nearby water sources, and soil geochemistry could also affect the water quality of 
migrating seepage.  Collection of local field data to assess water quality at various depths and 
moisture contents in the unsaturated zone would be very helpful in determining the extent of 
degradation and potential effects to groundwater.  
 
Future chlorination for disinfection of the Lancaster WRP reclaimed water will cause chloride 
and TDS concentrations to increase.  Due to the conservative nature of these compounds in 
groundwater, the effects of chlorination or other future treatment changes affecting reclaimed 
water quality (such as nitrogen removal) will become evident in groundwater quality rapidly if 
there is no pond liner.  These changes should be easy to observe through a well-designed and 
operated groundwater-monitoring program. 
 
The intent of this study was to provide a preliminary estimate of travel time and solute migration 
through the unsaturated zone under limited time constraints set by the client.  It was beyond the 
scope of this study to interpret mixing or hydraulic interaction with the groundwater.  The flow 
regime and degree of mixing is a function of the geometry, hydraulics, and water quality of the 
aquifer.  CES recommends the collection of additional site-specific data about the aquifer in 
order to determine potential effects from reservoir seepage. 
 
The results of this modeling effort are based on assumptions from data collected from lithologic 
logs of well borings and exploratory borings near and at the proposed storage reservoir site.  
Some shallow borings at the proposed pond site provided a limited view of the soils but not a 
complete view of the subsurface to the groundwater table.  Simplifications, generalizations, and 
professional judgment estimates had to be made from published data about flow hydraulics, 
lithologic bedding, soil chemistry, liner permeability and thickness, and operating depths.  Actual 
conditions at the Site may be more complex or different than the model simulations and actual 
results will vary from the model results.  Therefore, the results and interpretations contained in 
this report are indications of what might be expected under the model conditions and should be 
used with those limitations in mind.  If a more precise assessment of solute migration is desired, 
CES highly recommends the collection of additional site-specific data to address the 
generalizations listed above prior to designing or constructing storage reservoirs.   
 
Due to time constraints, a rigorous sensitivity analysis was not performed.  However travel time 
is clearly sensitive to hydraulic conductivity.  Based on the site-specific data provided, the values 
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selected for modeling simulations are appropriate.  However, if more accurate site-specific 
values are desired, a pumping test could be performed in one of the existing monitoring wells 
that are located at the Lancaster WRP south of the Site.  The pumping test would provide an 
overall hydraulic conductivity value in the lower portion of the unsaturated zone near the 
groundwater table.  
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