Draft Outline for SWPA Synthesis Report
CONCEPTUAL MODEL OF THE EFFECTS OF NATURAL AND HUMAN FACTORS ON GROUND-WATER QUALITY OF BASIN-FILL AQUIFERS OF THE SOUTHWESTERN UNITED STATES 
I.  Introduction

A.  Background on SWPA study
1.  Regional study that examines ground-water quality of the arid and semiarid Southwestern U.S.
2.  Includes Basin and Range aquifers of NV, UT, AZ; Rio Grande aquifer system of NM and CO; and Coastal Basin and Central Valley aquifer systems of CA, which combined produce nearly ¼ of all ground water withdrawn for public supply in the U.S. [Figure—Map of SWPA aquifers highlighting case-study basins]
3.  Builds on previous NAWQA data collection/studies to better understand ground-water systems in alluvial basins of the Southwest, including sources, movement, and fate of contaminants
a. Understanding of major factors affecting ground-water quality allows creation of tools to assess susceptibility and vulnerability to contamination

b. Tools can assist water managers and regulators in focusing efforts to protect ground-water resources
4.  Certain basins have a relative wealth of hydrogeologic and water-quality data, which were summarized in the companion “GIS” and “Basin Summary” reports
B.  Purpose and scope

1.  Synthesize information about natural and anthropogenic factors influencing water quality in case-study Southwestern basins included in the companion “Basin Summary” report
2.  Define commonalities among factors that influence water quality in case-study Southwestern basin-fill aquifers
3.  Construct a framework of influential factors that can be used to categorize Southwestern basins in terms of their overall susceptibility and vulnerability to a variety of contaminants
4.  Illustrate how the framework can be applied to sparsely studied Southwestern basins to help resource managers assess local susceptibility and vulnerability
5.  Provide a foundation for building statistical models to assess susceptibility and vulnerability among Southwestern basins

C.  Previous investigations of factors affecting water quality in Southwestern alluvial basins
1.  SWPA investigations

a. Salinity and land-use studies
b. Companion “GIS” and “Basin Summary” reports
2.  NAWQA investigations, including TANC and ACT
3.  Other investigations

D.  Approach

1.  Synthesize information from case-study basins and define commonalities with respect to major natural and anthropogenic factors thought to influence transport of contaminants to ground water and fate of contaminants within the aquifer [Table—Major natural, anthropogenic, and other factors thought to influence transport of contaminants to ground water and fate of contaminants within the aquifer (e.g. quantity and distribution of natural recharge, natural gradients, clay layers, pH, redox conditions, agricultural and urban land use, quantity and distribution of artificial recharge, gradient change, depth to water, ground-water age/travel time, well depth)]
a.  Review case studies for information related to factors
b.  Summarize the major factors thought to influence the transport of contaminants to ground water and the fate of contaminants within the aquifer
c.  Diagram information for factors (and combinations of factors) to determine gradient of factors among basins and how factors relate to documented degree of ground-water contamination
2.  Organize factors into a simple framework that captures the most influential factors at a basin scale and allows categorization of basins by degree of susceptibility/vulnerability
a.  Narrow down list of influential factors that can be characterized at a basin scale to about 5 that are most important
b.  Organize factors into a logical hierarchy that will facilitate categorizing basins by degree of susceptibility/vulnerability and performing future statistical analysis
3.  Demonstrate categorization of basins using available information
a.  Fit case-study basins into framework and illustrate relevance of basin categorization
b.  Determine widely available data that can be used as proxies for framework components in sparsely studied basins 
II. Synthesis of information on factors affecting water quality in case-studied basins [Compare/contrast the following factors among basins and provide several examples of their influence where appropriate. Examples will be drawn from SWPA Basin Summaries Report]
A. Presence of contaminant sources [Table—List of potential sources for some common contaminants (e.g. TDS, As, NO3, atrazine, chloroform)]
1. Natural sources
a. Lithology of basin-fill deposits and surrounding bedrock geology [Figure—Map of rock types]
b. Faults as preferred pathway for upward movement of generally more mineralized ground water

2. Anthropogenic sources
a. Agriculture (primarily irrigated agriculture)
i. General location of agriculture within basins 
ii. Crop types, which largely determine fertilizer and pesticide use [Figure and/or Photos—Example of agricultural land-use distribution in a highly agricultural basin]
b. Urban land uses
i. Population density 
ii. General location of various urban land uses (sewered residential, unsewered residential, industrial, etc.) [Figure and/or Photos—Example of urban land-use distribution in a highly urban basin]
B. Natural recharge and discharge
1. Types of natural recharge to the basin-fill ground-water system
a. Basin margins/alluvial slopes, where most recharge typically occurs because sediments are mostly coarse-grained and poorly sorted, with relatively few interbedded clay layers and generally downward hydraulic gradients [Figure—Example block diagram or section showing typical natural recharge processes and hydrogeology]
i. Subsurface inflow (smallest potential to introduce anthropogenic contaminants)
ii. Infiltration from mountain-front streams originating within the drainage basin
iii. Infiltration from streams originating outside the drainage basin
iv. Direct infiltration of precipitation (relatively high potential to introduce anthropogenic contaminants)

b. Valley floors, where generally less recharge occurs because hydraulic gradients tend to be upward or parallel to the land surface and interbedded clay layers are more common
i. Infiltration from streams and arroyos
ii. Direct infiltration of precipitation (relatively high potential to introduce anthropogenic contaminants)
2. Quantity of recharge

a. The overall quantity of recharge varies widely among basin-fill ground-water systems, as does the percentage of recharge contributed by each source [Figure or Table—Example water budgets (pre- and post-development) in tabular or pie-chart form]
b. Average annual precipitation and average annual streamflow are possible proxies for the quantity of recharge
3. Types of natural discharge from the basin-fill ground-water system
a. Evapotranspiration

i. Results in concentration of dissolved solids

ii. Is the only discharge mechanism for closed basins, resulting in very high concentrations of dissolved solids in discharge areas
b. Subsurface outflow of ground water
c. Discharge to streams

4. Travel times/ground-water ages
a. In general, shorter travel times/younger ground-water ages indicate higher likelihood of problems from anthropogenic contamination [Figure—Example ground-water-age distribution]
b. In general, longer travel times/older ground-water ages indicate higher likelihood of problems from natural contamination
C. Engineered (artificial) recharge, which has greatly altered the basin-fill ground-water systems in most of the case-studied basins
1. Source of artificial recharge water 

a. Native surface water
b. Imported surface water
c. Treated wastewater
d. Stormwater runoff
e. Local spring snowmelt runoff
2. Mechanism of recharge [Photos—Examples of artificial recharge locations]
a. Infiltration from irrigation canals
b. Infiltration through irrigated fields
c. Infiltration from stream channels

d. Infiltration from spreading basins
e. Injection wells
f. Dry wells
g. Septic fields

3. Quantity of artificial recharge water
a. In many basins, irrigated agriculture can add tens or hundreds of thousands of acre-ft to annual recharge 
b. Generally, highly urbanized basins are the ones that have substantial contributions of artificial recharge resulting from efforts to supplement public supplies 

4. Time scale of development (in general, the longer development has been going on, the more likely ground-water quality will have been affected)
D. Alterations to ground-water movement and discharge
1. New recharge sources alter hydraulic gradients and change the distribution of young water, which is more vulnerable to anthropogenic contamination
2. Ground-water withdrawals provide an additional (sometimes very significant) discharge mechanism and can substantially alter hydraulic gradients, often enhancing vertical movement of contaminants [Figure—Example map of water-level changes resulting from withdrawals]
3. Short circuiting through wells can connect different depths within a single aquifer or can connect multiple aquifers, providing pathways for young water to reach greater depths
4. Ground-water drains discharge shallow ground water that is most susceptible to increases in dissolved-solids concentrations through evapotranspiration, and can even replace evapotranspiration as the primary mechanism of ground-water discharge
E. Aquifer properties

1. When clay layers are present with sufficient continuity and thickness, they can affect the connection between the land surface/shallow aquifer and aquifers used for public supply (i.e. they can slow vertical contaminant migration)
2. Hydraulic conductivity is an important aquifer property in controlling ground-water-flow velocities and, therefore, the time scale of contaminant migration
3. Unsaturated zone thickness is a controlling factor in whether and when infiltrating water (and, consequently, contaminants) reach the water table
a. Beneath valley floors, depth to water is commonly <50 ft

b. Beneath alluvial fans, depth to water is commonly 50-500 ft
4. Vertical hydraulic gradients determine local water and contaminant movement
a. Contaminants are not likely to travel to great depth in discharge areas (typically valley floors) due to generally upward vertical gradients and relatively flow vertical hydraulic conductivity
b. Contaminants that reach the water table in recharge areas (typically alluvial slopes) are more likely to spread quickly through large areas and reach deep aquifer systems because ground-water flow is downward and vertical hydraulic conductivity is relatively high
5. Ground-water chemistry determines the degree of natural attenuation of contaminants through transformation or sorption
a. Aerobic conditions are conducive to transformation of some contaminants, while anaerobic conditions are conducive to transformation of others

b. pH is an important determinant of the degree to which some contaminants sorb to aquifer materials
III. Framework for basin categorization

A. Factors included in framework because of their large degree of influence on a basin-scale [Figure—Diagram of general framework]
1. Presence of contaminant sources

a. Categories: Contaminant source(s) present, Contaminant source(s) effectively absent

b. Why this factor is important: At a very basic level, individual contaminants will be of concern only if they are present and available for transport to the aquifer in considerable quantities
c. Information relevant to defining this factor for individual basins: Presence of natural sources (such as bounding bedrock lithology and source/composition of basin sediments) and/or anthropogenic sources (such as septic tanks or fertilizers applied to crops) 
d. Gradient of this factor across case-study basins:
i. Rock type (along basin margins in particular?) ranges from—for example—relatively unreactive granitic rocks to relatively reactive marine sediments 

ii. Case-study basins range from relatively undeveloped (Upper San Pedro Basin) to highly agricultural (San Luis Valley) to highly urbanized (Las Vegas Valley) to substantially agricultural and urbanized (Central Valley) [Figure(s)—Possibilities include bar chart of land use (like Dave’s), map of agricultural and urban areas, bar chart of population density]
2. Quantity and distribution of natural recharge
a. Categories: Low natural recharge, High natural recharge [possibly divide High natural recharge into diffuse or focused?]

b. Why this factor is important: Recharge is the essential driver of contamination at the land surface to the water table—without occurrence of recharge in areas where contaminant sources are present, ground-water contamination with anthropogenic compounds is of little concern
c. Information relevant to defining this factor for individual basins: Ground-water budget components (normalized to volume of aquifer?) including mountain-front recharge, subsurface recharge, infiltration of precipitation, and infiltration of river/arroyo water are the best indicators of the quantity and distribution of natural recharge and, by extension, the magnitude of natural fluxes and the direction and magnitude of natural gradients
d. Gradient of this factor across case-study basins: Some basins have small overall natural recharge that is focused primarily along basin margins, whereas other basins have higher natural recharge that includes some areal infiltration of precipitation [Figure(s)—Possibilities include pie charts (like Dave’s) of natural recharge components that are scaled in size to an index of overall recharge (such as recharge normalized to volume of aquifer), bar chart of normalized recharge components]
3. Quantity and distribution of artificial recharge

a. Categories: Low artificial recharge, High artificial recharge (focused), High artificial recharge (diffuse)

b. Why this factor is important: Quantities of artificial recharge can commonly be several times greater than natural recharge and, particularly when diffuse, can result in recharge being spread over a much broader area than under natural conditions (thereby increasing both the magnitude and areal application of the driving force of contaminants at the land surface to the aquifer)
c. Information relevant to defining this factor for individual basins: Ground-water budget components (normalized to volume of aquifer?) including canal infiltration, irrigation seepage (crops and/or turf), river/arroyo infiltration (increases associated with retention ponds, for example), and septic-tank seepage are the best indicators of the quantity and distribution of natural recharge and, by extension, the magnitude of post-development fluxes

d. Gradient of this factor across case-study basins: Some basins have added relatively few sources of artificial recharge (Upper San Pedro Basin), whereas others have added several sources of focused recharge such as retention basins (Coastal Basin) or relatively densely populated unsewered areas (Spanish Springs), and others have added intense irrigated agriculture fed by extensive canal systems (Central Valley) [Figure(s)—Possibilities include Dave’s graph of land use vs. pre- and post-development recharge, Dave’s graph of irrigation water use vs. area of irrigated land,  pie charts of post-development recharge components that are scaled in size to an index of overall recharge (such as recharge normalized to volume of aquifer), bar chart of normalized recharge components]
4. Degree of aquifer stress from ground-water pumping
a. Categories: High ground-water use/large gradient change, Low ground-water use/small gradient change

b. Why this factor is important: Extensive ground-water pumping, particularly for public supply, can result in downward gradients from the water table in areas of the aquifer that were previously dominated by upward gradients, allowing migration of contaminants into deeper parts of the aquifer (enhanced migration can also occur in areas where gradients were always downward, but their magnitudes were increased by pumping)

c. Information relevant to defining this factor for individual basins: Maps and hydrographs indicating water-level declines from predevelopment conditions are the best indicators of the magnitude of stresses applied to the aquifer through pumping and the resulting changes in gradient, although information on ground-water pumping for various uses (normalized to volume of aquifer?) also is helpful
d. Gradient of this factor across case-study basins: Some basins have relatively undeveloped ground-water resources (Upper San Pedro Basin), whereas others have extensive pumping from the shallow aquifer for agriculture (San Luis Valley), and others have extensive pumping from the shallow and/or deep aquifer for agriculture and/or public supply (Central Valley) [Figure(s): Possibilities include pie charts (like Dave’s) of post-development discharge components that are scaled in size to an index of overall discharge (such as discharge normalized to volume of aquifer), bar charts of ground-water use for agriculture and public supply]
5. How framework factors interrelate [Figure: Diagram illustrating interrelations among factors]
a. Only if sources of an individual contaminant are present are any other factors important in determining susceptibility/vulnerability to that contaminant
b. For anthropogenic contaminants, only if natural and/or artificial recharge is substantial in areas where the contaminant is present at the land surface is the degree of aquifer stress important in determining susceptibility/ vulnerability of deeper parts of an aquifer to that contaminant
c. For natural contaminants, lower overall recharge can actually indicate higher susceptibility to problems, which can affect deeper parts of the aquifer even without a high degree of aquifer stress
d. Even without a high degree of aquifer stress, deeper parts of an aquifer can still be susceptible/vulnerable to anthropogenic contaminants if natural or artificial recharge is sufficient to cause downward hydraulic gradients

e. For greater susceptibility/vulnerability to anthropogenic contamination, only one source of recharge (natural or artificial) needs to be substantial in areas where a contaminant is present; however, an area with substantial natural recharge may be likely to have problems with ground-water contamination sooner than an area without substantial natural recharge
B. Relevant factors not included in the framework

1. Some susceptibility/vulnerability factors are important in particular basins and should not be ignored, but they cannot be included in the framework because they generally are spatially variable and cannot, therefore, be adequately characterized at the basin scale

2. None of these factors are “essential” factors that can completely negate the relevance of any individual factor included in the framework

3. Examples of these factors

a. Hydrogeology—Hydraulic conductivity and existence of a protective clay layer (see “Synthesis of factors” chapter for discussion of importance)
b. Hydrology—Travel time and depth to water (see “Synthesis of factors” chapter for discussion of importance)
c. Ground-water chemistry—Redox conditions and pH (see “Synthesis of factors” chapter for discussion of importance)
d. Contaminant properties—Sorption and degradation

i. For individual contaminants, important in determining concentrations present in the aquifer

ii. Not relevant to all contaminants and dependent on local ground-water chemistry (see c.)

e. Other factors—Time scale of development (see “Synthesis of factors” chapter for discussion of importance)
IV. Application of framework 

A. Categorization of basins and relevance of final categories in terms of resource management
1. Categorization of case-study basins

a. Demonstrate how available data are used to categorize basins at each level of the framework [Table—Data used to divide basins into categories at each level of the framework (for example, natural recharge per volume of aquifer)]
b. Illustrate final categories assigned to case-study basins for a few selected contaminants [Figure—Diagram showing final categories for each basin and perhaps an index of susceptibility/vulnerability indicated by results]
2. Explain relevance of final categories

a. Step through final categories for selected basins and explain how they illustrate varying degrees of susceptibility/vulnerability—for example, for NO3, Upper San Pedro Basin is Contaminant Source(s) Present ( Low natural recharge ( Low artificial recharge ( Small gradient change, which puts it at the less susceptible/vulnerable end of the scale, whereas the Central Valley is Contaminant Source(s) Present ( High natural recharge ( High artificial recharge (diffuse) ( Large gradient change, which puts it at the highly susceptible/vulnerable end of the scale
b. Demonstrate other ways of summarizing the information provided by the framework and indicating relevance to resource managers [Figure(s)—Include a trilinear diagram like Michael’s, indicating where more vulnerable basins lie within the diagram]
B. Widely available proxy data for sparsely studied basins

1. Many basins of the Southwestern U.S. do not have the detailed information available for the case-study basins, so proxies must be developed to allow sparsely studied basins to be easily (and cheaply) characterized

2. Briefly describe useful datasets that are widely available even for sparsely studied basins (by both drainage basin and alluvial basin, where appropriate) [Table—Data that are widely available through GIS datasets for even sparsely studied basins (for both drainage and alluvial basins, as needed)]
3. Assign reasonable proxies (from table of widely available data) that can be used to categorize sparsely-studied basins—possible examples:
a. Presence of contaminant sources ( Percent agricultural and/or urban land

b. Quantity and distribution of natural recharge ( Average annual precipitation (possibly with some added factor relating to elevation at basin margins?)
c. Quantity and distribution of artificial recharge ( Total water use for irrigated agriculture [combined somehow with population density or total public water supply?]

d. Degree of aquifer stress from ground-water pumping ( Ground water use for public supply [include pumping for agriculture, too?]

4. Provide examples of using proxy data to categorize other basins and describe relevance of results
V. Summary

VI. References

