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Task 6 - Groundwater Management Technical Committee

I. Introduction

The concept of mitigating the drainage problem by groundwater management is, in principle, very simple.  The high water table results from an imbalance in the water budget - water is being applied to the surface at a rate that exceeds the carrying capacity of the groundwater system, thereby raising groundwater levels.  In groundwater management, groundwater pumping is increased in order to remove the excess groundwater and lower the water table.  The water budget can be further modified by reducing groundwater recharge via decreases in applied water.  The report of the San Joaquin Valley Drainage Program (SJVDP, 1990, Fig. 21, p. 102) illustrates how these processes would take place.

The purpose of this report is to: (1) assess the state of knowledge about the groundwater system and about technical feasibility of using groundwater management alternative to hydraulically control water table levels; (2) address potential adverse impacts of groundwater management; (3) assess any institutional obstacles to implementation of the alternative; and (4) make recommendations.  By examination of previous work on the problem, we specifically address technical feasibility of maintaining a deeper water table and substantially reducing groundwater discharge to drains by increasing groundwater pumping while reducing applied water over the region.  Further, we discuss the potential water quality impacts of lowering the water table by increasing pumping.

We begin the report with a review of previous work pertaining to the regional hydrogeology, hydraulic control of the water table, and groundwater quality.  We then discuss institutional aspects and close with a summary of Committee conclusions, unanswered questions, and recommendations.

II. Review of Previous Work and Existing Data

A. Hydrogeologic Framework


The hydrogeologic framework in the western San Joaquin Valley is generally divided into three major zones (Fig. 1): An upper unconfined to semi-confined aquifer system, a confining clay zone commonly referred to as “blue clay” or “Corcoran clay”, and a confined aquifer system below the clay layer.  In this report, the upper aquifer will be called the semi-confined system, and the sub-Corcoran aquifer will be called the confined system.


Three different hydrogeologic units are encountered in the shallow, 

semi-confined aquifer system (Fig. 1): coast range alluvium in the western part primarily consisting of sand and gravel at the fan heads and along stream channels, and of silt and clay in the interfan and distal fan areas, Sierran sands (medium- to coarse- grained micaceous sands) toward the center of the Valley trough, and 

flood-basin deposits (moderately to densely compacted clays) in the immediate vicinity of the San Joaquin River.  Groundwater obtained from the Coast Range alluvium is mostly of poor water quality, particularly in the upper 50 feet.  Where present at thicknesses of over 200 ft., groundwater is pumped from the Sierran sand (Gronberg 

et al., 1990).  Its low salinity makes it well-suited for irrigation purposes.  Overall, the thickness of the semi-confined zone ranges from 400 feet near the valley trough to over 800 feet at the foot of the mountain range (Miller et al., 1971).


The Corcoran Clay Member of the Tulare Formation of Pleistocene age divides the groundwater flow system into an upper semi-confined zone and a lower confined zone.  It is a regionally extensive lacustrine deposit of low permeability (Johnson et al., 1968) ranging in thickness from 20 feet to over 100 feet (Page, 1986).  It is generally conceptualized as a single, continuous layer of very low hydraulic conductivity.  Detailed analyses of driller’s well-logs, however, show that the Corcoran clay zone is not homogeneous.  In some areas it is better characterized as a zone of multiple clay layers interbedded with more permeable materials.


The confined zone below the Corcoran clay consists primarily of flood-basin, deltaic, alluvial-fan, and lacustrine deposits of the Tulare Formation (Bull and Miller, 1975).  The thickness of the confined zone ranges from 570 to 2460 ft. (Williamson 

et al., 1989).  Figure 1 shows a generalized hydrogeologic cross-section of this region.


In the Tulare Basin, the semiconfined aquifer consists of the same three geohydrologic units found in the San Joaquin Basin, plus one additional unit, Tulare Lake sediments.  The Tulare Basin is characterized by the presence of several dry lakebeds, including Tulare, Buena Vista, and Kern.


The marine formations, from which most of the Coast Range sediments and soils in the study area are derived, contain salts and potentially toxic trace elements, such as arsenic, boron, molybdenum, and selenium.  When these soils are irrigated the substances dissolve and leach into the shallow groundwater (Gilliom, et al., 1989).  Selenium is largely a westside phenomenon.  Soils derived from Coast Range sediments are generally far saltier than soils formed from Sierran sediments.  In fact, selenium in livestock feed grown in some areas of the eastern side of the valley is so low that it must be added to the livestock diet.

[image: image1.wmf]
Figure 1.
Schematic cross section (west to east) through the western


San Joaquin Valley.

B. Regional System Hydraulics and Water Balance


The groundwater budget in the western San Joaquin Valley comprises the following components:

· recharge from precipitation

· recharge from irrigation return flows

· recharge from creeks, streams, sloughs, unlined canals, and (ephemeral) lakes

· discharge to sloughs and streams

· discharge to drains

· discharge to groundwater pumping wells

· aquifer storage in the semi-confined zone

· aquifer storage in the confining layers

· aquifer storage in the confined zone

· groundwater movement between the semi-confined zone, the confining layers, and the deep confined zone

Climate.  The climate of the western San Joaquin Valley is semiarid with annual precipitation ranging from 5 inches in the south to 10 inches in the north.  Average annual pan evaporation reaches 60 inches (Rantz, 1969; Linsley et al., 1975).  Precipitation occurs almost exclusively during the winter months and in early spring, when evaporation from the land surface and transpiration from plants is minimal.  Precipitation is generally thought to be stored in the unsaturated zone during the winter months for plant uptake in the spring.  Direct recharge from precipitation to groundwater has generally been assumed negligible (Davis and Poland, 1957; Gronberg and Belitz, 1992).

Irrigation.  The present hydrology of the area is largely influenced by agricultural activities.  Percolation of irrigation water through the unsaturated zone is the major recharge of the groundwater system.  Irrigation water applied in the area is partly imported as surface water from the Sierra Nevada through the Delta-Mendota Canal and the California Aqueduct (Belitz and Phillips, 1995).  The remainder of the irrigation water in the western San Joaquin Valley is pumped from groundwater.  The amount of irrigation water applied depends on the irrigation method and irrigation efficiency, precipitation available for plant uptake, and the crop water requirement (which varies from crop to crop).  Gronberg and Belitz (1992) estimated that the average irrigation amount in their study area (southern Grasslands and northern Westlands subarea) ranges from 1.5 ac-ft./ac to 2.2 ac-ft./ac.  This range may vary depending on precipitation and temperature.  Irrigation efficiencies (ratio of crop-water requirement to applied irrigation water) were estimated to range from 61 percent to 73 percent on an irrigation-district-wide basis.  Average annual recharge rates to groundwater from applied irrigation water range from 0.5 ac-ft./ac to 1.0 ac-ft./ac.  For that particular study area it was estimated that 86 percent of the irrigation water came from surface water imports through the California Aqueduct-San Luis Canal and the Delta-Mendota Canal.  The remaining 14 percent came from pumping groundwater.

Seepage from/to Rivers, Creeks, and Canals.  The San Joaquin River and its major westside tributaries, Salt Slough and Mud Slough, are the major streams on the westside.  Since the 1950's, the San Joaquin River flows have been controlled by dams on tributaries and on the main stem upstream from Fresno.  Water stored in Millerton Reservoir is diverted through the Friant-Kern and Madera canals.  Irrigation water historically diverted from the lower reaches of the San Joaquin River was replaced with Central Valley Project water provided through the Delta-Mendota Canal, beginning in 1951.  Now, the San Joaquin River is essentially dry much of the year from below Gravelly Ford to the point at which irrigation return flow and local runoff replenish the River.  Development on major eastside tributaries has also reduced the flow of the 

San Joaquin River (SJVDP, 1990).  Little is known about the amount of unintentional seepage (groundwater recharge/discharge) to and from either the San Joaquin River, Mud and Salt Slough, their tributaries, or the unlined canals delivering water from the major canals to the farm-fields of the westside.  Long-term aquifer testing near unlined canals indicate that there is the possibility of extensive hydraulic communication between groundwater and unlined canals (Schmidt, personnel communication, 1998).  It is also known that the ephemeral streams and creeks entering the westside from the Coastal Range provide significant, but unspecified recharge to groundwater.

Drainage.  Drainage is the seepage of groundwater to agricultural drains.  Drainage becomes necessary where the water table is shallow enough to encroach on the root zone of agricultural crops potentially damaging these crops.  In the most comprehensive, regional study of westside groundwater to date (Belitz and Phillips, 1995), it was estimated that total drainage in the study area accounted for 17 percent of all groundwater discharges.

Water Levels.  Pumping of groundwater for irrigation from 1920 to 1950 drew groundwater levels down as much as 200 feet in large portions of the study area (Belitz and Heimes, 1990).  High pumping costs, land subsidence, and declining water quality created a need for new water supplies.  By 1951, Federal Central Valley Project water was being pumped from the Delta and delivered to the Northern and Grasslands subareas through the Delta-Mendota Canal.  By 1968, water was being delivered to the Westlands, Tulare, and Kern subareas through facilities of the CVP's San Luis Unit and the State Water Project (SJVDP, 1990).


With a reliable supply of surface water, groundwater pumping for irrigation lessened and the groundwater reservoir gradually began to refill.  The semiconfined aquifer above the Corcoran Clay then became fully saturated in much of the westside area.  Water tables continued to rise, and the waterlogged area expanded.  During the period 1977-1987, the area of 0-to-5-ft. depth to water expanded from 533,000 acres to 817,000 acres (Swain, 1990).  The 1988-1993 drought significantly reduced this area.  The most recent wet period 1995-1997 increased the total area affected by a water table of less than 5 feet depth from 321,000 acres in 1994 to 743,000 acres in 1997.  The latter is approximately half of the acreage of the area considered in this report 

(1.5 million acres).  The area with more than 15 feet depth to groundwater table decreased from 168,000 acres in 1994 to 71,000 acres in 1997 (less than 5 percent of the total area).


The water table generally slopes east-northeastward.  Toward the western edge of the San Joaquin Valley, however, the water table slopes towards the Coast Range foothills and recharges groundwater pumped from the confined aquifer near the foothills.  Thus, the highest elevation of the water table is generally found not at the boundary of the valley and the foothills, but several miles to the east of the valley boundary.

Pumpage.  Most groundwater pumpage (approximately 80 percent; Belitz and Phillips, 1995) occurs from the deeper, confined aquifer below the Corcoran clay.  Under current conditions, groundwater pumpage from the confined aquifer is balanced by leakage of groundwater from the semi-confined aquifer through the Corcoran clay 

(85 percent) and by groundwater inflows from the eastern part of the confined aquifer (15 percent), which underlies most of the San Joaquin Valley.  Groundwater obtained from the Coast Range alluvium is mostly of poor, highly saline water quality, particularly in the upper 50 feet.  Only where present at thicknesses greater than 200 ft., is groundwater pumped from the semi-confined Sierran sand (Gronberg et al., 1989).  Its low salinity makes it well-suited for irrigation purposes.  Of the total groundwater pumpage only about 1/5 stems from the semi-confined Sierran sand aquifer.  Pumpage and drainage from the semi-confined and unconfined aquifers is balanced by recharge from irrigation.  Under current practices, with high water table in the shallow groundwater, groundwater also flows from the westside toward the central part of the San Joaquin Valley.
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Figure 2. Schematic of Water Budget from Belitz and Phillips (1995) Modeling Analysis.




C. Water and Salt Budgets by Subareas


Water and salt budgets that identify and quantify the principal flow paths of water and associated dissolved solids (salts) into and out of the five planning subareas were developed by the San Joaquin Valley Drainage Program (SJVDP, 1990).  The water and salt budgets represent existing average annual conditions and are based on a simplified representation of the hydrologic system.  The system is comprised of two subsystems: (1) The root-zone subsystem, which includes all surface water and subsurface water to the free water table, and (2) the semi-confined (an unconfined aquifer containing interbedded coarse- and fine-grained lenses) aquifer system which includes all subsurface water below the free water table to the Corcoran Clay.  Because shallow groundwater is the focus of drainage problems, the base of the 

semi-confined aquifer was chosen as the lower boundary for SJVDP's study.  Separate budgets were prepared for water and salt.


The budgets were developed using the Department of Water Resources' (DWR) Hydrologic and Economic Model (HEM) database, the U.S. Geological Survey’s (USGS) Regional Aquifer System Analysis (RASA) model data base, and 

U.S. Bureau of Reclamation and local water district data.  Changes in water and salt storage in the semi-confined aquifer is indicative of an increase in water table elevation and a rise in drainage flows and in drainage-related problems within the study area.


In the Northern subarea the analysis showed that the region was in a state of hydrologic balance with inflow to the surface and semi-confined aquifers mostly balanced by outflow.  A small net accumulation of salt of less than 0.1 tons/acre-yr. was estimated.


In the Grasslands subarea the analysis shows a rate of water storage in the semi-confined aquifer of 0.2 acre-ft./acre-yr. and a rate of salt accumulation of 

0.2 tons/acre-yr. which is higher than the Northern subarea but still low relative to the subareas to the south that have no hydraulic connection to the San Joaquin River.  More than 50 percent of the Grasslands subarea is served by on-farm, subsurface drains allowing the region to achieve hydraulic balance.  The Grassland Bypass Project, which was initiated in 1996, will likely affect the salinity balance of the Grasslands Area, because selenium load reduction is being achieved through techniques such as subsurface drainage recycling and short-term groundwater and surface water storage - all of which may increase salt storage in the shallow 

semi-confined acquifer.


In the Westlands subarea annual salt storage was estimated at 0.8 tons/acre-yr. with an annual net salt import of 666,000 tons per year.  The water table elevation was estimated to rise approximately 1 ft./year - leading to an overall increase in the drainage problem over time.  Much of the estimated water table increase in the shallow groundwater areas would be evaporated, either by crops or from the bare soil, leading to soil salinization in these areas - the majority of this increase is likely to occur in the western half of the Westlands subarea, where average water table depths are greater than 20 ft.  This estimate was made in 1989 and the fact that water tables have not continued to rise at the rate of 1 ft./year may be explained by increases in drainage recycling within Westlands Water District, improvements in water use efficiency and the substitution of more salt tolerant crops.


The rate of water table rise in the Tulare subarea was estimated to be approximately 0.5 ft./year.  Because of the greater reliance on pumping in this area, however, the rate of salt accumulation in the semi-confined aquifer was 

2.3 tons/acre-yr. for a total net salt import of 1.5 million tons/year.


The rate of water table rise and salt accumulation in the Kern subarea was similar to that of the Westlands subarea with rates of 1.1 ft./year and 0.9 tons/acre-yr., respectively.  Surface water inflows (precipitation, canal deliveries, stream diversions, pumping and reuse) to the Kern subarea are approximately 2.8 million acre-ft./year compared with approximately 2 million acre-ft./year in the Westlands subarea.  However, in the Kern subarea combined confined and semi-confined aquifer pumping amount to about 21 percent of the total inflow compared with 8 percent in the Westlands subarea.  Greater use of groundwater leads to greater net transfer of salts to the shallow semi-confined aquifer.


For each of these estimated mass budgets of water and salt, the analysis was performed for an average year in which it was assumed that agriculture received full water deliveries.  Recent water policies and actions such as the Grassland Bypass Project have altered water supply and salt management practices on the west-side of the San Joaquin Valley and invalidate some of the estimates made above.  Hence these mass budgets should be used for comparative purposes only.

D. Hydraulic Control of the Water Table


This section summarizes previous investigations that have addressed control of the water table through groundwater management.  Most of these investigations have involved use of models.  The different modeling approaches and technical considerations are compared in a table in the Appendix.  Also included in this section is a discussion about response of the groundwater system to the 1988-1993 drought.

Report of San Joaquin Valley Drainage Program (SJVDP, 1990)


SJVDP (1990) evaluated groundwater pumping as a strategy for managing shallow, saline water tables in the San Joaquin Valley.  The concept of groundwater management as defined in SJVDP (1990) is to pump groundwater from the semi-confined aquifer above the Corcoran clay to lower the near-surface water table and create a hydraulic balance that would keep the shallow water-table below the crop root zone.  The groundwater extracted would be in addition to existing pumpage and would be designed specifically for each drainage problem area.  Wells would be constructed to produce groundwater from selected zones of the semiconfined aquifer.  According to the 1990 report, the feasibility of such a strategy relies on the following conditions in the aquifers underlying the drainage problem areas: (1) Adequate vertical hydraulic interconnection between the pumped aquifer system and the waterlogged surface lands (not applicable to the Tulare lakebeds where thick clays are present); (2) a sufficient volume of water in the deep aquifer to allow withdrawal for a reasonable period of time (for example, 20 years); and (3) pumped groundwater quality with a total dissolved solids (TDS) concentration of less than 1,250 ppm, so that it could be used for agricultural irrigation.  The limitations of this strategy were described as: (1) the periods during which wells must be pumped to lower the water table to the required depth and the period in which they are pumped to supply water for irrigation or other beneficial uses may not correspond; (2) the application of this strategy may be viewed as a planned degradation of the groundwater resource, even though this degradation is occurring under existing conditions; and (3) if this alternative were economically feasible, the aquifer must be capable of producing water suitable for beneficial uses for at least 20 years.  More recent modeling by Belitz and Phillips (1995) and Purkey (1998) demonstrate that deep pumping can effect long-term declines in groundwater levels, and hence item (1) above is not a serious limitation.


The useable life of the semi-confined aquifer in the Westlands and Grasslands subareas was estimated for existing conditions in 1990.  Future pumping scenarios were evaluated using analytical and numerical techniques.  The useable life of the aquifer was defined as the time it would take for the zone of shallow, poor quality groundwater to completely displace the zone of presently producible groundwater. 

The mean estimated useable life of the semi-confined aquifer under existing conditions (no additional planned pumping) ranged from 46 to 273 years for the Grasslands subarea and 110 to 114 years for the Westlands subarea.  Under a regional pumping regime of 200 gpm per well for 13 weeks/year with a well spacing of 1 well per quarter section of land, the mean useable life of the semi-confined aquifer was estimated to range from 10 to 74 years in the Grasslands subarea and 24 to 28 years in the Westlands subarea.  The major assumptions that went into these analyses were: 

(1) current (1990) piezometric levels in the underlying confined aquifer remain static; (2) plug flow conditions (vertically downward) in the semi-confined aquifer; (3) uniform flow conditions across the lower boundary of the semi-confined aquifer.  The authors noted these analyses were very sensitive to the amount of leakage that was assumed to cross the lower boundary of the semi-confined aquifer (Corcoran clay).  The authors also recognized that these estimates have a high degree of uncertainty due to the lack of hydraulic and water quality data for the westside aquifers (Quinn, et al., 1990).


A finite element model which simulates radial groundwater flow toward a pumping well was also used to develop a detailed analysis of pumping the semi-confined aquifer for management of the shallow water table (Quinn, et al., 1990). The model calculates steady state heads in the semi-confined aquifer in response to pumping.  Water table elevations of the groundwater flow system are based on the calculated hydraulic heads.  The model then generates a spatial distribution of stream functions, which allows the flowpath of salts originating from various levels in the aquifer, to be traced into the pumped well.  The arrival time of these salts from their origin to the well were then calculated.  The model was applied to representative aquifer conditions in each water quality zone.  These water quality zones divide the regional aquifer into subunits on the basis of shallow groundwater conditions, water table height and depth distribution of contaminants.  The boundary conditions include the lower boundary flux (leakage across the Corcoran clay layer), upper boundary flux (rate of irrigation recharge) and lateral flows into and out of the system.  The aquifer was modeled as an eight layer system and was assumed to be at steady state with a horizontal water table under non-pumping conditions.  A number of model simulations were run for a series of well depths, pumping rates, depth distribution profiles of TDS, and radial and lower boundary conditions.  The model calculated a drawdown of 

4.3 feet at the well and 2.7 feet at a radius of 2400 feet from the well for a continuous pumping rate of 200 gpm in an aquifer of unlimited areal extent.  The salt concentration of pumped water was 1250 mg/L TDS after 200 years.  Simulation of pumping from a shallower aquifer depth resulted in more rapid drawdown and faster decline in water quality.  The steady state drawdown for the shallow pumping scenario was 7.4 feet at the well, and water quality exceeded the 2500 mg/L criterion, used to define the upper limit of useable groundwater, after only 22 years.


The results of the analyses showed the importance of well field design and such factors as depth of pumping, pumping rate, and aquifer properties for achieving management of the shallow water table through groundwater pumping.  More accurate data on the hydraulic properties of the semi-confined aquifer and the spatial distribution of contaminants in the aquifer would be required in order to implement this solution to the drainage problem.  The authors of the 1990 study concluded that groundwater pumping appears to be a short to medium term solution and would likely hasten the ongoing process of aquifer degradation, shortening the useable life of the semiconfined aquifer in some cases to less than 25 years.

USGS Belitz and Phillips Model


During the late 1980’s and early 1990’s, a group of USGS researchers collected and processed data specifically for the creation of a fully three-dimensional, calibrated groundwater model covering 550 mi2 (352,000 acres or approximately 1/5 of the total westside area under consideration in this report).  Results from these efforts are published in a series of reports and scientific publications (e.g., Belitz and Heimes, 1990; Gronberg et al., 1990;  Phillips and Belitz, 1991; Belitz et al., 1993; Belitz and Phillips, 1995; Barlow et al., 1996).  A technical summary is provided in the Appendix.


The study area encompasses the southern part of the Grasslands sub-basin and the northern part of the Westlands sub-basin and is specific to the particular hydrogeologic conditions of the study area.  However, most of the general conclusions of this work can be applied to other areas of the Grasslands and Westlands 

sub-basins.


The objective of the modeling efforts of the Belitz and Phillips group was to evaluate the effects of four alternative drainage management options on regional, 

long-term groundwater table behavior and groundwater quality degradation.  The four alternatives that were evaluated by the groundwater modeling study are:

1.
Land retirement

2.
Reduced recharge

3.
Increased groundwater pumping

4. Simultaneous reductions in recharge and increases in groundwater pumping


The management horizon of the groundwater model was 1990-2040.  The model accounted for the major hydrostratigraphic features described in section II-B.  The study area was divided into 10 subareas characterized by different long-term recharge and pumping rates due to surface water-rights and landuse characteristics.  The model also distinguished between areas with on-farm drains, regional drains, or no drains at all.  Changes in annual recharge and pumpage due to annual climatic variations were not considered, because of the longterm management horizon of the model.  Model predictions with respect to water table conditions and groundwater quality were therefore interpreted as representative of long-term average conditions for the entire region.  In any given year, actual future conditions at any location within the study area may vary from predicted conditions due to fluctuations in climate, surface water availability, local pumping patterns, and local hydrogeology that are not considered in this study.


The model considered the following major elements of the subsurface hydrology described in section II-B: groundwater recharge from irrigation, groundwater pumping, discharge to drains, bare-soil evaporation, aquifer storage in the semi-confined zone, aquifer storage in the confining layers, aquifer storage in the confined zone, and groundwater movement between the semi-confined zone, the confining layers, and the deep confined zone.


With respect to the four drainage management alternatives, the model study concluded:

· Land retirement leads to the elimination of bare-soil evaporation locally within the retired areas but has little effect on bare-soil evaporation outside retired area.  Land retirement should therefore be considered a local-scale strategy but not a regional strategy.

· Relatively small amounts of recharge reductions (15 percent) through increased irrigation efficiency or other means are needed to avoid long-term average growth in bare-soil evaporation, while much larger reductions (45 percent) would be needed to ameliorate the current problem.  Drain flow is found to be rather sensitive to recharge in the drained areas.

· The groundwater pumping alternative was implemented under two constraints: only existing wells would be used for additional pumpage, since these would presumably have acceptable water quality; and the confined pressure head would not be allowed to drop below 1967 levels to avoid land subsidence. Two hypothetical management areas are considered by the study: the area of bare-soil evaporation in 1990 (224 mi2), and the total study area with the exception of some of the westernmost areas that have very deep water levels (530 mi2).  Two pumping schedules are considered: uniform absolute increase; and spatially variable, hand-adjusted cell-by-cell increase.  The latter “optimized” pumping schedule resulted in the largest additional pumping rate and reduced bare-soil evaporation to 132 mi2 from current 224 mi2 bare-soil evaporation.  Drainflow decreased to 17,000 ac-ft./yr.  The model indicates that additional pumping of 0.5 ac-ft./ac/year will not cause water levels to drop below 1967 levels during the 50-year management horizon.

· Best drainage reduction and least bare-soil evaporation was achieved by a combination of reduced recharge and increased pumping.  Bare-soil evaporation would be reduced to 78 mi2 from current 224 mi2 bare-soil evaporation, while drainflow would be decreased to 8,000 ac-ft./yr.  The total surface water supply in the study area would be 527,000 ac-ft./yr.  Total groundwater pumpage would be 284,000 ac-ft./yr. (with 210,000 ac-ft./yr. pumped from the deep confined aquifer).  The regional leakage across the Corcoran clay is estimated to increase from 0.27 ft./yr. to 0.42 ft./yr.


In summary, the Belitz and Phillips (1995) modeling analysis indicates that by reducing surface water deliveries 30 percent and increasing groundwater pumpage 

230 percent, by the year 2040 bare soil evaporation would be reduced 80 percent and drain flows would be reduced by 70 percent.  Key differences between this analysis and that of SJVDP (1990) are that Belitz and Phillips (1995) assumed the increases in pumpage would occur in both the semiconfined and confined systems and would be implemented regionally rather than within selected local subareas.


The Belitz and Phillips effort constitutes the most comprehensive hydrogeologic characterization of the west side completed to date.  The model input data sets were carefully constructed through technically sound investigative techniques and hydrogeologic interpretation.  This model is the only model of the west side that was substantively calibrated.  Nevertheless, a transient calibration of the model was not performed.

U.S. Bureau of Reclamation Central Valley Groundwater Model

Central Valley Groundwater and Surface Water Model (CVGSM) is a numerical hydrologic model of the Central Valley regional aquifer that attempts to integrate all the hydrologic components and their interactions into a single model.  It also includes agricultural crop and water use simulation.  CVGSM is a specific application of the Integrated Groundwater and Surface Water Model (IGSM) (Montgomery Watson, 1993).


CVGSM is a monthly stress period model that has 1,392 elements collected into 21 subregions.  The average element size is 14.5 square miles, and the model covers nearly 20,000 square miles.  CVGSM lumps landuses into 4 major categories and combines crop type into 14 categories.  It includes 38 rivers and streams, 

75 diversions, 121 small stream watersheds, and 32 rainfall stations.  It has three aquifers, including the sub-Corcoran.


The main features of the Integrated Groundwater and Surface Water Model are as follows:

Soil Moisture Accounting.  Simulates rainfall runoff, irrigation return flow, infiltration, deep percolation, and actual evapotranspiration (ET), using crop acreage, crop type, soil type, rainfall, applied irrigation water, root depth, potential ET, irrigation efficiency, ground surface elevation, etc.

Streamflow Simulation.  Predicts streamflow at each stream node using rainfall runoff, irrigation return flow, water diversions from the stream, and streamflow gain or loss to the aquifer.

Stream-Aquifer Interaction.  Tracks water levels in the stream and groundwater levels in the aquifer adjacent to the stream, enabling a monthly computation of streamflow loss to and gain from groundwater.  This includes simulation of canals and canal losses, and can include lakes and reservoirs.  Input data includes physical stream profiles and rating tables.

Unsaturated Flow Simulation.  Simulates vertical flow through the unsaturated zone using unsaturated flow equations.

Groundwater Simulation.  Quasi-3D finite element model that simulates 2D multi-layered aquifer systems.  Any combination of multiple layered confined, unconfined, and partially confined aquifer system can be modeled.  Boundary conditions can be any combination of fixed or time series, heads or flux, nodal values or general heads.


CVGSM was originally constructed and calibrated in 1990, for use as a regional water resources planning model.  It was chosen for use with the Central Valley Project Improvement Act Programmatic Environmental Impact Statement (PEIS) because the interdependency of groundwater and surface water for agricultural and municipal uses in the Central Valley required that the effects on groundwater resources be considered in an integrated fashion with the analysis of surface water operations and deliveries.  

It was understood that provisions of the CVPIA could substantially alter delivery of surface water to water users in the Central Valley.


The draft PEIS has been completed and published for public review.  It estimates there will be substantial surface water delivery reductions to the westside San Joaquin River Area and northwest Tulare Lake basin area under 2020 

projected-level conditions, accompanied by a substantial increase in groundwater pumping, declining groundwater levels, declining sub-Corcoran piezometric heads, and, potentially, the reinitiation of land subsidence.


The PEIS includes a 2020 No-Action Analysis and four main alternatives.  

A preferred alternative will be chosen and included in the final programmatic EIS which will be released by the end of 1999.  CVGSM has been used in the selection process for the best alternative.


In the PEIS, CVGSM is used in conjunction with reservoir operation models, which provide time series data for reservoir releases and diversions under projected-level conditions, and with an agricultural economics model, which optimizes crop type and acreage to use the available water to the greatest economic advantage.


As with all the groundwater models of the west side, the ability of CVGSM to simulate transient response of the system has not been demonstrated adequately through calibration against transient historical data.  Furthermore, boundary inflows into the model as computed by mass balance methods appear to be incorrect.


In 1991, the variant of CVGSM was developed specifically to look at groundwater conjunctive use opportunities in the San Joaquin and Tulare Basins of the San Joaquin Valley.  This model was named SANTUCM (San Joaquin-Tulare Conjunctive Use Model) and attempted to link the IGSM groundwater code (Montgomery Watson, 1993) with the USBR SANJASM (San Joaquin Area Simulation Model) surface water allocation model (Taghavi et al, 1990, Quinn, 1992).  The model was used specifically to look at opportunities for increasing flows from Friant Dam down the upper San Joaquin River and replacing these flows, that would otherwise have been delivered down the Friant-Kern and Madera Canals, by increased groundwater pumping and additional pumpage from the Delta.  Additional pumpage from the Delta would pass along the California Aqueduct through the Cross-Valley Canal to make up for the reduction in flows down the Friant-Kern Canal.  Linkage of the IGSM and SANJASM models was not entirely successful - the marriage of a mechanistic groundwater code with a simple surface water mass balance code led to instability and numerical errors that were not entirely overcome.

During 1999, the Bureau of Reclamation will be constructing a higher resolution IGSM model of the westside San Joaquin River area and the northwest Tulare Lake Basin area.  This model, called WESTSM will have 5 aquifer layers and an element size of about 1 square mile in the areas of concern for agricultural drainage and land retirement.  Intended use of the model is for studies of water resources, agricultural drainage (including groundwater quality), land retirement, and land subsidence.  It will include the IGSM water quality module.

Westside Agricultural Drainage Economics (WADE) Model


The San Joaquin Valley Drainage Program used the WADE model to simulate long term behavior and response of the surface irrigation and groundwater system on the west side of the San Joaquin Valley to various irrigation and drainage management strategies, Hatchett et al. (1989) and Quinn et al. (1990).  The WADE model is a regional model covering the entire west side of the San Joaquin Valley.  The study area consists of more than 180 polygon cells, each representing distinct homogeneous soil and drainage characteristics.  The model was developed to compare the effects of various on- farm decisions in terms of both economics and hydrology under 1990 valley conditions.  The model was designed to make regional projections of a number of important factors which include: (a) root zone concentrations of salts; (b) irrigation recharge; (c) surface and subsurface drainage quantity and quality from cropland; and (d) changes in crop yields and farm income.  Although the model makes projections - these projections cannot be interpreted as having numerical significance in a deterministic sense.  For example, the spatial variability of soils and the temporal variability of irrigation applications and groundwater pumping, are sufficient in themselves to preclude even the determination of a mean rate of water table rise for any sizable area.  The model's major use has been to compare and contrast policies in terms of the hydrologic and economic factors that best allow policy evaluations to be made.

Other Groundwater Models


A review of groundwater and drainage models and analytical techniques applicable to salt and selenium issues on the westside of the San Joaquin valley was completed by Narasimhan and Quinn (1995).  Several other groundwater modeling efforts have been completed over the past 10 years (see Appendix) including the following:


Fio and Deverel (1991; 1994) developed two groundwater models representing the shallow groundwater primarily to quantify flow and salt transport to drain laterals under irrigated and nonirrigated conditions and to evaluate the contribution of regional groundwater flow to on-farm drainage.


Wu et al. (1998) developed a groundwater model representing a cross-section of the westside from the coastal foothills to the trough of the San Joaquin Valley to determine the effects of regional water flows (model boundary conditions) and drainage on groundwater flow, and to evaluate land retirement, reduced recharge, and groundwater pumping management alternatives.


Purkey (1999) also developed a cross-sectional aquifer model that simulates shallow water table processes more accurately than previous, regional-scale models.  The model was used to evaluate land retirement strategies and is explained in more detail in the land retirement technical committee report.

Aquifer Tests


Schmidt (1988, 1989) conducted aquifer tests at three sites near Mendota to determine the extent of hydraulic connection of groundwater in the shallow, coarse-grained deposits with shallower groundwater in the overlying fine-grained deposits.  These tests concluded that good hydraulic communication existed between groundwater above a depth of about 10 feet and underlying groundwater in coarse-grained deposits (normally in the depth interval from about 20 to 50 feet), and that pumping groundwater from the coarse-grained deposits produced substantial and relatively rapid water level drawdowns in piezometers tapping the shallowest water body.  Drawdown exceeding one foot was recorded in a shallow piezometer several hundred feet from the pumped well after several days of pumping.  At two of the three sites, boundary conditions, believed to reflect the presence of deposits of lower permeability at some distance from the pumped well, were noted for the coarse-grained deposits.  Schmidt notes that the areal extent of the coarse-grained deposits is thus important in evaluating the potential for long-term pumping.  This study did not address changes in water quality in the pumped wells as pumping progressed.


Schmidt's 14-day aquifer test near Mendota (Schmidt, 1989) involved pumping a large-capacity test well and measuring water level changes in two nearby wells of similar depth (about 112- 244 feet deep) and in eight shallow (about 12-foot-deep) piezometers.  Water temperature, electrical conductivity, and hydrogen sulfide content were tracked in the pumped well during the test.  This test concluded that pumpage from Sierran sands could cause water levels at shallow depth to decline.  A water level drawdown of about one-half foot was observed in the shallow strata due to downward leakage through the confining bed overlying the Sierran sands.  However, it was also observed that canal seepage was a significant source of recharge to the shallow groundwater at the test site.  Calculations of water quality mixing ratios indicated that, after two weeks of pumping at an average rate of 2,210 gpm, two percent of the water in the pumped well was derived from downward leakage of shallow groundwater.  Schmidt concluded that pumpage from the Sierran sand could cause declines in the shallow water table.

Aquifer Response to Drought


Due to drought conditions in the early 1990's surface water supplies were drastically reduced to most water districts in the San Joaquin Valley, resulting in increased pumping of groundwater from both the semi-confined and confined aquifers.  In general, when imported surface water supplies for irrigation are limited, groundwater is pumped to make up the shortfall.  This trend was observed in the Westlands Water District as shown on Figure 3 (Fio, 1998).  Observations of static groundwater levels at a U.S.G.S. well cluster site on the Panoche fan in Westlands show the water table response in the semi-confined aquifer to the increased pumping.  The well cluster site is located approximately 10 miles southeast of Mendota and consists of five observation wells completed at depths of 40, 189, 268, 375 and 640 feet.  Water level data for these wells have been collected periodically by the U.S.G.S. and Westlands Water District.  Figure 4 shows a decline in the shallow water table of about 25 feet as compared to pre and post drought conditions at the well cluster site (Fio, 1998).  Similar trends in the data for the deeper wells can be seen.  This observed water level decline corresponds in time to the increased groundwater pumping shown on figure 3.  Although this is strong evidence that the shallow water table could be controlled by pumping, the data represents the hydraulic conditions at a single site only.  A water level change map for the period 1991 to 1997 (Fig. 5) shows the regional response to ending of the drought.  The maps show a significant, regional rise in shallow water levels in response to cessation of the drought.  The regional decline of water levels that accompanied onset of the drought could not be mapped because the groundwater monitoring network was not adequate prior to 1991.  Nevertheless, these data clearly demonstrate that regional water levels can be lowered through increased groundwater pumpage and reduced water applications.  Of course, the increases in groundwater pumpage were not restricted to the semiconfined aquifer.
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Figure 3.
Available surface water, crop-water requirement, pumpage, and ground-water recharge in Westlands Water District, 1978-97 (Personal Comm., Hydrofocus Inc., 1999).
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Figure 4.
Ground-water elevations in wells at U.S. Geological Survey cluster site M3, 1986-97 (Personal Comm., Hydrofocus Inc., 1999).
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Figure 5a. Water level change map for the period 1991 to 1997.
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Figure 5b. Water level change map for the period 1991 to 1997.
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Figure 5c. Water level change map for the period 1991 to 1997.

[image: image8.png]Lost Hills/Semitropic

1991 - 1997, Change in Elevation of
Shallow Groundwater Body

Scale of Miles

=

Friant - Kern

Change in Groundwater Elevation

- Greater than + 6 Feet

- +2.110 +6.0 Feet Increase in Groundwater Elevation

- Plus or Minus 2.0 Feet

- -211to - 6.0 Feet } Decrease in Groundwater Elevation

" Isolated Monitoring Well

Source: California Department of Water Resources, San Joaquin District




Figure 5d. Water level change map for the period 1991 to 1997.
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Figure 5e. Water level change map for the period 1991 to 1997.

E. Water Quality


An evaluation of the impact of increased groundwater pumpage on water quality requires knowledge of the spatial distribution of water quality conditions.  Over the past few decades, numerous investigations of groundwater in the San Joaquin Valley have been conducted by federal, State, and local agencies as well as private consulting firms.  These investigations describe the spatial variability of selenium concentrations and other water quality characteristics in sediments and water in the San Joaquin Valley at a variety of scales.  The results of these investigations show that water quality characteristics may be highly variable at both the local and regional scales.  Much of the variability, however, is systematic and is related to specific mappable geologic or physiographic features.  Although the data coverage in space in time is often lacking, the understanding of the causes of these distribution patterns allows us to construct conceptual models of the spatial variability of water quality that are helpful in assessing the feasibility of the groundwater management option.

Data and Reports on Spatial Variability of Groundwater Quality


The spatial variability of groundwater quality has been evaluated on three primary levels: the areal distribution of water quality in the shallow groundwater (generally less than 20 feet); the areal distribution of water quality in the confined zone (generally the zone below the Corcoran Clay used as a water supply by existing wells); and the distribution of water quality with depth in the semiconfined zone above the Corcoran Clay.

Shallow Groundwater - The areal distribution of water quality in shallow groundwater (generally less than 20 feet) was evaluated to understand processes that contribute to salinization and selenium accumulation in shallow groundwater, to relate the distribution of water quality in shallow groundwater to the quality of known subsurface drainage, and to identify areas where future subsurface drainage might be of poor quality.  Data are primarily from monitoring wells with small screened intervals, and a limited number of subsurface drains.  Examples of these investigations are the description of the distribution of trace elements in the central westside by Deverel et al. (1984), and of trace elements in the Tulare Bains by Fujii and Swain (1995).  These spatial studies are complemented by more process-oriented studies (e.g. Deverel and Fujii, 1988; White and Dubrovsky, 1994).  These investigations showed that the distribution of water quality conditions can be understood in the context of the geology and hydrology of the alluvial fans, the modification of the natural groundwater flow system by irrigated agriculture, and physical/chemical process (evaporation and redox processes).  These processes produce patterns that, while having coherent structure on the subregional (miles to tens of miles) scale, may also be highly variable at the local scale.


The data from these and other reports was synthesized by Swain (1990) to produce estimates of shallow groundwater quality throughout the 1.7 million acres in the western and southern San Joaquin Valley for inclusion in SJVDP (1990).  The authors present a series of maps that depict the distribution of salinity, arsenic, boron, molybdenum, and selenium expressed as ranges of concentrations.  The mapping units are based on available water quality data, surficial geology and physiography, depositional environments, sediment source areas, soils, and irrigation and drainage histories.  Concentrations of some trace elements have a range of as much as three orders of magnitude.  Such variability occurs on a regional scale, with localized variability generally limited to a factor of two or three.  The data and maps presented in Swain (1990) are intended for general planning at the regional and subregional scale, and should be regarded as a first step in the reconnaissance-level effort at the regional scale, especially in the Tulare Basin and much of the southern Westlands Subarea.  Further efforts are required to refine boundaries and to define vertical variability.


Only a limited amount of additional data on shallow groundwater quality has been collected since preparation of SJVDP (1990).  Other than the local scale and process-oriented studies cited above, the most notable data is contained in the map of electrical conductivity for the entire shallow groundwater body for 1995 produced by the Department of Water Resources.

Confined Aquifer System - The water quality of the confined aquifer system in the western San Joaquin Valley has been assessed using samples obtained from existing production wells.  The most comprehensive surveys of water quality were a series of studies conducted by the USGS from the late 1950’s through the early 1970’s.  These reports generally evaluated the major ion chemistry, although data on boron is also often presented.  Davis et al. (1959) present an evaluation of the data available at that time, while Bertoldi et al. (1991) summarize the distribution of general water types and dissolved solids in the entire Central Valley based on thousands of analyses of samples from existing wells in the USGS database collected between 1935 and 1985.  Most recently Dubrovsky et al. (1993) evaluated the selenium distribution in the 

San Joaquin Valley based on samples collected from 1985 through 1987 from almost 

300 existing wells.  These studies found that there are regional scale patterns that are related to the chemistry of the streams that recharged the alluvial fans under natural conditions, and hence ultimately to the geochemistry of the rocks in the contributing watershed.  A detailed subdivision of groundwater in the central westside into genetic groups based on major-ion chemistry (Davis and Poland, 1957) was later largely corroborated by a paleohydrologic model based on the stable-isotopic composition of over 300 wells sampled in 1968 (Davis and Coplen, 1989).  Vertical resolution of variations in groundwater quality based on existing wells has been more limited.  Information of the spatial variation of water quality in existing wells was synthesized into maps showing the thickness of zones with water quality acceptable for agricultural use (less than 1,250 mg/L dissolved solids) for SJVDP (1990) by Quinn et al. (1990).  

Data collection since this compilation has been sparse, with the exception of the annual surveys of water quality (primarily electrical conductance) in western Kern County conducted by the Kern County Water Agency.

Vertical Distribution of Water Quality in Semiconfined System - The critical water quality question in the groundwater management option is how long the aquifer will produce water that is suitable for agricultural use.  To answer this, it is necessary to describe the vertical distribution of water quality (the hydrologic aspects of this question are addressed in section II-D).  The data described above provided a reasonable depiction of the areal variation of shallow water quality and deep water quality.  These data show that the shallow groundwater has the poorest water quality and that concentrations of both dissolved solids and trace elements are lower in the deeper portions of the semiconfined zone.  There is, however, a discontinuity in data between these two zones that results from the difference in the purpose of the well installations.  The shallow monitoring wells are installed specifically to describe water quality, often focussing on problems areas, and have short screened intervals.  The deep existing production wells have large, and often unknown, screened intervals, and their spatial distribution is biased to reflect the location of good quality water.


Because of the high cost of deep monitoring wells, a limited number of sites with “clustered” wells have been installed.  As described above, data from existing wells were used to determine the thickness of zones with water quality acceptable for agricultural use by Quinn et al. (1990) and Quinn (1991).  At the time of the preparation of that report, only a limited number of monitoring wells had been installed and the authors reported that data from only two observation well cluster sites were examined (Quinn et al. (1990) and Quinn (1991).


Additional data on vertical distribution of dissolved solids in the central westside are now available from many more sites.  Dubrovsky et al. (1993) provide data on samples from 45 monitoring wells at 10 sites in the Panoche fan.  Geomatrix (1990) collected samples in advance of the auger flight using down-hole methods to provide 17 discrete samples at 7 sites in the Panoche fan.  Fio (1994) and Fio and Leighton (1994) sampled 21 wells at 7 sites in the alluvial fans of Little Panoche and Panoche Creeks.  In the Tulare Basin, well clusters have been installed at 9 sites in key areas of Lost Hills, Wheeler Ridge, near Stratford, and near Alpaugh (Beard et al., 1994; Dubrovsky, personnal communication, 1998).  These data provide more detail, but generally confirm the model of the vertical spatial distribution of water quality based on samples from the shallow monitoring wells and the existing wells: the highest water quality is usually in the lowest portion of the semiconfined zone, and concentrations increase greatly – often very abruptly – with decreasing depth.

Report of San Joaquin Valley Drainage Program (SJVDP, 1990)


The groundwater management option is described on pages 102 and 103 of SJVDP (1990).  Three necessary conditions for implementation of the option are listed: 1) adequate vertical hydraulic interconnection between the semiconfined aquifer and the waterlogged surface lands; 2) a sufficient volume of water in the semiconfined aquifer to allow withdrawal for a reasonable period of time (for example, 20 years); and 3) a production (from the well) water quality of less than 1,250 ppm TDS, so that it may be used for agricultural irrigation.


SJVDP (1990) includes maps depicting areas of shallow groundwater (adapted from DWR maps) as well as maps showing the distribution of salinity, selenium, boron, molybdenum and arsenic concentrations in shallow groundwater sampled between 1984 and 1989 from Swain (1990).  Also depicted are aquifer zones above the Corcoran Clay with less than 1,250 parts per million total dissolved solids from 

Quinn et al. (1990) and Quinn (1991).


Estimations of the useful life of the semiconfined aquifer were made using available groundwater data.  Aquifer life was considered to be exhausted when the quality of pumped groundwater exceeded 2,500 ppm total dissolved solids.  A simple evaluation in SJVDP (1990) of one-dimensional vertical advective rate of transport may imply that the western valley has several decades remaining before salt removal and/or export will be required.


The groundwater management option discussed in SJVDP (1990) involves pumping groundwater from the semiconfined aquifer above the Corcoran Clay as a substitute for a portion of the surface water irrigation supply.  The pumping would occur in areas where the groundwater quality is suitable for direct application to crops.

Models and Studies Addressing Groundwater Pumping as a Management Strategy


Management of shallow groundwater by increased pumpage is only feasible for as long as the pumped groundwater is suitable for agricultural use, either directly or after blending.  Because the shallow groundwater has the poorest water quality (i.e. the highest concentrations of dissolved solids and trace elements), the feasibility has been addressed by assessing the vertical downward velocity of the shallow saline water.  The constituents of most concern, dissolved solids, boron, and selenium, are transported conservatively in the oxidizing geochemical environment that predominates in the westside alluvial fans.  Consequently, impacts to deeper groundwater quality will be mainly a function of the vertical rate of advective flow and its spatial variability.


Of the many reports that have been published on groundwater in the Valley, only a handful address pumping groundwater as a means of lowering the saline shallow water table, and even fewer directly assess the potential water quality impacts of such a strategy.  Reports that address the impact of water quality considerations on pumping groundwater as a management strategy are the following:

· Report on Aquifer Tests for Shallow Wells in Firebaugh-Mendota Area
(Schmidt, 1988)

· Results of a 14-day Aquifer Test Near Mendota, (Schmidt, 1989)

· Alternative to agricultural drains in California's San Joaquin Valley: Results of a regional-scale hydrogeologic approach, (Belitz and Phillips, 1995)

· Assessment of Groundwater Pumping as a Management Strategy in Drainage Problem Areas of the Western San Joaquin Valley, (Quinn et al. ,1990 and Quinn, 1991).


Schmidt (1988, 1989) is discussed above with respect to hydraulic control of the water table.  He calculated water quality mixing ratios in his 14-day test and suggested that two percent of the water in the pumped well was derived from downward leakage of shallow groundwater.


As discussed previously in this report, Belitz and Phillips (1995) used a transient, three-dimensional numerical model of the regional groundwater flow system on the west side of the Valley between Cantua and Little Panoche Creeks to evaluate response of the water table to various management alternatives that affect recharge to or discharge from the groundwater system.  One of the conclusions of this study was that the feasibility of implementing changes in the regional water budget to manage the shallow, poor quality groundwater is potentially limited by water quality constraints.  Based on the regional scale hydraulic results of the model, the advective travel time of the "plume" of shallow, poor quality groundwater to the pumping wells is estimated to be beyond the 50-year planning horizon of this report (1990-2040).  Only limited water quality projections were made by this study.  A simple mixing approach was employed to compute the water quality of the applied and recharged water.  The total mixed applied water quality would be approximately 530-650 mg/L while the total mixed recharge water quality would be 2000 mg/L (water applied: 811,000 ac-ft./yr., water recharged: 212,000 ac-ft./yr.).  These predictions assume a complete mixing of all imported and pumped water and are therefore not considered to be very realistic.


The report notes, however, that TDS concentrations vary both laterally and vertically, and that additional work is needed to assess the long-term sustainability of the changes in the hydrologic budget proposed in this report, particularly at the subarea scale.  Suggested work included refinement of water budget components and drainage parameters at scales smaller than subareas, solute transport modeling, optimization of water budget changes, and evaluation of the impact of uncertainty in parameter estimates on the consequences of the proposed changes.


Quinn et al. (1990) and Quinn (1991) assessed groundwater pumping as a management strategy.  This report stressed the importance of well field design factors such as depth of pumping, pumping rate, and aquifer properties in implementing this management strategy.  The authors concluded that the design of well fields needs to be based on a more thorough reconnaissance of both the hydraulic properties of the aquifer and the distribution and depth of penetration of contaminants in the 

semi-confined aquifer than has occurred to date.  This report also concludes that groundwater pumping appears to be a short-to-medium-term mitigation measure at best, and will likely hasten an ongoing process of aquifer degradation, shortening the useable life of the semi-confined aquifer, in some cases to fewer than 25 years.


All of the above evaluations considered the bulk behavior of the aquifer.  The importance of the hydraulic behavior of a single pumped well has been addressed only by Matanga and Quinn (as summarized in Quinn et al., 1991).  The authors used a 

two-dimensional, finite element grid with 8 layers to represent an almost 700 foot stratigraphic section generalized from the textures reported by Geomatrix (1990), and evaluated several pumping scenarios.  Results of the model runs were displayed at time trends for TDS in the pumped well.  The “base case” (a well depth of 385 feet) resulted in a life expectancy (i.e., period during which the water produced has a TDS of less than 1,250 ppm) of the pumped well of 200 years.  The life-expectancy is strongly dependent on the well depth configuration, with a life-expectancy of only 22 years resulting from pumping at a “shallow” (225 feet) depth.  The sensitivity of the downward rate of migration to local variations in hydraulic properties was not evaluated.


Other important points presented by Quinn et al. (1990) and Quinn (1991) include the following: 

· The use of groundwater pumping to deliberately lower water levels in areas affected by saline, high water tables is not widely practiced, largely because of the uncertainty about its potential benefits and impacts.

· The potential benefits realized by stabilizing the saline water table to levels below the active root zone should be evaluated against the reduction of the quality of water, both for agricultural and domestic purposes.

· A clear understanding of the influence of pumping rates, well field design, and existing chemical and textural stratification with the semi-confined aquifer on the usable life of the groundwater resource is fundamental to developing and implementing a groundwater pumping strategy for drainage management.

· The stratigraphic juxtaposition of the geologic deposits, their hydraulic and hydrochemical characteristics, and the distribution of salt and trace elements in Valley deposits are not well defined.

F.
Groundwater Management and Subsidence


In the San Joaquin Valley, water related land subsidence results from two processes.  These processes are hydrocompaction (shallow subsidence) and reduction of soil pore space due to pore pressure equalization (deep subsidence).


Hydrocompaction occurs to soils deposited under moisture deficient conditions.  This condition is generally considered to be that of a mud flow.  Water in the mud evaporates or drains from the soil body.  The soil is able to maintain its density under moisture deficient conditions.  However, upon saturation, the soil loses strength and the additional overburdening weight causes the soil body to compact.  These conditions were encountered during the design of the California Aqueduct.  To address this problem, ponds were created along the aqueduct right-of-way to induce compaction prior to construction.


The theory of subsidence due to pore pressure equalization is basic.  Compressible material is placed under stress that yields water and reduces pore space volume, resulting in land surface subsidence.  Low groundwater levels commonly cause the stress, which varies in the long term from historic low groundwater levels to cycles of water level recovery and decline.  Additional, short-term stresses can occur due to seasonal pumping drawdown.  Ultimately, subsidence requires stress be applied for a sufficient duration to complete pore pressure equalization.  Potential for subsidence of a compressible system remains for a given stress when stress exposure duration is sufficiently long.


At any particular location, ultimate subsidence and ultimate stress exposure duration are functions of both the groundwater levels and the geologic units that comprise the compressible system.  The clay content, depositional composition, and vertical location of compressible material determine compaction characteristics.  Johnson and Morris (1962) stated:

...because of its low transmissibility, it is concluded that the compaction of the Corcoran Clay Member has contributed very little to the total subsidence to date.

Bull (1975) explained:

Flood-plain deposits or deltaic sequences should compact rapidly, but lacustrine sequences can be expected to have maximum residual excess pore pressures.  Alluvial-fan sequences are intermediate in the amount of time needed for 

pore-pressure equilibrium to be attained.

Bull (1975) characterized the vertical location of compaction resulting in subsidence in the Los Banos-Kettleman City area as follows:

Most of the compaction is occurring below the Corcoran (clay); only 5-30 percent of the compaction occurs above the Corcoran clay in most of the area.  As much as 30-40 percent of the compaction occurs above the Corcoran clay in the southern part of the area.


Prior to importation of surface water, agriculture along the west side of the 

San Joaquin Valley developed using groundwater.  Wells tapped water from the 

semi-confined and confined aquifers.  During this period land subsidence was observed.


The U.S. Geological Survey has identified three areas of subsidence due to groundwater withdrawal and published contour maps showing subsidence that occurred during different periods (Bull, 1975; Bull and Poland, 1975; Bull and Miller, 1975; Lofgren, 1975).  These areas are between Los Banos and Kettleman City, Tulare and Wasco, and Arvin and Maricopa.  The most often mentioned site is located southwest of Mendota, which subsided approximately 28 ft. between the mid-1920’s and mid-1960’s.


Subsidence concerns began to wane with the importation of surface water in the late 1960s, as groundwater pumping waned and groundwater levels consequently rose.  The rise in water levels reduced the stress of differential pore pressure.  It was anticipated that this stress reduction would reduce the rate of land subsidence. Subsidence interest shifted from regional multi-party concern to that of locally affected entities.


During the 1960’s, the USGS installed extensiometers near or along the California Aqueduct right-of way.  In 1983, the California Department of Water Resources accepted responsibility for collecting data and maintaining these extensiometers.


Extensiometers are used to collect continuous subsidence data.  In the most common installation, the extensiometer is anchored to a point in the subsurface and the change in distance from the surface to the subsurface point is recorded.  This will measure the change in thickness that takes place between the two points.  To determine the change in a discrete thickness within the subsurface, multiple anchors are used.  The compaction of the discrete thickness is the difference between the recorded changes between the surface and the two anchors used to define the top and bottom of the discrete thickness.  Additional subsidence not recorded by the extensiometer can occur below the lowest anchor.  Therefore, any compaction not recorded by the extensiometer is determined from leveling surveys at the land surface.  The compaction below the lowest anchor is the difference between the overall subsidence determined by surveying and the recorded compaction of the lowest anchor.  Although extensiometers provide important data, they are expensive to install and require ongoing visits for maintenance and data collection.  Despite the cost, extensiometers have revealed another aspect of subsidence.  Continuous recording indicates that some rebound from subsidence occurs.  This is believed to be a portion of subsidence that has a component of elastic deformation.  Generally, the amount of rebound is small in comparison to the overall long-term subsidence.

III. Relevance Of Technical Studies To The Groundwater Management Alternative


Based on the previous work described above, the Committee has arrived at a number of conclusions regarding hydraulic control of the water table by pumping and the associated impacts due to water quality and subsidence.

A.
Hydraulic Control of Water Table - Conclusions


The groundwater modeling studies of Belitz and Phillips (1995) and associated work of the U.S.G.S. provide a technically sound, regional basis for semiquantitatively assessing groundwater management options for drainage reduction.  Although these studies did not include an extensive transient calibration that would demonstrate the model’s capability for simulating impacts of substantial changes in pumping rates on water levels and drain flows, the model was carefully constructed and calibrated using a fairly large amount of available data.  Perhaps a potential limitation of the Belitz and Phillips model is that the eastern boundary condition may have allowed too much inflow in response to increases in pumpage inside the model domain.  Consequently, their estimates of the magnitudes of increases in groundwater pumping needed to accomplish reductions in areas subject to bare-soil evaporation and in drain flows may be too large.


The Belitz and Phillips model was not yet complete when SJVDP report (1990) was drafted.  Therefore, the most relevant results of this modeling did not appear in SJVDP (1990).


The other quantitative analyses of Westside groundwater are important, useful efforts, but these are either still in progress or less appropriate for regional evaluation of the issues being addressed by this Committee.  The CVGSM (Montgomery Watson, 1993) is a comprehensive groundwater model of the Central Valley and includes modules intended to couple groundwater and surface-water processes.  The coarser resolution of this model and the fact that it is still being calibrated, however, make it less applicable to the Westside drainage issues than the Belitz and Phillips model.  The Committee applauds efforts to construct such a large and comprehensive model as CVGSM, and looks forward to the day when it is more fully calibrated.  A groundwater model that is more focused on the west side, WESTSM, is being derived from CVGSM, and should eventually provide results pertinent to the regional drainage issues.


Modeling efforts of Fio and Deverel (1991) and Fio and Leighton (1994) provide important insights regarding groundwater interaction with drains.  This work indicates, for example, that most of the drain flow originates as recharge from the overlying fields, which is consistent with findings of the Belitz and Phillips modeling.  The relatively local-scale modeling of Fio and Deverel (1991) and Fio and Leighton (1994), however, was never intended for regional assessment.


The WADE model provides a useful means of integrating semiquantitative hydrology with economic considerations, but was not intended for predictive analysis of the interplay between groundwater management and drainage.


The studies of Wu et al. (1998) and Purkey (1999) each involve construction of two-dimensional cross-sectional models of the Westside.  Wu et al. (1998) suggest that pumping from the semiconfined aquifer might have a bigger impact on drainflows than would pumping from the confined aquifer.  Purkey (1999) found that lowering heads in the confined aquifer (by pumping) results in substantial, regional fluxes across the Corcoran Clay and corresponding reductions in water table elevations and drain flows.  Neither study appears to contradict the general findings of Belitz and Phillips.  Many more details and findings of these studies can be found in the Appendix.


Based on a review of the various technical analyses, the following conclusions are made:

· Regional control of the water table by groundwater management is technically feasible.  The subsurface hydrologic modeling studies of Belitz and Phillips (1995) and associated work show that reduction of applied water together with an increase in groundwater pumping both in the semi-confined and confined aquifer systems can accomplish substantial reductions in drain flows and land areas subject to bare-soil evaporation.

· Potential reductions in bare-soil evaporation and drain flows due to the groundwater management alternative are significant.  The Belitz and Phillips (1995) work suggests that a 80 percent reduction in bare-soil evaporation and 70 percent reduction in drain flows by the year 2040 could be achieved by reducing surface water deliveries by approximately 30 percent and by increasing groundwater pumpage from the semiconfined and confined aquifer systems by approximately 230 percent.  It is possible that the same results could be achieved by a smaller increase in pumpage, because this model may allow too much inflow from the east.  In other words, equivalent reductions in semiconfined and confined groundwater levels that are needed to lower the water table could possibly be achieved through smaller increases in pumpage.

· Historical data generally corroborate the modeling conclusions regarding feasibility of hydraulic control of the water table.  Historical information on water levels in the system show that increases in deep groundwater pumping from the semiconfined and confined aquifer systems together with reductions in applied water can result in reductions in water table elevation over large regions of the system.  For example, the reduction of surface water deliveries during the 

1988-1993 drought resulted in more groundwater pumpage and, consequently, lower water table elevations by approximately 2 to 6 ft. or more over substantial areas.

· Increasing groundwater pumping will potentially accelerate downward movement of shallow, high-TDS water.  Consequently the long-term sustainability of groundwater quality in the semiconfined and, ultimately, the confined aquifer systems would be more threatened than it is now.

· If carefully managed, hydraulic control of the water table can be accomplished without risking major subsidence impacts.  The modeling of Belitz and Phillips (1995) indicates that the groundwater management alternative would not require lowering of water levels below historical lows, at which subsidence risks would definitely increase.  Nevertheless, there may be a potential for some subsidence even as water levels remain above these historical lows.

B. Potential Water Quality Impacts


As stated above, increases in pumpage can accelerate the downward movement of high TDS groundwater that typically occupies the shallow portion of the semiconfined aquifer.  This potential for an accelerated degradation of the semiconfined aquifer is the largest water quality constraint on the ground water management option.  Based on an evaluation of reconnaissance-level geohydrologic and water-quality information, and with the constraint that the aquifer must be capable of producing water suitable for beneficial uses for at least 20 years, SJVDP (1990) recommended the ground water management option for only a minor portion of the problem area - about 69,000 acres in the Grasslands, Westlands, and Tulare subareas.  With somewhat looser water quality constraints, Belitz and Phillips (1995) estimated that on the regional scale the semiconfined aquifer would be completely contaminated within roughly 250 to 600 years.  Quinn et al. (1990) concluded that groundwater pumping appears to be a 

short-to-medium-term mitigation measure at best.


Based on a review of the technical analyses in the above reports, and the other technical reports cited in section II.E, the following conclusions are made:

· There is a consensus that the current water quality in the semiconfined and confined aquifers does not preclude the regional-scale application of the groundwater management option.  Suitable water quality is available in sufficient quantities to allow pumpage that will cause regional-scale water-table drawdown.  This does not mean that suitable water quality is available at all locations, but areas suitable for ground water management could be increased by considering blending, by growing more salt-tolerant crops, or by pumping during parts of the growing season when crops are less sensitive.

· Available information is inadequate for predicting site-specific water quality impacts accurately.  Even in areas that have detailed information on the vertical variability of groundwater quality, analyses of aquifer degradation rates do not account for aquifer heterogeneity and preferential flow, and local areas could experience much more rapid water quality degradation than predicted on the regional scale.  Ongoing studies funded by the UC Salinity/Drainage program will provide a clearer picture of the effects of heterogeneity on preferential flow, dispersion, and matrix diffusion, and hence the long-term water quality degradation.  It is unclear whether sufficient information will be available for estimating the geographic locations where risk of preferential downward flow and contamination would be greatest.

· The view of the groundwater management strategy as a planned degradation of the aquifer may present an institutional hurdle.  The shallow, high TDS, groundwater is currently moving downward in response to current pumpage, and this downward rate varies as a function of surface water supply.  Based on the research of Belitz and Phillips (1995), maintaining present pumping rates would delay the regional degradation of water quality on the order of 100 years.

C. Potential Subsidence Impacts


The potential for additional subsidence is difficult to assess, particularly since little subsidence monitoring has been conducted since the late 1960’s.  Nevertheless, recent observations provide some insights.


Between 1984 and 1996, land subsidence was recorded along the lower reaches of the Delta-Mendota Canal and has been attributed to groundwater pumping. The year-to-year subsidence cannot be determined for the period, however, this area experienced nearly a foot of subsidence between surveys.  Some of this subsidence occurred at groundwater levels above historic lows, suggesting that historical compaction of the clays was still underway until groundwater levels began to rebound in the mid 1960’s.  Bull and Poland (1975) noted the lower Delta-Mendota Canal crosses an area compacted in a delayed manner.  It was anticipated that ongoing subsidence rates would be low but that the onset of additional groundwater pumping could increase subsidence rates.


In the construction of the Aqueduct, shallow subsidence was anticipated in townships 15S, ranges 13E and 14E, Mount Diablo Base and Meridian and townships 16S, ranges 14E and 15E, MDBM.  The Aqueduct right-of-way was compacted using ponds prior to construction.  Two extensiometers exist immediately south of this area.  They are identified as 16S/15E-34N1 and 17S/15E-14Q1.  Between 1984 and 1997, these two extensiometers recorded nearly a half-foot of subsidence.  The location of both extensiometers was believed to be immediately south of a shallow subsidence area; however, freeboard was added to the aqueduct in this area in 1970-71, shortly after importing surface water.  This indicates that shallow subsidence may constitute a portion of the recorded compaction.  Nonetheless, land surface surveys indicate unrecorded subsidence is occurring below these 2,000-foot extensiometers.


South from these two extensiometers to an area between Huron and Kettleman City, land surveys indicate subsidence along the Aqueduct.  A 1,000-foot extensiometer (18S/16E-33A1) near Highway 145 has recorded over a foot of subsidence between 1984 and 1997.  Surveys indicate additional subsidence is taking place below the extensiometer.  Bull and Poland (1975) indicated that this area has the potential for large amounts of delayed compaction.


Summarizing, limited information indicates that subsidence may be occurring as a consequence of increased groundwater pumping that coincided with the 1988-1993 drought.  Further, there may be potential for additional subsidence even if water levels do not fall below historical lows.

IV. Institutional and Management Issues: Water Quality and Water Rights Constraints


The SJVDP Report (1990) proposed that the shallow groundwater zone with a TDS concentration of approximately 5,000 mg/L be pulled downward by production wells toward a zone with a TDS of 1,250 mg/L.  However, water quality and water rights constraints will make the concept, as presented in the SJVDP Report, difficult to implement.


Thomas and Leighton-Schwartz (1990) evaluated two legal and institutional complications to applying this groundwater management recommendation.  They summarized their evaluation as follows:

1. The groundwater management proposal entails a planned degradation of groundwater currently of sufficient quality to be beneficially used; a resource protected primarily by California’s water quality laws and peripherally by federal law.

2.
The California laws governing correlative water rights does not include action by water districts to pump groundwater or include action to command growers to coordinate to do so.


Groundwater pumping may conflict with California’s Porter-Cologne Water Quality Control Act (SWRCB, 1998) to the extent that the groundwater management recommendation would degrade the aquifer and affect existing beneficial uses and water quality objectives.  Two statewide water quality policies
 limit the degradation of groundwater quality of an aquifer.

State Water Board Resolution No. 88-63, Sources of Drinking Water Policy:


This policy for water quality control, adopted on 19 May 1988, is essential to the designation of beneficial uses.  The policy specifies that, except under specifically defined exceptions, all surface and groundwaters of the state are to be protected as existing or potential sources of municipal and domestic supply.  The specific exceptions include waters with existing high total dissolved solids concentrations (greater than 3000 mg/L), low sustainable yield (less than 200 gallons per day for a single well), waters with contamination that cannot be treated for domestic use using best management practices or best economically achievable treatment practices, waters within particular municipal, industrial and agricultural wastewater conveyance and holding facilities, and regulated geothermal groundwaters.  Where the Regional Water 

Board finds that one of the exceptions applies, it may remove the municipal and domestic supply beneficial use designation for the particular body of water through a formal Basin Plan amendment and a public hearing, followed by approval of such an amendment by the State Water Board and the Office of Administrative Law.


The Sources of Drinking Water Policy defines which waters of the State have to be protected as drinking water supplies.  Removing the drinking water beneficial use designation must be done formally by the Regional Water Quality Control Board.


The second policy deals with degradation of water quality as follows:

Antidegradation Implementation Policy


The antidegradation directives of Section 13000 of the Water Code and State Water Board Resolution No. 68-16 ("Statement of Policy With Respect to Maintaining High Quality Waters in California") require that high quality waters of the State shall be maintained "consistent with the maximum benefit to the people of the State."  The Regional Water Board applies these directives when issuing a permit, or in an equivalent process, regarding any discharge of waste which may affect the quality of surface or groundwaters in the region.


Implementation of this policy to prevent or minimize surface and groundwater degradation is a high priority for the Board.  In nearly all cases, preventing pollution before it happens is much more cost-effective than cleaning up pollution after it has occurred.  Once degraded, surface water is often difficult to clean up when it has passed downstream.  Likewise, cleanup of groundwater is costly and lengthy due, in part, to its relatively low assimilative capacity and inaccessibility.  The prevention of degradation is, therefore, an important strategy to meet the policy's objectives.


Contamination of a semi-confined or confined aquifer resulting from increased downward percolation of poorer quality near surface groundwater would likely be contrary to the antidegradation policy.


Thomas and Leighton-Schwartz (1990) state that the proposed groundwater recommendation, if administrated by any public agency, would be considered a “project” within the definition of CEQA.  They further state that a water district (irrigation or drainage) as a public agency would probably need to complete an EIR.  The EIR would likely identify the ultimate degradation of water quality within the semi-confined aquifer as a significant environmental impact.  If adequate mitigation would be possible, a finding of overriding considerations could be made.  Such considerations would likely need to include net overall environmental benefit.  In contrast, existing pumping of groundwater for water supply purposes by individual farmers is typically not considered a “project” and therefore would not be subject to CEQA.


Groundwater rights are vested in the overlying land.  Imported surface water rights are vested in the district of jurisdiction for the benefit of the land within its authority.  A groundwater management plan which would transport, transfer or dispose, or redistribute groundwater would require a regional entity with the authority to conduct such activities.  The pumping of groundwater by an overlying landowner is governed by the doctrine of reasonable beneficial use.  A groundwater management plan based solely upon existing water rights must acknowledge the principles of this doctrine.


If a groundwater management plan and program initiated and administered by a public agency proved to be infeasible, perhaps some of the elements of a program could be encouraged through incentives.  An irrigation or water district has a mission, priorities, and preferences.  The district insists that water be used effectively and that its use provides district wide benefits.  Maintaining productive uses for its water and protecting its other water sources are goals of the district.  Individual agricultural landowners have goals as well.  Agricultural entities have an interest to maintain a long-term condition of agricultural productivity of the land.  Steps in maintaining agricultural productivity include preventing soil salinization, reducing root zone shallow groundwater encroachment, and extending the useful life of the underlying aquifer.

V. Implementation and Recommendations

A. General Assessment


There is no doubt that increasing pumpage regionally while decreasing amounts of applied water can achieve significant reductions in acreages subject to bare-soil evaporation and drain flows.  The magnitudes that pumpage and applied water would need to be changed are not known precisely, but previous work provides the basis for making first-cut approximations.  It is doubtful that local (rather than regional) implementation of the groundwater management option, as recommended in SJVDP (1990), would effect significant change, although such scenarios could be tested in a model like that of Belitz and Phillips (1995) or WESTSM.  Multi-district, regional management of the groundwater system is essential to the success of this alternative.


Adverse consequences of the groundwater management alternative include acceleration of water quality degradation and potential reinitiation of subsidence, however, uncertainty exists about the timing and severity of these consequences.  Major subsidence impacts should be avoidable if the increases in pumpage and decreases in recharge (applied water) are managed such that historic lows in groundwater levels are not exceeded.


Owing to the subsurface heterogeneity, local degradation of groundwater quality in the semiconfined system would likely occur within years in some areas.  The ongoing regional degradation of basin groundwater quality would be accelerated, but it is unclear whether the magnitude of this acceleration would be significant, given that the groundwater quality is already being degraded at an unknown rate.  Therefore, if the groundwater management option is implemented, it should be executed adaptively and with an improved understanding of the groundwater system.  That is, when the onset of adverse consequences is detected, surface water deliveries and groundwater pumping rates can be adjusted in space or time to mitigate these consequences.  This adaptive management approach requires monitoring of pumping rates, groundwater levels, and water quality.


Little progress has been made in the past decade toward improved management of groundwater resources in the western San Joaquin Valley.  This can be ascribed to the following:

· Lack of a water-district directed groundwater management program.

· Lack of data and general uncertainty about the longevity of the groundwater resource in the western San Joaquin Valley.  This is due to incomplete data on the depth distribution of contaminants, the textural stratigraphy of the aquifer deposits in both semi-confined and confined aquifers, and the dearth of records on historical pumping of the aquifers.

· Lack of incentives for conjunctive use of groundwater resources except during years of restricted water supply.


A role of the SJVDIP should be to develop a “roadmap” to help navigate some of these roadblocks.  Activities that could be supported include the integration of decision making tools used for water resources planning and water resources operations.  An example of such an approach would be to develop sub-regional, water district level versions of planning models such as WESTSIM or Belitz and Phillips (1995).  The water districts could use these tools for making local groundwater management decisions, forecasting drainage discharges and estimating district salt balances.  In calibrating the model for local conditions the water districts would be encouraged to develop a data collection program that would further improve their understanding of surface and groundwater hydrology.  This information could be uploaded periodically by water agencies such as the USBR or DWR, running models such as the Central Valley Groundwater Simulation Model (CVGSM), to improve model realism and predictive capability.


Additionally, SJVDIP should explore the development of district-level incentive programs to encourage the monitoring of groundwater pumpage and water quality.  Water districts could assist farmers with the development of salt inventories and budgets through salinity mapping and mass balance calculations, a useful service in areas such as the Grasslands, which is making extensive use of subsurface drainage recycling.  Metering of drainage water sumps and groundwater pumps could be a requisite for participants in such a program.  If groundwater pumping were extensively metered by water districts on the west side and this data used in model calibration, it could radically improve the accuracy of groundwater models and encourage the study of more effective, efficient groundwater management solutions to the current drainage problem.


Key elements for a successful data collection program are:

· Integration of existing groundwater related monitoring, data collection, reporting, and permitting programs into a cohesive effort.  Since it is unlikely that future funding will allow for massive data collection efforts, it is paramount to exploit existing venues for collection of many groundwater related pieces of information.  This includes well driller’s information, water quality sampling during well drilling, water quality sampling on existing wells, surface water quality monitoring, drainage quantity and quality monitoring, etc.  A grassroots effort at the local (city, county, district) level and at the regional (multiagency) level to provide significant data quality control, and a platform to simplify data exchange between the various agencies collecting data, evaluating data, and using data for interpretation and research is needed.

· Prudent interpretation of the monitoring data for decision-making purposes will demand the use of calibrated, groundwater flow and solute transport models of the area.  For example, if the monitoring detects water levels decreasing too fast or relatively rapid advance of bad-quality water in an area, the appropriate corrective action will commonly be unclear unless appropriate models are available to assist the analysis.  Further, such models will be necessary for the environmental impact analysis.


A logical sequence of general actions is listed below:

1. Initiate the recommended data collection efforts, possibly by integration into existing local programs.

2. Perform environmental impact assessment.

3. Reduce surface water deliveries.

4. Reduce amount of applied water.

5. Monitor consequent changes in pumping rates, water levels, and water quality.

6. Using adaptive management approach, fine tune surface water deliveries based on results of the monitoring.


The remainder of this chapter summarizes the major, unanswered technical questions and recommends specific actions for addressing these questions and implementing a groundwater management alternative.

B. Unanswered Technical Questions and General Recommendations

Hydraulic Control of Water Table


The key remaining technical question regarding hydraulic control of the water table as follows: How can the management of pumpage and applied water be optimized to maximize benefits and minimize impacts? One way to address this question is through the use of models such as Belitz and Phillips (1995).  That model achieved its main purpose - to elucidate key processes and test hypotheses.  If the groundwater management option is to be implemented, however, reliability of the model for forecasting future system behavior needs to be determined so that appropriate steps for improving the model can be taken.  Recommendations regarding the system characterization and modeling are listed below and some specifics are also given in the Appendix.  The improvements recommended below could possibly be achieved in WESTSM, which is currently under construction.

· Spatial resolution and characterization of hydrostratigraphy in the model should be refined to take full advantage of existing data, of recent advances in computer capabilities, and of recent advances in hydrostratigraphic characterization methods.  Expanding the model north and south to more of the areas of concern should also be considered.  Spatial-temporal optimization of groundwater management and applied water both regionally and within districts will require greater spatial resolution than afforded by the 1-mile node spacing in Belitz and Phillips (1995).  Similarly, higher resolution of hydrostratigraphic characterization will be necessary to support simulations or analyses of transport of poor-quality groundwater and, importantly, identification of areas of greater vulnerability for contamination due to increases in pumping.
· Implementation of improved boundary conditions should be pursued.  The Belitz and Phillips (1995) model boundary conditions that simulated groundwater flow to drains and losses to bare-soil evaporation could be improved to allow more accurate coupling between surface and subsurface processes.  The higher spatial resolution recommended above would afford better local representation of drains (i.e., with less volume-averaging), and more sophisticated evaporation boundary conditions could be used.  Furthermore, changes in head on the east side and consequent influence on the eastern boundary condition needs to be addressed fully.
· Transient calibration of the model should be performed.  The Belitz and Phillips (1995) model was calibrated to quasi-steady-state conditions representing a 
12-yr. average.  To make the model more appropriate for predictive analysis, it must be calibrated to historical transients in the system.  Otherwise, reliability of the model for prediction, management and decision-making will remain questionable.  This will require historical pumpage and recharge rates to be estimated (e.g., 1960 to 1999) so that historical trends can be simulated.
Water Quality Impacts


As the ground water management option has been neither studied further nor applied in any systematic way, it is not surprising that fundamental questions have not been fully resolved.  These questions can be lumped into four categories.

· What is the current spatial variability of geochemical conditions, especially in the vertical sense? Although a consistent regional model exists, local detail is only available at the relatively few sites where monitoring well clusters were installed and sampled.  The lack of this information means that the “life-expectancy” of a particular pumped well cannot be predicted with the existing data.  Several observation well clusters exist in the Valley, but installation of monitoring well clusters is very expensive, and other approaches should be used to better determine the areal and vertical distribution of water quality in the unconfined aquifer.  Sampling methods are available with which detailed information on the vertical distribution of chemical parameters in a pumped well can be obtained.  These sampling protocols could be used in wells that are candidates for pumping.  Information on areal variability could be improved by a systematic sampling of the semiconfined wells identified by Gronberg, Belitz, and Phillips (1990).  In addition, many of these wells have been sampled in the past, and the data would help document changes in water quality that have occurred in recent times.  These data would provide a starting point from which decisions could be made regarding the impact (in terms of water quality) of the groundwater management option in specific areas.

· What will the vertical rate of migration of high TDS shallow groundwater be if pumping rates are increased, and how will it vary spatially?  Progress toward answering this question will require additional study in the following areas: a) the spatial distribution of aquifer texture (hydraulic conductivity) and its effect on vertical migration; b) the effect of pumping rate on the local vertical migration rate; c) a full understanding of the three-dimensional nature of ground water circulation in this complex setting; and d) direct or indirect measurement of the change in concentration over time of contaminants on the local and regional scale.  Because little is known about the mode of solute transport to a pumped well in the western San Joaquin alluvial setting, time series data sets on the changes in water quality induced by pumpage should be collected.  These data should be collected to understand the influence of aquifer heterogeneity for a variety of settings (e.g., upper fan , lower fan), well configurations, and pumping rates.

· How does the location of pumping affect the outcome; i.e., how will the selection of pumping above or below the Corcoran Clay affect the rate of change of water quality? Answering this question will require first answering the two above questions.  Ideally this question should be formally evaluated using a solute transport model that includes a detailed characterization of the aquifer physical and chemical heterogeneity, and a refinement of the water budget components (especially information on groundwater pumpage).

· Is there a limit to the capacity of geochemically reduced Sierra Nevada sediments to remove selenium? Investigations in the vicinity of the Kesterson National Wildlife Refuge as well as other parts of the western San Joaquin Valley indicate that selenium will not be transported into reduced geochemical environments.  There is the potential that selenium will “break through” this chemical barrier if high concentrations of other oxidants (nitrate and dissolved oxygen) and high groundwater flow rates overwhelm the reducing capacity or 

· rate.  Studies could be conducted to evaluate the ability of the sediments in the Sierra Nevada aquifer to remove selenium and other oxidants commonly found in the shallow, saline groundwater.

Subsidence Impacts


Although the subsidence mechanism seems simple, many questions remain.  Included among them are:

· How much subsidence is occurring currently and at what rates?

· How much subsidence potential remains and in what geographic areas and stratigraphic intervals?

· What is the best way to manage subsidence?

· How is regional and local pumping related to subsidence?


An attempt to answer these questions would require substantial investigation.  Perhaps the most reasonable course of action would be to develop a cost effective method to quantify and monitor regional subsidence.  This would likely involve a combination of releveling surveys, GPS (global positioning system) networks, and extensiometers.

C. Specific Actions

Data Collection and Evaluation Actions


Prudent implementation of the groundwater management alternative demands that the groundwater system be managed for water quantity as well as for potential water quality and subsidence impacts.  Groundwater basin management requires fundamental information on the system hydrogeology.  Sensible management of the groundwater basin in the absence of such information would be equivalent to attempting to manage a surface water reservoir without information on the reservoir geometry, location, flow rates, and sources and transport of contaminants.  The actions in the following list are recommended for implementation at the district level and could be incorporated, for example, into AB 3030 groundwater management plans or Drinking Water Source Assessment and Protection programs:

1. Establish electronic database of well construction and well log records.  This is essential for defining the hydrostratigraphy on scales relevant to both groundwater flow and contaminant transport analyses.

2. Require that complete well construction report be filed with local district.  Currently no such reports are filed for many of the wells drilled.

3. Encourage the collection of geophysical log surveys in drill holes.  Geophysical logs provide high quality information on the hydrostratigraphy.  Characterizing the hydrostratigraphy with only drillers descriptive logs rather than geophysical logs is problematic.

4. Establish database with historic water level and water quality records.  Concepts and models of cause-and-effect relationships between hydrologic forcing (climate and water management) and hydrologic response are far more tenable when based on or calibrated with historical data.

5. Reconstruct historical groundwater pumping rates so that reasons behind historical changes in groundwater levels and can be better understood and quantified.

6. Characterize the current groundwater water quality by sampling existing wells.  Monitor water quality changes by systematic resampling at regular intervals.  When wells are being retrofitted with new pumps, districts could use packers to selectively sample different intervals tapped by the wells, thereby defining water quality changes with depth.  EC measurements in the shallow and semi-confined aquifers on monthly or semiannual intervals would provide invaluable information on the downward progress of poor-quality water.  Water quality monitoring is essential to the adaptive management approach.  Otherwise, there is no basis for “adapting” the management plan to changing conditions.

7. Develop district groundwater management models (flow and transport) to assess data and verify monitoring program.  No groundwater monitoring data set will ever be sufficiently complete or unambiguous to show clearly what the management strategy or adaptations should be.  Modeling enhances understanding of the processes and of consequences of different management actions.

8. Monitor land subsidence using GPS and extensiometer networks.

Administrative Actions at State / District Level

1. Help keep the districts informed about the value of the data by making it readily accessible and showing them how it is being used.  Demonstrate to districts how to organize existing data and demonstrate benefit.

2. Encourage upslope pumpage to improve drainage water quality and reduce groundwater water levels downslope.

3. Provide step-by-step guidebook for data monitoring and evaluation at farm level (e.g., AB3030 guidebook, source water protection guidebook).

4. Conduct workshops and extension to emphasize value of sampling and monitoring programs; address data accessibility and privacy issues.

5. Increase cooperation between groundwater management districts.

D. Environmental Impact Assessment


Environmental compliance under the California Environmental Quality Act (CEQA) and the National Environmental Policy Act (NEPA) would likely occur in two phases.  First, a Programmatic Environmental Impact Report / Environmental Impact Statement (EIR/EIS) would be conducted to assess the overall impacts of a valley-wide or regional groundwater management program.  It would need to address the impacts, both positive and negative, on the groundwater systems, but would not have the detail necessary to assess the site-specific impacts of an individual pumping project.  Cumulative impacts, general mitigation measures, and other requirements of CEQA/NEPA must be addressed.  Alternatively, a Cumulative Impacts EIR/EIS may replace a Programmatic EIR/EIS.  A cumulative Impacts EIR/EIS assessment combines the impacts of a number of similar projects which, individually, may not have a significant impact on the environment.


Second, project-specific EIR’s/EIS’s would need to be conducted for each regional groundwater management program.  Each EIR/EIS would examine the site specific impacts of an individual project proposal.  It would also contain the specific mitigation measures which would be undertaken to eliminate or minimize unavoidable adverse impacts.  A Statement of Overriding Considerations would have to be adopted for unavoidable impacts.


The Programmatic EIR/EIS would likely have to be completed before regulatory approval or denial could be obtained.  Groundwater management may involve a potential discharge to groundwater.  In that case, the Regional Board may require a Report of Waste Discharge for that specific pumping proposal.

E. Institutional and Management Aspects


From a management perspective, the simplest implementation of a groundwater management program would consist of an individual pumping groundwater of sufficient quality to be used on the overlying land.  Several uncertainties prove to be a substantial disincentive for individuals to attempt such a program.  These include the financial burden and investment, uncertain usefulness of the groundwater, the uncertain life of the physical well, and the uncertainty and sustainability of the immediate benefit for the individual.  A regional groundwater management entity may be more appropriate to administer a program.  Groundwater is a regional resource and it exceeds the ability of an individual to manage.  However, placing the responsibility of groundwater management at an organizational level substantially increases the hurdles to overcome.

Issues to be Addressed by Groundwater Management Entity


For an organization, water quality and water rights issues become a major detail to be addressed when coordinating, planning, and implementing a groundwater management plan.  Existing districts may not have the authority or jurisdiction to perform or sanction all aspects of a groundwater management plan.  In addition, pumping, distributing, and mixing waters has inherent third-party ramifications for which responsibility must be designated and accepted.  When this strategy is to be used by a district or another entity, the following actions are expected:

Planning


To implement a groundwater management project, the entity needs to develop an appropriate plan which will describe the system hydrogeology, establish pumping limits, layout the pumping scenarios, and project how the groundwater management will help drainage conditions and where the water will be used.  Also information on the quality of the water and potential impacts need to be presented.


Sufficient reconnaissance level studies are necessary to characterize the local problem, define the salient factors, and develop sufficient information to evaluate alternative actions.  These alternatives would be evaluated for potential of success, cost, third party impacts, compliance with regulations, and likelihood of implementation.  From this evaluation, a plan to implement a strategy or set of strategies would be developed.  The constituents of the groundwater management entity would decide whether to implement the strategies.

Implementation and Coordination


The groundwater management implementation should define the location of the wells, number of wells, the depth, characteristics, costs, sources of funding, and information about operation of the wells.  The implementation should be coordinated with all the interested parties in the interconnected groundwater basin.


Implementation may begin with a pilot or demonstration project.  Favorable or successful results may portend a larger or wider scale implementation.  Unfavorable results may initiate a re-evaluation of the strategy.  Regardless, when the strategies are implemented, the responsible entity must coordinate the activities as necessary and obtain the information necessary to evaluate the actions and collect sufficient data to address the concerns of critics.

Costs and Funding


One of the fundamental responsibilities of the groundwater management entity is to assume the cost liabilities and serve as the responsible party for funding.  The entity would determine and act accordingly, to secure and provide funds necessary to implement a groundwater management plan.  The costs and sources of financing the project should be identified and presented.  The groundwater management entity will have to identify mechanisms for financing the project.

Responsibilities/Liabilities


The groundwater management entity will be the entity responsible for planning, implementing, financing, and assuming responsibility for resolving any disputes or concerns from stakeholders that may rise from the project.  The groundwater management entity will be responsible to complete any environmental impact reports needed for the project.  In developing a groundwater management plan, the premise of lowering poor quality water from the crop root zone, infers groundwater movement.  The movement of poor quality water toward wells yielding useful water is viewed as a gradual degradation of the aquifer.  A regional groundwater management entity would be required to address all potential contingencies.  These contingencies would include: 1) plans for the aquifer during or after contamination with poor quality water; 

2) alternatives for pumping poor quality water for use or disposal; and 3) plans for blending or mixing water for distribution, transport, or disposal.  All contingencies must be evaluated for affecting use or potential use as agricultural, urban, and environmental water supplies.

Surface and Groundwater Rights


Water rights issues have to be considered by the groundwater management entity in planning and implementing the strategy.

Regional Groundwater Management


Joint Powers Authority (JPA) and Districts are institutional structures that may be able to conduct a groundwater management project within a region.  A JPA is an agreement among districts pursuant to California Water Code Section 10755.2 for the purposes of adopting and implementing groundwater management actions.  If the groundwater pumping will not affect the neighboring districts, then the district may be able to develop and implement a groundwater management plan in coordination with its water users within the district.  When pumping affects the water users outside the district, other arrangements such as JPA may be needed to coordinate the pumping project.

Groundwater Management - Overlying Land Use/Blending (District/Landowner)


The water pumped from groundwater belongs to the land owner overlying the groundwater basin.  Where groundwater rights are not adjudicated, the general rule is that pumping can happen as long as other pumpers are not adversely affected.  Groundwater extraction is governed by correlative rights and reasonable use.  These doctrines recognize the common right of all overlying landowners to the reasonable beneficial use of water on the overlying land.  A land owner could develop one or more wells if the land owner uses the water for some reasonable beneficial use and the pumping did not interfere with other pumpers.  Those who use the water on the overlying land have priority over those who use the water outside the basin.  The rights of overlying users are paramount to the rights of those who take the water outside the basin.  If correlative rights holders are pumping as much as they can use on their lands, then the groundwater management pumper is entitled to transfer his groundwater out of the basin.  If  the district is pumping for use within or outside the district, arrangements have to be made with the land owners overlying the groundwater.  If the pumped groundwater is used for marketing and is distributed in the districts system, then arrangements have to be made with all affected water users and districts for a fair distribution of the costs and revenues resulted from marking the water.

Surface Water Management - Marketing and Distribution (Within and Outside Districts)


If the quality of pumped water is less desirable than surface waters conveyed in the district’s distribution system, the district may have to coordinate with other water users and make the necessary arrangement for the blending of groundwater with the surface waters which usually have better quality.  If pumped water is used for irrigation and the surface water supplies are transferred for marketing within or outside the district, arrangements have to be made for equitable share of costs and mitigation of impacts on others.

Resource Conservation Districts


The Resource Conservation District (RCD) model may offer a logical means of accomplishing regional implementation and coordination.  Public Resources Code, Sections 9001 to 9978, allows the formation of RCD’s for the purpose of soil and water conservation, the control of runoff, the prevention and control of soil erosion, and erosion stabilization, the protection of water quality and water reclamation, and the treatment of each acre of land according to its needs.  For the purposes of contracting with state agencies only, RCD’s are considered agencies of the state.


Roles of the RCD’s could include, leadership for locally led conservation, conservation technical assistance, seek and provide financial assistance and participate in demonstration projects.  The RCD’s in the area have demonstrated leadership in the formation of Coordinated Resource Management Groups for at least two watershed areas.

Feasibility of Groundwater Management in Light of its Constraints


The groundwater to be extracted in groundwater management project belongs to the overlying grower, not to the district.  Therefore a land owner can utilize this strategy and pump as much as the land owner can use on his overlying land and as long as its pumping doesn’t adversely affect other pumpers.  The district can also make agreements with his land owners and develop the appropriate groundwater management strategy where groundwater is pumped and used on the overlying lands, or for transfer outside the basin as long as the water rights conditions are met.  When the pumping affects other districts that have adjoining, interconnected groundwater basins, a JPA is needed to develop appropriate plans for development and implementation.  In any event, the land owner, district, or JPA may have to prepare an EIR and mitigate the impacts, or a finding of overriding considerations could be made.

Water Marketing


Water marketing could be considered as an incentive to promote a groundwater management strategy.  Land owners could be encouraged by the district to use groundwater instead of surface water imported to the district.  The pumped water would be used locally and the imported water would be available for marketing.  The district would administer the program.  The water marketing program would need to be conducted under certain quantity and quality constraints for the pumped groundwater.  
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� Copies of these policies are in the Water Quality Control Plan (Basin Plan) for the California Regional Water Quality Control Board, Central Valley Region, Sacramento River and San Joaquin River Basins (1994).






