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FIGURES

1.

2.

Conceptual model of selenium pollution with examples of source deposits, anthropogenic
activities, receiving waters bodies, and biota at risk.

Conceptual model describing linked factors that determine the effects of selenium on ecosystems.
The sequence of relations links environmental concentrations to biological effects. The general
term “bioaccumulation” can be applied to all of the biological levels of selenium transfer through
the food web, but in this report we use the term explicitly in reference to particul ate/invertebrate
bioaccumulation.

Map of the San Joaquin Valley and the adjacent Coast Ranges and SierraNevada. Thefive
designated subareas for management of agricultural drainage are shown along with the major
rivers, supply canals, the San Luis Drain, and Kesterson National Wildlife Refuge. The San
Joaquin River flows north to the San Francisco Bay-Delta Estuary. Proposed management
alternatives to sustain agriculture include draining selenium-laden salts into the San Joaquin River
or aproposed extension of the San Luis Drain. See Figure 5 for details of hydrologic connections
between the valley and the estuary. See Figure 4 for detailed map of the Bay-Delta and Figure 5
for details of hydrologic connections between the valley and the estuary. Adapted from Presser and
Piper, 1998.

Map of the San Francisco Bay-Delta Estuary including locations of oil refineries (filled circles) in
the North Bay. The North Bay includes Suisun Bay and San Pablo Bay. Adapted from Conomos
et al., 1985.

Hydrol ogic connections of the San Francisco Bay-Delta Estuary with the San Joaquin Valley. The
only natural outlet from the valley is the San Joaguin River. An extension of the San Luis Drain
would provide a constructed outlet for agricultural drainage from the San Joaquin Valley to the
Bay-Delta. Filled circles show locations of five major oil refineries. Enlarged arrows are for
emphasis and are not representational of flow. Not to scale.

Selenium concentration in drainage (i.e., source waters) as a function of flow (i.e., water flux) and
resultant selenium load. This schematic representation from current data depicts the effect of a
large reservoir of selenium on subsurface drainage.

Projected high and low range of annual selenium discharges from the five subareas of the western
San Joaquin Valley using current available data. Discharges are given in kestersons (ksts), where 1
kst equals 17,400 Ibs. The kst unit is the cumulative total of 17,400 |bs Se, which when released
directly into Kesterson Reservoir caused ecotoxicity and visible ecological damage. It isused here
as ameasure of potential ecological damage based on selenium load.

Projected high range of daily selenium discharges from the five subareas shown as proportions of
total discharge from the western San Joaquin Valley.
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9. The balance between water diversions (e.g., pumping at Tracy and Clifton Court Forebay), total
river inflow to the Bay-Delta, and the discharge of the San Joaquin River in adry year (1994).

10. The balance between water diversions (e.g., pumping at Tracy and Clifton Court Forebay), total
river inflow to the Bay-Delta, and the discharge of the San Joaquin River in awet year (1996).

11. Hypothetical dilution profiles for selenium in the Bay-Delta. The regional baseline profile shows
selenium concentrations through the estuary as concentrations in the Sacramento River are diluted
by concentrations in the Pacific Ocean as indicated by salinities (practical-salinity units, psu). The
example mixing profile shows the selenium concentration in a hypothetical average freshwater
endmember asit is diluted by concentrations in the Pacific Ocean. This endmember was cal cul ated
from loads and volumes in the Sacramento River at 20 million acre-feet (MAF) per year plus
refinery inputs of approximately 4,000 Ibs Se per year (typical of awet year prior to refinery
cleanup).

12. Dissolved selenium profiles as afunction of salinity (practical-salinity units, psu) in the Bay-Delta,
comparing high and low flow seasons in 1986 (4/86 and 9/86) and in 1995-96 (6/95 and 10/96).

13. Particulate selenium profiles as afunction of salinity (practical-salinity units, psu) in the Bay-Delta,
comparing high and low flow seasons in 1986 (9/86) and in 1995-96 (10/96).

14. Frequency distributions of selenium concentrationsin (a) 129 composite samples of C. fluminea
collected between January 1985 and October 1986; and (b) 62 composite samples of P. amurensis
collected between May 1995 and June 1997 from the Bay-Delta. Concentrations in bivalves from
reference sites also are given.

15. Selenium concentrations in replicate composite samples of P. amurensis from 1995 through 1997
as afunction of Delta outflow. Flows are averaged on a monthly basis.

16. Selenium concentrations in replicate composite samples of P. amurensis at 22 locations in the Bay-
Delta during October 1996. Bivalve selenium concentrations are given in ug Se/g dry weight.

17. Selenium concentrations in fish samples collected from the North Bay during 1986. Datafrom
California Department of Fish and Game Selenium Verification Study (White et al., 1987; 1988;
1989; Urquhart and Regalado, 1991).

18. Average selenium concentrations in bird liver samples collected from Suisun Bay and San Pablo
Bay from 1986 to 1990. Data from California Department of Fish and Game Selenium Verification
Sudy (White et al., 1987; 1988; 1989; Urquhart and Regalado, 1991). Species marked with an
asterisk were collected in Suisun Marsh.

19. Forecasts of composite freshwater endmember selenium concentrations for a series of
concentration management scenarios for the San Joaguin River in low flow seasons of both wet and
dry years.

20. Forecasts of monthly composite freshwater endmember selenium concentrations under three
discharge scenarios (San Joaquin River at 1 and 2 ug Se/L; San Luis Drain at 62.5 ug Se/lL)
contrasted to input concentrations and |oads of selenium.

21. Dilution of selenium through the estuary as afunction of salinity (practical-salinity units, psu) in
October 1997 (wet year). Carquinez Strait is assumed to be about half seawater salinity (17.5
practical-salinity units). The composite freshwater endmember selenium concentrations are
forecast for the SIR at 1 and 2 ug Se/L. and for a SLD extension at 62.5 ug Se/L.

22. Forecasts of seasonal composite freshwater endmember concentrations under five discharge
scenarios for the high flow season of awet year and the low flow seasons of wet and dry years.
Input agricultural selenium loads released through a SLD conveyance are from 6,800 to 89,760 Ibs
per six months. The SJR forecast releases 3,500 |bs Se per six months.
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23. Calculation of eight composite freshwater endmember selenium concentrations as derived from
different combinations of total input load and total river inflow. River inflows are the composited
mass of water that reaches the estuary in a six-month period. The range of inflows and input loads
are typical of different climate regimes (wet year or dry year) during the six-month dry season.

24. Suspended particulate selenium concentrations as a function of total dissolved selenium
concentrations. Lines describing predicted particulate concentrations using Kd's of 1 X 10°and 1
X 10* are superimposed on the plots.

25. Particulate selenium concentrations as occurring landward (salinity, psu = 0) to seaward (salinity,
psu = 35) in the Bay-Delta. Three different Kd's forecast three different trend lines for particulate
concentrations using dissolved Se concentrations (Figure 24). The observed October 1996
particul ate data is superimposed on the projections.

26. Relation between bivalve selenium concentrations and selenium concentrations in surf scoter liver.
Data from California Department of Fish and Game Selenium Verification Study (White et al.,
1987; 1988; 1989; Urquhart and Regalado, 1991).

27. Relation between bivalve selenium concentrations and selenium concentrations in sturgeon flesh.
Data from California Department of Fish and Game Selenium Verification Sudy (White et al.,
1987; 1988; 1989; Urquhart and Regalado, 1991).

28. Relation between bivalve selenium concentrations and selenium concentrations in sturgeon liver.
Data from California Department of Fish and Game Selenium Verification Study (White et al.,
1987; 1988; 1989; Urquhart and Regalado, 1991).

TABLES

1. Chronology of authorizing, planning, regulatory and evidentiary events for construction of avalley-
wide drain or San Luis Drain.

2. Chronology of investigative and regulatory events for the San Francisco Bay-Delta Estuary
concerning selenium.

3. Measured and estimated selenium concentrations in shallow ground water and subsurface drainage

in Westlands Water District, Grassland Drainage Problem Area, Tulare subarea and Kern subarea.

. Conversion factors for selenium and salt or Total Dissolved Solids (TDS).

Annual acre-feet or million acre-feet (MAF) and selenium loads from the upstream drainage source

(Drainage Problem Area or Grassland Bypass Channel Project site B) and downstream sites for

Mud and Salt Sloughs, and the San Joaguin River at Crows Landing (state compliance point for Se

inthe SJR) and at Vernalis.

6. Load scenarios using data from the SJV Drainage Program (1990a) and 50 ppb, 150 ppb, and 300
ppb assigned selenium concentrations. Problem acres are assumed to generate a generic problem
water as an expression of affected acres. Tile-drained or subsurface drained acres would be
expected to generate concentrated drainage as opposed to problemwater. In our analysis, the
distinction between problem water and subsurface drainage helpsin assigning water-quality. The
SIVDP defined scenarios of without future (i.e., no implementation of recommended plan) and with
future (i.e., implementation of recommended plan). A third condition defined for usein our
projectionsis called with targeted future which applies a factor of 0.20 acre-feet per acre per year
of generated drainage, estimating the lowest, although probably not realistic, irrigation water
return. The year 2000 projection for problem water is calculated here applying afactor of 0.4 acre-
feet per acre per year; this projection was not part of the SIV Drainage Program consideration.
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7. Our calculations of selenium concentrations in discharge from SJV Drainage Program subareas
based on evidence presented by Westlands Water District or currently available ranges of
measurements for drainage volume (acre-feet) and selenium load (i.e. measured values after the
SJV Drainage Program database measurements in 1986-1989; see footnotes for source), except for
Northern subarea where there is no recommended management plan by the SJV Drainage Program
(1990a) (see footnote). Only one set of values for the Westlands Water District drainage volume
and selenium load was presented in evidence (see minimum). Since no updated measurements are
available for Westlands Water District, the condition for the maximum load was cal culated using
an assigned* concentration of 150 ppb to the volume of drainage presented in evidence.

8. Projections of selenium loads from the western San Joaquin Valley under different drainage
scenarios. A kesterson (kst) is 17,400 Ibs of Se, the cumulative load that caused visible ecological
damage when released to awetland (Kesterson National Wildlife Refuge, California).

9. Load of Sedischarged if a constant concentration is maintained in the SIR and conveyed to the
Deltaunder high (3.0 MAF per year) and low (1.1 MAF per year) flow regimes. Approximately
220,000 acre-feet represent the annual volume of flow from a proposed San Luis Drain extension at
maximum capacity or asmall SIR input to Bay-Deltain adry year.

10. Annual and daily oil refinery Se loads for the Bay-Deltafor the period 1986 to 1992 and 1999.
Cleanup of discharges and further permitting was required by 1998.

11. Partitioning between dissolved Se and particul ate or sediment Se in ecosystems for which reliable
analytical dataisavailable.

12. Selenium concentrations in fish (ug Se/g dry weight) from the Bay-Delta (North Bay including
Suisun, San Pablo, Grizzly and Honker Bays) and Humboldt Bay (Selenium Verification Study,
White et al., 1987; 1988; 1989; Urquhart and Regalado, 1991).

13. Examples of thresholds for Se effects (health, reproductive, teratogenesis, or survival) in fish based
concentrations of Sein food; the example of massive poisoning at Kesterson Reservoir, California
also applies to aquatic birds. Selenium concentrations in the most abundant benthic prey (food)
organism in the Bay-Delta are given for comparison.

14. Examples of thresholds for Se effects (health, reproductive, teratogenesis, or survival) in fish based
on Se concentrations in tissues of fish. Selenium concentrations in tissues of white sturgeon from
the Bay-Delta are given for comparison.

15. Examples of thresholds for Se effects (health, reproductive, teratogenesis, or survival) in birds
based on Se concentrations in tissues of birds. Thresholds based on diet are aso included.
Selenium concentrations in tissues of bird species from Kesterson Reservoir and the Bay-Deltaare
given for comparison.

22. Selenium loads employed in forecasts of Seimpacts. Loads were calculated for a six-month
season. Annual loads would be two times higher if Se discharge is continuous (i.e., at a constant
rate). Agricultura inputsfall into three groups depending on management strategy: supply-driven
management: (3,000 to 8,000 Ibs Sefyear); demand-driven load with management of land and/or
drainage quality (15,000 to 45,000 |bs Sefyear; and demand-driven load with minimum
management (45,000 to 128,000 Ibs Selyear).

17. Comparison of Se hazard in the Bay-Delta and other environments. Values are Se concentrations
in ug Se/g dry wt. Hazard ratings for each set of concentrations are stated within each cell (as
defined by Lemly, 1995 and 1996b). The individual scores and total score are compared to listed
evaluation criteriato determine a hazard rating (high, moderate, low, minimal, or none identified)
(Lemly, 1995). For the Bay-Delta, bird egg concentrations are converted from bird liver. Data
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18.

19.

20.

21.

sources are Lemly, 1995; 1996a; b; 1997a; b; c for western U.S. sites and this report and *Kroll and
Doroshov, 1991 for the Bay-Delta.

Calculation of a composite freshwater (FW) endmember concentration of Se (ug Se/L) from inputs
of the Sacramento River (Sac R), the San Joagquin River (SJR), and ail refineries under conditions
simulating those prior to refinery cleanup. Forecasts contrast wet and dry years. and high and low
flow seasons. Load isexpressed in Ibs Se per six months.

Calculation of acomposite freshwater (FW) endmember concentration of Se (ug Se/L) from inputs
of the Sacramento River (Sac R), the San Joaquin River (SJR), a proposed San Luis Drain
extension, and oil refineries under different load scenarios. Forecasts are for awet year (1997)
during the high flow season. Load is expressed in |bs Se per six months. Forecasts 1athrough 1d
use a SLD extension and assume a2 MAF SJR inflow reaches the Bay-Delta. The final forecast
assumes no SLD extension and a SJR inflow of 1.1 MAF.

Calculation of a composite freshwater (FW) endmember concentration of Se (ug Se/L) from inputs
of the Sacramento River (Sac R), the San Joaquin River (SJR), a proposed San Luis Drain
extension, and oil refineries under different load scenarios. Forecasts are for awet year (1997)
during the low flow season. Seload is|bs Se per six months. Forecasts 2a through 2d usea SLD
extension and assume little SIR inflow reaches the Bay-Delta. The final forecast assumesno SLD
extension and a 0.5 MAF SJR inflow.

Calculation of a composite freshwater (FW) endmember concentration of Se (ug Se/L) from inputs
of the Sacramento River (Sac R), the San Joaquin River (SJR), a proposed San Luis Drain
extension, and ail refineries under different load scenarios. Forecasts are for acritically dry year
(1994) during the low flow season. Seload is|bs Se per six months. Forecasts 3athrough 3d use a
SLD extension and assume little SIR inflow reaches the Bay-Delta. The final forecast assumes no
SLD extension and a0.5 MAF SJR inflow.

22.Cdculation of acomposite freshwater (FW) endmember concentration of Se from inputs of the

Sacramento River (Sac R), the San Joaquin River (SJR), and oil refineries under a “restoration”
scenario. Seload islbs Se per six months. Assume greater SIR inflows enter the Bay-Deltato aid
fish migration and the SJR input is held constant at 0.5 ug Se/L. High flow season conveys 75% of
the SJR annual flow; low flow season, 25%.

23. Summary of forecasts of Se concentrationsin a composite freshwater endmember entering the Bay-

24,

25.

Deltaunder different conditions. Load isexpressed in Ibs per six months. SLD loads are for the
SLD only; targeted load and “restoration” scenario is for the SIR only. Cgisacomposite
concentration in all sources of freshwater at the head of the estuary (i.e. near the discharge point of
aproposed SLD extension); Cg is acomposite concentration at 17.5 practical-salinity units (psu),
usually near Carquinez Strait during the low flow season.
Summary of forecasts of Se concentrations in particulate material under different conditions. Load
isexpressed in Ibs Se per six months. SLD scenario loads are for the SLD only; the targeted |oad
and “restoration” scenario are for the SIR only. C1 is the concentration forecast at a Kd of 10*,
typical of suspended sediment; C2 is the concentration forecast at a Kd of 3X10°, typical of
shallow-water bed sediment; C3 is the low reactivity concentration forecast at aKd of 10°. All
concentrations are those at the head of the estuary (near the release point of a proposed SLD
extension).
Forecast of particulate Se concentrations at the head of the Bay-Delta estuary:

e inyearswith different climate regimes;

e indifferent seasons; and



26.

27.

28.

29.

30.

31

32.

e for aternative speciation and biogeochemical behavior patterns.
The scenarios considered are:

e aSLD extension discharge of 18,700 Ibs per six months (full capacity, 62.5 ug Se/L);

e aSJR discharge of atargeted load of 3,590 |bs per six months for awet year (1.2 ug Se/lL)

and 3,400 Ibs per six months for adry year (2.5 ug Se/L).

Forecasts are compared to conditions prior to refinery cleanup.
L aboratory-derived physiological constants for Se bioaccumulation by several species of bivalve
and composite values for a generic bivalve (datafrom Luomaet al., 1992; Reinfelder et al., 1997).
Selenium concentrations in a generic bivalve when exposed to different concentrations of
particul ate organo-Se or particulate elemental Se (constants from Luomaet al., 1992 and
Reinfelder et al., 1997).
Summary of forecasts of Se concentrations in a generic bivalve under different conditions. Load is
expressed in Ibs per six months. SLD scenario loads are for the SLD only. The targeted load and
“restoration” scenario arefor the SIR only. C1 isthe concentration forecast at a Kd of 10%, typical of
suspended sediment; C2 is the concentration forecast at a Kd of 3X10°, typical of shallow-water bed
sediment; C3 isthe low reactivity concentration forecast at a Kd of 10°. Four assimilation efficiencies
have been assumed for each Kd: AE4 = 0.8; AE3 = 0.63; AE2 = 0.55; and AE1 = 0.35. All
concentrations are those at the head of the estuary (near the release point of a proposed SLD
extension).
Forecast of Se concentrations bioaccumulated by a generic bivalve at the head of the Bay-Delta
estuary:

e inyearswith different climate regimes;

e indifferent seasons; and

e for aternative speciation and biogeochemical behavior patterns.
The scenarios considered are:

e aSLD extension discharge of 18,700 |bs per six months (full capacity, 62.5 ng Se/L);

e aSJR discharge of atargeted load of 3,590 Ibs per six months for awet year (1.2 ug Se/L)

and 3,400 Ibs per six months for adry year (2.5 ug Se/L).

Forecasts are compared to conditions prior to refinery cleanup.
Regression equations for bivalves versus bivalve predators. Data from Selenium Verification Sudy
(White et al., 1987; 1988; 1989; Urquhart and Regalado, 1991)
Data employed in regression of Se concentrationsin bivalves versus Se concentrationsin bivalve
predators. Means from different years are aggregated; North Bay is Suisun Bay and San Pablo
Bay. Concentrations of Sein both flesh and liver are shown for predators. Bivalves are from
different species (Corbicula fluminea*; Mya arenaria**; Macoma balthica***; and
Potamocorbula amurensis****) and different studies (White et al., 1987*; 1988*; 1989* ; Urquhart
and Regalado, 1991*; Johns et al., 1988*; Luomaand Linville, 1997****: Linville and Luoma, in
press****). Selenium as ppm is equivalent to micrograms per gram. All values are for dry weight.
Forecasts of Se concentrationsin bivalves and resulting Se concentrations in livers of surf scoter,
greater and lesser scaup, and white sturgeon under two Se discharge conditions. 1) the SLD
scenario isfor 18,700 Ibs per six months (37,400 Ibs Se per year) and 2) the SIR scenario isfor a
targeted load of 3,500 Ibs per six months (7,000 Ibs per year) (SJR conditions defined earlier). All
forecasts are for six months of discharge during the low flow season of acritically dry year.
Forecast concentrations are compared to average Se concentrations in these organisms (Corbicula
flumineain 1988-1990; Potamocorbula amurensis, 1995-1996; surf scoter, greater and lesser scaup,
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and white sturgeon, 1989-1990) in the Bay-Delta and to thresholds for adverse effects described
earlier. Forecastsfor predators were predicted by extrapolation from regressions between bivalve
and predator concentrations using data from 1986 to 1990 (Tables 30 and 31).

33. Relation of Se loads, composite freshwater endmember Se concentrations, particulate Se
concentrations, Se bioaccumulation by bivalves, Se bioaccumulation by two predators (sturgeon
and scaup) and Se guidelines or concentrations at which effects are expected. Forecasts are for:

e dischargesfrom a SLD extension or the SIR;
e concentrationsin the North Bay near the site of input (i.e., head of estuary) with
instantaneous mixing; and
e thelow flow season of adry year.
Conditions prior to refinery cleanup are given for comparison.

CONVERSION FACTORS

By weight: microgram per gram is equivalent to parts per million (ppm)

1 microgram (ng/g) = 10°° gram (g)

For concentration of dissolved solids less than approximately 7,000 mg/L:
Milligram per liter (mg/L) is equivalent to parts per million

Microgram per liter (ug/L) isequivalent to parts per billion (ppb)

1,000 microgram per liter (ug/L) = 1 milligram per liter (mg/L)

See also Table 4 (in text) which is duplicated below.

Selenium (Se) Salt or Total Dissolved Solids (TDYS)
1 ppb Se=1 ug Se/lL 1 ppm TDS =1 mg salt/L

1galon=3.785 Liters 1 galon =3.785 Liters

1 acre-foot = 325,900 gallons = 1,233,532 liters 1 acre-foot = 325,900 gallons = 1,233,532 liters
1,233,532 pgrams Selacre-foot at 1 ppb Se

1.23 grams Se/ acre-foot at 1 ppb Se 1,234 grams salt/acre-foot at 1 ppm salt

454 grams=11b

0.00272 |bs Se/acre-foot at 1 ppb Se 2.72 |bs sat/acre-foot at 1 ppm salt

[1 ppb Se = 0.00272 |bs Se/acre-foot] [1 ppm salt= 2.72 |bs salt/acre-foot]

2000 Ibs= 1 ton

1 ppm salt = 0.00136 tons salt/acre-foot

VOLUME

1 cubic foot per second (cfs) = 1.98 acre-feet/day

For those who prefer to use the International System of Units (Sl), the conversion factors
for terms used in this report are listed below.

Multiply By To obtain

Acre 4,047 square meter (m°)

Acre 0.4047 hectare (ha)

acre-foot 1,233 cubic meter (m°)

cubic foot per second (cfs) 0.02832 cubic meters per second (m°/s)
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ABBREVIATIONS

AF

AE

BAF
BSAF
Bay-Delta
CALFED

CCtF
CCVRWQCB
CDFG
CDWR
CSFBRWQCB
CSWRCB
CvP

dw
DynBaM
FR
GBCP

Kd

kst

MAF
NMFS
psu

Sac R
SR

SV
SIVDP
SLD

SLU
SWP
TMDL
TMML
USBR
USEPA
USFWS
USGS
WWD

Acre-foot

Assimilation Efficiency

Bioaccumulation Factor

Biota to Sediment Accumulation Factor

San Francisco Bay-Delta Estuary

A cooperative, interagency effort of fifteen federal and state agencies with
management and regulatory responsibilities for the Bay-Delta
Clifton Court Forebay

California Central Valley Regional Water Quality Control Board
California Department of Fish and Game

California Department of Water Resources

Cdlifornia San Francisco Bay Regional Water Quality Control Board
Cdlifornia State Water Resources Control Board

Central Valley Project

dry weight

Dynamic Multi-path Bioaccumulation Model

Feeding Rate

Grassland Bypass Channel Project

Distribution (partitioning) coefficient

kesterson unit (equals 17,400 |bs Se)

Million Acre-Feet

National Marine Fisheries Service

practical-salinity unit

Sacramento River

San Joaquin River

San Joaquin Valley

San Joaquin Valley Drainage Program

San LuisDrain

San Luis Unit

State Water Project

Total Maximum Daily Load

Total Maximum Monthly Load

United States Bureau of Reclamation

United States Environmental Protection Agency

United States Fish and Wildlife Service

United States Geological Survey

Westlands Water District

WY  Water Year (A water year begins on October 1%)
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Forecasting Selenium Dischargesto the San Francisco Bay-Delta
Estuary: Ecological Effects of A Proposed San L uis Drain Extension

Samuel N. Luoma
Theresa S. Presser

ABSTRACT

During the next few years, federal and state agencies may be required to evaluate proposals and
discharge permits that could significantly change selenium (Se) inputs to the San Francisco Bay-Delta
Estuary (Bay-Delta), particularly in the North Bay (i.e., Suisun Bay and San Pablo Bay). These
decisions may include discharge requirements for an extension of the San Luis Drain (SLD) to the
estuary to convey subsurface agricultural drainage from the western San Joaquin Valley (SJV), a
renewal of an agreement to allow the existing portion of the SLD to convey subsurface agricultural
drainage to atributary of the San Joaguin River (SJR) (coincident with changesin flow patterns of the
lower SJR), and refinements to promulgated Se criteriafor the protection of aquatic life for the estuary.

Understanding the biotransfer of Seis essential to evaluating the fate and impact of proposed
changesin Se discharges to the Bay-Delta. However, past monitoring programs have not addressed the
specific protocols necessary for an element that bioaccumulates. Confusion about Se threats in the past
have stemmed from failure to consider the full complexity of the processes that result in Se toxicity.
Past studies show that predators are more at risk from Se contamination than their prey, making it
difficult to use traditional methods to predict risk from environmental concentrations alone. In this
report, we employ a novel procedure to model the fate of Se under different, potentially realistic load
scenarios from the SJV. For each potential load, we progressively forecast the resulting environmental
concentrations, speciation, transformation to particul ate form, bioaccumulation by invertebrates,
trophic transfer to predators, and effects in those predators. Enough is known to establish afirst order
understanding of effects should Se be discharged directly into the North Bay via a conveyance such as
the SLD.

Our approach uses 1) existing knowledge concerning the biogeochemical reactions of Se (e.g.,
1



speciation, partitioning between dissolved and particulate forms, and bivalve assimilation efficiency)
and 2) site-specific data mainly from 1986 to 1996 on clams and bottom-feeding fish and birds.
Forecasts of Seloading from oil refineries and agricultural drainage from the SJV enable the
calculation of a composite freshwater endmember Se concentration at the head of the estuary and at
Carquinez Strait as afoundation for modeling. Our analysis of effects also takes into account the mode
of conveyance for agricultural drainage (i.e., the SLD or SJR). The effects of variable flows on a
seasonal or monthly basis from the Sacramento River and SJR are also considered.

The results of our forecasts for external SJV watershed sources of Se mirror predictions made since
1955 of aworsening salt (and by inference, Se) buildup exacerbated by the arid climate and irrigation
for agricultural use. We show that the reservoir of Sein the SV is sufficient to provide loading at an
annual rate of approximately 42,500 pounds (Ibs) of Se to a Bay-Delta disposal point for 63 to 304
years at the lower range of our projections, even if influx of Se from the California Coast Ranges could
be curtailed. Disposal of wastewaters on an annual basis outside of the SJV may slow the degradation
of valley resources, but drainage alone cannot alleviate the salt and Se buildup in the SV, at least
within a century.

Our forecasts show the different proportions of Se loading to the Bay-Delta. Qil refinery loads from
1986 to 1992 ranged from 11 to 15 |bs Se per day; with treatment and cleanup, loads decreased to 3 Ibs
Se per day in 1999. In contrast, SIV agricultural drainage loads could range from of 45 to 117 Ibs Se
per day across a set of reasonable conditions. Components of this valley-wide load include five source
subaress (i.e., Grassland, Westlands, Tulare, Kern, and Northern) based on water and drainage
management. Loads vary per subarea mainly because of proximity of the subareato geologic sources
and irrigation history. Loads from the Sacramento River, depending on flow conditions, range from
0.8 to 10 Ibs Se per day.

A consistent picture of ecological risk emerges for the Bay-Delta based on concurrent lines of
evidence. Thethreat to the estuary is greatest during low flows and dry years. Where Se undergoes
reactions typical of low flow or longer residence time, highly problematic bioaccumulation in prey
(food) isforecast to result. The Bay-Delta predators—surf scoter, greater and lesser scaup, and white
sturgeon—appear to be most at risk because they feed on filter-feeding bivalves. Recent findings add
Sacramento splittail to that list. During the low flow season of dry years, the lower range of proposed
protective guidelines for waterborne, particulate, dietary, and predator tissue Seis exceeded under the

most likely forecast of Se inputs from a proposed SLD extension. Also under low flow conditions, the
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upper range of guidelines (i.e., high certainty of adverse effects) is exceeded in all instances except at
the lowest load considered. High flows afford some protection in the forecast SIR scenarios under
certain conditions. However, meeting a combined goal of releasing a specific load during maximum
flows and keeping Se concentrations below a certain objective to protect against bioaccumulation may
not always be attainable. Management of the SIR on a constant concentration basis could also create
problematic bioaccumulation during awet year, especially during the low flow season, because high
flows translate to high loads that are not always offset by seasonal inflows.

Prior to refinery cleanup, Se contamination was sufficient to threaten reproduction in key species
within the Bay-Delta ecosystems and human health advisories were posted based on Se concentrations
inliversof diving ducks. During thistime, Se concentrations in the Bay-Deltawere well below the
most stringent water quality criteria. Enhanced biogeochemical transformations to bioavailable
particulate Se and efficient uptake by bivalves and then predators characterized the system. If these
biogeochemical conditions continue to prevail, the forecasts suggest the risk of adverse effects will be
difficult to eliminate under an out-of-valley resolution to the Se problem.

The forecasts for Se loading present a new tool to evaluate ecological effects based upon the major
processes |leading from loads through consumer organisms to predators. It is afeasible approach for
site-specific analysis and could provide a framework for developing new protective criteria. We
conclude that credible protective criteria should be based on 1) contaminant concentrations in sources,
such as particulate material, that most influence bioavailability and 2) concentrations in mediaand
organisms relevant to vulnerable food webs. Existing criteriafor water, particulate material, and tissue
of prey and predators should be used in combination to evaluate risk or hazard. Bivalves appear to be

the most sensitive indicator of Se contamination in the Bay-Delta.

INTRODUCTION

The sources and biogeochemistry of Se combine to make contamination with this element an
ecological issue of widespread concern [Trelease and Beath, 1949; National Research Council, 1976;
1989, U.S. Environmental Protection Agency (USEPA), 1980; 1987; 1992; 1998; Wilber, 1983; adso
see compilations in Frankenberger and Benson, 1994; Lemly, 1995; Frankenberger and Engberg, 1998;
Skorupa, 1998a; Seiler et a., 1999; Hamilton, 1999; Eisler, 2000; Hamilton, 2000a]. Seleniumis
especially enriched in organic-rich shales that are source rocks for oil, coal, and phosphate ores (Figure

1) (Cumbie and Van Horn, 1978; Presser, 1999; Piper et al., 2000). Release of Seto aguatic systemsis
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aresult of weathering and anthropogenic activities such as refining, power production, and mining.
Selenium is also enriched in the soils and runoff derived from these source sedimentary shalesin many
semi-arid regions exploited for irrigated agriculture, such asin the SJV, California (Presser, 1994a; b;
Seiler et al., 1999). Salinization of some of these soilsis accompanied by Se contamination that
increases the complexity of problems associated with continued exploitation of such lands (SIV
Drainage Program, 1990a; Dinar and Zilberman, 1991). Irrigation, leaching, and generation of
subsurface drainage leads to surface and ground waters being contaminated (Presser and Ohlendorf,
1987). Treatment technologies for Se have utilized both chemical and biological processes to remove
Se from the water column, but with little operational success or cost-effectiveness (SJV Drainage
Program, 1990a; Hanna et al., 1990; SJV Drainage |mplementation Program, 1998; 1999a). Use of
large-scale biological treatment technologies (e.g. wetlands or evaporation ponds) has generated
serious ecological problems and hazardous Se wastes for disposal (Presser and Piper, 1998; Skorupa,
1998a; Hamilton, 2000b). Selenium removal is further hampered by the failure of traditional chemical
methods to reduce Se to levels acceptable for remediation and, in arid regions, by the problem of
disposal of associated salts (SJV Drainage Program, 1990a). Remediation has not been established
other than that dependent on dilution in alarger body of water (SJV Drainage Implementation
Program, 1998; U.S. Department of the Interior’ s National Irrigation Water Quality Program, 2000).
Management plans for the western SJV that include drainage storage and reduction through source
control have been developed, but systematic and comprehensive implementation has not taken place
(SJV Drainage Program, 1990a; SIVDP, 1991; SJV Drainage Implementation Program, 1998;
Environmental Defense Fund, 1994).

The biogeochemical cycling of Se and itsrole as an essential nutrient lead to the dominance of
biological reactions over thermodynamic reactions in aguatic systems (Shrift, 1964; Stadtman, 1974
National Research Council, 1976; Measures and Burton, 1978; Cutter and Bruland, 1984; Lemly,
1985; Presser and Ohlendorf, 1987; Oremland et al., 1989; Luomaet a., 1992; Maier and Knight,
1994; Presser, 1994a; Lemly, 1997b; Wang et al., 1996; Luoma and Fisher, 1997; Dowdle and
Oremland, 1999; Reinfelder et a., 1998). The fate and adverse ecological effects of Se discharges are
determined by a sequence of linked processes that connect loads, concentrations, speciation,
bioavailability, trophic transfer, and effects on predators (Luomaet a., 1992; Luoma, 1996; Wang et
al., 1996; Reinfelder et a., 1997; 1998; Luoma and Fisher, 1997) (Figure 2). Pathway

bioaccumulation models allow consideration of 1) biotransfer from different types of
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suspended/particul ate matter (e.g., phytoplankton, seston, and benthos); 2) biotransformation to
different speciation regimes (selenate, selenite, organo-Se, elemental Se); 3) bioaccumulation viathe
lower trophic food web; and 4) uptake of food by predator species. Because Se concentrations can be
magnified at each step of food web transfer (e.g., USEPA, 1980; Saiki, 1986; Maier and Knight, 1994),
upper trophic level species are probably the species most vulnerable to adverse effects from Se
contamination. Aquatic species potentialy at risk from Se contamination (Figure 1) include
charismatic birds (e.g., ducks, shorebirds, and grebes) and fish (e.g., sturgeon, carp, trout, and sunfish)
(White et al., 1987; 1988; 1989; Urquhart and Regalado, 1991; Luomaet al., 1992; Lemly, 1993a;
1998a; b; Skorupa, 1998a). Herps (frogs and snakes) also may be at risk from Se [Skorupa, 1998b;
U.S. Fish and Wildlife Service (USFWS) and National Marine Fisheries Service (NMFS), 1998 and
amended, 2000), as may Sacramento splittail (Stewart, et al., in preparation).

Analysis of one of the above sets of processes, in isolation, is inadequate to characterize Se
problems (Luoma and Fisher, 1997). If correlations made among factors or processes skip links, then
serious uncertainties will result. Failure to consider the full sequence of interacting processesisa
major cause of controversy surrounding many interpretations of Se effects on the environment (e.g.,

O’ Toole and Raisbeck, 1998; Hamilton and Lemly, 1999; Chapman, 1999; Lemly, 1999a; Skorupa,
1998a; 1999). In view of advancesin the understanding of Se environmental chemistry, the USEPA
has recently called for are-definition of the Se criteriafor the protection of aquatic life (USEPA, 1998;
Renner, 1998).

Selenium contamination of aquatic ecosystemsis of special concern in large areas of California, and
other semi-arid regions of western North America (Presser, 1994a; b; Seiler et ., 1999). Selenium
issues are of particular concern in the SJR basin (Figure 3) and in the Bay-Delta (Figure 4). Here, Se
issues are intricately interwoven with issues of water management, urbanization, irrigated agriculture,
and protection of fish and wildlife resources [Conomos, 1979; Conomos et al., 1985; Cloern and
Nichols, 1985; Nichols et a., 1986; California State Water Resources Control Board (CSWRCB),
1994; 1999a; USFWS, 1995; Hollibaugh, 1996; Presser and Piper, 1998; CALFED, 1998a; b; 1999a;
b; ¢; d; Thompson et a., 2000]. The SJV has also suffered major losses of crucial habitat for migratory
birds (Gilmer at a., 1982; Vencil, 1986).

The goal of this paper isto introduce a comprehensive approach to forecast the ecological effects of
Se under an array of scenarios that could result from different resolutions of water and waste

management issues. We concentrate on analysis of Se inputs based on engineering solutions that
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would convey Se-laden salts from the western SJV to the Bay-Delta via a proposed extension of the
San Luis Drain (SLD) (Barcellos, 1986; Wanger, 1994; CSWRCB, 1996b; c; 1999a; d; Stevens and
Bensing, 1994; Contra Costa County, 1997; San Joaquin River Exchange Contractors Water Authority,
1999; Trinity County, 1999; U.S. House of Representatives, 1999; Hug, 2000). We also consider using
the SJIR as a conveyance facility (i.e., the SIR as ade facto drain) because it isthe only natural outlet
from the SJV. We present a history of the discussions surrounding the construction of the drain and
use of the SJIR to convey Se outside the SIV. We forecast loads, concentrations, fate, and effects of Se
on animals in the estuarine food web that could result from projected Se discharges.

Our approach involves using existing knowledge, that includes empirical observations from the
Bay-Delta and models, to convert proposed mass emissions to concentrations in receiving waters under
severa scenarios. Bioaccumulation in lower trophic level consumer organisms (bivalves) is projected
from alikely range of concentration, partitioning, and speciation scenarios using pathway
bioaccumulation models. Comparisons of Se concentrations in Bay-Delta clams are made to proposed
protective dietary Se guidelines for fish and birds. Selenium concentrations in afew key predators are
predicted from correlations with bivalve tissue concentrations of Se using data from the existing
literature. Because the relation between tissue concentrations and adverse effects are relatively well
constrained for Se in wildlife, predictions of tissue residues in waterfowl and fish provide afirst order
estimate of potential adverse effects of Se mass emissions. The specific information—bioaccumulation
of Se by clams and biotransfer of Se to fish and waterfowl—could be applied to evaluate proposals for
disposal of Se from the SV that include discharge to aquatic systems (i.e., using the Bay-Deltaas a
receiving water). Presentation of the process by which we evaluate the ecological effects of Seisas
important as the specifics of the discussion as applied to the Bay-Delta. The general process of a
linked bioaccumulation model using a bioindicator organism to assess potential adverse impacts on
predators can be applied to other ecosystems subjected to Se loading and can help in the development

of national or site-specific Se criteriafor aquatic protection.

Generic Selenium | ssues
Existing knowledge concerning the biogeochemistry of Se alows the following generalizations:
1. Geologic sources of Se are widespread (Figure 1).
2. Exploitation of energy sources (oil and coal), mining of phosphate ore, irrigation of areas

underlain by organic-rich marine shales, and irrigation of lands where aluvium is derived from
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such shales, mobilize geologic Se and ultimately result in the contamination problems found
today (see examplesin Figure 1).

. Linked biological and geochemical reactions affect the form of Se (Figure 2). Geochemical
form (speciation) determines how readily the element enters aquatic food webs, initiates food
web transfer, and cycles through particul ate matter, sediments, consumer organisms, and
predators.

. Hydrologic connections also determine the effects of Se. Compartmentalized ecol ogical
systems can interact at critical hydrologic junctures such asin estuaries. Seemingly harmless
concentrations of Sein ariverine system may become problematic in downstream
impoundments, marshes, or wetlands, where cycling and bioaccumulation are accentuated
(Luomaet a., 1992; Skorupa, 1998a; Lemly, 1999b). The geographic scale of Seissues can
extend beyond local conditions and therefore, an analysis of downstream effects needsto
follow.

. Traditional toxicity tests are problematic because they determine toxicity only via direct water-
borne exposures. Direct transfer of Se from solution to animals such as fish and bivalvesisa
small proportion of exposures. Bioaccumulation and uptake viafood is the most important
route of Se transfer to upper trophic level species (Figure 2) (Ohlendorf et al., 1986; Saiki and
Lowe, 1987; Presser and Ohlendorf, 1987; Lemly, 1985; Luomaet al., 1992; Presser et al.,
1994).

. Selenium efficiently bioaccumulates through aquatic food webs, and strongly biomagnifiesinto
many components of the food web (Saiki, 1986; Presser and Ohlendorf, 1987; Luomaet a.,
1992; Maier and Knight, 1994). Invertebrates may be the best indicator for monitoring predator
exposure. Consumer species like bivalves integrate the influences of environmental
concentrations, speciation, and transformations of Se and are practical to sample. Predators, on
the other hand, are mobile and impractical to sample in large numbers on aroutine basis. A
predator’ s choice of food, which varies widely among species, could result in some trophic
pathways being more efficient accumulators of Se than others (Lemly, 1982; 1985; Luoma, et
al., 1992; Luomaand Fisher, 1997; Skorupa, 1998a; CH2M HILL, 1996; 1999a).

. Charismatic species (birds and fish) are the first to express the effects of Se contamination due
to this efficient bioaccumlation in the food web and their sensitivity to exposure to Se

(Ohlendorf, 1989; Ohlendorf et al., 1989a; Hamilton et al., 1990; Lemly, 1996b; c; Skorupa,
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1998a; b; c; Hamilton et a., 2000a; b). Thus, bioaccumulation models must link food sources
to predator animals to predict biotic effects.

Selenium is a strong reproductive toxin in birds and fish when it is present in sufficient
concentrationsin their food (see reviews in Skorupa, 1998b and Hamilton et al., 2000a). In
contrast to many other contaminants, significant environmental damage due to Se
contamination has been well documented. Skorupa (1998a) described case studies showing
different degrees of Se effectsin avariety of wetlands and reservoirs impacted by agricultural
drainage, burning of fossil fuels, or refining of oil. An especialy well documented case study
exists for Belews Lake in North Carolina where Se contamination resulted in local extinctions
of most fish populations, via reproductive impairment and teratogenesis (Cumbie and Van
Horn, 1978; Lemly, 1985; 1997a). The most well known case of Se poisoning in afield
environment was at Kesterson National Wildlife Refuge in the SJV of California (Ohlendorf, et
a., 1986; Presser and Ohlendorf, 1987; Skorupa and Ohlendorf, 1991). There, teratogenesis
and reproductive failure were widespread in populations of water birds.

Although extreme Se contamination causes death in adult organisms, the responses of greatest
concern are impairment of reproductive success (e.g. failure of eggs to hatch) and teratogenesis
(deformitiesin juveniles) in birds and fish (Skorupa and Ohlendorf, 1991). Inhibition of
growth, depressed immune system response, mass wasting, and winter stress syndrome also are
effects of concern (Ohlendorf, 1989; Lemly, 1993b; 1998a; CH2M HILL, 1997; 1999b;
USFWS and NMFS, 1998 and amended, 2000; Santolo et a., 1999). Reproductive damage and
teratogenesis can occur at low concentrations [low micrograms per liter (ug/L)] of
environmental Se because the window is narrow between the amount of Sethat is nutritionally
beneficial and the amount that istoxic (Wilber, 1983; National Research Council, 1976;
USEPA, 1980; 1998; Haygarth, 1994; Skorupa, 1998a; b). Dataexist that relate teratogenesis,
hatchability, and reproductive success to Se concentrations in food, avian eggs, and fish larvae
(reviewsin Heinz, 1996; Lemly, 1998b; Maier and Knight, 1994; Skorupa, 19983; b).
Ecological risk thresholds and arisk index based on Se concentrations in water, sediment, and
tissue are currently under debate (Peterson and Nebeker, 1992; Engberg et al., 1998; Lemly,
1995; Skorupa, 19983; b; c).

Uncertainty existsin the USEPA Se criteriafor the protection of aquatic life, especially for

criteria derived from water-only, short-term exposure of surrogate species. Uncertainty also
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12.

exists for criteriaderived using limited field data on food chain exposure, because few studies
were available at the time of promulgation (USEPA, 1992; 1998). The toxicity-testing database
does not consider bioaccumulation, although bioaccumulation from food determines the
ecological effects of Se. A Se criterion derived primarily from food web exposure would be
more relevant to field conditions in aguatic systems.

Effects of Se on human health are of concern. State human health advisories have restricted
consumption of edible fish and birds and eliminated consumption for children and pregnant
women when Se concentrations exceed a certain criterion [California Department of Fish and
Game (CDFG), 1985; 1986; 1988, all on-going; 1987; Fan et a., 1988; SIV Drainage Program,
1989; 1990b].

No satisfactory chemical, physical or biological treatment technology yet exists to remove Se
contamination from irrigation drainage waters (Hanna et a., 1990; Hansen et al., 1998; SIV
Drainage Implementation Program, 1999a; b; c; d). Treatment technologies that work on small
effluent streams are inefficient and expensive to employ on large volumes of contaminated
water (SJV Drainage Program, 1990a; SJV Drainage Implementation Program, 1998; National
Irrigation Drainage Program, 2000). Treatment technologies till being tested are flow-through
wetlands and biological precipitation (Hansen, et a., 1998; SV Drainage Implementation
Program, 1999a), even though large-scale biological treatments have generated serious
ecological problems (Presser and Piper, 1998; Skorupa, 1998a). A management plan specific to
the arid western SIV has demonstrated through in-depth studies that comprehensive and
systematic implementation of components, such as source control and land fallowing, can
reduce the amount of drainage generated and substantially contribute to the eventual resolution

of the drainage problem (SJv Drainage Program, 1990a).

Selenium Issuesin the Bay-Delta

The surface and ground waters of the SJV are part of a complex, hydrologic system that extends

from the riparian wetlands of the Sacramento River and SJIR through the Bay-Delta to the Pacific
Ocean (Presser and Piper, 1998) (Figures 3 and 4). This natural system provides the framework for the
Central Valley Project (CVP) which isamassive engineered complex of dams, off-stream storage
reservoirs, pumping facilities, irrigation and drinking water supply canals, and agricultural irrigation

drainage canals [U.S. Bureau of Reclamation (USBR), 19844a]. Figure 5 presents a detailed schematic
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of the hydrologic connections of the SIV (Figure 3) to the Bay-Delta (Figure 4) including the
Sacramento River and SJR. The sustainability of the balance and quality of water in this system are
crucial to the welfare of California, especially to the arid SJV.

Selenium issues are of special concern within the Bay-Delta ecosystem because:

1. Selenium contamination exists under present conditions in the Bay-Delta from known sources
of Sewithin the estuary and in watersheds draining to the estuary. Watershed sources are
linked to SJV farmland activities where irrigation of salinized soils has led to proposed
management alternatives to sustain agriculture by draining salts and Se collected as subsurface
drainage to the Bay-Deltaviathe SIR or SLD [e.g., CSWRCB, 1985; SJV Drainage Program,
1990a; Presser and Ohlendorf, 1987; Presser and Piper, 1998; Skorupa, 1998a; California
Central Valley Regional Water Quality Control Board (CCVRWQCB), 1998a; b; USFWS and
NMFS, 1998 and amended 2000). Proposals for construction of a collector drain and an
extension of the existing SLD to remove salts and Se from the SJV have been under
consideration for approximately 50 years (Table 1). Water quality in the SIR has degraded
significantly since the 1940’ s because of disposal of agricultural wastewater from the SIV
(CCVRWQCB, 1995). Even though the SIR is a source water for the Bay-Delta, selenium
sources and contamination within the North Bay (i.e., Suisun Bay and San Pablo Bay) have
been linked in the past mainly to oil refineries discharging waste from processing Se-enriched
crude oil from the SJV and adjacent Coast Ranges (e.g., White et al., 1987; 1988; 1989; Cutter,
1989; Johns, et a., 1988; Cutter and San Diego-McGlone, 1990; Urquhart and Regalado, 1991;
San Francisco Estuary Project, 1991; 1992; Luoma, et al., 1992; Brown and Luoma, 1995g;
Luomaand Linville, 1997; Linville and Luoma, in press; USFWS and NMFS, 1998 and
amended, 2000).

2. Selenium contamination documented from 1982 to the mid-1990' s was sufficient to threaten
reproduction (> 10 ng Se/g in tissue) in key species within the Bay-Delta estuary ecosystems
(Table 2) [White et al., 1987; 1988; 1989; Urquhart and Regalado, 1991; San Francisco Estuary
Project, 1991; 1992; Harvey et al., 1992; California San Francisco Bay Regional Water Quality
Control Board (CSFBRWQCB), 1992g; b; 1993; Brown and Luoma, 1995g; Linville and
Luoma, in press]. The most severely threatened species appear to include, but are not restricted
to white sturgeon (Acipenser transmontaus), Sacramento splittail (Pogonichthys

macrolepidotas), starry flounder (Platichthys stellatus), Dungeness crab (Cancer magister),
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surf scoter (Melanitta perspicillata), greater scaup (Aythya marilla), and lesser scaup (Aythya
affinis) (Ohlendorf et a., 1986; White et al., 1987; 1988; 1989; Ohlendorf et al., 1989b; c;
Urquhart and Regalado, 1991; Luomaet al., 1992; USFWS, 1995; Hothem et al., 1998). In
1989-1990 in the North Bay, average Se concentrations in surf scoter liver samples exceeded
the threshold level for avian reproductive toxicity (Heinz, 1996) by eight-fold and in sturgeon
flesh samples exceeded the threshold for effectsin fish (Lemly, 1998b) by two-fold. Currently,
populations and catches per unit effort (where applicable) of al the predator species mentioned
above arein decline. A number of causative factors may beinvolved (CALFED, 1998a; b;
1999z; b; c; d; USFWS and NMFS, 1998 and amended, 2000), but because of the exceedance
of Sethresholds for adverse effectsin tissue of prey and predators, Se cannot be excluded as
one.

. Some food webs in the Bay-Delta may be particularly vulnerable to moderate Se
contamination. Analysesin 1982-1996 showed that the animals with the highest Se tissue
concentrations from the North Bay (i.e., Suisun Bay, Carquinez Strait, and San Pablo Bay)
ingested bivalves (Corbicula fluminea prior to 1986 and Potamocorbula amurensisin
subsequent samplings) as a major component of their diet. Selenium concentrationsin the
predominant bivalve in the Bay-Delta were higher in the mid-1990’s (Linville and Luoma, in
press) than in 1977 through 1990 (White et al., 1987; 1988; 1989; Cutter, 1989; Johnset al.,
1988; Urquhart and Regalado, 1991), partly because a new species (P. amurensis) had become
predominant in the Bay-Delta. The specific bioaccumulation pathway from sediment and
benthic/suspended biomass to bivalves to predators (bottom feeding fish, diving ducks, and
Dungeness crab) may be the most important route of Se transfer to the upper trophic levelsin
the estuary. Levelsin P. amurensis reached 20 pug Se/g dry weight (dw) in the North Bay in
October 1996, exceeding two-fold the toxicity threshold in food for predators (> 10 ug Se/g
dw) that result in adverse effects.

. Portions of the Bay-Deltaand the SIR are currently listed by the state as being subjected to
contamination from a suite of chemicals (e.g., mercury, diazinon, PCBs, dioxin, PAHs, and Se)
(CCVRWQCB, 1994a; 1998b; CSWRCB, 1999b; c). State or federal criteria have been
exceeded in these listed waterbodies, causing adverse aquatic life and human health impacts
(e.g., Fairey et a., 1997; Davis et a., 1997; Dubrovsky et al., 1998). Portions of the SIR are
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designated as water-quality limited due to Se. Most recently, portions of the Bay-Delta have

been listed as known toxic hotspots of high priority dueto Se.

. The amount and quality of the wetlands in the Bay-Deltaleaves in doubt the future status of

many wildlife populations (Harvey et a., 1992; CALFED, 1998a; b; San Francisco Estuary

Project, 1999); Se contamination affects the quality of the already limited acreage of wetlands

and other crucia habitat (CALFED, 1998a; b and 1999za; b; c; d). A recovery plan was deemed

necessary for Sacramento/San Joaquin Delta native fishes (USFWS, 1995). The plan includes
designation of critical habitat (i.e., slight changes in habitat condition may cause large changes

in population status) for Delta smelt (Hypomesus transpacificus), a threatened species (58

Federal Register 12854). Critical habitat for the threatened Sacramento splittail (Pogonichthys

macrolepidotas) (64 Federal Register 5963) is not currently designated.

. Environmental safeguards were enacted after the ecological disaster at Kesterson National

Wildlife Refuge, but many may be inadequate for the specific problems of the Bay-Delta. For

example:

a) The USEPA criterion for the protection of aquatic life (5 ng Se/L) isnot in effect for
upstream inflows to the Bay-Delta (i.e., the SIR and its tributary sloughs) due to state
postponements of compliance until 2010 (USEPA, 1992; CCVRWQCB, 1996d). Selenium
concentrationsin the river have exceeded USEPA criteria (50% of the time for the period
1987 to 1997 at Crows Landing, Figures 3 and 5) since the discovery of Se effects at the
Kesterson National Wildlife Refuge (CCVRWQCB, 19964a; b; 1998f). Load limits enacted
by the state in 1996 were exceeded in 1996 through 1998. Impacts from Se on the SIR have
not been directly evaluated partly because no program systematically collects biological,
water quality, and flow data (Presser et al., 1996; Presser and Piper, 1998). An aquatic
hazard assessment of atributary slough receiving the greatest impact from agricultural
drainage found the Se hazard as “high” (Lemly, 1995; 1996a; USBR et al., 1998; 1999).
Replacement of native species of varying tolerance in the SIR has led to arating of “poor”
on the index of biological integrity (Moyle et al., 1986) for river sites above and below
drainage discharges. Populations of fish in the SIR and adjacent sloughs are now
dominated by introduced species having broad environmental tolerances (USBR et al.,
1998; 1999). Therole of Sein these changesis not proven, but effects on native fish
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b)

d)

popul ations are documented elsewhere (e.g., Lemly, 1997b; Hamilton, 1998; 999; and
Hamilton et a., 2000a).

Refinery inputs to the Bay-Delta have declined since 1998. State waste discharge permits
limit il refinery effluents based on Seloads. Effluents, however, may reach adaily
maximum of 50 pg/L Se, which isten times above the promulgated USEPA criterion
(CSFBRWQCB, 1992b; USEPA, 1987 and 1992). It is expected that food web
contamination attributable to the refineries will decline; dilution of the effluent discharges
by low Seinflowsiscritical. In 1995, deformed embryos were found in 30% of mallard
(Anas platyrhynchos) nests and in 10% of American coot (Fulica americana) nests at a
marsh used for Se remediation in the North Bay receiving arefinery effluent of 20 ug Se/L
(without dilution) (Skorupa, 1998a).

Selenium concentrations were below all promulgated water quality protection guidelines (2
to 5 ug Se/L) in both the Delta and the Bay in all surveys of the Bay-Deltafrom 1982 to the
mid-1990’ s (Cutter, 1989; Cutter and San Diego-McGlone, 1990; Cutter et al., in
preparation). Nevertheless, Sein the food web was sufficient to be a threat to some species
and a concern to human health if those species were consumed (CDFG, 1988 and on-going;
Fan et al., 1988; SIV Drainage Program, 1990b; CSFBRWQCB, 1992a; b).

A biological opinion and formal consultation by the USFWS and NMFS (1998 and
amended, 2000) on USEPA’ s proposed California Toxics Rule (Proposed Rule for the
Promulgation of Water Quality Sandards: Establishment of Numeric Criteria for Priority
Toxic Pollutants for the State of California, 1997 and amended, 2000) found that the
USEPA criterion for Se jeopardizes severa Bay-Delta or SIR fish [Delta smelt (Hypomesus
transpacificus), Sacramento splittail (Pogonichthys macrolepidotus), steelhead trout
(Oncor hynchus mykiss) and chinook salmon (Oncor hynchus tshawytsch], birds [California
light-footed rail (Ralluslongirostris levipe), California clapper rail (Ralluslongirostris
obseletus), Californialeast tern (Sterna antillarum browni), and marbled murrelet
(Brachyramphus marmoratus)] and amphibians/reptiles [giant garter snake (Thamnophis
gigas), and California red-legged frog (Rana aurora draytonii)] that are presently
endangered or proposed threatened species (Endangered Species Act, 1973). The agencies
recommend a 2 ug Se/L chronic criterion for protection of aguatic life for all waters within

range of the listed speciesto aid in their survival and recovery in critical habitats.
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e) State permitsfor Se discharges to private evaporation ponds used for agricultural drainage
disposal are limited only to a Se hazardous waste criterion of 1,000 ug Se/L (California
Code of Regulations, 1979 and as amended). These ponds, in the Tulare basin of the
southern SJV, are located in part of the Pacific Flyway heavily used by migratory birds. A
state health hazard warning for consumption of American coot was posted for a 16-pond
areain 1987 (CDFG, 1987; SJV Drainage Program, 1989; 1990b). A 10-50% rate of
embryo teratogenesis was documented during the period 1987 to 1990 (Skorupa, 1998a; b).
An attempt to regulate evaporation ponds on the basis of field observations of bird impacts
was not adopted in lieu of altering drainage evaporation pondsto limit bird-use (i.e., “bird-
free” ponds) and provision of compensatory and alternative wetland habitat (CSWRCB,
1996a). Deformed birds also were found in 1996 at a constructed solar evaporation pond
used as part of a drainage reduction plan. Theincidence of teratogenesisin black-necked
stilt (Himantopus mexicanus) (56.7%) was the highest ever reported (Skorupa, 1998a).

f) Federal (40 CFR 131.12) and state (CCVRWQCB, 1994a; 1996a) anti-degradation policies
may apply to the impaired water quality segment of the SIR or the groundwater aquifers of
the SIV. In addition to the degradation of the SIR noted above, mobilization of Se by
irrigation and contamination of ground water have resulted in concentrations of Se greater
than 1,000 ug/L Se (a hazardous waste; California Code of Regulations, 1979 and as
amended) in some aquifer locations of the SIV (Deverel et al., 1984).

. Human health advisories against consuming Se-contaminated edible tissue of fish [bluegill

(Lepomis macrochirus) and largemouth bass (Micropterus salmodes)] and birds (ducks and

coots) are presently posted for the SIV (CDFG, 1985 and on-going; 1986 and on-going; Fan et

al., 1988; SV Drainage Program, 1990b). Advisories also exist for eating birds (scoter and
scaup) from the Bay-Delta (CDFG, 1988 and on-going). The advisories are issued when Se

concentrations in flesh reach or exceed 2 ug/g wet weight [6-12 pg/g dw, assuming 65-85%

moisture] (SIV Drainage Program, 1990b; Saiki et al., 1991) and restrict human consumption to

not exceed 112 grams of flesh per one- or two-week period or 20 grams of fish or bird muscle
per day in addition to the regular daily intake (Fan et al., 1988). Children and pregnant women
are advised not to consume any game from the posted areas.

Important gaps also occur in existing knowledge (Luoma and Fisher, 1997; Clements, 2000).

Most Se studies have taken place in wetlands and in freshwater reservoirs. Thereisadeficit of
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knowledge about the fate and effects of Se in estuarine environments similar to the Bay-Delta,
and important data gaps exist for specific regions of the Bay-Delta. Many of the processes and
mechanisms that determine Se impacts may be known generically, but are less well known in
the Bay-Delta. On the other hand, knowledge of some of the most complex processes—
influences of speciation, mechanisms of bioaccumulation, food web transfer, and effects on

predators—is probably better known for Se than for many other contaminants.

In this paper we primarily:

describe Seissues and their history in the SJV, the SIR, and the Bay-Delta;

project potential loading of Se from the western SJV resulting from engineering solutions and
management alternatives proposed historicaly;

detail the state of knowledge of the processes that determine the fate and effects of Se released
to the Bay-Delta;

summarize existing knowledge concerning Se contamination in the Bay-Delta ecosystem,
characterize existing knowledge for each set of processes that link loads and effects;

forecast concentrations, form, bioaccumulation, trophic transfer, and effects of Se on predators
for several |oad scenarios; and

define research needs and actions that might help narrow the uncertainties about proposed

discharges of Se to aquatic ecosystems.

Selenium inputs to the Bay-Delta are changing, or could be changed, by activities expected to occur
within the Bay-Delta and in the SIR/SJV watershed (see specific listing in next section). Forecasts of
the effects of such changes are essential to a holistic, successful restoration or rehabilitation of the Bay-

Delta. Scientific data and models are necessary to develop such forecasts.

ISSUES ARE CHANGING

The probability is high that inputs of Seto the Bay-Deltaviathe SIJR or an artificial conveyance
such asthe SLD will increase in the future. The SJR isthe only current means (i.e., the only natural
channel) by which Se and salts can be removed from the SJV. The SJR is hydrologically connected to
the Bay-Delta, but recycling back to the SJV occurs viathe Delta-Mendota Canal. Changesin Se
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discharges to the SIR will be manifested in these downstream receiving waters (i.e., south Delta,
Suisun Bay, Carquinez Strait, San Pablo Bay) to the extent that those waters are managed so that they
reach the downstream estuary ecosystems.

Existing policies for the western SJV are probably not sustainable [Wanger, 1994; Stevens and
Bensing, 1994; CSWRCB, 1997 and 1999a; d; Westlands Water District (WWD), 1996; 1998; U.S.
House of Representatives, 1999; Hug et al., 2000]. Soil and ground water quality are deteriorating in
un-drained lands (SJV Drainage Implementation Program, 1998); disposal sites of sufficient scale for
collected drainage (e.g. at Kesterson National Wildlife Refuge and Tulare Basin evaporation ponds)
have resulted in adverse ecological effects (Skorupa, 1998a). Effects of several disposal options for
drainage have long been discussed, environmental impact reports prepared, and engineering studies of
the problem made (Table 1) [e.g., USBR, 1962; California Department of Water Resources (CDWR),
1965a; b; 1969, and 1974; USBR, 1978; SJV Interagency Drainage Program, 1979a; b; Brown and
Caldwell, 1986; SJV Drainage Program, 1990a; SJV Drainage |mplementation Program, 1998). As
discussed later in more detail (also see Appendix A), many studies of Se contamination have provided
insufficiently holistic evaluations of the problem. These studies do not adequately account for linked
factors that determine effects of Se on the aquatic food web and higher trophic levels.

Salinization and Se contamination issues in the western SIV ultimately stem from the geologic
setting, an imbalance in the hydrologic cycle, and clay layers impeding drainage (SJV Interagency
Drainage Program, 1979a; CH2M HILL, 1988; SJV Drainage Program, 1989; 1990a). High
evaporation rates in the semi-arid climate cause salinization of valley soils; the saltsarerichin Se
because of the geologic origin of the soils. Salt build-up will inevitably reduce agricultural potential.
Irrigating soils and draining the irrigation waters into buried, perforated pipe help alleviate salinization.
This drain water is then collected, and transported to a disposal site. The waters draining from the
saline soils are not only elevated in salts, but are especially elevated in Se (Presser and Ohlendorf,
1987). Where drainage has been halted, Se is accumulating in the internal reservoir of ground water in
the SJV (SJV Drainage Program, 1990a; SIV Drainage | mplementation Program, 1998; WWD, 1996;
1998). The accumulation of salts and contaminants in ground water will, eventually, impede beneficial
use of thisresource (CSWRCB, 1985; 1987; 1994; 1999&; d; CCVRWQCB, 1988; 1996a; 1998b).
Where drainage water is being collected, its disposal resultsin increases in Se contamination of surface
water resources, with possible effects on ecological integrity (see mandated environmental reviews for

proposed SLD in 1965, 1975, 1977, 1979, 1981, 1984, 1985, 1987, 1991, 1994, and 1999, Table 1).
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No feasible engineering solutions yet exist for treating irrigation drainage to remove Se from the water-
column, at least not at the scale necessary to alleviate the problem of waste disposal (Hanna, et al.,
1990; SIV Drainage Program, 1990a; SJV Drainage |mplementation Program, 1999a).

In August 1999, the California State Water Resources Control Board (CSWRCB, 1999d) held an
agricultural drainage discharge workshop in which it was decided to go forward with a memorandum
of understanding that would begin permit applications and environmental documentation for a master
drain (i.e., an extension of the SLD) to remove salts from the western SJV. Asin earlier proposals, the
final point of discharge of this drain was the Bay-Delta. This action was an effort to seek relief for
Californiafarmers. Environmental groups remain opposed to studying the drain as an alternative
solution to source control implemented through a number of measures including water conservation,
drainage reuse, and land retirement (i.e., cessation of irrigation in areas of elevated Se concentrations
in shallow ground water). Nevertheless, during the next few years, federal and state agencies may be
required to evaluate proposals and discharge permits that could significantly change Se inputs to the
Bay-Delta. Particularly affected would be the SIR watershed, the south Delta, and the North Bay,
which includes Suisun Bay and San Pablo Bay (Figures 3 through 5).

The proposals could include the following:

e Assdtated above, a 100-mile extension of the existing SLD is being proposed to aleviate the
build-up of saltsin agricultural soils and the aguifers of the western SV by removing salts
fromthevalley. The SLD would convey subsurface agricultural drainage from the western SIV
to adischarge point near Chipps Island in Suisun Bay (Figures 4 and 5). This extension of the
SLD would result in increased Se loading to the Bay-Delta.

e Current projects allow discharge of agricultural drainage into the SIR. Renewals are underway
of the federal agreement and state permit to allow an existing 28-mile section of the SLD to
convey subsurface agricultural drainage to the SJR. Load targets and management alternatives
are under negotiation. A net increase or an increase during some months (i.e., during high
flows) in Se discharges to the SJR is possible in the future. These Se loads discharged from
this de facto drain could reach the Bay-Delta under some types of river discharge and
management scenarios.

e Inresponse to state regulated salinity objectives and USEPA’ s regulation of non-point source
pollution through TMDLSs (Total Maximum Daily Loads), rea-time dilution of salt, Se, boron

or dissolved oxygen could occur in portions of the SJR. This approach would change the
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amount and timing of Se loading to the Bay-Delta (CCVRWQCB, 1994b; 1996a; 19983;
CSWRCB, 1997; 1999a; USEPA, 2000) as |oads are integrated with flows.

Linked to the above issue is proposed restoration of the SIR by increasing flowsin the river to
aid fish passage (National Resources Defense Council et al., 1988; CALFED, 1999a; URS
Greiner Woodward Clyde, 2000).

Changesin Se inputs will also be influenced by decisions about drainage of salts from the SJV.
A recent state water right decision requiring the USBR to meet salinity objectivesat Vernalis
on the SJR and at three locations in the interior of the southern Delta (CSWRCB, 1994; 1997,
1999a; EA Engineering, Science and Technology, 1999) and a state program aimed at salt
reduction (CCVRWQCB, 2000a) will affect management alternatives. Currently, the salinity
objectives adopted in 1991 are violated most months of the year (67 to 78 % from 1986 to
1998).

Physical changes in water management could result in greater inflows into the Bay-Deltafrom
the Se-laden SIR. The 1994 Bay-Delta Water Accord (CSWRCB, 1994) mandated greater
inflows to the Bay-Deltafrom the SIR. Inflows of Se from the SIR have traditionally been
small compared to other sources (Cutter, 1989; Cutter and San Diego-McGlone, 1990; Johns et
al., 1988), because most of the flow of the SIR was recycled back through the Delta-Mendota
Canal to the SJV before it reached the Bay-Delta (Figures 3 and 5). Changes in water
management could reduce recycling and thus increase throughput to the Bay-Delta.
Construction of an isolated conveyance facility (a Peripheral-Canal-like water conveyance
alternative) or modifications of current diversion and export channel dimensions could also
result in an exchange of Sacramento River inflow for SIR inflow to the Bay-Delta (CALFED,
1998a; b). Any activity that resultsin more SJR inflow entering the Delta or Bay will result in
more Seinput to areas that are part of the recently enacted Bay-Delta Ecosystem Restoration
Plan (CALFED, 1998a; b and 1999z, b; c; d).

Refineries have reduced their Se discharges due to mass emissions reduction regulations (Table
2) (CSFBRWQCB, 1992a; b; 1993). In July 1998 refineries were required to meet the goals set
by the CSFBRWQCB (1996; 1997). This means that concentrations of at least some forms of
Se (i.e., selenite) in the Bay-Delta are decreasing (Cutter et al., in preparation), and that the

predominant cycling pathways could change. In Belews Lake, North Carolina, for example
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(Lemly, 1997a), exposures of fish to Se changed from water column-based pathways to
sediment-detrital pathways after sources were eliminated.

Refinery Se was dominated by selenite; Se from the SIV is dominated by selenate, with some
apparent conversions to organo-Se in receiving waters (Cutter, 1989; Cutter and San Diego-
McGlone, 1990, CSFBRWQCB, 1992a; b; 1996; 1997). Thus the predominant biogeochemical
transformation pathways and bioavailability of Se could change as the predominant sources to
the Bay-Delta change.

Changes in residence times of water in the south Delta and the North Bay could result from
changes in water management. For example, greater diversion of water (another possible
outcome of changes in water management) could result in increased residence timesin the Bay-
Delta during some times of year. Mean hydraulic freshwater residence times in Suisun Bay
were estimated at 0.5 days during periods of high flow and at 35 days for period of low flow
(Walterset a., 1985). Longer hydraulic residence times seem to be associated with greater Se
contamination in the food web (Lemly, 1997a; Zhang and Moore, 1997a; Skorupa, 1998a).

Biological changes aso are occurring in the ecosystem, and some of these appear to affect Se

cycling. These changes include:

The dominant consumer organism in the Bay-Delta changed with the invasion of the Asian
clam Potamocorbula amurensisin 1986 (Nichols et al., 1986; Carlton et a., 1990; Brown and
Luoma, 1995b). It is possible that this speciesis especialy efficient at bioaccumulating Se,
although studies directly addressing the mechanisms of Se bioaccumulation by P. amurensis
are not yet complete (Brown and Luoma, 1995a; Luoma and Linville, 1997; Linville and
Luoma, in press). Invasion of this species was helped by a depauperate benthic community in
mid-1986 and the complexities of salinity gradients and hydraulic residence times present in the
North Bay (Cloern and Nichols, 1985; Peterson et a., 1989; Nichols et al., 1986).

One implicit goal of a successful restoration isto develop a more complex, native species-
dominated food web (CALFED, 1998a; b and 1999a; b; c; d). Selenium might bioaccumulate
more efficiently through more complicated food webs (a question under study), which raises
the question of the compatibility of existing or greater levels of Se contamination with
restoration goals.
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e The cause of the declines of some key speciesin the Bay-Delta (e.g. white sturgeon,
Sacramento splittail, starry flounder, surf scoter) may include Se effects on reproduction and
ultimately, survival of the population. Increased Se in the Bay-Delta could increase that threat.

e Marshrestoration in the Bay-Delta, if accompanied by increased Se discharges, could result in
trapping and recycling of increased quantities of Sein the system, with the possibility of greater
Se contamination in some species. Under the worst scenarios, it is conceivable that
management of concomitant issues—water and salt management—rather than Se contamination
could create another ecological crisisin the Bay-Deltasimilar to that created at Kesterson
National Wildlife Refuge.

Refinements of Se water quality criteria, especialy for the Bay-Delta, also are likely. The current
USEPA promulgated national Se chronic criterion for the protection of aquatic life (5 ug Se/L) is based
upon bioaccumulation-related toxicity observed in Belews Lake and Hyco Reservoir (USEPA, 1987
and 1992). The USFWS recommends a criterion of 2 ug Se/L., based upon a series of case studies of
Se contamination and effects on birds in western wetlands (Skorupa, 1998a; USFWS and NMFS, 1998
and amended 2000). The Canadian criterion for wildlife protectionis 1 ug Se/L (Environment
Canada/Health Canada, 1995; Outridge et al., 1999). The technical limitations of the basisfor the
existing water quality criteria raise questions about their suitability as the sole standard to assure
protection of the Bay-Delta. As stated previously, Se concentrations were below all recommended
guidelinesin both the Delta and the Bay in the latest surveysin 1996. Nevertheless, Se in the food web
was sufficient to be a threat to some species and a concern to human health if those species were
consumed (Table 2) (Linville and Luoma, in press; CDFG, 1988 and on-going; Fan et al., 1988;
CSFBRWQCB, 1992a; b). The Bay-Deltais probably best suited for site-specific Se guidelines, but
the details of such guidelines have yet to be identified.

APPROACH TO UNDERSTANDING CHANGING ISSUES
In this evaluation of Seissues we systematically describe the linked factors that determine effects
of Se on aguatic food webs and higher trophic levels (see conceptual model, Figure 2). Thisholistic
approach to the issue differs from earlier attempts to skip links in tying waterborne Se to the effects of

the element. We propose that the holistic approach offers opportunities to more accurately project
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ecological effects from loads and to identify resolutions of the difficult questionsinvolved. The steps
that are considered include:

e Projecting loads from the potential sources of Se. Selenium loads projected from available data
on concentration and drainage volume provide the basis for determining the upper and lower
limits of Se discharge from the western SJV that can be expected to enter the Bay-Deltavia
either a proposed direct conveyance to the Bay-Delta or the SIR. Analyzing the annual,
monthly, daily, and hourly variability of Seloading is necessary to address trends and patterns
in discharges. The accuracy of Seload calculations on any time-scale is dependent on the
number and frequency of the measurements taken to determine flow and Se concentration
(Presser et. a., 1996). Large uncertainties are associated with data compiled for annual average
loads of Se from agricultural and natural sources. Annualized, generalized averages of
concentration, flow, and load hide infrequent samplings, sampling that does not reflect flow-
dependent concentration changes, or spatially dispersed samplings. Annua average data used
here, although documented as to source and type (see Appendices A through D), should be used
with caution and are applied here to obtain ranges of projected Se loads.

e |dentifying implications of the modes of conveyance that determine transport of those Se loads
to the Bay-Delta. A SLD extension or the SIR are the most likely modes of conveyance
(Figures3 and 5). The SIR was mostly recycled during the period when studies of Se were
conducted in 1986 to 1990, so little Se reached the Bay-Delta from this source. The passage of
SJIR inflows into and through the Deltais not well known at present, but hydrologic models
exist that can be used as frameworks for future modeling (e.g. Cheng et al., 1993; Monsen,
2000). Throughput of SJR inflows could be influenced by changes in water management to aid
fish passage including construction of elaborate Delta barriers and scheduling of flushing flows.
If aSLD extension is constructed to Chipps Island in the Delta (Figures 4 and 5), Se and salts
from the soils of the SIV would be released directly into the Bay-Delta.

e Identifying effects of projected |oads on concentrations in receiving waters. Loads and
seasonal variability in Sacramento River and SIR discharges are critical considerationsin
determining concentrations in the Bay-Delta.

¢ Identifying changesin and implications of biogeochemical speciation of Se and biogeochemical
transformations of Se between dissolved and particulate forms. Speciation of Seiscritical in

that it drives routes and efficiency of transformation of Se from dissolved to particulate forms.
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Understanding particul ate Se and its speciation cycleis critical in determining biological
effects.

e Incorporating factors controlling the bioavailability and biotransfer of Se to macroinvertebrate
primary consumers under the different concentration and speciation conditions.
Bioaccumulation of Seis primarily determined by the form and concentration of particulate Se
(food).

e Determining exposure of sensitive predators from projected Se concentrations in invertebrate
and vertebrate prey in the Bay-Delta ecosystem. Existing data from 1988 to 1999 for Se
concentrations in bioindicator clams show elevated levels compared to uncontaminated
reference areas (Johns et al., 1988; Brown and Luoma, 1995a; Luoma and Linville, 1997;
Linvilleand Luoma, in press). Exposure of predatorsis determined by the level of
biocaccumulated Se in these prey organisms (CSFBRWQCB, 1992a; b; 1993; 1996; 1997).

e Estimating effects of Se on predators from tissue residues. Adverse effects have not been
demonstrated in predators in the Bay-Delta primarily because of the complexity of reproduction
in the most affected species (Conomos, 1979; Conomos et al., 1985; Nichols et al., 1986; Davis
et a., 1991; Harvey et al., 1992; Monroe et a., 1992; and USFWS, 1995). Many threatened
species are not resident in the system all year. Through 1996, both Se concentrations in tissue
of predators and in their food pointed to threats to the reproductive health of the predators
(White et al., 1987; 1988; 1989; Cutter, 1989; Johns, et al., 1988; Cutter and San Diego-
McGlone, 1990; Urquhart and Regalado, 1991; San Francisco Estuary Project, 1991; 1992;
CSFBRWQCB, 1992a; b; Luomaet al., 1992; Brown and Luoma, 1995a; Luomaand Linville,
1997; Linville and Luoma, in press). However, such estimates of risk are derived from
laboratory and field studies conducted el sewhere (USEPA, 1998; Lemly, 1993a; 1995; 19964a;
1998a; Skorupa, 1998a; Engberg et al., 1998).

For each of the above factors, we define the principles that govern its influence and describe the

existing knowledge for the Bay-Delta.

SOURCES
The major sources of the Sein the Bay-Delta are (Figures 4 and 5):
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e discharges of irrigation drainage conveyed from agricultural lands of the western SJV viathe
SJR or potentially from an extension of the SLD;
e effluents from the North Bay refineries which refine crude oil from the western SJV along with
crude oil from other sources;
e Sacramento River inflows which is the dominant freshwater inflows (high water volume) to the
Bay-Delta; and
Effluents from Bay-Delta wastewater treatment plants and industries other than refineries are minor

sources of Se (Cutter and San Diego-McGlone, 1990) and will not be considered further.

Inputs of Selenium from Agriculturein the Western San Joaquin Valley

The problem
The Coast Ranges, which border the SIV on the west, are composed of marine sedimentary rocks

that are enriched in Se (Figures 3 and 5) (Presser and Ohlendorf, 1987; Presser et a., 1990). An
internal reservoir of salt (and by inference Se) has accumulated through 1.0 to 1.2 million years within
the SIV soils and aquifers as aresult of runoff and erosion from the Coast Ranges (Bull, 1964; Milam,
1985; McGuire, 1988; Deverel and Gallanthine, 1989; Gilliom et al., 1989; Presser et a., 1990; Presser
et al., 1994; Presser, 1994b). The most Se-rich region of the SV is the Panoche Creek aluvial fan
which supportsintensively irrigated land (Tidball et al., 1986; 1989). Salts and Se build-up on soils as
aresult of both the arid climate (i.e., less than 10 inches of precipitation and greater than 90 inches of
evaporation) and poor drainage (i.e., clay layersimpede downward movement of water causing water-
logging of the root zone).

The SIV has a net negative annual water budget (evaporation exceeds precipitation). Prior to
development of the water management system, a permanent shallow groundwater table only occurred
in groundwater discharge zones near the SJV trough. The present shallow ground water and attendant
subsurface drainage flows are mainly the result of water management including massive irrigation.
Micro-management seemingly has enabled agricultural production to continue at a high rate without
excessive abandonment of lands.

Massive irrigation leaches salt and Se and moves them into aquifers and surface waters. Installation
of subsurface drains increases the speed, volume, and control of the drainage of shallow groundwater

that impedes agricultural production. Collection of drainage from irrigated soils in drainage canals
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enables efficient discharge into surface waters. 1n 1960, both the federal government and the state of
California committed to provide irrigation and subsequent drainage of irrigation wastewater for the
Central Valley Project of the San Luis Unit of the western SIV (Public Law 86-488, 1960; California
Burns-Porter Act, 1960). A history of legislation and planning since the inception of amaster-drainis
givenin Table 1 and detailed in Appendix A. The San Luis Unit includes agricultural lands that total
over 700,000 acres in the Westlands, Panoche, Broadview, Pacheco, and San Luis Water Districts of
the Westlands and Grassland regions or subareas (USBR, 1981) (Figures 3 and 5). It was hoped that
the increased water supply (to satisfy moisture demand by climate and crops) would be balanced by
salt leaching and drainage, even though amounts of water required are on amassive scale (USBR,
1955; 1962; 1978; CDWR, 1979). Simple water and mass bal ance observations explain the

attractiveness of an engineering solution that would increase salt and water discharge from the SJV.

Prediction of long-term reservoir: how sustainable is discharge?

In planning for the envisioned hydrologic balance, a distinction was made between managing the
accumulated hydrologic imbalance (area of affected land) and managing the annual imbal ance (rate of
water tablerise) (CH2M HILL, 1988; SIV Drainage Program, 1989). Short-term objectives would
work toward hydrologic balance by stemming the rate of deterioration, while reclaiming existing
“problem lands” would require releasing from storage a large accumulation of water and salt.
Achieving hydrologic balance would not achieve salt balance. Salts would continue to accumulate in
the soils and aquifers of the SJV. Planned volume of drainage discharge increased over the 100-year
management period (USBR, 1978; 1983) (Appendix A, Table Al). Salt loads were calculated for a
period of 50 yearsinto the future, with a maximum release occurring after 40 years of discharge. Later
estimates (USBR, 1983) also planned for 100 years of discharge to the SLD, with aslowing in the rate
of increase after 40 years (Appendix A, Figure A3).

The geohydrologic balance of Se (or salt) ultimately determines the degree of contamination build-
up inthe SIV (Appendix A, Tables A2 and A3). The primary geologic inventory of Se in the Coast
Ranges is the ultimate source of influx. Drainage from the SJV is the source of efflux, whether natural
or artificially accelerated by engineering means. The internal reservoir of labile Sein SJV isgrowing
because the rate of removal of Se-enriched salts from the valley is naturally slow. In general,
calculations of the amounts of Se in the reservoir within the Panoche Creek alluvia fan also confirm
the massive nature of Se accumulation inthe SJV. Calculations based on two scenarios (Appendix A,
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Tables A2 and A3) show that no long-term reduction in Se discharge would be expected for 63 to 304
years at the lower range of reservoir projections, even if influx of Se from the Coast Ranges could be
curtailed. Drainage of wastewaters outside of the SV may slow the degradation of SJV resources, but
drainage alone cannot aleviate the salt and Se buildup in the SV, at least within a century, even if no
further inputs of Se from the Coast Ranges occur. On a current, specific scale: 1) the Panoche Creek
upper watershed Se load is a small percentage of the total annual load except during infrequent large
magnitude storms (Presser et al., 1990; Appendix B, Table B8); and 2) in 1998 (a wet year), 16% of
the Panoche Creek |oad was in the dissolved fraction and 84% was in the suspended fraction
(Appendix A, Table A3; U.S. Geological Survey, 1999; Kratzer, et al., in press). Selenium
concentrations in sediment samples, however, were relatively low historically and in 1998 (1-2 ug/g),
depending on the large mass of sediment eroded during storms to accounts for the large loading of Se
during runoff (Presser, et a., 1990; Presser, unpublished data). Dissolved Se in runoff samples ranged
from 31 to 85 pg/L in monitored stormsin WY 1998 (Appendix A, Table A3; U.S. Geological Survey,
1999; Kratzer, et d., in press).

Sel enium concentrations in source waters

The effect of the large reservoir of Se calculated above can be seen in the quality of the ground
water in the western SJV (Table 3). Extensive measurement and study of the groundwater aquifersin
the SJV have been made since 1917, but Se concentration analyses were not a part of water quality
studies until the 1980’'s (Mendenhall et al., 1916; Davis and Poland, 1957; Presser and Barnes, 1984;
1985; Deverel et al., 1984; SIV Drainage Program, 1989; 1990a). Average Se concentrationsin
drainage sumps in the area of the Panoche Creek aluvial fan range from 140 to 4,200 ug Se/L (Presser
and Barnes, 1985). These concentrations are reflective of shallow groundwater conditions as opposed
to managed drainage, which may be blended. Studiesin 1989 in the area of the Panoche Creek aluvial
fan showed Se concentrations ranged from 96 to 7,300 pug/L Seinindividual sump discharges or well
samples at depths up to 50 feet below land surface in areas served by subsurface drains (Gilliom et al.,
1989) (Table 3). The Se concentrations depended, in part, on the number of years the fields were
drained. The concentration of Se in subsurface drain water in the area of the wells ranged from 400 to
1,000 ng/L Se. A more recent compilation used in the evidentiary process (Wanger, 1994; Stevens and
Bensing, 1994; WWD, 1996) and in regulatory planning shows concentrations in shallow groundwater
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range from 75 to 277 pug/L Se (range of means) (SJV Drainage Program, 1990a; CCVRWQCB, 1996c¢;
d) (Table 3). Data presented in testimony and by the state (Table 3) project an average concentration
of Sein shallow ground water and hence, subsurface drainage, of at least 150 ug/L Sein the farming
areas affected by the Panoche Creek alluvial fan.

Most Se concentrations in shallow ground water listed in Table 3 are above those concentrations of
blended discharges presently regulated as oil refinery effluents (50 ug/L Se) and above the
concentration estimated that is possible with treatment (50 ug/L Se) (WWD, 1996). Most Se
concentrationsin currently regulated discharges to evaporation ponds in the southern SJV (Tulare and
Kern subareas, Figures 3 and 5) are above those associated with avian risk, and consequently
dischargers are required to provide mitigation and alternative habitat (CSWRCB, 1996c).

The effect of the large reservoir of Se on recent subsurface drainage flow and quality is generalized
from data collected during frequent sampling of drainage source water (i.e. current agricultural
dischargesto the SIR in WY 1997 and 1998 from the Grassland subarea, see Appendix B, Tables B9
and B10; and Appendix D) (USBR et al., 1998; 1999). Selenium concentrations in drainage are not
diluted when the volume of drainage increases, except in infrequent, extreme precipitation events
(Figure 6). Generally, more input of water to western SJV soils results in more Se transport and
increased Se load with increased hydraulic discharge. These observations from recently collected data
confirm the effect of irrigation in creating increased Se loads from the SIV. When considering Se
source waters as opposed to receiving waters, Se concentration in source waters will increase as more
irrigation water is applied and more discharge occurs. Therefore, Se loads increase over those seen
without irrigation. Testimony in the state water right hearing similarly confirm that the action of
irrigation supply (mainly from the Central Valley Project) isthe principal cause of the drainage
discharge of salinity, and hence, the cause of violations of water quality objectives for salinity for the
Bay-Delta (CSWRCB, 1999a).

Removal of salt (and Se) also is slowed by the recycling of the SIR (Figure 5). The SIR can be
almost completely diverted back into the SJV before it enters the Bay-Delta. In the past, recycling has
occurred during most months of the year and during all months of many years (USBR Central Valley
Operations Office, Daily Delta Outflow Computation; EA Engineering, Science, and Technology,
1999). Therecycled SIR water isthen used againinirrigation. As noted above, the degree of
recycling is determined by water management. Water management began changing toward less

recycling in 1994 and direct throughput of the SIR may increase in the years ahead to help restore SIR
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fish and fish habitat. A reduction in recycling and an increase in drainage discharge during seasons of
elevated flows are strategies for slowing the salinization of agricultural soils. However, management
to meet all goals including meeting the salinity standard for the SIR at Vernalisis complex. Strategies
may include the need for storage or holding ponds to optimize timed release of drainage and meet the
salinity standards for the SIR at Vernalis. Agricultural drainage outputs are not, in general,
coordinated with periods of high river flows (Appendix A, Figure A11).

Drainage management

Management plans have discussed “in-valley” and “out-of-valley” drainage management
aternatives. “In-valey” solutionsimply local storage and treatment of Se-rich drainage. Satisfactory
treatment technol ogies have not yet been demonstrated and storage does not seem sustainable (SJV
Drainage Program, 1990a). “ Out-of-valley” solutions mean export of the salt-laden drainage (and its Se
load) to somewhere else. The most frequently mentioned of these solutionsis an extension of the SLD
with discharge to the Bay-Delta.

Planning for adrain to carry salt-laden irrigation return water (and the accompanying Se) from the
SV beganin 1955 (Table1). An 85-mile section of the SLD was completed in 1975, to collect
irrigation drainage water from one section of the valley, the WWD (i.e., Figures 3 and 5, Westlands
subared). The SLD began discharging concentrated drainage water in 1981 to Kesterson National
Wildlife Refuge (Figures 3 and 5), a heavily populated bird sanctuary on the Pacific Flyway (USBR,
1986; Presser and Ohlendorf, 1987). The Kesterson National Wildlife Refuge ponds were used as
terminal evaporation ponds until the remaining miles of the canal could be built. 1n 1983 deformed
birds were discovered at Kesterson Reservoir, areservoir consisting of twelve ponds, at the discharge
point of the agricultural drainage. Subsequent monitoring revealed elevated levels of Sein the
organisms within the ponds (Saiki and Lowe, 1987). Avian deformities were ultimately linked to Se
exposure from food chain contamination (Ohlendorf et a., 1986; Presser and Ohlendorf, 1987). The
SLD was ordered closed by the U.S. Department of Interior in 1985 and the low-lying parts of
Kesterson National Wildlife Refuge were buried under 18 inches (46 centimeters) of imported topsoil
in 1988 (USBR, 1986). Elevated Se concentrations persist in the remediated terrestrial ecosystem at
Kesterson Reservoir (CH2M Hill, 1996; 1997; 1999a; 1999b; Presser and Piper, 1998).

Management of Se differed among regions (subareas) in the SIV in the 1990’'s. The five subareas
(i.e., Northern, Grassland, Westlands, Tulare, and Kern) of the western SJV were designated based on
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hydrologic and geologic features and on options for management of irrigation and agricultural
wastewater discharge (SJV Drainage Program, 1990a) (Figures 3 and 5). Selenium-laden wastewater
is stored as ground water in some areas of the valley. In others, drainageis collected in privately
owned evaporation ponds located on farms, although reproductive impacts, including teratogenesis
(deformation of young) and death of avian offspring, were observed in some of these ponds and
associated wetlands (Skorupa, 1998a). Some drainage is discharged into collector canals, sloughs, and
wetlands that eventually discharge into the SJIR. The Grassland Bypass Channel Project was
implemented in 1995 [i.e., water year 1996 (WY 1996); awater year begins in October] to again begin
to collect drainage from one area of problem lands and transport drainage viathe SLD to outside the
SIV. Drainage from the SLD is currently discharged into Mud Slough, atributary of the SIR (Figures
3 and 5). The goal isto remove drainage inputs from wetland supply channels, a nationa wildlife
refuge, and a state wildlife area by shifting drainage discharges further downstream into the SJR.
Degradation is occurring in asmaller area of ecosystems while phased-in management activities
potentially reduce loads from historic levels and thus attempt to comply with water quality standards
(USBR, 1995; USBR et al., 1998; 1999).

Forecasting loads of selenium: general consideratons

The problem of progressive soil salinization and the build-up of ground water contamination could
require collection of drainage from larger and larger areas of the SJV if agricultural activities continue
and adrainage outlet isavailable. A realistic, long-term evaluation of the potential for Se discharge
must fully consider both the present and the potential future extent of the problem (Appendix B).

Identification and classification of problem lands in the SJV took place as early as 1930 (Ogden,
1988). Since the 1950's, technical studies have estimated the extent of the acreage requiring drainage
under varying conditions of water import, water export, salinity, and groundwater levels. 1n general,
all of these early studies predicted aworsening fate if an out-of-valley drainage conveyance is not
provided. For example, in 1955, developers of the CVP' s San Luis Unit projected the acreage affected
by salinity would increase from 12,000 acresin 1967 to 35,000 acresin 1976 (USBR, 1978; Gaines,
1988; Ogden, 1988; Prokopovich, 1989). The water purveyors thought land requiring drainage would
increase from 96,000 acresin 1954 to 270,000 acresin 1967.

In more recent studies, the SV Drainage Program conducted “ comprehensive studies to identify the

magnitude and sour ces of the drainage problem, the toxic effects of selenium on wildlife, and what
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actions need to be taken to resolve these issues’ (SJV Drainage Program, 1989). Between 1985 and
1990, the joint federal/state program (SJV Drainage Program, 1990a) predicted areas of problem
acreage (land characterized by water-logging and related water quality problems) and volumes of
problem water (the annual drainage water volume that must be managed because of adverse impactsto
agriculture or aguatic resources) (Appendix B). The program developed an “in-valley” management
plan for agricultural subsurface drainage with specific management alternatives (SJV Drainage
Program, 1989; 1990a). The goal was to make progress both in managing and treating drainage-water
toxicants and devel oping long-term solutions to address the elevated groundwater conditions and the
annual salt build-up that eventually limit the uses of valley lands and ground water. The SJV Drainage
Program’ sregional studies and data provide much of the information used in our assessment of loads
from the subareas of the SIV (Appendix B). The benefits expected, during the 50-year management
period, included continued agricultural production at present levels without predicted abandonment of
lands due to salinization; and restoration/protection of fish and wildlife resources from the adverse
effects of Sein receiving waters. Recommended monitoring based on the developed regional
framework, if implemented, would add site-specific data and analysis necessary for long-term success
of the SIV Drainage Program. Recommendations for treatment technigues were not included because
success of technology on alarge-scale was not proven as of 1990 (SJV Drainage Program, 1990a).
Implementation of the management plan was only partial and systematic monitoring and data analysis
has not occurred (SJV Drainage Implementation Program, 1998).

The SJV Drainage Program management plan (1990a) estimated a problem area of 444,000 acres
would create 314,000 acre-feet (AF) of problemwater annually by the year 2000. The problem area
would increase to 951,000 acres with an increase in problem water to 666,000 acre-feet by year 2040.
For these estimates of acreage, the SV Drainage Program used a criterion of sufficiently elevated
salinity and boron concentrationsin ground water to limit use of the water and affect crop selection
(i.e., lands with an actual drainage problem). The SJV Drainage Program also estimated acreage with a
potential drainage problem using a criterion of an area with a shallow ground water within O to 5 feet
of land surface. Using this criterion, estimates ranges from 765,000 acresin 1990, to 918,000 acresin
year 2000, to 1,057,000 acres in year 2040. Using the criterion of lands contributing the largest
percentage of selenium to drainage discharge (i.e., lands overlying areas of shallow ground water with
selenium concentrations of greater than 50 wg/L), 264,000 acres were projected as affected in 1990. It

was estimated that 84,000 acres of land would have to be abandoned by 2000 and 460,000 acres by
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2040 if the SIV Drainage Program management plan was not implemented. Land retirement
recommended by the SIV Drainage Program by 2000 was 21,000 acres and by 2040, 75,000 acres.

Further documentation provided in 1992 for the San Luis Unit Drainage Program simply stated that
all the mgjor USBR and interagency studies (Table 1, 1955; 1962; 1964; 1972; 1979; 1984; and 1990)
found similar magnitudes of the drainage problem (USBR, 1992). Asnoted in recent testimony given
in state water right hearings, the total acreage of lands impacted by rising water tables and increasing
salinity is approximately 1,000,000 acresin the SJV (CSWRCB, 1999a). A recently instituted land
retirement program has identified willing sellers of up to 15,000 acres in the Westlands and Tulare
subareas and has acquired several hundred acres as of 1998 (U.S. Department of the Interior, 1999;
SJV Drainage Implementation Program, 1999b).

How to determine load

One approach to forecasting Se loads is to examine historic records and planning efforts for
agricultural discharges with the goal of devel oping relations between acreage, drainage generated or
discharged, Se concentration, and load of Se. Forecastsin this report were based on historical,
annualized drainage volumes and assigned concentrations because these are the data and tools
available (Appendix B). Recent monitoring programs have failed to collect the data necessary to
develop cause and effect relations, for example, between Se distribution and concentration in ground
and surface water and implementation of management actions. The limitations of the available record
are significant (Appendices C and D and see discussion of each subarea); nevertheless, broad estimates
arefeasible.

Management of Se loads involves three factors (SJV Drainage Program, 1990a):

e Acreagerequiring drainage. Acreage isexpressed as either the extent of problem acresor tile-
drained acres. Problem acres generate a generic problem water as an expression of the extent
of affected acres. In our context, tile-drained or subsurface drained acres would be expected to
generate concentrated drainage as opposed to problem water. Neither categorization
adequately addresses the regional pooling of drainage to include upslope components. In our
analysis, the distinction made between problem water and subsurface drainage helpsin
forecasting future loads by enabling an assignment of water quality based on this distinction.

e The volume of drainage generated per acre. A factor isapplied (acre-feet per acre) to the

amount of affected acreage (acres) to estimate the amount of drainage generated (acre-feet).
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The average annual volume of problem water generated from problem lands under conditions
in 1990 was estimated as 0.7 acre-feet per acre per year (SJV Drainage Program, 1990a). The
SJV Drainage Program predicted that changes in on-farm drainage management practices could
reduce the volume generated to approximately 0.4 acre-feet per acre per year. Recent updates
of conditionsin the Grassland subarea show an average annual volume per acre of 0.38 to 0.47
acre-feet per year (Appendix B, Table B8). An average annual pollution abatement objective of
0.2 acre-feet per acre per year has been considered as necessary to meet Se load limitsin the
Grassland subarea (Environmental Defense Fund, 1994).

e Theconcentration of Seintheirrigation drainage. Reconnaissance-level dataon Se
concentrations in shallow ground waters are available from all areas (Table 3) (Deverel et al.,
1984; SJV Drainage Program, 1989; 1990a). The concentration of Se in effluent drainage
reflects a managed balance of input, output, and storage. Treatment technologies (mostly
unspecified) or dilution with Se-poor water (blending) can be used to reduce concentrations
below those found in shallow ground water. Most technical evaluations have not applied
concentrations to estimates of drainage volumes to calculate potential loads of Se (e.g., SIV
Drainage Program, 1990a).

All three factors can vary greatly depending upon assumptions about management strategies. Two
possible alternative management futures were defined by SJV Drainage Program: 1) no
implementation of the SIV Drainage Program management plan, 0.60 to 0.75 acre-feet per acre per
year generated drainage, namely, “without future” and 2) with implementation of the SV Drainage
Program management plan, 0.40 acre-feet per acre per year generated drainage, namely, “with future”
(SJV Drainage Program 1989 and 1990a). A third condition defined for use in our projectionsis called
“with targeted future”. The “targeted future” condition applies afactor of 0.20 acre-feet per acre per
year of generated drainage, exemplifying the lowest, although probably not realistic, irrigation water
return. The “without future” alternative, in which the management plan is not implemented, result in
less volume of drainage because of the predicted abandonment of approximately 84,000 acres of land
due to salinization by the year 2000 (Appendix B, Tables B11 through B17). If the SV Drainage
Program plan were implemented, the amount of drainage would be reduced to 0.4 acre-feet per acre per
year, but the total land in production would be preserved.

We employ a mixture of metric and English unitsin the forecasts and the following discussion.

Thisis unconventional for a scientific report, but is done here to aid communicating our study to the
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widest audience in the most recognizable terms. The agricultural discharges of Se are expressed as
loads of Sein pounds (Ibs); areais described in acres and volume of discharge is expressed in acre-feet
(AF) or million acre-feet (MAF); Se concentrations are expressed as ug Se/L (equivalent to the
regulatory term ppb), or ug Se/g (equivalent to the regulatory term ppm). Conversion between these
units and scientific units, which are used in the analysis of Se ecological effects, can be found in Table

4. Selenium load (in pounds) is calculated using the equation:

[Se concentration (ug Se/L or ppb) X volume of drainage (acre-feet)] X 0.00272 = load of Se (Ibs),
or

[Se concentration (ug/L) X [(acres) X (acre-feet per acre)] X 0.00272 = load of Se (Ibs),

where 0.00272 Ibs Se per acre-foot is equal to a concentration of one part per billion (ug/L) Seinan

acre-foot of water.

Characteristics of agricultural subareas

The links between demands for drainage and estimates of potential loadings of Serequire
consideration of specific agricultural subareasin the SIV (i.e., Northern, Grassland, Westland, Tulare,
and Kern subareas, Figures 3, 5 and Appendix B). Evaluation of issues requires understanding the
history, agricultural activity, and geohydrologic characteristics of these subareas. A brief summary is
given below for each subarea designated by the SIV Drainage Program (1989 and 1990a). Datagiven
in bold in parentheses is from the SJV Drainage Program (1989).

e Westlands Water District (WWD) and Subarea (770,000 total acres; 576,000 irrigated acres,
5,000 acres with subsurface drains, relieving salinization in 42,000 acres).
The Westland subarea (Figures 3 and 5) was the first to discharge irrigation drainage to the SLD, as
noted above. This drainage was released into Kesterson National Wildlife Refuge from 1981 to 1986.
Asaresult of the ecological crisis associated with the Kesterson National Wildlife Refuge, Westlands
subarea now has a"no discharge” policy. Drainage isrecycled onto farmlands and/or “stored” in the
underlying groundwater aquifers, where irrigation and aquifer supplies are used for dilution.
Currently, asaresult of aU.S. Court of Appeals decision (Hug et al., 2000), the USBR is ordered to
initiate the process to provide drainage service to the San Luis Unit. The specifics of such drainage

service have not been provided.
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The data record from the Westland subareais particularly limited with no specific monitoring for Se
since closure of the SLD in 1986. Only data on groundwater elevations are available in the area most
impacted by geologic sources of Se (WWD, 1998). Thisareais potentially the greatest generator of Se
load in the SIV because it, more than any other subarea, encompasses the Panoche Creek alluvia fan
area (Presser et al., 1990). Thisfan and interfan area receive the most seleniferous runoff and erosion
from the Coast Ranges (Tidball et al., 1986; 1989; Presser, 1994b). Used here are the estimates of
areas of shallow groundwater that impact farming presented in management plans, testimony, and a
recent status report by WWD (1996; 1998). Westlands Water District contended (CSWRCB, 1985)
that the 5,000 drained acres actually represented drainage from 42,000 acres because of the downslope
location of the drainage collection system.

Historic management plans predicted 170,000 acres of the WWD would be affected by salinization
by the year 2000 and 227,000 acres would be affected by 2040. It is estimated that immediate drainage
needs exist for 200,000 acres, resulting in 60,000 acre-feet of drainage per year (e.g., 200,000 acres X
0.3 acre-feet per acre = 60,000 acre-feet) (USBR, 1992; WWD, 1996) (Appendix B, Table B2). No
formal long-term stipulations control the ultimate fate of the drainage water in the WWD, but pressure
to discharge Westlands subarea drainage into a completed SLD extension to the Bay-Deltais
increasing as lands become waterlogged, the quality of the soils declines, and ground water quality
declines.

Because discharges from the Westlands subarea were discontinued in 1986, no current direct
measurements of effluent quality are available. Historic discharges provide some guidance. Average
Se concentrations that were discharged to Kesterson National Wildlife Refuge from the historic SLD
ranged from 330-430 pg/L Sein 1983 and 1984 (CSWRCB, 1985; Presser and Barnes, 1984; 1985)
and as quoted from regulatory documents, from 230-350 ug Se/L (Table 3) (WWD, 1996). This
resulted in 4,776 |bs per year of Se discharge and a discharge of 17,400 Ibs to Kesterson Reservoir over
the period of discharge (USBR, 1986) (Appendix B, Table B1). We will term a cumulative 17,400 Ibs
load of Se as 1 kesterson (kst). The use of this unit provides perspective on the quantity of Se that was
a hazard to wildlife when released directly to awetland (Presser and Piper, 1998).

Testimony in recent legal proceedings summarized the datafor Sein broader areas of shallow
ground water in the WWD (Table 3). Mean concentrations ranged from 163 ug/L to 300 pug/L in
different studies. The USBR suggested the most likely estimate of average Se concentration in shallow
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ground water is 150 pg/L. With treatment or blending, management plans asserted that concentrations
could be reduced to as low as 50 ug/L.

e Grassland Subarea (707,000 total acres; 311,000-329,000 irrigated acres; 51,000 drained acres).
The Grassland subarea is the second subarea requiring drainage included in the original agreement to
provide drainage service (see San Luis Unit, Delta-Mendota Service Area, Table 1). Thisareaof the
western SV isto the north and downslope of the WWD (Figure 3; SV Drainage Program, 1990a).
The Grassland subarea contains 70,000 to 100,000 acres of land that have historically contributed the
majority of subsurface drainage to the SIR (Appendix B, Table B3). The adjacent Grassland federal,
state, and private riparian wetlands contain the largest tract of habitat remaining in the SIV. Varying
lengths of the complex channel system within the wetlands have been and are currently utilized to
convey agricultural drainage to the SIR. Mud and Salt Sloughs (Figures 3 and 5) are examples of
tributaries that flow through the wetlands of the Grassland Resource Conservation District and the San
Luis National Wildlife Refuge Complex. In 1995, the discharge from approximately 100,000 acres of
farmland was consolidated into a 28-mile segment of the original SLD (renamed the Grassland Bypass
Channel Project) in order to reduce contaminated wetland water supplies, but the inputs to the SIR
remain unchanged (USBR, 1995).

The available historical record from the Grassland subarea includes data from discharges to the SIR
that were collected mainly to compare Se concentrations in the river to water quality objectives (Table
5; Appendix B, Tables B4 to B7; and Appendix C, Figure C1). Only recently have measurements or
estimates of flow been conducted consistently, so limited data exists to determine Se loads (USBR et
al., 1998; 1999). Historic datafrom the CCVRWQCB that document Se and salt loading to the SIR
were recently reviewed (CCVRWQCB, 1998f). Limitations were described in measuring flow and
concentration and in the methodology used to calculate |oads and regulatory targets.

The effects of Se discharges on water quality are monitored for the SIJR at Crows Landing (below
Mud and Salt Sloughs and downstream of the Merced River), Patterson, and Vernalis (Figures 3 and
5), where the SIR enters the Delta (Table 5). The monitoring shows that:

0 Theload of Seisvariable from year-to-year from 1986 to 1998. Loads vary at the upstream
source from 5,083 to 11,875 |bs per year among years; at Crow’s Landing they vary from 3,064
to 14,291 Ibs per year (Table 5).

0 Thevariability inload isat least partly driven by precipitation, with larger loads in wet years

than in dry years (Appendix A, Figures A9 and A10).
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0 Estimated Seloadsin the source waters (i.e., agricultural drains or canals) differ from load
estimates for the SJR monitoring sites. Some downstream estimates are higher and some are
lower than the drainage source estimates. The difference among sitesis usually small compared
to the year-to-year variability in the initial load except for unusually wet years (e.g., 1995 and
1998). Reductionsin downstream loads may occur because of uptake by sediment and biota
(Presser and Piper, 1998).

0 Besideshiochemical reactions, some of the variability among sites undoubtedly occurs because
the monitoring data have important deficiencies (Presser and Piper, 1998). As of 1999, the
monitoring did not include determinations of particulate Se, Se speciation, Se in sediments, or
sufficiently frequent analyses to accurately depict loading during variable flows. Discharge
schemes that involve regulating concentrations or loads in the SIR will require more reliable
monitoring.

Despite some deficiencies, Se concentrations in the drainage from the Grassland subarea are better
documented than in other subareas. Monthly average total Se concentrations in blended drainage
ranged from 40 to 105 ug Se/L in 1997 and 1998 (USBR et al., 1998; 1999) (Appendix B, Tables B9
and B10). Thedaily range was 15 to 128 ug Se/L. over this period (Appendix D, Figures D15 and
D16). The annual average Se concentration observed in collected drainage from the Grassland area
was 62 png/L in WY 1997 and 67 pg/L in WY 1998 (Table 5 and Appendix A, Tables B9 and B10)
(USBR et al., 1998; 1999). These averages are comparable to the historical average of 64 ug/L from
1986 to 1994 (Table 3) (CCVRWQCB, 1998 d; €; f; g; h). Modeled discharges from the Grassland
subarea have estimated 80 to 150 ug/L Se (Table 3) (SJV Drainage Program, 1990a; CCVRWQCB,
1996&; b).

e Tulare subarea (883,000 total acres; 506,000-551,000 irrigated acres; 42,000 drained acres) and

Kern Subarea (1,210,000 total acres; 686,000 irrigated acres; 11,000 drained acres)

Tulare and Kern subareas are located in the southern SJV and discharge to privately owned
evaporation ponds. Sixteen ponds (5,900 acres) wereinitially developed from approximately 1975 to
1990 in the Tulare subarea and ponds covered 1,300 acres of pondsin the Kern subarea (SJV Drainage
Program, 1989). Since that time, no new ponds have been built and many ponds have been closed,
CCVRWQCB, 1997; 1998c) (Appendix B, Tables B19 to B21). The subareas are internally drained

basins with relict lakebeds (i.e., Tulare, Goose, Buena Vista, and Kern) as dominant geologic features.
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The lakebeds are little influenced by the Panoche Creek aluvial fan but are surrounded by geologic
sources of trace elements from both the Coast Ranges and Sierra Nevada. Water quality is
characterized by elevated concentrations of Se, uranium, arsenic, molybdenum, and boron (Fujii and
Swain, 1995). The geochemistry is controlled in part by oxidizing and reducing zones in the lakebeds
and surrounding alluvial fan and basin zones. Geomorphological features affect the placement and
number of subsurface drainsinstalled in the subareas. Delineated water quality zones affect the
chemical composition of the discharge to specific evaporation ponds. Currently, subsurface drains are
mainly limited to lower elevations of the lakebeds (42,000 acresin Tulare subareaand 11,000 acresin
Kern subarea) (SJV Drainage Program, 1989).

Current estimates of acreage adversely affected by shallow ground water are “gross estimates’ due
to sparse data and extrapolation over a 696,000-acre study-area selected for coverage by the CDWR
(1997). The study area boundaries differ from those given above as part of the SV Drainage program
designation. The CDWR has historically studied an area called the Tulare Lake region. Estimates
based on data collected by the CDWR after 1991 are considered of some worth and could be used in
future comparisons, but historic baseline values are suspect. The current disposition of ground water
within O to 15 feet is unclear from the reported CDWR *“ gross estimates’. Initial estimates made by the
SJV Drainage Program (1989) show the Tulare subarea with 320,000 acres of land with ground-water
levelswithin 5 feet of land surface. Estimates for the Kern subarea show 64,000 acres are affected.
For year 2000, the SJV Drainage Program estimates of affected acres increase to 366,000 in Tulare and
100,000 acresin Kern subarea.

The Se monitoring in Tulare and Kern subareasis limited to annual reporting by dischargers as
required by the state as part of permit requirements for discharges to privately owned evaporation
ponds (CCVRWQCB, 1993; 1997; 1998c; CSWRCB, 1996a; CCVRWQCB, Anthony Toto, persona
communication, 1998) (Appendix B, TablesB19 to B21). Any dischargesto evaporation ponds must
be considered in estimates of valley-wide Se loads, although it is not clear, in view of the impactsto
waterfowl populations (Skorupa, 1998a), whether these discharges will continue. Discharge from the
Tulare subareato private evaporation ponds is remarkable for being low in Se concentration when
compared to the Se concentration in discharge from Westlands or Grassland subareas. Therecord is
limited, but values measured in 1988, 1989 and 1993 through 1997 show most concentrations were
below 10 ng/L Se, with the exception being the South Tulare Lake Drainage District discharge of up to

30 ug/L Se. Some higher Se concentrations, ranging up to 760 ug/L Se, have been reported in some
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dischargesto smaller ponds (Table 3 and Appendix B, Tables B19 to B21). For the Kern subarea,
limited data on inflows to evaporation ponds in 1988, 1989 and 1993 to 1997 show Se concentrations
range from 83 to 671 pg/L, with the exception being the Lost Hills Ranch discharge of approximately 2
ug/L (CCVRWQCB, 1990 aand b). In general, Se concentrations in discharges from the Tulare
subarea are less than 50 pg/L and for the Kern subarea are greater than 180 pg/L.

e Northern subarea (236,000 total acres; 157,000 irrigated acres,; 26,000 drained acres).

The Northern subarea has been included here and in our forecasts for consistency with other regional
evaluations. The Northern subarea presently drains to the SIR through both discharge and
groundwater seepage. Estimates of acres demanding drainage have not been updated since 1990, nor
are current records concerning Se available for compilation from this subarea. Most estimates suggest
that drainage needs are relatively small compared to other areas (CH2M HILL, 1988; SV Drainage
Program, 1990a) and will remain so if access to the SIR for drainage remains available to the same

degree (i.e., the subarea remains in hydrol ogic balance).

Devel opment of forecasts

While most technical evaluations stop with estimates of problem acreage and problem water
volumes, understanding the range of possible Se concentrations in drainage is critical to evaluating
potential loads. To bracket possible Se concentrationsin our different scenarios of Se loads from the
western SJV, we will employ three concentrations in conjunction with different estimates of problem
drainage volume and acreage (Appendix B). In general, a concentration of 50 ug/L Sein drainageis
considered potentially available with treatment. Testimony in court hearings have centered around the
fact that a non-specified treatment could lower the Se concentration to an overall 50 ug/L; then this
product water would be disposed of in an extension of the SLD. Therefore, one scenario is that such
treatment options will be available, and/or mixtures of drainage water will resemble those presently
being released from the Grassland subarea (i.e., 62 to 66 ng/L Se). For thisforecast we will use Se
concentrations of 50 ug/L Sefor treated or blended (i.e. diluted) drainage. Alternatively, another set of
forecasts will assume a maximum case (300 ug/L Se), and one will assume the intermediate possibility
[150 ug/L Se, an average for present day subsurface drainage waters in the Grassland subarea
(CCVRWQCB, 1996c), near the mean (163 pg/L Se) presented for the 42,000 acresin WWD (Stevens
and Bensing, 1994), and a conservative estimate (at least 150 ug/L Se) in WWD by USBR (Wanger,
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1994)]. Given the quality of the ground water noted in our previous analysis of reservoir conditions
(Table 3) and the lack of adequate monitoring to trace groundwater movement and Se concentrations
as afunction of time, these estimates may be conservative.

One further approach to forecasting potential total Se loads from the SJV and thus narrow the range of
forecastsisto generate forecasts using a compilation of data on Se concentration and load that has
become available from each subarea since the SJV Drainage Program (i.e., 1985 to 1990) (Appendix B,
TablesB9, B10 and B19 to B21). It isrecognized that thisinvolves use of data which all have
significant limitations. However, we stress the importance of collecting high quality hydro- and bio-
geo-chemical datain the future. Nevertheless, the existing area-specific data incorporates the
geographical heterogeneity of drainage in establishing the boundaries of potential Se discharges. This
approach is not as broad as that of the SV Drainage Program in that an extensive database
documenting the implementation of management actions and their effectsis not available as part of
public record. But, the scenarios may be more reflective of specific geologic and hydrologic

conditions in each of the five subareas.

Forecasting selenium loadings using the sum of data from all subareas

The total out-of-valley drainage is the sum from all five subareas (Figures 3 and 5) (Table 6).
Table 6 is specific to SIV Drainage Program management option (implementation, i.e., “with future”,
no implementation, i.e., “without future”’, and “with targeted future”) and projected year (1990, year
2000, year 2040) and gives ranges of combined annual Se loads potentially discharged from al five
subareas. A wide range of Seloadingsin the future from the western SJV is possible given the ranges
of acre-feet of drainage and drainage quality. These scenarios based on the broad SJV Drainage
Program approach do consider, to some extent, addressing the longer-term problem of an accumul ated
imbalance of water, salt, and Se and the sustainability of agriculture in the SV, rather than just
managing an annual imbalance.

One alternative is that the volume of drainage water will not increase beyond the volume of
subsurface drainage that existed in 1990. If 100,000 acre-feet volume of subsurface drainageis
discharged at an assigned concentration of 50 ug/L Se, then 3,600 Ibs Se per year are projected.
Assigned Se concentrations of 150 ug/L or 300 ug/L would yield loads of 40,800 or 81,600 |bs Se per
year, respectively.
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Total drainage can be projected using problem acreage across all subareas of the SIV (Table 6).
Specifically, aforecast using an assigned concentration of 50 ug/L Se to represent blended generic
drainage in conjunction with the most quoted estimate from the SV Drainage Program of 314,000
acre-feet of problem water (i.e., year 2000 without implementation of the specified management plan)
yields aload of 42,704 |bs Se per year. For year 2040, the amount of problem water would increase to
666,000 acre-feet, generating aload of 90,576 |bs Se per year at an assigned concentration of 50 pg/L
Se.

A forecast using an assigned concentration of 150 ug/L Se to represent generic subsurface drainage
and the SJV Drainage Program estimate of subsurface drainage of 144,000 acre-feet (“with future”) in
year 2000 yields aload of 58,751 Ibs Se per year. For year 2040 under the condition of
implementation of the SIV Drainage Program (303,600 acre-feet per year), the discharged load would
be 41,290 |bs Se per year.

Using an assigned concentration of 300 ug/L Sein year 2000 and the least amount of estimated
drainage (72,000 acre-feet per year “with targeted future”), the load discharged would be 58,753 Ibs Se
per year. Inyear 2000, 163,000 acre-feet (without future) at 150 ug/L Se would produce aload of
66,504 |bs Se per year. Inyear 2040, 223,000 acre-feet (without future) at 150 pug/L Se would produce
aload of 90,984 Ibs Se per year.

Forecasting selenium loadings using data from individual subareas

Using the same approach as above, specific loadings can be projected from each of the five
subareas based on the detailed data given by the SV Drainage Program for year 2000 and assigned
concentrations of 50, 150, and 300 ug/L Se (Appendix B, Table B18). Appendix B (Figure B2a, b, ¢)
illustrates use of a graphical tool to enable a prediction or projection of an annual Se load for any of the
three assigned concentrations given a specific drainage volume. Again, the ranges are due to varying
estimates of predicted problem water and subsurface drainage under different management
alternatives.

In an effort to reduce the magnitude of the ranges given for each subarea, Table 7 givesthe
derivation and details of specific loads projected from each of the five subareas based on our
compilation of currently available data on problem acreage, drainage volume, and Se concentration
(Appendix B, TablesB9, B10 and B19 to B21). The values based on current data show only that
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amount discharged on the surface (e.g., to the SIR or to the evaporation ponds of Tulare and Kern
subareas), and hence address only the present discharge being used to manage an annual imbalance of
water, salt, or Se (Table 7). Depending on the type of data available from each subarea, projections
were made concerning concentration or load. Because of the limited data and broad range of
management alternatives across the subareas, maximum and minimum Se concentrations are given to
bracket possible |oad scenarios at each specific volume of drainage. The projected concentration range
is5to 10 ug/L Sefor the Northern subarea, 68 to 152 ug/L Se for Grassland subarea, 49 to 150 pg/L
Se for Westlands subarea (note, no current data, only testimony on acreage is available), 1.7 to 9.8
ng/L Sefor Tulare subarea, and 175 to 254 ng/L Sefor Kern subarea. Current conditions for each
subarea (Table 6) give projected ranges for annual Se loadings of:

e Northern subarea 350 to 700 Ibs Se per year

e Grassland subarea 6,960 to 15,500 Ibs Se per year
e Westlands subarea 8,000 to 24,480 Ibs Se per year
e Tulare subarea 91 to 519 Ibs Se per year

e Kernsubarea 1,089 to 1,586 Ibs Se per year

0 Northern + Grassland + Westlands + Tulare + Kern subareas
TOTAL 16,490-42,785 |bs per year
A graphical depiction of these projections for each subareais given in Appendix B (Figures B4a
through B4f). The high range and the low range of possible annual discharges areillustrated in Figures
7 and 8. Asnoted above, the largest Se loads come from Westlands subarea and Grassland subarea
because of their combination of high problem acreage, and thus problem water volume, and high Se

concentration.

Loading scenarios

Table 8 illustrates the total Se load from various combinations of subareas that might be included in
adrainage collection system. These projected loads of Se provide the basis for determining the upper
and lower limits of Se discharge from the western SJV that can be expected to enter the Bay-Deltavia
either a proposed direct conveyance to the Bay-Delta or the SIR. Secondarily, the projections provide
the basis for determining the magnitude of Se load reduction that may become necessary to achieve a

specific load of Se. Estimates like those in Table 8 implicitly assume that Se loads will be primarily
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driven by the demand for drainage, with different degrees of management superimposed. Of course,
different demand scenarios than those shown are also possible.

The first four scenariosin Table 8 show that the load of Se increases from aminimum of 6,960 Ibs
per year to 42,785 Ibs per year as additional areais added to drainage collection and/or as drainage
volume and quality isless managed. The scenarios are:

e Only the existing discharges to the SLD from the Grassland subarea would be carried to the
Bay-Delta. It seemsunlikely that demand would remain at thislevel once an out-of-valley
conveyance was available. Growing acreages of saline soils, rising ground water tables, and
the availability of a conveyance facility are very likely to generate strong pressures from other
areas to use the facility.

e Discharge from the Grassland subarea viathe SLD or SIR would be discontinued and only the
Westlands subarea would use an extension of the SLD.

e Grassland subarea discharges and Westlands subarea discharges would both be carried to the
Bay-Delta; this seems a likely outcome if a conveyance is constructed.

e Dranageis collected valley-wide from all five subareas. Thiswould require extensions of the
SLD into Kern and Tulare.

A future that considered only agricultural needs might call for draining all 444,000 acres of
problem lands. The fifth and sixth scenarios in Table 8 provide estimates of Se loads for avalley-wide
drain that includes all potential problem lands estimated for the year 2000. The first of these
calculations shows the range of Se loads expected if drainage management follows the plan submitted
by the SJV Valley Drainage Program. If both quality (treating drainage to 50 ug/L) and quantity (e.g.
reducing acre-feet per acre per year of drainage from 0.7 to 0.4) are managed, loads would calcul ate at
19,584 Ibs per year. If only quality is managed, total Se loadings for the problem lands would then be
42,704 |bs per year. It isaso possible that no management would be employed or management
becomes less and less feasible. Drainage volumes in this scenario are not controlled and the quality of
drainage deteriorates to 150 pg/L. Inthis case, Seloads would rise from a minimum in the range of
42,704 |bs per year to as much as 128,112 Ibs per year (all problem lands, 0.7 acre-feet per acre per
year, and 150 pug/L Se drainage).
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As acomparison, the final forecast in Table 8 lists the load targets set in recent management plans
for discharge to the SIR from the Grassland subarea (USBR, 1995; CCVRWQCB, 1998a). The target
Seloads range from 1,394 |bs per year to 6,547 Ibs per year depending on flow (i.e., wet or dry year).

Scenarios based on the capacity of an extension of the San Luis Drain

It is also feasible that exports of Se from the SJV could be determined by assigning awater quality
goal to the drainagein a SLD extension and operating the drain at some pre-defined capacity (Table 9).
Thedrain is presently designed to flow at 300 cubic feet per second (cfs) or carry approximately
220,000 acre-feet per year. That capacity could be afactor limiting loads, if awater quality standard is
employed. Forecasts are given for 1) 50 pg/L representing an overall average given in testimony that
treatment technologies (so far unspecified) or blending could achieve and near present day discharge
from Grassland to the SJR (i.e., 62-67 ug/L; 2); 150 ug/L Se representing an average for current
subsurface drainage without blending in the Grassland subarea (CCVRWQCB, 1996c¢) and near the
mean (163 ug/L) presented for shallow groundwater from 42,000 acres in the Westlands subarea
(Wanger, 1994); and 3) 300 ug/L representing a concentration approaching that discharged from
WWD to Kesterson Reservoir from 1981 to 1985. It is notable (and probably afunction of the original
drain design, USBR, 1978; Brown and Caldwell, 1986) that the range of |oadings derived from the 50
to 67 ng/L quality forecast and that from a drain managed at full capacity is 30,000 - 40,000 |bs (Table
9), are within the probable forecast derived from drain demand to manage the current annual imbalance
from specific subareasin Table 8. If the drainage conveyance discharges 150 pg/L Se, at full capacity,
the loading forecast converges on that estimated from all problem lands with little management (Table
9).

Despite the range of assumptions and range of possible outcomes considered in Tables 8 and 9,
there is some convergence of the forecasts, irrespective of how they are derived. Load targets result in
the smallest and most easily managed Se inputs to the Bay-Delta. Selenium loads based upon the
demand for drainage converge on a mass discharge of 15,000 to 45,000 Ibs of Se per year, if volumes
and concentrations are carefully managed. Loads quickly grow beyond thislevel, if morelandis

drained and/or volumes or drainage quality are poorly managed or controlled.
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The San Joaguin River as a conveyance facility, a de facto drain

The above estimates present Se loads primarily defined by demand from agriculture, and collection
in an extension of the SLD. An alternative is to assume that water quality in the SIR would determine
Se discharges, and no drain would be constructed. Two approaches have been discussed historically.
Both approaches consider only the amount of dilution water available; no consideration is given to
defining the assimilative capacity of the receiving water (i.e., the SIR) based on the bioaccumulative
