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ABSTRACT

In 1994, the Central Valley Regional Water Quality Control Board (CVRWQCB) classified the
San Joaquin River (SJR) Deep Water Ship Channel (DWSC), located near Stockton, California,
as Clean Water Act 303(d) “impaired” because dissolved oxygen (DO) concentrations routinely
fell below the water quality objective (standard) (WQO) in the fall. This listing requires that a
total maximum daily load (TMDL) be developed to control the loads/conditions that cause
violations of the DO WQO.

In 1998, the Regional Board classified the dissolved oxygen impairment as a high priority
problem for correction, and staff committed to develop and submit to US EPA a TMDL report
for controlling the problem by June 2003. Furthermore, the Regional Board, under the Bay
Protection Plan, agreed to allow a Steering Committee of local vested interests to help develop
the control program if they committed to provide the Regional Board staff all the elements of the
TMDL, including an implementation plan, by December 2002. If at any time the Steering
Committee appeared unlikely to be able to do so then the CVRWQCB staff would take back
control for development of the TMDL control plan.

This paper presents an overview of the DWSC DO depletion problem and many of the issues that
need to be considered by the Steering Committee/CVRWQCB in developing a technically valid,
cost-effective TMDL that will enable compliance with the DO WQO. This is a synopsis of a
more extensive 275-page discussion of the issues that will need to be addressed in oxygen
demand TMDL development and allocation of the loads among the stakeholders presented by
Lee and Jones-Lee (2000).
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BACKGROUND
As part of developing the Port of Stockton (Port), a navigation channel was dredged in the SIR

through the Delta to Stockton (Figure 1). The SJR just upstream of Stockton is typically about 8
to 12 feet deep. It is a freshwater tidal river with about a 3 foot tidal range and a 2,000 to 4,000

1 Proceeding WEF and ASIWPCA Conference on TMDL Science Issues Conference St. Louis, MO March (2001)



Figure 1 - Location of water quality stations and navigation lights on the
San Joaquin River in the vicinity of Stockton
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cfs tidal influenced flow. The summer/fall non-tidal flow is highly regulated with net flow at
Stockton ranging from negative (upstream flow) associated with upstream diversions at Old
River to net downstream flows between 100 to 2,000 cfs. Beginning at the Port of Stockton, the



SJR DWSC is dredged to 35 feet to allow ocean cargo ships to bring bulk materials to Stockton.
This dredging greatly slows the net downstream transport rate of SJR water.

The relatively short hydraulic residence time of the DWSC (see Figure 8) has important
implications for determining when the oxygen demand loads to the DWSC are potentially
significant in leading to DO violations of the WQO. With hydraulic residence times of less than
one month, the winter/spring SJR high flows and their associated oxygen demand/nutrient loads
are not a significant contributor to DO depletion within the DWSC during summer and fall. All
oxygen demand that is added during the winter/spring period is flushed through the DWSC
during this time.

Dredging the DWSC altered the oxygen demand assimilative capacity of the SJR for about 10 to
15 miles downstream of the Port (critical reach) by increasing the hydraulic residence time of the
water and decreasing the amount of reaeration/unit volume of the channel. Further, the greater
volume of the DWSC increases water volume and dilutes the algal photosynthetically produced
dissolved oxygen (DO). Also, the sediment oxygen demand (SOD) impact is diluted over a
greater volume in the DWSC. These factors, coupled with diversions by the State and Federal
Water Projects (CVP and SWP) and other municipal and agricultural intakes, lead to DO
concentrations in the DWSC below the CVRWQCB WQO. The low DO problem in the SIR
DWSC is a long-standing problem that has existed for at least 30 years (Bain, et al., 1968).

The DO water quality objective during September through November is 6 mg/L and during
December through August is 5 mg/L. The 5 mg/L WQO is based on the US EPA national water
quality criterion for protection of aquatic life. The 6 mg/L WQO was adopted by the State Water
Resources Control Board in order to prevent lower DO from inhibiting the upstream migration of
Chinook salmon. While the primary time of concern for DO depletions below the WQO is
summer and fall, there also can be DO WQO violations at other times such as during spring low
flow.

Characteristics of the San Joaquin River Watershed

The SJR is one of California’s primary rivers. It originates in the central Sierra Nevada
mountains, flows through the agricultural Central Valley and into the Delta where it mixes with
the Sacramento River before discharging into upper San Francisco Bay or being diverted by the
CVP and SWP. As shown in Figure 2, the SJR drains the Central Valley between Fresno and
Stockton. It has a 7,345 sq mi watershed that contains about one million acres of irrigated
agriculture (Kratzer and Shelton, 1998). The primary crops are fruits and nuts (almonds), corn,
pasture and cotton. The SJR watershed contains the metropolitan areas of Stockton, Modesto,
Merced and Fresno and has numerous dairies and feedlots. The current estimated urban
population in this watershed is approximately two million and, at a rate of growth of 2
percent/yr, is expected to double to about four million by 2040.

The COE (1988), as part of the deepening of the DWSC, discussed many of the factors affecting
dissolved oxygen depletion in the DWSC. As they discuss, upon entering the San Joaquin
Valley floor, the SJR water quality deteriorates due to agricultural, municipal and industrial
stormwater runoff, wastewater discharges; municipal, industrial, dairy and animal feed
lot/husbandry activities and natural/riparian wetland runoff/ drainage. In addition to adding



Figure 2
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oxygen-requiring substances (carbonaceous and nitrogenous biochemical oxygen demand -
BOD), the discharges contribute substantial amounts of nutrients (N and P compounds) which
can support algal growth. The death of these algae are a source of oxygen demand in the DWSC
when SJR at Vernalis flows represent a significant part of the flow into the DWSC. Vernalis is
located about 30 miles upstream of the DWSC. Between Vernalis and the DWSC is the Old
River diversion which can at times divert substantial flow into the South Delta.

Also, it is possible that detritus (dead plant and animal remains and waste products-manure)
derived from the SJR watershed contributes to the oxygen demand that is present at Vernalis and,
under certain SJR flow/diversion conditions, exerts oxygen demand in the DWSC. The SJR at
Vernalis typically has several mg/L nitrate N and about 0.1 to 1 mg/L soluble orthophosphate P.
These nutrients result in the SJR at Vernalis and the DWSC containing 20 to 100 pg/L
planktonic algal chlorophyll during summer. The death of these algae in the DWSC is believed
to be one of the primary sources of DWSC oxygen demand.

DWSC 1999 CHARACTERISTICS

A study was conducted of the oxygen demand sources and DO depletion in the DWSC by the
SJR Technical Advisory Committee (TAC) during the late summer and fall 1999. Part of the
data from these studies is presented in Figure 3. Station 48 (see Figure 1) is in the Port of
Stockton Turning Basin. Station 41 is near the downstream end of Rough and Ready Island
which is about 2 miles from the point where the SJR enters the DWSC at the Port of Stockton.
Station 18 is about 10 miles downstream of this point.

Figure 3 - DWSC DO Data Summer/Fall 1999
Adapted from DWR - Lehman (2000)
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Figure 3 (continued)
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Figure 3 (continued)
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It was found that the DO concentrations in the DWSC decreased to below the WQO of 5 mg/L in
August and 6 mg/L during September through early December 1999. During August and most
of September the SJR flow into the DWSC was about 900 cfs. In late September through
October the SJR flow into the DWSC ranged from about 100 to 900 cfs as a result of upstream
SJR diversions into Old River. Under the low flow conditions, the DO in some areas of the
DWSC decreased to about 2 mg/L. Further, during November and early December 1999, the
concentrations of ammonia in the SJR just upstream of where it enters the DWSC was over 3
mg/L N. According to the US EPA (1999), ammonia at these concentrations and the SJR DWSC
temperature and pH is toxic to many forms of aquatic life over a period of exposure of about 30
days and also can be a significant source of oxygen demand. This ammonia was primarily
derived from the city of Stockton’s domestic wastewater discharge just upstream of the DWSC.



In the

fall, a salmon run makes its way through the Delta and seeks to migrate up the river and into

such tributaries as the Stanislaus, Tuolumne and Merced Rivers.

Some basic requirements of

and sufficient DO.
Figure 4

those salmon are a downstream-flowing current against which to swim that also provides the

FACTORS INFLUENCING DISSOLVED OXYGEN DEPLETION IN THE DWSC
The processes/factors governing DO depletion in the DWSC are presented in Figure 4.

chemical signal of their home waters
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Once the river enters the Port of Stockton area, however, substantial man-induced changes to its
depth have been made. The approximately 10-foot-deep river becomes a 35-foot-deep ship
channel. The water velocity decreases because of the enlarged cross-sectional area of the ship
channel. The water velocity in the area is also affected by the rise and fall of the tide (about 2 to
4 feet in the Stockton area). Sunlight penetrates the channel surface (Secchi depth about 1 ft),
but most of the depth is without sunlight. Vertical mixing from wind action and channel
turbulence is decreased by the increased depth. Sedimentation of particles increases because of
the more quiescent conditions of the ship channel.

Figure 5 presents a diagram showing the reactions that influence how algae and detritus (plant
and animal remains) impact DO concentrations in a waterbody. The algae occupy a water
column that is now 35 feet deep rather than 10 feet deep, as the river water becomes mixed with
the ship channel water. Thus the phytoplankton in the deeper waters are in an area without
adequate sunlight needed for photosynthesis, and the photosynthetic production of oxygen
decreases or stops. However, these same phytoplankton continue to utilize oxygen in respiration.
As some vertical circulation occurs in the channel, most of these deeper phytoplankton return to
the surface waters where photosynthetic oxygen production again picks up. However, they are
replaced by other phytoplankton which were at the surface but have now been mixed to the
deeper waters. The net effect is that less photosynthetic production of oxygen per unit volume at
a given location occurs in the ship channel than occurred in the river, and the deeper the ship
channel, the lower the phytoplankton’s exposure to sun-lighted surface waters as they undergo
their vertical circulation. The effect is that the net photosynthetic production of oxygen in the
water column is negative.

While the above vertical circulation of phytoplankton occurs, there is still a portion of the
phytoplankton which are dying and settling to the channel bottom along with other organic
detritus and sand, silt and clay carried from upstream. Bottom-dwelling organisms consume this
organic detritus along the channel bottom, also consuming oxygen. Some of the organic detritus
undergoes microbial decay in the absence of oxygen (anaerobic processes).

Just upstream of the ship channel, the City of Stockton discharges its domestic wastewater
effluent (see Figure 1 at Stockton RWCF) into the river. This effluent exerts an oxygen demand
in the river as river bacteria use DO as they consume the organic and nitrogenous (ammonia and
organic nitrogen) fractions of the waste load.

Figure 6 presents a summary of the various factors that influence dissolved oxygen depletion
within the Deep Water Ship Channel. The key issue of concern is avoiding violations of the
water quality objective for dissolved oxygen, which is 5 mg/L during the period December
through August, and 6 mg/L during September through November. There is controversy about
the appropriateness of the 6 mg/L DO objective as a barrier to Chinook salmon migration. The
Department of Fish and Game studies (Hallock, et al., 1970), which are stated to have served as
a basis for developing that value, were not sufficiently comprehensive to justify the conclusion
that DO less than 6 mg/L is an effective barrier to Chinook salmon migration. The Hallock, et
al., studies indicated that dissolved oxygen concentrations below 5 mg/L were a potential barrier
to salmonid upstream migration. The SWRCB, however, adopted 6 mg/L as the DO water
quality objective to protect against inhibition of salmonid upstream migration. Justification for



the SWRCB increasing the DO concentration objective to protect against migration inhibition

from 5 to 6 mg/L is not available at this time.

Figure 5
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Figure 6 - Factors Influencing Dissolved Oxygen Depletion in the SJIR DWSC
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There are also significant questions about the significance of minor DO excursions below the
WQO that can occur over the diel (night to day) algal photosynthetic microbial respiration cycle.

However, as discussed herein, the present language of the CVRWQCB water quality objective
apparently requires full compliance with this objective at all times and locations. This objective

and condition establishes the TMDL goal for control of DO depletion in the DWSC.

Two areas of greatest concern are the organic oxygen demand and the nutrients which produce
algae that, in turn, exert an oxygen demand upon their death and decay. The sources of organic
oxygen demand include the BOD associated with domestic and industrial wastewaters, urban

stormwater runoff and local runoff and discharges to the DWSC.
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The aquatic plant nutrients (nitrogen and phosphorus) are derived from a variety of sources,
including agricultural, crop land, dairies and animal feed lots, urban and industrial wastewater
and stormwater runoff, groundwaters polluted by nitrate and the atmosphere. The algae of
concern in DO depletion within the DWSC originate both upstream of the DWSC and from
within the DWSC, including the Turning Basin. The category in Figure 6 of “Inorganics” is
concerned with ammonia as an oxygen demand material through nitrification reactions, which
can be derived from agricultural sources, domestic and industrial wastewaters, and urban and
industrial stormwater runoff.

Another potential significant source of oxygen demand is the sediment oxygen demand
associated with the constituents in sediments, both organic and inorganic, that react, either
abiotically or biotically, with DO. The sediment oxygen demand is derived from organic
particles that settle to the bottom. These can originate from agricultural releases, domestic and
industrial wastewater sources and stormwater runoff. Sediment oxygen demand can also arise
from the settling of algae to the sediments, where their death and decay leads to particles in the
sediments that consume dissolved oxygen. As discussed herein, the biodegradable organics that
are added to the sediments lead to a depletion of the oxygen within the sediments, which, in turn,
leads to the production of iron and sulfur compounds that can react with dissolved oxygen
abiotically. An area of particular concern is whether there is an appreciable particulate SOD that
travels along the bottom as well as resuspended sediments in the water column in the SJR
between Vernalis and the Deep Water Ship Channel that have not yet been adequately
characterized. The resuspension of the bedded sediments in the DWSC can be due to tidal or
river currents, organisms’ stirring of the sediments, ship traffic, as well as biochemical reactions
that occur in sediments that lead to gas formation, which stirs the sediments as the gas bubbles
rise through the sediments.

The upper left box on Figure 6 lists many of the physical factors that influence how a particular
load of oxygen-demanding materials to the DWSC or that develop within the DWSC influence
the dissolved oxygen within the DWSC. Temperature influences the rates of various reactions,
where, typically, a doubling of rate occurs with a 10 C increase. The SJR flow, which
determines the residence time within the DWSC is an extremely important factor that determines
how long the oxygen-demanding materials have to react with dissolved oxygen within the
critical reach of the channel before they are diluted by the cross-channel flow of the Sacramento
River near Disappointment Slough. The three to four foot tide that exists within the DWSC
plays an important role in keeping the system well-mixed and in transporting materials within the
DWSC. Mixing also occurs as a result of ship traffic.

One of the most significant factors in influencing DO within the DWSC is the diversions of SJR
water above the DWSC. This, in turn, influences the residence time of the water and oxygen-
demanding materials within the critical reach of the channel.

Channel configuration and, especially, depth, as influenced by the presence of the navigation
channel, is of importance in influencing DO depletion. Light penetration, as influenced by the
algae that develop, as well as erosional materials from the watershed, are also important in
controlling the amount of algae that develop and their oxygen production.

12



The various factors listed in Figure 6 are being investigated in year-2000 and year-2001 studies
of the DWSC. These studies will develop the information needed to incorporate the factors
influencing DO depletion into the oxygen demand load DO depletion response model that has
been developed for the DWSC (Chen and Tsai, 1996, 1997).

OXYGEN DEMAND BOX MODEL CALCULATIONS

Figure 7 and Table 1 present the results of box model calculations of the major sources of
oxygen demand during the summer/fall 1999. Lee and Jones-Lee (2000) provide the details on
the approach used to develop the information in Table 1. In general, they are based on measured
concentrations of oxygen demand constituents and flow, summed to yield a total daily load of
oxygen demand from each major source.

August 1999

Based on the August 1999 SJR and DWSC monitoring, it is found that the total ultimate oxygen
demand (BOD,) present in the SJR at Vernalis that reaches the DWSC is about 61,000 Ibs/day.
This value is based on a UVM-measured average SJR flow into the DWSC of 880 cfs. 40,000
Ibs/day of the 61,000 is derived from measured BOD at Vernalis. Another almost 20,000 Ibs/day
of oxygen demand enters the DWSC during August from ammonia and total Kjeldahl nitrogen
present in SJR water at Vernalis during August. This value has been corrected for the amount of
nitrification that was found in the BODs test on SIR water at Vernalis. About 50 percent of the
total BODs was apparently derived from nitrification. Since the SJR water at Vernalis is not
saturated with oxygen, it has an oxygen deficit of 2,850 Ibs/day below saturation.

During August, the total estimated City of Stockton wastewater oxygen demand load was about
5,600 Ibs/day. About 3,000 Ibs/day of this amount was due to CBOD, with the remainder, about
2,400 Ibs/day, due to NBOD. This value has been corrected for the nitrification in the BODs
test, which amounted to about 40 percent of the total BODs. The oxygen deficit on the City of
Stockton wastewater ponds discharged during August was about 230 Ibs/day.

During August and September, Chen and Tsai (2000) estimated that the dissolved oxygen added
by reaeration was about 5,500 Ibs/day. They also estimated that the sediment oxygen demand
was about 6,000 Ibs/day. The oxygen added during August by the COE mechanical aeration was
estimated to be its potential of 2,000 Ibs/day. This approach may overestimate the amount of DO
added by the COE aerator during August, since the aerator was not operating full-time during
August.

The box model calculations for September 1999 are similar to those for August 1999. The
primary source of the oxygen demand to the DWSC during August and September 1999 was
algae, detritus and other organics in the SJR from above Vernalis. During August and
September, the City of Stockton wastewater discharges were a small part of the oxygen demand
load to the DWSC. However, in late September-early October, when the flow of the SJR into the
DWSC was about 150 cfs, the upstream of Vernalis SJR flow and its associated oxygen demand
load was largely diverted into Old River. Under these conditions the City of Stockton

13
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wastewater flow of about 40 cfs and its associated about 20 mg/L N ammonia was an important
Figure 7

source of oxygen demand to the DWSC.
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Table 1 - Box Model Calculations of Oxygen Demand Sources/Sinks for the
San Joaquin River During Summer/Fall 1999

Source BOD, (Ibs/day)
August | September October
SJR DWSC Net Flow (cfs): ~900 ~900 150 400 1,000
Upstream of Vernalis 61,000 70,000 6,300 14,130 35,325
City of Stockton 5,600 9,300 12,200 12,000 12,000
Local DWSC ? ? 1,750 1,750 1,750
SOD 6,000 6,000 6,000 6,000 6,000
Aeration (Natural) 5,500 5,500 ? ? ?
Aeration (Mechanical) 2,000 2,000 ? ? ?
DWSC Algae ? ? ? ? ?
Export from DWSC 27,000 27,000 ? ? ?

These results demonstrate that the upstream diversions of SJR water are important in
determining the source of the oxygen demand loads contributed to the DWSC. These results also
show that it will be necessary to expand the TMDL load analysis to the SJR watershed upstream
of Vernalis. Both carbonaceous and nitrogenous BOD and algal nutrients derived from irrigated
agriculture and other SJIR watershed ativities are potentially important sources of oxygen demand
that enter the DWSC.

Figure 8 is an updated version of the travel times information on the DWSC. This relationship
was developed by C. Chen and R. Brown (personal communication, 2000). This diagram
considers the DWSC current geometry and the influence of tidal mixing that occurs at low SJR
flow. At SJR flows into the DWSC of a few hundred cfs, tidal mixing decreases the residence
time of the water/substances added to the DWSC from those predicted by the US EPA (1971).

As shown in Figure 8, the hydraulic residence time of water/oxygen demand that enters the
DWSC is highly dependent on SJR flow through the DWSC. The first 15 miles of the DWSC
can have a hydraulic residence time that varies from about 5 days at a net downstream flow of
2,000 cfs to about 30 days at 100 cfs.

Figure 9 presents a summary of the sources of oxygen-demanding materials in the DWSC. On
the right side of Figure 9 are the principal sources of materials that, either directly or, in the case
of algal nutrients, through conversion to algae and their subsequent death, lead to oxygen
demand. Cities and industry contribute both wastewater and stormwater runoff, which have
oxygen demand and nutrients. Further, some cities practice wastewater disposal on land, which
can lead to groundwater contamination by nitrate. In addition, the use of fertilizers on lawns,
golf courses and other green areas can lead to groundwater pollution by nitrate. The nitrate-
polluted groundwaters can be a source of nitrate for algal growth if the groundwaters discharge
to the SJR or one of its tributaries.
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Figure 8

Retention Time
in SJR Deep Water Ship Channel
(to Turner Cut, including Turning Basin)
as a Function of Flow
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Groundwater pollution by nitrogen compounds, such as organic nitrogen and ammonia, that lead
to nitrate in the groundwaters is a problem with agricultural activities, dairies and other animal
husbandry. Consideration has to be given not only to current discharges to surface waters that
have high nitrate, but the potential for a nitrate front moving through the groundwater that will
eventually reach surface waters. In order to understand whether this is an existing or future
problem, it is necessary to have a good understanding of the groundwater hydrology and its
characteristics between a potential source of constituents that can lead to elevated nitrate in
groundwater (ammonia and organic nitrogen), such as a dairy=s wastewater pond or a municipal
wastewater land disposal area, and the surface waters of the region.
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Figure 9

Sources/Sinks of Oxygen Demand
in SUR-DWSC Watershed
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There is particular concern about the agricultural irrigation return flows (tailwater), which
contain nutrients and organic substances which can exert an oxygen demand. These discharges
occur during the summer when the DO depletion in the DWSC occurs. With respect to
stormwater runoff from urban and rural areas, much of the runoff-associated oxygen demand and
nutrients occur at times of the year when oxygen depletion is typically not a problem in the
It is important to note, however, that, while dissolved oxygen depletions below the
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water quality objective of 5 mg/L for the winter-spring period are rare, they do occur.
Ultimately, these oxygen depletions at those times will need to be managed as well.

An area of particular concern is the highly concentrated wastes such as those associated with
dairies and other animal husbandry activities, including feed lots, fowl and waterfowl farms, and
other areas where large numbers of animals are present in a confined area, which results in an
accumulation of animal manure. High concentrations of both nutrients and oxygen demand can
occur from these activities. There is also concern about both NPDES-permitted and illegal
discharges from such facilities.

There are considerable riparian seasonal wetlands within the SJR watershed, 