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Summary

Aeration Facility Background and Purpose

Periods of low dissolved oxygen (DO) concentrations have historically been observed in the San
Joaquin River’s (SJR’s) Stockton Deep Water Ship Channel (DWSC), which is located downstream
from Stockton, California. The majority of these low DO concentrations have been observed in the
summer and fall months upstream of Turner Cut. These low concentrations have violated the
Central Valley Basin Plan (Basin Plan) water quality objectives for DO. In January 1998, the State
Water Resources Control Board (State Water Board) adopted the Clean Water Act (CWA) Section
303(d) list that identified this DO impairment, and the Central Valley Regional Water Quality Control
Board (CVRWQCB) initiated development of a total maximum daily load (TMDL) to identify factors
contributing to the DO impairment and assign responsibility for correcting the low-DO problem.

Since the approval of the SJR DO TMDL Basin Plan Amendment in 2005, two actions have been
implemented to alleviate low-DO conditions in the DWSC. First, the City of Stockton added
engineered wetlands and two nitrifying bio-towers to the Stockton Regional Wastewater Control
Facility (RWCF) to reduce ammonia discharges to the SJR. Second, the California Department of
Water Resources (DWR) constructed the Demonstration Dissolved Oxygen Aeration Facility (Aeration
Facility) at Rough and Ready Island (RRI) to determine its applicability for improving DO conditions
in the DWSC.

This report describes the background, design, and construction of the Aeration Facility, and details
the testing of the physical operation of the facility (performance) and the evaluation of its ability to
increase DO concentrations in the DWSC (effectiveness).

Constructed between 2006 and 2007 at the west (downstream) end of RRI at the Port of Stockton
Dock 20, the Aeration Facility is maintained and operated for testing purposes by DWR. In 2008
demonstration testing began in June and ended in late September. In 2009 testing was not possible
until September because of State Bond funding issues. Operational testing of flood tide aeration and
nighttime aeration was conducted in September 2009. Additional operational testing and DWSC
monitoring were conducted during the summer of 2010. The demonstration phase will end in
December 2010, and long-term operation of the facility by the SJR DO TMDL stakeholders is
expected to begin in 2011.

Description of Aeration Facility and Monitoring Stations

Figure S-1 shows a schematic illustration of the Aeration Facility. The Aeration Facility includes a
9,000-gallon liquid oxygen storage tank and two identical 200-foot-deep wells, each consisting of an
inner and outer casing forming a concentric U-tube. The U-tubes are distinguished from each other
as U-tube A and U-tube B. Water for each U-tube is pumped from the DWSC through a screened
intake using a vertical turbine pump and gaseous oxygen is injected. This U-tube configuration
provides increased contact time and hydrostatic pressure, which together increase the gas
dissolution rate and the DO concentration. The water is discharged to the DO diffuser located under
the dock about 1,000 feet upstream of the U-tubes.

December 2010
Stockton Deep Water Ship Channel 1
Demonstration Dissolved Oxygen Aeration Facility Project ICF 00508.10



California Department of Water Resources

The diffuser is approximately 200 feet long and is mounted along the pilings beneath the dock at a
depth of about 10 feet at low tide. There are a total of eighty 6-inch-diameter ports on the diffuser.
As part of the monitoring network for the study, DWR installed four DO monitoring stations at
Navigation Aids (NAs) 40, 42, 43, and 48 along the DWSC in December 2006. Two of these stations
are upstream of the diffuser (NA 43 is 0.2 mile upstream and NA 48 is 1.5 miles upstream), and two
are downstream of the diffuser (NA 42 is 0.7 mile downstream, and NA 40 is 1.7 miles downstream).
These monitoring stations supplemented an existing station at RRI, which is located 0.2 mile
downstream of the diffuser. Figure S-2 is an aerial view of the DWSC that shows the location of the
Aeration Facility diffuser and the NA monitoring stations.

Aeration Facility Testing and DWSC Monitoring Program
Objectives

Several objectives were established for the Aeration Facility operational testing and DWSC
monitoring program. The Aeration Facility’s capacity and gas-transfer efficiency were tested, and
the distribution and retention of the added DO in the DWSC was monitored. The major operational
performance and effectiveness objectives are summarized as follows.

1. Capacity and efficiency. Determine the gas-transfer efficiency and capacity (pounds per day
[Ib/day] of DO delivered to the DWSC) of the Aeration Facility with a range of gas injection rates
(percentage of water flow) for one-pump and two-pump operations.

2. DWSC DO profile. Determine how well the existing RRI monitoring station (with its near-
surface DO sensor) represents DO conditions in the DWSC from Turner Cut to Channel Point.

3. Natural DO conditions. Determine whether the RRI DO measurements can be adjusted while
the Aeration Facility is operating to estimate the DWSC DO concentrations without the added DO
from the Aeration Facility.

4. Diffuser location. Determine whether the Aeration Facility diffuser location between Dock 19
and Dock 20 is appropriate for alleviating low-DO conditions.

5. DO increments. Determine how much DO could be added to the DWSC from the Aeration
Facility under a variety of S]R flows (i.e., 250 cfs-1,000 cfs) at maximum Aeration Facility
capacity.

6. Tidal spreading. Determine how tidal flows distribute the added DO from the Aeration Facility
along the DWSC at high tide and low tide.

7. Reaeration effects. Because reaeration causes the added DO increments to decrease with time,
determine the effects of natural surface reaeration on the downstream DO increments added by
the Aeration Facility.

8. DO objectives compliance. Determine the ability of the Aeration Facility to maintain DWSC DO
above the Basin Plan criteria of 5 milligrams per liter (mg/1) from December through August
and 6 mg/l from September through November.

9. Operational strategy. Evaluate the ability to anticipate low-DO conditions in the DWSC and
estimate the necessary amount of DO to add from the Aeration Facility.

10. Implementation methods. Recommend potential methods for identifying responsibility for
low-DO conditions and for efficient operations of the Aeration Facility as part of the SJR DO
TMDL implementation program.
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Aeration Facility Performance and Effectiveness

Aeration Facility performance and effectiveness were evaluated by carefully considering all
available measurements of DO conditions in the DWSC and identifying the tidal distribution of the
added DO from the Aeration Facility diffuser. A previous report described the results of the 2008
operations (testing) of the Aeration Facility (ICF International 2010). This report describes the
monitoring and measurements collected in 2008-2010 and the methods used to evaluate the above-
listed objectives. A conclusion and recommendation section completes this report. Appendix A
provides more information about potential TMDL “accounting procedures” for determining the
effects of DWSC geometry, reduced flows, upstream river algae, and treated wastewater discharges
during periods of low-DO conditions in the DWSC. The potential TMDL accounting procedures could
be used for identifying and allocating stakeholder responsibility for operating the Aeration Facility
to alleviate future low-DO periods in the DWSC.

Performance (Efficiency and Capacity)

Results of extensive testing showed that the measured oxygen delivery capacity at full water flow of
about 45 cubic feet per second (cfs) with an oxygen gas supply to water flow (gas flow/water flow
ratio) of about 4% (i.e., 6,480 standard cubic feet per hour [scf/hr]) was about 8,000 pounds per day
(Ib/day). This was less than the design capacity of 10,000 lb/day. The full water flow was less than
the design flow of 50 cfs. The measured DO concentration in the U-tube discharge was about 32-34
mg/1 higher than the inlet DO concentrations. The oxygen gas-transfer efficiency of the U-tubes was
about 60% at a gas/water ratio of 4%.

The gas-transfer efficiency testing included sparger designs with more holes, and with smaller holes,
to provide a greater area with reduced gas velocities to allow smaller bubble formation. However,
the only observed changes in gas-transfer efficiencies were associated with changes in the
gas/water ratio, as summarized in Table S-1. The gas-transfer efficiency was high (90%) at a
gas/water ratio of 1% and declined as the gas/water ratio was increased. The efficiency was
reduced to about 50% at a gas/water ratio of 6%. The amount of oxygen that can be added from the
diffuser during a day of operation and be tidally distributed is shown in Table S-1 for a range of
gas/water ratios from 2-6%. Because the gas-transfer efficiency is reduced at higher gas/water
ratios, it is more efficient to operate at 3% or 4%, although the maximum capacity will be achieved
with the highest gas/water ratio of 6%. Using one pump is less expensive than using two pumps, so
two pumps should only be operated when one pump cannot deliver the amount of oxygen needed to
meet the DO objective.
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Table S-1. Summary of Aeration Facility Efficiency and Capacity

Gas/Water Flow Ratio
1% 2% 3% 4% 5% 6%
Gas Supply with 1-pump (scf/hr) 900 1,800 2,700 3,600 4,500 5,400
Gas Supply with 2-pumps (scf/hr) 1,620 3,240 4,860 6,480 8,100 9,720
Assumed Efficiency 90% 75% 65% 58% 53% 50%
DO Increment (mg/1) 12 20 25 30 34 39
DO Delivery Capacity with 1-pump 1,580 2,633 3,422 4,072 4,651 5,265

(Ibs. at 25 cfs)

DO Delivery Capacity with 2-pumps 2,843 4,739 6,160 7,329 8,371 9,477
(Ibs. at 45 cfs)

Effectiveness (DO Increments in the DWSC)

The effectiveness of the Aeration Facility to help maintain DO concentrations above the Basin Plan
objectives of 5 mg/1 (or 6 mg/1 from September through November) can be summarized with
answers to two basic questions:

1. Isthe Aeration Facility in the right location to address the low-DO problem?

Yes. Because the RRI monitoring station and the Aeration Facility diffuser are located near the
minimum DO position in the DWSC, the construction of the Aeration Facility at RRI, with the
diffuser located between Docks 19 and 20, was an appropriate location to increase the minimum
DO in the DWSC. Because of tidal movement and mixing in the DWSC, some added DO from the
Aeration Facility is distributed upstream of the diffuser, between NA 43 and NA 48. The majority
of the added DO was observed slightly downstream of the diffuser near NA 42.

2. Can the Aeration Facility be used to meet the DO objectives in the DWSC?

Not always. Operating strategies for the Aeration Facility can be developed for a range of DWSC
flows, as a function of the inflowing DO and BOD concentrations. When the inflow BOD is high
enough (>8 mg/1) to cause the DO in the DWSC to potentially approach and/or drop below the
DO objective, the Aeration Facility can be operated to maintain the DWSC DO concentration
above the DO objective. However, if the inflow BOD concentration is high enough to cause the
daily DO deficit below the DO objective to be greater than the capacity of the Aeration Facility
(10,000 Ib/day), DO concentrations in some portions of the DWSC may remain below the DO
objective.

Table S-2 provides a summary of the expected distribution of the DO increments from the
Aeration Facility for a range of net flows between 250 cfs and 1,000 cfs. A flow of 250 cfs will
provide a net downstream movement of about 0.25 miles per day and will allow the largest DO
increments from the Aeration Facility. The expected DO increment upstream 0.5 miles would be
about 0.5 mg/l. The expected DO increment at the diffuser (or at RRI) would be about 2.5 mg/],
and the expected DO increment at NA 40 would be about 1.5 mg/l. For many of the DWSC DO
profiles observed since the nitrification facility was completed in 2006, the DO increments from
the Aeration Facility would be sufficient to meet the DO objective downstream of the diffuser.
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Table S-2. Summary of Longitudinal Distribution of Added DO from the Aeration Facility

DWSC Flow (cfs)
SJR Mile
250 500 750 1000
40.0 0.00 0.00 0.00 0.00
NA 48 39.5 0.00 0.00 0.00 0.00
39.0 0.00 0.00 0.00 0.00
NA 43 38.5 0.51 0.27 0.18 0.14
DO Diffuser 38.0 2.55 1.46 1.02 0.78
NA 42 37.5 3.24 2.12 1.55 1.22
37.0 2.37 1.82 1.40 113
NA 40 36.5 1.56 1.48 1.22 1.02
36.0 1.10 1.25 1.09 0.93
355 0.77 1.05 0.97 0.86
35.0 0.52 0.87 0.85 0.78
34.5 0.36 0.73 0.76 0.71
34.0 0.22 0.57 0.65 0.63
33.5 0.10 039 0.50 0.52
33.0 0.05 0.29 0.42 0.46
Turner Cut 32.5 0.03 0.23 0.35 0.40
Added DO Upstream
of Turner Cut (Ibs) 32,500 30,000 26,000 22,500

Recommendations for Future Operations

Based on the successful operational testing of the Aeration Facility from 2008-2010, there are three
general recommendations for the future long-term operations of the Aeration Facility. These three
recommendations are briefly discussed below.

(1) The Aeration Facility could be a major component of the TMDL implementation plan for
achieving the Basin Plan DO objective in the DWSC when the river flow and inflow DO and BOD
concentrations would have resulted in low-DO conditions. An operating strategy that would use the
measured DO in the DWSC and upstream water quality monitoring to forecast periods of reduced
DO in the DWSC could be helpful for the long-term operation of the Aeration Facility as part of the
SJR-DO TMDL implementation plan. The possible consolidation of the Port of Stockton aeration
facilities at Dock 13 with the Aeration Facility could be evaluated as part of the SJR DO TMDL
implementation plan. Procedures for identifying the relative contributions from the possible causes
of low DO in the DWSC (i.e., reduced flows, upstream algae, RWCF effluent, and DWSC geometry)
could be developed as part of the TMDL implementation plan. Possible accounting procedures are
described in Appendix A of this report. Operation of the Aeration Facility during periods of reduced
DO concentrations will likely to be the most cost-effective approach for long-term TMDL
implementation.

(2) A long-term TMDL monitoring strategy should be developed to identify periods when the
Aeration Facility should be operated, based on the DWSC DO measurements and upstream SJR flow
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and water quality monitoring at Mossdale or Vernalis to forecast the DWSC DO profile. The
monitoring strategy should also provide data necessary to confirm that the added DO was sufficient
to achieve the DWSC DO objective. The historic RRI DO data may be representative of minimum DO
conditions in the DWSC upstream of Turner Cut. It should be possible to evaluate the natural DO
conditions while the Aeration Facility is operating by estimating and subtracting the incremental DO
effects from the RRI records. The TMDL monitoring strategy should include the City of Stockton’s
river sampling stations and should provide all data needed for the TMDL accounting procedures.

(3) Several modifications to the Aeration Facility should be further evaluated to increase the
capacity to deliver DO to the DWSC or to improve the distribution of DO upstream of the diffuser.
For example, the diffuser performance might be improved if about half of the ports were closed to
produce a higher jet velocity and better lateral mixing. Another possible improvement would
separate the discharges from the two U-tubes with a second discharge line and diffuser that would
extend about a half a mile upstream of the existing diffuser to distribute more DO upstream.

These recommendations for an operating strategy, a monitoring strategy, and possible
improvements to the Aeration Facility should be considered for the future operation of the Aeration
Facility to help meet the SJR DO TMDL objective.
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Introduction

This section of the final report describes the history of the San Joaquin River Dissolved Oxygen Total
Maximum Daily Load (TMDL) study and implementation efforts, which included the design,
construction, and testing of the Department of Water Resources (DWR) Demonstration Dissolved
Oxygen Aeration Facility (Aeration Facility). The physical features of the Aeration Facility are fully
described so that the testing and effectiveness of the operations, as discussed in subsequent
sections, can be clearly understood.

The project was funded through the Proposition 13 Safe Drinking Water, Clean Water, Watershed
Protection, and Flood Protection Act of 2000. The project was an eligible project for funding as
defined in the act and promulgated in the California Water Code (CWC), Chapter 4, Article 3. Bay-
Delta Multipurpose Water Management Program, Section 79190.(c), (d)(1) and (d)(2)(A)(ii). The
CWC requires that the project be a CALFED stage 1 action as identified in the CALFED environmental
impact report / environmental impact statement (EIR/EIS). The Clean Water Act (CWA) also
requires that the project be a demonstration project, subject to the CALFED adaptive management
principle, which constructs facilities to control waste discharges that contribute to low dissolved
oxygen (DO) and other water quality problems in the lower San Joaquin River (SJR) and the South
Delta.

History of San Joaquin River Dissolved Oxygen
Total Maximum Daily Load Efforts

The Stockton Deep Water Ship Channel (DWSC) experiences periods of low DO concentrations.
These periods are most prolonged and acute from June through October, but they have also been
observed in other months. The geographic area of interest is from Channel Point, where the SJR
meets the DWSC, to Turner Cut (Figure 1).

The low DO concentrations may stress resident aquatic life and may prevent (i.e., delay) the
upstream migration of fall-run Chinook salmon (Hallock et al. 1970). The Basin Plan for the
Sacramento-San Joaquin Bay Delta estuary contains a water quality objective requiring that oxygen
levels be maintained above 6 mg/l between September 1 and November 30 and above 5 mg/1 at all
other times. The 6 mg/1 objective was adopted to protect the upstream migration of fall-run Chinook
salmon by the State Water Resources Control Board (State Water Board) in 1991.

The State of California placed the San Joaquin River (SJR) on the 303(d) list in 1994 because of low
DO levels. In 1998 the problem was classified as a high priority for correction and the State
committed to delivering a technical TMDL document to the U.S. Environmental Protection Agency
(EPA) by June of 2003. Furthermore, a commitment was made to develop and present an
implementation plan to the Central Valley Regional Water Quality Control Board (CVRWQCB) for its
consideration as a Basin Plan Amendment in the fall of 2004.

The Bay Protection and Toxic Cleanup Plan, adopted by the State of California in 1999, laid out a
strategy for developing the technical elements of the SJR DO TMDL and the associated
implementation plan. A key element of the plan was the formation of a Steering Committee (SC)
composed of local interests to oversee the development of the TMDL, including the allocation of
loads (and responsibility) and the development and financing of the implementation plan. The SC

December 2010
Stockton Deep Water Ship Channel 7
Demonstration Dissolved Oxygen Aeration Facility Project ICF 00508.10



California Department of Water Resources

formed a Technical Advisory Committee (TAC) to advise them on the sources and causes of the DO
impairment and to help develop a cost effective control plan.

As owner of the Stockton Regional Wastewater Control Facility (RWCF), which discharges into the
SJR, the City of Stockton (City) began additional water quality sampling for the TMDL in the summer
of 1999. The City also conducted a preliminary feasibility study on the SJR’s low-DO conditions
(Jones & Stokes 1998). The TMDL SC/TAC organized and received funding for a series of studies in
2000 and 2001. These studies included additional sampling of the City effluent and at the City’s river
water quality stations, studies by University of the Pacific (UOP) on the sedimentation and sediment
oxygen demands and biochemical oxygen demand (BOD) decay rates in the DWSC, and studies by
DWR on algae concentration and photosynthesis in the DWSC. Upstream measurements of nutrients,
algae concentrations (chlorophyll), and BOD in the S]JR and tributary streams also were included in
these studies. Water quality modeling studies were included to calibrate and evaluate the major
factors causing the low DO in the DWSC.

Numerous monitoring and research studies were performed by various agencies, academic
institutions, and interest groups to better understand the causes of the DO impairment. Most of
these studies were peer-reviewed by an independent science panel convened by CALFED in June
2002 and subsequently summarized in a synthesis report (Lee and Jones-Lee 2003).

The conceptual model developed by CVRWQCB for low DO in the DWSC showed that there are at
least three primary factors or processes influencing oxygen concentrations. The first factor is the SJR
flow through the DWSC. Increased flows can increase the load of upstream BOD but also increase
dilution of RWCF effluent and reduce water residence time. The second is the DWSC volume itself.
Deepening the river decreased the efficiency of both atmospheric reaeration (transfer of oxygen gas
from the atmosphere to become dissolved in water) and algal photosynthesis and increased water
residence time, allowing a larger fraction of the imported organic material to be oxidized. The third
factor is the BOD and ammonia discharged from the RWCF. Upstream BOD concentrations (from
algae biomass) are largest in the summer and decline in the fall and winter as the RWCF historically
discharged high concentrations of ammonia. Prior to the TMDL funded studies, there was little
information on the oxygen-requiring substances, sources, and driving forces of low DO in the DWSC.

In 2003 the CVRWQCB issued the Staff Report for the Total Maximum Daily Load for Low Dissolved
Oxygen in the San Joaquin River (TMDL Staff Report). The report concluded that although there is
adequate scientific understanding to support a general allocation of responsibility to the three main
contributing factors, there was inadequate understanding at that time to support more detailed
waste load or load allocations to specific point and nonpoint sources of oxygen-demanding
substances and their precursors. To address oxygen-demanding substance loads and their
precursors, the CVRWQCB concluded that those entities responsible for the various sources must
complete scientific studies to obtain information for more detailed allocations and eventual
implementation of alternate measures. This was the motivation for the upstream studies that were
approved by the CALFED Ecosystem Restoration Program (ERP) (State Bond-funded).

These upstream studies included measurements of flows and nutrient and algae concentrations in
2005-2007. Additional modeling of the watershed and river water quality also was initiated, using a
TMDL model called Watershed Analysis Risk Management Framework (WARMF). Studies by UOP of
the “transition zone” between the river conditions at Vernalis and Mossdale and the water quality
entering the DWSC were included. The ERP separately funded two DWSC multi-dimensional
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modeling efforts, based on recommendations from the 2002 peer review by the independent science
panel convened by CALFED.

DWSC geometry and reduced flows through the DWSC, the two nonpoint-related contributing
factors to the low DO levels, are not BOD loads for which mass or concentration limits can be
assigned. Instead, these factors reduce the capacity of the DWSC to assimilate loads of oxygen-
demanding substances (load capacity). The capacity of the DWSC to assimilate oxygen demand
exerted by incoming loads of oxygen-demanding substances is a function of the flow rate through
the DWSC and of temperature. The CVRWQCB found that each of the three main contributing factors
is equally responsible for reducing the excess net oxygen demand exerted in the DWSC.

In 2005 the CVRWQCB released the final Basin Plan Amendments (Central Valley Regional Water
Quality Control Board 2005). The report contained the evaluation of alternatives and technical
support for adoption of an amendment to the Basin Plan to formally establish the DO TMDL.
Appendix A of this report summarizes the TMDL implementation plan and describes possible
procedures for long-term operation of the Aeration Facility as part of the TMDL implementation. A
complete history of the TMDL hearings and CVRWQCB documents (drafts, comments, responses,
revisions, and final) are available at the following web address:

http://www.waterboards.ca.gov/centralvalley /water_issues/tmdl/central_valley_projects/san_joaq
uin_oxygen/index.shtml

Additional information about the DWSC DO conditions and upstream river flows and algae biomass
(chlorophyll) concentrations, as well as copies of many of the TMDL technical reports made for the
2000-2001 and the 2005-2007 upstream studies (measurements and modeling) are available at the
San Joaquin River DO TMDL Technical Working Group website:

http://www.sjrdotmdl.org/index.html

Additional information and contacts for the Aeration Facility can be found at the DWR Bay-Delta
Office website:

http://baydeltaoffice.water.ca.gov/sdb/af/index_af.cfm

Table 1 provides a timeline of the development of the DO TMDL as it relates to the Aeration Facility.
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Table 1. DO TMDL and Aeration Facility Timeline

1994—S]JR placed on CWA Section 303(d) list for low-DO impairment.
1998—DO TMDL requirement placed on the DWSC by the CVRWQCB.

1999—SJR DO impairment identified in Bay Protection and Toxic Cleanup Plan by the State Water
Board.

1999—Stakeholders formed a steering committee to participate in the development of the DO TMDL.

2000—SJR DO impairment listed in CALFED Record of Decision as an ERP-directed action. CALFED
funded studies (in 2000 and 2001) to support the DO TMDL.

2002—CVRWQCB issued “strawman” source and linkage analysis. Synthesis report is released
describing results from the 1999-2001 CALFED DWSC studies.

2003—SC recommends phased DO TMDL implementation with additional upstream studies and
Aeration Facility demonstration. CVRWQCB issued draft TMDL report providing an overview of the DO
TMDL and implementation program.

2004—Feasibility report prepared for DWR evaluating DWSC aeration facility alternatives.
2004—U-tube design selected as the preferred option for Aeration Facility.
2005—CVRWQCB adopted Basin Plan Amendment for SJR DO TMDL.

2006—Construction of the Aeration Facility began on Dock 20. City of Stockton completed
construction of RWCF nitrification facility. Four additional water quality monitoring stations along the
DWSC were installed.

2007—Upstream studies funded by CBDA (ERP) began. Aeration Facility construction completed. City
of Stockton begins operation of nitrification bio-tower—effluent ammonia concentration reduced to <2

mg/l.

2008—Testing of Aeration Facility occurred from June to September.
2009—Testing of Aeration Facility occurred in September and October
2010—Testing of Aeration Facility completed.

Effects of Deep Water Ship Channel Low Dissolved Oxygen on Fish

A conceptual model for the effects of low DO on fish in the DWSC was developed by California Bay-
Delta Authority (CBDA) as one of several Delta ecosystem conceptual models for the CALFED ERP
(now administered by Department of Fish and Game [DFG]). The involvement of the CBDA was
based on the CALFED 2000 Programmatic Record of Decision, which contains a commitment to
address low-DO conditions in the DWSC. Since 1999, stakeholders and other agencies have been
working with the CVRWQCB and CBDA to develop and implement a TMDL. This conceptual model
was developed to assist in that effort.

Jones & Stokes, as the CBDA contractor, developed a web-based model in 2005 that allows links and
cross-references between the SJR river segments and the DWSC and included information about the
physical and chemical (water quality) processes as well as information about the biological (fish
response) processes. The DWSC DO conceptual model is linked to the TWG website:

http://sjrdotmdl.org/concept_model/index.htm

For questions about the model or other items from the TWG, please contact the DWR Bay-Delta
Office.
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The model has two parts. The Physical and Chemical Processes Conceptual Model provides a basic
understanding of what causes low DO concentrations in the DWSC. This part of the model answers
the following questions about DO in the DWSC:

e What s the range of DO concentrations in the DWSC?

e Why are DO concentrations in the DWSC important?

Data on DO concentrations in the DWSC have been collected since 1984. These data have been
summarized in graphic form for the Biological and Ecological Effects Model. Low DO episodes have
occurred every month of the year but are most common in the summer and fall (June-October). DO
concentrations frequently fall below the regulatory minimum set in the Basin Plan and have
sometimes been below 2 mg/l. As described in this model, DO concentrations in the DWSC are
affected by upstream SJR conditions (flow and algae biomass) as well as the channel geometry. .

United States Fish and Wildlife Service (USFWS) and DFG studies have identified low-DO conditions
in the DWSC as a possible stressor on resident and anadromous fishes in the Delta. These conditions
are thought to block the downstream migration of juvenile salmonids and to lead to other adverse
effects on fish. The Biological and Ecological Effects Model describes the conditions that lead to
adverse effects on fish and describes in detail what is known about how low-DO conditions affect
eight fish species.

DWR environmental scientists summarized historic findings of adverse effects of low DO levels on
salmon and steelhead, and described the potential benefits of raising DO levels for those species
(Newcomb et al 2010). Potential effects of low DO and increased temperatures on salmonids
(steelhead and Chinook) that were previously described in the DWSC DO Conceptual Model, and the
most likely direct effects of low DO on adult Chinook upstream migration in September and juvenile
Chinook downstream migration in June were reviewed. Comparisons of the daily RRI DO and adult
Chinook passing the fish weir installed on the Stanislaus River at Riverbank (downstream end of the
spawning reach) for the months of September and October for 2003-2008 were shown.

As previously described by DFG (Hallock et al. 1970), the upstream migration timing (or delay) of
Chinook may be influenced by the date, river flow, water temperature, or DO concentrations.
Although only a small fraction (<5%) of adult Chinook typically reach the Stanislaus weir in
September, the temperatures are often above 70 F and the DO is usually below 6 mg/] in September.
Because the Aeration Facility could help increase the DO concentration to 6 mg/l in September,
operations could potentially benefit adult Chinook by allowing an earlier migration (in September)
and thereby allow earlier spawning, with earlier fry emergence and growth in the spring. However,
if warmer temperatures were controlling (delaying) either adult Chinook migration through the
DWC or spawning in the upstream tributaries, the fish benefits from the increased DO
concentrations in the DWSC from the Aeration Facility may be limited (Newcomb et al 2010).

Total Maximum Daily Load Implementation

Since the adoption of the TMDL in 2005, several actions have been implemented to alleviate low-DO
conditions in the DWSC. Among them are waste discharge requirements (WDRs) that were issued to
the City of Stockton placing more stringent effluent limits on oxygen-demanding substances. To
comply with those requirements, the City of Stockton added engineered wetlands and two nitrifying
bio-towers to the RWCF to reduce ammonia discharges to the SJR. WDRs also were issued to the
Port of Stockton for its 2006 dredging project. The WDRs require the addition of oxygen to the
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DWSC to mitigate additional DO deficits associated with increasing the channel volume and chemical
oxygen demand.

Because the United States Army Corps of Engineers (USACE) is responsible for any channel
deepening or maintenance dredging in the DWSC, CVRWQCB requested USACE to submit a technical
report identifying and quantifying the various mechanisms by which oxygen-demanding substances
are converted to oxygen demand and the impact that the DWSC has on reaeration and other
mechanisms that affect DO concentration in the water column. Modeling studies of the effects of
potential deepening of the DWSC on DO are underway by USACE. Additionally, DWR constructed the
Aeration Facility at RRI to determine its effectiveness for improving DO conditions in the DWSC
(described in this report).

Stockton Regional Wastewater Control Facility Nitrification

The City of Stockton constructed a nitrification facility in 2006 that dramatically reduced the amount
of ammonia in the RWCF effluent. The ammonia-N is converted to nitrate-N in a nitrifying bio-tower,
and the ammonia concentration from the oxidation ponds is (now) discharged to the river as nitrate
(with no remaining oxygen demand). This removal of ammonia-N concentration (now measured as
the effluent nitrate-N concentration) represents a TMDL BOD reduction credit for the City of
Stockton.

Port of Stockton Aeration Facilities (Dock 13)

The Port of Stockton operates two aeration facilities on Dock 13 near Channel Point where the SJR
enters the DWSC. The USACE constructed the aerator platform in 1992, using a design that was
recommended by Sacramento District staff of the USACE to provide aeration outside of ship traffic
lanes in the DWSC. In the 1980s, the Sacramento District deepened the DWSC by 5 feet to its current
depth of approximately 35 feet at average low water flows. To resolve regulatory agency concerns
that the deepening would decrease DO concentrations, the USACE performed a water quality
modeling study that indicated that the deepening would decrease the DO concentrations and
increase the DO deficit by about 0.2 mg/l. Results from the modeling indicated that a maximum of
about 2,500 Ib/day of oxygen would need to be dissolved in the DWSC, when the river’s net flow was
2,000 cubic feet per second (cfs), to maintain the pre-deepening longitudinal DO profile. Smaller
amounts of oxygen would be needed at lower flows.

Because the migration of adult fall-run Chinook salmon has likely been affected by low-DO
conditions in the DWSC, the USACE agreed to mitigate the potential effects on DO concentrations in
the fall months (September 1 through November 30), whenever DO concentrations dropped below 6
mg/] (i.e., per the Basin Plan objective). The USACE device uses a water jet to entrain air bubbles (jet
aerator). This device was designed with an aeration capacity of 2,500 Ib/day and was tested in 2002
as part of the TMDL studies (Jones & Stokes 2003). The jet aerator was found to have an aeration
capacity of about 1,850 Ib/day when DO concentrations were about 3 mg/l1. The capacity likely
would be reduced at higher DO concentrations. In 2003 the USACE turned over ownership of the
facility to the Port of Stockton who now operates and maintains it on behalf of the USACE during the
September-November period.

A second device was installed by the Port of Stockton in 2007 as required for mitigation of dredging
impacts. That system uses pure oxygen bubbles discharged from a perforated hose suspended about
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20 feet below the water surface under Dock 13 on the Port of Stockton’s East Complex. The aeration
capacity for this facility is about 2,000 Ib/day.

The Port of Stockton operates the aerators in months outside the September-November period to
fulfill a separate mitigation measure associated with dredging actions at its West Complex and as a
participant in the SJR DO TMDL. The Port of Stockton has committed to supplying (i.e., dissolving)
about 4,000 Ib/day of oxygen into the DWSC using aerators whenever DO concentrations approach
the objective levels. Both of these aerators were operated for most of summer 2008 (June 7-October
13) because DO at NA 48 often was approaching or less than the established operational trigger,
which is 5.2 mg/1 daily average for June-August and 6.2 mg/1 daily average for September-
November. The Port of Stockton aerators at Dock 13 were also operated periodically in 2009 and
2010. Added DO from these aerators travels upstream in the SJR during flood tide and downstream
toward the DWR Aeration Facility diffuser during ebb tide. After a few days of tidal mixing, it is
presumed that the added DO from the Port of Stockton aerators and from the DWR Aeration Facility
mix and increase DO concentrations in the DWSC, but the source of the DO cannot be easily
identified. Identifying the DO from the Port of Stockton aerators was not an objective of the DWR
Aeration Facility monitoring; however, it is reasonable to assume that some portion of the DO added
by the Port of Stockton is measured at the NA 48 monitoring station. Therefore, DO added by the
Port of Stockton aerators was considered part of the baseline DO conditions. The DWR Aeration
Facility monitoring and testing strategy was designed to distinguish only the DO added by the
Aeration Facility from all other DO (including that added by the Port of Stockton aerators) in the
DWSC.

Background of the Stockton Deep Water Ship Channel
Demonstration Dissolved Oxygen Aeration Facility Project

The Aeration Facility project has been a multiple-year study of the effectiveness of elevating DO
concentrations in the DWSC. DO concentrations in the channel have dropped as low as 2 to 3 mg/1
during warmer and lower water-flow periods in the SJR. The low DO levels can adversely affect
aquatic life, including the health and migration of anadromous fishes (e.g., salmon). The objective of
the study is to maintain DO levels above the minimum recommended levels specified in the Basin
Plan for the Sacramento River and SJR Basins. The Basin Plan water quality objectives for DO are 6.0
mg/l in the S]R between Turner Cut and Stockton, September 1 through November 30, and 5.0 mg/1
for the remainder of the year.

The project comprises a full-scale aeration system, including two 200-foot-deep U-tubes, two
vertical turbine pumps capable of pumping more than 11,000 gallons per minute each, a liquid to
gas oxygen supply system, and ancillary equipment and control systems. The system has been sized
to deliver approximately 10,000 lIb/day of oxygen into the DWSC. The aeration system is anticipated
to be operated only when DWSC DO levels are below the Basin Plan DO water quality objectives (up
to 100 days per year). The Aeration Facility study included an ongoing assessment of DO levels in
the DWSC and vicinity and a study of potential adverse effects of oxygen on salmon.

Project Funding

The funding for planning, construction, and testing of the full-scale Aeration Facility was from the
Proposition 13 Safe Drinking Water, Clean Water, Watershed Protection, and Flood Protection Act of
2000. The Aeration Facility qualified for funding as defined in the act and promulgated in the
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California Water Code (CWC), Chapter 4, Article 3. Bay-Delta Multipurpose Water Management
Program, Section 79190(c), (d)(1), and (d)(2)(A)(ii). The CWC requires that the project be a CALFED
stage 1 action as identified in the CALFED EIR/EIS, be a demonstration project subject to the
CALFED adaptive management principle, and construct facilities to control waste discharges that
contribute to low DO and other water quality problems in the lower SJR and the south Delta.

Feasibility Study Alternatives

Methods for mechanically oxygenating waters in the project area are presented in the Evaluation of
Aeration Technology for the Stockton Deep Water Ship Channel (Jones & Stokes 2003) and in the
Aeration Technology Feasibility Report for the San Joaquin River Deep Water Ship Channel (Jones &
Stokes 2004). Results of the implementation analysis study recommended that three technologies
be considered for further evaluation and possible implementation: the U-tube, Speece cone, and
bubble plume aeration. The San Joaquin River Dissolved Oxygen Aeration Project: Draft Engineering
Feasibility Study, prepared in June 2004 by HDR Engineering (HDR Engineering 2004), evaluated
these treatment technologies and their ability to transfer 10,000 Ib/day of oxygen to the channel.
Based on that evaluation and additional in-situ testing, the U-tube was selected as the most feasible
option for implementation (Jones & Stokes 2004).

Environmental Analysis and Permitting

The California Public Resources Code (PRC) Sections 21000-21177 and the California
Environmental Quality Act (CEQA) Guidelines provide the statutory requirements for evaluating
environmental impacts of proposed projects. CEQA requires that state and local agencies, when
making a discretionary action, follow a protocol of analysis and public disclosure of the potential
environmental impacts of development projects. As such DWR conducted an initial study to analyze
potential effects. In addition, Section 7 of the Endangered Species Act, 16 U.S.C. Section 1536(a)(2),
requires all federal agencies to consult with the National Marine Fisheries Service (NMFS) for
marine and anadromous species, or the USFWS for fresh-water fish and wildlife, if they are
proposing an action that may affect listed species or their designated habitat. For local governments,
any project that requires a federal permit or receives federal funding is subject to Section 7. While
this was not required for this project, DWR acted in good faith to allay concerns by the NMFS and
prepared a biological assessment. Both of the aforementioned reports are described below.

Initial Study—Mitigated Negative Declaration

An initial study/mitigated negative declaration (IS/MND) was prepared in 2005 to assess the
Aeration Facility’s potential effects on the environment and the significance of those effects (Jones &
Stokes 2005). Potentially significant impacts were identified for biological resources, hydrology and
water quality, and noise. However, the study concluded that the proposed project would have no
potentially significant impacts on the environment because mitigation and conservation measures
would be implemented. Mitigation measures implemented to reduce impacts to a less-than-
significant level were as follows.

e Construction air emission controls.
e Best management practices (BMPs) for contaminant spill control.

e Surveys for Swainson’s hawk and burrowing owl nests in the immediate vicinity of the project
area prior to construction activity.
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e Screens to avoid impingement and entrainment impacts on fish.

e Noise mitigation measures to conform to city, state, and federal standards.

Biological Assessment

The DWSC is used as a migration corridor by juvenile and adult salmonids; thus a biological
assessment of the potential effects of the Aeration Facility on listed fish species was prepared for
USFWS and the National Marine Fisheries Service (NMFS) by DWR (Jones & Stokes 2007a). The
direct effects of the operation of the project may include attraction of juvenile and adult salmonids
to the diffuser, and whether being close to the diffuser could be harmful to these fish species
through exposure to reactive oxygen species (ROS) and/or exposure to oxygen-supersaturated
water.

The evaluation of direct effects focused on the effects of the test operation phase of the project.
Specifically, NMFS staff voiced concerns that the operation of the project could attract juvenile
salmon or steelhead to areas of the water column that are supersaturated with oxygen, and if so
attracted, they could be exposed to oxygen at concentrations or ROS that could be harmful.
Conversely, project operations could have beneficial effects on these species by increasing DO
concentrations within the DWSC from Turner Cut to Stockton, a distance of approximately 7 miles.
The potential for effects on fish from the fish screens or from supersaturated oxygen discharged
from the project are relatively low for a variety of reasons that were fully discussed in the biological
assessment.

Sacramento winter-run Chinook salmon, Central Valley spring-run Chinook salmon, and green
sturgeon are very unlikely to occur in the vicinity of the project because these fish spawn and rear in
the Sacramento River. They will likely occur only in the lower SJR if there were some kind of
attractant flow emanating from the SJR. The likelihood of these fishes traveling upriver 38 miles to
the project site is very small.

The presence of juvenile Central Valley steelhead is likely, depending on when the operation of the
project is initiated each year. Juvenile steelhead are expected to occur in low numbers following the
peak of the outmigration and during the bulk of the period of project operations.

Juvenile salmonids present in the DWSC are not expected to actively seek the highest oxygen
concentrations. As indicated in studies outlined above, fish are expected to occupy intermediate
oxygen concentrations as long as these concentrations meet their metabolic needs. Because the
diffuser is expected to completely mix DO through the width and length of the channel to
concentrations appropriate for migrating smolts, juvenile salmonids are not be expected to “need”
to seek more oxygen-rich environments.

Juvenile salmonids could not remain in the plumes of supersaturated oxygen exiting the Aeration
Facility ports because their critical swim speeds are less than the velocities of the jets in the area of
super-saturation. If a juvenile salmon were to somehow swim into a hyperoxic plume, within a
second or two the flow would eject the fish from the area to areas with highly mixed waters.

Injecting oxygen into water is relatively common in intensive salmonid aquaculture operations.
Juvenile salmonids exposed to hyperoxic waters and allowed to return to normoxic fresh water have
not, with the exception of one 20-day exposure with extremely high saturation (328%), shown any
mortality or long-term ill effect. During exposure there are changes in ion and acid-base exchange to
adapt to higher CO; in the blood, and antioxidant reactions to defend against damage at the cellular
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level as a result of oxidative stress (the effect of ROS). All physiologic effects appear reversible if the
fish is allowed 24 hours before another longer-term (12 hour or greater) exposure to hyperoxic
water or before it enters saltwater.

The biological assessment concluded that the long-term effects of the project would be beneficial for
those fish present in the DWSC during project operations. The project is expected to increase the DO
concentrations throughout the DWSC to levels considered safe for salmonids during the spring and
summer months.

Basis of Design and Division of Engineering Final Design

Jones & Stokes (now ICF International) contracted with HDR to complete a draft engineering
feasibility Study (completed July 2004) that analyzed alternatives for the Aeration Facility. The final
feasibility report by Jones & Stokes recommending a full-scale U-tube facility was completed in
October 2004.

A basis of design technical memorandum was also completed by HDR per Jones & Stokes in
December 2004.

DWR’s Division of Engineering began final design of the full-scale U-tube Aeration Facility in January
2005. Final design was completed in July 2005, and the project was advertised for construction bids
shortly after.

Construction

DWR requested construction bids in October 2005 for the full-scale demonstration project. The
construction contract was awarded to Clyde G. Stegall Inc. of Loomis, California, and the notice to
begin construction was given in December 2005. Construction of the facility began in January 2006.
Installation of the discharge and diffuser pipe occurred in January 2006, with the construction of the
two 200-foot-deep U-tubes completed in April 2006. The aboveground components of the
construction, including the concrete pad, piping, pumps, and appurtenances, were completed by
September 2006.

Issues with procuring a contract to lease the oxygen system portion of the facility necessitated that
the oxygen system instead be designed, put out to bid, and constructed. BOC was awarded the
contract, completed design and construction of the oxygen portion of the system in August 2007,
and provided safety and system operation training in September 2007. Construction was officially
completed in October 2007, and operations began in early 2008. The total cost for construction of
the Aeration Facility was $3.7 million. Table 2 provides a description of the various system
components.
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Table 2. Aeration Facility Design/Construction Elements

Element

Description

Fish screens

Pumps and valves

Liquid oxygen supply
(LOX)

U-tube contactor

Multi-port diffuser

Instrumentation and
control

Site Features
Site work

Two Johnson-type barrel fish screens feeding two intake headers. Intake
headers connected to pump intakes. Screens are self-cleaning using air scour.

Two vertical turbine pumps with 200 horsepower electrical motors. Water
pumped to U-tube contactor (well) and discharged to a multi-port diffuser.
Pump operates ON/OFF through a dedicated control panel for each pump. Flow
can be reduced using a throttling valve in a set position. Isolation valves can
isolate flows from one pump or the other to one U-tube or the other via
crossover piping.

9,000 gallon liquid oxygen storage tank, vaporizing equipment, and feed lines
with valves and piping located onsite. Storage volume sized such that refilling
intervals are not to exceed one refill per week. Maximum feed rate sized by
considering a minimum 80% transfer rate at design conditions. LOX storage
and distribution equipment to the feed control equipment shall be vendor
supplied.

Two identical 200-foot-deep U-tube assembly contactor wells are specified.
Outer casing constructed of welded steel capable of resisting corrosion from the
surrounding soil. The bottom of each U-tube shall be sealed with concrete to
eliminate the potential for groundwater interaction. Inner casing constructed of
alternate material such as high density polyethylene (HDPE) or polyvinyl
chloride (PVC) to reduce weight and minimize support structure requirements.
Centering supports/guides attached to the inner pipe can be used to guide and
stabilize the inner piping. Each U-tube will be designed to provide a minimum
of 5,000 Ib/day of oxygen.

A 30-inch discharge pipe is used to transmit effluent (oxygenated water) from
the U-tubes 1,000 feet upstream to a single liquid diffuser lateral, mounted
along the piers beneath Dock 20. The diffuser lateral is affixed to individual
piers with fabricated pipe supports at the deepest possible installation point.
The installation must be as deep as possible to guard against effervescence.

Influent valves with manual adjustment. Oxygen feed automated with
motorized valves and set point.

Onsite readout display of operating parameters (pressure, flow, DO
concentration). Communication equipment required to upload data to a remote
point.

A programmable logic controller (PLC) for data logging, communication, and
motor control where needed.

Alocal control panel for operation of fish screen air burst system.

Dedicated control panel for onsite ON/OFF startup for pumps.

Concrete foundations are required for the oxygen supply tank, evaporators,
regulation, and refilling equipment. Refilling occurs over concrete pavement.
Drilling in the dock structure will be necessary for installing pumping and
piping equipment. Chain link fencing used to enclose and secure the pump and
oxygen supply equipment.

Source: HDR and Jones & Stokes 2004.
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Aeration Facility Description

The facility layout is illustrated in Photograph 1. The Aeration Facility was constructed at the west
end of Dock 20, RRI, on the Port of Stockton’s West Complex. The facility is composed of two nearly
identical systems that operate side-by-side (referenced as Tube A and Tube B). Water is drawn from
the DWSC through screened intakes using two vertical turbine pumps that supply a combined water
flow of approximately 45 cfs. The screens are installed around the two pump intakes between the
piers that support Dock 20 and were designed such that none of the project infrastructure interferes
with shipping traffic. The pumping columns are mounted through the dock structure where the
pump discharge headers and pump motors are located. The pumps convey the river water via 30-
inch piping to two 200-foot-deep wells consisting of an inner and outer casing forming U-tubes. This
U-tube configuration provides increased contact time and hydrostatic pressure, which together
increase the gas adsorption rate and raises the DO concentration. This is discussed in detail in HDR’s
2005 report, Basis of Design Technical Memorandum.

Gaseous oxygen is injected through stainless steel spargers at the point just above where water
flows down the U-tubes. The oxygen source is a 9,000-gallon LOX tank. The LOX is converted to gas
in a vaporizer before being introduced to the process water. The oxygenated water exiting the U-
tubes is commingled and routed through approximately 1,000 feet of piping back to the DWSC
through a diffuser upstream from the pump intakes. The diffuser is approximately 200 feet long and
is mounted along the pilings beneath the dock about 10 feet inside of the edge of the dock (where it
is protected from ships) at a depth of 10 feet at low tide. The water is about 30 feet deep at low tide
at the diffuser (dredged for ships to dock). There are a total of eighty 6-inch-diameter ports on the
diffuser. Half of the ports are spaced every 5 feet along the centerline of the diffuser pointing
laterally towards the DWSC. The other half of the ports are installed between the forty lateral ports,
and are pointed down at a 45° angle to distribute the oxygenated water deeper in the DWSC. The
portion of the facility atop the dock is secured with an 8-foot chain link fence and gate.

Photograph 2 shows the DWSC upstream of the Aeration Facility. The location of the diffuser and the
upstream DO monitors at NA 43 and NA 48 are indicated. Photograph 3 shows the DWSC
downstream of the Aeration Facility. The locations of the downstream DO monitors at NA 42 and NA
40 are indicated.

Figure 1 shows a map of the DWSC and the DO monitoring stations. The most upstream monitor is at
NA 48, about 1.5 miles upstream of the diffuser. NA 43 is located about 0.2 mile upstream. The RRI
monitor is located about 0.2 mile downstream, NA 42 is located about 0.7 mile downstream, and NA
40 is located about 1.6 miles downstream of the diffuser. Locations in the DWSC generally are
referenced with the SJR River Mile (Mile) or with the numbered NAs. The river stations for the
RWCF water quality monitoring program also are shown.

Monitoring of Aeration Facility and Deep Water Ship Channel Conditions

A monitoring plan for evaluating the performance of the Aeration Facility and the effects on DO
conditions in the DWSC was developed as part of the feasibility report in 2004 (Jones & Stokes
2004). The monitoring strategy included the following components.

e Measurement parameters for U-tube device operations.
e Discrete sampling and continuous monitoring locations.

e Lateral and longitudinal boat surveys of the DWSC with multi-parameter monitoring probes.
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e Methods for detecting incremental effects from operation of the U-tube oxygenation device.

Previous Deep Water Ship Channel Monitoring and Sampling

The historical records for temperature, DO, electrical conductivity (EC), and pH have been measured
since 1986 at the DWR water quality monitoring station at the western end of RRI (Dock 20), the
location of the Aeration Facility. Measurements of temperature, DO, pH, and EC are made every 15
minutes using a pump and flow-through monitoring devices. The separate monitoring devices were
replaced with a multi-parameter YSI probe in about 2000. The pump intake is located at a depth of
about 3 feet within a perforated 12-inch-diameter stilling well. The water depth is about 15-20 feet
at the RRI monitoring location. The 15-minute tidal elevation has been measured by DWR at the RRI
station. The tidal flows in the SJR about 2 miles upstream of the DWSC have been measured at the
U.S. Geological Survey (USGS) Stockton (Garwood Bridge) station since 1995 (originally an
ultrasonic velocity meter [UVM] device, now a side-looking acoustic [SL] device).

The City of Stockton is required as part of its National Pollutant Discharge Elimination System
(NPDES) permit and associated WDRs and to collect mid-depth weekly grab sample data from
several stations in the DWSC during the summer and early fall. Water quality monitoring stations
used by the City for its NPDES permit were incorporated into the sampling plan during the first year
following device implementation. Weekly grab samples are collected by the City from stations R2a,
R3, R4, R5, and R6 for many water quality parameters. Station R2a is located on the SJR upstream of
Channel Point (i.e., the confluence with the DWSC) at Burns Cutoff. R3 and R4 stations are upstream
of the oxygen diffuser, and R5 and R6 are downstream (see Figure 1). The sampling is conducted
weekly from May 1 through November 30.

DWR samples for minerals, nutrients, phytoplankton, zooplankton, and benthos upstream at
Vernalis and in the DWSC at Buckley Cove (P-8), located about 1 mile downstream of the Calaveras
River mouth and 1.25 miles downstream of the RRI water quality monitoring station. These two
stations provide a long-term record of S]R water quality entering the tidal delta and in the DWSC.
These monthly samples were required by State Water Board as part of the D-1485 (1978) and D-
1641 (2000) compliance and baseline monitoring program.

DWR also collects surface and bottom temperature, DO, EC, turbidity, and fluorescence (chlorophyll
a) measurements from the San Carlos water quality sampling boat during the June-November
period, prior to and after the installation of the fall temporary barrier at the head of Old River. The
monitoring is designed to determine the changes in DO caused by installing the head of Old River
barrier, which increases the flow past Stockton. Samples are collected biweekly from 14 locations at
low slack water from Prisoners Point (on Venice Island) upstream to the Turning Basin. The
longitudinal gradient in temperature, DO, EC, turbidity, and fluorescence indicates the general
mixing between S]JR water and Sacramento River water that occurs at about Turner Cut. Some
differences between surface and bottom measurements are observed in the DWSC upstream of
Turner Cut. Changes in DO are difficult to interpret because flow, temperature, and algal biomass are
all changing during this summer and fall period.

Deep Water Ship Channel Monitoring Approach

The monitoring approach to determine the effectiveness of the Aeration Facility was developed after
reviewing the available information from previous DWSC measurements. The basic monitoring
approach can be summarized as three primary tasks.
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e The existing RRI water quality monitoring station, operated by DWR, will continue to be the
main station for judging the effectiveness of the Aeration Facility. The station is equipped with a
pump intake that is floating at a depth of 1 meter within a stilling-well pipe that is perforated
along its depth (about 15 feet). The existing monitor measures maximum temperatures and DO
in the late afternoon of many summer days, suggesting the influence of surface stratification on
algae growth and DO. The daily minimum DO, which usually occurs in the early morning hours,
will continue to be used to indicate the average daily DO in the DWSC.

e Four new stations with continuous (15-minute) DO monitoring will be installed along the DWSC.
Two stations will be located upstream of the oxygen device diffuser (at NAs 48 and 43), and two
will be located downstream (at NAs 42 and 40). These four stations will provide a record of the
position and extent of the longitudinal DO sag within the DWSC. Existing navigation light pilings
will be used for these monitoring stations. Measurements will be obtained from mid-depth (8-
12 feet) to eliminate the higher DO measured during surface stratification in the afternoon.

e Longitudinal boat surveys in the DWSC for near-bottom (25 feet), mid-depth (15 feet), and
surface (5 feet) measurements of temperature, DO, pH, EC, turbidity, and algae fluorescence will
be obtained at the end of each “on” and “off” period within the operational testing cycle to
provide a more complete record of the longitudinal gradients for high-tide and low-tide
conditions.

To provide a baseline for comparison with the primary RRI monitoring station, monitoring of the
DWSC DO concentrations at the four new stations began in 2007 prior to operation of the Aeration
Facility. Because of the relatively large variations in the DO measured at the RRI station and the
similar variations expected at the additional monitoring locations, it will be difficult to separate
natural variations from the additional DO supplied by the oxygenation device. Therefore, the basic
experimental design proposed to estimate the performance of the Aeration Facility in raising the
minimum DO in the DWSC is to operate the device with an on-off cycle. The device is expected to
raise the DO by about 1 mg/l within the tidal zone of the DWSC (2,500 acre-feet [af] tidal volume)
after a day of operation. A 3-day operational period should raise the DO by about 3 mg/l, depending
on the downstream flow that will transport the added DO. The natural reaeration also will cause the
downstream increment of DO to be reduced slowly back toward the natural DO (reaeration
balancing the rate of BOD decay). When the device is shut off, the DO profile in the DWSC will return
to the natural conditions (without the Aeration Facility). The basic objective of this on-off operation
is to produce a clearly identified “ramping signal” that can be separated from the natural DO
fluctuations in the DWSC. The DWSC residence time (i.e., flow) and BOD concentration will control
the days needed for the DO concentration profile to return to natural conditions.

Goals of the Demonstration Aeration Facility

The goals for the Aeration Facility were to test the physical operation of the facility (performance)
and to evaluate its ability to increase the DO concentrations in the DWSC (effectiveness). The testing
and evaluation results are presented as three major topics in this report.

e Performance of Aeration Facility for capacity and gas-transfer efficiency.
e Effectiveness of Aeration Facility for increasing DO in the DWSC.

e Operational costs and strategies for long-term TMDL implementation.
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Several performance and effectiveness objectives were established for the Aeration Facility. The six
Aeration Facility performance objectives can be summarized as listed below.

1.
2.
3.

Determine the Aeration Facility water flow rates with one-pump and two-pump operations.
Determine the maximum gas flow rate for a range of operating pressures.

Determine the gas-transfer efficiency for a range of gas/water ratios with a variety of sparger
(gas injection device) designs.

Determine the capacity of the Aeration Facility (pounds per day of dissolved oxygen delivered to
the DWSC) with one-pump and two-pump operations for a range of gas/water ratios.

Determine the possible loss of DO concentrations in the discharge line when the outlet DO
concentrations are greater than the oxygen saturation (about 40 mg/1).

Determine the most cost-effective operating regime for a range of required DO delivery rates
(Ib/day).

The six Aeration Facility effectiveness objectives can be summarized as listed below.

1. Determine how well the existing RRI DO monitoring station (at an approximate 3-foot depth)
represents natural DO conditions in the DWSC from Turner Cut to Channel Point (natural DO
conditions).

2. Determine whether the Aeration Facility diffuser location between Dock 19 and Dock 20 is
appropriate for adding DO to the DWSC to alleviate the lowest DO conditions (location).

3. Determine how much DO could be added to the DWSC from the Aeration Facility under a variety
of flows (i.e., 250 cfs-1,000 cfs) at maximum Aeration Facility capacity (DO increments).

4. Determine the distribution of added DO in the DWSC at high tide and low tide (tidal spreading).

5. Determine the effects of natural surface reaeration on the downstream DO profile and the DO
increments from the Aeration Facility (reaeration rate).

6. Determine the ability of the Aeration Facility to maintain DWSC DO above the Basin Plan
objectives of 5 mg/I from December 1 through August 31 and 6 mg/l from September 1 through
November 30 (DO objectives).
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Testing and Monitoring Methods

This section of the final report describes the methods that were used to test the performance of the
Aeration Facility (gas-transfer efficiency and capacity) for both one-pump and two-pump operations
with a range of gas/water ratios, and to evaluate the effectiveness of the Aeration Facility for adding
DO into the DWSC for a range of flows and natural DO conditions.

Aeration Facility Testing Procedures

The goal of Aeration Facility testing was to measure the flows and the increase in DO concentration
from the inlet to the outlet of the U-tubes under normal operation and to calculate the gas-transfer
efficiency and the DO-delivery capacity. Various gas sparger designs were tested for a range of
gas/water ratios. The basic steps for the field testing are summarized below.

e Operate one or two pumps to provide flow (25 cfs for one, 45 cfs for both) to the U-tube(s).
e Add oxygen gas at a selected gas/water flow ratio (volume) of between 1% and 6%.
e Measure the change in DO concentration between the U-tube inlet and outlet.

e Calculate the gas-transfer efficiency for the U-tube and the delivery capacity for the Aeration
Facility.

e Determine whether DO in the discharge line between the U-tube outlet and the diffuser is
increasing (additional gas dissolution) or decreasing (if the outlet DO is above saturation).

Water Flow, Dissolved Oxygen Concentration, and Gas Supply Measurements

The Aeration Facility was designed to have inlet and outlet DO sensors for each U-tube. However,
the selected probes were not installed until 2009, so for the first year of testing two temporary YSI-
6600 DO sondes (sensor probes) were installed in flow-through chambers by UOP to measure the
outlet DO in each U-tube. The inlet DO was estimated either from the nearby DWR RRI monitoring
station surface sensor or from the YSI probes in the U-tubes when the oxygen gas was shut off
between tests. The YSI sensors were calibrated and placed in the flow-through cells and connected
with hoses from the outlet ports on each U-tube.

Water samples were collected from the outlet ports by UOP for modified (for high DO
concentrations) Winkler titrations to verify and adjust the DO sensor measurements. Several
titrations were used to estimate the necessary adjustments in the YSI probe readings at relatively
high outlet DO concentrations (above 20 mg/1).

The gas flow rates were determined by visual readings from the gas flow meters, and the water flow
rates were determined by visual reading of the water flow meters. Because all of these
measurements were variable, there was some uncertainty in the DO increment, the water flow, the
gas supply, and the resulting estimates of gas-transfer efficiency and DO-delivery capacity.
Measurements taken under similar conditions yielded gas-transfer efficiencies and capacities that
were usually within 5% of previous measurements. Therefore, the general performance parameters
for the Aeration Facility can be described accurately based on these measurements.
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A PLC records data while the system is in operation. The date and time, water flows (cfs), inlet DO
(mg/1), outlet DO (mg/1), and oxygen gas feed rates (scf/hr) are recorded on a compact flash card at
a 15-minute interval. In addition to data being stored electronically, data were recorded manually
on a hard copy whenever the facility was started or stopped or when a daily check was made during
operations. These data were used to monitor operations, analyze system performance, and analyze
operational costs. These daily data records included the following.

e Date and time.

e Pump start and stop times.

e Air burst cycle times of the fish screens.

e Water flows (cfs) and totalizer (million gallons).

e Water pressure (psi).

e Electricity usage readings (kilowatt-hour [kWh] and kilowatt [KW]).
e Oxygen system start and stop times (date and time).

e Inletand outlet DO (mg/1).

e Oxygen gas flow rate (scf/hr) and totalizer (scf).

e Oxygen supply pressure (psi).

e Oxygen tank pressure and remaining product (psi and percent).
e Oxygen level (inches of water).

e Vaporizer in use (1 or 2).

e Ship activity in front of the diffuser.

Aeration Facility Test Conditions

A series of tests were conducted in 2008 with the objective of identifying ways to increase the gas-
transfer efficiency of the U-tubes. The only variables within the investigators’ control were water
flow rates, gas flow rates, and gas injection method. As such experiments were conducted using
combinations of those variables. The underlying hypothesis of many of the tests was that lower gas
exit velocity would result in smaller, more numerous bubbles due to the shearing action of the water
flow and that this increase in bubble surface area would result in greater oxygen transfer. Initial
testing on March 13 and 18, 2008, used the original sparger in both U-tubes, with a range of gas
supply rates, with the gas supply regulator set at 45 psi. The original sparger, constructed by BOC,

consisted of a 34-inch-inside-diameter stainless steel tube with ten “s-inch-diameter holes placed in
two rows at 2-inch spaces across the pipe (with a 90° angle between the rows), that extended across
the middle 8 inches of the 20-inch-diameter inner U-tube. Full water flow (45 cfs) with a 4%
gas/water supply ratio is the full capacity design condition. Reduced gas supply rates of 3% and 2%
also were tested. An increased gas supply ratio of 5% could not be achieved, because of limited gas
delivery tubing capacity, with the gas supply pressure of 45 psi.

Testing on May 22 and May 28, 2008, was conducted at full water flow with two pumps to compare
the gas-transfer efficiency for a variety of sparger designs. The maximum gas supply rate (at 45 psi)
was about 3,600 scf/hr or about 1 standard cubic foot per second (scf/sec) of gas into each U-tube
(with 22.5 cfs of water flow in each). This represents a gas/water flow ratio of 4.4%. The testing goal
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was to compare different numbers (area) and sizes of holes for the sparger. However, before testing
could begin, the pump controls for U-tube A malfunctioned, and the pump was not operational.
Testing was conducted with just U-tube B. The single pump provided a maximum water flow of 25
cfs because there was less head loss through the (shared) diffuser pipeline. The oxygen gas supply
rate was adjusted to 4% and 3% for testing on May 22. Testing of the alternative sparger holes in U-
tube B continued on May 28, 2008. A second sparger design increased the number of holes to 40,

with ten Y&-inch holes in four rows around the sparger pipe. This reduced the gas exit velocity from
1,000 feet per second (ft/sec) for the original sparger to about 300 ft/sec. The third sparger design
used one hundred sixty 1/16-inch holes to retain the 300 ft/sec gas exit velocity but potentially
allowed smaller bubbles to be formed with the smaller holes. A fourth sparger design used the open
end of the 34-inch-inside-diameter stainless steel pipe with a gas exit area that was similar to the
area of the 40-hole sparger and 160-hole sparger.

A fifth sparger design was tested on July 7, 2008, using four 30-foot-long sections of the aeration
hose similar to what is used at the Port of Stockton oxygen gas bubbler system at Dock 13. The
outside diameter of the hose is 1 inch and the inside diameter is 0.5 inch. The bubbles form at
“pores” on the surface of the hose, which has an estimated porosity of about 20%. The gas exit
velocity was likely much less than with the drilled holes in the sparger pipe and was estimated to be
only 0.2 ft/sec. The 30-foot sections of hose were hung down into the U-tube, in parallel, and
attached to a manifold placed at the normal location of the sparger. Test results showed no
significant increase in transfer efficiency. It is suspected that the increasing hydrostatic pressure in
the U-tube may inhibit the flow of gas through the lower portion of the 30-foot sections of aeration
hose effectively shortening the aeration hoses by some unknown amount.

Testing of alternative sparger designs resumed on July 30, 2008. The factor being evaluated was the
gas supply pressure at the sparger. The high pressure of the gas supply line (45 psi) was thought to
be limiting the formation of small bubbles. The pressure regulator was reduced to 35 psi. However,
this reduced the gas delivery to a maximum of 2,400 scf/hr with the spargers and allowed a
maximum gas/water ratio of about 3% with full water flow of 22.5 cfs. Testing with a reduced gas
supply pressure was conducted again on September 22 and 25, 2008. Both gas supply lines were
connected to a single sparger. This allowed a higher gas ratio to be delivered at a reduced pressure.
Additional testing of the aeration hose and the open-ended pipe sparger was conducted at 1% to 6%
gas/water ratios. Transfer efficiencies were compared at the original pressure of 45 psi and reduced
pressures of between 25 and 35 psi.

Aeration Facility operations were limited in 2009 because all State Bond-funded projects were
suspended. No testing of the Aeration Facility was conducted in 2009, although the Aeration Facility
was operated for effectiveness monitoring in September and October 2009.

Aeration Facility testing was resumed on June 23, 2010. The main objectives were to measure the
water pressures in the system with one pump and two pumps operating and determine the effects of
increased gas pressure on gas delivery. Several water pressure gauges were installed, and both gas
and water pressures were measured in a series of tests with different regulated gas pressures.
Additional pressure readings were taken at the diffuser to determine the actual pressure drop
through the Aeration Facility for one-pump and two-pump operations. The head loss measurements
for the discharge pipeline for one-pump (25 cfs) and two-pump (45 cfs) operations were helpful in
describing the basic hydraulic performance of the Aeration Facility.
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The maximum gas delivery in 2008 and 2009 operations with a regulated pressure of 45 psi was
about 4% gas. This corresponds to a gas flow of about 3,250 scf/hr to each U-tube, with a water flow
of 22.5 cfs in each U-tube. It was found that by loosening the “check nut” on the pressure regulator
thumb screw valve, a much higher regulated gas supply pressure could be obtained. Discussion with
the gas flow meter vendor indicated that the flow gauge is properly adjusted at a wide range of
operating pressures, so that the gas flow meter reading in standard cubic feet of gas per hour was
accurate at any gas supply pressure between 20 psi and 100 psi. An 8% gas/water ratio could be
supplied with the gas flow valve fully opened at a pressure of 85 psi.

The exit DO concentration with the same gas flow rate at two different gas pressures was compared
to confirm that the flow meters provided accurate measurements for this range of pressures. Both
U-tubes were operated with the gas flow set at 3,250 scf/hr, to give a 4% gas to water ratio with the
measured water flow of 22.5 cfs. With a gas pressure of 45 psi, the exit DO for U-tube A was 43.5
mg/1 and the exit DO for U-tube B was 40 mg/1. The gas pressure was increased to 85 psi and the
flow valve was adjusted slightly to give the same gas flow of 3,250 scf/hr. The U-tube A exit DO
remained at 43.5 mg/l, and the U-tube B exit DO was increased slightly to 41 mg/1. Because there are
fluctuations in the gas flow rate and the valve is very sensitive, these exit DO measurements were
assumed to be essentially the same at both gas pressures. It was concluded that the gas flow meters
give accurate gas flow measurements at either pressure.

The main objective for the testing on July 6, 2010 was to determine the size distribution of the
bubbles by obtaining underwater photographs (video) of the bubbles forming at the sparger. The
test hypothesis was that larger-than-expected bubbles were forming at the sparger, or perhaps
coalescing in the inner “down” tube, reducing the transfer surface area of the gas bubbles. The
assumed size in the design modeling was 3-4 millimeters (about %% inch). The transfer efficiency
was expected to be about 80% but was measured at only 60%. Unfortunately, the standard pipe
inspection camera that was available did not have enough light intensity and did not have nearly fast
enough image capture (i.e., digital shutter speed) to render the bubbles. Only a vague image could be
seen on the screen with the camera located about 2 feet above the sparger. The image showed a
spreading “mist” of bubbles extending about 6-8 inches away from four “s-inch holes (two each
direction) that were visible. It had also been hypothesized that an air pocket might be forming on
the lip of the inner tube immediately below the sparger, but observers were unable to see any
evidence of this using the camera.

The second testing objective on July 6, 2010, was to determine the effects of reduced water velocity
on the gas transfer efficiency. Operating one pump and splitting the flow between the two U-tubes
was used to test the effects of reduced velocity in the U-tubes. The split flow would double the travel
time from 40 seconds (i.e., 400 feet at 10 ft/sec) to 80 seconds (i.e., 400 feet at 5 ft/sec) and was
expected to increase the gas-transfer efficiency. Operating the Because the water flow meter is
mounted on the supply line, the difference in the manometer readings (pressure drop) at orifice
plates in the discharge lines was used to regulate the one pump “split flow” operation to equalize the
water flow in each U-tube. The one pump split flow conditions in each tube were difficult to resolve,
and the reduced velocity did not appear to improve the gas transfer efficiency.

The possible loss of DO in the discharge line to the diffuser was evaluated with Winkler titrations on
July 8, 2010. Both pumps were operating with a combined flow of 45 cfs, so the travel time in the 30-
inch-diameter discharge line was about 2 minutes (1,200 feet at 10 ft/sec). With just one pump the
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travel time would be twice as long. Measurements were made at 2%, 3%, 4%, and 6% gas/water
ratios.

The Aeration Facility testing was continued on July 20, 2010. An open-ended pipe (with no sparger)
was tested to see if reduced gas velocity would allow smaller bubbles and increased gas-transfer
efficiency. The initial results looked promising because the exit DO concentrations were higher than
previously measured with the Oxyguard DO probes. Unfortunately, it was discovered later in the
week (July 26) that the Oxyguard probes were reading very high during this testing. A calibration
curve was developed, and the DO measurements with the open pipe were adjusted to yield very
similar transfer efficiency values as previously measured with all the different spargers. The
Oxyguard DO probes were cleaned, and the membranes were replaced. The Oxyguard DO
measurements then were found to match the Winkler titration DO values. This suggests that the
open pipe (no sparger) conditions of low gas velocity did not increase the DO transfer efficiency.

The second objective for the July 20, 2010, testing was to increase the water velocity past the
sparger. Both pumps were turned on and the connection valve between U-tube A and U-tube B was
opened. The inlet valve to U-tube A then was closed to force all of the water into U-tube B. The
additional back pressure of about 17 feet of head (20 psi at the sparger rather than 12.5 psi with
normal two-pump operation) reduced the combined flow through U-tube B to about 36 cfs rather
than 22.5 cfs for normal two-pump operation. The water velocity at the sparger was increased from
7.5 ft/sec to about 12 ft/sec (60% higher), and the travel time in the U-tube was reduced from 40
seconds to about 25 seconds.

Another possible improvement in the oxygen gas-transfer efficiency was tested on August 8, 2010. A
gas heating apparatus that has proved helpful for increasing the dissolving of carbon dioxide gas at
soda bottling plants was tested at the Aeration Facility. The increased temperature potentially
would increase the gas-transfer velocity and thereby increase the rate of gas transfer from the gas
bubbles into the water in the U-tube. The gas heater consists of a trailer-mounted boiler and heat
exchanger tubes that pass through a bath of heated water. Oxygen was taken from the end of the
stainless steel delivery pipe, run through the heater, and returned to the U-tube sparger. The device
was turned on and allowed to heat for several hours prior to running the test. The oxygen gas
temperature was increased from 95°F (without heating) to about 120°F (with heating). Because this
heating would require additional energy, a relatively large increase in the gas-transfer efficiency
would be necessary for this approach to be considered for the long-term operations of the Aeration
Facility. The results of these various facility testing procedures will be described and evaluated in
the next section of the report.
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Tidal Flow and Dissolved Oxygen Concentration Monitoring in the
Deep Water Ship Channel

Tidal elevation, tidal flow, and tidal velocities in the DWSC were measured at the RRI station and
upstream at the Garwood Bridge. The net flow moving through the DWSC was estimated from a
comparison with the upstream river flow at Vernalis, as well as the tidal-day averages of the 15-
minute tidal flows at RRI and Garwood. DO monitoring was continued at the RRI station, and mid-
depth DO measurements were made at the four new monitoring stations. UOP conducted boat
survey longitudinal profile monitoring of DO and other water quality parameters at either high-tide
or low-tide conditions, and the City of Stockton conducted weekly sampling for DO and other water
quality parameters. Finally, DWR conducted San Carlos boat surveys for DO and other water quality
parameters in the DWSC during the summer and fall. Each of these DWSC tidal flow and DO
monitoring methods is summarized below.

Tidal Elevation and Tidal Flow Monitoring

Tidal movement and mixing processes are the physical linkages between the water with high DO
concentrations discharged from the Aeration Facility and the resulting distribution of increased DO
concentrations in the DWSC. Three tidal flow measurement stations have been established along the
SJR that can be used to estimate the tidal flows and tidal velocities in the DWSC.

In 1996 the first tidal flow measurements station was established on the S]JR at Garwood by the
USGS with cooperation from the City of Stockton. The river channel is about 200 feet wide, the cross
section is about 3,000 square feet, and the tidal velocities are about 1 ft/sec. This tidal flow station
has been considered reliable because the measured velocities are relatively high (easy to measure),
the depth is relatively shallow, and the width is relatively small (most of the cross section is included
in the index velocity measurement). The Garwood monitoring station is located on the S]JR near
Garwood Bridge (State Route [SR] 4), approximately 1.7 miles upstream (Mile 41.6) of the DWSC.
The Garwood tidal flow measurement station is maintained and operated by USGS and data are
reported thorough California Data Exchange Center (CDEC) on a 15-minute basis. The Garwood tidal
flow data can be used for estimating tidal movement and DO mixing processes in the DWSC. In
addition to tidal flow data (elevations, velocity, flow), temperature, turbidity, EC, and fluorescence
data are now collected at the Garwood monitoring station. This station is located just upstream of
the RWCF discharge of about 50 cfs. Therefore, the net flow in the DWSC is about 50 cfs more than
the measured Garwood net tidal flow.

The second tidal flow station was established by DWR at the RRI monitoring location, just
downstream of the diffuser. This tidal flow station is a more challenging location to measure flow
because the channel is so wide and deep. DWR uses side-scan acoustic Doppler equipment. Because
of the equipment design, the index velocity measurement extends only about 100 feet into the
channel. Based on these index velocity measurements, average estimates for tidal flow velocities for
the entire 16,000-square-foot channel are calculated. The measured tidal elevation is used to
estimate the cross-sectional flow area, and hence the tidal flow is calculated as the average flow
velocity multiplied by the cross-sectional area.

The third tidal flow station was established by DWR near Lathrop, about a mile downstream of the
head of Old River. This tidal flow measurement station is similar to the Garwood station (i.e., high
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velocities with small cross section). These tidal flow records at Lathrop generally confirm the
Garwood station data.

Dissolved Oxygen Concentration Monitoring

As part of the monitoring network for the study and in addition to the existing RRI monitoring
station, DWR installed four water quality monitoring stations at NAs 40, 42, 43, and 48 along the
DWSC in December 2006 (Figure 1). The equipment was mounted on existing United States Coast
Guard Light posts. Each mount included metal brackets, a PVC stilling well (a pipe section open at
the top and bottom), safety cable, and a tidal flotation device that maintained sampling at a constant
depth. The units included a battery-operated YSI unit (sonde) complete with DO, temperature,
oxidation reduction potential (ORP) (from December 2006 through July 2008), depth, EC, and pH
probes. The most upstream monitoring point is at NA 48, which is about 1.5 miles upstream of the
diffuser. NA 43 is located about 0.2 mile upstream of the diffuser, NA 42 is located about 0.7 mile
downstream, and NA 40 is located about 1.6 miles downstream. Figure 1 shows the diffuser location
and the four monitoring locations along the DWSC as well as the existing RRI station.

Water quality data from the four remote NA stations were recorded on a 15-minute basis at a depth
of 10-12 feet. Two of the four YSI 600 XLM sondes were upgraded to YSI model 6600 V2 sondes in
July 2007 (remote stations NA 42 and NA 43). Routine sonde calibration was conducted weekly or
biweekly, given the constraints of weather and logistical factors, from December 2006 through the
end of the study. All probes and meters used for water quality measurements were calibrated in the
laboratory according to manufacturers’ specifications. In addition to the remote monitoring station
data, handheld monitoring checks were conducted by using a Hach LDO meter during deployment of
the freshly calibrated sondes at each monitoring station. Handheld monitoring checks were used for
quality assurance purposes and to observe possible differences between sonde readings and
handheld Hach LDO meter readings. A field data recording form/checklist was developed and was
completed during each monitoring event. The purpose of the form was to guide field staff in
performing all the monitoring procedures in a systematic and consistent manner during each
monitoring event.

Collected water quality monitoring data were analyzed and processed for quality assurance and
quality control (QA/QC) by using Modified Z-Score test to screen data for outliers. The Modified Z-
Score test employs the median and the median of the median absolute deviation (MAD) to detect
outliers. The collected data for all monitoring stations were used for assessing natural conditions
and the performance of Aeration Facility under different operational conditions.

Rough and Ready Island Dissolved Oxygen Monitoring Station

The RRI monitoring station is the only monitoring station in the DWSC with more than 10 years of
historical DO records reported through the CDEC. The RRI monitoring station is located about 0.2
mile downstream of the Aeration Facility diffuser and is maintained and operated by DWR'’s Division
of Environmental Services (DES).

RRI monitoring station data are recorded on a 15-minute basis at a depth of approximately 3 feet. In
addition to DO data, temperature, flow, velocity, stage, turbidity, EC, and pH data also are collected
at the RRI monitoring station. DWR also added water quality monitoring at mid-depth (10 feet deep
at low tide) and near the bottom (20 feet deep at low tide) at the RRI station to evaluate the effects
of stratification in the DWSC for the Aeration Facility study. The mid-depth and near-bottom data
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were obtained from DES, as the data are not reported through the CDEC. RRI station data were also
screened for outliers using a Modified Z-Score test.

The RRI data were used for assessing natural conditions and the performance of the Aeration
Facility under different operational conditions. In addition, the RRI data were used in monthly data
reports summarizing DO conditions beginning in January 2007.

California Department of Water Resources Boat Surveys of
Deep Water Ship Channel Dissolved Oxygen (San Carlos)

DWR’s DES has conducted longitudinal boat surveys of the DWSC in the late summer and fall period
to document the effects of the head of Old River barrier that has been installed to increase flows and
increase DO concentrations in the DWSC, so that conditions for adult Chinook salmon (upstream)
migration to tributary spawning areas would be improved. The DWR water quality sampling boat
used for these surveys was the San Carlos, and these data are often referred to by the boat name.
The DWR biweekly boat survey measurements in the DWSC extend from Prisoners Point near the
Mokelumne River mouth (SJR Mile 24.7) to the Stockton DWSC Turning Basin (SJR Mile 41.5).
Surface and bottom measurements are collected for DO, temperature, and salinity (EC) from 14
stations (Figure 1).

The DWR boat survey measurements from 2004 to 2008 were described and evaluated in Appendix
A of the 2008 Operations Report (ICF International 2010), together with other general information
about the effects of flow and BOD on the measured longitudinal DO concentration profiles in the
DWSC. These 5 years of DWSC DO data provided a wide range of conditions from before and after
2007, the year that the City of Stockton added nitrification to the RWCF’s tertiary treatment process,
thus reducing the effluent ammonia concentrations of its discharge. This substantially reduced the
total BOD concentrations entering the DWSC and increased the observed DO concentrations in the
DWSC.

The DWR boat survey measurements of DO concentrations in the DWSC provide a framework for
understanding the general effects of flow, initial DO and BOD, and natural surface reaeration on the
longitudinal (i.e., downstream) DO profiles. The DWSC DO Model was developed to compare the
natural DO profile with the DO profile with the Aeration Facility operating (See Appendix A of ICF
International 2010). The Aeration Facility performance can be evaluated from these comparative
DWSC DO concentration profiles.

University of the Pacific Boat Survey Dissolved Oxygen Profiles

The distribution of added DO from the Aeration Facility in the DWSC is an important aspect of the
performance of the Aeration Facility in identifying and tracking the longitudinal effects of the
Aeration Facility, beginning with natural DO conditions 1 day prior to operation and continuing for
several days while the Aeration Facility was operated. The increase in DO concentrations upstream
and downstream of the diffuser when the Aeration Facility was operating was measured with boat
surveys conducted by UOP (Litton 2003). The data collected from the UOP boat surveys were used
to develop comparative DO profiles that generally identified the magnitude and extent of the DO
added from Aeration Facility.

Each boat survey was conducted at either high slack tide or low slack tide. Measurements were
collected with an automated monitoring system using three towed DO sensors. One sensor was
measuring DO near the surface (5-foot depth), a second sensor was suspended at mid-depth (15-
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foot depth), and the third sensor was near the bottom (25-foot depth). During a testing period, the
DO concentrations were measured between Turner Cut at Mile 32.5 and upstream of the DO
monitoring station at NA 48 in the river channel at Mile 40. The DO profiles were collected every 1-3
days during operation and some non-operation periods to measure the DWSC DO concentration
changes in response to the Aeration Facility operation. Measurements collected at low tides showed
the downstream extent of the DO effects, and measurements collected at high tides showed the
upstream effects between the diffuser and NA 48. The movement of the DO profile position for this
section of the DWSC is about 2 miles between high and low tide.

There were four boat survey sequences. The first survey sequence was from August 12 to August 16.
The August 12 survey measured the natural DO profile, with the Aeration Facility having been
turned off since August 4; the August 16 profile measured the effects after 4 days of aeration. The
second survey sequence was from August 26 through September 5. On August 26 the Aeration
Facility had been turned off for 10 days; on September 5 the Aeration Facility had been operating for
10 days. The third measurement sequence was from September 15 through September 26. On
September 15 the Aeration Facility had been turned off for 10 days; on September 26 it had been
operating for 10 days. The fourth survey sequence measured the downstream movement and
decreases in the DO increments from September 26 (last day of Aeration Facility operation in 2008)
through October 19. This fourth survey sequence showed the natural variability in the DWSC DO
profiles caused by changes in temperatures, flows, and vertical mixing but is not described here
because it did not measure the Aeration Facility performance.

Stockton Regional Wastewater Control Facility Discharge and River Monitoring

Evaluation of the City of Stockton water quality data was part of the monitoring plan. The City of
Stockton conducts weekly sampling at nine river stations as part of its discharge permit from the
CVRWQCB. Station R1 is upstream at Brant Bridge, station R2 is at the Garwood Bridge, and station
R2a is at Burns Cut (Navy Bridge). Station R3 is located at NA 48, R4 is located at NA 45, R5 is
located downstream of RRI at NA 42, R6 is located at NA 36, R7 is located near Turner Cut at NA 24,
and R8 is located at NA 18 (Figure 1). DO concentrations at R7 and R8 are usually high because they
are strongly influenced by Sacramento River water. Data from these river sampling stations from
2004 and 2008 was compared to demonstrate the reduction in the DWSC BOD as the result of the
City of Stockton nitrification facility completed in 2007.
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Evaluation of Testing and Monitoring Results

This section of the report describes the results of the testing of the Aeration Facility performance
(efficiency and capacity) and of the monitoring and field surveys in the DWSC that were conducted
to determine the effectiveness of the Aeration Facility to increase the minimum DO concentrations
in the DWSC. A brief summary of the methods used to analyze the testing and monitoring data will
provide a “road map” for understanding and comparing these methods and for considering the
overall evaluation of the Aeration Facility performance and effectiveness. Some recommendations
for long-term operations of the Aeration Facility as part of the TMDL implementation plan will be
presented in the next section, based largely on these testing and monitoring results.

Most of the data analysis methods were developed and described in two appendices in the California
Department of Water Resources Demonstration Dissolved Oxygen Aeration Facility 2008 Operations
Performance Report (2008 Operations Report) (ICF International 2010). Appendix A of the 2008
operational testing report described the longitudinal surveys of DO profiles in the DWSC and the
DO-BOD model used to interpret these DWR measurements for 2004 and 2008. Appendix B of the
2008 operational testing report described the 15-minute monitoring results during periods of
Aeration Facility testing and the monthly model used to estimate DO increments at the five
continuous DO monitoring stations during periods of Aeration Facility operations. Boat surveys
conducted between Turner Cut and Channel Point at high tide or low tide confirmed the movement
of the distribution of the incremental DO from the Aeration Facility caused by tidal water movement
in the DWSC. This final report includes the 2008 monitoring and testing results as well as the 2009
and 2010 testing and monitoring results.

Aeration Facility Efficiency and Capacity

Data Analysis Methods

To estimate the gas-transfer efficiency of the Aeration Facility and the ability of the facility to add DO
to the DWSC, the supply of oxygen gas is compared against the difference in DO levels between the
U-tube inlet and outlet. The gas supply for each U-tube is measured as scf/hr. The supply of oxygen
gas for a specified gas/water flow ratio can be calculated as:

Oxygen gas supply (scf/hr) = 36 x gas/water volume ratio (%) x water flow (cfs) [equation 1]

Where 36 is 3600 sec/day divided by 100 %. Because each standard cubic foot of oxygen weighs
0.0831 pound (atmospheric pressure at 70°F), the oxygen gas supply per day can be (conveniently)
calculated as:

Oxygen gas supply (Ib oxygen/day) = 0.0831 lb/scf x gas flow (scf/hr) x 24 hours/day

=2 x gas flow (scf/hr) [equation 2]

The Aeration Facility delivered DO oxygen capacity (Ib/day) can be calculated by determining the
added DO increment achieved with a certain gas supply rate and a measured water flow rate. The
delivered capacity equation is:
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Oxygen capacity (Ib/day) =28.317 I/cf x (Ib /4.536 x 10> mg) x 86,400 sec/day x DO increment (mg/l) x
water flow (cfs)

= 5.4 x DO increment (mg/1) x water flow (cfs) [equation 3]

Where added DO increment = [measured U-tube outlet DO concentration - measured RRI mid-depth
DO concentration]. The Aeration Facility efficiency as a percent will be calculated as the delivered
capacity divided by the daily supply:

Efficiency (%) = 5.4 x DO increment (mg/1) x flow (cfs)/[2 x gas flow (scf/hr)] x 100 [equation 4]

Where 5.4 is a conversion factor (see equation 3). The general capacity of the Aeration Facility can
be estimated from these equations. For the measured two-pump flow of 45 cfs with a 5% gas/water
ratio, the gas supply rate would be about 8,100 scf/hr (4,050 scf/hr for each U-tube). The daily gas
supply would be 16,200 Ib/day, and with an assumed efficiency of 50% the capacity to add DO to the
DWSC would be 8,100 Ib/day. A higher efficiency would allow a greater Aeration Facility capacity.
Higher efficiencies are expected with lower gas/water ratios, but this would reduce the capacity to
add DO to the DWSC.

Evaluation of Efficiency Results

Results of the Aeration Facility testing have been presented in three previous reports. The initial
testing in spring 2008 measured the basic performance parameters (ICF Jones & Stokes 2008a).
Additional testing of several different sparger designs was performed in the summer of 2008 (ICF
Jones & Stokes 2008b). The 2008 operations report also described the Aeration Facility
performance (ICF International 2010). The results of testing in 2010 therefore will be emphasized in
this section.

Field testing of the Aeration Facility in 2008-2010 showed that the best measured oxygen delivery
capacity at full water flow of 45 cfs (with both pumps) and with a 4% gas/water ratio was about
8,000 Ib/day. This was somewhat less than the design capacity of 10,000 Ib/day. The full water flow
was about 20% less than the design flow of 50 cfs. This maximum flow rate cannot be increased
because it is a function of the selected pumps and the hydraulic head loss through the Aeration
Facility pipes, valves, and the diffuser. The measured DO concentration increase in the U-tubes was
about 32-34 mg/1 for a 4% gas/water ratio. The measured oxygen transfer efficiency of the facility
U-tubes was about 60%. The target design efficiency for oxygen gas transfer (i.e., dissolution) in the
U-tubes was about 80%, although this was understood to be controlled by the gas bubble size and
specific hydraulic conditions within the U-tubes.

Table 3 gives a summary of the more than 20 test conditions that were evaluated during the
demonstration testing program in 2008-2010. The main results from these tests showed that the
gas-transfer efficiency was highest at a gas/water ratio of 1% and was reduced as the gas/water
ratio was increased. The measured efficiency for 1% gas/water ratio was about 90%, but the
capacity would be only about 2,850 1b/day. The efficiency for 2% gas/water ratio would be about
75%, and the capacity would be 4,750 1b/day. The efficiency for a 3% gas/water ratio would be
about 65%, and the capacity would be about 6,150 lIb/day. The efficiency for a 4% gas/water ratio
would be about 58%, and the capacity would be about 7,350 1b/day. The efficiency for a 5%
gas/water ratio would be about 53%, and the capacity would be about 8,375 Ib/day. The efficiency
for a 6% gas/water ratio would be about 50%, and the capacity would be 9,475 lb/day.
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The most likely cause for the efficiency increase with lower gas supply rates was a smaller average
gas bubble size (with less coalescing of bubbles) in the U-tubes.

Although the efficiency is improved with lower gas supply, the capacity to increase the DO
concentration in the DWSC is increased with a higher gas supply rate (higher gas/water ratio).
Therefore, the Aeration Facility should be operated at whatever gas/water ratio is necessary to add
the required amount of oxygen to the DWSC. The cost to operate the Aeration Facility will be
described at the end of this section of the report.

Table 3 indicates that the results from all of the sparger designs were similar. For all of the spargers
tested (including open pipe and aeration hose), the gas-transfer efficiency decreased as the gas
supply rate increased. The various spargers with different size holes were compared to aeration
hose that was attached to the sparger (in four 30-foot sections). The test results were not much
different from the drilled-hole spargers. The gas exit velocity is not likely a strong factor in bubble
size formation. The aeration hose efficiency with a 3% gas/water ratio was 65%. The efficiency
dropped with higher gas/water ratios of 4%, 5%, and 6%, to 60%, 56%, and 52%, respectively. The
most likely explanation for the reduced efficiency with higher gas/water supply ratio is that bubble
coalescence increases with a higher ratio, forming larger bubbles in the U-tube with the higher gas
supply rate. Water travel time and pressure in the U-tube would be identical for these various gas
supply ratios.

The gas/water flow ratio was found to be the most important parameter. This was not anticipated,
because the gas velocity and other hydraulic parameters were expected to change the average gas
bubble size and the corresponding gas-transfer efficiency in the U-tubes. Several tests were made to
reduce the water flow in the U-tubes to reduce the velocity and increase the travel time in the U-
tubes. However, this did not appear to change the basic relationship between the gas/water ratio
and the gas-transfer efficiency. The gas supply pressure was increased in 2010 to allow higher
gas/water ratios of 5% and 6%. It was confirmed that the gas pressure did not change the gas
supply meter (scf/hr) readings. The higher pressure was needed for the reduced U-tube flow tests
because the flow was reduced by closing the U-tube outlet valve, which increased the water
pressure at the sparger.

Testing on May 28, 2008, was conducted with a variety of spargers. The 40-hole sparger efficiency at
a 4% gas supply ratio was only about 43%. This is much lower than for the original 10-hole sparger.
The 160-hole sparger at 4% gas flow had an efficiency of about 48%. The efficiency of both spargers
decreased by about 5% at the higher gas supply rates of about 6% of the water flow.
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Table 3. Summary of Aeration Facility Test Conditions for Evaluation of Gas Transfer Efficiency and Capacity (pounds of DO added to DWSC)

Water  Gas Gas Inlet Outlet DO DO
Sparger Flow Flow Ratio DO DO Increment Delivery Gas Supply Efficiency
Date Type U-Tube (cfs) (scf/hr) (%) (mg/1) (mg/1) (mg/]) (1b-02/day) (Ib-0z/day) (%)
Two-Pump Operation
3/13/2008 10-hole A 22.5 3,230 4.0% 9.0 41.0 32.0 3,888 6,460 60%
3/13/2008 10-hole A 22.5 2,450 3.0% 9.0 35.0 26.0 3,159 4,900 64%
3/13/2008 10-hole A 22.5 1,620 2.0% 9.0 27.5 18.5 2,248 3,240 69%
3/13/2008 10-hole A 22.5 3,400 4.2% 9.0 41.0 32.0 3,888 6,800 57%
3/13/2008 10-hole B 22.5 3,270 4.0% 9.0 43.0 34.0 4,131 6,540 63%
3/13/2008 10-hole B 22.5 2,440 3.0% 9.0 35.0 26.0 3,159 4,880 65%
3/13/2008 10-hole B 22.5 1,540 1.9% 9.0 27.0 18.0 2,187 3,080 71%
3/13/2008 10-hole B 22.5 3,400 4.2% 9.0 43.0 34.0 4,131 6,800 61%
3/18/2008 10-hole A 22.5 3,400 4.2% 9.1 45.5 36.4 4,423 6,800 65%
7/30/2008 10-hole B 22.5 2,315 2.9% 8.7 36.8 28.1 3,414 4,630 74%
6/22/2010 10-hole B 22.5 3,300 4.1% 8.0 39.5 31.5 3,827 6,600 58%
6/22/2010 10-hole B 22.5 4,000 4.9% 8.0 44.0 36.0 4,374 8,000 55%
6/22/2010 10-hole B 22.5 5,400 6.7% 8.0 53.0 45.0 5,468 10,800 51%
6/22/2010 10-hole B 22.5 6,300 7.8% 8.0 58.0 50.0 6,075 12,600 48%
6/22/2010 10-hole B 22.5 5,280 6.5% 8.0 50.0 42.0 5,103 10,560 48%
6/22/2010 10-hole B 22.5 5,400 6.7% 8.0 52.6 44.6 5,419 10,800 50%
6/22/2010 10-hole B 22.5 7,250 9.0% 8.0 62.0 54.0 6,561 14,500 45%
6/22/2010 10-hole B 22.5 4,050 5.0% 8.0 47.0 39.0 4,739 8,100 59%
7/6/2010 10-hole A 22.5 4,000 4.9% 6.0 40.2 34.2 4,155 8,000 52%
7/6/2010 10-hole B 22.5 4,230 5.2% 5.0 35.3 30.3 3,681 8,460 44%
7/20/2010 10-hole A 22.5 1,650 2.0% 6.3 29.4 23.1 2,806 3,300 85%
7/20/2010 10-hole A 22.5 2,480 3.1% 6.3 36.9 30.6 3,712 4,960 75%
7/20/2010 10-hole A 22.5 3,310 4.1% 6.3 38.5 32.2 3,911 6,620 59%
7/20/2010 10-hole A 22.5 4,140 51% 6.3 44.2 37.9 4,600 8,280 56%
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Table 3. Continued

Water Gas Gas Inlet Outlet DO DO
Sparger Flow Flow Ratio DO DO Increment Delivery Gas Supply Efficiency
Date Type U-Tube (cfs) (scf/hr) (%) (mg/1) (mg/l) (mg/l) (Ib-0;/day) (Ib-0z/day) (%)
7/20/2010 10-hole A 22.5 3,300 4.1% 6.3 39.8 335 4,065 6,600 62%
7/20/2010 10-hole B 22.5 2,480 3.1% 7.3 29.9 22.6 2,752 4,960 55%
7/20/2010 10-hole B 22.5 3,310 4.1% 7.3 37.3 30.0 3,642 6,620 55%
7/20/2010 10-hole B 22.5 4,190 5.2% 7.3 41.8 34.5 4,195 8,380 50%
7/20/2010 10-hole B 22.5 3,200 4.0% 7.3 38.6 31.3 3,804 6,400 59%
7/7/2008 Hose B 22.5 2,480 3.1% 6.0 321 26.1 3,171 4,960 64%
7/7/2008 Hose B 22.5 3,300 4.1% 6.0 38.5 32.5 3,949 6,600 60%
7/7/2008 Hose B 22.5 5,470 6.8% 6.0 50.3 44.3 5,382 10,940 49%
7/7/2008 Hose B 22.5 3,770 4.7% 6.0 41.0 35.0 4,253 7,540 56%
7/7/2008 Hose B 22.5 4,970 6.1% 6.0 47.9 41.9 5,091 9,940 51%
7/7/2008 Hose B 22.5 4,140 5.1% 6.0 43.1 371 4,508 8,280 54%
7/30/2008 Hose B 22.5 2,500 3.1% 8.4 37.0 28.6 3,475 5,000 69%
7/30/2008 Hose B 22.5 500 0.6% 8.2 16.0 7.8 948 1,000 95%
9/22/2008 Hose A 22.5 3,340 4.1% 7.9 45.5 37.6 4,568 6,680 68%
9/22/2008 Hose A 22.5 2,480 3.1% 7.9 37.2 29.3 3,560 4,960 72%
9/22/2008 Hose A 22.5 1,650 2.0% 7.9 30.2 22.3 2,709 3,300 82%
9/22/2008 Hose A 22.5 900 1.1% 7.7 21.8 14.1 1,713 1,800 95%
7/30/2008 OpenPipe A 22.5 2,500 3.1% 8.4 36.0 27.6 3,353 5,000 67%
9/22/2008 OpenPipe A 22.5 3,340 4.1% 7.9 45.7 37.8 4,593 6,680 69%
9/22/2008 Open Pipe A 22.5 2,480 3.1% 7.9 38.0 30.1 3,657 4,960 74%
9/22/2008 Open Pipe A 22.5 3,340 4.1% 7.9 44.6 36.7 4,459 6,680 67%
9/22/2008 OpenPipe A 22.5 3,340 4.1% 7.7 43.4 35.7 4,338 6,680 65%
9/22/2008 OpenPipe A 22.5 2,480 3.1% 7.7 37.0 29.3 3,560 4,960 72%
9/25/2008 Open Pipe A 22.5 1,656 2.0% 9.4 31.6 22.2 2,700 3,312 82%
9/25/2008 Open Pipe A 22.5 828 1.0% 9.4 22.7 13.3 1,618 1,656 98%
9/25/2008 Open Pipe A 22.5 3,312 4.1% 9.3 45.1 35.8 4,344 6,624 66%
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Table 3. Continued

Water Gas Gas Inlet Outlet DO DO
Sparger Flow Flow Ratio DO DO Increment Delivery Gas Supply Efficiency
Date Type U-Tube (cfs) (scf/hr) (%) (mg/1) (mg/l) (mg/l) (Ib-0;/day) (Ib-0z/day) (%)
9/25/2008 Open Pipe A 22.5 2,484 3.1% 9.3 37.8 28.5 3,465 4,968 70%
9/25/2008 Open Pipe A 22.5 1,656 2.0% 9.2 31.6 22.4 2,724 3,312 82%
9/25/2008 OpenPipe A 22.5 900 1.1% 9.1 23.2 14.1 1,713 1,800 95%
7/20/2010 Open Pipe B 22.5 1,645 2.0% 6.3 24.8 18.5 2,244 3,290 68%
7/20/2010 Open Pipe B 22.5 2,480 3.1% 6.3 30.5 24.2 2,942 4,960 59%
7/20/2010 Open Pipe B 22.5 3,310 4.1% 6.3 36.6 30.3 3,680 6,620 56%
7/20/2010  OpenPipe B 22.5 4,140  5.1% 6.3 40.9 34.6 4,202 8,280 51%
7/20/2010 Open Pipe B 22.5 4,970 6.1% 6.3 45.3 39.0 4,739 9,940 48%
Single Pump Operation
5/22/2008 10-hole B 25.0 3,580 4.0% 7.0 37.0 30.0 4,050 7,160 57%
5/22/2008 10-hole B 25.0 2,440 2.7% 7.0 32.5 25.5 3,443 4,880 71%
5/28/2008 10-hole B 25.0 3,730 4.1% 7.0 35.0 28.0 3,780 7,460 51%
5/28/2008 40-hole B 25.0 5,660 6.3% 7.0 40.0 33.0 4,455 11,320 39%
5/28/2008 40-hole B 25.0 3,600 4.0% 7.0 30.0 23.0 3,105 7,200 43%
5/28/2008 160-hole B 25.0 3,750 4.2% 7.0 33.0 26.0 3,510 7,500 47%
5/28/2008 160-hole B 25.0 5,400 6.0% 7.0 33.0 26.0 3,510 10,800 33%
7/27/2010 Open Pipe B 25.0 2,405 2.7% 5.8 32 26.2 3,537 4,810 74%
7/28/2010  OpenPipe B 25.0 2,380  2.6% 6.1 31.6 25.5 3,443 4,760 72%
7/29/2010 Open Pipe B 25.0 2,330 2.6% 6.3 314 251 3,389 4,660 73%
7/30/2010 Open Pipe B 25.0 2,330 2.6% 6.3 31.2 24.9 3,362 4,660 72%
8/9/2010 Open Pipe B 25.0 2,500 2.8% 6.1 30.2 24.1 3,254 5,000 65%
8/10/2010 Open Pipe B 25.0 2,490 2.8% 6.2 29.2 23.0 3,105 4,980 62%
8/11/2010 Open Pipe B 25.0 2,490 2.8% 6.6 30.5 23.9 3,227 4,980 65%
8/12/2010 Open Pipe B 25.0 2,500 2.8% 6.1 29.6 23.5 3,173 5,000 63%
8/16/2010 Open Pipe B 25.0 2,450 2.7% 6.4 31.1 24.7 3,335 4,900 68%