  Columbia Biological Assessments 

1314 Cedar Avenue

Richland, Washington 99352

(509) 943-4347

(509) 946-1467 (Fax)

jstrand427@aol.com





October 20, 2000



Ms. Darlene Schanfald

Project Director

Rayonier Hazardous Waste Cleanup Project

Olympic Environmental Council

3632 O’Brien Road

Port Angeles, WA 98362



Subj:  Evaluation of Chemical Analyses of Influent, Biosolids, and Final Effluent Samples Collected by the City of Port Angeles Waste Water Treatment Plant in 1999 and 2000.



Dear Ms. Schanfald:



At the Olympic Environmental Council’s request, I reviewed and evaluated recent chemical analyses of influent liquids, biosolids, and final effluent liquids, all collected at the City of Port Angeles Waste Water Treatment Plant (PAWWTP) in 1999 and 2000.  The PAWWTP receives leachates from the Mt. Pleasant Landfill, which holds solid waste from the decommissioned Rayonier Pulp Mill.  A listing of the specific analyses evaluated is found in Appendix A.  Of particular interest was whether or not metals or organic chemicals in biosolids or final effluent exceeded the State of Washington or U.S. Environmental Protection Agency (USEPA) Water Quality or Biosolids Quality Standards.  Also evaluated were the design of monitoring program and the quality control procedures employed by the PAWWTP or their designated analytical laboratory(s). 



In undertaking this effort, I contacted scientists and administrators at the State of Washington Department of Ecology in an effort to better understand how the State of Washington administers its Biosolids and National Pollution Discharge Elimination System (NPDES) Programs.   I also contacted key staff at the PAWWTP and chemists at the PAWWTP’s two analytical laboratories (AmTest Laboratories and Pace Analytical Services, Inc.), to clarify sampling and chemical analytical procedures.  A listing of all those contacted during the study is found in Appendix B.  Finally, in conducting this study, I relied on my education, specialized training, and professional skills over a 40-year career as an environmental scientist (see attached Curriculum Vitae in Appendix C).





Conclusions



While the concentrations of chemicals found in biosolids do not exceed Biosolids Quality Standards for land application (WAC 173-308-160), some metals concentrations 

(e.g., mercury, cadmium) exceed Soil Cleanup Standards (WAC 173-340-740) established under the Model Toxics Control Act (MTCA).  There are also some fundamental problems associated with the design of monitoring and quality control procedures as implemented by the PAWWTP and their contract laboratories that significantly diminish the credibility of their environmental monitoring program.  Sampling of sludge may be inappropriate given it is the biosolids cake (dewatered sludge) that is removed for land application or landfill disposal.  Detection limits employed by AmTest Laboratories in the analysis of sludge are too high to detect potentially harmful levels of organic compounds.  Infrequent sampling, lack of replication, inattention to chain of custody and other quality control procedures add to the uncertainty.  In my opinion, these results do not provide sufficient information to enable the Department of Ecology to conclude, on a scientifically defensible basis, that biosolids from the PAWWTP do not contain potentially harmful levels of chemicals, particularly organic compounds.  Final effluents from the PAWWTP, however, appear not to contain concentrations of any contaminant that, after dilution by waters of the Strait of Juan de Fuca (assuming minimum dilution factor of 100), will exceed State of Washington Water Quality Standards (WAC 173-201A).  Finally, the WDOE needs to address why the PAWWTP’s NPDES Permit is more than three years out of date. 



 Specific Findings



1.  Biosolids from the PAWWTP contain mercury and cadmium at concentrations that routinely exceed other State of Washington regulatory standards, e.g., MTCA Method A Soil Cleanup Levels.  



While the concentrations of chemicals found in biosolids do not exceed Biosolids Quality Standards for land application (WAC 173-308-160), some metals concentrations (e.g., mercury, cadmium) as shown in Table 1, equal or exceed Soil Cleanup Standards (WAC 173-340-740) established under the Model Toxics Control Act (MTCA).  



Table 1– Mercury and Cadmium Concentrations in Biosolids in 1999 and 

2000 Equaling or Exceeding MTCA Method A Soil Cleanup Levels.  Analyses conducted by AmTest Laboratories.



Sample                           Date�  Chemical�     Medium�Concentration (mg/kg Dry)�MTCA Method A Soil Cleanup Level (mg/kg)��1/11/99�Cadmium�Biosolids Cake�3.2�2.0��1/12/99�Mercury�Sludge E�2.0�1.0��1/12/99�Mercury�Sludge W�2.0�1.0��1/13/99�Mercury�Sludge E�2.0�1.0��1/13/99�Mercury�Sludge W�1.0�1.0��4/6/99�Cadmium�Biosolids Cake�3.2�2.0��4/6/99�Mercury�Biosolids Cake�2.2�1.0��4/6/99�Cadmium�Sludge E�7.0�2.0��4/6/99�Mercury�Sludge E�2.0�1.0��4/6/99�Mercury�Sludge W�3.0�1.0��4/7/99�Mercury�Sludge E�2.0�1.0��4/7/99�Mercury�Sludge W�3.0�1.0��7/7/99�Cadmium�Biosolids Cake�3.2�2.0��7/7/99�Cadmium�Sludge E�3.0�2.0��7/7/99�Mercury�Sludge E�3.1�1.0��7/7/99�Cadmium�Sludge W�2.5�2.0��7/8/99�Cadmium�Sludge E�3.0�2.0��7/8/99�Mercury�Sludge E�2.9�1.0��7/8/99�Cadmium�Sludge W�3.0�2.0��7/8/99�Mercury�Sludge W�4.2�1.0��11/8/99�Cadmium�Sludge E�3.0�2.0��11/8/99�Cadmium�Biosolids Cake�4.1�2.0��11/8/99�Mercury�Sludge E�4.2�1.0��11/10/99�Cadmium�Sludge E�3.0�2.0��11/10/99�Mercury�Sludge E�1.9�1.0��11/10/99�Cadmium�Sludge W�4.0�2.0��11/10/99�Mercury�Sludge W�6.0�1.0��4/25/00�Cadmium�Biosolids Cake�2.3�2.0��4/25/00�Mercury�Biosolids Cake �1.1�1.0��

This finding suggests that the biosolids contain unacceptable levels of metal contaminants; that is, if biosolids were spread on pasture or on other landscapes, that some risk to ground water and plants could occur.    



2.  Chemical analyses are routinely conducted on sludge, yet this material is not what is removed for land application or disposal in the landfill.  



What is removed periodically for land application or to designated landfills is biosolids cake, which is dewatered sludge.  The water is pressed from the sludge and sent back through the waste treatment process (personal communication, Jess Young, Superintendent of Waste Water Treatment Plant, City of Port Angeles, Port Angeles, Washington, September 2000).  The total solids content for sludge is about 2 % while the total solids content of biosolids cake is about 20 %.  The PAWWTP should explain the logic behind analyzing sludge, and not biosolids cake.  The high moisture content of sludge also likely explains the high detection limits for individual chemicals in sludge described in Finding 3 below. 



3.  Detection limits used by AmTest Laboratories for semi-volatile organic compounds in biosolids (sludge) are too high.  



Clearly, levels of chemicals in biosolids above potentially harmful levels might not be detected by AmTest’s methodology.  Using MTCA again as an example, the Method A Cleanup Level for PCB mixtures is 1.0 mg/kg yet the detection limits used by AmTest for PCBs in biosolids, range between 4.2-17.0 mg/kg (Table 2).  The MTCA Method A Cleanup Level for PCBs in soil is based on risk to human health (cancer) via soil ingestion. 



Table 2-Detection Limits for PCBs in Thin Sludges (2-5% Moisture) and in  

 Biosolids Cake (20% Moisture). 



     Chemical�MTCA Method A  Soil Cleanup Level (mg/kg)�   Medium�AmTest Detection Limit (mg/kg)�Achievable Detection Limit (mg/kg)��PCBs- Aroclors 1016, 1232, 1242, 1248, 1254, 1260�1.0 (mixtures)�Sludge 2.1% Solids�4.2 (1/13/99)�0.04-0.1��PCBs-

Aroclor 1221�1.0 (mixtures)�Sludge 2.1% Solids�17.0 (1/13/99)�0.04-0.1��PCBs-Aroclors 1016, 1232, 1242,

1254, 1260�1.0 (mixtures)�Biosolids Cake  20% Solids�-�0.025��

The relatively high detection limits for PCBs and other organic compounds are likely due to the high moisture content of the sludge.  When analyzing the very “thin” sludges (2 % total solids), it would be of interest to learn if AmTest switched from an extraction procedure that was designed to handle solid samples to an extraction  procedure that was designed to handle aqueous samples?  If they did, detection limits should have decreased appreciably.  For example, as shown in Table 2, detection limits for PCBs (as individual Aroclors) of 0.04-0.1 mg/kg, not the 4.2-17.0 mg/kg, reported by AmTest, should have been attainable (personal communication, Jeff Christian, Laboratory Director, Columbia Analytical Services, Inc., Kelso, Washington, October 2000).  At minimum, AmTest should address this issue and make an effort to improve detection limits, if it is the decision of the PAWWTP to continue to perform their analyses on thin sludges.  Clearly, detection limits should improve even more if the biosolids cake, containing significantly less moisture (20% solids), was analyzed (Table 2). Detection limits for individual Aroclors of 0.025 mg/kg should be possible (personal communication, Jeff Christian, Laboratory Director, Columbia Analytical Services, Inc., Kelso, Washington, October 2000).           



4.  The frequency and the number of biosolids and final effluent samples collected at the PAWWTP for chemical analyses are insufficient to satisfy good scientific practice.  



Although a single sample of biosolids and final effluent are collected on two successive days at the PAWWTP on a quarterly basis, they represent samples from two different waste streams.  Replicate sampling (two or more samples collected from the same waste stream on the same day) is not conducted.  Analyses of organic compounds (pesticides, PCBs, volatile, and semi-volatile organics) are only conducted annually, and then always in the first quarter of the year.  Again, although samples for organic analyses are collected on two successive days during the first quarter of each year, they should not be considered replicate (duplicate) samples.  They are but a single sample from one or the other of two waste streams processed by the PAWWTP.  



While dioxin levels in biosolids are relatively low (14.5 ng toxic equivalency [TEQ] per kg dry biosolids as determined by Pace Analytical Services, Inc., in April 2000), and this concentration is well below the proposed USEPA ceiling for dioxins of 300 ng/kg TEQ in biosolids (WDOE 2000), only a single sample of biosolid cake was collected and analyzed during 1999, and 2000 to date.  This is totally inadequate and violates good scientific practice.  Again, it appears that replicate dioxin samples are not routinely collected and may not be required by WDOE. 



It is my opinion that all analyses (conventionals, metals, pesticides, PCBs, volatile and semi-volatile organic compounds) should be conducted quarterly, and on a minimum of triplicate samples.    

    

5.  The PAWWTP or the contracted analytical laboratory (s) have not always followed proper chain of custody procedures and other quality control procedures, thereby diminishing the credibility of their analytical chemistry program.  



According to AmTest (personal communication with Kathy Fugiel, October 2000), a dioxin sample collected at the PAWWTP during the Third Quarter 2000, forwarded by AmTest Laboratories to Pace Analytical Services, Inc., was lost at Pace Analytical Services, Inc., and never recovered.  There is also no evidence to indicate that the waste stream was resampled in 2000. 



Laboratory qualified data are also not fully explained.  For the semi-volatile organic compound, methylene chloride, the values found in biosolids from the PAWWTP in 1999 ranged from 12,000-24,000 ug/kg (12-24 mg/kg).  These data are qualified “B” which means that methylene chloride was also likely found in the laboratory method blank.  At issue is whether or not any part of the quantified methylene chloride can be attributed to methylene chloride in the biosolids, or is it all attributed to method blank contamination?  Either way, AmTest should have followed-up to address this question.  Perhaps this information is available somewhere?  AmTest also needs to eliminate the source of blank contamination from their analysis train.  Clearly, methylene chloride can occur in municipal wastes and also is regulated by MTCA (WAC 173-340-740).  For example, the Method A Cleanup Level for methylene chloride in soil is 0.5 mg/kg.  







6.  Final effluents from the PAWWTP appear not to contain concentrations of any contaminant that, after dilution by waters of the Strait of Juan de Fuca (assuming minimum dilution factor of 100), will exceed State of Washington Water Quality Standards (WAC 173-201A).



This finding applies to the final effluent samples collected on 1/12-1/13/99 and again on 1/18-1/19/00.



The PAWWTP’s NPDES Permit (WA-002397-3) is more than three years out of date.



The PAWWTP’s NPDES Permit should be updated as soon as possible.  While the WDOE has allowed the PAWWTP to operate since the expiration of their permit on June 30, 1997, the Public would like to know why the WDOE has not  renewed the permit?  What is the impasse?  Clearly there are issues that the Public wants to raise in the normal process of renewal.  



I am pleased to have had this opportunity to comment on the subject analytical database.  I am available at your convenience to discuss any of my comments in greater detail.  

			

Yours very truly,









John A. Strand, Ph.D.

Principal Biologist



cc: files



Reference



Washington Department of ecology (WDOE).  2000.  Biosolids Management Guidelines for Washington State.  Washington State Department of Ecology Publication #93-80, Revised July 2000.  Washington State Department of Ecology, Olympia, Washington.





















Appendix A



Specific Analyses Evaluated



Influent Liquids



Chemical analyses of WWTP D#1 influent collected 1/12/99: conventional, total metals, pesticides and polychlorinated biphenyls, semi-volatile organic compounds, volatile organic compounds



Chemical analyses of WWTP D#2 influent collected 1/12/99: conventional, total metals, pesticides and polychlorinated biphenyls, semi-volatile organic compounds, volatile organic compounds



Chemical analyses of WWTP D#1 influent collected 4/6/99: conventionals, total metals



Chemical analyses of WWTP D#2 influent collected 4/7/99: conventionals, total metals



Chemical analyses of WWTP D#1 influent collected 7/7/99: conventionals, total metals



Chemical analyses of WWTP D#2 influent collected 7/8/99: conventionals, total metals



Chemical analyses of WWTP D#1 influent collected 11/8/99: conventionals, total metals



Chemical analyses of WWTP D#2 influent collected 11/10/99: conventionals, total metals



Chemical analyses of WWTP D#1 influent collected 1/18/00: conventional, total metals, pesticides and polychlorinated biphenyls, semi-volatile organic compounds, volatile organic compounds 



Chemical analyses of WWTP D#2 influent collected 1/19/99: conventional, total metals, pesticides and polychlorinated biphenyls, semi-volatile organic compounds, volatile organic compounds



Chemical analyses of WWTP unspecified influent liquids collected 4/25/00: conventionals, total metals



Biosolids



Chemical analyses of Biosolids Cake collected 1/11/99: conventional and total metals



Chemical analyses of Sludge E collected 1/12/99 and 1/13/99: conventional, total metals, semi-volatile organic compounds, volatile organic compounds, pesticides and polychlorinated biphenyls



Chemical analyses of Sludge W collected 1/12/99 and 1/13/99: conventional, total metals, semi-volatile organic compounds, volatile organic compounds, pesticides and polychlorinated biphenyls



Chemical analyses of Biosolids Cake collected 4/6/99: conventional and total metals



Chemical analyses of Sludge E collected 4/7/99: conventional and total metals



Chemical analyses of Sludge F collected 4/6/99: conventional and total metals



Chemical analyses of Biosolids Cake collected on 7/7/99; conventional and total metals



Chemical analyses of Sludge E collected 7/7/99: conventional and total metals



Chemical analyses of Sludge F collected 7/7/99: conventional and total metals



Chemical analyses of Sludge E collected 7/8/99: conventional and total metals



Chemical analyses of Sludge F collected 7/8/99: conventional and total metals



Chemical analyses of Biosolids Cake collected 11/8/99: conventionals and total metals



Chemical analyses of Sludge E collected 11/8/99: conventionals and total metals



Chemical analyses of Sludge W collected 11/8/99: conventionals and total metals



Chemical analyses of Sludge E collected 11/10/99: conventionals and total metals



Chemical analyses of Sludge W collected 11/10/99: conventionals and total metals



Chemical analyses of Biosolids Cake collected 1/18/00: conventionals and total metals



Chemical analyses of biosolids (unspecified) 2/25/00: coventionals, total metals, extractable metals 



Chemical analyses of Biosolids Cake collected 4/25/00: conventionals and total metals



Chemical analyses of biosolids cake collected 4/28/00; polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs)











Final Effluent



Chemical analyses of WWTP D#1final effluent collected 1/12/99: conventional, total metals, pesticides and polychlorinated biphenyls, semi-volatile organic compounds, volatile organic compounds



Chemical analyses of WWTP D#2 final effluent collected 1/12/99: conventional, total metals, pesticides and polychlorinated biphenyls, semi-volatile organic compounds, volatile organic compounds



Chemical analyses of WWTP D#1 final effluent collected 4/6/99: conventionals, total metals



Chemical analyses of WWTP D#2 final effluent collected 4/7/99: conventionals, total metals



Chemical analyses of WWTP D#1 final effluent collected 7/7/99: conventionals, total metals



Chemical analyses of WWTP D#2 final effluent collected 7/8/99: conventionals, total metals



Chemical analyses of WWTP D#1 final effluent collected 11/8/99: conventionals, total metals



Chemical analyses of WWTP D#1 final effluent collected 1/18/00: conventional, total metals, pesticides and polychlorinated biphenyls, semi-volatile organic compounds, volatile organic compounds



Chemical analyses of WWTP D#2 final effluent collected 1/19/00: conventional, total metals, pesticides and polychlorinated biphenyls, semi-volatile organic compounds, volatile organic compounds



Chemical analyses of WWTP unspecified final effluent collected 4/25/00: conventionals, total metals



Other



Chemical analyses of Mt. Pleasant Landfill Leachate collected August, 2000: pH





 







Appendix B



Contacts



Marc Crooks

Solid Waste and Financial Assistance Program

Headquarters Office

Department of Ecology

P.O. Box 47600 

Olympia, WA  98504

(360) 407- 6934



Dave Dougherty

Water Quality Program

Municipal Unit

Department of Ecology

Southwest Regional Office

P.O. Box 47775

Olympia, WA 98504

(360) 407-6278



Kyle Dorsey

State Biosolids Coordinator

Headquarters Office

Department of Ecology

P.O. Box 47600

Olympia, WA  98504

(360) 407-6107



Kathy Fugiel

AMTEST Laboratories

14603 NE 87th Street

Redmond, WA 98052

(425) 885-1664



Chuck Mathews

Southwest Regional Office

State of Washington

Department of Ecology

P.O. 47775

Olympia, WA 98504

(360) 407-6383







Jon Shields

Department of Natural Resources

King County

King Street Center, Suite 600

201 North Jackson Street

Seattle, WA 98104

(206) 296-1962



Stacy Singleton 

Hazardous Waste Program

Southwest Regional Office

State of Washington

Department of Ecology

P.O. Box 47775

Olympia, WA  98504

(360) 407-6753



Scott Unze

Project Manager, Dioxins

Pace Analytical Services, Inc.

1700 Elm Street, Suite 200

Minneapolis, MN 55414

(612) 607-6383



Jess Young

Superintendent

Waste Water Treatment Plant

City of Port Angeles

Post Office Box 1150

Port Angeles, WA 99362

(360) 417-4645





























Appendix C



 John A. Strand, Ph.D., Fellow A.F.R.B.

						                        Environmental Scientist



Dr. Strand is an internationally recognized environmental scientist specializing in studies to determine potential effects of human activities on aquatic resources.  During his 40 years of experience, he has conducted a wide variety of projects, large and small, in Alaska, California, Idaho, Washington, British Columbia, Guam, and Venezuela.  These included field studies to evaluate environmental impacts of engineered structures, and field and laboratory studies to assess ecological and health risks from discharge of contaminants to surface waters, including sewage, storm water, oil, other organic chemicals, radionuclides, and heavy metals.  Dr. Strand also has developed watershed management plans and regional restoration and monitoring plans.



Address, Phone, and E- Mail:



1314 Cedar, Richland, WA 99352

(509) 943-4347, (509) 946-1467 (fax), jstrand427@aol.com, or jstrand@tricity.wsu.edu



Education:



Ph.D.; University of Washington; Fisheries Biology; 1975

M.S.; Lehigh University; Biology; 1862

A.B.; Lafayette College; Biology; 1960



Employment:



1999-	Principal Biologist, Columbia Biological Assessments, Richland, WA.  And, Adjunct Faculty, Environmental Sciences and Regional Planning Program, Washington State University 

     Tri-Cities, Richland, WA.

1996-1999; Water Quality Planner, 

     King County Department of Natural Resources, Seattle, WA.

1993-1995; Senior Biologist and Group Leader,

     EA Engineering, Science, and Technology, Inc., Redmond, WA. 

1990-1993; Restoration Manager and Co-Chair, Exxon Valdez Oil Spill Restoration Planning 

     Working Group, NOAA/NMFS; Auke Bay, AK. 

1969-1990; Senior Research Scientist and Manager, Battelle, Pacific Northwest Laboratory, 

     Richland and Sequim, WA.  Also, Affiliate Faculty (1987-1991), School of Fisheries, 

     University of Washington, Seattle, WA.



Registration/Certification:



Fellow, American Institute of Fisheries Research Biologists; 1993

Certified Fishery Scientist (No. 442), American Fishery Society; 1969



Specialized Training:



Health and Safety Training for Hazardous Waste Sites; 1996; 1997; 1998

Wetland Delineation, Shoreline Community College; 1996

Litigation Support Short Course, EA Engineering, Science, and Technology, Inc.; 1994

NEPA Refresher Training, US Forest Service; 1991







Experience:



Aquatic Toxicology and Risk Assessment----In 2000, investigated the effects of stormwater on fish and other aquatic life in Miller, Walker, and Des Moines Creeks, King County, Washington.  From 1996 to 1998, studied ecological and human health risks of combined sewer overflows in the Duwamish River and in Elliott Bay, Washington.  In 1995, prepared sampling plans to study fate of metals and organic contaminants in groundwater and marine sediments in Liberty Bay, Washington.  At a gold mine in Southeast Alaska in 1994, assessed human health risks for arsenic discharged in treated tailings pond effluents.  In 1990, evaluated survey design and sampling procedures to determine the fate of oil refinery and coking plant wastes in sediments and benthic biota in Amuay Bay, Venezuela.  In 1980, developed exposure pathway models and determined potential ecological and human health risks associated with metals and radionuclides released from a hypothetical uranium mine and smelter at three locations in British Columbia.  



Resource Management and Planning---- In 1999, appointed to King County Biological Review Panel with responsibility to evaluate King County policies and programs most relevant to conservation of salmon.  In 1995 evaluated NMFS biological opinion and conducted field studies to assess potential impacts of construction and operation of a proposed gold mine on endangered spring and summer run chinook salmon in the Salmon National Forest, Idaho.  From 1992-1993, was Federal Co-chair of Exxon Valdez Oil Spill Restoration Planning Work Group in Anchorage, Alaska.  Responsible for developing a restoration plan, and for designing, implementing and reviewing long-term restoration and monitoring projects for injured resources and human services.  From 1987-1990, helped prepare the Sequim Bay Watershed Management Plan in an effort to mitigate cumulative effects of nonpoint source pollution from timbering, road building, agriculture, marina operations, and failed septic systems throughout the Sequim Bay watershed in Washington. 



Regulatory Compliance ----Conducted numerous National Environmental Policy Act reviews for nuclear power plants, a nuclear fuels reprocessing facility, a hydroelectric impoundment, petroleum and synthetic fuels refineries, a gasoline pipeline, an acoustic measurement facility, and general construction projects.  For example in 1994, directed an environmental assessment of alternate sites for construction of replacement housing at McChord Air Force Base, Washington.  In 1985-1987, managed an environmental assessment of the Navy’s Southeast Alaska Acoustic Measurement Facility near Ketchikan, Alaska.  Also conducted Section 316 (a) (b) Demonstrations of Compliance with the Clean Water Act.  For example in 1994, designed monitoring plans to address "special conditions" of National Pollution Discharge Elimination System (NPDES) permit renewals at two coastal power plants in California.  In 1988, performed chemical analyses and bioassays in support of NPDES Permit renewals at oil industry facilities in Port Valdez and Cook Inlet, Alaska



Selected Publications and Presentations:



Strand, J., K. Stark, K. Silver, C. Laetz, T. Georgianna, T. McElhany, K. Li, and S. Mickelson.  1998.  Bioaccumulation of Chemical Contaminants in Transplanted and Wild Mussels in the Duwamish River Estuary, Puget Sound, Washington. In Proceedings of Puget Sound Research ‘98.  Puget Sound Water Quality Action Team.  March 12-13, 1998, Seattle, Washington. 



Strand, J.A., V.I. Cullinan, E.A. Crecelius, T.J. Fortman, R.J. Citterman and M.L. Fleischmann.  1992. Fate of  Bunker C fuel oil in Washington coastal habitats following the December 1988 Nestucca oil spill.  Northwest Sci. 66 (1):1-14.



Cullinan, V.I., E.A. Crecelius, and J.A. Strand.  1991.  Evaluation of Lagoven, S. A., Refinery  Environmental  Monitoring  Plan of Amuay Bay, Venezuela.  Final Report.  Prepared for Bariven Corporation by Battelle, Pacific Northwest Laboratories, Richland, Washington.

   

Strand, J.A., E.A. Crecelius, W.H. Pearson, G.W. Fellingham, and R.A. Elston.  1988. Reconnaissance-Level Surveys of Eight bays in Puget Sound.  In Proceedings of the First Meeting on Puget Sound Research.  Puget Sound Water Quality Authority, Olympia, Washington.  March 18-19, 1988, Seattle, Washington.



Strand, J.A., M.P. Fujihara, T.M. Poston, and C.S. Abernathy.  1982.  Permanence of suppression of the primary immune response in rainbow trout, Salmo gairdneri, sublethally exposed to tritiated water during embryogenesis.  Radiat. Res. 91:533-541.
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