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1 Introduction  
This Hydrologic Characterization Report summarizes the findings of the Southwest 
Harbor Project (SWHP) Phase I Groundwater Confirmation Monitoring Program 
(GWCMP). The Phase I GWCMP specifically addresses characterization of the post-
redevelopment groundwater flow system, and forms the basis for development of a site-
wide water quality monitoring program to evaluate the effectiveness of remedial actions 
completed in conjunction with site redevelopment. A clear understanding of the 
groundwater flow regime is necessary to develop an effective water quality monitoring 
program, which includes defining the point(s) of water quality compliance representative 
of the SWHP redevelopment conditions. A key component of this Phase I study was 
evaluation of the effect of the Longfellow Creek Overflow Line (LFOL) on groundwater 
flow in the Fill Aquifer. Under pre-redevelopment conditions, significant groundwater 
discharge occurred through the former upper (south) and lower (north) equalization 
basins located along the LFOL. Closure of the former equalization basins and completion 
of a continuous LFOL conveyance tightline across the SWHP was completed during 
redevelopment which altered groundwater discharge conditions.  

The Phase I GWCMP was completed in accordance with the Monitoring Plan – Phase I 
Ground Water Confirmation Monitoring Program (Monitoring Plan) (Associated Earth 
Sciences, Inc., 2000). The Monitoring Plan (AESI, 2000) was developed in accordance 
with the consent decrees signed with Ecology for those remediation areas (RAs) that 
were redeveloped as part of the SWHP, and in accordance with the March 19, 1999 
Groundwater Conceptual Letter (Port of Seattle, 1999). Copies of the Groundwater 
Conceptual Letter, and Ecology’s April 14, 1999 letter of concurrence, are provided in 
Appendix A.  

This Hydrologic Characterization Report documents current groundwater flow conditions 
at the SWHP, reflecting the changes resulting from the site redevelopment. Post-
redevelopment groundwater and LFOL flow conditions are compared to pre-development 
conditions and to the assumptions utilized during formulation of the Cleanup Action 
Plans for the SWHP. 

The post redevelopment groundwater flow conditions documented in this Hydrologic 
Characterization Report will form the basis for recommendations for the Phase II 
GWCMP Water Quality Monitoring Program. A Phase II GWCMP Water Quality 
Monitoring Plan documenting the recommended monitoring locations, analytical 
program, sampling schedule, sampling procedures, and sample handling/management 
will be submitted for Ecology review and approval prior to the initiation of Phase II 
groundwater monitoring.  
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1.1 Hydrologic Characterization Report Summary 
A brief description of the Hydrologic Characterization Report contents is as follows: 

 Section 2:  SITE HISTORY AND DESCRIPTION, contains a description of the 
site and a summary of site history and present site conditions. 

 Section 3:  SITE HYDROLOGIC SETTING, contains a description of the site 
hydrologic setting, a summary of hydrologic conditions prior to site redevelopment, 
and details on assumptions regarding the effects of redevelopment on post-
redevelopment groundwater flow and quality. 

 Section 4:  PHASE I MONITORING PROGRAM OBJECTIVES, presents a 
summary of assumptions and primary objective of the Phase I GWCMP. 

 Section 5:  SUMMARY OF PREVIOUS PHASE I REPORT SUBMITTALS, 
identifies previously submitted Phase I GWCMP reports, and provides a summary of 
key content and findings. 

 Section 6:  HYDROLOGIC DATA COLLECTION, presents detailed 
documentation of data collection activities and methods for the Phase I GWCMP. 

 Section 7:   HYDROLOGIC DATA ANALYSES, summarizes key findings of each 
element of the Phase I GWCMP and synthesizes current post-redevelopment 
hydrologic conditions. 

 Section 8:  COMPARISON OF PRE- AND POST-REDEVELOPMENT 
HYDROLOGIC CONDITIONS, Provides a detailed comparison of present 
hydrologic conditions to pre-development conditions. 

 Section 9:  SUMMARY OF FINDINGS, presents major Phase I GWCMP findings 
and conclusions, and resolution of key project objectives. 

 Section 10:  PHASE II WATER QUALITY MONITORING PROGRAM, 
recommends moving forward with the Phase II GWCMP groundwater quality 
assessment. 

 Section 11:  REFERENCES, lists references used in this report. 
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2 Site History and Description 
The Port of Seattle SWHP is located along the base of the West Seattle highland at the 
confluence of the West Waterway of the Duwamish River (West Waterway) and Elliott 
Bay. The site location is shown on Figure 2.1. The facility includes approximately 185 
acres of land exclusive of the original Terminal 5 area located immediately adjacent to 
the West Waterway. Most of the facility overlies former tideflats that have been filled 
and used for various industrial purposes including railroad yarding, wood treatment, steel 
scrap yarding, and municipal and wood waste landfilling. The SWHP is designated for 
port industrial usage in both City of Seattle and Port of Seattle (Port) land use plans. 

The study area addressed in the Phase I GWCMP encompasses most of the SWHP site, 
including the Spokane Street Properties (RA-1), former Salmon Bay Steel Property (RA-
2), former West Seattle Landfill and Purdy Scrap/Former Seattle Steel Inc. property (RA-
3), and the former Lockheed Yard 2 (RA-5). The boundaries of the RAs, the 
configuration of the present monitoring well network, and details of the location and 
construction of the LFOL are shown on Figure 2.2.   

The Port and Ecology negotiated Cleanup Action Plans for the SWHP that addressed 
specific remediation plans and goals for remediation areas RA-1, RA-2, RA-3 and RA-5 
within the present-day Terminal 5 facility. Remediation area RA-4 is being addressed 
under the Superfund process by the U.S. Environmental Protection Agency (EPA). The 
individual remediation areas are depicted on Figure 2.2 and described below.  

RA-1: RA-1 was occupied by the Buckley Railroad and various Spokane Street 
facilities. The Buckley Yard served as a rail car staging area beginning in the 1920s. 
From the mid 1970s to the mid 1990s, the size of the yard increased dramatically. The 
Spokane Street facilities included the following manufacturing and service businesses:  
aluminum foundry, chemical distribution warehouse, automotive repairs, fuel oil 
distribution and retail foods stores. The soil contamination associated with the Spokane 
Street facilities was remediated between 1994 and 1998. Soil contamination associated 
with the Buckley Yard was left in place. Asphalt and concrete covers were placed over 
the soil contamination in the Buckley Yard, except in the northern portion of the area east 
of RA-3, where 24 inches of ballast cover was placed under the railroad tracks. Presently, 
RA-1 is occupied by Burlington Northern Santa Fe (BNSF) rail spurs, the main access 
road into the American Presidents Line (APL) facility, and office buildings.  

RA-2: RA-2 was historically referred to as the Salmon Bay Steel north area. The area 
was used to support steel mill operations from the early 1900s until the 1970s, and 
included two large warehouses, a scale, and railroad spurs. Beginning in the late 1800s, 
the tideflats on the property were gradually filled with dredge sediments, slag, and steel 
mill debris. This fill material is predominantly slag, and reaches depths of 25 feet in 
places. Between 1996 and 1998, a cleanup measure was implemented that involved 
covering a quarter of the site with a gravel ballast cap and the remainder of the site with 
an impermeable asphalt pavement cap. Prior to this effort, the contaminated soil from 
areas where the gravel ballast cover was to be placed was moved to areas where asphaltic 
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cover would be emplaced. Presently, the western portion of RA-2 is occupied by the 
BNSF Rail Yard, and the eastern portion is occupied by the main APL facility entrance 
and the south end of the APL Stack Train Yard.  

RA-3: The former Seattle Steel Incorporated (SSI) property, RA-3, was the location of 
both the West Seattle Landfill and a scrap metal processing company. The West Seattle 
Landfill occupied 30 acres (approximately three-quarters of this remediation area) and 
was in operation from 1939 to 1966. The former landfill was almost entirely covered with 
slag, construction debris, steel mill debris, and an un-engineered soil cover. In the spring 
of 1995, near-surface refuse from the eastern portion of the landfill was relocated to a 
consolidation landfill area on the western portion of the site. An interim cover consisting 
of processed solid landfill material was placed over the property. Since this time, an 
engineered cover consisting of clean fill and a low-permeability geomembrane has been 
placed over the former landfill, and an asphalt cover has been placed over the former SSI 
property south of the landfill. The Port operates a landfill gas collection and treatment 
system in the former landfill area. Presently, the asphalt-paved area on the consolidated 
landfill portion of RA-3 is utilized for tenant-lease activities including truck and vehicle 
parking, container chassis storage, and temporary construction lay down and component 
assembly for Sound Transit’s light rail project. 

RA-5: RA-5 was originally a tideflat zone that has since been filled with dredge 
sediment, slag, and construction debris. The western portion of the remediation area, 
filled prior to 1936, was the site of Nettleton Lumber until the late 1960s. The eastern 
portion of the site was filled in the late 1950s, becoming the location of Lockheed 
Shipyard #2, which operated from 1956 to 1987 as a ship maintenance and refitting 
outfit. In 1994, the area used for shipbuilding operations underwent excavation and 
treatment of contaminated soils. Since this cleanup effort, the existing storm drain system 
was removed, and the associated contaminated storm drain sediments were disposed. In 
addition, an asphaltic concrete cap was placed over the entire site. Presently, RA-5 is 
currently used by APL for parking and interim container storage. 

RA-4: RA-4, referred to as the Pacific Sound Resources site, is being addressed 
separately under the Superfund process by EPA. However, the portion of RA-4 south of 
Florida Street is being considered under the Ground Water Confirmation Monitoring 
Program in order to evaluate groundwater flow from RA-4 into the adjacent remediation 
areas. RA-4 was occupied by a wood treating plant until 1994, when remediation activity 
began. The cleanup effort involved limited removal of contaminated soils and the 
placement of a low-permeability asphaltic concrete cap over the entire site. The wood 
waste was recycled off-site and the resulting excavation pit was backfilled with fill. 
Where appropriate, a geotextile identifier layer was installed between clean import fill 
and underlying contaminated soils. In addition, a groundwater containment slurry wall 
was built in the northern portion of the property to limit migration of contaminants into 
Puget Sound. RA-4 is presently occupied by the northern end of the APL Stack Train 
Yard. 

Access to the Terminal 5 facility and the adjacent vicinity is controlled by several 
different entities including the Port, APL, and BNSF. Access to the main facility and the 
original Terminal 5 area is through the main APL gate off Spokane Street. Access to the 
southwest portion of the site, including the property south of the main BNSF rail yards, is 
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via an access road located off Spokane Street west of the main APL gate. Access to the 
west part of the site, including most of RA-3, is from a gate located on Harbor Avenue 
west of the West Seattle Freeway. Access to the northwest portion of the site is through 
the Florida Street gate or through a public shoreline access road located on Harbor 
Avenue north of Florida Street. 
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3 Site Hydrogeologic Setting 
The local groundwater regime beneath the SWHP includes a Fill Aquifer and a deeper 
Estuarine Aquifer. The Fill Aquifer consists of groundwater occurring in various fill 
materials between depths of 20 and 40 feet below ground surface (bgs). A sandy silt to 
silty fine sand tideflat deposit, typically 1 to 10 feet in thickness, occurs between the Fill 
and Estuarine Aquifer zones over most of the site with the exception of the easternmost 
portion near the West Waterway, and in isolated areas near the former axis of Longfellow 
Creek along the eastern edge of RA-3. Where present, this low-permeability unit results 
in locally confined conditions in the Estuarine Aquifer zone. The Estuarine Aquifer is 
underlain by a lower permeability unit that occurs at a depth of approximately 40 feet 
along the western boundary of the site near Harbor Avenue, and appears to dip to the 
east. A schematic cross-section along the line of the LFOL is provided on Figure 3.1.  

The Fill Aquifer/Estuarine Aquifer system is bounded to the north by Elliott Bay and to 
the east by the West Waterway. The aquifers thin to the south and west and terminate to 
the west against the West Seattle bluff, encountering deposits of the low-permeability 
Lawton Clay unit. 

3.1 Summary of Pre-Redevelopment Hydrologic 
Conditions  

Prior to site remediation and redevelopment of the SWHP, the primary recharge to the 
Fill and Estuarine Aquifers was through direct infiltration of incident precipitation, with 
limited lateral groundwater inflow from the West Seattle bluffs to the west and the 
Longfellow Creek/Delridge basin to the south. Under pre-remediation conditions, 
recharge from on-site infiltration was estimated to be approximately 3.5 times higher than 
recharge through lateral groundwater flow from off-site (Port of Seattle, 1999). 
Downward vertical gradients existed between the Fill and Estuarine Aquifers under pre-
redevelopment conditions, indicating that on-site infiltration was a significant recharge 
source to the aquifer systems.  

Pre-remediation groundwater studies, primarily the site-wide tidal study by Woodward 
Clyde (1994), indicate that historical groundwater flow direction in the Fill Aquifer was 
toward the former LFOL equalization basins within much of RA-2 and RA-3 and the 
southern portion of RA-4, and the western portion of the original Terminal 5 area. Much 
of the historic Fill Aquifer groundwater discharge from these areas occurred through the 
LFOL via the former equalization basins, with lesser discharge through documented pre-
redevelopment leaks in the LFOL. Selected groundwater elevation contour maps from the 
Woodward Clyde study are included in this report. 
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3.2 Original Model of Post-Redevelopment Hydrologic 
Conditions 

Closure of the former equalization basins and completion of a continuous LFOL 
conveyance tightline across the SWHP, and subsequent repair of leaks identified in the 
existing LFOL, was expected to significantly affect the post-redevelopment groundwater 
flow regime, especially in the Fill Aquifer. The groundwater flow direction within the 
Fill Aquifer under post-remediation conditions was expected to be primarily to the east or 
northeast, with lateral groundwater flow onto the site from the highlands (to the south and 
west), with limited hydraulic effect along the now tightlined LFOL, and eventual diffuse 
discharge to the surface waters of the West Waterway and Elliott Bay. Additionally, 
closure of the former equalization basins and repair of the LFOL was expected to greatly 
reduce the upland extent of tidal influence in the Fill Aquifer.  

The pre-remediation flow direction in the Estuarine Aquifer was to the north-northeast, 
with discharge to Elliott Bay and the West Waterway. Post-redevelopment Estuarine 
Aquifer flow was expected to be relatively unaffected by site development, with the 
exception of possible reduction in horizontal groundwater gradient, and a possible 
southwestward (upland) shift in the position of the salt water interface along Elliott Bay 
and the West Waterway.  
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4 Phase I Monitoring Program Objectives  

4.1 Groundwater Flow Regime Evaluation Objectives 
The primary goal of the Phase I GWCMP was to assess changes in groundwater flow 
conditions resulting from the SWHP remediation and redevelopment activities, including 
documenting post-remediation flow directions, recharge areas, and discharge zones, and 
evaluating the hydraulic effect of the LFOL and tidal influences on the groundwater flow 
regime in the Fill and Estuarine Aquifers. Documenting the post-redevelopment flow 
regime will allow subsequent identification of appropriate groundwater quality 
monitoring points for compliance monitoring with surface water quality standards.  

The Monitoring Plan (AESI, 2000) identified six specific objectives for the Phase I 
GWCMP. The following sections detail these specific project objectives and work 
completed to satisfy these objectives. Additionally, summaries of the status and general 
findings of each objective are provided in Table 4.1.  

4.1.1 Objective 1 - Implement Monitoring Network 
Objective 1 addressed implementation of the monitoring network to define the SWHP 
post-redevelopment groundwater flow regime and provide the basis for identifying the 
Phase II water quality compliance monitoring network. The majority of the monitoring 
network was completed in late 2001, and included retrofitting existing wells and 
installation of new Fill and Estuarine Aquifer wells. Complete details of the monitoring 
network construction and operation are provided in the Monitoring Network Construction 
Report (Aspect Consulting, 2002a). 

The Monitoring Network Adequacy Technical Memorandum (Aspect Consulting, 2003) 
identified data gaps in the Fill Aquifer in the Old Terminal 5 Area, and three additional 
Fill Aquifer wells (CMP-18, 19 and 20) were installed in the Old Terminal 5 Area in the 
summer 2003. Construction of these wells followed procedures in the Monitoring Plan 
(AESI, 2000). Monitoring well construction logs for these wells are included in Appendix 
B.  

The current monitoring well network includes 25 Fill Aquifer and five Estuarine Aquifer 
monitoring wells. The Phase I hydrologic characterization study included collection of 
water level and water quality data from the network over a two-year period to assess 
seasonal hydrologic variations and define the site-wide groundwater flow regime.  

4.1.2 Objective 2 – Document Reduced Recharge to Fill and 
Estuarine Aquifers 

A majority of the SWHP area has been capped with low-permeability asphalt and landfill 
geomembrane covers. These low-permeability covers are expected to result in the 
reduction of on-site infiltration and corresponding reduction in recharge to the Fill 
Aquifer system. Objective 2 addressed characterization of the anticipated reduction in 
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recharge through collection of water level data over a two-year period to document 
anticipated site-wide declines in water levels relative to pre-redevelopment conditions.  

4.1.3 Objective 3 – Confirm Reduction in Downward Vertical 
Gradient 

This objective focused on documenting anticipated post-redevelopment reductions in 
downward vertical gradients, and corresponding reduction in exchange of groundwater 
between the Fill and Estuarine Aquifers. Reductions in downward vertical gradients were 
anticipated to result from reduced precipitation recharge to the Fill Aquifer. The approach 
to this objective was to utilize water level data over a two-year period from paired Fill 
and Estuarine Aquifer wells to document post-redevelopment vertical gradients between 
the Fill and Estuarine Aquifers across the site.  

4.1.4 Objective 4 – Document Reduced Discharge to Elliott Bay 
and West Waterway 

Objective 4 addressed documenting anticipated post-redevelopment reductions in 
discharge from the Fill and Estuarine Aquifers to Elliott Bay and the West Waterway. 
The approach to this objective focused on collecting two years of water level data to 
document post-redevelopment groundwater levels and gradients across the site. In 
addition, the completed tidal study facilitated assessment of the role of the tightlined 
LFOL as a preferential pathway for groundwater discharge 

4.1.5 Objective 5 – Document Post-Redevelopment Effect of 
LFOL on Ground Water Regime  

The results of the Woodward Clyde tidal study conducted in 1994 (prior to the site 
redevelopment and closure of the former equalization basins) clearly demonstrate that at 
that time the LFOL acted as a point of discharge for the Fill Aquifer. The tidally-induced 
hydraulic head changes that occurred in the former equalization basins along the LFOL 
alignment had a significant effect on the shallow groundwater regime. Closing of the 
former LFOL equalization basins and repair of the leaks within the LFOL was expected 
to result in a marked reduction of tidal influence around the former equalization basins 
and to reduce the extent of upland tidal influence within the Fill Aquifer. Objective 5 of 
the Phase I GWCMP addressed evaluation of the degree to which tightlining of the 
former LFOL equalization basins has reduced the hydraulic effect of the LFOL on the 
Fill Aquifer flow system. This objective was accomplished through a focused tidal study 
(Tidal Monitoring Study Report, Aspect Consulting, 2002b), and through long term, 
automated monitoring of water levels and water quality parameters in key Fill aquifer 
wells located along the LFOL.  

4.1.6 Objective 6 – Document Reduction in Leachate Production 
from RA-3 

Objective 6 focused on verifying the anticipated post-redevelopment reduction in 
leachate generation from the former West Seattle Landfill (RA-3). Reduced leachate 
generation was expected due to a combination of reduced precipitation infiltration 
through the solid waste, and lowered water levels in the Fill Aquifer resulting in less 
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potentially saturated solid waste. This objective was addressed through collection of two 
years of automated water level and water quality parameter data from key Fill and 
Estuarine Aquifer wells adjacent to RA-3, and comparison of these data to pre-
development conditions.  
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5 Summary of Previous Phase I Report Submittals 

5.1.1 Monitoring Plan 
The Monitoring Plan (AESI, 2000) describes the proposed components for the 
hydrologic flow regime characterization phase (Phase I) of the GWCMP. This document 
was prepared in accordance with the consent decrees for the individual remediation areas 
that were redeveloped as part of the SWHP, and followed the general scope defined in the 
Ground Water Conceptual Letter (Port of Seattle, 1999). The Monitoring Plan (AESI, 
2000) presented specific work scope element and procedures to develop a site-wide 
monitoring network adequate to characterize post-redevelopment groundwater flow 
conditions at the SWHP and to achieve the specific Objectives 1 through 6 identified in 
the Monitoring Plan (See Section 4.0 of this report). A copy of Ecology’s July 5, 2001 
comment letter on the Monitoring Plan (AESI, 2000) is included in Appendix A. 

5.1.2 Addendum #1 to Monitoring Plan 
Addendum #1 to Monitoring Plan (AESI, 2001) was prepared to address comments raised 
by Ecology at a June 5, 2001 meeting to discuss the Monitoring Plan (AESI, 2000). 
Ecology’s comments were subsequently documented in a letter to the Port dated July 5, 
2001 (Ecology, 2001). This letter also confirmed Ecology’s approval of the Monitoring 
Plan, as amended by the Addendum #1 to Monitoring Plan (AESI, 2001). Addendum #1 
to Monitoring Plan (AESI, 2001) specifically addressed retrofitting, abandonment, and 
replacement of selected monitoring wells that were damaged during the Nisqually 
Earthquake. This document also stipulated a change in the planned location of CMP-11 to 
outside the EPA-regulated RA-4 remediation area, and added a requirement for 
completion, after one year of monitoring, of a technical memorandum (the subsequent 
Monitoring Network Adequacy Technical Memorandum, Aspect Consulting, 2003) 
documenting the adequacy of the monitoring network. Addendum #1 to Monitoring Plan 
(AESI, 2001), together with the Draft Monitoring Plan (AESI, 200), encompass the final 
Ecology-approved scope for the SWHP Phase I GWCMP.  

5.1.3 Monitoring Network Construction Report 
The Monitoring Network Construction Report (Aspect Consulting, 2002a) detailed the 
construction of the Phase I monitoring well and surface water monitoring station 
network. All relevant monitoring well completion data, including survey information, 
were presented in tabular form, and geologic and well completion logs for new, existing, 
and retrofitted monitoring were included. The report also included abandonment records 
for wells that were deemed unsuitable for use in the program, and detailed well 
development records for new and existing wells. The Monitoring Network Construction 
Report (Aspect Consulting, 2002a) documented the construction of surface water 
monitoring stations in the LFOL, and provided detailed documentation of the installation 
and calibration of the In-Situ Troll® dataloggers installed in the site monitoring wells and 
surface water monitoring stations. This document also detailed any deviations from the 
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approved scope or procedures, and documented investigation-derived waste management, 
waste profiling, and waste treatment/disposal procedures. 

5.1.4 Tidal Monitoring Study Report 
The Tidal Monitoring Study Report (Aspect Consulting, 2002b) documents the tidal 
monitoring study completed as part of the Phase I GWCMP. The objectives of the 
documented tidal monitoring study were to evaluate potential changes in groundwater 
flow conditions resulting from the SWHP redevelopment activities, with specific focus 
on the potential effect on Fill Aquifer flow from tightlining of the LFOL. The Tidal 
Monitoring Study Report (Aspect Consulting, 2002b) documents all data collection 
activities associated with the tidal monitoring study and provides a detailed evaluation of 
the tidal monitoring data. The report presented pre-redevelopment and post-
redevelopment Fill and Estuarine Aquifer groundwater elevation contour maps for 
different tidal stages, and provided conclusions regarding post-redevelopment changes in 
the Fill and Estuarine Aquifer groundwater flow regime in the vicinity of the LFOL.  

5.1.5 Monitoring Network Adequacy Technical Memorandum 
The Monitoring Network Adequacy Technical Memorandum (Aspect Consulting, 2003) 
was prepared after evaluation of one year of water level monitoring data from the Phase I 
GWCMP monitoring network. The memorandum summarized the results of the first year 
of monitoring, and presented an assessment of the adequacy of the monitoring network 
for effectively characterizing the post-redevelopment shallow hydrologic system at 
SWHP. The memorandum also evaluated the status of the Monitoring Plan (AESI, 2000) 
objectives after the first year of monitoring, and identified two apparent data gaps. These 
data gaps were:  

1. Lack of adequate downgradient Fill Aquifer monitoring well coverage in the Old 
Terminal 5 Area, and, 

2. Inadequacy of Fill Aquifer water data alone to characterize potential Fill 
Aquifer/LFOL interactions in the LFOL.  

Recommendations were provided to address these data gaps. These recommendations 
included installation of three additional Fill Aquifer monitoring wells in the Old Terminal 
5 Area, and completion of a focused water quality and discharge study in the LFOL to 
further evaluate potential Fill Aquifer/LFOL interactions. A copy of Ecology’s April 15, 
2003 letter approving these recommendations is included in Appendix A. The new 
monitoring wells (CMP-18, 19, 20) were installed in the April 2003, and the focused 
LFOL water quality and discharge study was completed in the summer and fall of 2004.  

5.1.6 Periodic Project Status Reports 
A total of 11 periodic Project Status Reports were completed and submitted to Ecology 
between December 2001 and February 2004. These reports presented updates on work 
completed over the reporting period, problems encountered and resolutions, work and 
submittals scheduled for the subsequent reporting period, and updated project schedules. 
Submission of periodic status reports was discontinued in early 2004 at the conclusion of 
the 2-year monitoring period.  



 ASPECT CONSULTING 

PROJECT NO. 990106-004-20  JANUARY 18, 2007  13 

6 Hydrologic Data Collection 
The following sections document hydrologic data collection and analysis activities 
completed during the Phase I GWCMP. Where these activities have been addressed in 
previous project reports, the reader is directed to those by reference. 

6.1 Automated Downhole Groundwater Level and Water 
Quality Data Collection 

6.1.1 Instrumentation Setup  
Automated In-Situ Troll® datalogging probes were installed in selected site monitoring 
wells early December 2001 to record groundwater levels. Additional Fill Aquifer 
monitoring wells CMP-18, 19 and 20 were instrumented with miniTroll® probes in 
December 2001. The Troll® 4000 (T-4000) and mini-Troll® probes measured water level 
(pressure head) and temperature. The Troll® MP-8000s (T-8000s) also measured pH and 
conductivity. A summary of the Phase I monitoring instrumentation is provided in Table 
6.1. Complete monitoring equipment setup procedures are documented in the Monitoring 
Network Construction Report (Aspect Consulting, 2002a), and in the periodic Project 
Status Reports. Individual daily field reports are provided in Appendix C. 

6.1.2 Water Level Data Calculation 
Collection of water level elevations was a primary element of the Phase I GWCMP. The 
In-Situ probes measured the height of the water column (pressure head) above the probe, 
and an accurate probe elevation is required for conversion of the probe’s pressure head 
reading to water level elevation. Initially, the elevation of each probe was determined by 
taking concurrent measurements of static water level (in feet below the top of the casing 
with a known elevation) and the recorded pressure. The equation used for determining the 
elevation of the probe is: 

probeTOCTOCprobe HSWLElevElev −−=  

where  Elevprobe is the elevation of the probe (ft MLLW); 

 ElevTOC  is the elevation of the top of the casing (ft MLLW); 

 SWLTOC  is the measured depth to water below the top of the casing (ft); and  

 Hprobe is the salinity-corrected freshwater equivalent head (see Section 2.5) due 
to water above the probe (ft) recorded by the datalogger.  

Difficulty was encountered in re-establishing a constant probe elevation between 
download events, particularly for the probes with water quality sensors which required 
removal from the well to calibrate. To eliminate transducer elevation discrepancies 
caused by cable stretch and hanger slippage, in June 2002 all wells with In-Situ probes 
were equipped with spacers constructed of 1-1/2 inch diameter PVC casings. The spacers 
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were installed in the base of each well using stainless-steel recovery cables. The cone-
shaped base of the In-Situ probes “seated” on the top of the spacers, thereby ensuring that 
the sensors elevations were fixed for the remainder of the study. 

6.1.3 Pressure Sensor Calibration 
During the December 2002 download event, all Troll® probe pressure sensors were field 
checked for accuracy using a three-point pressure check. The pressure checks were 
completed with a field-portable pressure chamber and manufacturer-calibrated reference 
transducer. The manufacturer’s published pressure accuracy for the pressure sensors 
ranges from 0.015 pounds per square inch (psi) for a 15 psi sensor, to 0.03 psi for a 30 psi 
sensor (± 0.1% of full scale). Based on the project-specific data quality needs for the 
pressure measurements, we established an acceptable pressure accuracy of 0.08 psi for all 
sensors. All but three probes (CMP-3, CMP-7, and MW-308N) passed the field check. 
The three probes with pressure sensors out of the acceptable range were removed from 
the wells and returned to the manufacturer for re-calibration. These probes were 
reinstalled after calibration. 

6.1.4 Water Quality Data Collection and Sensor Calibration 
Collection of water quality data (pH and conductivity) was an additional element of the 
Phase I GWCMP. The T-8000 pH and conductivity sensors required periodic calibration 
to maintain accuracy. Water quality sensors (pH and conductivity) were initially 
calibrated prior to installation in December 2001. During each download event, water 
quality sensors were field checked using known solutions. pH sensor calibrations were 
made when measurement error was greater than ½ pH unit. pH sensors were typically 
tested using a solution of 7.0, so sensors that measured less than 6.5 or greater than 7.5 
were calibrated. Conductivity sensor calibrations were made when measurement error 
was greater than 10% of the known solution. For example, a conductivity sensor might be 
tested using a solution of 1440 microSiemens (µS). Conductivity sensors measuring less 
than 1296 µS or greater than 1584 µS were calibrated. Water quality sensor calibrations 
were documented in the periodic Project Status Reports. Individual daily field reports are 
provided in Appendix C. 

The pH sensors in the T-8000 probes had a manufacturer-published functional life of 1 
year, and the pH sensors in probes CMP-2, CMP-3, CMP-4, CMP-11, CMP-13, and 
MW-308N failed in the second year of the monitoring program. As over a full year of 
valid pH data had been collected, the failed pH sensors were not replaced during the 
remaining Phase I Hydrologic. Conductivity sensors remained in good working order 
over the course of the project.  

6.2 Groundwater Sample Collection And Analysis 
Groundwater samples for chloride analysis were collected from all site wells in 
December 2001, and from selected wells thereafter. The chloride data allowed for salinity 
corrections for the water level data from the Estuarine Aquifer wells, and provided a 
check for salinities calculated from conductivity measurements in the Fill Aquifer wells. 
Wells initially selected for chloride analyses were those exhibiting significantly elevated 
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conductivity measurements during well development completed in late 2001. Initial 
samples were collected on December 12 and 17, 2001.  

Water samples for chloride analyses were collected through 1/16” diameter dedicated 
polyethylene tubing installed in the wells to a depth approximately equal to the 
transducer elevation. A peristaltic pump was used to purge the tubing and samples were 
collected in 500-milliliter polyethylene containers, placed on ice and shipped to North 
Creek Analytical in Bothell under industry-standard chain-of-custody. All water samples 
were analyzed for chloride content by EPA Method 300.0. The laboratory results are 
provided in D. Sampling events are also documented in the individual field reports 
included in Appendix C. 

6.2.1 Salinity Corrections to Water Level Data 
The salinity data were used to allow correction of water level data for density differences, 
and to provide additional information regarding post-redevelopment changes in the Fill 
Aquifer groundwater flow system. Consistent with findings from the Woodward Clyde 
(1994) tidal study, groundwater salinity (thus density) was not found to alter the Fill 
Aquifer groundwater level data significantly. Salinity correction factors were greater than 
0.98 in all Fill Aquifer wells, resulting in water level elevation corrections of generally 
less than 0.01 feet, with no Fill Aquifer well correction exceeding 0.11 feet. For the 
Estuarine Aquifer wells, salinity corrections resulted in water level differences in excess 
of 1 foot in well MW-44. All water elevation data recorded from these wells were 
corrected for salinity in accordance with the following procedures (ASTM, 1995; 
Woodward Clyde, 1994). 

Salinity (on the Practical Salinity Scale (PSS) (S0-40)), was calculated from conductivity, 
temperature, and pressure as follows: 
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standardk

kR =  

where  A0, B0, an, bn, cn, dn, and en are coefficients, 

  t is temperature (oC),  
  p is in situ pressure (bars), 
  k is the in situ conductivity (µS/cm), 
  kstandard is standard conductivity at S = 35 PSS, t = 15oC, p = 0 above one 
  standard atmosphere. For our purposes, we use kstandard = 42,914 µS/cm. 

Calculate the density, ρ (kg/m3), of the sample from salinity and temperature: 
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where  fn, gn, hn, i0 are coefficients, 
ρ0 is the density of fresh water at the same temperature (kg/m3), 
S is salinity (PSS), and 
t is temperature (oC) 

Compute the elevation/salinity correction factor, CF, for each well: 

ρ
ρ0=CF  

Calculate the salinity corrected water level elevations, Welev (ft MLLW): 

elevelev TDpCFW +⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
××=

psi
ft307.2  

where p is the pressure due to water above the transducer and 
  TDelev is the elevation of transducer sensor. 

For wells with chloride analyses only (Estuarine Aquifer), salinity is calculated from 
chloride as follows:   

S = (35/19) x [C1] 

 where S is salinity (PSS), and 
 [Cl] is chloride concentration in parts per thousand (ppt) 
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6.3 LFOL Water Quality and Discharge Study 
As discussed in Section 5.1.5, the automated water level and water quality data alone 
were not adequate to resolve the degree of potential communication between the Fill 
Aquifer and the LFOL. A focused, phased water quality and discharge study of the LFOL 
was recommended in the Monitoring Network Adequacy Technical Memorandum 
(Aspect Consulting, 2003), and was completed in the summer 2004. The first phase of 
this study employed installation of In-Situ T-8000 probes at three manhole locations 
along the length of the LFOL to evaluate variations in both water levels and major water 
quality parameters within the LFOL. The second phase included sampling and analyses 
of discharge samples from three manhole locations, and monitoring of flow rates and 
discharge volumes at these locations. Details of each phase of the LFOL water quality 
and discharge study are provided below. 

6.3.1 Continuous LFOL Water Level and Water Quality Data 
Collection  

Figure 6.1 shows the location of the water quality and flow monitoring stations in the 
LFOL at manholes MH-1, MH-4 and MH-7. The monitoring stations were installed in 
accordance with Section 5.2 of the Monitoring Plan, and consisted of 2-inch-diameter 
slotted PVC pipe affixed to the manhole ladders using fasteners. The pipes were installed 
vertically in each manhole with the lower end set in the manhole sump. Each location 
was equipped with a T-8000 probe equipped to monitor water level, temperature, 
conductivity, dissolved oxygen, and pH installed with the sensors positioned marginally 
above the invert level of the LFOL pipe. The probes were set up to collect measurements 
every 10 minutes and were installed on June 3, 2004. Data was collected through July 6, 
2004, at which time the probes were downloaded and removed.  

After completion of the automated water level monitoring, the recorded water level and 
water quality data were uploaded to the project database and plotted for evaluation. Plots 
of these data are presented in Figures E-1 through E-3 in Appendix E.  

6.3.2 LFOL Water Quality Sampling and Flow Rate 
Measurements  

Based on the evaluation of water level and water quality data and for June 2004, the 
water quality sampling phase was scheduled for strong tidal cycles in late July 2004, 
when LFOL sampling locations were most fully flushed of tidal water and samples would 
be most representative of non-tidal “baseflow”. In the absence of surface water inflow, 
this “baseflow” should include Nucor Steel non-contact cooling water, plus any potential 
groundwater leakage (inflow). The calculated allowable time windows for sampling at 
the individual LFOL manhole locations are shown in Table 6.2.  

Water quality sampling was completed between July 28 and 30, 2004, within the 
allowable time windows at each LFOL sampling station. Water samples were collected 
directly from the discharge flow into laboratory-prepared 1 liter glass bottles, and then 
decanted into appropriate, laboratory-supplied containers. Samples were hand-delivered 
or couriered to North Creek Analytical in Bothell, Washington for analyses. Each sample 
was analyzed for the following parameters: metals (Ca, Fe, Mg, K, Na), ferric iron, 
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alkalinity, chloride, ammonia, nitrate/nitrite, pH, sulfate, conductance, TDS, TSS, and 
turbidity. Laboratory results are presented in Table 6.3, and laboratory data reports are 
provided in Appendix F. 

At the completion of the water quality sampling, flow velocity/discharge monitoring was 
conducted at each monitoring location (MH-1, MH-4 and MH-7). Initially, flow 
measurements were planned to be collected using a Swoffer Model 3000 current velocity 
meter. However, due to limited flow depths, this method was not practicable, and flow 
velocity measurement were collected by measuring channel profiles and flow velocities. 
Channel bed profiles were constructed from measurements of water depth at 0.2-foot 
intervals across the apparent channel width. Channel surface velocity was measured by 
timing the transit time of a float along a 10-foot reach of the channel. The average of five 
measurements was used to estimate channel velocity at the surface.  

Channel flow was calculated using the average channel depth, the channel width, and an 
average channel velocity is 60 percent of channel velocity at the surface. Results of the 
flow calculations are provided in Table 6.4. Calculated average flows measured at each 
station in the LFOL ranged from 99 gallons per minute (gpm) to 107 gpm.  

6.3.3 LFOL Inspection 
During collection of flow data and discharge samples in late July 2004, limited sections 
of the LFOL were also inspected by Aspect Consulting personnel. Portions of the LFOL 
inspected included the 25 foot sections south (upstream) from Manholes MH-1, MH-2 
and MH-4, the 150-foot section north (downstream) of manhole MH-8, and the 160-foot 
section south (upstream) of Manhole MH-7. Some minor leakage was noted around the 
pipe joints at the manhole locations, but no significant leaks were visible or audible 
during inspection of these sections. An outfall approximately 24 inches in diameter was 
observed at the location of Manhole MH-8, with discharge from this outfall estimated at 
15 to 20 gpm. Complete LFOL inspection reports are provided in the daily field reports 
located in Appendix C. 

6.4 Tidal, Barometric Pressure, and Precipitation Data 
Collection 

Verified tidal data were obtained for NOAA Station Number 9447130 (SEATTLE, 
PUGET SOUND, WA) at the NOAA web site: “co-ops.nos.noaa.gov”. The station is 
located at Pier 52 (the Colman Ferry Dock). The hourly data were reported on Pacific 
Standard Time and in feet relative to the mean-lower-low-water (MLLW) datum. Tidal 
data were stored in a spreadsheet where daily average, minimum, and maximum tides 
were calculated, as well as monthly average tides. 

Barometric pressure data were also obtained for NOAA Station Number 9447130. The 
hourly data were reported in millibars using Pacific Standard Time. Barometric pressure 
data were stored in a spreadsheet where data were converted from millibars to feet of 
water head and daily averages were calculated. 
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Daily precipitation data were acquired from a tipping bucket located on the northeast side 
of Sea-Tac International Airport monitored by Taylor Associates, Inc. Precipitation data 
were stored in the project database, and exported to a spreadsheet for reporting. 

6.5 Data Management 
All manual and probe data collected during Phase I of the GWCMP are stored in a 
database developed by Aspect Consulting specifically for this project. Over 300 manual 
water level and water quality measurements were made at up to 32 locations. Nearly ½ 
million probe readings were made at up to 28 instrumented locations with up to 5 sensors 
installed on each probe. The database also is programmed to calculate the salinity 
correction for wells with conductivity or chloride data. 

The flow of project data from collection through interpretation and eventual delivery to 
the port is illustrated in the diagram below: 

 
Data originated with either automated probe readings or manual measurements. Manual 
measurements of depth to water and salinity were recorded on field sheets. Probes were 
downloaded to a field laptop with preliminary data quality assurance/quality control 
(QA/QC). Preliminary data QA/QC included verifying that sensor readings were within 
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the normal range and that transducer-calculated water levels corresponded with manual 
measurements. If necessary, sensors on the probes were field tested and field calibrated. 
After a site visit, data from field sheets were entered into the database, and probe data 
were uploaded to the database. The data were then exported to a spreadsheet for graphical 
analysis including final data QA/QC. Final QA/QC included comparisons of manual 
water level measurements over time and with nearby locations.  
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7 Hydrologic Data Analyses 

7.1 Groundwater Levels and Water Quality Parameters  
7.1.1 Summary of Fill Aquifer Groundwater Levels and Water 

Quality Parameter Data 
7.1.1.1 Water Levels 

Daily average water level data for monitored Fill Aquifer wells are provided in Figure 
7.1. This figure also includes averaged tidal stage data for Elliot Bay, and precipitation 
data from Sea-Tac Airport. Individual plots of automated and manual water level, and 
water quality parameter data for each monitored Fill Aquifer well, are provided in 
Appendix G.   

Review of Figure 7.1 and Figures G-1 through G-16 indicates that over the two year 
study period, Fill Aquifer water levels at the Site varied seasonally by as much as six feet. 
In general, Fill Aquifer wells inland from the shoreline exhibited from one to four feet of 
seasonal variation in water levels over the monitoring period, with the highest variations 
in inland wells occurring adjacent to the western upland at CMP-5, and in the area along 
the lower portion of the LFOL in the vicinity of the former lower (north) equalization 
basins near Florida Street. Seasonal variations in Fill Aquifer water levels beneath the 
central paved portion of the site ranged from one to three feet, with the smallest 
variations occurring beneath central portion of the site from RA-3 through the Old 
Terminal 5 area to the portion of RA-1 along Marginal Way SW. Site-wide seasonal 
variations were largest (6 feet) in strongly tidally influenced, nearshore Fill Aquifer wells 
CMP-16 and MW-5 located along the northern, seaward edge of RA-5. Overall, Fill 
Aquifer water levels appear to have stabilized after site redevelopment, with comparable 
seasonal elevations in both 2002 and 2003.  

7.1.1.2 Temperature 
Groundwater temperature variations in Fill Aquifer wells (see Figure 7.2 and Figures G-1 
through G-16) followed an offset, bimodal seasonal pattern with lowest temperatures 
occurring in late spring, after the winter recharge, and generally a few weeks after the 
seasonal high water levels. Highest groundwater Fill Aquifer groundwater temperatures 
generally occurred late October or early November, just above the onset of the winter 
recharge. Many Fill Aquifer wells display a net increase in average groundwater 
temperature between 2002 and 2003. This increase in groundwater temperature may 
result from continued equilibration of the aquifer to post-redevelopment reduction in 
recharge. 

7.1.1.3 Salinity 
Salinity levels in the Fill Aquifer vary widely across the site, with highest levels typically 
found in wells immediately adjacent to the shoreline. Daily average salinity data for 
monitored Fill Aquifer wells are provided in Figure 7.3. Well CMP-16, located along the 
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northern edge of RA-5, exhibited elevated laboratory-reported salinity levels. Elevated 
salinity levels were also recorded in wells CMP-11, CMP-12 and CMP-13, located along 
the lower portion of the LFOL near the former lower (north) equalization basins. Fill 
Aquifer wells in the central portion of the site generally exhibited salinity levels less than 
1 part per thousand (ppt).   

Fill Aquifer groundwater salinity trends were not as consistent as temperature trends, but 
the wells can be grouped into three subsets that exhibited well- and/or area-specific 
behavior. Salinity levels in wells CMP-3, CMP-6 and MW-307A were generally constant 
throughout the monitoring period, suggesting stabilized conditions in the central portion 
of the site extending southward from the north end of RA-3 and along the eastern edge of 
RA-3 through RA-1. Conversely, salinity levels in nearshore wells MW-26R and MW-
308N show increasing trends throughout the two-year monitoring period. These 
increasing trends are suggestive of landward movement of salt water intrusion into the 
Fill Aquifer between early 2002 and late 2003. Wells CMP-8, CMP-11, CMP-12 and 
CMP-13 all exhibited significant variations in salinities. CMP-8, located in the central 
portion of the site within the Old Terminal 5 area shows pronounced cyclical variations in 
salinity, with the higher salinity values occurring in the latter 6 months of each year, and 
roughly corresponding to lower groundwater elevations and elevated temperatures. 
Conversely, wells CMP-11, CMP-12 and CMP-13, located along the lower portion of the 
LFOL near the former lower (north) equalization basins, show generally elevated 
salinities during the winter months.    

The cause of the salinity variations in well CMP-8 is unknown. Well CMP-4, which is in 
the same general area as CMP-8, but significantly closer to the LFOL, shows relatively 
low salinity and little salinity fluctuation. This would seem to rule out the tidal leakage 
from the LFOL as a cause of the elevated salinity in well CMP-8. Potential upward 
movement of water from the Estuarine Aquifer is not the likely the cause of the salinity 
variation in well CMP-8 either, as measured salinities in nearby Estuarine Aquifer well 
CMP-7 are much lower (less than 2 ppt) than salinities measured in CMP-8 (up to 22 
ppt). The most plausible explanation of elevated salinity in well CMP-8 is periodic 
downgradient migration of “relic” tidal water which entered the Fill Aquifer, prior to site 
redevelopment, through the former upper (south) equalization basins which were located 
upgradient of well CMP-8. 

Salinity variations in wells CMP-11, CMP-12 and CMP-13 appear related to upward 
movement of deeper, seawater-enriched groundwater from the Estuarine Aquifer during 
periods of higher averaged tides. Inspection of the LFOL in the area of the “lower” 
Estuarine Basins did not indicate the presence of leaks that could result in movement of 
seawater from the LFOL into the aquifer in this area. Upward movement of saline 
groundwater from the Estuarine Aquifer in this area is also suggested by the presence of 
observed upward vertical gradients between the Fill and Estuarine Aquifers in the MW-
307 and MW-308 wells pairs in the winter months (see Section 7.3).  The Tidal 
Monitoring Report (Aspect Consulting, 2002) also confirmed the potential occurrence of 
Fill/Estuarine Aquifer interactions in the area of the former lower (north) equalization 
basins.  
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7.1.1.4 pH 
Automated measurements of pH in the monitored Fill Aquifer (see Figure 7.4 and Figures 
G-1 through G-16) ranged from greater than 10.7 in well CMP-3 located on the 
downgradient edge of RA-2, to as low as 4.3 in well CMP-4 located east and 
downgradient of RA-3. Elevated pH levels in RA-2 are likely indicative of groundwater 
contact with calcium-rich slag materials. pH levels in excess of 9 in well CMP-2, located 
on the upgradient side of RA-2, also suggest that groundwater is interacting with slag in 
areas upgradient of RA-2. Historic aerial photographs indicate extensive slag is present 
beneath RA-2 and in the upgradient area southwest of RA-2. There is no discernable 
post-redevelopment trend in groundwater pH levels in wells CMP-2 and CMP-3.   

Low pH levels in well CMP-4 located immediately east of RA-3, likely result from 
interaction of Fill Aquifer groundwater with refuse as it migrates to eastward beneath 
RA-3. pH trends in this well (see Figure G-3) indicate a cyclical decrease in pH during 
the winter and early spring, when water levels beneath RA-3 are highest. This suggests a 
direct correlation between the saturated thickness of the refuse, and corresponding 
lowered pH levels in the Fill Aquifer east of RA-3. The overall pH trend in well CMP-4 
over the monitoring was upward, with pH levels in excess of 7.6 recorded in the early 
summer of 2003. This overall trend suggests a general post-redevelopment decrease in 
the impact of RA-3 refuse on downgradient Fill Aquifer water quality.   

Outside of RA-2 and area along the eastern margin of RA-3, Fill Aquifer groundwater pH 
levels are generally near neutral, ranging between 6 and 8 over the monitoring period. A 
weak seasonal trend is noted in well CMP-13, with decreasing pH levels in the winter 
months possibly related to increased water levels beneath RA-3. A weak seasonal trend is 
also noted in well CMP-14, where elevated pH levels roughly correlate with the mid-
winter months. The cause of the periodic increased pH in well CMP-14 is unknown. 

7.1.2 Summary of Estuarine Aquifer Groundwater Levels and 
Salinity Data 

7.1.2.1 Water Levels 
Daily averaged water level data for monitored Estuarine Aquifer wells are provided in 
Figure 7.5. This figure also includes averaged tidal stage data for Elliot Bay, and 
precipitation data from Sea-Tac Airport. Individual plots of automated and manual water 
level data and water quality parameter data for each monitored Estuarine Aquifer well are 
provided in Appendix G.   

Review of Figure 7.5 and Figures G-17 through G-21 indicates that over the two year 
study period, Estuarine Aquifer water levels at the Site varied seasonally by as much as 7 
feet. In general, the more inland Estuarine Aquifer wells (CMP-7, MW-36, MW-307BR, 
MW-308S) exhibited from 2.5 to 3 feet of seasonal variation in water levels over the 
monitoring period. In these wells, changes related to seasonal precipitation dominate, 
with second-order tidal fluctuations superimposed on the dominant seasonal trends. Well 
MW-44, located in the northeastern corner of RA-5, is dominated by strong tidal water 
level fluctuations of as much as 4 feet. Overall, Estuarine Aquifer water levels exhibited 
comparable seasonal elevations in both 2002 and 2003.  
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7.1.2.2 Temperature 
Groundwater temperatures in all monitored Estuarine Aquifer wells (see Figure 7.6) 
generally exhibited no significant short term or long term trends during the monitoring 
period. A very slight increasing trend of around 0.25 degrees Celsius is evident in wells 
CMP-7, MW-307BR, and MW-308S.   

7.1.2.3 Salinity 
Field-measured and laboratory-reported salinity levels in the Estuarine Aquifer vary 
widely across the site. The highest salinities were recorded in wells MW-36 and MW-
308S, with levels typically exceeding 10 ppt. Conversely, salinity levels in the other 
Estuarine Aquifer wells were generally less than 2 ppt.  Laboratory reports for Estuarine 
Aquifer chloride analyses are included in Appendix D. 

Due to the lack of downhole conductivity measurements, adequate data are not available 
to evaluate Estuarine Aquifer groundwater salinity trends in any detail. The limited 
available data suggest that the most significant variations in salinity levels occurred in 
Well MW-36, which is located approximately 800 feet inland from the shoreline. The 
cause of the apparent salinity variations in this well are unknown.  

7.2 Groundwater Elevations 
The water level elevation data for both the Fill and Estuarine Aquifers were corrected for 
salinity as described in Section 6.21 of this report and calculated relative to MLLW 
datum. The salinity-corrected water level elevation data were then used to calculate 72-
hour mean groundwater elevations using the method of Serfes (1991). This method 
corrects for the major lunar and solar frequencies that produce the tides, and provides a 
mean groundwater elevation for the 72-hour time period. Eight sets of mean groundwater 
elevation data (4 for each aquifer) were developed, using data from four seasonal high 
and low groundwater elevation stages within the monitoring period. These mean (tidally 
averaged) potentiometric groundwater elevation data sets were then used to construct the 
hand-contoured groundwater elevation maps. From these contour maps, mean 
groundwater flow directions and hydraulic gradients were determined, which represent 
the seasonal net groundwater flow conditions over the course of multiple tidal cycles. In 
developing the groundwater elevation contour maps for the Fill Aquifer, selected manual 
water level measurements from non-instrumented wells were used to supplement the 
automated water level data. Only manual measurements from wells at distances roughly 
500 feet or greater from the West Waterway or Elliot Bay were used, since they have 
negligible tidal response. 

7.2.1 Fill Aquifer  
The average groundwater elevation contour maps for the Fill Aquifer are presented on 
Figures 7.7 through 7.10. To facilitate comparison of pre- and post-redevelopment 
groundwater flow conditions, a map representing pre-redevelopment (1994) average Fill 
Aquifer groundwater flow conditions is presented sequentially in Figure 7.11. The Fill 
Aquifer groundwater flow conditions for the monitoring period, and comparison to pre-
redevelopment conditions (1994), are described below. 
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7.2.1.1 Flow Direction 
Examination of Figures 7.7 through 7.10 indicates that Fill Aquifer groundwater flows 
east-northeast off the West Seattle uplands, beneath RA-3, then diverges radially to the 
north and east, and discharges along the West Waterway and Elliot Bay. In the southern 
portion of the site beneath RA-1 and RA-2,  Fill Aquifer groundwater flows northward 
onto the site from beneath the Nucor Steel facility, then verges to the northeast beneath 
RA-1 and discharges to the West Waterway. Primary recharge zones for the Fill Aquifer 
appear to be the West Seattle uplands west of RA-3, and the Delridge/Longfellow creek 
basin south of RA-1 and RA-2. A subtle groundwater ridge or high is evident in the 
vicinity of well CMP-10 on all the Fill Aquifer contour maps. This high extended 
northeastward beneath RA-5 in December 2001, and again in December 2003.    

Fill Aquifer flow was not characterized beneath the northern, EPA-regulated portion of 
RA-4 during this study. The slurry wall installed along the seaward portion of this area 
effectively prevents discharge of groundwater through the Fill Aquifer, thereby creating a 
stagnation zone which would divert groundwater to the northeast and northwest, to 
discharge points adjacent to RA-4 along Elliott Bay.  The Upland Groundwater Remedy 
2003 Annual Monitoring Report (Retec, 2004) for RA-4 concluded that Fill Aquifer 
groundwater with the RA-4 slurry wall was stagnant, and that there was essentially no 
Fill Aquifer flow around the ends of the walls. 

7.2.1.2 Horizontal Flow Gradient 
Calculated groundwater gradients in the Fill Aquifer during the monitoring period were 
as high as 0.01 feet per foot in the winter beneath RA-3, and as high as 0.005 feet per foot 
beneath the southern portion of RA-1. These relatively high gradients suggest that 
recharge via infiltrating precipitation is occurring in uplands bordering these areas. 
Gradients were generally much lower beneath the main portion of the site, with 
calculated values of less than 0.001 feet per foot beneath the southern part of the Old 
Terminal 5 area in December 2003 (Figure 7.10). These low groundwater gradients 
indicate that once Fill Aquifer groundwater enters the site and moves beneath the Old 
Terminal 5 area and RA-5, groundwater flows very slowly to eventual discharge points 
along the West Waterway and Elliot Bay. In the area north of RA-3 and west of the RA-4 
slurry wall, somewhat higher gradients suggest Fill Aquifer flow groundwater flows more 
rapidly to Elliot Bay in this area.   

7.2.2 Estuarine Aquifer  
Averaged groundwater elevation contour maps of the Estuarine Aquifer over the 
monitoring period are presented on Figures 7.12 through 7.15. To facilitate comparison 
of pre- and post-redevelopment groundwater flow conditions in the Estuarine Aquifer, a 
map representing pre-redevelopment (1994) average Estuarine Aquifer groundwater flow 
conditions is presented sequentially in Figure 7.16. The Estuarine Aquifer groundwater 
flow conditions for the monitoring period, and comparison to pre-redevelopment 
conditions (1994), are described below. 

7.2.2.1 Flow Direction 
Figures 7.12 through 7.15, depicting post-redevelopment groundwater flow condition in 
the Estuarine Aquifer, indicate that groundwater in the Estuarine Aquifer generally flows 
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from the southwest toward the northeast, with discharge to Elliot Bay and the West 
Waterway. As with the Fill Aquifer, recharge for the portion of the Estuarine Aquifer 
flowing beneath the site is primarily in the West Seattle Highlands to the west of Harbor 
Avenue. No significant post-redevelopment seasonal changes in Estuarine Aquifer flow 
conditions are noted. Comparison of current conditions to Figure 7.16, depicting pre-
redevelopment flow conditions, confirms that current Estuarine Aquifer groundwater 
flow is similar to post-redevelopment conditions.  

Estuarine Aquifer flow was not characterized beneath the northern, EPA-regulated 
portion of RA-4 during this study. The slurry wall installed along the seaward portion of 
this area extends to a depth of approximately 50 feet bgs. Given this depth of installation, 
it is likely that flow through the upper portion of the Estuarine Aquifer is diverted to 
northeast and northwest around a stagnation zone created by the slurry wall.  

7.2.2.2 Horizontal Flow Gradient 
Calculated groundwater gradients in the Estuarine Aquifer were as high as 0.004 feet per 
foot in the northern portion of the site north of RA-3. Gradients in the central portion of 
the site appear considerably lower, with typical values of 0.001 feet per foot or less 
beneath the northern end of the Old Terminal 5 Area and RA-5.  Current Estuarine 
Aquifer groundwater gradients at the site are generally comparable to pre-redevelopment 
gradients (see Figure 7.16).  

7.3 Vertical Groundwater Gradients 
Vertical gradients calculated from monitoring data collected from the Fill/Estuarine 
Aquifer well pairs during the current study are presented as monthly averages in Figure 
7.17. Post–redevelopment vertical gradients between the Fill and Estuarine Aquifers were 
generally weakly downward at most locations monitored, with monthly average 
magnitudes of approximately 0.01 feet per foot. A maximum monthly average downward 
vertical gradient of 0.027 feet per foot was recorded at well pair the MW-307 well pair in 
March 2002. Periodic upward vertical gradients were also observed at the MW-307 and 
MW-308 well pairs located north of RA-3. Vertical gradient was weakly upward in the 
MW-308 well pair in late 2002 and early 2003, and more strongly upward in the MW-
307 well pair from August 2002 through April 2003, and again from July through 
November 2003. Monthly average upward gradients in the MW-307 well pair exceeded 
0.02 feet per foot in late 2002. The period of upward vertical gradients recorded in the 
MW-307 and MW-308 well pairs appears to correlate to times of higher than average 
tides (see Figure 7.17), when higher average induced tidal pressure resulted in increased 
average heads in the confined Estuarine Aquifer.  

7.4 LFOL Flow and Water Quality Data  
Calculated average flows measured at each station in the LFOL during the late July 2004 
monitoring event ranged from 99 gpm to 107 gpm. These estimates are very close to 
reported average discharges of 101 gpm into the LFOL between July 28 and 30, 2004, as 
reported by Nucor Steel (Jeremy Adams, Nucor, personal communication, 2004).   
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The results of the water quality samples collected from the LFOL are presented in Table 
6.3. These data were further evaluated by plotting the laboratory-reported data for each 
sampling station on a standard trilinear Piper diagram. This diagram is included as Figure 
7.18. The sodium and chloride results confirm an increasing seawater component in 
samples collected progressively closer to the outfall. The Piper diagram confirms this 
increasing saltwater component, with the plotted samples from the Manhole MH-4 and 
MH-7 stations converging on the seawater standard. The Piper diagram suggests that 
seawater mixing with the Nucor Steel baseflow adequately accounts for the 
compositional changes noted along the course of the LFOL. No additional inputs to inline 
flow, such as groundwater or storm water discharges, are indicated in the LFOL flow and 
water quality data collected during this study.   

The LFOL water quality data, and similarity between metered Nucor discharge and 
measured LFOL flow, confirm that during the dry summer months, the NUCOR 
discharge is the primary source of baseflow to the LFOL. The flow and water quality data 
collected from the LFOL during this study do not indicate the presence of significant 
groundwater leakage into the LFOL. 
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8 Comparison of Pre- and Post-Redevelopment 
Hydrologic Conditions  

8.1 Fill Aquifer  
Only one historic study of the site, the Woodward Clyde Tidal Study Report (1994), 
presents tidally-averaged groundwater flow conditions that can be directly compared to 
current conditions documented in this study. Many other RA-specific pre-redevelopment 
studies were completed, but these generally focus on soil and groundwater chemistry, and 
contain only localized (individual RA-specific), limited groundwater elevation data. The 
averaged pre-redevelopment Fill Aquifer flow conditions for early April 1994 
documented in the Tidal Study Report (Woodward Clyde, 1994) are shown in Figure 
7.11. These condition contrast markedly with post-redevelopment averaged Fill Aquifer 
groundwater flow conditions (see Figures 7.7 through 7.10) largely due to tightening of 
the LFOL.  

The major change in Fill Aquifer groundwater flow following SWHP redevelopment is 
the hydraulic influence from the LFOL. The pre-redevelopment April 1994 data indicate 
that the LFOL’s former upper (south) and lower (north) equalization basins acted as 
strong hydraulic “sinks” in the Fill Aquifer under mean water level conditions (Figure 
7.11).  Consequently, the mean groundwater flow directions in the Fill Aquifer were 
locally toward the LFOL within much of RA-2 and RA-3 and the southern portion of 
RA-4, and the western portion of the original Terminal 5 area. The post-redevelopment 
data collected during this study confirm that closure of the former equalization basins and 
tightlining of the LFOL across the SWHP has substantially reduced or eliminated the 
tidal influence within the Fill Aquifer along the LFOL. Under post-redevelopment 
conditions, Fill Aquifer water levels are above the elevation of the top of the LFOL 
throughout the course of the year (see Figure 3.1), and the LFOL appears to have 
negligible influence on groundwater elevations, hydraulic, gradients, and resulting 
groundwater flow directions. The extensive groundwater lows observed around the 
former equalization basins in the 1994 tidal study are absent under post-redevelopment 
conditions. Site wide, the pervasive pre-redevelopment hydraulic gradient toward the 
LFOL has been eliminated by tightlining the LFOL. 

The Tidal Monitoring Study Report (Aspect Consulting, 2002b) suggested the possibility 
of a weak groundwater low centered around the location of the former lower (north) 
equalization basins in April 2002, which could act as a weak hydraulic sink. However, 
the maps of averaged Fill Aquifer flow presented in this report, prepared at high and low 
water periods over the course of the study, do not show a significant groundwater sink in 
the vicinity of the lower (north) equalization basins. Additionally, the LFOL inspection 
and flow data collected in July 2004 do not indicate significant groundwater leakage into 
the LFOL in this area. It is likely that the groundwater sink observed around the former 
lower (north) equalization basins in April 2002 was related to transient interactions 
between the Fill and Estuarine Aquifers, rather than communication between the Fill 
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Aquifer and the LFOL. Cross-aquifer flow may result from thinning of the tidal marsh 
aquitard in the area of the former lower (north) equalization basins, as shown on the 
Figure 3.1. The lack of an effective aquitard near the former lower (north) equalization 
basins is supported by the observed elevated salinities during the winter months in wells 
CMP-11, CMP-12 and CMP-13. Landward movement of saline water through the Fill 
Aquifer to this area is not indicated by the lower salinity levels observed in more seaward 
fill Aquifer wells (i.e., MW-308N). The cause of the periodic salinity increases in wells 
around the former lower (north) equalization basins is best explained through periodic 
upward movement of deeper, seawater-enriched groundwater from the Estuarine Aquifer.   

A weak groundwater high is periodically present in Fill Aquifer in the area of low 
horizontal gradient that extends from RA-5 southwestward through the northwestern 
portion of the Old Terminal 5 Area. This feature appears strongest in the late summer/fall 
months, when site-wide average water levels are lowest. April 1994 averaged water level 
contours (see Figure 7.11) suggest that this weak groundwater high was also present 
beneath RA-5 prior to site redevelopment. This groundwater high or ridge may result 
from the presence of buried bulkheads or other structures generally known to exist in this 
area (Enviros, 1992), and/or the presence of finer grained soils. These factors could result 
in delayed drainage (and consequently higher water levels) in this area during the 
summer and fall, when overall Fill Aquifer water levels are at seasonal lows. 

Pre-redevelopment Fill Aquifer horizontal groundwater gradients were greater than post-
redevelopment gradients both beneath the RA-3 and the southern portion of RA-1, where 
recharge enters the site from adjacent uplands, as well as within the central portion of the 
site in the vicinity of the former upper (south) equalization basins. In April 1994 
(Woodward Clyde, 1994), horizontal gradients beneath RA-3 (see Figure 7.11) were on 
the order of 0.02 feet per foot, which are approximately twice the highest gradient of 0.01 
feet per foot observed in this area during December 2001 (see Figure 7.7). Historic 
horizontal gradients as high 0.07 feet per feet were recorded in Fill Aquifer along the 
west side of the former upper (south) equalization basins in 1994. These historic 
horizontal gradients where much higher that the current Fill Aquifer horizontal gradients, 
which range from 0.005 feet per feet to less than 0.001 feet per feet. 

Water quality parameter data collected during this study shed additional light on post-
redevelopment flow conditions. In particular, increasing salinity levels noted during this 
study in the Fill Aquifer wells along the northern portion of RA-5 suggest continued 
landward movement of salt water into the Fill Aquifer between early 2002 and late 2003. 
Measured increases in Fill Aquifer groundwater temperature suggest ongoing 
equilibration of the Fill Aquifer to the post-redevelopment reduction in recharge of 
incident precipitation. pH levels in well CMP-4 show an increasing trend through the 
monitoring period suggestive of an ongoing reduction in impacts from refuse beneath 
RA-3. 

In summary, the monitoring data collected during this study confirm that the SWHP 
redevelopment activities, including capping of a large portion of the site (and historical 
contaminant source areas), and the change in the LFOL configuration, have had a 
significant effect on the Fill Aquifer flow regime. The major change in Fill Aquifer 
groundwater flow resulting from the SWHP redevelopment is the apparent elimination of 
the pre-redevelopment hydraulic influence of the former equalization basins along the 
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LFOL. The pre-redevelopment data indicate that the LFOL’s former upper (south) and 
lower (north) equalization basins acted as strong hydraulic sinks in the Fill Aquifer under 
mean water level conditions. As a result, the mean groundwater flow directions in the Fill 
Aquifer were toward the LFOL within much of RA-2 and RA-3 and the southern portion 
of RA-4, and the western portion of the original Terminal 5 area. Prior to the SWHP 
redevelopment, groundwater flow in the Fill Aquifer beneath the western and central 
portions of the SWHP was generally toward the LFOL, which served as a significant 
groundwater discharge pathway to surface water.  

Closure of the former equalization basins and tightlining of the LFOL has effectively 
eliminated inland propagation of the tidal influence within the Fill Aquifer, as well as Fill 
Aquifer discharge through the LFOL. Additionally, capping of RA-3 has reduced 
precipitation recharge and appears to have resulted in lower groundwater elevations and 
reduced horizontal gradients beneath this area, with a subsequent reduction in 
groundwater flux through this area into the central portion of the site. Fill Aquifer 
groundwater under post-redevelopment conditions flows onto the site from recharge areas 
to the west and south, and then diverges radially to the north and east and discharges 
along the West Waterway and Elliot Bay. The presence of the slurry wall along the 
perimeter of RA-4 prevents Fill Aquifer discharge beneath this area, and shallow 
groundwater flowing north is redirected to discharge Elliot Bay east or west of RA-4. 
Overall, flow path lengths for Fill Aquifer groundwater are markedly increased over pre-
redevelopment conditions, resulting in longer residence times for groundwater migrating 
across the site to discharge points along the West Waterway and Elliot Bay.   

8.2 Estuarine Aquifer  
The data collected from the Estuarine Aquifer monitoring wells during this study confirm 
that the pre-redevelopment groundwater flow directions have not changed appreciably as 
a result of the SWHP redevelopment. Groundwater in the Estuarine Aquifer continues to 
flow generally from the southwest toward the northeast, with discharge to Elliot Bay and 
the West Waterway. Mean groundwater flow directions are generally consistent between 
pre- and post-redevelopment conditions. In the northern portion of RA-4, it is likely that 
flow through the upper portion of the Estuarine Aquifer is diverted to northeast and 
northwest around a stagnation zone created by the slurry wall. Current Estuarine Aquifer 
groundwater gradients at the site are generally comparable to the pre-redevelopment 
gradients. 
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9 Summary of Findings   
The Phase I GWCMP has successful satisfied the general intent of all project objectives 
identified in the Monitoring Plan. A site-wide monitoring network consisting of 25 Fill 
Aquifer and five Estuarine Aquifer monitoring wells, and several surface water 
monitoring stations in the LFOL was constructed, and adequate groundwater elevation, 
tidal influence, and water quality parameter data collected to define the post-
redevelopment, site-wide groundwater flow regime  

Confirmation of the expected post-redevelopment reduction in Fill Aquifer recharge at 
the site was documented through several lines of evidence, including a decline in 
groundwater elevations, especially beneath RA-3, and in the southern portion of RA-1 
adjacent to recharge areas to the south.  Also, site-wide increases in groundwater 
temperatures over the course of the monitoring period suggest a reduced component of 
direct infiltration.  

Confirmation of anticipated post-redevelopment reductions in downward vertical 
gradients was somewhat hampered by limited available historic data with which to make 
direct comparison. This limitation notwithstanding, post-redevelopment vertical gradients 
between the Fill and Estuarine Aquifers were generally weakly downward except in the 
area between the northern end of RA-3 and Elliot Bay, where upward gradients were 
present for extended periods in both 2002 and 2003.   

This study has adequately characterized the effect that closing of the former LFOL 
equalization basins and tightlining the LFOL has had on Fill Aquifer flow conditions.  
Inland tidal influence along the former equalization basins has been eliminated, and the 
LFOL currently appears to have little or no effect on the Fill Aquifer flow regime. Fill 
Aquifer groundwater no longer discharges to the LFOL through the former equalization 
basins, but instead flows north and east across the site along much longer flow paths, 
eventually discharging along the West Waterway and Elliot Bay. Post-redevelopment Fill 
Aquifer water levels beneath the main portion of the site could not be directly compared 
to historic data, due to a lack of available data and the complicating effect of the former 
equalization basins. However, pre-development Fill Aquifer horizontal gradients 
recorded in the vicinity of the former equalization basins were as much as an order of 
magnitude higher than average post-redevelopment gradients, indicating that 
groundwater discharge rates, especially for water flowing beneath RA-3, were 
considerably higher under pre-redevelopment conditions, when much of the Fill Aquifer 
“short circuited” into the former equalization basins and out the LFOL. Under post-
redevelopment conditions, the low horizontal Fill Aquifer gradients beneath RA-5 and 
the old Terminal 5 area confirm that shallow groundwater water is moving very slowly 
towards the West Waterway and Elliot Bay.     

The expected post-redevelopment reduction in leachate generation from the former West 
Seattle Landfill (RA-3) can be demonstrated through several lines of evidence. Reduced 
precipitation infiltration through the solid waste is evidenced by the generally lower post-
redevelopment groundwater elevations and horizontal gradients beneath RA-3 recorded 
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during this study. Additionally, generally increasing pH levels in well CMP-4 along the 
eastern margin of RA-3 suggest that lower water levels beneath RA-3 are resulting in 
decreased water quality impacts from saturated refuse. 



 ASPECT CONSULTING 

PROJECT NO. 990106-004-20  JANUARY 18, 2007  33 

10  Phase II Water Quality Monitoring Program  
The findings of the Phase I GWCMP indicate that overall Fill Aquifer flow conditions at 
the site have equilibrated sufficiently to proceed with water quality evaluation. Continued 
equilibration of Fill Aquifer water quality is possible into the future, since aquifer 
residence times are high and it may take an extended period of time for groundwater 
representative of pre-redevelopment conditions to flush from the site.  However, given 
that flow conditions at the site appear to have stabilized, it is appropriate to initiate the 
Phase II evaluation of site groundwater quality. 

The Phase II evaluation will involve sampling of selected wells twice yearly for three 
years, as stipulated in the Groundwater Conceptual Letter (Port of Seattle, 1999). 
Complete documentation of the recommended monitoring locations, analytical program 
(as specified in the Groundwater Conceptual Letter), sampling schedule, sampling 
procedures, and sample handling/management will be provided in a comprehensive 
GWCMP Phase II Monitoring Plan. The GWCMP Phase II Monitoring Plan will be 
submitted for Ecology review and approval prior to the initiation of the Phase II 
groundwater monitoring.  
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Limitations 
Work for this project was performed and this report prepared in accordance with 
generally accepted professional practices for the nature and conditions of work completed 
in the same or similar localities, at the time the work was performed. It is intended for the 
exclusive use of Port of Seattle for specific application to the referenced property. This 
report does not represent a legal opinion. No other warranty, expressed or implied, 
is made. 

 



Table 4.1
Summary of Monitoring Program Objectives and Findings

SWHP Phase 1 Groundwater Confirmation Monitoring Program
 Hydrologic Characterization Report

PROJECT OBJECTIVE OBJECTIVE STATUS FINDINGS TO DATE

Objective #1  - Implement a site-wide ground water 
monitoring network to establish the SWHP post-
development flow regime and support development of the 
Phase II ground water quality monitoring network, including 
assisting in defining compliance points. 

Objective accomplished.  Site-wide monitoring network installed and 2 years of water level 
and water quality parameter monitoring completed. 

Objective #2  - Document post-development assumption of 
reduced recharge to Fill and Estuarine Aquifers.

Objective accomplished.  Adequate 
hydrologic information collected to 
satisfy Objective #2.  

Documented through several lines of evidence, including reduced
groundwater levels, especially beneath RA-3 and in the southern
portion of RA-2 and by site-wide increases in groundwater
temperatures.   

Objective #3  - Confirm post-development assumption of 
reduction in downward vertical gradient between Fill and 
Estuarine Aquifers.

Objective accomplished.  Adequate 
hydrologic information collected to 
satisfy Objective #3.  

Post-development vertical gradients between the Fill and Estuarine
Aquifers were weakly downward except in the area between the
northern end of RA-3 and Elliot Bay, where upward gradients
were documented.  

Objective #4  - Document post-development assumption of 
reduced discharge to the Elliot Bay and the West Waterway 
from the Fill Aquifer.

Objective accomplished.  Adequate 
hydrologic information collected to 
satisfy Objective #4.  

Lower post-redevelopment Fill Aquifer water levels and reduced 
horizontal gradients, coupled with lack of discharge "short-
circuiting" through the LFOL, confirm reduced post-
redevelopment groundwater discharge from the site.   

Objective #5  - Document post-development assumption 
that LFOL repair and closing of equalization basins has 
resulted in reduced discharge of the Fill Aquifer through or 
around the LFOL. Determine the post-development effect of 
the LFOL on the SWHP ground water system.

Objective accomplished.  Adequate 
hydrologic information collected to 
satisfy Objective #5.  

Tightling of LFOL appears to have resulted in elimination of 
groundwater discharge to the LFOL.  In-line flow rate monitoring 
and water quality data indicate LFOL is not receiving significant 
groundwater leakage. 

Objective #6  - Document assumed post-development 
reduction in leachate production from RA-3, and subsequent 
reduction in leachate loading to the Fill and Estuarine 
Aquifers.

Objective accomplished.  Adequate 
hydrologic information collected to 
satisfy Objective #6.  

Documented significant post-redevelopment reduction in Fill 
Aquifer water levels beneath RA-3, resulting in reduced saturated 
refuse thickness.  Upward pH trend in well CMP-4 downgradient 
of RA-3 confirms reduced leachate generation.     

W:\POS Terminal 5 GW Monitoring BV990106\Phase I GWCMP SWHP\Hydrologic Characterization\Final Report\ReportTables.xls



Table 6.1
Summary of Phase I Monitoring Network

SWHP Phase 1 Groundwater Confirmation Monitoring Program
 Hydrologic Characterization Report

Well 
Identification

Aquifer 
Unit Installation Date Total Boring 

Depth (feet bgs)

Screen Interval 
Depth (feet 

bgs)

Data Collection 
Method

General Site Location and Monitoring Purpose
CMP-1 Fill 9/19/2001 19 7 to 17 Manual Upgradient of RA-2.
CMP-2 Fill 9/18/2001 19 7 to 17 8000 Upgradient of RA-2.
CMP-3 Fill 9/19/2001 17.5 6 to 16 8000 Downgradient of RA-2.
CMP-4 Fill 9/18/2001 17.5 7 to 17 8000 Upgradient of RA-1, downgradient of RA-3.
CMP-5 Fill 10/29/2001 19 5 to 15 Manual Upgradient of RA-3.
CMP-6 Fill 9/18/2001 17.5 7 to 17 8000 Downgradient of RA-1 and RA-3, paired with Estuarine Aquifer well CMP-7.
CMP-8 Fill 9/18/2001 19 7 to 17 8000 Downgradient of RA-1 and RA-3.
CMP-9 Fill 9/18/2001 19 7 to 17 Manual Downgradient of RA-1 and RA-3.
CMP-10 Fill 9/19/2001 16.5 5 to 15 Manual Downgradient of RA-1, RA-3, and RA-4. 
CMP-11 Fill 9/17/2001 19 6 to 16 8000 Downgradient of RA-1 and RA-3, LFOL north-south transect well.
CMP-12 Fill 9/17/2001 19 6 to 16 8000 Downgradient of RA-1 and RA-3, LFOL north-south transect well.
CMP-13 Fill 9/17/2001 19 6 to 16 8000 Downgradient of RA-1 and RA-3, LFOL north-south transect well.
CMP-14 Fill 11/5/2001 17 6.5 to 16.5 8000 Downgradient of RA's 1, 3, and 4, paired with Estuarine Aquifer well MW-36. 
CMP-15  Fill 11/5/2001 17.4 7 to 17 Manual Downgradient portion of RA-5.
CMP-16 Fill 11/5/2001 17 6.2 to 16.2 4000 Downgradient portion of RA-5.
CMP-17 Fill 11/6/2001 16.5 6 to 16 Manual Downgradient of RA-1.
CMP-18 Fill 4/2/2003 19 7 to 17 MiniTroll In old Terminal 5 Area, downgradient of RA's 1, 2, and 3.
CMP-19 Fill 4/2/2003 19 7 to 17 MiniTroll In old Terminal 5 Area, downgradient of RA's 1, 3, and 4.
CMP-20 Fill 4/2/2003 19 7 to 17 MiniTroll In old Terminal 5 Area, downgradient of RA's 1, 3, and 4.
MW-26R  Fill 11/6/2001 17 6.5 to 16.5 8000 Downgradient of RA-5, paired with Estuarine Aquifer well MW-44. 

MW-5 Fill 8/3/1989 25 5 to 25 Manual Downgradient of RA-5.
MW-125 Fill 5/13/1994 16.5 5 to 15 Manual Downgradient of RA-1.

MW-307A Fill 4/7/1994 26.5 15 to 20 8000 Cross/downgradient of RA-3, paired with MW-307-B, LFOL north-south transect well.
MW-308N  Fill 4/5/1994 21.5 12.5 to 17.5 8000 Downgradient of RA-1 and RA-3, paired with Fill Aquifer well MW-308-S.

FM-105 Fill 9/29/1992 19 7 to 17 Manual Upgradient of RA-1.
CMP-7 Estuarine 11/7/2001 49 37 to 47 4000 Downgradient of RA-1 and RA-3, paired with Fill Aquifer well CMP-6.

MW-307BR  Estuarine 11/9/2001 40 29 to 39 4000 Downgradient of RA-3, paired with Estuarine Aquifer well MW-307A.

MW-36 Estuarine 7/8/1990 73 58 to 73 4000 Downgradient of RA-1 and RA-3, cross/downgradient of RA-4, upgradient of RA-5, 
paired with MW-8.

MW-44 Estuarine 6/23/1992 78.5 59 to 74 4000 Downgradient in RA-5, paired with Fill Aquifer well MW-26.
MW-308S  Estuarine 4/6/1994 40 35 to 40 4000 Downgradient of RA-1 and RA-3, paired with Estuarine Aquifer well MW-308-N.
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Date

Time Tide Level

Sampling 
Elevation - 
Low Tide

Time Window 
for Sampling

Sampling 
Elevation - 
Low Tide

Time Window 
for Sampling

Sampling 
Elevation - 
Low Tide

Time Window 
for Sampling

(PDT) (ft MLLW) (ft) (h:mm) (ft) (h:mm) (ft) (h:mm)
7/26/2004 6:42 0.32 -3.79 0:15 0.29 0:20 0.56 0:30
7/27/2004 7:48 -0.84 -2.63 0:15 1.45 1:10 1.72 1:25
7/28/2004 8:36 -1.89 -1.58 0:15 2.50 1:40 2.77 1:50
7/29/2004 9:36 -2.71 -0.76 0:15 3.32 1:55 3.59 2:00
7/30/2004 10:24 -3.22 -0.25 0:15 3.83 2:05 4.10 2:10
7/31/2004 11:18 -3.33 -0.14 0:15 3.94 2:05 4.21 2:10

Note:

Table 6.2  

July 2004 Sampling Event

Time window indicates allowable period for water sampling to occur at each location. 

MH-1MH-4MH-7Lower-low Tide

SWHP Phase I Groundwater Confimation Monitoring Program

Allowable Time Windows for LFOL Flow and Water Quality Sampling

Hydrologic Characterization Report
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Table 6.3
Summary of LFOL Water Sample Analysis

SWHP Phase 1 Groundwater Confirmation Monitoring Program
 Hydrologic Characterization Report

MANHOLE MH-1 MANHOLE MH-4 MANHOLE MH-7
MH1-W-072804

07/28/04
MH4-W-072904

07/29/04
MH7-W-073004

07/30/04
Octasulfur in uS/cm 812 4360 8270
pH in pH Units 9.15 9.13 7.61
Total Dissolved Solids in mg/l 400 2000 4300
Total Suspended Solids in mg/l 4.0 U 4.0 U 400
Turbidity in NTU 1.00 U 2.6 157
Sulfate in mg/l 32.4 182 328
Chloride in mg/l 158 1300 2330
Total Alkalinity in mg/L as CaCO3 107 102 244
Ammonia-Nitrogen in mg/l as N 0.158 0.336 2.01
Nitrate/Nitrite-Nitrogen in mg/l as N 0.291 0.156 0.0318
Total Iron in mg/l 0.150 U 0.238 42.2
Total Potassium in mg/l 10.7 35.6 66
Total Sodium in mg/l 112 722 1380
Total Calcium in mg/l 31.1 45.8 111
Ferric Iron in mg/l 0.250 U 0.250 U 42
Total Magnesium in mg/l 12.3 80.8 166

Chemical Name/Parameter
Sample Location, Designator and Date Collected
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Table 6.4
LFOL Channel Dimension Measurements and Flow Rate Calculations

SWHP Phase I Groundwater Confirmation Monitoring Program
 Hydrologic Characterization Report

Location Depths Adj. Depths 10' Travel 
Time

Location Depths 10' Travel 
Time

Location Depths 10' Travel 
Time

(ft) (ft) (ft) (sec) (ft) (ft) (sec) (ft) (ft) (sec)
0.00 0.01 0.01 10 0.00 0.05 12 0.00 0.00 12
0.20 0.10 0.10 11 0.40 0.10 11 0.40 0.25 8
0.40 0.23 0.10 10 0.80 0.12 11 0.80 0.20 9
0.60 0.21 0.10 14 1.20 0.14 11 1.20 0.18 9
0.80 0.13 0.10 10 1.60 0.12 11 1.60 0.20 9
1.00 0.18 0.10 2.00 0.14 2.00 0.16
1.20 0.10 0.10 2.40 0.14 2.40 0.07
1.40 0.10 0.10 2.80 0.15 2.80 0.04
1.60 0.18 0.18 3.20 0.18 3.00 0.00
1.80 0.20 0.20 3.60 0.00
2.00 0.22 0.22
2.20 0.22 0.22
2.40 0.25 0.25
2.60 0.24 0.24
2.80 0.19 0.19
3.00 0.11 0.11
3.20 0.01 0.01

Width of Channel (ft) 3.20 3.6 3
Average Depth (ft) 0.14 0.11 0.12
Average Travel Time (s) 11.0 11.2 9.4
Velocity at Channel Surface (ft/s) 0.91 0.89 1.06
Average Channel Velocity (60% surface velocity) (ft/s) 0.55 0.54 0.64
Average Flow Rate (cfs) 0.24 0.22 0.23
Average Flow Rate (gpm) 107 99 105

Approximately 600' downstream from SW Spokane ST Approximately 1400' downstream of MH-1 Approximately 2050' downstream of MH-4
LFOL MH-1 LFOL MH-4 LFOL MH-7

MH-1 Channel Profile
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Scale: 1" = 150' Horiz
1" = 15' Vertical

Profile Schematic Cross-Section along LFOL

SWHP Phase I Groundwater Confirmation Monitoring Program
Hydrologic Characterization Report

Dec 2006

WVG

PMB

PMB

990106

3.1

Q
:\P

O
S

\9
90

10
6 

 T
er

m
in

al
 5

\2
00

6-
12

\9
90

10
6-

02
.d

w
g

Datum:  MLLW

Note:  Zones of refuse inferred to be 
present along line of section only in areas 
where refuse was noted in explorations 
located east of the line of section.



Port of Seattle
Seattle, Washington

Existing LFOL Manhole 
     for Sediment Characterization

Longfellow Creek Main Line

Longfellow Creek Overflow Line 
     (LFOL) w/ Pipe Diameter

Feet

0 800400

N

Legend

Other LFOL Manhole 

72"

"Rets" Line

Water Sample Location

Remediation Area Boundaries

FIGURE NO.

PROJECT NO.DATE:

REVISED BY:

DRAWN BY:

DESIGNED BY:

179 Madrone Lane North 
Bainbridge Island, WA 98110
(206) 780-9370

811 First Avenue #480
Seattle, WA 98104

(206) 328-7443

LFOL Water Quality and
Flow Monitoring Stations

SWHP Phase I Groundwater Confirmation Monitoring Program
Hydrologic Characterization Report

March 2005

WVG

PMB

PMB

990106

6.1

Q
:\P

O
S

\9
90

10
6 

 T
er

m
in

al
 5

\2
00

5-
03

  A
ge

nc
y 

R
ev

ie
w

 D
ra

ft\
99

01
06

-0
5.

dw
g















Port of Seattle
Seattle, Washington

Ground Water Elevation Datum: MLLW

Feet

0 800400

N

Longfellow Creek Overflow Line 
     (LFOL) w/ Pipe Diameter

Note:  Manual data from MW-5 not used in contouring.
FIGURE NO.

PROJECT NO.DATE:

REVISED BY:

DRAWN BY:

DESIGNED BY:

179 Madrone Lane North 
Bainbridge Island, WA 98110
(206) 780-9370

811 First Avenue #480
Seattle, WA 98104

(206) 328-7443

Fill Aquifer Groundwater Elevation Contours
72 Hour Mean 12-17-01

SWHP Phase I Groundwater Confirmation Monitoring Program
Hydrologic Characterization Report

March 2005

WVG

PMB

PMB

990106

7.7

Q
:\P

O
S

\9
90

10
6 

 T
er

m
in

al
 5

\2
00

5-
03

  A
ge

nc
y 

R
ev

ie
w

 D
ra

ft\
99

01
06

-0
3.

dw
g



Port of Seattle
Seattle, Washington

Ground Water Elevation Datum: MLLW

Feet

0 800400

N

Note:  Manual data from MW-5 not used in contouring.

Longfellow Creek Overflow Line 
     (LFOL) w/ Pipe Diameter

FIGURE NO.

PROJECT NO.DATE:

REVISED BY:

DRAWN BY:

DESIGNED BY:

179 Madrone Lane North 
Bainbridge Island, WA 98110
(206) 780-9370

811 First Avenue #480
Seattle, WA 98104

(206) 328-7443

Fill Aquifer Groundwater Elevation Contours
72 Hour Mean 10-08-02

SWHP Phase I Groundwater Confirmation Monitoring Program
Hydrologic Characterization Report

March 2005

WVG

PMB

PMB

990106

7.8

Q
:\P

O
S

\9
90

10
6 

 T
er

m
in

al
 5

\2
00

5-
03

  A
ge

nc
y 

R
ev

ie
w

 D
ra

ft\
99

01
06

-0
3.

dw
g



Port of Seattle
Seattle, Washington

Ground Water Elevation Datum: MLLW

Feet

0 800400

N

Longfellow Creek Overflow Line 
     (LFOL) w/ Pipe Diameter

FIGURE NO.

PROJECT NO.DATE:

REVISED BY:

DRAWN BY:

DESIGNED BY:

179 Madrone Lane North 
Bainbridge Island, WA 98110
(206) 780-9370

811 First Avenue #480
Seattle, WA 98104

(206) 328-7443

Fill Aquifer Groundwater Elevation Contours
72 Hour Mean 09-24-03

SWHP Phase I Groundwater Confirmation Monitoring Program
Hydrologic Characterization Report

March 2005

WVG

PMB

PMB

990106

7.9

Q
:\P

O
S

\9
90

10
6 

 T
er

m
in

al
 5

\2
00

5-
03

  A
ge

nc
y 

R
ev

ie
w

 D
ra

ft\
99

01
06

-0
3.

dw
g



Port of Seattle
Seattle, Washington

Ground Water Elevation Datum: MLLW

Feet

0 800400

N

Longfellow Creek Overflow Line 
     (LFOL) w/ Pipe Diameter

FIGURE NO.

PROJECT NO.DATE:

REVISED BY:

DRAWN BY:

DESIGNED BY:

179 Madrone Lane North 
Bainbridge Island, WA 98110
(206) 780-9370

811 First Avenue #480
Seattle, WA 98104

(206) 328-7443

Fill Aquifer Groundwater Elevation Contours
72 Hour Mean 12-19-03

SWHP Phase I Groundwater Confirmation Monitoring Program
Hydrologic Characterization Report

March 2005

WVG

PMB

PMB

990106

7.10

Q
:\P

O
S

\9
90

10
6 

 T
er

m
in

al
 5

\2
00

5-
03

  A
ge

nc
y 

R
ev

ie
w

 D
ra

ft\
99

01
06

-0
3.

dw
g



Reference:

Woodward-Clyde Consultants
Tidal Study Report - Figure 3
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Monthly Average Vertical Groundwater Gradients and Tidal Data
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APPENDIX B 

Monitoring Well Construction Logs – 
Wells CMP- 18, 19, and 20











 

 

APPENDIX C 

Field Reports 



































































































































 

 

APPENDIX D 

Laboratory Results – Groundwater 
Chloride Analyses 























































































































 

 

APPENDIX E 

LFOL Flow Monitoring Data 
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Longfellow Overflow Line Monitoring Data - June 3, 2004 to July 8, 2004
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Hydrologic Characterization Report Figure E-1
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Comparison of Monitored Water Levels During Spring-tide Sequences in LFOL - June/July 2004
SWHP Phase I Groundwater Confimation Monitoring Program
Hydrologic Characterization Report Figure E-2
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Comparison of Monitored Conductivities During Spring-tide Sequences in LFOL - June/July 2004
SWHP Phase I Groundwater Confimation Monitoring Program
Hydrologic Characterization Report Figure E-3
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APPENDIX F 

Laboratory Results – LFOL Water 
Samples Analyses 
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APPENDIX G 

Water Level and Water Quality Plots 
for Individual Wells 
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Hydrologic Characterization Report Figure G-7
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Groundwater Levels, Water Quality Parameters, and Tidal Data 
Fill Aquifer Well CMP-19
SWHP Phase I Groundwater Confimation Monitoring Program
Hydrologic Characterization Report Figure G-12
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Groundwater Levels, Water Quality Parameters, and Tidal Data 
Fill Aquifer Well CMP-20
SWHP Phase I Groundwater Confimation Monitoring Program
Hydrologic Characterization Report Figure G-13
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Groundwater Levels, Water Quality Parameters, and Tidal Data 
Fill Aquifer Well MW-26R
SWHP Phase I Groundwater Confimation Monitoring Program
Hydrologic Characterization Report Figure G-14
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Groundwater Levels, Water Quality Parameters, and Tidal Data 
Fill Aquifer Well MW-307A
SWHP Phase I Groundwater Confimation Monitoring Program
Hydrologic Characterization Report Figure G-15
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Groundwater Levels, Water Quality Parameters, and Tidal Data 
Fill Aquifer Well MW-308N
SWHP Phase I Groundwater Confimation Monitoring Program
Hydrologic Characterization Report Figure G-16
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Groundwater Levels, Water Quality Parameters, and Tidal Data 
Estuarine Aquifer Well CMP-7
SWHP Phase I Groundwater Confimation Monitoring Program
Hydrologic Characterization Report Figure G-17
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Groundwater Levels, Water Quality Parameters, and Tidal Data 
Estuarine Aquifer Well MW-36
SWHP Phase I Groundwater Confimation Monitoring Program
Hydrologic Characterization Report Figure G-18
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Groundwater Levels, Water Quality Parameters, and Tidal Data 
Estuarine Aquifer Well MW-44
SWHP Phase I Groundwater Confimation Monitoring Program
Hydrologic Characterization Report Figure G-19
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Groundwater Levels, Water Quality Parameters, and Tidal Data 
Estuarine Aquifer Well MW-307BR
SWHP Phase I Groundwater Confimation Monitoring Program
Hydrologic Characterization Report Figure G-20
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Groundwater Levels, Water Quality Parameters, and Tidal Data 
Estuarine Aquifer Well MW-308S
SWHP Phase I Groundwater Confimation Monitoring Program
Hydrologic Characterization Report Figure G-21
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Groundwater Levels and Tidal Data
Manual Measurements
SWHP Phase I Groundwater Confimation Monitoring Program
Hydrologic Characterization Report Figure G-22
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