
MEMORANDUM 
Project No.: 050067-005 

September 29, 2014 

To: Ed Jones, Department of Ecology/NWRO 

cc: Dimitri Vlassopoulos, Anchor QEA 
Tong Li, Groundwater Solutions 
Mike Merryfield, Art Brass Plating 
William Joyce, Joyce Ziker Parkinson 

From: Doug Hillman, LHG 
Principal Hydrogeologist 

Joe Morrice, LHG 
Associate Hydrogeologist 

Jeff Landrum 
Senior Staff Hydrogeologist 

Re: Revised Remedial Investigation Data Gaps and  
Supplemental Work Plan for Site Unit 1 

In their conditional acceptance of the Art Brass Plating (ABP) Remedial Investigation (RI) Report 
(Aspect Consulting, 2012), Washington State Department of Ecology (Ecology) provided 
comments that identified data gaps to be addressed prior to completing the Feasibility Study (FS) 
(Ecology, 2012). The purpose of this memo is to summarize how these Ecology comments will be 
addressed, define RI data gaps, and provide a work plan describing how the data gaps will be 
addressed. This memorandum is prepared in accordance with Agreed Order (AO) No. DE10402 
and the draft Deliverable Management Plan (Aspect Consulting, 2014). 

Background 
Site Unit 1 is part of the West of 4th (W4) Site, located in south Seattle west of 4th Avenue South. 
The geographic boundaries for the W4 Site are defined as South Lucile Street to the north; 4th 
Avenue South to the east; the Lower Duwamish Waterway (LDW) to the west; and a diagonal 
extending from Slip 2 to approximately the intersection of Front Street and 4th Avenue to the south. 
In AO No. DE10402 for the W4 Site, Ecology identified four potentially liable persons (PLPs): 
ABP, Blaser Die Casting (BDC), Capital Industries (CI), and PSC Environmental Services, LLC 
(PSC). The W4 Site was divided into two Site Units: Site Unit 1 (ABP and PSC) and Site Unit 2 
(BDC, CI, and PSC) (Figure 1).  
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RI Data Gaps 
In their conditional acceptance of the ABP RI Report, Ecology provided comments that were to be 
addressed during the FS. Table 1 provides a summary of these comments and where we expect they 
will be addressed. This memorandum addresses Ecology comments on the ABP RI Report relating 
to the need for additional data, analyses, and discussion of metals extent and fate and transport. The 
RI fate and transport analysis provided detailed evaluations of geochemical conditions to establish 
the potential for immobilization of plating metals in groundwater using chemical saturation, 
sorption, and solubility data for source area wells and downgradient wells. Ecology stated in 
Comment 57 that ABP needed to demonstrate to Ecology one of the following: 

 Metals in groundwater will never reach the Duwamish Waterway (Waterway); or 

 Natural attenuation will prevent metals in groundwater from reaching the Waterway at 
concentrations above screening levels. 

Furthermore, Ecology stated that ABP “will need to persuasively identify predominant attenuation 
mechanisms, and show that the mechanisms are essentially irreversible. This will require the 
collection of additional information. Groundwater monitoring over a prolonged period will also be 
necessary under either approach…both ABP and Ecology must have a very high degree of 
confidence that the respective metals will not reach [surface water] in the future, regardless of 
changes in groundwater chemistry between 4th Ave. and the Waterway.” 

In addition to their comments relating to plating metals fate and transport, Ecology also stated in 
Comment 26 that ABP “will need to provide clear hypotheses to account for the presence of 
elevated metals (in particular, those toxic metals – redox sensitive or not – with concentrations 
exceeding one or more [screening levels]) in the study area. These hypotheses should attempt to 
explain why certain metals are elevated in certain media at particular locations/depths.” As an 
example, Ecology indicated that the RI should have provided an explanation of the presence of 
elevated arsenic in groundwater at well MW-9, which is located on the western adjacent property. 

Supplemental RI Work Plan 
To address Ecology’s RI comments, supplemental work will focus on assessing the subsurface 
geochemical conditions at the ABP facility. The PLPs, at this time, do not believe that there are 
other Site Unit 1 data gaps that should be filled prior to preparation of the Draft FS Report. 
Additional data and analyses are needed to: 1) explain the nature and extent of oxidation-reduction 
(redox) metals (i.e., why they are elevated in certain media at particular depths/locations), 2) 
identify and demonstrate the presence of metals attenuation mechanisms, and 3) speak to the 
irreversibility/stability of these attenuation processes. This work plan outlines the hypotheses 
formulated to address Ecology’s RI comments and general methods that will be used to test these 
hypotheses as part of this supplemental investigation. 

During the early FS period, two objectives have been identified for inorganic contamination in Site 
Unit 1: 1) Establishing cleanup standards for metals in soil and groundwater (i.e., will the metals 
plume reach the river thus the applicability of cleanup standards protective of surface water); and 2) 
Identifying potential cleanup action alternatives for achieving site cleanup standards. The following 
work plan was created with these objectives in mind. The hypotheses and methods discussed below 
will state which objective the work is aimed at meeting. 
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Monitored natural attenuation (MNA) will be considered during alternative development. In 
developing this work plan, Aspect has consulted with the following EPA guidance:  

 Monitored Natural Attenuation of Inorganic Contaminants in Ground Water – Volume 1, 
Technical Basis for Assessment [EPA/600/R-07/139]; and 

 Monitored Natural Attenuation of Inorganic Contaminants in Ground Water – Volume 2, 
Assessment for Non-Radionuclides Including Arsenic, Cadmium, Chromium, Copper, 
Lead, Nickel, Nitrate, Perchlorate, and Selenium [EPA/600/R-07/140]).  

This guidance (referred to as EPA Guidance below) outlines a tiered approach for assessing plume 
stability, attenuation mechanisms and rates, long-term aquifer capacity for attenuation, and 
performance monitoring. Consistent with this guidance, this work plan outlines the collection of 
site-specific data that define groundwater chemistry, the chemical and mineralogical characteristics 
of aquifer solids, and the aqueous and solid phase chemical speciation of contaminants within the 
groundwater plume boundary.  

Nature and Extent of Redox Metals 
Concentrations of redox metals (iron, manganese, arsenic, and barium) are variable within the Site 
Unit 1 groundwater system. Redox metals may become more mobile or immobile in groundwater 
systems due to changes in groundwater geochemical conditions such as fluctuations in pH or redox 
conditions. Changes in groundwater pH and redox potential along flow paths can be caused by 
interactions with aquifer materials, recharge of oxygenated precipitation (or lack thereof), and 
naturally occurring subsurface microbial processes. At Site Unit 1, redox reactive metals may also 
respond to localized geochemical changes brought about by air sparging to treat volatile organic 
compounds (VOCs) in groundwater, resulting in increased dissolved oxygen (DO), and by a 
historical release of acidic plating solutions resulting in decreased pH. 

To assess the factors controlling the nature, extent, and fate of redox metals, the existing 
geochemical dataset will be used to generate and support geochemistry-based hypotheses 
explaining elevated metals in specific media and depth zones. General analysis methods for this 
supplemental investigation will include generation of cross plots (X-Y scatter plots) for each redox 
metal (log concentration) against pH, Eh, and other reactive constituents (e.g., sulfide, sulfate, DO) 
to evaluate controls on redox metal concentrations and stability.  

Additionally, Eh-pH diagrams will be used to demonstrate general ranges of groundwater 
conditions where redox metals are stable as solid-phase minerals or as dissolved-phase compounds. 
These diagrams can help predict the Eh and pH ranges necessary for long-term redox metal 
mobilization or immobilization. Eh-pH diagrams may also be used to predict how a particular 
change in groundwater conditions might impact metal speciation and related mobility.  

Redox potential (Eh) are electrochemical measurements that represent the theoretical concentration 
(activity) of free electrons in solution, measured in millivolts. Equal in importance to pH in 
defining groundwater, equilibrium system Eh controls the valence state of various redox-reactive 
elements such as sulfur, iron, manganese, nitrogen, and arsenic, in turn influencing the speciation 
and solubility of other groundwater constituents. Eh is important because many metals can be 
present in more than one state (species). Eh also predicts the predominant geochemical and 
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microbial processes that can cause significant changes in groundwater chemistry. Oxidation-
reduction potential (ORP) is typically used as a field measured surrogate for Eh.  

The following sections provide a summary of the specific hypotheses on the nature and extent of 
the different redox metals and how the hypotheses will be evaluated. 

Arsenic 
Hypothesis: Elevated arsenic concentrations recorded at well MW-9 are not likely a direct 
result of Art Brass release, and may instead be elevated due to localized mobilization of trace 
arsenic in soil. The source may be naturally occurring, or fill soil debris material.  

Localized dissolution and re-precipitation effects are to be expected under the mildly reducing, 
mildly acidic groundwater conditions at the Site. Arsenic is typically attenuated by sorption and 
mineral precipitation of hydrous ferric oxides (HFOs). While localized dissolution may occur as a 
result of seasonal variability in redox, the net mobility of arsenic should be limited by the amount 
of available source material and arsenic’s tendencies to sorb and precipitate in the solid phase, 
where iron mineral surfaces are present. 

FS Objective: Evaluation of this hypothesis will ultimately speak to alternative development for 
arsenic contamination. 

Evaluation Methods: Analyze the existing geochemical dataset to evaluate likely controls on 
arsenic mobility in the vicinity of this well. Demonstrate redox and pH conditions under which 
arsenic is stable with Eh-pH diagrams. The following discussion is provided as an example of the 
analysis that we would expand upon to evaluate the hypothesis.  

Arsenic mobility is typically controlled by either sulfide minerals or HFO minerals. Groundwater 
conditions conducive to HFO precipitation would likely immobilize dissolved arsenic and dissolved 
iron. Similarly, reducing conditions conducive to sulfide-mineral formation would also immobilize 
dissolved arsenic and dissolved sulfide. Evaluation of Eh, pH, saturation indices, and geochemical 
trends would help differentiate sulfide versus iron dominated arsenic mobility. 

Our initial review of the data suggests that there is no indication of significant arsenic migration. 
Arsenic concentrations have been anomalously high in well MW-9, ranging between 27 and 56 
µg/L. All other measured arsenic concentrations in Site Unit 1 were between non-detect and 
4.2 µg/L. Based on existing groundwater monitoring data (2009 to present), wells downgradient of 
MW-9 do not show apparent arsenic impacts.  

Furthermore, total arsenic concentration in MW-9, measured in March and September 2010 and 
September 2013, are associated with correlatively high total iron concentrations. In 2010 arsenic 
ranged from 52.4 micrograms per liter (µg/L) to 56.3 µg/L and iron ranged from 26 milligrams per 
liter (mg/L) to 35.7 mg/L. In 2013, both arsenic (27.1 µg/L and 30.7 µg/L) and iron (16.3 mg/L) 
concentrations were about half as high. The similar apparent trends in both arsenic and iron 
concentrations suggest that arsenic is being released from iron-oxide mineral surfaces, possibly due 
to reductive dissolution, or alternately from oxidative dissolution of sulfide minerals such as pyrite. 

The redox, pH, and iron concentrations at MW-9 are generally consistent with redox conditions in 
the vicinity, while arsenic is elevated only in MW-9. Measured ORP conditions in MW-9 range 
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from -458 millivolts (mV) to +248.5 mV. DO ranges from 0.13 mg/L to 1.54 mg/L and is typically 
below 0.5 mg/L. pH is between 6.34 and 9.02, and is typically around 6.5. The range of pH and 
ORP suggests localized arsenic is cycling between solid-bound and dissolved phases. As the system 
passes into more oxidizing conditions, HFO mineralization can co-precipitate dissolved arsenic. 
Under these conditions the transport of arsenic is predicted to be very limited due to resorption to 
HFO surfaces. 

Barium 
Hypothesis: Elevated barium is not likely a direct result of releases from ABP, and may 
fluctuate naturally given seasonal redox variations in groundwater.  

Barium is a trace metal co-occurring in nature with calcium. Barium is chemically similar to 
calcium and tends to desorb/dissolve along with calcium. Barium is naturally present in minerals 
and substitutes for calcium in many mineral phases. Site wells with elevated barium also tend to 
contain elevated calcium concentrations. Barium is also commonly associated with manganese 
oxides and released by reductive dissolution. 

In general, as pH decreases, barium concentrations in groundwater may increase due to desorption 
of barium from or ion exchange processes with clay surfaces, or possibly due to calcium-mineral or 
manganese oxide dissolution. Negatively-charged ion exchange sites on clays attract and hold 
naturally occurring positively charged cations such as calcium and barium. Ion exchange occurs 
when, at lower pH levels, calcium and barium are replaced by positively charged hydrogen ions 
(H+), and exchangeable barium becomes mobilized. As pH levels increase downgradient, more of 
the exchange sites become available for calcium and barium sorption. The result is a limited 
downgradient pulse of elevated barium that attenuates as pH stabilizes and barium re-equilibrates 
with mineral surfaces. At the ABP facility, it is assumed that low pH conditions observed near the 
facility is due to a release of an acid-plating solution in the former plating area on the west side of 
the building. Current facility practices (e.g., secondary containment, sealed floors) and a sewer 
camera survey indicate that an ongoing release is not occurring. 

FS Objective: Evaluation of this hypothesis will ultimately speak to alternative development for 
barium contamination. 

Evaluation Methods: Examine existing barium and calcium geochemical datasets for relationships 
with pH, redox, and metals. Also examine data for potential correlation between barium and 
manganese for evidence of naturally occurring barium in association with manganese oxides.  

Initial analysis of the existing dataset indicates that large-scale flux of dissolved barium is neither 
likely nor indicated by the observed trends in calcium, barium, and pH. Detected barium 
concentrations across Site Unit 1 range from 5.7 to 86.6 µg/L. Relatively higher barium 
concentrations occurred in wells MW-8 and MW-8-30 in 2009 and 2010, ranging from 51.8 µg/L to 
54.2 µg/L and 68.1 µg/L to 86.6 ug/L, respectively. The pH associated with these samples is 5.75 to 
5.96 in MW-8, and 6.21 to 6.31 in MW-8-30. The wells are about 180 feet downgradient from the 
low pH source. Evidence of barium attenuation is observed in data collected from MW-8 and 
MW-8-30 in 2013. Data from 2013 indicate much lower concentrations in wells MW-8 and 
MW-8-30, ranging from 17.2 µg/L to 30 µg/L. Also in 2013, pH levels in MW-8 and MW-8-30 
were higher (5.88 to 6.8) than those associated with elevated barium observed in 2009 and 2010. 
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The data suggest the presence of a limited and decreasing pulse of elevated barium in the vicinity of 
the low pH source area. Barium attenuates downgradient as pH stabilizes and barium re-equilibrates 
with mineral surfaces. 

Iron and Manganese 
Hypothesis: Elevated concentrations of iron and manganese are not a direct result of releases 
from the ABP facility and remain in solution due to naturally occurring, mildly to moderately 
reducing conditions in an iron- and manganese-rich aquifer matrix material. 

Iron and manganese behave similarly in groundwater systems. Iron and manganese remain in 
solution due to naturally occurring, mildly to moderately reducing conditions in an iron- or 
manganese-rich aquifer matrix material. Iron and manganese concentrations are controlled by 
formation of oxyhydroxides in aerobic groundwater (DO > approximately 1 mg/L), and by 
formation of sulfide-minerals and/or carbonate minerals in more reducing conditions. Elevated iron 
and manganese is commonly associated with dissolution of sulfide minerals via oxidation or 
dissolution of oxyhydroxides via acid hydrolysis. However, under reducing conditions, dissolved 
iron is not typically detected when sulfide is present, and vice versa, due to sulfide mineral 
precipitation. Dissolved iron and manganese under neutral-pH conditions, are typically present at 
stable or decreasing levels.  

FS Objective: Evaluation of this hypothesis will ultimately speak to alternative development for 
barium contamination. 

Evaluation Methods: Analyze existing geochemical datasets to evaluate the downgradient trend in 
iron and manganese relative to Eh, pH, sulfur species, and plating metals. Develop Eh-pH stability 
diagrams for iron and manganese minerals. Evaluate the range of iron and manganese 
concentrations encountered within Site Unit 1.  

Metals Attenuation Mechanisms 
The following section outlines our approach for assessing metals attenuation mechanisms 
consistent with the EPA Guidance that are applicable to Site Unit 1. Evaluation of attenuation 
mechanisms will ultimately speak to alternative development for metals contamination and 
identifying applicable cleanup standards. 

Metal Oxide/Hydroxide Precipitation 
Hypothesis: Precipitation of metal oxides/hydroxides reduces plating metal mobility via 
surface sorption and precipitation reactions.  

Hydrated metal oxide minerals including iron, manganese, and aluminum oxides have the capacity 
to reduce dissolved plating-metal concentrations due to adsorption reactions. These oxides are 
typically less soluble at higher pH values, and thus precipitate as pH levels increase. 

Evaluation Methods: Hydrated metal oxide precipitation and surface sorption reactions are 
included in the groundwater model described in Attachment A. The model is used to evaluate the 
saturation state of groundwater with respect to metal-oxide minerals. Sequential extraction data will 
be collected from within the area of greatest dissolved metals concentration to document how the 
metals are partitioning in the solid phase. Powder X-ray diffraction (XRD) analysis of soil samples 
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will be used to identify mineral phases present, for use in model development. This site-specific 
data will support both model development and verification. Please refer to Attachment B for 
detailed discussions of sampling and analyses. 

Metal Sulfide Precipitation 
Hypothesis: Precipitation of metal sulfides reduces plating metal mobility. 

Metal sulfide precipitation likely occurs in more reducing areas downgradient of the ABP facility. 
The absence of DO, as indicated by low levels of measured DO in groundwater, is indicative of 
anoxic conditions which are required for sulfate reduction. While dissolved sulfide was detected in 
only one sample, the concentrations necessary to generate sulfide mineral precipitation are well 
below the detection limit, and dissolved sulfide is not typically detected in the presence of dissolved 
iron due to the low-solubility precipitation of iron-sulfide minerals. In the presence of dissolved 
iron, which is typically greater than 1 mg/L across Site Unit 1, sulfide generated through sulfate 
reduction would be precipitated as iron-sulfide minerals. Trace metals, including plating metals, 
would also precipitate as sulfides or co-precipitate with iron sulfides. The reduction of sulfate to 
sulfide would thus be a controlling mechanism to limit mobility, and the rate of reaction would 
likely dictate the extent of attenuation. 

Metal sulfides have low solubility and are relatively stable under a range of subsurface conditions, 
including the generally mildly acidic and low DO conditions observed at the Site. Therefore, metal 
sulfide precipitation is a viable immobilization mechanism under the mildly acidic, reducing 
conditions found at Site Unit 1.  

Evaluation Methods: We propose to complete a field and laboratory testing program to confirm 
the presence of solid phase associations of sulfide and metals in the subsurface. Soil data will be 
collected to document the occurrence of sulfide precipitation through laboratory analysis of total 
sulfide and total organic carbon. The XRD and sequential extraction analyses will also target 
identification of sulfide solid phases and quantifying metals in the oxidizable fraction which 
includes sulfides, respectively. Please refer to Attachment B for detailed discussions of sampling 
and analyses. 

Note that direct detection of sulfide minerals by XRD may not be possible given the microscopic 
scale and potentially variable distribution of these processes across the aquifer. While groundwater 
samples collected across screened intervals represent generally uniform conditions, redox zones are 
not uniformly distributed, and small-scale (e.g. cm) geochemical variations can result in localized 
conditions favorable for sulfide-mineral precipitation.  

In the event that direct observation is not possible, sulfide mineral precipitation can also be strongly 
inferred from observed changes in groundwater composition. The general sequence of redox 
reactions would indicate the presence of sulfate reduction. Addition geochemical evidence of 
sulfide precipitation would include: loss of electron donors (normally organic matter or chemical 
oxygen demand [COD]); loss of sulfate in proportion to donor loss; decrease in iron and other 
metals in a reducing, sulfide-mineral-saturated groundwater; and increase in alkalinity. If these 
supporting conditions are found, sulfide precipitation is favorable. If further investigation results 
indicate that no sulfide precipitation is likely, then other pH-dependent, mineral-surface-sorption 
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reactions (such as surface complexation on HFO) will represent the predominant plating-metal-
attenuating mechanism. 

Buffering Capacity of Aquifer 
Hypothesis: Subsurface processes neutralize and buffer acidic groundwater pH, limiting 
mobility of dissolved metals. Aquifer minerals have the capacity to sustain attenuation of the 
contaminant mass within the groundwater plume. 

A preliminary review of available data supports this hypothesis. Moderate to strong correlations 
between groundwater pH and dissolved plating-metal concentrations indicate that as pH increases 
toward neutral conditions downgradient from the ABP facility, dissolved metals attenuate. The 
correlation is strongest in plating metals cadmium and zinc, where no detections exceeding the 
screening level were found above pH 4.6 and pH 4.9, respectively. Good pH correlations also exist 
with copper and nickel, although in wells MW-8 and MW-8-30 significant nickel screening level 
exceedances were observed above pH 6. 

In general, plating-metal concentrations in groundwater that exceed screening levels are limited to 
areas where low groundwater pH exists (pH less than 6 in most cases). However MW-8 and 
MW-8-30 samples collected in September 2011 and April 2012 showed exceptions, such that 
elevated dissolved nickel was associated with anomalously higher pH ranging from 6.17 to 7.01. 
While there seems to be a trend of decreasing plating-metal concentrations with increasing pH 
levels, the observed anomalies will be investigated as part of the fate and transport analyses.  

Evaluation Methods: The following tasks will be performed to illustrate the buffering capacity of 
the aquifer: 

 A reactive transport model will simulate pH-controlled sorption of plating metals. Please 
refer to Attachment A for a detailed discussion of the proposed modeling. 

 The capacity of the aquifer will be demonstrated, showing the aquifer’s ability to sustain 
attenuation of contaminants within the groundwater plume via groundwater mixing, pH 
buffering, and aquifer mineral equilibration. Modeling methods are discussed in more detail 
in Attachment A.  

 An evaluation of acid-neutralization potential (buffering capacity) of Site Unit 1 soils will 
be performed to demonstrate the volume of soil required to neutralize acidic groundwater 
under modeled geochemical conditions, assuming a limited source term. Acid-
neutralization potential is described in Attachment B.  

Stability of Attenuation Processes 
In the previous section, precipitation of metal sulfides and aquifer-buffering capacity were 
identified as potential attenuation mechanisms in the Site Unit 1 aquifer. This section discusses how 
the stability and irreversibility of these processes will be analyzed. Evaluation of the stability and 
irreversibility of metals attenuation mechanisms will ultimately speak to alternative development 
for metals contamination and identifying applicable cleanup standards. The developed approach is 
consistent with methods outlined in the EPA Guidance.  
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Mineral Stability 
Fate and transport analysis will include reviewing the Site Unit 1 groundwater geochemical 
conditions relative to the Eh-pH stability fields to address the stability of the precipitates over a 
range of redox and pH conditions. 

Metal (hydr)oxides and metal sulfides are hypothesized to provide solid phase sinks to attenuate 
dissolved-phase plating metal contaminant transport. Sequential extraction data coupled with XRD 
mineralogy will be used to document the presence of these phases and the partitioning of plating 
metals in the solid phase. Eh-pH diagrams depicting the theoretical stability fields of the identified  
phases, on which will be plotted site-specific Eh-pH data, will be used to assess and demonstrate 
the long term stability of metal (hydr)oxides and sulfides in different parts of the plume and 
immobilization of plating metals in these solid phases. In general, sulfide minerals are more stable 
under reducing conditions and oxide-minerals are more stable under oxidizing conditions.  

Acid-Neutralization Capacity 
The buffering capacity of the aquifer will be evaluated using solid-phase laboratory data and 
geochemical-modeling analysis. The acid-neutralizing capacity will be measured, as described in 
Attachment B. Assuming the source of acidity is finite (an ongoing release of plating-metal 
solutions has not been identified) downgradient geochemical reactions will buffer changes in pH 
and attenuate dissolved metals. The extent of the dissolved plume will be determined by 
interactions of aquifer minerals with groundwater constituents.  

Geochemical modeling will quantify the potential extent of attenuation relative to the 
concentrations of plating metals in the groundwater to demonstrate that the aquifer contains 
sufficient reactants to attenuate the plating metals prior to reaching the Waterway. 

Reporting 
Data and analysis results will be summarized in a Fate and Transport Summary Memorandum. The 
purpose of this memorandum is to summarize data gathered during implementation of this Work 
Plan as well as the results from the fate and transport assessments for the metals and CVOCs. Fate 
and transport assessments will be completed for the metals and CVOCs separately as they will use 
different modeling tools and approaches. The CVOC fate and transport modeling will be completed 
in accordance with the Fate and Transport Modeling Plan, which is a joint W4 deliverable. Metals 
fate and transport assessments will be completed in accordance with the approach outlined in this 
memorandum.  

Based on the results, the memorandum will discuss the applicability of metals cleanup standards 
that are based on the protection of surface water. Cleanup alternatives will be outlined in the 
Alternative Development Memo.  

References 
Aspect Consulting, 2012, Remedial Investigation Report, Agency Review Draft, Art Brass Plating. 

September 27, 2012. 

Aspect Consulting, 2014, Deliverable Management Plan, Draft, W4 Joint Deliverable, June 23, 
2014. 
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Washington State Department of Ecology (Ecology), 2012, Letter dated December 18, 2012, to 
Mike Merryfield, Art Brass Plating Inc., Re: Art Brass Plating Site, Remedial Investigation 
Agreed Order #DE 5296, Revised Remedial Investigation Report.  

Attachments 
Table 1 – Ecology Comments to the ABP RI Report to be Addressed During the FS 
Figure 1 – Site Diagram 
Attachment A – Geochemical Modeling Approach 
Attachment B – Sampling and Analysis Plan 
Attachment C – Standard Operating Procedures 
Attachment D – Supplemental Quality Assurance Project Plan 

V:\050067 Art Brass Plating\Data Gaps WP 2014\Draft 9-29-14\Data Gaps WP_Revised.docx 
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Table 1 - Ecology Comments to the ABP RI Report to be Addressed During the FS
050067 Art Brass Plating, Seattle, Washington

Aspect Consulting
9/29/2014
V:\050067 Art Brass Plating\Data Gaps WP 2014\Draft 9-29-14\Table\Tbl1_ABP FS Comments_062714.xlsx

Table 1
Page 1 of 5

Comment Number Comment Excerpt a Where Comment Will Be First Addressed b

General

1
...Ecology uses the following terms when describing exposure pathways:[list of terms]...To minimize misunderstandings, Ecology asks that Art Brass 
also use these terms, with these definitions, during the upcoming FS. Preliminary Cleanup Standards

2

...In the FS, however, Art Brass and the other west-of-4th parties will need to consider these receptors (trenchers and other outdoor receptors), as 
well as those who may inhale contaminated dust (should the present cover on soils be removed in the future), when establishing cleanup levels.  How 
this assessment is conducted may depend on the cleanup alternatives being evaluated. ...During the FS the west-of-4th PLPs should plan to develop 
SLs for the outdoor receptors discussed above.  Ecology does not anticipate that this will result in a significant workload and is willing to help the PLPs 
if this will facilitate completion of the task. Preliminary Cleanup Standards

Specific

6
To clarify Ecology’s current understanding of the potential exposure pathways associated with air contamination, we note the following: [listing of 
indoor and outdoor receptors] Preliminary Cleanup Standards

10

...In the FS Ecology expects sediment porewater contamination to be compared to Method B SW cleanup levels (which may be based on ARARs or risk-
based levels). Sediment SLs, CULs, and/or remediation levels may be utilized during the FS to evaluate alternatives.  The cleanup action ultimately 
selected must comply with WAC 173-340-760, requirements for sediment cleanup standards. Site Conceptual Model/Contaminant Distribution Maps

12

The Report notes that 1,4-dioxane was not detected in soil samples.  However, Table 7 does not include a groundwater-protection SL for dioxane.  
During the FS Art Brass should verify that the reporting limit for the soil analyses was no higher than a concentration protective of groundwater 
quality. Site Conceptual Model/Contaminant Distribution Maps

13
...During the FS Art Brass should use Puget Sound natural background levels, unless the company has concluded these concentrations do not represent 
natural background levels in the study areas where soils are contaminated. Preliminary Cleanup Standards

15
...The FS Report should build upon the RI Report’s discussion of inorganic contamination and provide a thorough and comprehensive presentation of 
the topic (as recommended above). SU1 Fate and Transport Summary Memo

25

...Measured conditions immediately upgradient and downgradient of 3rd and Findlay may be generally similar, per zone, for DO, pH, and ORP, but as 
footnote 8 (to statements made in an earlier paragraph) clarifies:  in the vicinity of the Art Brass facility and the intersection of 3rd and Findlay, 
geochemical conditions have been significantly different than those observed elsewhere in the study area.... SU1 Fate and Transport Summary Memo

26

...In the FS Art Brass will need to provide clear hypotheses to account for the presence of elevated metals (in particular, those toxic metals – redox 
sensitive or not – with concentrations exceeding one or more SLs) in the study area.  These hypotheses should attempt to explain why certain metals 
are elevated in certain media at particular locations/depths. RI Data Gaps and Supplemental Work Plan for SU1

28

…Ecology believes that the higher COC concentrations observed within the Intermediate Interval will migrate laterally downgradient, but also upward
to the Shallow Interval because of the upward hydraulic gradient closer to the Waterway.  The source term for the base case modeling run, then, 
should have been the higher observed COC concentrations in the Intermediate Interval.  In addition, Ecology believes that the differences between 
hydraulic conductivities in the Shallow and Intermediate Intervals become insignificant closer to the Waterway.... Fate and Transport Modeling Plan

29

...the Report’s possible explanation for this finding – that a much higher concentration slug of TCE has already migrated past the MW-17 well cluster 
and has reached wells MW-22-30/MW-24-30 – is, in our opinion, less likely than other hypotheses, and the finding is probably due to the use of 
modeling input parameters that do not reflect/represent actual site conditions...Given that the operational history of the facility began in 1983, either 
the base case model’s maximum-riverbank travel-time prediction is far too long or we should expect cVOC levels near the Waterway to continue to 
increase in the future. Fate and Transport Modeling Plan

30

...However, fate and transport modeling using BIOCHLOR cannot, in our opinion, be directly used to predict if and when COC concentrations in 
groundwater near the Waterway will increase. ...We do not know the contaminant release history or the migration history from the facility to the 
Waterway.  This makes it difficult to determine if the plumes have truly reached steady state. SU1 Fate and Transport Summary Memo
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31

The Report states that Art Brass has assumed that metals were released concurrently with solvents, that it appears that metals are migrating (and will 
continue to migrate) slower than cVOCs, and that downgradient groundwater conditions are favorable for the irreversible removal of dissolved metals.  
Please see Ecology’s Appendix I comments below regarding the Report’s discussion of inorganic fate and transport. RI Data Gaps and Supplemental Work Plan for SU1

32
The text states that data from well MW-2 were used for the geochemical modeling.  Appendix I and Table I-1, however, identify well MW-1 instead.  
Please see Comment #101. RI Data Gaps and Supplemental Work Plan for SU1

33

...As noted in other comments, metals in soils could potentially be a concern for trenching receptors and future outdoor receptors (including 
trenchers) who could inhale contaminated airborne soil particles.  Trenchers could be exposed via direct contact with contaminated soil, and – if 
digging deep enough – via direct contact with contaminated groundwater.... Preliminary Cleanup Standards

34

...Ecology has therefore not concluded that the only area where COC concentrations exceed direct-contact SLs is at the location of Degreaser #1.  For 
the same reason, there is also uncertainty in concluding that TCE is the only COC present in soils on the Art Brass property at concentrations exceeding 
direct-contact SLs. Site Conceptual Model/Contaminant Distribution Maps

35
...While Ecology acknowledges that if all contaminated soils are presently covered, the only receptor – via dust inhalation – is a trencher, in the future 
we cannot assume soils will be covered (please see General Comments #1 and 2)…. Preliminary Cleanup Standards

36

...There are at least two approaches for ensuring soil levels are protective of future indoor air quality: (a) comparing soil cleanup levels established to 
be protective of groundwater as a drinking water source to site soil data (as discussed in regulations; please see WAC 173-340-740(3)(b)(iii)(C)); or (b) 
identifying soil gas screening levels which would be protective of indoor air quality....In the FS Art Brass should select an approach that will then be 
used for the analysis of site remedial alternatives. Site Conceptual Model/Contaminant Distribution Maps

37

In the “Volatilization to indoor air” sub-section the Report notes that TCE has not been detected in areas off the Art Brass property at concentrations 
exceeding the soil SL.  While this may be the case, the potential for contaminated soil to directly contaminate soil gas – and then pose a VI threat – 
does not appear to have been evaluated.  As noted in Comment #36 above, Art Brass should select an approach for assessing this potential during the 
FS. Site Conceptual Model/Contaminant Distribution Maps

38

...However, in both this sub-section and the one preceding it, the Report should have discussed soil gas – as well as soil – COC concentrations 
measured in the study area.  Ecology realizes that in many areas both shallow groundwater and soils are contaminated, making it difficult to estimate 
how much contaminant mass from each medium is contributing to a soil gas measurement.  But there are also locations where soil gas VOC 
measurements are low, below levels of concern.  These measurement values can be used to better spatially bound the areas where vapors are or are 
not a potential pathway of concern. Site Conceptual Model/Contaminant Distribution Maps

39

For an outdoor trencher, the primary VOC inhalation concern is the inhalation of VOCs from minimally-diluted soil gas (where the soil gas entering the 
trench has become contaminated by soils, groundwater, or both).  Despite the assumption that trenchers would be far less exposed to contaminated 
air than a residential indoor receptor, Art Brass’s SLs do not seem applicable to this belowground scenario.  Please see General Comment #2. Preliminary Cleanup Standards

40

...some vadose zone areas and depths where soils may be contaminated have not been sampled.  For this reason there is uncertainty associated with 
the conclusion that the only areas where COC soil concentrations exceed groundwater-protection SLs are those areas where sampling results have 
shown this to be the case. Site Conceptual Model/Contaminant Distribution Maps

41

...Ecology agrees that the current VI pathway, though complete at a number of locations, does not appear to be resulting in unacceptable COC levels in 
indoor air.  In terms of cleanup, VI is now more a future, than current, concern.  However, groundwater discharging to the Waterway contains COCs 
and this currently constitutes a complete exposure pathway. Site Conceptual Model/Contaminant Distribution Maps

42

...For an outdoor trencher the primary direct contact concern – for groundwater – is dermal contact and inadvertent ingestion.  Art Brass’s SLs do not, 
therefore, seem applicable to this scenario (please see General Comment #2).  In addition, it is unclear why the Report limits the groundwater direct 
contact concern to site cVOCs.  In areas where shallow groundwater contains elevated metals’ concentrations, trenchers digging below the water table 
could also contact these inorganic COCs. Site Conceptual Model/Contaminant Distribution Maps
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43

...As noted in comments above, while Art Brass may assume for the purposes of the RI that outdoor air is not being unacceptably impacted, this 
assumption should be verified (by calculation and comparison to pathway-specific SLs) during the FS.  Likewise, groundwater SLs protective of 
unrestricted indoor air quality may be low enough to assess potential inhalation risks for future outdoor trenching receptors, but this has yet to be 
demonstrated. Preliminary Cleanup Standards

44
...Viable and potentially viable surface water exposure pathways associated with the discharge of site-related contaminants in groundwater will be 
addressed in the FS. FS Report

45
...Ecology agrees that it is very unlikely that VI is currently resulting in unacceptably high levels of VOCs indoors.  However, we do not consider the 
pathway incomplete. Site Conceptual Model/Contaminant Distribution Maps

46
...Because of on-going…air exposure pathways are currently unlikely to be associated with unacceptable risks.  However, they are identified as 
potential exposure pathways that would need to be addressed in the FS. Site Conceptual Model/Contaminant Distribution Maps

47
...In the FS, SW and sediment exposure pathways should be considered complete for the current scenario and assumed to remain complete for the 
future scenario…. Site Conceptual Model/Contaminant Distribution Maps

49

...For those pathways which are currently incomplete and will remain so in the future, no additional assessment is needed.  For those that are known 
to be, or may potentially be, currently complete, and for those that are potentially complete in the future, risks should be assessed and preliminary 
cleanup levels identified.  Art Brass has generally done this in the revised RI Report.  However, Ecology believes a number of exposure pathways are 
currently complete and could be complete in the future. Preliminary Cleanup Standards

51
...However, the [groundwater] monitoring program established for the pre-FS and FS periods would be best informed by a multiple-party effort to 
scope the data needs of the upcoming west-of-4th FS.  W4 Groundwater Monitoring Program Plan

19, 23, 24, 27, 54-
80, 84, 87-89, 91 [Screening Level comments/corrections] Preliminary Cleanup Standards

82

...Table 13 or a similar table is a good means of summarizing RI judgments concerning the acceptability of current and potential future health risks per 
pathway.  However, as we discussed in General Comment #1, acceptable risk does not necessarily mean a pathway is incomplete...Because it contains 
valuable CSM information, though, it should be revised and re-submitted during the FS.  In the revised table Art Brass should adhere to the pathway 
terminology Ecology has recommended in General Comment #1.  In addition, during revision Art Brass should address the following comments:... Site Conceptual Model/Contaminant Distribution Maps

83
In the FS Art Brass will need to more comprehensively evaluate the potential for utility lines throughout the study area to act as preferential soil gas or 
groundwater pathways, or in other ways alter expected groundwater flow gradients/directions. Site Conceptual Model/Contaminant Distribution Maps

86

Many of the quarterly concentration values in Figures 24-31 are the same for multiple quarters...Ecology also noticed that many “NDs” were assigned 
in the quarterly figures, but we were not sure if the respective COCs were actually sampled and analyzed that quarter.  Art Brass should resolve these 
questions during the FS; perhaps this will mean adding explanatory notes to the figures. Site Conceptual Model/Contaminant Distribution Maps

90

This figure is titled “Areas Exceeding Screening Levels for Potential Exposure Pathways.”  The idea  behind creating such a figure, or set of figures, is 
very good, and Ecology urges Art Brass to revise the figure during the FS and use it as a guide during the evaluation of candidate remedial 
alternatives.... Site Conceptual Model/Contaminant Distribution Maps

92

Tidally-corrected (averaged) groundwater elevations are presented in Table D2.  Many of the values presented in D2 are inconsistent with the water 
level elevations presented in Table D1...These data discrepancies should be resolved during the FS, and revised tables and figures prepared, as 
necessary. Site Conceptual Model/Contaminant Distribution Maps

93
Table E-2 provides Art Brass’s RI “IPIMALs” for vapor intrusion assessment.  Ecology believes that several of the air and groundwater action levels are 
incorrect…

Vapor Intrusion Assessment, Monitoring, and Mitigation (VIAMM) 
Tech Memo 

94 ...During the FS Art Brass should identify additional buildings where indoor air quality may be impacted by vapor intrusion….
Vapor Intrusion Assessment, Monitoring, and Mitigation (VIAMM) 
Tech Memo 
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96

...The Report’s [BIOCHLOR] discussion should have included mention of the MW25 data in the context of the modeling effort.  During the FS Art Brass 
should consider the value of running BIOCHLOR with an MW25 “source,” or other approaches for enhancing the site Conceptual Model to incorporate 
newer data. Fate and Transport Modeling Plan

97

Ecology generally believes that the geochemical modeling Art Brass conducted during the RI was worthwhile as an aide to the evaluation of 
groundwater geochemical conditions within the metal source area, and within and downgradient of the metal plumes.  However, ...[multiple 
comments regarding geochemical model and discussion]... RI Data Gaps and Supplemental Work Plan for SU1

98

The report states that sulfide is the predominant form of sulfur under reducing and mildly acidic conditions, and sulfide minerals precipitate on iron-
oxide mineral grain surfaces in the presence of dissolved sulfate.  While this may be true in general, sulfide has not been detected in groundwater at 
most site wells (except for MW-1, a more upgradient well).[1]  The statements after the first sentence of the first paragraph, therefore, are 
understood as general statements, not necessarily reflective of site conditions. RI Data Gaps and Supplemental Work Plan for SU1

99
...future FS documents Ecology would prefer Art Brass consistently use Eh instead of pe.  If this is not possible, pe or other terms used for indicating 
redox potential should be well-defined and Art Brass should clearly explain its reasons for using them (and differentiating them from Eh). RI Data Gaps and Supplemental Work Plan for SU1

101

The appendix text states that the model flow path is defined by wells MW-1 and MW-3 in the source area.  But the bullet that follows the text 
identifies the wells as MW-2 and MW-3 (as does page 51of the RI Report text).  Similarly, Table I-1 lists well MW-1, but Table I-2 lists well MW-2 (as 
does Figure I-2).  During the FS Art Brass should clarify whether MW-1 or MW-2 will be used as a source area well for geochemical modeling. RI Data Gaps and Supplemental Work Plan for SU1

102
...Appendix J does not, from our perspective, establish sediment porewater cleanup standards; nor does it establish porewater or other surface water 
(SW) screening levels more appropriate for use in the FS than the SW screening levels identified in the Report’s text and tables. Preliminary Cleanup Standards

103

...Ecology agreed to the boundaries Art Brass utilized during the porewater sampling project.  But our agreement did not imply that the locations 
where groundwater impacted by Art Brass releases discharges to the Waterway is necessarily bounded by the study boundaries.  Rather, the sampling 
locations were, in our view, well-positioned to intercept the TCE groundwater plume approaching the Waterway at, and just south of, Fidalgo St. Site Conceptual Model/Contaminant Distribution Maps

105
...So while Ecology agrees with Art Brass that SW SLs apply “at the sediment/surface water interface point…”, they also apply at other locations – and 
most importantly (for cleanup purposes), in groundwater. Preliminary Cleanup Standards

106

As noted in Comment # 102 above, from Ecology’s perspective the primary purpose of the “Site Specific Evaluation” performed last year was to assess 
the porewater-sampling vinyl chloride results in terms of current risk and thereby decide if an interim action should be implemented to protect human 
health.  For this purpose it was appropriate, in our view, to focus exclusively on clams and the amount of potentially-contaminated clams a Waterway 
receptor could harvest and consume.  But Ecology does not believe the evaluation should be used in the RI Report to propose alternative SW cleanup 
levels for the site, and we have not concluded that Waterway sediment porewater is not, for the purposes of WAC 173-340-730, “surface water.” Preliminary Cleanup Standards

108
Ecology believes the porewater vinyl chloride results suggest there is uncertainty associated with how far to the west elevated levels of this compound 
are currently present, especially in the localized area near P15…. Site Conceptual Model/Contaminant Distribution Maps

110

...During the FS Art Brass should revise the table to a) incorporate the correct preliminary SW cleanup levels, and b) note (below the table or in a new 
column) the basis for those levels (ARAR values, WAC 173-340-730 Equation values, ecological SLs, etc.).  The table should then be (re-)submitted in 
the draft FS Report. Preliminary Cleanup Standards

111 ...During the FS Art Brass should revise the table to incorporate the correct preliminary SW cleanup levels and then (re-)submit it in the draft FS Report. Preliminary Cleanup Standards

112
.... During the FS Art Brass should revise the figures to incorporate the correct preliminary SW cleanup levels and then (re-)submit them in the draft FS 
Report. Site Conceptual Model/Contaminant Distribution Maps
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113
...In [Georgetown Community Council’s] comment to Ecology they noted that the Report should have stated “why potential porewater exposures from 
groundwater discharging from the shallow zone to the south of the porewater sample grid are not included in this risk assessment.” FS Report

114
...In each of these FS phases – establishing RAOs, developing remedial alternatives, and evaluating remedial alternatives – it will be important to have 
a firm grasp on how usable the site data are (and for what purposes)…. Site Unit 1 Cleanup Alternatives Development Memo

Notes
a For full comment, refer to Washington State Department of Ecology letter dated December 18, 2012, to Mike Merryfield, Art Brass Plating Inc., Re: Art Brass Plating Site, 

Remedial Investigation Agreed Order #DE 5296, Revised Remedial Investigation Report. Available at http://aspectconsulting.com/clients/artbrass/

b This column provides reference to the deliverable where the comment will first be addressed. Subsequent documents, such as the FS Report, will further address comments, when necessary.
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Modeling Approach 
This attachment describes the technical approach and objectives of the proposed reactive 
flow path contaminant transport numerical modeling for evaluation of cadmium, nickel, 
copper, and zinc (plating metals) fate and transport in groundwater and soil at Site Unit 1. 
The approach will evaluate geochemical controls on the fate and transport of metals 
along a flow path from the source area to the Duwamish Waterway. The model will 
incorporate site-specific groundwater and soil data, results from previous geochemical 
equilibrium models developed for the Remedial Investigation (RI), a robust 
thermodynamic chemical equilibrium database for reaction constants and equations, a 
documented and well established mineral surface complexation sorption model, and 
literature-based reaction kinetics specific to the sulfate reduction and sulfide precipitation 
chemical systems.  

The model will provide insight into the downgradient controls on plating metals mobility, 
including natural attenuation processes, and is designed to demonstrate the likely extent 
of plating metals transport in the aquifer system. 

The model will be developed using a numerical groundwater flow and reactive transport 
code (PHAST) to simulate geochemical changes that occur as metals-impacted 
groundwater flows through the aquifer, mixes with ambient groundwater and interacts 
with aquifer minerals. PHAST is a well-documented, robust computer code capable of 
simulating groundwater flow and chemical transport with complex geochemical 
reactions.  

Due to the inherent complexity of the natural hydrogeochemical system, the model 
results will be dependent on initial assumptions, simplifications, and modeler defined 
inputs. These assumptions can have significant effects on the model output and predicted 
extent of metals transport. This attachment documents the planned model assumptions 
and inputs to provide a technical basis and justification for their use in understanding the 
processes governing plating metals fate and transport.  

Modeling Objectives 
The purpose of the model is to provide a quantitative technical basis for understanding 
the processes controlling currently observed and likely future groundwater geochemical 
conditions and ultimately to evaluate the behavior of and potential downgradient extent 
of elevated dissolved-metals concentrations. The modelling is designed to support 
evaluation of several of the hypotheses regarding controls on the occurrence and fate and 
transport of metals at the site discussed in the main body of this memorandum. A PHAST 
model will be created to address the following objectives to support evaluation of the 
hypotheses:   

 Evaluate the extent of the acidic groundwater plume. Groundwater pH is a key 
indicator of potential plating metal mobility. The pH is expected to increase and 
become more neutral downgradient from the acidic source due primarily to 
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dilution, mixing, and mineral-buffering reactions. While mixing and dilution are 
relatively linear processes, mineral buffering is complex and generally results in a 
non-linear distribution of pH within the plume. The model will simulate these 
processes and use the resulting pH to predict plating metals mobility and evaluate 
the buffering capacity of aquifer as described below.  

 Model the impacts of mineral surface sorption on plating metal mobility. Mineral 
surface sorption will be modeled to estimate the capacity of aquifer minerals to 
sorb dissolved plating metals. In conceptual terms, as the acidic groundwater 
moves along the flow path, pH increases due to buffering, mixing, etc. The less 
acidic (more neutral) water is expected to precipitate hydrous ferric oxides 
(HFOs) which are less soluble at higher pH and also adsorb plating metals. As pH 
continues to increase, both the sorptive strength and the number of the HFO 
surface sites increase. The model will estimate the pH-dependent sorption and 
resulting dissolved and sorbed plating metal concentrations. It is expected that 
dissolved plating metals will be attenuated downgradient due to the precipitation 
of HFO and increasing pH.  

 Investigate the potential for sulfate reduction and sulfide-mineral precipitation 
downgradient from the source area. This application of the model uses a 
conceptual approach based on empirical literature values to estimate reaction 
rates and the resulting attenuation of dissolved plating metals. While dissolved 
sulfides have not been detected above detection limits within the plume to date, 
additional soil data collection will be conducted to evaluate evidence of solid-
phase sulfide minerals. The model will be refined based on the sulfide data 
collection described in Attachment B of this memorandum. Sulfide precipitation 
is predicted to largely attenuate nickel and cadmium, and to a lesser extent zinc 
and copper (Sitte et al., 2010). This modeled process relies on assumptions of pH-
dependent sulfate reduction kinetic rates, as well as assumptions about the 
composition of sulfide co-precipitates, such as the mole fractions of plating 
metals incorporated into precipitated minerals.  

 Evaluate the buffering capacity of aquifer. The overall acid-attenuation potential 
of the aquifer material will be evaluated against the plume acidity. This 
application of the model will use the acid-neutralization capacity (ANC) data 
described in Attachment B of this memorandum. ANC will provide an estimate of 
how much acid the soil can neutralize in milli-equivalents per gram of soil. We 
will use ANC data and the model to simulate plume length and long-term 
attenuation potential to support monitored natural attenuation (MNA). 

Modeling Methods 
Groundwater transport and geochemical reactions will be modeled using PHAST for 
Windows 1.0.3-7462 (Parkhurst et al., 2003). PHAST is a coupled groundwater flow and 
reactive transport model developed by the U.S. Geological Survey (USGS). PHAST 
simulates groundwater flow and transport based on HST3D (Kipp, 1997), a three-
dimensional flow and transport finite difference code for steady state and transient 
conditions. HST3D uses a finite-difference point-distributed grid to solve for 
groundwater flow and solute transport equations. PHAST couples HST3D with the 
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geochemical modeling code PHREEQC (Parkhurst and Appelo, 1999) to simulate 
geochemical reaction processes in groundwater flow systems. 

PHREEQC allows for mixing of waters, equilibrium between solid and aqueous phases 
by dissolution-precipitation reactions; calculation of element concentrations, molalities, 
activities of aquatic species, pH, pe, saturation indices, and mole transfer as a function of 
reversible/irreversible reactions; and model surface-controlled reactions such as surface 
complexation. 

Water quality data will be analyzed in PHREEQC using the minteq.dat comprehensive 
thermodynamic dataset, which is provided with PHREEQC (Allison et al., 1991). 
Minteq.dat will be the basis for defining thermodynamic constants, chemical 
relationships, and equations in this modeling approach. The minteq.dat database was 
developed by EPA for use in modeling geochemical reactions in groundwater. 
Thermodynamic databases contain rigorously defined reactions for chemical elements 
involving dissolved, solid and gas species and their associated equilibrium constants. The 
thermodynamic equilibrium constants are considered universally applicable and have 
been selected based on critical evaluations of published experimental studies, and have 
often been verified empirically under a wide range of conditions. The PLPs will review 
the reactions for the plating metal constituents of concern (COCs) and groundwater 
constituents in the MINTEQ database currently distributed with PHAST to verify these 
are acceptable and up-to-date and, if necessary, update the database to include more 
recent literature values. 

Model Verification 
The modeling will be used as a tool for evaluating observed groundwater chemistry and 
simulating changes of COC concentrations in response to the predominant geochemical 
attenuation processes that limit COC transport. This evaluation will require collection of 
additional field data, both for model development and to verify modeling results. 

Site-specific soil and groundwater characterization will be conducted to provide data that 
will be used to develop and parametrize the model, focusing specifically on COC 
attenuation mechanisms and rates, to significantly reduce uncertainty in model inputs and 
assumptions. This will include groundwater geochemistry, soil mineralogy by X-ray 
diffraction (XRD) and soil chemical characterization including organic carbon and 
sequential chemical extraction of metals. Refer to the Sampling and Analysis Plan in 
Attachment B for details.  

Sequential extraction data will be collected from within the area of greatest dissolved 
metals concentration to show how the metals are partitioning in the solid phase. 
Groundwater geochemistry will be collected to look for indicators of active attenuation 
processes. XRD mineralogy will be used to identify major mineral phases present in the 
aquifer, for use in model development.  

Sequential extraction and XRD will also be performed in soils near the downgradient 
edge of the plume. At this location, a sample not impacted by metals contamination will 
also be selected to provide baseline soil conditions. 
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In addition, existing groundwater data will be used to further constrain assumptions about 
attenuation mechanisms and rates. Dispersion corrected observations of decreases in 
COCs and sulfate between the plume centerline transect wells will be used to constrain 
estimated attenuation and sulfate reduction rates.  

Model Design and Construction 
This section outlines the model design and construction. It identifies the hydrogeological 
and geochemical components of the model, including input terms and data sources. 
Modeling parameters are based on a combination of empirical data, site-specific 
hydrogeological and geochemical data, and well-established, chemical-system-specific 
literature data. Model assumptions are described and qualified.  

Flow and Transport Model Design 
This section defines the model features and input parameters related to groundwater flow 
and non-reactive transport.  

A numerical groundwater contaminant flow and transport model (the HST3D component 
of PHAST) will be used to model groundwater flow and non-reactive transport. 
Simulated transport processes in HST3D include mixing, dispersion, diffusion, and 
advection.  

In the model, groundwater flow along the flow path will be simulated as horizontal and 
constant over time. The hydraulic head gradient is linear with the upgradient and 
downgradient boundary conditions defined as constant heads.  

The site characterization data summarized in the RI indicates that plating-metal impacts 
are primarily in the Water Table Interval (0‒20 feet depth) and to a lesser extent the 
Shallow Interval (20‒40 feet depth) (Aspect, 2012). This model will combine the Water 
Table and Shallow Intervals into one unit of 40 feet thickness. Deeper mixing is 
suggested by weak vertical gradients, however the impacts of vertical mixing on 
attenuation are assumed to be relatively minor, and do not justify the additional 
complexity of modeling three-dimensional geochemical reactive flow. 

The model domain will be constructed on a rectangular grid as a vertical two-dimensional 
cross-section of the aquifer oriented parallel to the direction of groundwater flow and 
centered along the axis of the dissolved plating metals plume. While the model will be 
implemented using a three-dimensional numerical model code, it will be constructed as a 
single unit width along the centerline of the plume where contaminant concentrations are 
highest. Setting up the model as a cross-section of the plume centerline where highest 
metals concentrations are observed, will focus efforts on the geochemical controls 
affecting the zone of greatest impact. We believe that this simplified physical model 
domain using the worst-case, highest COC concentrations represents a conservative 
approach and will be sufficient to demonstrate geochemical attenuation of COCs. 

The proposed model extent includes the source area and extends approximately 200 feet 
upgradient of the source area to include upgradient groundwater data. The model will 
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extend 2,200 feet downgradient from the source area to include the shoreline monitoring 
wells adjacent to the Duwamish Waterway. The upgradient and downgradient hydraulic 
boundaries will be specified fixed heads. The downgradient boundary will be defined by 
the Duwamish Waterway. The COC source area will be defined in the model as a zone 
200-feet long by 25 feet deep with dissolved concentrations based on observed 
groundwater data. 

Model Hydraulic Parameters 
TableA-1 identifies the initial hydraulic parameters and sources of these data. The input 
data are derived largely from previous field work and modeling work conducted as part 
of the RI, as well as default values in PHAST. For purposes of modeling, the aquifer will 
be treated as homogenous and anisotropic. In unconsolidated sediment aquifers, vertical 
hydraulic conductivity is typically less than horizontal. An anisotropy factor of 10 will be 
used in the model, which is a standard assumption for sandy-silty deposits. Other aquifer 
parameters will be based on those values used in the BIOCHLOR modeling in the RI:  a 
uniform horizontal hydraulic conductivity of 9.9x10-3 cm/sec (centimeters per second), a 
uniform and constant hydraulic gradient of 0.002, and a uniform effective porosity of 
0.25. 

The flow component of the model will be run under steady state conditions. 

Model Groundwater Chemistry Parameters 
The flow path to be evaluated in the model extends from immediately upgradient of the 
source area, through the source area, and downgradient to the Duwamish Waterway. 
These areas are represented by water chemistry data as follows: 

 Upgradient wells: MW-12, MW-6, MW-6-30; 

 Source area wells: MW-1, MW-3, MW-3-30; 

 Downgradient wells: MW-8, MW-8-30, MW-16-40; and 

 Downgradient wells near the Duwamish Waterway: MW-24, MW-22-30. 

Collection of field data beyond the routine quarterly monitoring program will be required 
to provide sufficient inputs to the transport model. Additional groundwater quality data 
will be collected during the groundwater sampling event planned for the third quarter of 
2014, as described in Attachment B. These data will be collected specifically to provide a 
complete set of groundwater geochemical data for modeling purposes. Field data will be 
used for both development of input parameters as well as verification of the modeling 
results.  

The transport components of the model will be run under two alternative source term 
scenarios: (1) continuous source term for metals concentrations and pH and (2) a limited 
source term. Source-area concentrations will be defined using complete groundwater 
chemistry sampling results from wells in the vicinity of the source area. The transient 
model time will begin in 1983 when metals plating and finishing operations began 
(Aspect, 2012). The model will use 0.5 year time steps. For the continuous source 
scenario, the model will be run until steady-state geochemical conditions are achieved. 
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For the limited source scenario, the model will be run at least until the peak metals 
concentrations have been flushed out of the simulated aquifer. 

Modeling of Reactive Transport Components 
This section describes the reactive transport components supported by PHAST that are 
proposed for inclusion in the groundwater flow and transport model. The geochemical 
reactions included in the model that control fate and transport of metals along the flow 
path can be generally grouped into (1) mineral buffering, (2) surface sorption, and (3) 
precipitation reactions. Each of these modeled processes, including proposed sources of 
model inputs, are described below.  

The rates at which these processes occur may be difficult to constrain due to the 
heterogeneity of the subsurface and the processes. Wherever practicable, collection of 
additional site-specific data is proposed to better constrain rates based on literature 
derived data and to assess the relative importance of different mechanisms. This will 
reduce the overall uncertainty associated with COC attenuation rates simulated by the 
model.  

It should be noted that surface sorption and precipitation reactions may be occurring 
simultaneously in different regions or micro-environments of the aquifer system. For 
example, sulfate reducing bacteria may be active in portions of the plume where 
dissolved oxygen remains low, but further downgradient, in zones of tidal influence, 
elevated dissolved oxygen and redox potential would allow for HFO precipitation and 
COC sorption to occur. Strong reducing conditions in bulk water are not necessary for 
sulfate reduction. The model can be run with specific attenuation mechanisms (e.g. 
sulfide precipitation versus HFO sorption) turned on or off to assess the relative 
contributions of each within different parts of the aquifer system. 

Mineral Buffering 
Mineral buffering is anticipated to have a significant effect on downgradient pH by 
dividing the plume into zones of fairly constant pH with sharp pH gradients at the 
boundaries. These zones represent mineral-buffering regimes where active equilibrium 
(precipitation) reactions dominate pH changes. The occurrence of these downgradient 
zones are well-established in field studies and modeling literature (Zhu and Anderson, 
2002; National Research Council, 2000; Merkel et al., 2008).  

The mineral-buffering capacity of aquifer soils will be modeled by defining expected 
mineral components based on previous modeling work presented in the RI and our 
understanding of subsurface soil composition. The pH is determined by allowing the 
model to equilibrate groundwater with the minerals present. The modeled aquifer matrix 
includes these standard representative minerals that will control pH buffering:  goethite 
(ferric oxide), kaolinite (clay), and amorphous silica (SiO2). While other minerals are 
present and active, these minerals are selected based on our general understanding of 
subsurface composition found in soil boring logs, previous modeling results that 
suggested the presence of these minerals (saturation indices near equilibrium), and 
established modeling techniques documented in geochemical modeling literature (Zhu 
and Anderson, 2002) . 
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Surface Sorption 
PHAST includes a module for modeling the general effects of mineral surface sorption 
on dissolved metals. The concentration of surface sites in moles per gram of HFO and 
their sorption-desorption constants are defined in the model code, and the groundwater is 
allowed to react to equilibrium with the sorption sites. Metal cations (positive charge) 
compete for sorption sites with each other and with positively charged hydrogen ions 
(H+). As pH increases, the concentration of free H+ ions decreases, allowing for greater 
sorption of metals. Also, as pH increases, the solubility of iron decreases and thus more 
HFOs precipitate, increasing available sorptive capacity. The model simulates these 
geochemical equilibrium reactions and their impact on downgradient sorbed and 
dissolved-metal concentrations largely as a function of pH and the presence of iron. The 
surface sorption module parameters for HFOs are listed in Table A-2.  

The default sorption parameters used in this model (Dzombak and Moore, 1990) are 
widely used and are standard for mechanistic reactive transport models.  

To qualify HFO attenuation mechanisms, we propose the following: 

 Groundwater analysis for HFO formation indicators (i.e., chemical reactants, 
products, and field parameters referred to as attenuation indicators in Attachment 
B); and 

 Sequential extractions to evaluate the phases and mechanisms responsible for 
attenuation of dissolved metals; to be completed within the zone of highest metals 
concentrations. 

Sulfide Precipitation 
The model includes sulfate reduction and sulfide precipitation as an attenuating 
mechanism. Based on the mildly reducing, slightly acidic, metal- and sulfate-rich 
groundwater, we would predict that sulfate reduction (to sulfide) and mineral 
precipitation would be a significant contributing factor to dissolved-metal attenuation 
(refer to Appendix I of the RI; Aspect, 2012). In the RI, we identified sulfide-minerals as 
being super-saturated (predicted to precipitate) even at very low (non-detectable) sulfide 
concentrations. If sulfate reduction is relatively slow compared to sulfide precipitation, 
then dissolved sulfide would not necessarily be present. Zones of potential sulfide-
mineral precipitation will be evaluated in the field, as described in the main text. 
Assuming that there is further geochemical evidence of sulfide-mineral precipitation, the 
model will incorporate these reactions and their kinetic rates into the suite of metal-
attenuating mechanisms.  

The model will rely on literature-sourced kinetic rates for sulfate reduction and sulfide-
mineral trace-metal compositions. The kinetic sulfate reduction rate will be based on the 
Monod equation, which is used frequently to estimate the kinetic degradation rate of 
organic matter (van Cappellen and Wang, 1996). The Monod equation, similar to the 
Langmuir equation used for sorption rates, contains a concentration dependent term, 
generally expressed as: 

Rk = rmax (C/(Km+C)) 

Where Rk = modeled sulfate reduction rate (units: day -1); 
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rmax = maximum potential sulfate reduction rate (units: day -1); 

Km  = literature-based concentration of sulfate at which reduction rate is 50% of 
the maximum rate); and 

C = concentration of sulfate in solution (Merkel and Planer-Friedrich, 2008). 

This equation allows for Rk to equal rmax where C >> Km. The rate increases linearly with 
solute concentration, if C << Km.  

The maximum potential sulfate reduction rate (rmax) will be evaluated from the range of 
published values which are in the range of 4.32 to 6.48 day-1 (McGuire et al., 2002) and 
also, for sensitivity analysis, at a lower rate of 0.02 to 0.13 day-1 (McGuire et al., 2002; 
Schroth et al., 2001). Metal content of precipitated sulfide minerals will be modeled with 
a solid-solution formulation to represent co-precipitation of plating metals with major 
sulfide minerals such as FeS and pyrite (Merkel and Planer-Friedrich, 2008). 

To qualify and quantify sulfate reduction and sulfide mineral precipitation at the Site, we 
propose the following: 

 Characterize sulfate reduction indicators to support the occurrence of sulfate 
reduction (i.e., chemical reactants, products, and field parameters referred to 
attenuation indicators in Attachment B); 

 Calculate dispersion-correct groundwater concentration data from the metals 
plume centerline, shallow interval groundwater wells (MW-3-30, MW-6-30, 
MW-8-30, and MW-16-40) to establish well-to-well attenuation factors and travel 
time of sulfate, COC metals, iron, and other constituents relative to more 
conservative constituents (e.g. chloride); and  

 Sequential extractions to evaluate and confirm the phases and mechanisms 
responsible for attenuation of dissolved metals; to be completed within the zone 
of highest metals. 

Attachments 
Table A-1 – Initial Model Hydraulic Parameters 

Table A-2 – Initial Model Surface Sorption and Kinetics Parameters 
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Table A-1 - Initial Model Hydraulic Parameters
050067 Art Brass Plating, Seattle, Washington

Parameter Value Units Source of value

Molecular Diffusivity 1.0E-09 m
2
/sec Default value in PHAST

Advection

Hydraulic Conductivity 9.9E-03 cm/sec Geometric mean of water table interval and shallow interval Remedial Investigation 

slug test data (Table 1; Aspect, 2012)

Hydraulic Gradient 0.002 Unitless Average gradient for the Shallow Interval

Effective Porosity 0.25 Unitless Typical value for sand aquifer

Seepage Velocity 99 feet/year Calculated

Dispersivity

Longitudinal (ax) 34.5 Feet Xu and Ekstein equaiton, with 2,400 foot flow path

Transverse (ay) 3.45 Feet One-tenth of longitudinal

Vertical (az) 0 Feet Assumed no vertical dispersion

Model and Source Area Definition

Model Length 2,400 Feet Distance from MW-6 cluster to Duwamish Waterway

Model Depth 25 Feet Estimated thickness of water table interval

Source Area Width 200 Feet Estimated plume width near well MW-17-40

Source Area Depth 25 Feet Vertical delineation of the plume near well MW-17-40

Notes:

cm/sec = centimeters per second

m
2
/sec = meters square per second

MTCA = Model Toxics Control Act 

Aspect Consulting

9/29/2014
V:\050067 Art Brass Plating\Data Gaps WP 2014\Draft 9-29-14\Attachment A\Attachment A Tables_Revised.xlsx
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Table A-2 - Initial Model Surface Sorption and Kinetics Parameters
050067 Art Brass Plating, Seattle, Washington

Parameter Value Units Source of value; comments

Surface Properties for HFOs

Site Density: Strong 5.6E-05 mol/g Dzombak and Morel (1990)

Site Density: Weak 2.25E-03 mol/g Dzombak and Morel (1990)

Specific Surface Area 600 m
2
/g Dzombak and Morel (1990)

Molecular Formula Weight 89 g/mol Dzombak and Morel (1990)

Sulfate Reduction Kinetics

Sulfate Reduction Rate 142 nmol/cm
3
/d Sitte et al., 2010; based on pH values between 5.8 and 7, reducing conditions

Notes:

g/mol = grams per mole

HFOs = hydrous ferric oxide

m
2
/g = meters squared per gram

mol/g = moles per gram

nmol/cm
3
/d = nanomoles per cubic centimeter per day

Aspect Consulting

9/29/2014
V:\050067 Art Brass Plating\Data Gaps WP 2014\Draft 9-29-14\Attachment A\Attachment A Tables_Revised.xlsx
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Sampling and Analysis Plan 
The proposed field program described below outlines the additional investigations 
necessary to carry out the geochemical analyses outlined in the main text of this 
memorandum. The field program includes groundwater sampling in selected wells and 
limited Geoprobe® investigation. Sampling procedures outlined below will be completed 
consistent with the Ecology approved Remedial Investigation (RI) Work Plan, Standard 
Field Procedures (Appendix B, Aspect September 25, 2008). Soil core collection and 
processing deviates from the existing Standard Field Procedures and these procedures are 
outlined in more detail below and Attachment C.  

Additional Groundwater Sampling 
Groundwater monitoring is currently conducted quarterly and includes sampling for 
metals and chlorinated volatile organic compounds (CVOCs). To support fate and 
transport analyses discussed in the main body of this memorandum, we propose 
additional groundwater monitoring in selected Site Unit 1 wells. Please refer to 
Attachment A for details regarding the geochemical modeling approach. 

We propose that additional groundwater data be collected during the planned third 
quarter sampling event (September 2014). The third quarter event is one of the larger 
annual sampling events and will include some of the additional data that will be required 
for the analysis. The proposed modeling requires upgradient, source area, and 
downgradient data. The purpose of this data collection will be to support the reactive 
transport model development.  

The following wells are proposed to represent water quality from the indicated areas for 
use in the modeling: 

• Upgradient wells: MW-12, MW-6, MW-6-30;

• Source area wells: MW-1, MW-3, MW-3-30;

• Downgradient wells: MW-8, MW-8-30, MW-16-40; and

• Downgradient wells near the Duwamish Waterway: MW-24, MW-22-30.

The suite of analytes required for the modeling includes: 

• Field parameters: oxidation-reduction potential (ORP), pH, dissolved oxygen
(DO), specific conductance, temperature;

• Plating metals, dissolved: cadmium, copper, nickel, zinc (EPA 200.8);

• Major cations, dissolved: calcium, magnesium, potassium, sodium (EPA 6010);

• Major anions, dissolved: sulfate, nitrate, and chloride (EPA 300) and alkalinity
(SM 2320B); and

• Attenuation indicators:

 Dissolved Sulfide (EPA 376.2);
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 Dissolved Iron, manganese, aluminum, silicon (or silica) (EPA 6010);

 Dissolved Ortho-phosphorous (EPA 300);

 Total organic carbon (EPA 415.1).

The above mentioned laboratory analyses will be completed by Analytical Resources, 
Inc. (ARI) of Tukwila. In addition, pH, redox, and plating metal concentrations from the 
existing groundwater chemistry dataset from locations along the core and fringes of the 
plating metals plume will be incorporated into the analysis. 

Geoprobe Investigation 
A Geoprobe® soil investigation is proposed to collect and analyze plating metal solid-
phase partitioning data. The objectives of the Geoprobe® sampling program are as 
follows: 

• Evaluate and quantify the aquifer’s acid attenuation capacity ( i.e., its ability to
buffer and attenuate low pH groundwater);

• Observe mineral-phase assemblages for model verification and refinement; and

• Evaluate the presence and associations of plating metals with mineral surfaces
and precipitates including hydrous ferric oxides (HFOs), organic carbon, and
sulfide minerals, where present.

These data will be used to refine and calibrate the groundwater reactive flow path 
contaminant transport model presented in Attachment A. Mineralogy data collected will 
be used to qualify the equilibrium phase assemblages.  

The focused field program will include advancing three geoprobes to a depth of 30 to 39 
feet (Table 1). Locations (SP-53 through SP-55) are depicted on Figure 1. Cores will be 
cut into 2-foot sections and sealed with a cap and tape on both ends. The top of each core 
section shall be clearly marked with a “T” on the upper cap. Cores will be labeled with 
depth interval and boring ID and placed in coolers with ice. Following sample collection, 
cores will be frozen and transported to Anchor QEA’s Geochemistry Lab in Portland, 
Oregon. Prior to transport, coolers will be packed with dry ice and cores will be padded 
to prevent breakage. Chain of custody procedures will be followed consistent with the 
Remedial Investigation Work Plan (Aspect, 2008).  

Following receipt by Anchor QEA, samples will be processed using standard operating 
procedures (SOPs) for core processing (Attachment C). Cores will be sectioned at three 
foot intervals and each interval will be homogenized. A subsample from each 
homogenized section will be submitted to ARI for laboratory analyses for initial 
characterization, including: 

• Soil pH (EPA Method 9045D);

• Total metals (cadmium, copper, iron, manganese, nickel, and zinc by EPA
Methods 200.7/6010C); and

• Total sulfide (SM 4500).

Approximately 1 liter of material from each homogenized section will be transferred into 
a clean glass sample container and retained for possible further analysis. Based on the 
initial characterization results, up to two intervals from each core will be selected for 
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further geochemical analysis. Via email, Aspect will provide the initial characterization 
results to Ecology indicating what samples have been selected for further analysis and the 
rationale for that selection. Aspect and Anchor QEA will not proceed with these 
additional analyses until we have approval from Ecology.  

Selected soil samples will be submitted to ARI for chemical analysis of the following: 

• Total carbon, total organic carbon and total inorganic carbon by difference
(Plumb 1981); and

• Total sulfur (by combustion, e.g. ASTM E1915).

Acid-base accounting will be calculated using the neutralization potential and total sulfur 
data. The analysis for neutralization potential will be performed in the Anchor QEA 
laboratory.  

Selected soil samples from near the source area (SPO-53) and just downgradient of the 
source area (SPO-54) will also be submitted for sequential extraction and powder x-ray 
diffraction (XRD) analysis. SOPs for sequential extraction are provided in Attachment C. 
Sequential extraction data from these areas of greatest dissolved metals concentration 
will document how the metals are partitioning in the solid phase. XRD analysis of soil 
samples will be used to identify mineral phases present, for use in model development. 
This site-specific data will support both model development and verification. 

Table 1 provides a summary of the total number of samples and analyses to be 
performed. 

Attachments 
Table B-1 – Summary of Soil Sampling 

Figure B-1 – Exploration Location Plan 
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Table B-1  Summary of Soil Sampling 
West of 4th Site

Aspect Consulting
9/29/2014
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Table B-1 
1 of 1

Boring ID Location

Sample Depth Interval in 
feet below ground 

surface Soil pH

Total Metals 
(Cd, Cu, Fe, Mn, 

Ni, Zn)
Total 

Sulfide

Total 
Organic 
Carbon

Total 
Carbon

Acid-Base 
Accounting

Sequential 
Extraction

X-Ray 
Diffraction

SPO-53 15-30 ft downgradient of source area 0-30 @ 3 ft intervals 10 10 10 2 2 2 2 2
SPO-54 70-100 ft downgradient of source area 0-30 @ 3 ft intervals 10 10 10 2 2 2 2 2
SPO-55 400 ft downgradient of source area 0-39 @ 3 ft intervals 13 13 13 2 2 2 2 2

Soil pH will be measured using a pH electrode in potassium chloride suspension (Thomas, 1996).
Total carbon and total organic carbon by EPA Lkahn 7-27-88; total inorganci carbon by difference
Acid-base accounting/acid generation potential/neutralization potential by Sobek 1.3.1, 3.2.3
Total sulfide by SM 4500
Total metals (cadmium, copper, iron, manganese, nickel, zinc) by EPA Method 200.7/6010C
Sequential extraction (modified Tessier method)
X-ray diffraction 
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Environmental Geochemistry Laboratory 
Standard Operating Procedure S-003 

Rev: September 2014 

PROCESSING OF SUBSURFACE SEDIMENT OR SOIL CORES FOR METALS 

Scope and Application 

This Environmental Geochemistry Laboratory (EGL) Standard Operating Procedure (SOP) is 
applicable to the processing of sediment or soil core samples to obtain samples for 
determining metals concentration and speciation.  Procedures for core processing outlined in 
this SOP will be followed, and any deviation from these procedures must be noted. 

Health and Safety 

All laboratory work will be performed in accordance with the EGL Chemical Hygiene Plan 
(CHP) by staff approved to work in the laboratory.  Approval to work in the EGL requires 
orientation to laboratory safety procedures and potential hazards under the guidance of the 
Laboratory Manager, as specified in the CHP.  Potential hazards will be reviewed prior to 
processing cores from potentially contaminated sites. 

Equipment and Supplies 

The following is a list of equipment that may be necessary to carry out the procedures 
contained in this SOP.  Additional equipment may be required. 

• Appropriate protective equipment
• Core cutting equipment (electric or manual saw)
• Portable X-ray fluorescence analyzer (XRF gun)
• Plastic sheeting
• Glove bag, glove box or other controlled-atmosphere chamber
• Nitrogen source
• High-density polyethylene containers and mixing implements
• Decontamination equipment
• Mortar and pestle
• Sample containers and labels

Procedure 

1. Soil and sediment cores, once collected, will be stored upright to preserve physical
integrity and stored at a temperature of 4 degrees Celsius (° C), plus or minus 2° C,
until processing.
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Standard Operating Procedure S-003 
Processing of Subsurface Sediment or Soil Cores for Metals 

2. Core processing is performed inside a glove bag under a nitrogen atmosphere to prevent 
oxidation. 

3. Cores may be initially screened for metals at 1- to 4-inch intervals using an XRF 
analyzer to target intervals with elevated metals concentrations for subsampling.  

4. Target intervals will be collected either by cutting open or extruding the core. 
5. All working surfaces and instruments will be thoroughly cleaned, decontaminated, 

and covered with plastic sheeting to minimize outside and cross-contamination. 
6. Disposable gloves will be worn and replaced between cores and prior to handling 

decontaminated instruments or work surfaces. 
7. Samples will be removed from the target core interval while taking care to exclude 

material that has come into contact with the inside of the core liner.   
8. Samples are collected into appropriate sample jars in sufficient quantity for the 

required analyses and testing. 
 

Quality Assurance/Quality Control 

Laboratory notes and chain-of-custody forms will be double-checked by staff to verify the 
information recorded is correct.   
 

References 

USEPA (U.S. Environmental Protection Agency) (2001)  Methods for Collection, Storage, 
and Manipulation of Sediments for Chemical and Toxicological Analyses.  EPA-823-B-
01-002. 
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Environmental Geochemistry Laboratory 
Standard Operating Procedure G-001 

Rev: September 2014 

SEQUENTIAL EXTRACTION OF METALS 

Scope and Application 

This Standard Operating Procedure (SOP) is applicable to sequential extraction of soil or 
sediment samples to characterize the distribution of metals. The extraction procedure is 
designed to fractionate metals in a sample according to their reactivity by subjecting the 
sample to a sequence of progressively aggressive chemical treatments that target specific 
chemical forms.   
 
A sequential extraction procedure consisting of five extraction steps is performed to quantify 
the amount and proportion of selected metals in each of the following operationally defined 
fractions:  (1) exchangeable, (2) acid soluble (carbonate bound), (3) reducible (iron or 
manganese oxide bound), (4) oxidizable (sulfide and/or organic matter bound), and (5) 
residual.  Metals concentrations are determined in each of the fractions collected and 
recalculated on a total sample concentration basis.  Details of the sequential extraction 
procedure are adapted from the original method published by Tessier et al (1979) and various 
modifications reviewed in Zimmerman and Weindorf (2010).  Procedures for sequential 
extraction of soil or sediment samples outlined in this SOP are expected to be followed.  
Substantive deviations from the procedures detailed in this SOP must be summarized in a 
data summary report. 
 

Health and Safety 

All laboratory work will be performed in accordance with the EGL Chemical Hygiene Plan 
(CHP) by staff approved to work in the laboratory.  Approval to work in the EGL requires 
orientation to laboratory safety procedures and potential hazards under the guidance of the 
Laboratory Manager, as specified in the CHP.  Potential hazards will be reviewed prior to 
processing cores from potentially contaminated sites. 
 

Equipment and Supplies 

The following is a list of equipment that may be necessary to carry out the procedures 
contained in this SOP.  Additional equipment may be required.   

• glove bag or other controlled-atmosphere chamber with nitrogen gas source 
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Standard Operating Procedure G-001 
Sequential Extraction of Metals 

• stainless steel bowls and spoons for processing  
• 2-millimeter (mm) sieve 
• magnesium chloride 
• sodium acetate 
• acetic acid 
• hydroxylamine hydrochloride 
• nitric acid 
• hydrogen peroxide 
• ammonium acetate 
• centrifuge  
• 50 mL centrifuge tubes 
• sample agitator/tumbler 
• heated water bath 

 

Sample Preparation 

All sample processing and extraction procedures will be conducted under a nitrogen 
atmosphere in a positive-pressure glove bag, except for agitation and centrifugation of sample 
tubes, which will be tightly sealed before being removed from the glove bag. 
Soil or sediment samples will be passed through a 2-mm sieve to remove larger rock 
fragments and other debris and homogenized prior to processing.  Approximately 1 gram 
(dry weight) of homogenized sample will be weighed into a centrifuge tube, and extracted 
according to the following procedure. 
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Standard Operating Procedure G-001 
Sequential Extraction of Metals 

Target Fraction Extraction Fluid Procedure 

Exchangeable 
1 M magnesium 
chloride adjusted to 
pH 7 

1. Add 8 mL fluid to 1 g sample in centrifuge tube 
2. Agitate for 1 hour at room temperature 
3. Centrifuge at 10,000 rpm for 25 minutes 
4. Decant fluid 
5. Repeat steps 1-4 with fresh extraction fluid 
6. Repeat steps 1, 3 and 4 with DI water  
7. Combine all decanted fluid, acidify with nitric acid to pH <2, 

and dilute with DI to a known volume (e.g. 100 mL)  
8. Analyze for TAL metals by EPA Method 6010/6020 

Acid Soluble 
 
[Carbonate 
Bound] 

1 M sodium acetate, 
adjusted to pH 5 
with acetic acid 

1. Add 8 mL fluid to same 1 g sample in centrifuge tube 
2. Agitate for 5 hours at room temperature 
3. Centrifuge at 10,000 rpm for 25 minutes  
4. Decant fluid 
5. Repeat steps 1-4 with fresh extraction fluid for 24 hours 
6. Repeat steps 1, 3 and 4 with DI water  
7. Combine all decanted fluid, acidify with nitric acid to pH <2, 

and dilute with DI to a known volume (e.g. 100 mL)  
8. Analyze for TAL metals by EPA Method 6010/6020 

Reducible  
 
[Iron/Manganese 
Oxide Bound] 

0.1 M 
hydroxylamine 
hydrochloride 
adjusted to  pH 2 
with nitric acid 

1. Add 40 mL fluid to same 1 g sample in centrifuge tube 
2. Agitate in tumble-shaker for 16 hours at room temperature 
3. Centrifuge at 10,000 rpm for 25 minutes 
4. Decant fluid 
5. Repeat steps 1-4 with fresh extraction fluid for 16 hours 
6. Repeat steps 1, 3 and 4 with DI water  
7. Combine all decanted fluid, acidify with nitric acid to pH <2, 

and dilute with DI to a known volume (e.g. 100 mL)  
8. Analyze for TAL metals by EPA Method 6010/6020 

Oxidizable  
 
[Sulfide/Organic 
Matter Bound] 

1) 0.02 M nitric 
acid 

2) 30% hydrogen 
peroxide 
adjusted to  pH 
2 with nitric 
acid 

3) 3.2 M 
ammonium 
acetate in 20% 
v/v nitric acid 

1. Add 3 mL of fluid 1 and 5 mL of fluid 2 to the same 1 g sample 
in centrifuge tube 

2. Heat in shaker-water bath at 85 ± 2 C for 2 hours  
3. Add 3 mL of fluid 2 and heat for an additional 3 hours 
4. After cooling, add 5 mL of fluid 3 and dilute to 20 mL 
5. Agitate for 30 minutes at room temperature 
6. Centrifuge at 10,000 rpm for 25 minutes 
7. Decant fluid 
8. Repeat steps 4-7 with DI water  
9. Combine all decanted fluid, acidify with nitric acid to pH <2, 

and dilute with DI to a known volume (e.g. 100 mL)  
10. Analyze for TAL metals by EPA Method 6010/6020 

Residual  
1. Prepare the solid residue of the 1 g sample by EPA Method 

3050B 
2. Analyze for TAL metals by EPA Method 6010/6020  
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Standard Operating Procedure G-001 
Sequential Extraction of Metals 

Quality Assurance/Quality Control 

Laboratory notes and chain-of-custody forms will be checked by staff to verify the 
information recorded is correct.   
 

REFERENCES 

Anchor QEA (Anchor QEA, LLC) (2013)  Environmental Geochemistry Laboratory Chemical 
Hygiene Plan.  Version 1.0, February 1, 2012. 

Tessier, A, PGC Campbell and M. Bisson (1979) Sequential extraction procedure for the 
speciation of particulate trace metals. Analytical Chemistry 51(7):844-851. 

Zimmerman, AJ, and DC Weindorf (2010) Heavy metal and trace metal analysis in soil by 
sequential extraction: a review of procedures. International Journal of Analytical 
Chemistry 2010 (dx.doi.org/10.1155/2010/387803). 
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ASPECT CONSULTING 

Supplemental Quality Assurance Project Plan 
This Supplemental Quality Assurance Project Plan (QAPP) is to augment the existing 
QAPP in the Remedial Investigation (RI) Work Plan (Appendix C, Aspect September 25, 
2008). This appendix provides the quality assurance (QA) and quality control (QC) 
objectives, organization, and functional activities associated with the sampling and 
analyses outlined in this memorandum not covered in the existing QAPP. The tasks are 
outlined in the main text and Attachment B of this memorandum.  

Data Quality Goal 
The data quality goal for this task is to provide data for geochemical model input and 
model verification. The soil and groundwater sampling outlined in Attachment B is 
intended to provide data of sufficient technical quality to meet this goal.  

Quality Control Procedures 
Field and laboratory QC procedures are outlined below. Guidelines for minimum samples 
for field QA/QC sampling and laboratory analysis are summarized in Table 3. 

Field Procedures 
Standard field protocols (e.g., sampling procedures and documentation, sample handling, 
sample custody) are defined in the Standard Field Methods plan located in Appendix B of 
the RI Work Plan (Aspect, 2008). Attachment B provides additional standard field 
protocols that deviate from the RI Work Plan associated with soil core collection and 
handling. Adherence to these methods will ensure the quality of data generated. 
Furthermore, a Washington State-licensed hydrogeologist will review field activities and 
generated data.  

Laboratory Procedures 
Table D-1 summarizes the analytical testing that will be performed by Analytical 
Resources, Incorporated (ARI) of Tukwila, Washington. The QAPP in the RI Work Plan 
outlines the laboratory implements all routine internal QC and QA procedures.  

Soil pH will be measured using a pH electrode in potassium chloride suspension 
(Thomas, 1996). The electrode will be calibrated daily with a two-point calibration (pH 4 
and 7 buffers) and calibration will be checked between samples. 
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ASPECT CONSULTING 

QA/QC procedures for acid-base accounting (calculated from total sulfur and 
neutralization potential) will following procedures as outlined in Sobek et al (1978) 
sections 1.3.1 (Acid-Base Account) and 3.2.3 (Neutralization Potential).  

Soil Core Processing 
Anchor QEA’s Environmental Geochemistry Lab (EGL) in Portland, Oregon will be 
processing soil cores collected as outlined in Attachment B. This includes initial 
processing following core receipt, sequential extraction, and submission of samples for 
powder X-ray diffraction analysis for mineral phase identification. Standard Operating 
Procedures (SOPs) for these activities are provided in Attachment C.  

X-ray diffraction patterns will be interpreted and mineral phases identified using standard 
peak search-and-match methods. Sequential extraction data is operationally defined, 
therefore QA/QC procedures are principally focused on the chemical analysis of liquid 
extracts, which will be performed by ARI. Calculations to convert the raw metals data 
into soil fraction concentrations will be performed by qualified Anchor QEA EGL 
personnel and QC reviewed prior to release. 

Data Quality Assessment and Management 
Data quality assessment and management will be completed in accordance with the 
existing QAPP in the RI Work Plan (Aspect 2008). The sample collection and processing 
will be audited relative to the procedures outlined Attachment B and the SOPs provided 
in Attachment C. Deviations from the referenced SOPs will be identified in the data 
validation process. Information will be qualified accordingly. 

References 
Aspect, 2008, Remedial Investigation Work Plan, Art Brass Plating, September 25, 2008. 

Thomas, G.W., 1996. Soil pH and soil acidity. In Sparks D.L., ed., Methods of Soil 
Analysis. Part 3. Chemical Methods, pp. 475-90. Madison WI: Soil Science Society 
of America. 

Sobek, A.A., Schuller, W.A., Freeman, J.R. and Smith, R.M. (1978), Field and 
Laboratory Methods Applicable to Overburden and Minesoils, EPA 600/2-78-054, 
203pp. 
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Table D-1 Summary of Chemical Analyses 
West of 4th Site

Aspect Consulting
9/29/2014
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Table D-1
Page 1 of 1

Soil
Chemical Group and Analyte Analytical Methods
Total Metals EPA Method 200.7/6010C
Total Sulfide SM 4500
Total Carbon/Total Inorganic Carbon Plumb 1981
Acid-Base Accounting/Acid Generation 
Potential/Neutralization Potential Sobek 1.3.1, 3.2.3

Groundwater
Chemical Group and Analyte Analytical Methods
Dissolved Metals (Cd, Cu, Ni, Zn) EPA 200.8
Total Organic Carbon EPA415.1
Dissolved Cations (aluminum, calcium, iron, 
magnesium, manganese, potassium, sodium) EPA 6010
Dissolved Anion (sulfate, nitrate, chloride) EPA 300
Alkalinity, dissolved SM2320B
Ortho-Phosphorus, dissolved EPA 300
Silicon, dissolved EPA 6010
Sulfide, dissolved EPA376.2
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