
 

 MEMORANDUM 
 Project No.: 050067-005G-01 

June 18, 2015 

To: Ed Jones, Department of Ecology, NWRO 
 

cc: Art Brass Plating, Inc. 
Blaser Die Casting, Inc and Pacific Groundwater Group 
Capital Industries, Inc. and Farallon Consulting, LLC 
PSC Environmental Services, LLC and Pacific Crest Consulting, LLC 
 

 
From: Aspect Consulting, LLC 

 
Re: Fate and Transport Summary Memorandum for SU1, Draft 

W4 Feasibility Study 

This Fate and Transport Summary Memorandum was prepared on behalf of the four potentially 
liable parties (PLPs) [Art Brass Plating (ABP), Blaser Die Casting (BDC), Capital Industries (CI), 
and PSC Environmental Services, LLC1 (PSC)] identified by the Washington State Department of 
Ecology (Ecology) in Agreed Order (AO) No. DE10402 for the West of 4th (W4) Site. The AO 
requires the four PLPs (the W4 Group) to complete a Feasibility Study (FS) and prepare a draft 
Cleanup Action Plan (dCAP) for the W4 Site. The environmental consultants addressing technical 
aspects of the FS and dCAP on behalf of the W4 Group (W4 Consultants) are: Aspect Consulting 
(Aspect) for ABP; Farallon Consulting (Farallon) for CI; Pacific Groundwater Group (PGG) for 
BDC; and Pacific Crest Environmental (Pacific Crest) for Stericycle.  

This Memo assesses fate and transport of metals and chlorinated volatile organic compounds2 
(CVOCs) at the Site Unit 1 (SU1) portion of the W4 site, and was prepared by Aspect. PGG is 
preparing a separate memo assessing fate and transport of CVOCs at Site Unit 2 (SU2).  

Fate and Transport Analysis of CVOCs 
The fate and transport evaluations for CVOCs provided in this memo follow the approach described 
in the Revised Fate and Transport Modeling Plan – W4 Feasibility Study (Modeling Plan, PGG, 
2015) as conditionally approved by Ecology on March 19, 2015. Ecology’s approval letter noted 
the following expected objectives of the approved plan: 

 Refine the modeling presented in the various W4 Remedial Investigation (RI) reports to 
integrate new data that were unavailable during the RI modeling; 

                                                   
1 Burlington Environmental, LLC is a wholly-owned subsidiary of PSC Environmental Services, LLC which is a 
wholly-owned subsidiary of Stericycle Environmental Solutions, Inc., hereafter referred to as “Stericycle”. 
2 Specifically trichloroethene (TCE), and its degradation products cis-1,2-dichlorethene (DCE) and vinyl chloride 
(VC). 

e a r t h + w a t e r Aspect Consulting, LLC   401 2nd Avenue S.   Suite 201   Seattle, WA 98104   206.328.7443   www.aspectconsulting.com  
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 Unify the modeling effort by the PLPs to provide consistency in approach and analysis for 
the two SUs; 

 Refine predictions of whether or when groundwater cleanup levels protective of surface 
water may be exceeded at the point of discharge to the Duwamish Waterway, if no further 
site actions are taken; and 

 Estimate the degree of contaminant mass reduction (removal, destruction or 
immobilization) required to meet groundwater cleanup levels throughout the site within a 
reasonable restoration timeframe. 

Ecology’s approval letter included estimation of the restoration timeframe, under an alternative 
with monitored natural attenuation (MNA) as the only remedial action, as an additional objective of 
the approved Modeling Plan. ABP is not currently anticipating use of MNA as a stand-alone 
remedial alternative, and modeling to assess restoration timeframe is not included in this 
memorandum. MNA will likely be included as a component of alternatives developed in the FS, 
and modeling of restoration timeframe associated with MNA will be completed in the FS as 
needed. These evaluations will be alternative-specific, with modeling relying on expected source 
reduction and decay terms, with an appropriate range of uncertainty, depending on the active 
remedial actions included in a given alternative. 

The following sections document the fate and transport modeling approach and input parameters 
for SU1, incorporating additional data collected after completion of the RI; estimates of whether 
VOCs are likely to reach the Duwamish Waterway at concentrations exceeding surface water-based 
cleanup levels; preliminary remediation levels to meet cleanup levels at the waterway into the 
future; and a sensitivity analysis of the effects of parameter uncertainty on remediation levels.  

Modeling Approach 
The BIOCHLOR input parameters and modeling approaches were conducted consistent with the 
Modeling Plan. Modeling was performed using the BIOCHLOR spreadsheet model (Aziz and 
Newell, 2002) to evaluate groundwater plume concentrations downgradient of two identified source 
areas in SU1 – the ABP facility and a downgradient location of elevated CVOC concentrations in 
groundwater defined by monitoring wells MW-17-40 and MW-25-50. Well locations are illustrated 
on Figure 1.  

The models for each source area were used to determine preliminary remediation levels (i.e., 
groundwater concentrations in the source areas that would be protective of surface water quality), 
assuming reduction in source area concentrations due to some unspecified remedial action.  

The models were constructed using the transport and source area model parameters described in the 
Modeling Plan and summarized below. Adjustments to these input parameters based on review of 
initial model runs are also described below. 

BIOCHLOR Transport Parameters 
BIOCHLOR calculates groundwater concentrations along a plume centerline based on a 
combination of advection and dispersion parameters, biodegradation parameters, source area 
concentrations, and source area general characteristics. This approach assumes that loss rates are 
consistent or conservative with model parameters within a model zone both laterally and 
longitudinally, and that there are centerline groundwater data available for comparison. 
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Groundwater monitoring provide adequate hydraulic and empirical chemical data to constrain the 
plume position and centerline concentrations in near-source and downgradient locations. Model 
advection and biodegradation parameter values are included in Table 1, and are consistent with 
values used in modeling used in the W4 PLP Remedial Investigations (Aspect, 2012; Farallon, 
2012; and PGG, 2012). The basis for selection of transport parameters is discussed in previous 
documents (Aspect, 2012; Farallon, 2012; PGG, 2012; and PGG, 2015). 

BIOCHLOR Source Area Parameters 
Model source area concentrations and general characteristics are assigned based on the specific 
model purpose, and are discussed in the sections below. In this document, the term “model source 
area” refers to a location in the aquifer that is the upgradient extent of the model domain and does 
not necessarily correspond to a point of release of contaminants to soil and groundwater. 

Source Area Extents and Locations 
Two source areas were modeled in the SU1 area, including: 

 The ABP Facility Source Area, where the CVOCs TCE and DCE are present in 
groundwater at the Water Table Interval; and 

 The Downgradient Source Area, defined by monitoring wells MW-17-40 and MW-25-50 
where the CVOCs TCE and DCE are present in groundwater at the Shallow and 
Intermediate Intervals. 

Model source areas are configured as single-planar sources the width of the groundwater plume at 
each source area location and the thickness of the applicable groundwater depth interval (Water 
Table, Shallow, or Intermediate), as summarized on Table 1. For the Downgradient Source Area 
model the Shallow and Intermediate Intervals were combined into a single unit, based on the 
expected similar transport characteristics of these units (e.g., hydraulic gradient and conductivity) 
closer to the waterway. 

Source Area Concentrations 
Source area concentrations representing current conditions are based on the data in the Site 
Conceptual Model (Aspect, 2014b). Source area groundwater concentrations for the Water Table 
Interval in the ABP Facility Model are based on groundwater quality data from well PMW-1, and 
source area concentrations for the Shallow and Intermediate Intervals in the Downgradient Source 
Area model were based on groundwater quality data from wells MW-17-40 and MW-25-50. Decay 
of source area concentrations was not included in the modeling effort for SU1. Despite significant 
reductions in concentrations at the Facility Source Area in response to interim remedial actions, 
recent monitoring data do not currently indicate clear decreasing trends in source area 
concentrations in the Facility Source Area or Downgradient Source Area. 

Source area concentration ratios of CVOCs (e.g., TCE:DCE:VC ratios) were maintained as 
concentrations were adjusted to calculate remediation levels as discussed below. 

Adjustment of Model Parameters 
Initial model runs were completed and results compared to field observations as a rough assessment 
of the reasonableness of the results and model predictions. The history and timing of CVOC 
releases at ABP are uncertain, but the facility has been in operations since the early 1980s. The 
initial runs were performed with a modeled duration of 15 years, or about half the operational 
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history of ABP. Results of the initial model run for the Downgradient Source Area model were 
compared to observed groundwater quality data at monitoring wells MW-24-30 and MW-22-30 
(Table 2). Using the initial or Base Case model parameters indicates that the leading edge of a 
plume present at the Downgradient Source Area would not reach wells MW-24-30 and MW-22-30 
within 15 years. This does not seem realistic given the presence of elevated concentrations of 
CVOCs in observations wells near the waterway and implies faster travel times between the 
Downgradient Source Area and the monitoring wells than the initial model parameter estimates. 
The model was run again with an increased velocity of twice the initial value and produced a more 
realistic fit to downgradient data (Table 2). Although there is still significant uncertainty in model 
results, these Revised Base Case parameters for the Downgradient Source Area model provide a 
reasonable starting point for assessing potential magnitude and timing of changes in plume 
concentrations. This revised model was used to assess future migration of CVOCs toward the 
waterway and to estimate preliminary remediation levels protective of surface water quality for the 
Downgradient Source Area. 

There were no revisions to the Facility Source Area Model parameters. 

Model Runs and Results 
The models were run using the Base Case or Revised Base Case input parameters and a modeled 
duration of 500 years, sufficient time for predicted downgradient concentrations to reach steady-
state conditions. These model results were compared to the preliminary cleanup levels (PCULs) 
protective of surface water (Farallon, 2014). The models were then modified to estimate 
preliminary remediation levels protective of surface water at the point of discharge.  

Finally, a focused sensitivity analysis was completed to assess the uncertainty of model input 
parameters on the estimated remediation levels protective of surface water downgradient of both 
source areas.  

Preliminary Remediation Levels 
Preliminary remediation levels for groundwater at the two source areas were estimated by adjusting 
model source area concentrations until model results meet preliminary cleanup levels at the point of 
discharge to surface water in the Duwamish Waterway. All other advection and transport terms are 
held constant at the values in Table 1. The distances between the source areas and the Duwamish 
Waterway were estimated along a groundwater flow path from each source area to the receptor as 
indicated by the groundwater contours on figures in the Site Conceptual Model (Aspect, 2014b); 
flow path distances to the waterway are about 2,200 feet for the ABP Facility Source Area and 
about 1,200 feet for the Downgradient Source Area. Next, the source-area concentrations were 
adjusted, while maintaining concentrations ratios between individual source area CVOCs, until the 
calculated steady-state downgradient concentrations were at or below concentrations protective of 
surface water at the point of discharge. Remediation levels calculated with this method are only 
applicable at or upgradient of the modeled source area; application upgradient of the source area 
would be conservative. Remediation levels calculated using this method are not unique solutions 
because it is assumed that concentration ratios within the source area are constant. Concentration 
ratios may change over time, especially in response to active remediation that may preferentially 
remove or treat certain CVOCs over others. 
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Preliminary remediation levels for the two source areas protective of surface water at the waterway 
are summarized on Table 3. Existing concentrations at the Facility Source Area are well below 
preliminary remediation levels indicating that current conditions at the Facility are protective of 
surface water at the waterway. Note however that these preliminary remediation levels are not 
necessarily protective of the indoor air pathway in the Water Table Interval downgradient of the 
Facility Source Area. 

The Revised Base Case model for the Downgradient Source Area predicts that current 
concentrations at this source area could result in future exceedances of surface water-based 
groundwater cleanup levels at the waterway for TCE and VC. Estimated preliminary remediation 
levels at the Downgradient Source Area protective of surface water are provided on Table 3. These 
values are driven primarily by the VC PCUL; the model predicts TCE would be largely attenuated 
before reaching the waterway, but that additional reduction in source area concentrations would be 
required to meet the PCUL for VC. 

It is important to note that the simplified BIOCHLOR model is highly conservative in this case, and 
does not account for the additional attenuation that appears to be occurring near the waterway, as 
shown by results of porewater sampling at the point of discharge through the sediment-surface 
water interface reported in the RI (Aspect, 2012). In the RI, risk-based screening levels were 
developed for the CVOCs, and Ecology concurred that the measured porewater TCE concentrations 
currently are below site-specific porewater screening levels and currently pose no unacceptable risk 
to human health or the environment. Ecology did not approve the risk-based screening levels for 
VC, which will be revised in response to Ecology’s comments for the FS. 

Further, total CVOC concentrations observed at nearshore monitoring wells MW-24-30 and MW-
22-30 (top of Table 2) are currently as much as four times higher than modeled concentrations at 
the waterway assuming no remediation (Table 3). Total CVOC concentrations observed at these 
wells and at the Downgradient Source Area wells have shown no statistically significant increasing 
trends since monitoring began in about 2010. Given the apparent stability of the plume between the 
Downgradient Source Area and the Duwamish Waterway, modeled concentrations less than 
observed concentrations near the waterway, and the lack of unacceptable risk with current 
groundwater discharges (pending reevaluation of VC), the preliminary remediation levels for the 
Downgradient Source Area are highly conservative for protection of surface water. 

Sensitivity Analysis 
Sensitivity analyses were conducted by varying one parameter per modeling run over a range of 
values, while holding all other inputs unchanged. Sensitivity analysis model runs included varying 
the groundwater velocity (a term that includes the hydraulic gradient, hydraulic conductivity, and 
effective porosity) by a factor of two and varying the CVOC biodegradation half-lives by a factor 
of two. Under steady state conditions the models are not sensitive to dispersivity. Further, under 
steady state conditions the effect of varying the biodegradation half-lives and varying the 
groundwater velocities are identical; doubling or halving the velocity produces the same model 
results as doubling the or halving the half-lives. 

Estimated remediation levels are sensitive to changes in groundwater velocity/biodegradation half-
lives, as summarized on Table 4. Increasing the groundwater velocity or biodegradation half-lives 
reduces the estimated remediation levels as CVOCs migrate farther before attenuating. Reducing 
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the groundwater velocity or half-lives allows more attenuation, reducing the estimated remediation 
levels.  

Conclusions for CVOC Analyses 
Based on the modeling and evaluation described above we draw the following conclusions: 

 Current CVOC concentrations in groundwater at the ABP facility are well below 
preliminary remediation levels protective of surface water.  

 CVOC concentrations in the Water Table Interval at the ABP facility are likely not 
protective of the indoor air pathway. This pathway is currently being addressed by vapor 
mitigation interim measures. Restoration time frames for specific remedial alternatives to 
permanently address the indoor air pathway for the Facility Source Area will be evaluated 
in the FS. 

 CVOCs observed at the Downgradient Source Area are expected to reach the Duwamish 
Waterway, with concentrations near waterway exceeding surface water based PCULs. This 
is consistent with observations at near shore monitoring wells MW-22-30 and MW-24-30. 
However, porewater sampling data indicate that significant additional attenuation of 
CVOCs occurs near the waterway before discharge, reducing concentrations to near or 
below risk-based screening levels. Concentrations near the waterway and in the 
Downgradient Source Area appear to be stable, with no clear increasing or decreasing 
trends observed since 2010, implying that porewater concentrations at the point of 
discharge are unlikely to increase over the near-term. 

Fate and Transport Analysis of Metals 
The fate and transport evaluations for metals provided in this memo follow the approach described 
in the Revised Remedial Investigation Data Gaps and Supplemental Work Plan for Site Unit 1 
(Work Plan, Aspect, 2014a) as conditionally approved by Ecology on October 3 and 10, 2014. Well 
and soil boring locations are illustrated on Figure 2. The Work Plan included an analysis of barium 
nature and extent. Barium concentrations in groundwater do not exceed preliminary screening 
levels in SU1, as illustrated in the Site Conceptual Model Technical Memorandum (Aspect, 2014b).  

Secondary containment and other best management practices are used at the ABP facility to prevent 
a release from plating baths. The discussion below assumes no on-going release from current 
operations at ABP facility. Please refer to Attachment A for a details about the plating baths, the 
facility’s best management practices, and their King County sanitary sewer discharge permit.  

Plating Metals 
Attachment B provides a detailed discussion of the analyses completed to assess the fate and 
transport of plating metals (nickel, copper, zinc). Based on the evaluation described therein we 
draw the following conclusions:  

 Metal Oxide/Hydroxide Precipitation: Modeling predicts that nickel concentrations will 
not exceed the PCUL protective of surface water (16 µg/L) at the Duwamish Waterway for 
over 600 years.  
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 Metal sulfide precipitation: Modeling predicts that nickel concentrations will not exceed 
the PCUL protective of surface water (16 µg/L) at the Duwamish Waterway for more than 
1,000 years. 

 Buffering capacity of aquifer: Modeling predicts that low pH conditions at the ABP 
facility will attenuate within a few decades.  

 Modeling predicts that natural attenuation processes will prevent plating metals from 
reaching the Duwamish Waterway for several hundred years. Alternative development will 
include addressing plating metals.   

 At this time, we do not see a need to calculate sediment cleanup levels for metals.  

Iron and Manganese 
Attachment B provides a detailed discussion of the analyses completed to assess the fate and 
transport of iron and manganese. Based on the evaluation described therein we draw the following 
conclusions: 

 Elevated iron concentrations are observed across SU1. The source of elevated iron 
concentrations appears to be dissolution of iron minerals from the aquifer matrix under 
reducing conditions. 

 The source of elevated manganese concentrations appears to be dissolution of manganese 
minerals from the aquifer matrix under mildly reducing conditions characteristic of SU1 
groundwater. Conditions within the more acidic portion of the plume favor manganese in 
the dissolved phase. 

 The draft FS Report will discuss how the selected remedy impacts iron and manganese 
mobility.  

Arsenic 
Hypothesis: Elevated arsenic concentrations recorded at well MW-9 are not likely a result of an 
Art Brass release, either as a direct release of arsenic, or as mobilization due to changes in redox or 
pH caused by Art Brass releases. Arsenic may instead be elevated due to trace arsenic levels 
naturally occurring soil or fill debris near MW-9. 

Arsenic behavior in soil depends on redox, pH, and soil and groundwater chemistry. Dissolved 
arsenic concentrations in the subsurface can generally be controlled by either sulfide minerals, 
hydrous-ferric-oxide (HFO) mineral systems, or become mobile, depending on pH, redox, and 
groundwater composition. Changes in these conditions can happen on a small scale. Where present, 
sulfide and HFO minerals tend to sequester dissolved arsenic. Groundwater conditions conducive to 
HFO precipitation would likely immobilize dissolved arsenic with iron. Reducing conditions, in the 
presence of sulfur and iron or other metals would immobilize arsenic along with metal-sulfides.  

Arsenic impacts are limited to MW-9 vicinity 
In SU1, MW-9 is the only well out of 25 sampled locations and 85 total arsenic measurements 
where concentrations are above 4.6 micrograms per liter (µg/L). All other arsenic measurements in 
SU1 are below the MTCA Method A background concentration for arsenic of 5 μg/L. Arsenic 
concentrations at well MW-9 have ranged between 27 to 56 µg/L.  
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ABP source area wells and wells near MW-9 do not show anomalous concentrations of arsenic. 
ABP source area wells (MW-1 through MW-5) have arsenic concentrations between 0.2 and 2 µg/L 
Well MW-13, located 60 feet north of well MW-9, has arsenic concentrations between 0.1 and 2.6 
µg/L. Well MW-8, which is 80 ft south of well MW-9, has arsenic concentrations between 0.5 and 
1.1 µg/L.  

Arsenic in MW-9 does not appear to be due to impacts from a plating metals release  
The range of pH and ORP in MW-9 suggests arsenic in MW-9 is not part of a larger plume of 
arsenic, nor is it a direct result of changes to redox or pH conditions in the subsurface due to ABP 
releases. The pH and ORP at MW-9 are generally consistent with conditions in the SU1 vicinity, as 
illustrated in Figure 3. The pH at MW-9 ranges from 5.8 to 6.9, generally within the wider range of 
Water Table Interval groundwater, but slightly more neutral (closer to 7). By comparison, the ABP 
wells near the source area have more acidic pHs (wells shown with pH below 4.5; MW-1 through 
MW-5, PMW-1).   

Measured ORP conditions in MW-9 range from -458 millivolts (mV) to +13.1 mV. Dissolved 
oxygen (DO) ranges from 0.13 milligrams per liter (mg/L) to 1.54 mg/L and is typically below 0.5 
mg/L. While MW-9 is on the lower end of redox conditions found within the Water Table Interval, 
it is generally consistent with the other near-neutral pH wells. In comparison, the Shallow and 
Intermediate Interval wells show relatively more alkaline and more reducing conditions, and 
slightly elevated arsenic relative to the Water Table Interval.  

The slightly elevated pH in MW-9 may indicate that there is an anomalous mineral-groundwater 
interaction occurring in the vicinity of that well, such as dissolution of some alkaline material (e.g. 
arsenic-containing fly-ash cement debris). The alkalinity in MW-9 is generally low (65 to 82 
mg/L), but elevated relative to the adjacent well MW-8 (in which alkalinity ranges from 7.7 to 68.5 
mg/L).  

Given the limited extent of arsenic impacts, it is not likely that arsenic was released or mobilized by 
ABP source area conditions. If we were to assume arsenic was mobilized in the subsurface due to 
conditions related to ABP releases, then we would expect to see more arsenic more centrally 
located within the plume of low pH impacts. 

Arsenic mobility in MW-9 vicinity is controlled by iron oxide (HFO) minerals 
Under mildly reducing, mildly acidic groundwater conditions, such as those found in well MW-9 
and throughout much of SU1 Water Table Interval, arsenic is predicted to attenuate by mineral 
sorption and precipitation. The net mobility of arsenic should be limited by arsenic’s tendencies to 
sorb and precipitate in the presence of iron mineral surfaces and dissolved oxygen. Arsenic removal 
from groundwater occurs via a primarily sorption reaction to HFO (e.g. Fe(OH)3), followed by a 
secondary conversion of HFO-sorbed arsenic to an insoluble ferric arsenate precipitate 
(FeAsO4*2H2O). This is the same two-step sorption-precipitation reaction sequence that occurs in 
iron-based arsenic filtration systems. 

Geochemical modeling results indicate that iron is able to precipitate in the downgradient vicinity 
of MW-9 and that arsenic-iron-oxide minerals are stable under the Eh-pH groundwater conditions 
there. PhreeqC speciation of MW-9 data indicates that HFO minerals (including Fe3(OH)8, 
ferrihydrite, and goethite), each with the capacity to sorb arsenic, are thermodynamically stable in 
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MW-9 vicinity. Arsenic at MW-9 appears to be stable (at equilibrium) as a hydrous iron-arsenic-
oxide (FeAsO4*2H2O, ferric arsenate) mineral phase. Taken together, these data indicate that HFO 
mineral formation is likely downgradient from MW-9. The mineral surfaces tend to sorb arsenic, 
and reprecipitate the arsenic as ferric arsenate. 

An arsenic phase stability (Eh-pH) diagram for MW-9 is provided on Figure 4. The speciation 
figure is derived from arsenic, iron, redox, pH, temperature, alkalinity, and sulfate data from MW-9 
in 2013 and 2014. The ferric arsenate stability field (solid phase arsenate) is generally under 
oxidizing to mildly reducing conditions in the pH range of 5-7 commonly seen in the Water Table 
Interval. Stability of the solid phase increases in more reducing groundwater conditions and 
increasing pHs. Model Eh, pH, saturation indices, and geochemical trends show that arsenic in the 
Water Table Interval is stable and controlled by the iron mineral systems.  

There is abundant iron in the MW-9 vicinity to control arsenic mobility. There is approximately 
600:1 mass ratio of iron to arsenic in solution at MW-9. Accounting for the difference in molecular 
weight between arsenic and iron results in an approximately 500:1 molar ratio of iron to arsenic. 
For comparison, in arsenic treatment studies, iron to arsenic ratios as low as 30:1 are ample for 
arsenic removal from groundwater. 

Given the 500:1 molar ratio of iron to arsenic in MW-9, downgradient attenuation of both arsenic 
and iron, the modelled stability of iron-arsenic precipitates and HFO minerals, our analysis is that 
iron is able to control the mobility of arsenic in the vicinity of MW-9 via ferric-arsenate 
precipitation reactions.  

Groundwater data from MW-9 illustrate this relationship between arsenic and iron. Arsenic and 
iron concentration in MW-9 have decreased from 2010 to 2014. In 2010 arsenic ranged from 52.4 
to 56.3 µg/L and iron ranged from 26 to 35.7 mg/L. In 2013, both arsenic (27.1 and 30.7 µg/L) and 
iron (16.3 mg/L) concentrations were about half as high, showing a proportional decrease.  

Conclusions for Arsenic Analyses 
Based on the evaluation described above we draw the following conclusions: 

 Arsenic concentrations in groundwater above MTCA Method A background (5 μg/L) are 
localized to a small area in the vicinity of well MW-9.  

 Arsenic was not released or mobilized by ABP source area conditions. 

 Iron is able to control the mobility of arsenic in the vicinity of MW-9 via ferric-arsenate 
precipitation reactions.  
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Table 1
Fate and Transport Summary Memo for SU1

Page 1 of 1

Model Parameter Units Data Source Water Table Shallow Intermediate
Source Area Dimensions

ABP Facility Source Area Width ft Aspect, 2014 200 --- ---
ABP Downgradient Source Area Width ft Aspect, 2012 --- 200 200
Source Area Thickness ft -- 15 20 20

Art Brass Plating Source Area Concentrations - MW-3/PMW-1 (Facility) Source Area
PCE ug/L Aspect, 2014 0 0 ---
TCE ug/L Aspect, 2014 230 0.41 ---
cis-1,2 DCE ug/L Aspect, 2014 270 1.4 ---
VC ug/L Aspect, 2014 0 3.7 ---

Art Brass Plating Source Area Concentrations - MW-17/MW-25 (Downgradient) Source Area
PCE ug/L Aspect, 2014 --- 0 0
TCE ug/L Aspect, 2014 --- 1100 3900
cis-1,2 DCE ug/L Aspect, 2014 --- 130 17
VC ug/L Aspect, 2014 --- 0 0

Hydraulic Gradient (G)
Mean ft/ft PGG, 2012 0.0012 0.0011 0.0014

Hydraulic Conductivity (K) cm/sec Aquifer Slug Tests 2 1.7E-02 1.0E-02 2.8E-03
Effective Porosity (n) -- Nominal Value 0.25 0.25 0.25
Seepage Velocity (v) ft/year Calculated as: v = (K*G)/n 83 45 16
Anisotropy Factor -- n/a n/a n/a
Dispersivity

Longitudinal (α x) -- Xu - Eckstein 3 31.152 31.152 31.152
Transverse (α y) -- (α x) * 0.1 3.1152 3.1152 3.1152
Vertical (α z) -- No Vertical Dispersion 1E-99 1E-99 1E-99

Soil Bulk Density kg/L MTCA Common Assumption 1.51 1.51 1.51
Soil Fraction Organic Carbon (foc) % Soil Measurements 0.2 0.2 0.2
Koc

Tetrachloroethene L/kg MTCA CLARC Tables 265 265 265
Trichloroethene L/kg MTCA CLARC Tables 94 94 94
cis-1,2 Dichloroethene L/kg MTCA CLARC Tables 35.5 35.5 35.5
Vinyl Chloride L/kg MTCA CLARC Tables 18.6 18.6 18.6
1,4 Dioxane L/kg Literature Value 2 3.5 3.5 3.5

Retardation Factor (R) 1

PCE -- Calculated 4.2 4.2 4.2
TCE -- Calculated 2.1 2.1 2.1
cis-1,2 DCE -- Calculated 1.4 1.4 1.4
VC -- Calculated 1.2 1.2 1.2
Average Value 2.2 2.2 2.2

Biodegradation Rates (as half-lives)
PCE years Newell (2000) 25th Percentile 1.2 1.2 1.2
TCE years Newell (2000) 25th Percentile 1.8 1.8 1.8
cis-1,2 DCE years Newell (2000) 25th Percentile 1.6 1.6 1.6
VC years Newell (2000) 25th Percentile 1.7 1.7 1.7

Notes:
1 R = 1 + (p/n) * Kd

Kd = foc * Koc
p = dry bulk density
n = porosity

2 See Remedial Investigations for discussion of hydraulic conductivity values (PGG, 2012; Aspect, 2012, Farallon, 2012). 
3 Xu, M. and Y. Eckstein, 1995, Use of Weighted Least-Squares Method in Evaluation of the Relationship Between Dispersivity and Scale. J. 
Ground Water, 33(6): 905-908.
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Table 2
Fate and Transport Summary Memo for SU1

Page 1 of 1

Observed concentrations at downgradient monitoring wells  in µg/L

Constituent
MW-17-40/MW-25-50

Source Area MW-24-30 MW-22-30
PCE 0 0 0
TCE 3900 150 21
DCE 130 150 790
VC 0 20 31
Distance from
Source Area in Feet 0 850 1100

"Base Case" Model results for 15 year simulation, concentrations in µg/L

Constituent
MW-17-40/MW-25-50

Source Area MW-24-30 MW-22-30
PCE 0 0 0
TCE 3900 0.03 0
DCE 130 0.05 0
VC 0 0.05 0
Distance from
Source Area in Feet 0 850 1100

"Revised Base Case" Model results for 15 year simulation, concentrations in µg/L

Constituent
MW-17-40/MW-25-50

Source Area MW-24-30 MW-22-30
PCE 0 0 0
TCE 3900 61 3.7
DCE 130 98 5.8
VC 0 35 5.1
Distance from
Source Area in Feet 0 850 1100



Table 3 - Preliminary Remediation Levels Protective of Surface Water
West of 4th Site
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Table 3
Fate and Transport Summary Memo for SU1

Page 1 of 1

Facility Source Area

Constituent
Source Area 

Concentration

Modeled Concentration 
at Waterway, Without 

Remediation1
Preliminary Source Area 

Remediation Level2
Resultant Concentration 

at the Waterway

Preliminary Groundwater 
Cleanup Level Protective 

of Surface Water
PCE ND 0 NC 0 3.3
TCE 230 0 2,070 0.2 18
DCE 270 0.1 2,430 0.7 NR
VC ND 0.3 NC 2.4 2.4

Downgradient Source Area

Constituent
Source Area 

Concentration

Modeled Concentration 
at Waterway, Without 

Remediation1
Preliminary Source Area 

Remediation Level
Resultant Concentration 

at the Waterway

Preliminary Groundwater 
Cleanup Level Protective 

of Surface Water
PCE ND 0 NC 0.0 3.3
TCE 3900 31 78 0.6 18
DCE 130 74 2.6 1.5 NR
VC ND 115 NC 2.3 2.4

Notes:
Models were run for a simulated time of 500 years to achieve steady state conditions.
All concentrations are in µg/L.
NR - Not researched, no regulatory standards or toxicity information are available to establish a cleanup level for the indicated constituent
ND - Not detected
NC - Not calculated due to assumed uniform reduction of source area concentrations. 
1 The Base Case and Revised Base Case model parameters were used for the Facility and Downgradient Source Areas, respectively. 

2 Existing chlorinated volatile organic compound concentrations at the Facility source area are not predicted to result in exceedances of surface 
water-based cleanup levels at the Duwamish Waterway.



Table 4 - Sensitivity Analysis of Remediation Levels
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Table 4
Fate and Transport Summary Memo for SU1

Page 1 of 1

Facility Source Area
Model Sensitivity Run and Estimated Remediation Level

Constituent Base Case Model Velocity x 2 Velocity x 0.5
Biodegradation Half-

Lives x 0.5
Biodegradation Half-

Lives x 2
PCE 0 0 0 0 0
TCE 230 66 1,782,500 1,782,500 66
DCE 270 77 2,092,500 2,092,500 77
VC 0 0 0 0 0

Downgradient Source Area
Model Sensitivity Run and Estimated Remediation Level

Constituent Revised Base Case Model Velocity x 2 Velocity x 0.5
Biodegradation Half-

Lives x 0.5
Biodegradation Half-

Lives x 2
PCE 0 0 0 0 0
TCE 78 28 1500 1500 28
DCE 2.6 1 50 50 1
VC 0 0 0 0 0

Notes:
Models were run for a simulated time of 500 years to achieve steady state conditions.
All concentrations are in µg/L.
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Plating Operations 
As detailed in the Remedial Investigation Report for Art Brass Plating, plating operations 
started at the facility in 1983. From 1983 until 1999, plating baths were located at the 
southwest corner of the existing building (Figure 1). During this period, plating baths 
were located on concrete floors without secondary containment (Merryfield, 2015).  

In 1999, the old plating area was closed and new plating lines were installed in the room 
east of the old plating area. This central plating area remains in operation today. The 
central plating area is contained in a bermed area. The floor of the bermed area is one 
foot thick concrete with an epoxy coating, then a 1/8-inch polyvinyl liner. A sump 
collects any fluids that accumulate in the area. Additional plating lines have been 
installed east and west of the central plating line. These newer lines are also contained in 
bermed areas with polyvinyl liners with epoxy coated concrete flooring beneath. All 
plating baths have overflow alarms. All piping in all three plating areas is above ground. 
Waste waters are piped above ground to the water treatment area in the southwest corner 
of the facility. Following on-site treatment, aqueous wastes are discharged to King 
County sanitary sewer under a King County Industrial Waste Permit (Permit number 
7722-05). A flow-portioned sample is collected every 24 hours and samples are collected 
weekly for metals analysis, per the permit. (Merryfield, 2015) 

Mike Merryfield is the current owner of Art Brass Plating and he has worked on site 
since this transition to the new containment procedures implemented in 1999. Spills and 
leaks to the subsurface from the plating operations or subsurface utilities is very unlikely 
based on the current configuration of the plating lines and above ground aqueous waste 
transfer to the water treatment system.  

Plating Solutions 
Plating solutions have remained unchanged since 1983. Since 1983, metal plating has 
included nickel, chrome, brass (an alloy of copper and zinc), copper, and gold. The most 
common plating solutions and their composition include (Merryfield, 2015): 

 Nickel: nickel sulfate, nickel chloride, boric acid; 

 Copper: copper sulfate, hydrochloric acid; 

 Chrome: Chromic acid and sulfuric acid; 

 Brass: sodium cyanide, copper cyanide, zinc cyanide; and 

 Gold: Potassium gold cyanide and nickel metal. 

Subsurface Utilities 
The locations of subsurface utilities are illustrated in Figure 1. Connections to the 
sanitary sewer in Findlay Street from Art Brass Plating have been examined via a 2012 
sewer camera survey, Seattle side sewer cards available online, and GIS data from King 
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County. Based on the camera survey and side sewer card information, three active sewer 
connections exist from the Facility to the combined sewer line in Findlay Street. From 
east to west, connection one services the bathrooms and lunch area at the east end of the 
Facility. Connection two services the stormwater collection lines in the central portion of 
the site. Connection three is at the west end of the Facility. This is where treated water 
discharges (King County Industrial Waste Permit 7722-05) as well as the bathrooms and 
showers located at the west end of the Facility.   

The side sewer cards and county GIS data illustrate two other sewer lines beneath the 
facility. These lines appeared inactive (dry with cobwebs) during the 2012 camera 
survey. A side sewer card of the block indicates that these two lines were from the older 
residences that were on the property before the Art Brass building. 

 

Attachments 
Figure A-1 – Subsurface Utilities with Sewer Camera Survey Observations 
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M E M O R A N D U M 
To: Dana Cannon, Aspect Consulting  Date: June 19, 2015 

From: Dimitri Vlassopoulos, Masa Kanematsu, PhD Project: 140204-01.01 
Cc:    
Re: Site Unit 1 Geochemical Fate and Transport Evaluation 

 
This memorandum presents the results of geochemical evaluations performed as part of the 
Revised Remedial Investigation Data Gaps and Supplemental Work Plan for Site Unit 1 (SU1) 
for the Art Brass Plating (ABP) Site (Aspect Consulting 2014). The purpose of this report is 
(1) to document lines of evidence for the fate and transport of metals in groundwater that 
were introduced or mobilized as a result of past release(s) of acidic metals plating solutions at 
the ABP facility and created a groundwater plume, and (2) to evaluate the extent to which 
naturally occurring aquifer processes can be relied on to attenuate metals concentrations and 
pH in groundwater downgradient of the ABP facility prior to its discharge to the Duwamish 
Waterway.  
 
The report is organized in the following sections: description of the data collected in support 
of the geochemical evaluations, discussion of the nature and extent of redox metals in 
groundwater (specifically iron and manganese), assessment of the acid-neutralizing capacity 
of the aquifer, documentation of natural attenuation mechanisms for plating metals 
(cadmium, copper, nickel, and zinc), and evaluation of the stability of the attenuation 
processes based on reactive transport modeling simulations. 
 

DATA COLLECTED IN SUPPORT OF THIS STUDY 

As part of this investigation, three soil borings were advanced in September 2014 along a 
transect beginning near the former ABP facility along the principal groundwater flow 
direction downgradient (SPO-53, SPO-54, and SPO-55, respectively). Cores were retrieved 
and characterized for metals concentrations, sulfide and pH.  Selected samples from these 
cores were also analyzed for bulk mineralogy by powder X-ray diffraction, selective 
sequential extraction, and acid-base accounting. The results of the soil analyses are presented 
in Tables 1 through 4, respectively.  
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Table 1.  Soil Chemistry Data 

Location 
Depth 

Interval 
(ft) 

Cadmium Copper  Iron Manganese Nickel Zinc Sulfide 
Total Sulfur 

(Acid 
Insoluble) 

Soil 
pH 

SPO-53 0-3 0.3 21.8 17,100 243 20 59 1.22 U 16,900 4.36 
3-6 0.2 21.5 12,200 96.3 55 23 1.19 U 100 4.54 
6-9 0.2 U 74.1 11,900 102 684 34 1.26 U 300 4.98 

9-12 0.2 U 21.9 12,100 102 440 34 1.26 U 1,400 4.64 
12-15 0.2 U 8.4 9,980 72 32 19 2.1 100 4.00 
15-18 0.2 U 5.6 8,560 65.6 16 15 1.2 U 400 4.03 
18-21 0.2 U 8.7 9,910 79.8 6 19 1.24 U 100 5.73 
21-24 0.2 U 8.2 10,700 81 6 19 1.52 100 5.01 
24-27 0.2 U 6.8 10,500 74.1 5 16 1.26 U 100 4.26 
27-30 0.2 U 7 8,540 67.5 5 15 1.3 U 100 4.99 

SPO-54 0-3 0.5 25.2 18,600 174 13 148 1.07 U 400 5.14 
3-6 0.2 U 15.4 12,800 90.1 8 28 1.2 U 200 5.15 
6-9 0.2 U 15 10,900 81 9 25 3.48 900 4.55 

9-12 0.2 U 13.2 14,600 131 25 30 2.74 300 4.19 
12-15 0.2 U 7 9,180 77 182 19 2.53 200 4.21 
15-18 0.2 U 10.9 12,700 103 585 21 1.23 U 900 4.22 
18-21 0.2 U 8.1 10,100 88.5 206 18 2.84 400 4.21 
21-24 0.2 U 12.5 11,300 94.2 82 19 1.3 U 1,200 4.25 
24-27 0.2 U 7.2 8,940 75.4 32 16 1.26 U 600 4.15 
27-30 0.2 U 17.8 10,900 82.7 19 18 2.12 1,600 4.54 

SPO-55 0-3 0.4 21 15,200 295 40 74 1.11 U 1,100 4.29 
3-6 0.2 U 17.1 15,000 132 12 27 1.2 U 200 5.02 
6-9 0.2 U 13.4 11,100 92.4 7 21 1.24 U 300 5.10 

9-12 0.2 U 14.5 10,400 78.7 10 25 2.6 800 4.95 
12-15 0.2 U 11.5 10,200 78.7 8 22 1.22 U 400 5.07 
15-18 0.2 U 11.1 10,900 85.9 8 23 1.61 200 5.16 
18-21 0.2 U 10.5 10,700 81.5 8 20 1.81 500 4.16 
21-24 0.2 U 9.6 10,500 87.1 6 20 2.33 300 4.29 
24-27 0.2 U 7.5 10,300 88.2 7 19 1.46 200 4.73 
27-30 0.2 U 7.1 9,710 83 6 18 1.27 U 300 4.26 
30-33 0.2 U 7.4 9,960 88 7 18 1.22 U 100 4.23 
33-36 0.2 U 8.3 9,230 74.4 6 17 1.76 200 4.13 
36-39 0.2 U 7.3 8,610 68.6 5 16 1.24 U 200 4.24 

Notes: 
Concentrations are in mg/kg 
U =  analyte was not detected above the MDL. Reported value is MDL 
 

Table 2.  Minerals Identified by X-ray Diffraction 

Mineral Formula SP053 
06-09 

SP053 
09-12 

SP054 
15-18 

SP054 
21-24 

SP055 
15-18 

SP055 
27-30 

Albite NaAlSi3O8 X X X X X  
Anorthoclase (Na,K)AlSi3O8 X      
Diopside CaMgSi2O6  X     
Labradorite (Ca,Na)(Al,Si)4O8 X     X 
Quartz SiO2 X X X  X X 
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Table 3.  Selective Sequential Extraction Results (mg/kg) 

Metal Fraction SP053  
06-09 

SP053  
09-12 

SP054  
15-18 

SP054  
15-18 (D) 

SP054  
21-24 

SP055  
15-18 

SP055  
27-30 

Ca
dm

iu
m

 

Exchangeable 2 U 2 U 2 U 2 U 2 U 2 U 2 U 

Weak Acid Soluble 0.4 J 0.4 J 0.4 J 0.4 J 0.5 J 0.5 J 0.4 J 

Reducible 0.2 U 0.2 U 0.2 U 0.2 U 0.2 U 0.2 U 0.2 U 

Oxidizable 0.2 U 0.2 U 0.2 U 0.2 U 0.2 U 0.2 U 0.2 U 

Residual 0.2 U 0.2 U 0.2 U 0.2 U 0.2 U 0.2 U 0.2 U 

Co
pp

er
 

Exchangeable 2 U 2 U 2 U 2 U 2 U 2 U 2 U 

Weak Acid Soluble 7.9   4.4   1.3   1.3   2.2   1.6   1.5   

Reducible 17.3   8.3   2.9 B 3.1 B 4.7 B 4.2 B 3.0 B 

Oxidizable 15   3.9 B 1.5 B 1.7 B 3.0 B 1.8 B 1.6 B 

Residual 25   7.4 B 3.5 B 3.7 B 3.3 B 3.9 B 3.6 B 

Iro
n 

Exchangeable 44 U 44 U 79   44 U 46 U 45 U 45 U 

Weak Acid Soluble 65   126   196   215   451   324   255   

Reducible 2,690   1,950   1,250   1,290   1,800   1,390   1,280    

Oxidizable 1,080   2,170   1,170   1,280   1,800   842   828    

Residual 8,780   9,690   8,360   8,750   7,410   8,580   8,550    

M
an

ga
ne

se
 Exchangeable 1 U 4 B 5 B 4 B 10 B 2 B 1 U 

Weak Acid Soluble 15.9 B 15.4 B 11.5 B 12.8 B 15.3 B 11.3 B 11.1 B 

Reducible 26.7   17.2 B 10.4 B 10.6 B 23.4   11.6 B 11.1 B 

Oxidizable 7.9 B 8.5 B 9.0 B 8.7 B 11.4 B 7.0 B 7.7 B 

Residual 62   83   71   77   61   70   71   

N
ic

ke
l 

Exchangeable 80   87   120   89   20   9 U 9 U 

Weak Acid Soluble 241   192   110   125   57   1   1   

Reducible 107   85   60   58   44   1   1   

Oxidizable 124   58   37   35   28   3   2   

Residual 157   53   18   20   8   4   4   

Zi
nc

 

Exchangeable 9 U 9 U 9 U 9 U 9 U 9 U 9 U 

Weak Acid Soluble 3   2   2   2   2   2   2   

Reducible 11   9   5   6   6   7   5   

Oxidizable 16   7   4   4   5   4   4   

Residual 19   16   14   15   12   14   14   
Notes: 
U =  analyte was not detected above the MDL 
B =  analyte was detected in procedural blank; sample result is less than 10 times greater than the reported blank value 
J =  estimated value due to matrix interference 
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Table 4.  Acid-Base Accounting 

Parameter Units SP053 
06-09 

SP053 
09-12 

SP054 
15-18 

SP054 
15-18 

(D) 

SP054 
21-24 

SP055 
15-18 

SP055 
27-30 

Total Carbon [TC] % wt 0.165 0.652 0.636 0.332 0.189 0.161 0.075 
Total Organic 
Carbon [TOC] % wt 0.260 0.485 0.495 0.287 0.141 0.135 0.067 

Total Inorganic 
Carbon [TIC]1 % wt 0 0.167 0.141 0.045 0.048 0.026 0.008 

Total Acid Insoluble 
Sulfur2 % wt 0.03 0.14 0.09 0.09 0.12 0.02 0.03 

Neutralization 
Potential [NP]3 

g CaCO3 
equivalent/  

kg soil 
0.0 13.9 11.7 3.7 4.0 2.2 0.7 

millimoles 
CaCO3 

equivalent/ 
kg soil 

0.0 139 117 37 40 22 7 

Acid Production 
Potential [APP]4 

g pyrite 
equivalent/ 

kg soil 
0.6 2.6 1.7 1.7 2.2 0.4 0.6 

millimoles 
pyrite 

equivalent/ 
kg soil 

5 22 14 14 19 3 5 

Net Neutralization 
Potential [NNP]5 

millimoles/kg 
soil -5 117 103 23 21 19 2 

Table Notes: 
1: by difference [TIC = TC – TOC] 
2: assumed to be equal to pyrite sulfur [PS] 
3: NP = TIC x 83.3 [g CaCO3/kg] = TIC x 833 [millimoles/kg] 
4: APP = PS x 18.7 [g pyrite/kg] = PS x 156 [millimoles/kg] 
5: NNP = NP - APP 

 
 
In addition, during the September 2014 monitoring event, selected monitoring wells were 
sampled for an extended suite of analytes to support the geochemical evaluations discussed 
herein. Geochemical speciation-solubility modeling was performed using the geochemical 
modeling code PHREEQC to evaluate saturation states of selected minerals in groundwater 
and identify potential solubility controls on metals concentrations. The mineral saturation 
state results are summarized in Table 5. 
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Table 5  Mineral Saturation States 

Aquifer Interval Water Table Shallow 

Distance from  
Source Area (ft) 

-180 -100 0 40 140 2,000 -180 40 140 460 2,200 

Mineral Phase 
M

W
-6

  

M
W

-1
2 

M
W

-1
 

M
W

-3
 

M
W

-8
 

M
W

-2
4 

M
W

-6
-3

0 

M
W

-3
-3

0 

M
W

-8
-3

0 

M
W

-1
6-

40
 

M
W

-2
2-

30
 

Ferrihydrite [Fe(OH)3] -- 0.27 -1.83 -- 0.70 0.91 0.81 1.35 0.87 0.11 -0.02 

Goethite [FeOOH] -- 5.86 3.81 -- 6.32 6.68 6.37 6.95 6.43 5.64 5.58 

Mackinawite [FeS] -- -- -- -- -- 1.52 -- -- -- -- 1.21 

Siderite [FeCO3] -- -0.57 -- -- -0.72 0.81 0.60 1.02 0.27 -0.04 0.16 

Rhodochrosite [MnCO3] -2.56 -1.55 -- -- -1.56 -0.32 -0.75 0.02 -0.84 -1.57 -0.62 

Calcite [CaCO3] -1.21 -2.13 -- -- -2.47 -0.42 -1.50 -0.94 -1.86 -2.14 -0.64 

Gibbsite [Al(OH)3] -- -- -1.88 0.47 -- -- -- -- -- -- -- 

Ni(OH)2 -4.94 -5.32 -6.00 -4.90 -2.17 -5.66 -5.19 -5.15 -2.33 -5.30 -5.32 

NiCO3 -7.75 -7.88 -- -- -5.49 -7.65 -8.15 -7.94 -5.47 -8.70 -7.88 

Millerite [NiS] -- -- -- -- -- 0.58 -- -- -- -- 0.82 

α-NiS -- -- -- -- -- 2.19 -- -- -- -- 2.40 

Heazlewoodite [Ni3S2] -- -- -- -- -- -14.6 -- -- -- -- -13.6 

Vaesite [NiS2] -- -- -- -- -- 5.78 -- -- -- -- 6.74 

Table notes: 
Calculated using PHREEQC 
Distances are from MW-1 projected along transect in Figure 1. 
-- = not calculated because one or more constituent ion concentration was below detection limits 
Positive values (bold) indicate supersaturation; mineral precipitation from groundwater is thermodynamically favorable 
Negative values indicate undersaturation; mineral cannot precipitate but could be dissolved by groundwater if present  
Values close to 0 (±0.1, in bold italic) indicate groundwater is at equilibrium with mineral 
 
 
NATURE AND EXTENT OF REDOX METALS (IRON AND MANGANESE) 
Iron and manganese behave similarly in groundwater systems. Iron and manganese are 
soluble under naturally occurring, mildly to moderately reducing conditions. Iron and 
manganese concentrations are controlled by formation of oxyhydroxides (e.g. ferrihydrite 
[Fe(OH)3], pyrolusite [MnO2]) in aerobic groundwater (dissolved oxygen [DO] > 
approximately 1 mg/L), and by formation of sulfide minerals (e.g. mackinawite [FeS], pyrite 
[FeS2]) and/or carbonate minerals (e.g. siderite [FeCO3], rhodochrosite [MnCO3]) under 
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reducing conditions. Elevated iron and manganese is commonly associated with dissolution 
of sulfide minerals via oxidation reactions or dissolution of oxyhydroxides via acid hydrolysis 
or reduction reactions. However, under reducing conditions, dissolved iron is not typically 
detected when sulfide is present, and vice versa, due to the low solubility of iron sulfide 
minerals.  
 
Elevated concentrations of iron and manganese in SU1 groundwater are hypothesized to be 
due to the naturally occurring, mildly to moderately reducing subsurface conditions and an 
iron- and manganese-rich aquifer matrix, and not a direct result of releases from the ABP 
facility. This hypothesis was tested by reviewing existing geochemical conditions in SU1 
groundwater, evaluating the observed distributions of iron and manganese in groundwater in 
context of site conditions, and geochemical modeling to identify potential mineral controls 
on dissolved concentrations. 
 

Groundwater Geochemical Conditions  

Figure 1 shows the distribution of groundwater pH in the water table (4 to 15 feet below 
ground surface [bgs]), shallow (20 to 40 feet bgs), and intermediate (40 to 75 feet bgs) aquifer 
intervals as a function of distance downgradient from monitoring well MW-1, a well near 
the probable location of the past release of acidic plating solution at the ABP facility. The 
transect parallels the predominant groundwater flow direction from left to right (NE-SW) 
and the Duwamish Waterway is located approximately 2400 feet downgradient of MW-1.   
 
Groundwater pH is circumneutral (6 to 8) across SU1 at all depths except for the water table 
interval in the vicinity of MW-1 where acidic pH values as low as 4 are observed, consistent 
with this being near the source area where plating solution releases occurred. The water 
table interval groundwater pH increases to background values within approximately 200 feet 
downgradient of the source area. 
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Figure 1.  Downgradient trend in pH of SU1 groundwater 

 
Figure 2 displays the distribution of oxidation-reduction potential (ORP) in SU1 
groundwater.  Mildly to moderately reducing conditions in the shallow and intermediate 
aquifer intervals are indicated by negative ORP values (0 to -200 mV). Redox conditions in 
the water table interval are generally more oxidizing (0 to +200 mV).  In the source area near 
MW-1, ORP is anomalously high (up to +500 mV) indicating oxidizing conditions. 
 

 
Figure 2.  Downgradient trend in oxidation-reduction potential (ORP) of SU1 groundwater 
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Figure 3 shows the distribution of DO in groundwater along the transect. Consistent with 
the ORP data, the very low DO concentrations (<0.2 mg/L) confirm the prevalence of 
anaerobic groundwater conditions across SU1 except in the vicinity of the source area where 
an air sparging system is operating for VOC removal which results in locally oxygenated 
conditions. This also explains the high positive ORP readings in this area. 
  

 
Figure 3.  Downgradient trend in dissolved oxygen concentrations in SU1 groundwater 

 
Figure 4 presents available groundwater sulfide data along the transect. Sulfide 
concentrations are detected at the far downgradient end of the transect, confirming the 
occurrence of sulfate reduction in the aquifer. As noted earlier in this section, under sulfate-
reducing conditions, sulfide concentration may be very low or even below detection limits 
when dissolved iron is present, due to the low solubility of iron sulfide minerals. Therefore 
the absence of detectable sulfide in groundwater is not a reliable indicator of the absence of 
sulfate reduction (and sulfide mineral precipitation).  
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Figure 4.  Downgradient trend in sulfide concentrations in SU1 groundwater. Non-detect 

samples are plotted as open symbols at the detection limit. 

 

Iron 

Iron is detected in groundwater across SU1, at concentrations ranging from non-detect to 
more than 50 mg/L (Figure 5). The fact that elevated iron concentrations are detected in 
wells upgradient of the source area is compelling evidence that iron is naturally occurring 
and the elevated iron concentrations observed in SU1 groundwater are not directly related to 
releases of acidic plating solutions. Furthermore, in the vicinity of the source area, iron 
concentrations in the water table interval are below detection limits, due to the aerobic 
conditions created by the air sparging system which promotes iron oxidation and 
precipitation as iron oxyhydroxides. 
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Figure 5.  Downgradient trend in dissolved iron concentrations in SU1 groundwater. Non-

detect samples are plotted as open symbols at the detection limit. 

 
An Eh-pH diagram for iron is presented in Figure 6. The diagram was constructed for 
chemical conditions similar to SU1 and depicts the stability regions of some iron 
oxyhydroxide, carbonate and sulfide minerals commonly occurring in soils and groundwater 
systems. Eh (calculated from ORP) and pH data for SU1 monitoring wells are also plotted on 
the diagram. The data indicate that iron concentrations may be controlled by ferrihydrite 
(iron hydroxide) and siderite (iron carbonate) equilibria in upgradient areas, switch to 
ferrihydrite alone in the source area where conditions are more acidic and oxidizing, and 
gradually shift back to ferrihydrite and siderite downgradient as pH is attenuated.  These 
trends are also supported by the mineral saturation modeling results presented in Table 5, 
where most of the water table and shallow aquifer wells sampled are close to saturation or 
slightly supersaturated with respect to ferrihydrite.  All of the shallow aquifer wells sampled 
are also close to saturation with siderite.  The highest iron concentrations occur in shallow 
groundwater wells with pH greater than 6.  The fact that the Eh-pH data follow the 
equilibrium boundary between ferrihydrite and dissolved Fe++ suggests that iron 
concentrations in groundwater respond to changes in Eh-pH conditions in the aquifer that 
affect mineral solubility and are not the direct result of plating solution releases.  
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Figure 6.  Eh-pH diagram for iron showing equilibrium stability relations of potential iron 

minerals [red circles are source area wells; blue squares are downgradient wells, and pink 
diamonds are upgradient wells] 

 
Thus the elevated iron concentrations in groundwater can be explained by dissolution of iron 
minerals from the aquifer matrix under reducing conditions. 
 

Manganese 
Manganese is also detected in groundwater across SU1 at concentrations up to 2 mg/L (Figure 
7).  Manganese concentrations approaching 0.4 mg/L are detected in wells upgradient of the 
source area, and provide evidence that manganese is naturally occurring and the elevated 
concentrations observed in SU1 groundwater are not directly related to releases of acidic 
plating solutions.   
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Figure 7.  Downgradient trend in dissolved manganese concentrations in SU1 groundwater 

 
An Eh-pH diagram for manganese is presented in Figure 8. The diagram was constructed for 
chemical conditions similar to SU1 and depicts the stability regions of some manganese 
oxyhydroxide and carbonate minerals commonly occurring in soils and groundwater 
systems. Eh and pH data for SU1 monitoring wells are also plotted on the diagram. The data 
indicate that dissolved manganese concentrations may be controlled by rhodochrosite 
(manganese carbonate) equilibria in areas upgradient and downgradient areas, but 
manganese is soluble within and immediately downgradient of the acidic plume. These 
trends are also partly supported by the mineral saturation modeling results presented in 
Table 5, where some of the water table and shallow aquifer wells downgradient of the source 
area approach saturation with respect to rhodochrosite.  The data points that plot within the 
stability field of dissolved Mn++ in Figure 8 (conditions where manganese is soluble) are wells 
within the acidic plume; however, the highest manganese concentrations occur outside the 
acidic plume in groundwater with pH greater than 6.  If manganese were introduced into 
groundwater as a constituent of the plating solution, then wells within the acidic plume 
would be expected to have the highest manganese concentrations. This is strong evidence 
that manganese concentrations in groundwater, like iron, respond to changes in Eh-pH 
conditions in the aquifer and are not the direct result of plating solution releases.  
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Figure 8. Eh-pH diagram for manganese showing equilibrium stability relations of potential 

manganese minerals [red circles are source area wells; blue squares are downgradient wells, 
and pink diamonds are upgradient wells] 

 
The source of elevated manganese concentrations appears to be dissolution of manganese 
minerals from the aquifer matrix under mildly reducing conditions characteristic of SU1 
groundwater, with conditions in the acidic plume favoring manganese in the dissolved phase. 
 
 

METALS ATTENUATION MECHANISMS 
Elevated dissolved nickel concentrations (up to 26,300 µg/L) are detected near the source 
area; however, nickel concentrations are attenuated to less than the groundwater screening 
level (16 µg/L) within approximately 200 feet downgradient of MW-1 (Figure 9).  
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Figure 9.  Downgradient trend in dissolved nickel concentrations in SU1 groundwater 

 
Similar spatial patterns are observed for the other plating metals (cadmium, copper and zinc; 
Figures 10 to 12, respectively). This indicates that plating metals are being attenuated 
naturally within the SU1 aquifer. 
 

 
Figure 10.  Downgradient trend in dissolved cadmium concentrations in SU1 groundwater. 

Non-detect samples are plotted as open symbols at the detection limit. 
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Figure 11.  Downgradient trend in dissolved copper concentrations in SU1 groundwater. Non-

detect samples are plotted as open symbols at the detection limit. 

 

 
Figure 12.  Downgradient trend in dissolved zinc concentrations in SU1 groundwater. Non-

detect samples are plotted as open symbols at the detection limit. 
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Because it is the plating metal detected at highest concentrations relative to screening levels 
in SU1 groundwater, the discussion of metals attenuation mechanisms that follows is focused 
primarily on nickel.  
 
The Eh-pH diagram for nickel (Figure 13) suggests that under site conditions the stable form 
of nickel is in the dissolved phase as aqueous ions such as Ni2+ and NiCO3 depending on pH. 
However, because aquifer geochemical conditions are favorable for the formation of iron 
oxyhydroxides such as ferrihydrite and goethite (Figure 6, Table 5), it is likely that 
adsorption and co-precipitation on these phases plays an important role in the attenuation of 
nickel and other plating metals at the site.  
 

 
Figure 13.  Eh-pH diagram for nickel showing equilibrium stability relations of dissolved (blue 

shaded) and solid (yellow shaded) nickel phases [red circles are source area wells; blue 

squares are downgradient wells, and pink diamonds are upgradient wells] 
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The Eh-pH diagram also shows that the nickel sulfide phase millerite is stable over a wide pH 
range under reducing conditions. However, Eh measurements in SU1 groundwater generally 
appear to reflect equilibrium between the Fe(OH)3 - Fe++ redox couple (Figure 6) partly due 
to the very low concentrations of sulfide (typically below detection limits). Plotting 
groundwater data on Eh-pH diagrams is therefore not a useful approach for evaluating the 
potential for sulfide mineral precipitation under site conditions.  
 
Because both adsorption on iron oxyhydroxides and precipitation of metal sulfide minerals 
are potentially important mechanisms for reducing plating metals mobility at the site, bulk 
chemical, mineralogical (XRD), and sequential extraction analyses of aquifer materials were 
performed to provide more direct lines of evidence for these processes. These results, which 
are summarized in Tables 1 through 3, are discussed in the following sections. 
 
 
Metal Oxide/Hydroxide Precipitation 

Although iron concentrations in the soil samples range from 8,540 to 18,600 mg/kg (0.85 to 
1.86 percent by weight, Table 1), no iron oxide minerals were identified by XRD (Table 2). 
This is not surprising since iron minerals present at these concentrations would not be 
detectable, especially if they occur as poorly crystalline iron oxides such as ferrihydrite. 
However, sequential extraction results provide more direct evidence for the presence of iron 
oxides. The reducible iron fraction, which represents iron that is present in iron oxides, 
ranges from 1,250 to 2,690 mg/kg (0.13 to 0.27 percent by weight, Table 3). This represents 
11 to 21 percent of the total iron these samples. 
 
Nickel concentrations in the sequential extraction samples range from 6 to 684 mg/kg. The 
nickel associated with iron oxides is quantified by two fractions. The exchangeable fraction 
represents nickel that is adsorbed on particle surfaces including iron oxides and clays. The 
reducible fraction represents nickel that is more strongly bound in the iron oxide structure 
and may include nickel incorporated in iron oxides by coprecipitation. Of the total nickel in 
these samples, 11 to 52 percent is associated with iron oxides. Similarly, 27 to 37 percent of 
the total copper (7.1 to 74.1 mg/kg) and 20 to 26 percent of the total zinc (18 to 34 mg/kg) are 
associated with iron oxides. Nickel, copper and zinc concentrations in the reducible fraction 
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show good correlation to reducible iron concentrations (Figure 14), consistent with the 
interpretation that these fractions represent metals associated with iron oxides. 
 
 

 
Figure 14.  Correlation of nickel, copper and cadmium concentrations to iron concentrations 

in the reducible fraction 

 

Metal Sulfide Precipitation 

Soil samples were analyzed of total sulfide and acid insoluble sulfur to determine the 
presence of metal sulfides (Table 1).  Total sulfide was generally low (less than 3.5 mg/kg) 
and many samples were non-detect, whereas total acid insoluble sulfur (by combustion) 
ranged from 100 to 16,900 mg/kg (0.01 to 1.69 percent by weight). Analytical methods for 
total sulfide that rely on acid leaching of the sample to liberate soluble sulfides, such as 
Standard Methods 4500-S2-, may not quantitatively recover all sulfide if insoluble metal 
sulfides are present in the sample. Total acid insoluble sulfur measurements by combustion 



Dana Cannon 
June 19, 2015 

Page 19 

 
  
 

are more representative of actual total sulfide concentrations. These results indicate that 
small quantities of metal sulfides are present in all site soil samples analyzed. 
 
No sulfide minerals were identified by XRD (Table 2). As for iron, this is not surprising 
because sulfide minerals present at abundance levels indicated by acid insoluble sulfur 
concentrations would not be detectable. Sequential extraction results provide more direct 
evidence for the presence of metal sulfides, which are targeted by the oxidizable fraction. 
Oxidizable iron concentrations ranged from 828 to 2,170 mg/kg (0.08 to 0.22 percent by 
weight, Table 3). For the highest sulfur samples with concentrations greater than 0.05 
percent, significant correlations are observed with the oxidizable fraction concentrations of 
iron, nickel, copper, and zinc (Figure 15). The slope of a linear least squares fit of the iron-
sulfur data in Figure 15 is 1.89, which is remarkably close to the iron-to-sulfur mass ratio of 
1.75 for iron monosulfide (i.e. mackinawite or FeS). 
  

 
Figure 15. Correlation of iron, nickel, copper and cadmium concentrations in the oxidizable 
fraction to acid insoluble sulfur concentrations 
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Mineral saturation calculations (Table 5) also confirm that metal sulfides such as 
mackinawite and millerite [NiS] are thermodynamically stable in the water table and shallow 
aquifer downgradient of the source area, giving additional support for the interpretation that 
the oxidizable fraction represents metals associated with sulfide mineral phases..  
 
Of the total iron concentrations in the sequential extraction sample dataset, 8 to 16 percent is 
associated with iron sulfide. Similarly, 11 to 33 percent of the nickel, 16 to 23 percent of the 
total copper, and 15 to 33 percent of the total zinc are associated with metal sulfides. Metal 
sulfide precipitation is therefore of comparable importance as adsorption on iron oxides as a 
natural attenuation mechanism for plating metals. 
 

Aquifer Buffering Capacity 

The data analyses presented in previous sections demonstrate that subsurface processes 
neutralize and buffer acidic groundwater pH, and limit the mobility of dissolved metals at 
SU1. This section evaluates the capacity of minerals in the aquifer matrix to neutralize 
acidity and sustain attenuation of the contaminant mass within the groundwater plume. 
 
Acid-base accounting was performed to evaluate the capacity of SU1 soils to neutralize the 
acidic groundwater plume as it migrates downgradient. The net neutralization potential 
(NNP) represents the quantity of acid that could be neutralized by soil, based on the 
measured carbonate (i.e. total inorganic carbon) concentration corrected for the acid 
production potential (APP) due to sulfides which can produce acidity if they were to be 
oxidized. NNP is expressed in units of millimoles per kilogram of soil (mmol/kg). The results, 
summarized in Table 4, show that the NNP is exhausted in the core of the acidic plume in 
the water table interval (SP053 6-9 ft), but is still present downgradient of the source area 
and deeper in the soil column. NPP ranges from 2 to 117 mmol/kg with an average of 48 
mmol/kg. 
 
 

REACTIVE TRANSPORT MODELING OF METALS ATTENUATION 

A reactive transport model was developed to simulate fate and transport of the acidic metals 
plume and evaluate natural attenuation. The model provides a quantitative technical basis for 
understanding the processes controlling currently observed and likely future groundwater 
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geochemical conditions and ultimately to evaluate the behavior of and potential 
downgradient extent of elevated plating metals concentrations. The following key 
geochemical processes that control the fate and transport of plating metals along the flow 
path were simulated to assess the capacity of the aquifer to sustain natural attenuation of 
contaminants within the groundwater plume: 

• Neutralization of acidic groundwater pH due to dispersive mixing and mineral 
buffering 

• Adsorption on mineral surfaces (i.e. iron oxides) 
• Sulfate reduction and precipitation of metal sulfides 

 
Modeling objectives, methods, and model development are summarized in the following 
sections. For a detailed discussion, refer to Attachment A of the Supplemental Work Plan 
(Aspect Consulting 2014). 
 

Objectives 

Reactive transport modeling was conducted to address the following objectives: 
• Evaluate the future extent of the acidic groundwater plume 
• Model the impact of mineral surface adsorption reactions on the mobility of plating 

metals 
• Investigate the potential for sulfate reduction and sulfide mineral precipitation to 

attenuate plating metals concentrations in groundwater downgradient of the source 
area 

 

Modeling Methods 
The reactive transport model was developed using the numerical groundwater flow and 
reactive transport simulator PHAST (Parkhurst et al. 2010).  PHAST is a well-documented, 
robust computer code capable of simulating groundwater flow and chemical transport with 
equilibrium and kinetic reactions developed by the U.S. Geological Survey (USGS).  
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Model Development 

Input Data 

Site-specific hydraulic data, groundwater and soil chemistry data, soil mineralogy, as well as 
results from previous geochemical modeling conducted for the Remedial Investigation (RI) 
provided input for the reactive transport model. A high quality, internally consistent 
thermodynamic database developed by the USGS (wateq4f.dat) was used for reaction 
equilibrium constants. The wateq4f.dat  database file also includes the surface complexation 
model of Dzombak and Morel for sorption of metals on hydrous ferric oxide (HFO or 
ferrihydrite).  
 

Model Configuration 
The model domain was 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 (Figure 16). The horizontal extent of the 
model domain is 2,800 feet and extends 400 feet upgradient of the source area. The source 
area is defined in the model as a zone 200 feet long by 25 feet deep. The domain extends 
2,200 feet downgradient from the source area to the shoreline of the Duwamish Waterway.  
 
 

 

Figure 16. Model domain, initial and boundary conditions 

 

Hydrologic Parameters 
Hydrologic parameters used in the model were derived largely from previous field work and 
modeling conducted as part of the Remedial Investigation (RI). For purposes of modeling, the 
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aquifer is treated as homogenous and anisotropic. Aquifer parameters are based on values 
used in the BIOCHLOR modeling in the RI: 

• Horizontal hydraulic conductivity = 0.0099 centimeters per second (cm/sec) 
• Vertical hydraulic conductivity = 0.00099 cm/sec (anisotropy factor = 10) 
• Hydraulic gradient = 0.002 (constant) 
• Effective porosity = 0.25 
• Steady state flow 

 

Groundwater Chemistry 

Groundwater data collected in September 2014 provide a complete groundwater 
geochemistry dataset and were used to define chemistry initial conditions. The flow path 
evaluated in the model extends from immediately upgradient of the source area, through the 
source area, and downgradient to the Duwamish Waterway. Groundwater chemistry in these 
areas is represented by water chemistry data from the following wells: 

• 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. 

 

Aquifer Mineralogy and Sorption Capacity 
Soil chemistry and mineralogy data were used to define aquifer matrix mineralogy and 
constrain initial concentrations of minerals and adsorption sites. Active minerals include 
ferrihydrite [Fe(OH)3], siderite [FeCO3], mackinawite [FeS], and millerite [NiS]. Ferrihydrite 
is present in the aquifer initially and the concentration of adsorption sites is linked to its 
abundance. The other phases are not present initially but are allowed to precipitate during 
the course of a simulation in grid cells if their solubility is exceeded.  
 
The acid-neutralizing capacity of the aquifer matrix is represented by calcium carbonate in 
the model, which is distributed uniformly throughout the domain, except within the source 
area where it is assumed to be depleted. The initial amount of calcium carbonate is based on 
the average NNP determined from the acid-base accounting (48 mmoles/kg soil). 
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Sulfate Reduction and Sulfide Precipitation  

Sulfate reduction was treated as a microbial kinetic process represented by the Monod 

equation. Kinetic parameters used for sulfate reduction are detailed in Attachment A of the 

Supplemental Work Plan (Aspect Consulting 2014). 

 

Metal sulfide minerals allowed to precipitate in the model include mackinawite [FeS] and 

millerite [NiS]. These minerals, once precipitated, were allowed to react to equilibrium at 

each time step. 

 

Model Results 

Two scenarios were simulated to evaluate the effect of geochemical attenuation mechanisms 

on predicted plating metals concentrations within SU1. The first scenario includes only 

adsorption on iron oxides, and the second scenario also includes sulfate reduction and metal 

sulfide precipitation as additional mechanisms.  Model simulations were run for a simulation 

period of 1,000 years with 1 year time steps. The model results, as they pertain to the stated 

modeling objectives, are discussed in this section. 

 

Future Extent of the Acid Groundwater Plume 

The reactive transport simulations illustrate how the acid plume is neutralized downgradient 

of the source area by dispersive mixing with neutral pH groundwater and reaction with 

aquifer minerals. The initial pH is 4.0 in the source area and 7.0 in the aquifer outside the 

source area (Figure 17). The minimum groundwater pH within the model domain is 

predicted to increase to 5.5, 6.1, 6.6, and 6.8 after 10, 20, 50, and 100 years, respectively.  The 

simulation results also indicate that the acid plume will be effectively contained by the 
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Figure 17.  Modeled groundwater pH at 1, 10, 20, 50 and 100 years simulation time. 
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Nickel Attenuation by Adsorption on Iron Oxides 
Figure 18 presents simulation results for a scenario in which adsorption to iron oxides is 
considered the only geochemical mechanism for nickel attenuation (i.e. sulfate reduction and 
sulfide precipitation are not included). The model predicted dissolved nickel concentrations 
and extent of the plume exceeding 0.016 mg/L are shown for simulation times of 1, 10, 100 
and 1,000 years.  
 

 

Figure 18.  Modeled dissolved nickel plume at 1, 10, 100 and 1,000 years simulation time. 

Concentration scale is in mg/L. Plume boundary is defined by the 0.016 mg/L isopleth. 
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For this scenario, the model predicts that the maximum nickel concentration in groundwater 
discharging to the Duwamish Waterway (i.e. in the furthest downgradient column of grid 
cells within in the model domain) will remain below  0.016 mg/L for 680 years (Figure 19). 
 

 
Figure 19.  Predicted maximum nickel concentrations in groundwater discharging to the 

Duwamish Waterway (downgradient end of the model domain) for the scenario including 
only adsorption to iron oxides.  Results shown are for the grid cell with the highest final nickel 

concentration. 

 
 

Nickel Attenuation by Sulfide Precipitation 
For this scenario, both adsorption and sulfate reduction reactions were simultaneously 
simulated in the model. The nickel sulfide mineral phase millerite was observed to 
precipitate downgradient the source area within 10 years.  The model predicted dissolved 
nickel concentrations and extent of the plume exceeding 0.016 mg/L are shown for 
simulation times of 1, 10, 100 and 1,000 years in Figure 20.  In grid cells where millerite 
precipitation occurred, nickel concentrations were lower relative to concentrations in the 
same grid cells for the scenario where only adsorption was simulated (compare Figure 20 
with Figure 18).  This demonstrates that metal sulfide precipitation is an important 
attenuation mechanism for the metals plume. 
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Figure 20.  Modeled dissolved nickel plume at 1, 10, 100 and 1,000 years simulation time. 
Concentration scale is in mg/L. Plume boundary is defined by the 0.016 mg/L isopleth. 

 
 
The model predicts that the maximum nickel concentration in groundwater discharging to 
the Duwamish Waterway (i.e. in the leftmost or furthest downgradient column of cells in 
the model domain) will remain below  0.016 mg/L for more than 1,000 years (Figure 21). 
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Figure 21.  Predicted maximum nickel concentrations in groundwater discharging to the 

Duwamish Waterway for the scenario including adsorption to iron oxides and sulfide 
precipitation mechanisms.  Results shown are for the grid cell with the highest final nickel 

concentration. 

 

STABILITY OF ATTENUATION PROCESSES 
The model simulations demonstrate the impact of acidity neutralization, adsorption of iron 
oxides, and metal sulfide precipitation on the natural attenuation of the plating metals 
plume. This section addresses the stability and capacity of these processes to sustain long-
term natural attenuation of the plume. 
 

Mineral Stability 

The minerals responsible for the attenuation of plating metals include iron oxyhydroxides 
(ferrihydrite) and metal sulfides millerite. Geochemical modeling of groundwater chemistry 
indicates that these minerals are thermodynamically stable under the mildly to moderately 
reducing conditions currently present throughout the aquifer in SU1 (Table 5).  Reactive 
transport simulations also suggest that these minerals will continue to be stable 
downgradient of the source area into the foreseeable future. 

 

Acid Neutralizing Capacity 

The average NNP of SU1 soils outside the source area was determined to be 48 mmoles of 
CaCO3 per kg soil based on acid-base accounting.  The amount of CaCO3 needed to neutralize 
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the acid groundwater plume pH was estimated by geochemical modeling using the REACT 

program of the Geochemist’s Workbench software suite (www.gwb.com).  

 

The acid plume chemistry was represented  by the average chemistry of the September 2014 

samples from MW-1, MW-4, and MW-5 with pH 3.9. One liter of solution with this 

chemistry was titrated by reacting with CaCO3 to a final endpoint  pH of 7 or until 

equilibrium with calcite was attained. The amount of CaCO3 reacted to the endpoint depends 

on the assumed partial pressure of CO2 (PCO2) in the aquifer, which ranges from 

approximately  0.01 to 0.1 based on speciation modeling (Table 5). The CaCO3 demand to 

neutralize acidic source area groundwater was found to range from 1.2 mmoles CaCO3 per L 

for PCO2 = 0.01 to 4.2 mmoles CaCO3 per L for PCO2 = 0.1.  

 

The total volume of the acidic plume at present is estimated to be 3.5×106 L (assuming a 

source area 200 ft long × 100 ft wide × 25 ft deep [500,000 ft3]  and 25 % porosity). Using the 

upper end value for CaCO3 demand of 4.2 mmoles/L, the CaCO3 demand to neutralize the 

entire plume is estimated to be 15,000 moles. Neutralization of the plume acidity would 

require 312,000 kg of soil. This quantity of soil is contained in 5,500 ft3 of aquifer (assuming a 

soil grain density of 2.7 kg/L and porosity of 25 %). For an aquifer cross-section 100 ft wide × 

25 ft deep, this corresponds to a length of 2.2 feet. In other words, there is sufficient NNP in 

soil to neutralize the pH of the entire acid plume within a few feet a long groundwater flow. 

This is consistent with the reactive transport modeling presented in the previous section and 

also appears to be supported by site observations which show that acidic pH is attenuated 

within a short distance downgradient of the release. 
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