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1.0 Introduction 

Rhodia Inc. (Rhodia) has prepared this Resource Conservation and Recovery Act (RCRA) Facility 

Investigation Report (RFI Report) to fulfill the requirements of Section VIII.E. of the Corrective 

Action Order on Consent (3008(h) Order) issued to Rhodia pursuant to Section 3008(h) of the 

Resource Conservation and Recovery Act (“RCRA”) (42 U.S.C. § 6928(h)) by the U.S. 

Environmental Protection Agency (U.S. EPA) with an effective date of April 29, 2004.  This RFI 

Report describes the investigation activities conducted at the Rhodia Silver Bow Plant (Plant) 

between 2006 and 2012 in accordance with the Phase 1 RFI Work Plan (Barr, 2009) and October 

2012 RFI Work Plan (Barr, 2012a).  A number of environmental investigations have been conducted 

at the Silver Bow Plant since 1988.  These investigations have been summarized in previous reports 

and were compiled in the Current Conditions/Release Assessment Report (CCRA) (Barr, 2006).  The 

RFI Report builds upon the extensive data set that was compiled and documented in the CCRA (Barr 

2006).  This RFI Report addresses the entire Silver Bow Plant and meets the requirements for an RFI 

set forth in the 3008(h) Order, the final Corrective Action Plan (CAP) OSWER Directive 9902.3-2A 

(EPA 520-R-94-004), and the RCRA Corrective Action Advance Notice of Proposed Rulemaking 

(ANPR), 61 Fed. Reg. 19432 (May 1, 1996). 

1.1 Purpose and Scope 

The general purpose of an RFI is to evaluate the nature and extent of releases of hazardous waste or 

hazardous constituents from solid waste management units (SWMUs) or areas of concern (AOCs) at 

the Silver Bow Site and to gather necessary data to support a Corrective Measures Study (CMS).  

The specific objective of the work outlined in this report is to address identified data gaps that were 

outlined in the U.S. EPA-approved CCRA Report (Barr 2006).  The RFI activities include programs 

to better define site characteristics including groundwater quality, surface water and sediment quality 

along Sheep Gulch, surface water quality along Silver Bow Creek, SWMU-specific and AOC-

specific material and soil quality, background/reference area soil quality and soil gas quality. 

1.2 Site Setting, Operations and Current Conditions 

Rhodia’s former elemental phosphorus production plant (Silver Bow Plant) occupies approximately 

1.25 square miles in Silver Bow County, Montana.  The Plant is located at 112º 41' W longitude and 

45º 49' N latitude approximately seven miles west of Butte, Montana and one mile south of Ramsay, 

Montana (Figure 1-1).  The property, owned by Rhodia, is located in Sections 23, 24, 25, and 26, 
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Township 3 North, Range 9 West (Figure 1-2). A figure providing the general Plant area is provided 

in Figure 1-3.  

As shown in Figures 1-2 and 1-3, the Silver Bow Plant is not bound by natural features (e.g., rivers).  

German Gulch Road abuts the northern boundary of the facility.  The remaining property is bounded 

by industrial and agricultural lands.  The Plant is located west of the Continental Divide and 

northeast of the Pioneer Mountains.  The site topography is strongly influenced by proximity to 

Silver Bow Creek.  The site varies in elevation from approximately 5,310 feet above mean sea level 

(MSL) at Sheep Gulch to 5,480 feet above MSL at the top of the slag pile.  The property has flat 

terrain on the northeast and rising terrain incised with gulches to the south and west.  The center of 

the site is occupied by a tailing basin.  Slag piles cover much of the southeast part of the property.  

Natural slopes at the site generally range between two percent and eight percent, while several of the 

slag piles presently have slopes as great as 66 percent. 

The Plant was constructed in the early 1950s to produce elemental phosphorus using an electric arc 

furnace method developed by the Tennessee Valley Authority.  The Plant produced elemental 

phosphorus until 1997, when it was shut down for decommissioning and closure.  Currently, the 

approximate boundary of the entire property is fenced to control access to the area. 

The CCRA identified the SWMUs and AOCs at the Silver Bow Plant and used the previous 

environmental investigations to evaluate whether hazardous substances had been released from the 

SWMUs and AOCs. Figures 1-4, 1-5 and 1-6 show the location of each SWMU and AOC. The 

CCRA also identified data gaps that need to be addressed in the RFI.  The data gaps are as follows: 

• Impact of Sheep Gulch discharge to Silver Bow Creek

• Sheep Gulch surface water quality trends

• Sheep Gulch sediment quality

• Groundwater flow characteristics and water quality trends

• Groundwater use north and northwest of the Silver Bow Plant

• Background/Reference Area Soil Quality

• SWMU-specific Soil Quality

A Phase 1 RFI Work Plan was developed to fill the data gaps identified by the CCRA and was 

approved by U.S. EPA on November 2, 2009.  The Final Phase 1 RFI Work Plan is a compilation of 
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certain investigation activities that were approved by the U.S. EPA and implemented before the Final 

Phase 1 RFI Work Plan was approved. 

The October 2012 RFI Work Plan (Barr, 2012a) was developed to fulfill the data needs identified in 

the Draft Phase 1 RCRA Facility Investigation Report (Barr, 2012b) submitted to the U.S. EPA in 

July 2012, the Human Health Risk Assessment Work Plan (Exponent, 2012a), the Baseline 

Ecological Risk Assessment Work Plan (Exponent, 2012b), and U.S. EPA comments to Rhodia (U.S. 

EPA, 2011). 

1.3 Previous Investigation Reports 

This section summarizes the major findings of previous investigations performed at and near the 

Silver Bow Plant.  Comprehensive sampling locations and data from past investigation activities are 

summarized on figures and tables in this RFI Report.  Data qualifiers and footnotes to RFI Report 

data tables are provided in Table 1-1. Laboratory analytical reports from previous Plant 

investigations between 2006 and 2012 are included in Appendices 1-A through 1-F respectively.  

This data from prior site investigations will reflect the impacts of releases that have occurred.  

Comments on problematic aspects of data usability are noted in the CCRA (Barr, 2006) and in the 

data usability assessment included in the Final Phase 1 RFI Work Plan (Barr, 2009), as directed by 

U.S. EPA. For the CCRA (Barr, 2006), the data was evaluated in order to identify Constituents Of 

Potential Concern (COPC) categories and parameters above screening levels based on the media 

sampling data and release information, and provided an evaluation of site conditions based on the 

major findings of the investigations.  

1.3.1 Previous Investigations  

A number of environmental investigations were conducted at the Silver Bow Plant.  The findings of 

these investigations are further discussed in detail in Section 5 of this report.  The analytical data that 

resulted from the various investigations was incorporated into a database to further evaluate and 

summarize the data in a consistent format. The usable data from these investigations is presented in 

this RFI Report.   

1.3.1.1 Site Assessment and Scoring 

The U.S. EPA performed a site screening study at the Silver Bow Plant in 1988.  The results were 

presented in a January 1989 report, Analytical Results Report, Stauffer Chemicals Company, Silver 

Bow, Montana by Ecology & Environment, Inc. (Ecology & Environment, Inc., 1989). The results of 



P:\Mpls\26 MT\46\2646006\WorkFiles\RFI\RFI Final Ph I 2012\Section 1.0 Introduction\Section 1.0 (05-01-2013).docx 1-4 

that study were then used in the September 24, 1992 study, Site Inspection Prioritization, Stauffer 

Chemical Company (URS Consultants, 1992), to assess the Silver Bow Plant site for National 

Priority List (NPL) status.  Based on this U.S. EPA study, the Silver Bow Plant was assigned a score 

of 12.92 according to the PREscore process.  The U.S. EPA and Montana Department of Health and 

Environmental Sciences concurred in an October 7, 1992 letter declaring the Silver Bow Plant as 

“Site Evaluation Accomplished”.  Due to the low score, the site was not proposed for listing on the 

NPL.   

The site screening study included the installation of three shallow monitoring wells.  The study also 

included collection of groundwater samples, surface water samples from Silver Bow Creek and the 

Beaver Pond,  production well water samples, sediment samples from Silver Bow Creek and soil 

samples from both onsite and offsite locations.  The analytical data from these samples are 

considered usable for the RFI Report, with the exception of the sediment samples collected from 

Silver Bow Creek. Silver Bow Creek is a Superfund site not related to the Silver Bow Plant and has 

been remediated by others.  The sediment samples are no longer relevant to the current conditions of 

Silver Bow Creek.  The useable sample results are further discussed and presented in Section 5 of 

this RFI Report.     

1.3.1.2 Transformer Site Investigation Project 

Special Resources Management, Inc. (SRM) was retained by Rhône-Poulenc Basic Chemicals to 

perform a site investigation at the former transformer storage location at the Silver Bow Plant in 

1993. The objective of this investigation was to evaluate if polychlorinated biphenyl (PCB) 

contamination, above the U.S. EPA action level of 25 mg/kg (see 40 CFR § 761.61(a)(4)(i)(B)), was 

present in the soils surrounding the transformer storage area. 

The Transformer Site Investigation Project included collection of surface soil samples (10 cm x 

10 cm x 1 cm), and field screening using PCB immunoassay analyses.  SRM used the field screening 

results on 35 samples to select five locations for analytical sample collection.  The immunoassay 

analyses did not correlate well with laboratory results, so the field screening results are viewed as 

general indicators, rather than surrogates for laboratory analysis. These five samples were analyzed 

for PCBs at an independent laboratory.  PCBs were not detected above the U.S. EPA action level of 

25 mg/kg. 

A soil sample was collected beneath the dismantled and removed PCB transformer storage shed 

(SWMU 21 on Figure 1-5) in 1994. The Transformer Site Investigation Project, the subsequent 
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sample from beneath the dismantled PCB storage shed along with the additional samples collected as 

part of the RFI are further discussed and presented in Section 5.5.21 of this RFI report.     

1.3.1.3 Tailing Pond and Groundwater Review 

A Silver Bow Plant study, published in an October 1996 report called Silver Bow Facility Tailings 

Pond and Groundwater Review (Tilman and Nemanic, 1996) addressed the quality of the water 

supply at the Silver Bow Plant.  This review considered quarterly groundwater monitoring data from 

the Plant production wells that Rhône-Poulenc had collected and reported to Montana Department of 

Environmental Quality (MDEQ) since 1983.  This monitoring and quarterly reporting was a 

requirement placed on the Plant when the Montana Water Quality Bureau granted the Silver Bow 

Plant an exemption from groundwater discharge permitting requirements regarding the tailing basin.  

Silver Bow Facility Tailings Pond and Groundwater Review (Tilman and Nemanic, 1996) discusses 

the status of the tailing basin as of the 1996 report date, site geology and hydrogeology, the water 

discharge to the tailing basin, return water, and production well water quality.  The water quality of 

the water discharged to the Tailing Basin and the quality of the return pond water that was reused in 

the production process is further discussed in the Groundwater and Tailing Basin and Water 

Recirculation System (Sections 5.3 and 5.5.1) sections of this report.  The production well 

monitoring program consisted of monthly sampling of production wells RP-W-1, RP-W-4, RP-W-5, 

RP-W-6 and RP-W-7, and the Plant tap water.  The monthly water quality data was averaged for each 

quarter and reported to the Montana Water Quality Board.    

Rhône-Poulenc contracted Hydrometrics to sample the three shallow monitoring wells (installed 

during the U.S. EPA’s site screening study) in September 1994. These sample results were consistent 

with the laboratory reports (but not the erroneous summary tables) published in the U.S. EPA’s 1989 

site screening study. The analytical results are further summarized and presented in Section 5 of this 

RFI report.  

1.3.1.4 Voluntary Cleanup Plan 

The 1999 draft Voluntary Cleanup Plan (VCP) (Barr, 1999) presented the proposed closure plan of 

the Rhodia Silver Bow Plant under the Voluntary Cleanup and Redevelopment Act (VCRA) of the 

State of Montana.  The VCP was submitted in draft to MDEQ and was neither commented on nor 

approved by MDEQ. The VCP addresses required elements of a VCRA voluntary cleanup plan, and 

included copies or references to previously published studies pertaining to this facility.  



P:\Mpls\26 MT\46\2646006\WorkFiles\RFI\RFI Final Ph I 2012\Section 1.0 Introduction\Section 1.0 (05-01-2013).docx 1-6 

 

From 1997 through 1999, Rhodia conducted investigations at the Silver Bow Plant in preparation for 

submission of the VCP and final closure of the Plant.  In order to develop appropriate closure plans, 

the objectives of the investigations were to characterize the following: geology; groundwater and 

surface water flow patterns; quality of shallow and deep groundwater; quality of surface water; 

potential leaching from site materials; physical characteristics of the tailing; quality of water in the 

tailing basin; hydrogeologic properties influencing shallow groundwater flow; and aquifer parameters 

influencing arsenic transport.   

The 1997 groundwater and surface water investigation was designed to characterize the shallow 

groundwater flow patterns, groundwater and surface water quality, and provide environmental 

characterization information needed to evaluate Plant closure alternatives.  The investigation 

included placement of 12 monitoring wells and six other borings, collection of 14 groundwater and 

five surface water samples, other testing, and review of past groundwater and surface water sample 

data from the Silver Bow Plant. 

A radiological survey (Appendix 1-G) was performed in 1997 as part of the VCP investigation. Two 

previous radiation studies pertinent to the Silver Bow Plant, but much more narrowly focused, had 

also been performed.  One study involved sampling at the Silver Bow Plant (Appendix 1-H); the 

other study looked at the use of slag (such as that produced at the Silver Bow Plant) in street 

construction (Appendix 1-I). (see Section 2.5.2.3.5 regarding slag and Sections 5.4.1 and 5.5 

regarding soil and site materials for reviews of the radiological survey findings). 

In 1998, water sampling was repeated and expanded to include 15 monitoring wells (the 12 placed in 

1997 and the three U.S. EPA wells), five production wells, and eight surface water samples. The 

results of this investigation were incorporated in the VCP Report.  The groundwater data is further 

discussed and included in Section 5.3 of this RFI report. 

A groundwater model was prepared in 1999 in order to integrate surface water and groundwater flow, 

quality information from the site, and to predict future arsenic groundwater quality for closure 

scenarios.  The groundwater fate and transport model focused on arsenic, the parameter of greatest 

combined mobility and toxicity.  The industry-standard models MODFLOW and MT3DMS were 

used to model groundwater flow and arsenic transport, respectively.  The model represented both the 

regional and the site groundwater and surface water flow systems, and was calibrated using observed 

water levels, groundwater discharge estimates, and the observed arsenic distribution.  The details of 

the modeling effort are presented in Appendix 1-J.   
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The 1999 investigation was designed to provide site-specific data for groundwater flow 

characterization along the buried channel of Sheep Gulch and in the vicinity of the tailing basin, and 

to assess the site-specific arsenic sorption properties of the soils beneath the tailing basin in order to 

better understand fate and transport of arsenic in the aquifer.  The 1999 investigation included 

placement of two pumping wells, two piezometers, and 13 soil borings.  Two groundwater samples 

were collected from each pumping well.  Samples were also collected from three other monitoring 

wells and one surface water station.  The investigation included pump tests at the two pumping wells 

and specific capacity/recovery rate tests at four monitoring wells.   

In addition, Silver Bow Creek stream flow measurements were made, which show gains in stream 

flow from groundwater inflow.  Other testing included tailing and soil sample leach tests and total 

analysis for selected parameters.  Finally, surface water and groundwater samples collected from 

seven locations were analyzed for elemental phosphorus. Most of this information was collected in 

support of the groundwater modeling process, and the 1999 study results as well as the groundwater 

model were published with the draft VCP report. 

The radiological study results and pertinent sample locations are presented in Section 5.  The 

analytical data resulting from samples collected during the VCP investigations are summarized along 

with data from the other reports in the data summary tables provided in Section 5 of this RFI report.   

1.3.1.5 Pre-closure Groundwater Monitoring Report 

Rhodia implemented a pre-closure groundwater monitoring program to characterize the shallow 

groundwater quality in the immediate vicinity of the clarifier and the used carbon brick and furnace liner 

pile for the purpose of determining whether releases have occurred.  Groundwater quality was 

characterized through an iterative monitoring program consisting of three successive rounds of 

monitoring well installation and groundwater sampling: October 2001, January 2002, and September 

2002.  Rhodia prepared a cumulative report after each sampling event and submitted the report to the 

Agencies (U.S. EPA and MDEQ) for comments. Rhodia responded to each comment and obtained 

U.S. EPA approval prior to conducting subsequent pre-closure groundwater monitoring activities.  

A U.S. EPA contractor (Tetra Tech) collected split samples during the January 2002 sampling event and 

analyzed each sample at U.S. EPA’s independent laboratory.  This analytical data was incorporated into 

the subsequent Pre-closure Groundwater Monitoring Report (Barr, 2002).  

The pre-closure monitoring work and associated data were most recently summarized in a December 

2002 report (Barr, 2002). Groundwater quality was characterized through an iterative monitoring 
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program consisting of three separate sampling events including placement of eight new monitoring 

wells (MW-01-1, MW-01-2, MW-01-3, MW-01-4, MW-01-5, MW-01-6, MW-02-1, and MW-02-2) 

and sample collection at two previously constructed monitoring wells (MW-97-5 and MW-97-7). The 

analytical data for this investigation are further discussed and included in Section 5 of this RFI 

report.  The analytical data for the split samples collected by Tetra Tech are consistent with the 

original analysis (Tetra Tech, 2002). 

1.3.1.6 Additional Groundwater and Surface Water Data Collection 

Additional groundwater and surface water samples were collected by Rhodia in 2002, 2004, and 2005. 

The 2002 data were reported to the MDEQ and the U.S. EPA in a letter dated February 3, 2003. Two new 

monitoring wells, MW-02-3 and MW-02-4, were placed in the northwest portion of the Silver Bow Plant 

property in 2002. The purposes of the well installation was to better understand the groundwater elevation 

and quality in this area, and to evaluate whether the domestic wells, northwest and potentially 

downgradient of the site, were being adversely affected by groundwater from the Silver Blow Plant site.  

The wells were sampled on October 9, 2002.  The groundwater sample data is included in Section 5.3 of 

this RFI report. 

Sampling was performed at two surface water stations on September 9, 2002: SW-6 on Sheep Gulch and 

SW-5 at the Beaver Pond. No other Sheep Gulch surface water samples were collected because there was 

no flow at the other Sheep Gulch surface water stations (SW-4, SW-3, and SW-1) or at the Sheep Gulch 

tributary surface water station, SW-2. The purpose of this sampling was to obtain additional data at these 

surface water locations under conditions of no surface flow in much of Sheep Gulch. The September 2002 

surface water sample data are included in Section 5.1 of this RFI report.  

The two northwest monitoring wells, MW-02-3 and MW-02-4, were sampled again on October 22, 2004, 

as proposed in the August 27, 2004 draft CCRA. The sample data were reported to the U.S. EPA and 

MDEQ in an e-mail dated November 18 and a conference call on November 23, 2004. The two 

monitoring wells and five other site monitoring wells were sampled on January 10 and 11, 2005. 

Monitoring wells MW-02-3, MW-02-4, MW-97-3, MW-97-4, and PW-99-1 were sampled on January 10, 

2005 and MW-97-10 and MW-97-11 were sampled on January 11, 2005. The results of the sampling 

were transmitted to U.S. EPA and MDEQ in an e-mail dated March 4, 2005.  The groundwater sample 

data is included in Section 5.3 of this RFI report. 

The two northwest monitoring wells, MW-02-3 and MW-02-4, were sampled again on April 12, 2005, 

and October 30, 2005. The results of these sampling events were transmitted to U.S. EPA and MDEQ in 
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letters dated June 27, 2005 and January 3, 2006.  The groundwater sample data is included in Section 5.3 

of this RFI report. 

1.3.1.7 Expanded Site Investigation 

U.S. EPA Region 8 authorized Booz Allen Hamilton (Booz Allen) to conduct an Expanded Site 

Investigation (ESI) at the Silver Bow Plant in 2003.  The purpose of the ESI was to gather new data 

and update existing data for re-evaluating the Rhodia site with respect to U.S. EPA’s Hazard Ranking 

System criteria (Booz Allen Hamilton 2004).  

Booz Allen conducted a field program to collect samples of onsite wastes, onsite and offsite 

groundwater, surface water and sediment, and surface soils.  The field work was conducted from July 

15 to July 24, 2003.  The field program consisted of collection of thirteen groundwater samples, eight 

surface water/sediment sample pairs, one onsite surface water sample, seven surface soil samples 

from offsite communities, six sediment samples in the tailing basin, five waste-pile samples, four 

background/reference soil samples, one clarifier solids sample, and one clarifier water sample.  The 

ESI reported results for a sample called ESI MW-02-3, but that sample was a duplicate of the 

ESI MW-01-2 sample, and was not a sample from the monitoring well MW-02-3.  Sample results 

from the ESI are included and discussed in Section 5 of this RFI report. 

1.3.2 Other Data Sources 

1.3.2.1 SSTOU 

The Streamside Tailings Operable Unit (SSTOU) of the Silver Bow Creek/Butte Area Superfund Site 

lies just north of the Plant’s northern boundary, across German Gulch Road. The SSTOU contains 

wastes from past mining and milling activities in the area.  MDEQ has assumed the responsibility for 

this Superfund Remedial Action.  The wastes were deposited along Silver Bow Creek, which flows 

approximately parallel to the Facility's northern boundary.  Remediation activities for the SSTOU 

were driven by the Comprehensive Environmental Responsibility, Compensation and Liability Act 

(CERCLA).  Completed activities at the SSTOU include removal of streamside tailings and stream 

channel reconstruction (U.S. EPA, 2005). The objective of the work was to remove contaminated 

tailings, impacted soils and sediment until the order-of-magnitude criteria decrease in contaminant 

concentration is met. This order-of-magnitude criteria is generally intended to achieve the following 

metals levels, according to the State’s project manager (Chavez, 2004):  
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• Arsenic generally less than 200 mg/kg. 

• Cadmium generally less than 20 mg/kg. 

• Copper, lead, and zinc generally less than 1000 mg/kg. 

• Mercury generally less than 10 mg/kg. 

The remaining tailings were covered with clean fill materials and vegetated.  

There have been extensive investigations over an extended period of time for the SSTOU Superfund 

Site. The U.S. EPA has collected media samples to establish and characterize hazardous constituent 

concentrations in background/reference areas for the SSTOU. A number of soil, sediment, 

groundwater, and surface water samples were collected, including a number of samples in the reach 

of Silver Bow Creek north of the Rhodia Silver Bow Plant.  These samples were not analyzed for 

elemental phosphorus.   

The 1993 SSTOU background/reference area sampling included collection of 34 surface soil samples 

and 21 groundwater samples collected from domestic wells located outside the influence of the 

SSTOU.  

The SSTOU investigation included sampling Silver Bow Creek and its tributaries under a variety of 

flow conditions over several years.  

The SSTOU investigation included placement of monitoring wells astride Silver Bow Creek north of 

the Silver Bow Plant (Titan 1994). Data and figures for this sampling are further discussed in Section 

5 of this RFI report.  

1.3.2.2 REC Plant MPDES Permit 

The REC Advanced Silicon Materials, Inc. (REC Plant, former ASiMI plant), performed an 

investigation to obtain groundwater quantity and quality information from their property located 

adjacent to the south side of the Silver Bow Plant.  Water quality information for shallow 

groundwater monitoring wells was provided by the REC Plant to Rhodia and is discussed in Section 

5 of this RFI report.  REC also obtained a Montana Pollutant Discharge Elimination System 

(MPDES) permit for discharge to Sheep Gulch (the water is discharged to a tributary, which joins 

Sheep Gulch south of the Rhodia property).  The REC Plant water quality discharge limits are 

relevant as to acceptable water quality in that drainage way and evaluation of conditions at the Silver 

Bow Plant. 
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In February 1998, the REC Plant placed two monitoring wells along a tributary to Sheep Gulch; the 

wells are located upstream and, for groundwater, upgradient of the Silver Bow Plant.  These wells 

were placed in fluvial valley deposits beneath Sheep Gulch, as evidenced by the 5 to 20 feet of sand, 

gravel, and silt reported to be present at the ground surface in the boring logs for the wells.  The REC 

Plant monitoring wells are further discussed in Section 5 of this RFI report. Similar fluvial deposits 

were encountered in the historical location of Sheep Gulch beneath the tailing basin at the Silver 

Bow Plant. 

The REC Plant obtained an MPDES permit from the State of Montana to discharge treated process 

wastewater and storm water to Sheep Gulch.  The allowable discharge concentrations (30 day 

averages) and allocated average loading under the final limits, applicable after November 2000 are as 

follows (based on a 1.5 million gallon per day discharge): arsenic, 0.018 mg/L (77 g/day loading), 

cadmium, 0.0034 mg/L (15 g/day loading), and fluoride, 4.0 mg/L (17,700 g/day loading). 

The MPDES permit also requires submittal of monthly discharge monitoring reports.  The data are 

entered into U.S. EPA’s Permit Compliance System (PCS) database.  Additional discussion about the 

REC plant wastewater discharge and groundwater quality is provided in Section 5.3.2. 

1.4 Report Organization 

This report is organized into seven sections, including this introduction. 

• Section 2 summarizes site background information including: facility operations; plant

demolition; land use and surrounding area; regulatory history and environmental compliance;

waste streams, SWMUs and AOCs.

• Section 3 provides the site conceptual model and includes a discussion of the geology,

hydrogeology and hydrology of the site at both a regional and site level.

• Section 4 provides an evaluation of the background data collected for surface water,

sediment, soil and groundwater.

• Section 5 summarizes RFI results and includes a discussion of remedial investigation

activities conducted at the site between and an evaluation the collected site data

• Section 6 contains a discussion of recommendations.

References are provided within each individual section. 
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Table 1-1

RFI Report Data Qualifiers and Footnotes

RFI Report 2012

Rhodia Silver Bow Plant

N

FD

SPLIT

MCL

MDL

MMDL

RDL

UCL

B

b

C

E

h

J

R

S

BQD

BQQ

BQU

xx

--

<

* Estimated value. QA/QC criteria not met.

(1)

(12)

ma ba mc Bc

Cadmium  1.0166   -3.924   0.7409   -4.719  

Copper 0.9422 -1.7 0.8545 -1.702

Chromium III 0.819 3.7256 0.819 0.6848

Lead 1.273 -1.46 1.273 -4.705

Nickel  0.846   2.255   0.846   0.0584  

Silver  1.72   -6.52   --------  --------- 

Zinc  0.8473   0.884   0.8473   0.884  

(14)

(23)

(24)

(36)

  Acute = exp[1.005(pH) - 4.869] Chronic = exp[1.005(pH) - 5.134]  

MT DEQ-7 Human Health Standards. The concentration of iron must not reach values that interfere with the uses specified in the 

surface and ground water standards (17.30.601 et seq. and 17.30.1001 et seq.) The Secondary Maximum Contaminant Level of 

300 micrograms per liter which is based on aesthetic properties such as taste, odor, and staining may be considered as guidance 

to determine the levels that will interfere with the specified uses.

MT DEQ-7 Human Health Standards. The concentration of manganese must not reach values that interfere with the uses 

specified in the surface and ground water standards (17.30.601 et seq. and 17.30.1001 et seq.). The Secondary Maximum 

Contaminant Level of 50 micrograms per liter which is based on aesthetic properties such as taste, odor, and staining may be 

considered as guidance to determine the levels that will interfere with the specified uses.

MT DEQ-7 Human Health Standards. The human health criteria for arsenic is the more restrictive of the risk based level of 1 in 

1000 [1x10-3], or the MCL.

Acute= 

exp.{ma[ln(hardness)]+ba}  

 Chronic=

exp.{mc[ln(hardness)]+bc} 

MT DEQ-7 Aquatic Life Standards, Acute and Chronic, or these metals are expressed as a function of total hardness (mg/l, 

CaCO3). The values displayed in the chart correspond to a total hardness of 25 mg/l. The hardness relationships are:  

Note: If the hardness is <25mg/L as CaCO3, the number 25 must be used in the calculation. If the hardness is greater than or 

equal to 400 mg/L as CaCO3, 400 mg/L must be used in the calculation.  

MT DEQ-7 Aquatic Life Standards, Acute and Chronic, for pentachlorophenol is dependent on pH. Values displayed in the chart 

correspond to a pH of 6.5 and are calculated as follows:  

Potential false positive based on statistical analysis of blank sample data.

The analyte was positively identified and the associated numerical value is the approximate concentration of the analyte in the 

sample (due to either the quality of the data generated because certain quality control criteria were not met, or the concentration 

of the analyte was below the CRQL)

The sample results are unusable due to the quality of the data generated because certain criteria were not met. The analyte may 

or may not be present in the sample.

Normal sample

Field duplicate

Sample separated and sent to additional laboratory for duplicate analysis

Maximum contaminant level

Method detection limit

Maximum method detection limit

Reporting detection limit

Potential false positive value based on blank data validation procedures.

Potential false positive value based on blank data validation procedures.

Coeluting compound

Estimated value. Exceeded the instrument calibration range.

EPA recommended sample preservation, extraction or analysis holding time was exceeded.

Upper Confidence Limit of the mean of combined 2010 background/reference area data and ESI background data set. Used 

ProUCL selected UCL.

Parameter was not detected at the RDL. If the parameter was not detected at the RDL, the RDL was selected as the maximum 

concentration. See summary table for additional information, including parameter-specific RDL.

There are only 5 detected values in this data. It should be noted that even though bootstrap may be performed on this data set, 

the resulting calculations may not be reliable enough to draw conclusions.

Equipment malfunction

Some aspect of QA/QC was not met.

Historical qualifier - definition is unknown.

The historical result had no available laboratory reporting limit but the result was non-detect.

Not analyzed/not available.

1 of 1
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Figure 1-1

SILVER BOW PLANT LOCATION
Rhodia Silver Bow Plant

Montana

I
Source: Ramsay, Buxton, Butte North, and Butte South USGS 7.5 minute quadrangles
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Source: Buxton and Ramsay, Montana USGS 7.5 minute quadrangles
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Figure 1-4

LOCATION OF SWMUs
1, 6, 7, 9, 12, 13, 14, 23 & 24

Rhodia Silver Bow Plant 
Montana

Solid Waste Management Unit

Notes:
SWMU 1 is inclusive of SWMUs 19 & 15.
SWMU 6 is inclusive of SWMU 26.
SWMU 7 is inclusive of SWMUs 2, 11 & 18.

Imagery: 2009 USDA-FSA
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Figure 1-5

LOCATION OF SWMUs
2-5, 8, 10, 15-22, & 25-27
Rhodia Silver Bow Plant 

Montana

Solid Waste Management Unit

Imagery: 2009 USDA-FSA
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Appendix 1-H 

 

 Emissions of Naturally Occurring Radioactivity, Stauffer 
Elemental Phosphorus Plant, November 1982 

  





































































  
 

Appendix 1-I 

 

Evaluation of Radon Sources and Phosphate Slag in Butte, 
Montana, June 1983 
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1.0  Introduction 

This report summarizes a ground water flow and arsenic transport modeling project in support of closure 

activities at the Silver Bow Plant (Figure 1).  The modeling project was intended to address the following 

types of questions: 

 What is the hydraulic relationship between the tailing basin, ground water flowing beneath the basin 

and toward Silver Bow Creek in the shallow sediments, and ground water withdrawn from the plant 

production wells in the deeper sediments? 

 Do sediments in the predevelopment stream bed transmit a large amount of water from beneath the 

basin? 

 What effect would basin closure have on ground water flow and arsenic transport beneath the basin? 

 What is the mass loading rate of arsenic to Silver Bow Creek? 

The objective of the flow and transport modeling was to produce a model that captures the important 

hydrologic features and processes in the most straightforward manner possible.  This report presents: 

 a review of data from previous investigations at the site and in the region used to develop a 

conceptual hydrogeologic model for the Silver Bow Plant ,  

 development and calibration of a multiple-layer MODFLOW ground water flow model,  

 data gathering and calibration of an MT3DMS model of arsenic transport for the Silver Bow Plant 

vicinity. 

Results of the data review are presented in Section 2. The conceptual hydrogeologic model is discussed in 

Section 3.  Development of the MODFLOW model is described in Section 4. Model calibration is 

discussed in Section 5.  Arsenic transport modeling methods and model calibration are described in 

Section 6.
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2.0  Geologic Setting 

2.1 Regional Geology 

The Silver Bow Plant is located in a structural depression referred to as a graben.  A graben is bounded on 

two sides by faults with relative downward movement of the central block.  A schematic representation of 

development of the structure is shown on Figure 2.  The faults bounding the graben cut through 

Cretaceous-age intrusive igneous rocks of the Boulder Batholith and Tertiary-age extrusive igneous rocks 

called the Lowland Creek Volcanics (MBMG, 1978; Derkey and Bartholomew, 1988; MBMG, 1990).   

The graben has been partially filled with sediment eroded from the surrounding highlands.  The sediments 

are primarily Tertiary in age and have been partially consolidated (Derkey and Bartholomew, 1988).  The 

Tertiary sedimentary rocks are called the Melrose Basin Sequence.  Low-lying areas receiving sediment 

are called basins, but since the topic of this report is the tailing basin at the Silver Bow Plant, the 

sediments filling the graben are referred to as “graben-fill” rather than the more standard term “basin-fill.”  

The thickness of the graben-fill sequence is unknown over much of its areal extent, although the graben 

appears to be asymmetric, with a much thicker fill sequence on the east than on the west (Weight, 1998; 

Borduin, 1999).  Figure 3 shows the available data regarding thickness of the graben-fill sequence. 

Silver Bow Creek and its tributaries have deposited Quaternary-aged alluvium on top of the Melrose 

Basin Sequence.  The Quaternary-aged alluvial deposits of Silver Bow Creek have been characterized 

extensively due to deposition of mine tailings from ore mills in Butte (for example, Titan Environment, 

1994).  The Silver Bow Creek deposits contain minor fine-grained, low-permeability deposits that 

interfinger with more permeable channel, bar, and alluvial fan deposits (Titan Environmental, 1994, p. 

64).  Overall, the alluvial deposits beneath Silver Bow Creek are believed to have a higher hydraulic 

conductivity than the other graben-fill material (Borduin, 1999). 

2.2 Site Geology 

The graben-fill beneath the Silver Bow Plant consists primarily of clays with lesser amounts of sands, 

silts, and loosely consolidated shale, silty shale, and silty sandstone. Seven production wells have been 

installed at the Silver Bow Plant.  None of these wells extends to igneous rock.  Driller’s logs and the 

distribution of perforations in the well casings indicate that most of the yield from these wells comes from 
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deeper in the formation.  Well logs for the on-site production wells show that the graben-fill deposits 

extend to a depth of at least 400 feet below the ground surface. 

The graben-fill appears to consist of a heterogeneous mix of alluvial fan or mudflow deposits and small 

fluvial channel deposits.  Some of the clay deposits may also represent weathered and/or reworked tuff 

and ash deposits derived from volcanic activity in the vicinity of the site.  Coarse-grained units are 

intermixed with fine-grained units and appear to have limited lateral extent.  Boring logs for the 

production wells suggest that thicker intervals of coarse-grained materials (sands and gravels) may be 

more prevalent in the deeper portion of the graben-fill materials screened by the wells; however, these 

units were not observed to be laterally continuous between production wells. 

Chert-filled hydrothermal veins are present in outcrops of the graben-fill throughout the site. Most chert 

veins observed at the surface are about one inch wide and greenish-brown to blue and white in color. 

Driller's logs for the production wells indicate chert layers of up to 30 feet thick at depths over 100 feet 

below ground surface. 

A sequence of fluvial valley deposits was identified and delineated beneath the Plant’s tailing basin at the 

top of the graben-fill.  The fluvial deposits follow the topographic valley formerly located beneath the 

tailing basin (see Figure 4-6 of the Voluntary Cleanup Plan (VCP) Report (Barr, 1999)).  This 

topographic valley corresponds to the historic reach of Sheep Gulch prior to construction of the Plant.  

The fluvial materials consist of channel sands and associated backwater and lag deposits. 

The lowermost unit in this fluvial sequence consists of a discontinuous arkosic sand lag unit deposited by 

high-energy water scouring the top of the underlying graben-fill sediments and leaving behind angular 

gravels and sands.  Fine-grained backwater deposits that consist of clay and organic clay overlie the lag 

deposit.  The backwater deposits are cut by higher energy channel deposits that consist mostly of sand.  

Similar fluvial materials were found beneath the reach of Sheep Gulch on adjacent property to the south. 
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3.0  Conceptual Hydrogeologic Model 

A conceptual hydrogeologic model is a simplified representation of a ground water flow system.  It must 

be a valid representation of the important hydrologic features and processes, but should also be the 

simplest representation possible (Anderson and Woessner, 1992, p. 28).  The conceptual hydrogeologic 

model is shown in Figure 4 and described below. 

3.1 Aquifers, Aquitards, and Aquicludes 

Rocks and sediments capable of transmitting significant quantities of water under ordinary hydraulic 

gradients (aquifers, as defined by Freeze and Cherry, 1979, p. 47) in the area include: 

 Quaternary-age sediments associated with the area streams,  

 Coarse-grained zones in the Tertiary-age graben-fill sedimentary rocks, 

 Interflow zones in the extrusive igneous rocks (Foxworthy, et al, 1988, p. 28), and 

 Weathered zones in the intrusive and extrusive igneous rocks (Botz, 1969) 

Less-permeable layers in a stratigraphic sequence are referred to as aquitards.  The graben-fill sequence is 

likely made up of a series of aquifer layers (coarse-grained sediments and sedimentary rocks) enclosed in 

a matrix of aquitard material (finer-grained sediments and sedimentary rocks).  The coarser sediments 

would have been deposited in the beds of streams crossing the graben.  The locations of the stream beds 

typically change with time during filling of sedimentary basins, but data on the distribution of aquifer 

layers in the graben-fill sequence are sparse. The unweathered portions of the igneous rocks of the 

Boulder Batholith have widely-spaced, saturated fractures (Botz, 1969); but are presumed to be incapable 

of transmitting significant quantities of water under ordinary hydraulic gradients (i.e., are aquicludes).  

3.2 Extent of the Local Ground Water Flow System 

The extent of the local ground water flow system is defined as follows (Figure 4): 

 The Continental Divide to the south.  It is assumed that the water table in the graben-fill sequence 

mimics surface topography.  In other words, it is logical to assume that a ground water flow divide 
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has developed in the vicinity of the continental divide and no ground water flow occurs beneath the 

divide.   This type of boundary is referred to as a hydraulic boundary (Anderson and Woessner, 1992, 

p. 103) and should be used with caution in transient simulations and predictive steady-state 

simulations because the model will not allow the boundary to change in response to changes in other 

boundary conditions.  Since this boundary is so far removed from the area of interest and coincides 

with a major topographic divide, this is considered an appropriate boundary condition. 

 The margins of the graben-fill sediments to the east and west.  It is assumed that the weathered zone 

on the basement rocks can be lumped with the graben-fill material and that the unweathered basement 

rocks act essentially as impermeable boundaries.  These margins are considered to transmit no flow.  

Some underflow may occur into the basin from the east beneath Silver Bow Creek and out of the 

basin to the west.  This is discussed further below. 

 The margins of the graben-fill sediments north of Silver Bow Creek.  Although the extrusive igneous 

rocks in contact with the graben-fill sequence may transmit water in the interflow zones, this was not 

considered in the flow model because of the distance from the area of interest and the uncertainty 

associated with the potential flux from these rocks 

In other words, the graben is closed to ground water flow around most of its perimeter; the only 

exceptions appear to be at the upstream and downstream ends of Silver Bow Creek.  At the inlet to the 

graben, the alluvial deposits are approximately 1300 feet wide (Botz, 1969, Plate 1) and are not believed 

to transmit large amounts of water (Botz, 1969, p. 13).  At the outlet, the Silver Bow Creek alluvial 

deposits narrows from a typical width of 1000 to 2000 feet to a width of approximately 200 feet west of 

Miles (Derkey and Bartholomew, 1988).  The underflow into and out of the graben-fill sequence through 

these constrictions is unknown, but is likely a small portion of the hydrologic budget. 

3.3 Sources and Sinks for Water 

Sources of water to the ground water flow system include: 

 Infiltration of precipitation. 

 Loss of discharge from the streams flowing from outside the margins of the graben-fill sequence

(Botz, 1969). 
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 Seepage from the tailing basin. 

 Underflow from beyond the limits of the graben.  As described above, this appears to be limited by 

the narrow width and hydraulic properties of the Silver Bow Creek alluvial aquifer at the inlet to the 

graben (Botz, 1969, p. 13).  

Sinks for water from the ground water system include: 

 Gaining portions of streams further down the valley (Botz, 1969).  In the vicinity of the Silver Bow 

Plant, this includes a pond north of the tailing basin referred to as the beaver pond.  This pond is 

located in the trace of the former stream bed in the valley that was dammed to form the tailing basin.   

 Evapotranspiration.  Over most of the model domain, the water table is expected to be below the 

extinction depth for evapotranspiration.  Evapotranspiration may remove a significant volume of 

water from the flow system near Silver Bow Creek where the water table intersects or is within 1 to 2 

meters of the ground surface. 

 Discharge to Silver Bow Creek and the gaining portions of the tributaries to Silver Bow Creek. 

 Underflow out of the graben in the sediments underlying Silver Bow Creek.  Like the inflow, this 

component is likely minor due to the constriction at the downstream end of the graben. 

 Pumping from wells within the graben-fill sequence. 

3.4 Site Hydrogeology 

Details on the site geology and hydrogeology are presented in Section 4 of the VCP Report (Barr, 1999) 

and summarized below.  For reference, the site well locations are shown on Figure 5.  

Ground water beneath the Silver Bow Plant is typically unconfined and is found at depths of up to 66 feet 

below the ground surface.  The average depth to ground water is approximately 30 feet below the ground 

surface.  Water level measurements from the monitoring wells show that the direction of ground water 

flow in the shallow portion of the graben-fill is north toward Silver Bow Creek.  



12/15/04

P:\26\46\004\topo_map\gwflow_transport_text.DOC 7

Ground water elevations in monitoring wells that are screened in the graben-fill alluvium are consistently 

higher than the water elevations in Silver Bow Creek.  During plant operation, ground water elevations 

were lower than the surface water elevation of the tailing basin, and lower than the surface topography of 

Sheep Gulch and its intermittent tributary south of the tailing basin.  These ground water–surface water 

elevation relationships indicate that the tailing basin and the reach of Sheep Gulch located upstream 

(south) of the tailing basin had the potential to leak water into the underlying graben-fill alluvium and that 

ground water north of the tailing basin leaked upward and discharged to Silver Bow Creek.   

Water levels in the reach of Sheep Gulch from German Gulch Road (the road between the Silver Bow 

Plant and Silver Bow Creek) south to the portion alongside the tailing basin are generally comparable to 

ground water levels.  This suggests that Sheep Gulch may gain or lose discharge to ground water in this 

reach. During plant operation, this reach of Sheep Gulch and the beaver pond typically gained discharge 

from ground water, however, both were periodically dry during years with below-normal precipitation.   

The ground water elevation contour maps indicate that the shallow ground water surface drops about 30 

feet over a distance of 5,000 feet between the upgradient wells (MW97-1 and MW97-5) on the south and 

German Gulch Road on the north.  The resulting horizontal hydraulic gradient is approximately 0.006 feet 

per foot toward the north.  The gradient appears to be steeper north of German Gulch Road, in the 

proximity of Silver Bow Creek. 

Water level measurements from the monitoring wells that are screened deeper in the graben-fill 

(monitoring wells MW97-2 and MW97-4) and the water level measurements from the corresponding 

shallow wells (monitoring wells MW97-1 and MW97-3) were used to assess local vertical hydraulic 

gradients within the graben-fill alluvium near the water table.  The November 1997 and October 1998 

data indicate downward gradients of 0.004 to 0.005 feet per foot in the upgradient (southern) well nest 

(MW97-1 and MW97-2).  In contrast, vertical gradients in the downgradient (northern) well nest 

(MW97-3 and MW97-4) were 0.001 feet per foot upward in 1997 and 0.0004 feet per foot downward in 

1998.  These data suggest that ground water is recharged (via losing streams or precipitation) south of the 

site and is neutral or discharging to surface water around the northwestern margin of the tailing basin.  

Anecdotal information from Plant staff suggests that water levels in Sheep Gulch and the beaver pond 

decrease in response to increased pumping of the Silver Bow Plant Production Wells.  Thus, the shallow 

and deeper portions of the graben-fill appear to be hydraulically connected, and shallow ground water 

levels will respond to pumping of the production wells. 
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4.0  Ground Water Flow Modeling Methods 

4.1 Code Selection and Description 

The ground water flow simulation code MODFLOW was chosen because of its wide usage and 

acceptance and because (when coupled with MT3DMS) it is well-suited for assessing the nature of 

contaminant transport for the contaminants of concern at the Silver Bow Plant.  MODFLOW simulates 

steady and nonsteady flow in an irregularly-shaped flow system in which aquifer layers can be confined, 

unconfined, or a combination of confined and unconfined.  Flow to or from hydraulic features such as 

wells, areal recharge, evapotranspiration, drains, and river beds can be simulated.  Hydraulic 

conductivities or transmissivities for any layer may differ spatially and be anisotropic, and the storage 

coefficient may be heterogeneous.  The model requires input of the ratio of vertical hydraulic conductivity 

to distance between vertically adjacent block centers.  Specified head and specified flux boundaries can 

be simulated as can a head-dependent flux across the model's outer boundary that allows water to be 

supplied to/from a boundary block in the modeled area at a rate proportional to the simulated head 

difference between a "source" of water outside the modeled area and the boundary block.  

MODFLOW solves the following ground-water flow equation using the finite-difference approximation 

(McDonald and Harbaugh, 1988): 

where:

Kxx, Kyy, and Kzz   are values of hydraulic conductivity in the x, y, and z directions, respectively, in units 

of length (L) per time (T-1);

h  is the value of hydraulic head, L; 

W represents the volumetric flux per unit volume to sources and sinks of water in the flow system, T-1 ; 

Ss  is the specific storage of the porous medium, L-1; and 

t  is time, T. 
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The flow region is subdivided into blocks in which the properties of the porous medium can be simulated 

as uniform.  In plan view, a rectangular discretization results from a grid of mutually perpendicular lines 

that may be variably spaced.  The flow region may be subdivided vertically into layers of varying 

thickness.  Several algorithms have been developed for solving the associated matrix problem; the user 

can choose the best solver for the particular problem.  The PCG solver (Hill, 1990) with damping as 

described in Harbaugh and McDonald (1996) was used in this modeling project.  Mass balances are 

computed for each time step and may be saved as a cumulative volume from each source and type of 

discharge.

Modifications were made to MODFLOW-96 (distributed by the USGS) and to the public domain version 

of MODFLOW distributed with MT3DMS to allow more stable performance with the automated 

calibration program PEST98 (Watermark Computing, 1994, 1998).  The block-centered flow module was 

modified to prevent unconfined cells from drying up.  If the head in a cell drops below the base elevation 

of the cell, the saturated thickness is set to 1 meter and the cell was then treated as confined (i.e., the head 

for that cell was set so inflow and outflow to the cell balance without regard to the elevation of the base of 

the cell).  The effect of this modification is to allow the model to remain stable under changing conditions 

imposed by the automated calibration software by preventing the downgradient “cascading” of dry, 

inactive cells as upgradient cells dry up.  This approach allows for continuity in the flow system and 

greater model stability.  These modifications are described on page 24 of Watermark Computing (1994).  

The source code and executable are provided as described in Appendix A. 

Ground water flow modeling was performed using the Department of Defense’s Groundwater Modeling 

System (GMS) software and S.S. Papadopulos & Associates software ModIME as pre- and post-

processors for MODFLOW.  The MODFLOW packages used to simulate the various features in the 

hydrogeologic conceptual model and model inputs are described below.  Model input files are provided as 

described in Appendix A. 

4.2 MODFLOW Grid 

The active zone of the MODFLOW grid was based on the extent of the graben-fill deposits (Figures 6 and 

7).  The grid is irregular, with 15 meter by 15 meter cells beneath the tailing basin area, and a maximum 

cell size of 500 meters by 500 meters.  The aspect ratio for adjacent cells was set at 1.5. 
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4.3 Model Layers 

The flow model has 5 layers.  Layer 1 of the flow model is active only under the footprint of the tailing 

basin.  Layer 1 is intended to simulate the hydraulic and transport properties of the tailings. 

Beyond the limits of the tailing basin, the top of model layer 2 was set equal to ground surface elevation.  

Digital elevation maps (DEMs) were acquired from the U.S. Geological Survey at the following internet 

address for the regional ground surface data:

http://edcftp.cr.usgs.gov/pub/data/DEM/7.5min/ 

The ground surface elevation data from the 7.5 minute DEMs were merged and interpolated to the 

MODFLOW cell centers using the ArcView GIS software; then imported into GMS as a two-dimensional 

grid.  Under the basin footprint, the predevelopment topographic data were used to get an accurate 

simulation of the tailings volume (Figure 8).  Figure 9 shows the thickness of layer 1 (tailings).  Figure 10 

shows the topography of the top of layer 2 (native soil beneath the tailings and ground surface beyond the 

limits of the tailing basin). 

The model was then divided vertically into five layers to account for the observed heterogeneity and 

completion depths of wells at the plant site (Figure 11).  The model layers were “draped” down from 

ground surface.  In other words, the model layers are not horizontal; instead they mimic the topography of 

the area (Figure 12).

Data acquired from the Montana Bureau of Mines and Geology (MBMG, 1999) were used to refine 

estimates of the depth to basement rocks in the graben (see Figure 3).   In the site vicinity, layers 2-5 were 

subdivided based on the completion depths of the site monitoring and production wells (Figure 11).  

Layers 2-5 were subdivided equally in areas away from the site.  The total estimated thickness for layers 

2-5 of the flow model over the entire model domain is shown on Figure 13.  This grid was interpolated 

from the data shown on Figure 3. 

4.4 Hydraulic Conductivity Distribution 

Available hydraulic conductivity and transmissivity data are summarized on Table 1.  Regional 

information provided in the MBMG (1999) database on aquifer transmissivity and hydraulic conductivity 
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were evaluated to determine if any spatial trends were apparent (Figures 14 and 15). The transmissivity 

was estimated based on reported specific capacities of the wells in the database.  Specific capacity is 

defined as the pumping rate divided by the drawdown (Q/s), typically expresses as gallons per minute per 

foot (gpm/ft). 

Driscoll (1986, p. 1021) describes an empirical equation relating aquifer transmissivity to the specific 

capacity of a well completed in the aquifer: 

 Q/s = T/C 

where:  

Q is the yield of the well, gpm, 

s is the drawdown in the well, feet, 

T is the aquifer transmissivity, gallons per day per foot (gpd/ft), and 

C is an empirical constant (for unconfined conditions, C = 1500; for confined conditions, C = 2000). 

By definition, transmissivity is converted to hydraulic conductivity by dividing by the saturated thickness 

of the aquifer (Freeze and Cherry, 1979, p. 59).  However, Heath (1989, p. 61) suggests that the value of 

transmissivity estimated from specific capacity applies only to that part of the aquifer adjacent to the 

saturated well screen.  This is because during a short-term test the entire thickness of the aquifer does not 

supply water to the well.  For this reason, the hydraulic conductivity of the aquifer was estimated using 

the length of the saturated well screen, rather than the aquifer saturated thickness.  Transmissivity 

estimates based on specific capacity are low if well losses are significant. The data appear to be consistent 

with Borduin’s (1999) conclusion that the material beneath Silver Bow Creek has a relatively high 

hydraulic conductivity.  The same approach was applied to specific capacity data from the Silver Bow 

Plant Production Wells (see Table 2). 

The following hydraulic conductivity zones were explicitly modeled.  Calibrated values for the hydraulic 

conductivity zones are given below.  Model calibration is discussed in the following section.  Uniform 

aquifer properties were assumed over the rest of the model domain.  It was assumed that the values 

assigned to the large areas with unknown properties adequately represent the bulk properties of these 

rocks and sediments. 
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 Based on laboratory testing of thin-wall samples, the tailings deposited in the basin form a man-made 

aquitard.  Layer 1 was assigned a uniform horizontal hydraulic conductivity of 2.26E-2 m/day and 

vertical anisotropy of 0.11 (the ratio of vertical to horizontal hydraulic conductivity (Kz/Kh)).

 A zone was placed in Layer 2 based on the results of drilling and aquifer testing to characterize the 

coarse-grained deposits in the valley fill beneath the tailing basin (shown close-up in Figure 16 and as 

Zone D on Figure 17).  This feature was described in detail in Section 2.2. 

 A zone of relatively high permeability (15.2 m/day to 32.1 m/day) was placed in Layers 2 through 5 

beneath the alluvial valley of Silver Bow Creek (Figure 17 through 19).  This is based on results of 

regional studies.  In Layer 5, this zone was expanded to include the plant production wells and 

extends south to encompass areas of lower head relative to the regional heads (Zone J of Figure 19).  

The distribution of hydraulic conductivity data in Layer 5 (Figure 15) was used to set the southern 

boundary of this zone. 

 Layer 2 has a uniform hydraulic conductivity of 7.57 m/day beyond the limits of the zones 

representing Silver Bow Creek alluvium and the coarse-grained valley fill deposits beneath the tailing 

basin.  This zone was assigned a relatively high value based on the inverse modeling, which is 

consistent with the results of aquifer testing performed in 1999 (see Appendix N). 

 Figures 17 through 19 show a zone that was placed in Layers 2-5 northeast of the plant site to 

simulate a knob of intrusive igneous rock that crops out in this area (Derkey and Bartholomew, 1988).  

Data obtained from the MBMG well index show wells completed in this area.  If very low hydraulic 

conductivity values are assigned to this zone, the heads drop to extremely low levels due to 

simulation of pumping of the area wells.  The observations used in model calibration are not sensitive 

to the hydraulic conductivity of this zone, consequently, it was set to 1.1 m/day and not varied later in 

the calibration.

4.5 Vertical Conductance 

The model input Vcont (vertical leakance between layers, defined as the vertical conductance divided by 

the area of the model cell) is calculated for each cell by ModIME using the follow formula (McDonald 

and Harbaugh, 1988, p. 5-13): 
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where:

-vk is the thickness of the upper layer, 

-vk+1 is the thickness of the lower layer, 

Kz i,j,k is the vertical hydraulic conductivity of the upper layer, and 

Kz i,j,k+1 is the vertical hydraulic conductivity of the lower layer. 

Two anisotropy zones were used in Layers 2 through 5, one representing finer-grained, more highly 

stratified graben-fill deposits and one representing the coarse-grained deposits of Silver Bow Creek 

(Figures 17 through 19).  The calibrated anisotropies of these zones are 0.12 and 0.45, respectively. 

4.6 Lateral and Basal Boundary Conditions 

The default boundary condition for the margins of the grid in MODFLOW is the no-flow boundary.  With 

the exception of the margins of the Silver Bow Creek alluvial deposits, this default boundary condition 

was used on the lateral margins of the model and for the base of the model because the intrusive igneous 

rocks in contact with the graben-fill sequence are believed to act as essentially impermeable boundaries.  

Borduin (1999) simulated discharge across the Rocker fault (the eastern margin of the graben) but 

indicated that he had no direct evidence for this and that his model was not highly sensitive to the amount 

of discharge simulated.  Although the extrusive igneous rocks in contact with the graben-fill sequence on 

the northern margin may transmit water in the interflow zones, this was not included in the flow model 

because of the distance from the area of interest and the uncertainty associated with the potential flux 

from these rocks.  Underflow into the Silver Bow Creek alluvial deposits from the east and out of these 

deposits to the west was modeled using the general head boundary package.  Heads were assigned as one 

meter above the top of the stream bed and the conductance was determined based on the  

 cell dimensions and horizontal hydraulic conductivity assigned to the zone representing the Silver Bow 

Creek alluvium as follows:   

where:
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C is the conductance assigned to the general head boundary for a particular cell, 

K  is the horizontal hydraulic conductivity, 

Lc is the cell width along columns, 

Lz is the layer thickness, and  

Lr is the cell width along rows. 

4.7 Streams 

Silver Bow Creek and the drainages crossing the graben-fill sequence were simulated using the stream-

flow routing package (Prudic, 1989).   The advantage of using this package over the river package for 

simulating the interaction between a stream and aquifer in semi-arid regions such as western Montana is 

that discharge from the stream to the aquifer is limited to a user-defined value.  In other words, if the 

stream is losing discharge to the aquifer, the model keeps track of the rate of loss and makes the stream 

cells inactive downstream of the point at which leakage from the stream has exceeded the available 

discharge.  This is crucial for the simulation to have a realistic water budget.  In addition, if heads in the 

aquifer rise above the stream bed in lower reaches of stream, the cells in that area become active and the 

stream can remove discharge from the aquifer cells.  This is an observed condition for the streams at and 

near the plant, including Sheep Gulch. 

The stream in Sheep Gulch, Silver Bow Creek, and several of the drainages on the graben-fill sequence 

south of Silver Bow Creek were simulated (Figure 20).  The area of the drainage basin south of Silver 

Bow Creek and outside the limits of the graben-fill sequence was determined and stream discharge 

distributed around the margins of the sequence as follows.  It was assumed that up to 70 percent of the 

average annual precipitation falling on the area outside the graben-fill (0.7 x 12.5 inches per year) would 

enter streams at the margins of the graben-fill sequence.  This discharge was divided equally among the 

ten stream segments that originate at the margins of the active area of the model south of Silver Bow 

Creek.

4.8 Recharge  

The recharge package was used to simulate infiltration of precipitation falling directly on the graben-fill 

sequence.  Recharge was applied to uppermost active layer (i.e., layer 2 outside the footprint of the tailing 

basin).  Recharge was applied to the tailing basin in the no-action alternative. 
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4.9 Tailing Basin 

Discharge to the tailing basin during the historical loading period was simulated with the general head 

boundary package (Figure 21).  Two conductance zones were used for each portion of the pond:  one for 

areas overlying the coarse-grained deposits in the former stream bed, and one for areas beyond the limits 

of the former stream bed (see Figure 16).  This allowed the model to simulate differential flux from the 

tailing basin into the materials in Layer 2. 

4.10 Wells 

The plant production wells were simulated using MODFLOW’s well package. The simulated discharge 

was distributed among the model layers based on the estimated transmissivity of the screened interval in 

each layer.  The production wells are simulated as screened across Layers 2 through 5, with the majority 

of the water being produced from Layer 5.  The pumping rates used in the model for the historical 

simulation were 400 gpm for Wells 1, 4, and 7; and 100 gpm for Wells 5 and 6 (Rhodia, 1998).  The 

pumping rates used for calibration to observed conditions in November, 1997 were 150 gpm each from 

Wells 1 and 7.  Well locations are shown on Figure 5. 

Other wells in the area were identified from the MBMG database (Figure 22).  It was assumed that these 

wells are pumped continuously at 5 percent of the pump capacity indicated in the database. 

4.11 Ground Water Seepage into the Beaver Pond 

Ground water seepage into the beaver pond north of the tailing basin was simulated using the drain 

package (Figure 21).  Drains in MODFLOW only remove water if the head in the aquifer is above the 

specified invert elevation; they do not contribute water to the aquifer if the head in the aquifer is below 

the invert.  The invert on the drain was specified as 5312.5 ft MSL to simulate the elevation of the outlet 

to the beaver pond.    

During automated model calibration, the beaver pond was simulated using the general head boundary 

package.  Unlike the drain package, the general head boundary will allow discharge from the boundary 

cell into the aquifer if the head in the aquifer is lower.  This was necessary during automated calibration 

because of the need for continuity of the simulated discharge to (or from) the beaver pond.  The 

automated model calibration software used in this project must be able to determine a sensitivity (change 
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in simulated head or discharge caused by a change in a given parameter value).  If the head in the aquifer 

fell below the specified invert elevation during an automated calibration using the drain package, no 

discharge would be simulated, so no matter how far the head fell below the invert, the simulated 

discharge would be zero.  In other words, the model would become insensitive to the parameter.   
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5.0  Flow Model Calibration 

Model calibration was accomplished with a combination of manual and automated inverse modeling.  The 

goal in setting up parameter zones was to create the simplest model possible in terms of zonation and to 

avoid undocumented, site-specific features if possible.  The calibration results depend in large part on 

which observations are considered the most important.  

5.1 Automated Inverse Modeling 

Inverse modeling of ground water flow systems consists of using observations regarding the flow system 

(primarily hydraulic head and ground water discharge information) to determine optimal values for a set 

of parameters related to physical properties of the aquifer system. PEST98 is a nonlinear parameter 

estimation program used to automate the inverse modeling process (Watermark Computing, 1994; 1998). 

PEST98 uses the Gauss-Marquardt-Levenberg method of nonlinear regression to determine the set of 

model parameters that minimizes the sum of squared weighted residuals, referred to as the objective 

function:

where:

• • is the objective function, 

n is the number of observations used in the calibration, 

mi is the measured value of water level or ground water discharge, 

si is the simulated value of water level or ground water discharge, and 

wi is the weight assigned to the given observation. 

The observations used and parameters varied in the model calibration are described below.  

5.2 Observations Used in the Model Calibration 

Two types of observations were used in the model calibration:  measured water levels in wells (heads in 

meters above mean sea level) and measured or estimated ground water discharge to surface water bodies 
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(with units of cubic meters per day).  In order to use observations with different units, the weights 

assigned to the observations must account for the difference in units.  In addition, the weights reflect the 

uncertainty associated with the measurement and the modeler’s desire to match a particular measurement. 

5.2.1 Water Level Measurements 

Water level measurements used in the model calibration came from three sources:  measurements in 

Silver Bow Plant wells made in November of 1997, measurements supplied to Barr by Mike Borduin  

(Borduin, 1999) and measurements from the MBMG database.  The largest weights were assigned to 

measurements from the Silver Bow Plant wells that do not appear to be influenced by localized leakage 

from site features (e.g., Wells MW97-1 and EPA-4, see Table 3 and Figure 5).  The data from Mike 

Borduin were assigned an intermediate weight, and the data from the MBMG database were assigned the 

lowest weight because of the uncertainty associated with the timing, location, and elevations of the 

measuring points. 

5.2.2 Discharge Measurements 

The primary discharge observation for the flow model calibration was the estimated seepage from the 

tailing basin:  380 gpm (Barr, 1998b). An additional discharge observation is Silver Bow Creek’s gain in 

discharge from ground water across the graben-fill.  Three independent estimates show that this 

observation has a relatively large uncertainty: 

 Borduin (1999) reported measuring gains of 5 cfs and 10 cfs across the model domain in July and 

August, 1998, respectively.   

 Barr (1999, Appendix N) estimated a total gain of 12.7 cfs across the model domain. 

 The baseflow in Silver Bow Creek at Opportunity is estimated at 17 cubic feet per second (cfs).  The 

length of Silver Bow Creek simulated by the model is approximately 50 percent of the total length of 

the stream from Butte to Opportunity.  Assuming the gain in discharge is distributed evenly along the 

length of the creek, the estimated gain for the reach simulated the MODFLOW model domain is 8.5 

cfs.



12/15/04

P:\26\46\004\topo_map\gwflow_transport_text.DOC 19

The geometric mean value of these estimates (8.6 cfs) was used as the observed ground water discharge to 

Silver Bow Creek for the model calibration. 

Discharge into the beaver pond and Sheep Gulch in the reach between the flume at SW-4 and German 

Gulch Road was estimated at 244 gpm (1330 m3/day).  For model calibration, this combined flow was 

divided as shown on Table 3.  These estimates are based in part on the depth of flow through the culverts 

under German Gulch Road and are subject to a large degree of uncertainty.   

5.3 Parameters Used in the Model Calibration 

With PEST98, parameters can either be variable (allowed to vary within a user-specified range), tied 

(kept at a constant ratio with a specific variable parameter), or fixed.  In the process of calibration, the 

most sensitive parameters are identified and the more insensitive or highly correlated parameters are 

fixed.

Aquifer parameters varied in the model calibration included horizontal hydraulic conductivity, vertical 

anisotropy, and conductance on the general head boundary cells representing the tailing basin. Table 4 

summarizes the final values and data sources for the parameters used in the model calibration.  Parameter 

zones are summarized in Section 4.4.   

The discharge available to each of the stream segments originating on the margin of the model was 

treated as a single parameter in the flow model calibration.  An upper limit for this parameter value was 

set at 70 percent of the precipitation falling in the part of the watershed outside the active area of the flow 

model. 

Recharge from precipitation was allowed to vary from 0.3 inches per year to 3.0 inches per year (the 

value in Borduin’s (1999) calibrated flow model). 

5.4 Calibration Results 

Figure 23 shows the simulated heads in layer 2 of the model in the vicinity of the Silver Bow Plant.  The 

contours compare well with those of the measured heads (Figure 4-11 of the VCP Report (Barr, 1999)).  

Simulated loss of discharge from Sheep Gulch to layer 2 of the model causes the 5340 contour to extend 

further north than was observed.  This was a common problem in model calibration:  the simulated heads 
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south of the site tend to be higher than observed.  In addressing this problem, it was difficult to keep the 

simulated heads on the north side of the site high enough to produce ground water discharge into the 

beaver pond and Sheep Gulch.  

Figure 24 shows the composition of the objective function (sum of squared weighted residuals) for the 

calibrated model.  Table 3 lists the residuals on flow measurements and site head measurements.  The 

objective function is dominated by residuals on heads measured in Silver Bow Plant wells (groups hi, int, 

and low on Figure 24).  The ground water discharges are underestimated in the calibrated model, but 

given the uncertainty in the estimated magnitude of these discharges and intended goal of keeping the 

model as simple as possible, it is necessary to compromise between matching heads and matching 

discharges.

In earlier calibrations, in which the weights on the discharges were higher, the objective function was 

dominated by residuals on the discharge to the beaver pond  and Sheep Gulch, both of which were more 

closely simulated than in the final calibration.  This is part of the compromise involved in keeping the 

model as simple as possible while still capturing the important hydrologic features and processes.  The 

calibrated model represents the best fit to the observations without introduction of site-specific features to 

cause additional discharge into Sheep Gulch and the beaver pond . 

Figure 25 shows the simulated heads versus observed heads.  The site heads and gradient across the site 

are matched very well.  With the exception of three outliers, the model also matches Borduin’s (1999) 

data well.  The outliers may represent zones that are isolated from the regional flow system.  The data 

from the MBMG are not matched as well, however, these data have a large degree of uncertainty as 

discussed above. 

Model parameter sensitivities for a preliminary calibration are shown in Figure 26.  The most insensitive 

parameters were fixed (not variable) in the final calibration.  Mass balance summaries for the calibration 

run and the various forward simulations are presented in Appendix B. 

5.5 Particle Tracking with the Calibrated Model 

The calibrated flow model was modified to simulate historical pumping rates from the Silver Bow Plant 

production wells (combined discharge of 1400 gpm) and used to track ground water flow directions to the 

production wells and from the tailing basin.  Backward traces from the production wells in Layer 5 
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indicate that these wells obtained most of their discharge from the south (Figure 27).  The traces do not 

suggest significant induced recharge from Silver Bow Creek.  Forward traces from the tailing basin 

(Layer 1) indicate that some of this water was drawn into the deepest part of the aquifer by the pumping 

of the production wells and that some of the water discharges to surface water bodies (Figure 28). 
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6.0  Arsenic Transport Modeling Methods 

Arsenic transport was modeled because of the three chemicals of concern (arsenic, cadmium, and 

fluoride) arsenic is more mobile than cadmium and more toxic than fluoride.  Cadmium adsorption to 

sediments increases with pH, and above a pH of approximately 7, virtually all cadmium is adsorbed 

(Moore and Ramamoorthy, 1984, p. 36).  The distribution of cadmium in ground water at the Silver Bow 

Plant reflects its strongly attenuated nature (see Figure 4-13 of the VCP Report (Barr, 1999)).  

The three-dimensional transport modeling code MT3DMS was used to model arsenic transport in ground 

water.  Methods for estimation of the arsenic transport parameters and calibration of the transport model 

are described below. 

6.1 Code Selection and Description 

The transport code MT3DMS can be used to simulate changes in concentrations of soluble contaminants 

in ground water caused by advection, dispersion, diffusion, and some basic chemical reactions, with 

various types of boundary conditions and external sources or sinks.  The basic chemical reactions 

included in MT3DMS are equilibrium-controlled or rate-limited linear or non-linear sorption, and first-

order irreversible or reversible kinetic reactions.  MT3DMS can accommodate very general spatial 

discretization schemes and transport boundary conditions, including: 1) confined, unconfined or variably 

confined/unconfined aquifer layers; 2) inclined model layers and variable cell thickness within the same 

layer; 3) specified concentration or mass flux boundaries; and 4) the solute transport effects of external 

hydraulic sources and sinks such as wells, drains, rivers, areal recharge and evapotranspiration. MT3DMS 

is designed for use with any block-centered finite-difference flow model, such as the U.S. Geological 

Survey modular finite-difference ground water flow model, MODFLOW, under the assumption of 

constant fluid density and full saturation.  

The partial differential equation describing the fate and transport of contaminants of species k in three-

dimensional, transient ground water flow systems can be written as follows (Zheng and Wang, 1998): 
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where:

• • is the porosity of the subsurface medium, dimensionless; 

Ck is the dissolved concentration of species k, ML-3 ; 

t is time, T; 

xi is the distance along the respective Cartesian coordinate axis, L; 

Dij is the hydrodynamic dispersion coefficient tensor, L2 T-1 ; 

vi is the seepage or linear pore water velocity; LT-1 ; it is related to the specific 

 discharge or Darcy flux (qi) through the relationship, vi =qi/• •;

 qs is the volumetric flow rate per unit volume of aquifer representing fluid 

 sources and sinks, T-1 ; 

 Cs
k is the concentration of the source or sink flux for species k, ML-3 ; 

 Rn is the chemical reaction term, ML-3 T-1 . 

MT3DMS includes an implicit formulation that is solved with an iterative solver that is based on 

generalized conjugate gradient (GCG) methods with three preconditioning options and the 

Lanczos/ORTHOMIN acceleration scheme for non-symmetrical matrices. If the GCG solver is selected, 

dispersion, sink/source, and reaction terms are solved implicitly without any stability constraints. The 

GCG solver was used with Jacobi preconditioning in this modeling project.  The fully implicit standard 

finite-difference method was used to solve the advection term.  Model input files are provided as 

described in Appendix A. 

6.2  MT3DMS Packages Used 

Optional MT3DMS packages used in the simulations described below included:  the advection package; 

the source-sink mixing package for simulation of historical conditions and the closure alternative 

involving infiltration through unsaturated tailings; and the reaction package for simulation of non-linear 

sorption of arsenic.  The dispersion package was not used (see Section 6.4 for further details).  
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6.3  Determination of Transport Parameters 

A series of batch sorption/desorption tests were performed in which the equilibrium concentration of 

dissolved arsenic in contact with tailings and three soil types from the Silver Bow Plant were determined 

for approximately seven to ten starting dissolved arsenic concentrations.  In general, the batch sorption/ 

desorption data are consistent with the Freundlich isotherm, in which the mass of a compound adsorbed 

on the solid phase per unit mass of the solid phase (C ) is related to the concentration in solution at 

equilibrium (C) by the following equation (Zheng and Wang, 1998): 

a

f CKC "

where:

Kf is the Freundlich constant, with units of (L/• •g)• • and

• •  is the Freundlich exponent, a dimensionless parameter. 

Graphs of all of the Freundlich isotherms determined from the batch testing are shown as blue traces on 

Figures 29 through 31.  Details on the batch sorption testing are presented in Appendix C. 

6.4  Transport Model Calibration 

The transport model was calibrated manually using a simulation of the period from 1970 through 1999.  

Water with an arsenic concentration of 0.5 mg/L (based on typical reported concentrations for the pond 

return water, see Table 4-13) infiltrating at a rate of 387 gpm (based on the calibrated flow model) was 

simulated for this time period.   

Preliminary modeling consisted of using mean values for the Freundlich isotherm coefficients for the 

tailings, alluvium (assigned to all zones in layers 2 through 5 except those representing coarse-grained 

deposits), and fluvial deposits associated with the buried channel beneath the tailing basin and with Silver 

Bow Creek.  Arsenic concentrations were underestimated in all cases.  The model was relatively 

insensitive to the effective porosity within reasonable ranges (0.25 to 0.005).  The lowest Freundlich 

coefficient values from any of the batch tests were assumed for each of the materials, but the resulting 

arsenic concentrations were still too low.  A starting concentration of arsenic in the pore water of the 

tailings of 0.5 mg/L was assumed.  The bulk densities of the tailings and alluvium were reduced to 90 
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percent and 80 percent of the measured values, a slightly lower slope (a) was assumed for the alluvium 

and the fluvial deposits, and a lower offset (Kf) was assumed for the tailings to yield a reasonable match 

to observed arsenic concentrations.  The red traces on Figures 29 through 31 are the calibrated isotherms. 

The arsenic transport parameters for the calibrated transport model result in isotherms that are lower than 

the laboratory-measured values at high dissolved arsenic concentrations, but consistent with the 

laboratory-measured values at lower dissolved arsenic concentrations. 

The dispersion package was not used because the aquifer system has such a high capacity for arsenic 

sorption that difficulty was encountered simulating arsenic transport into the aquifer as far from the 

tailing basin as is currently observed.  Simulation of dispersion would lower the modeled arsenic 

concentrations by spreading the mass further than advective transport alone.  Since mass is conserved in 

the simulation, dispersion would not be anticipated to affect the mass flux calculations. 

Measured arsenic concentrations above background versus simulated concentrations are listed on Table 5 

and plotted in Figure 32.  For simplicity, the background arsenic concentration was assumed to be 0.010 

mg/L, which is considered a representative value for most areas around the Silver Bow Plant.  As 

discussed in Section 4.3.3 of the VPC Report (Barr, 1999), it appears that the background arsenic 

concentrations may be spatially variable and exceed the WQB-7 standard for arsenic in the vicinity of 

Sheep Gulch. If this is the case, the arsenic concentration above background for Wells PW-99-1 and PW-

99-3 may represent concentrations to of zero to approximately 0.015 mg/L above background.  In 

addition, arsenic concentrations exceeding WQB-7 in Silver Bow Plant Production Wells RP W-4 and RP 

W-6 may reflect some natural variability in background concentrations. 

Simulated concentrations around 0.001 mg/L to 0.002 mg/L versus measured concentrations at 

background are not considered significant residuals because the simulated value is a small fraction of the 

background concentration, and therefore could not be distinguished from background.  Three wells are 

located near sharp fronts in the simulated arsenic plume.  Slight variations of the ground water flow 

direction would cause marked increases/decreases in simulated arsenic concentration at these wells.  Thus 

the fact that the model does not match these observations is reasonable.  The model is considered 

representative of site conditions. 

The arsenic concentrations at Wells MW97-3 and PW99-1 (see Figure 5) were considered the most 

critical to match because these are the furthest downgradient and represent the shallow aquifer system’s 

ability to attenuate arsenic transport and control the rate of mass loading to surface water bodies.  Table 6 

lists the calibrated transport parameters, the resulting adsorbed arsenic concentration in equilibrium with a 
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dissolved concentration of 0.5 mg/L, and the retardation factor for a dissolved arsenic concentration of 0.5 

mg/L.  The retardation factor represents the inverse of the rate of arsenic migration relative to the rate of 

ground water movement.  In other words, arsenic migrates at a rate of 280 to 1490 times slower than 

ground water due to the effects of sorption by the tailings and aquifer material.  Mass balance summaries 

for the calibration run and the various forward simulations are presented in Appendix D.  As described 

above, these calibrated values are consistent with the laboratory-measured values. 

The simulated arsenic concentrations above background under current conditions in model layers 1 

through 5 are shown on Figures 33 through 37.  Certain aspects of the shape of the arsenic plume are 

notable.  For instance, the split of the plume downstream of the Silver Bow Plant in Figure 34 is caused 

by simulation of loss of discharge from Sheep Gulch to Layer 2 of the model in this reach.  The simulated 

arsenic concentration in the water discharging from Sheep gulch is zero, consequently an apparent 

dilution of arsenic concentrations in Layer 2 occurs in this area.  This phenomenon of a tributary stream 

losing discharge to ground water in the vicinity of a larger stream that is gaining ground water discharge 

has been observed in other settings.  In nature, arsenic reaching Sheep Gulch in a gaining reach would be 

available for reintroduction into the ground water in a losing reach further downstream.  This is a 

limitation of MODFLOW/MT3DMS: the concentration of a given species in a stream can be specified by 

the user, but is not calculated internally.  If the value were specified as greater than zero, it would not 

change with time and would artificially add mass to the system.   

The arsenic mass flux calculation, which is described in more detail below, consisted of adding the mass 

reaching Sheep Gulch in cells that gain discharge from ground water to the mass reaching the beaver 

pond and Silver Bow Creek in cells that gain discharge from ground water.  Simulating the infiltration of  

“clean” surface water in the lower reaches of Sheep Gulch has the apparent effect of displacing the 

arsenic in the ground water, but the mass flux calculation considers all stream cells that gain discharge 

from ground water, so the total mass flux calculation is accurate.   

The shape of the southwestern margin of the plume is also notable (see Figure 34).  Simulation of loss of 

discharge from Sheep Gulch to ground water at the south end of the Silver Bow Plant, combined with 

infiltration from the tailing basin causes a mounding condition that forces arsenic-bearing ground water 

along the southwestern margin of the tailing basin to flow to the west.  This can also be seen in the 

particle traces shown on Figure 28.  Further to west, the flow direction changes to a northerly direction as 

the mounding conditions dissipate (see Figure 23).  The varying flow direction causes the abrupt angle on 

the margin of the plume shown on Figure 34. 
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6.5  Arsenic Mass Loading Estimates for the Current Conditions 

The rate of mass flux to Sheep Gulch, the beaver pond, and Silver Bow Creek was estimated by 

multiplying the simulated rate of ground water discharge from each model cell connected to these surface 

water bodies times the simulated arsenic concentration in each cell.  The flux of arsenic in addition to 

background to these surface water bodies is estimated to be 10.3 g/day.   

The effect of this additional mass loading on the arsenic concentration in Silver Bow Creek was estimated 

as follows.  The estimated average stream discharge rate at the upstream end of the model domain is 21.6 

cfs (based on Titan Environmental, 1994).  An additional net gain of 3.2 cfs from ground water is 

estimated to occur between the upstream end of the model domain and the reach of the creek 

downgradient of the Silver Bow Plant (based on the calibrated flow model simulating typical conditions 

for the period 1970-1999).  The additional arsenic concentration in Silver Bow Creek under current 

conditions was thus estimated by dividing the rate of additional mass flux into the surface water bodies 

(10.3 g/day) by the estimated average stream discharge (24.84 cfs or 60,820 m3/day) to yield an additional 

concentration of 1.7E-4 g/m3 (0.00017 mg/L). 

6.6 Forward Simulations 

Results of the batch sorption testing and model calibration indicate that a significant mass of arsenic is 

adsorbed in the native material beneath the tailings as well as in the tailings themselves.  A no-action 

alternative and three remedial alternatives were simulated using the calibrated arsenic transport 

parameters.  These alternatives are described below along with an estimate of arsenic mass flux to Sheep 

Gulch, the beaver pond, and Silver Bow Creek. 

6.6.1 No-action Alternative 

The no-action alternative consists of no remedial action beyond that taken for plant dismantling and 

demolition. The no-action alternative assumed a rate of infiltration of 0.3 inches/year (the regional rate in 

the calibrated model) with a dissolved arsenic concentration of 0.5 mg/L.  Simulation of the no-action 

alternative indicates that the tailings will only be partially saturated after basin closure (Figure 38). A 

calculation was performed regarding mass removal from the unsaturated tailings that indicated it would 

take over 7000 years to desorb the arsenic in this zone at this dissolved concentration.  The starting 
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arsenic concentration in ground water was taken from the historical simulation and the mass sorbed in the 

aquifer is determined by MT3DMS based on the volume of saturated aquifer material in each cell and the 

Freundlich isotherm for the cell. 

The predicted arsenic distribution in Layer 2 (the layer from which ground water discharges to surface 

water bodies) at 50 years, 200 years, and 600 years after closure are shown on Figures 39 through 41.  

The area of high dissolved arsenic concentrations migrates slowly toward Silver Bow Creek as the mass is 

desorbed from the upgradient side and adsorbed on the downgradient side.  The dissolved concentrations 

downgradient of the tailing basin and the rate of mass loading to the surface water bodies rise at first, then 

slowly decrease with time.  The maximum dissolved concentration also slowly decreases with time.  

Estimated mass loading to Silver Bow Creek in excess of background for this alternative is summarized 

on Table 7. Details on the mass flux calculations are presented in sections 6.3 and 6.4.5. 

A notable feature on Figure 39 (and all of remedial simulations at 50 years after closure) is the shape of 

the southwestern margin of the plume.  Development of this margin in the historical simulation, which 

was the starting condition for the remedial alternatives, is discussed in Section 6.4.  The simulated effect 

of closure is to reduce the mounding condition under the tailing basin due to a reduction in the amount of 

infiltration in the basin footprint.  This cuts off the source of arsenic-bearing water.  Sheep Gulch is 

simulated to lose discharge in this reach in the remedial simulations.  As described in Section 6.4, 

simulation of infiltration of water from Sheep Gulch containing no arsenic creates an apparent gap in the 

plume but does not affect the mass flux calculations.  By 200 years after closure, advection of clean, 

upgradient water through the area covered by the portion of the plume west of the gap has reduced arsenic 

concentrations below 0.0001 mg/L in this area (Figure 40). 

6.6.2 Evapotranspiration Cap Alternative 

In the evapotranspiration cap alternative, zero infiltration is assumed over the footprint of the tailing 

basin.  The results from this alternative are nearly identical to the no-action alternative because the 

calibrated rate of infiltration (0.3 inches per year) resulted in a minor additional mass flux compared to 

the mass in the system at the start of the simulation.  The predicted arsenic distribution in Layer 2 at 50 

years, 200 years, and 600 years after closure are shown on Figures 42 through 44. The estimated mass 

flux to Silver Bow Creek is slightly lower in the capping alternative (Table 7).  
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6.6.3 Deep Ground Water Interception 

The deep ground water interception alternative consisted of simulating capping of the tailing basin (zero 

infiltration on the tailing basin footprint) and pumping of Silver Bow Plant Production Wells RP W-4 and 

RP W-6.  Maps of the simulated arsenic distribution in Layer 2 at 50 years, 200 years, and 600 years after 

closure are shown on Figures 45 through 47. 

Pumping of the deep wells acts as a gradient control, capturing some of the contaminated ground water 

that would otherwise discharge to Silver Bow Creek.  Because arsenic is so strongly adsorbed, the pump-

out system would have to operate for an indefinite period of time to effect significant mass removal.  The 

simulation results indicate that shutting the system down any time in the foreseeable future would result 

in little difference in future arsenic flux to Silver Bow Creek as compared to the capping alternative. 

6.6.4 Shallow Ground Water Interception 

The shallow ground water interception alternative consisted of simulating capping of the tailing basin 

(zero infiltration on the tailing basin footprint) and installation and pumping of a shallow french drain at 

250 gpm.  Maps of the simulated arsenic distribution in Layer 2 at 50 years, 200 years, 600 years, and 

1000 years after closure are shown on Figures 48 through 50.  

As with the deep ground water interception alternative, the shallow drain acts as a gradient control.  

However, because arsenic is so strongly adsorbed, the drain would have to operate for an indefinite period 

of time to effect significant mass removal.  The simulation results indicate that shutting the system down 

any time in the foreseeable future would result in little difference in future arsenic flux to Silver Bow 

Creek as compared to the capping alternative. 

6.6.5 Arsenic Mass Loading Estimates for the Forward Simulations 

Table 7 summarizes the no-action and remedial alternatives in terms of mass loading of arsenic to Sheep 

Gulch, the beaver pond , and Silver Bow Creek above the rate due to background concentrations in 

ground water.  The additional increase in arsenic concentration this mass loading would cause in Silver 

Bow Creek is also listed.  Details on the calculations of mass flux from ground water are presented in 

Section 6.5. 
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In addition to the mass flux from ground water, the mass flux calculations for the deep ground water 

interception alternative and shallow ground water interception alternative include the effects of 

discharging treated water to Silver Bow Creek.  It was assumed that the pumped water would be treated to 

0.01 mg/L arsenic.  This value is approximately half of the WQB-7 human health standard for arsenic.  

Given a pumping rate of 800 gpm for the deep ground water interception alternative, discharge of the 

effluent would result in a mass loading of 43.6 g/day arsenic.  Likewise for the shallow ground water 

interception alternative, a pumping rate of 250 gpm would result in mass loading of 13.6 g/day of arsenic 

in the effluent.  The effluent discharge rates were added to the estimated average stream discharge in 

Silver Bow Creek for each of the alternatives in calculating the change in arsenic concentration in the 

creek.

Table 7 summarizes the combined arsenic loading from ground water and treated water.  Based on the 

analysis, the deep and shallow ground water interception alternatives introduce a greater mass of arsenic 

to Silver Bow Creek and result in larger increases in arsenic concentration in the creek than the no-action 

and evapotranspiration cap alternatives. 

Assuming a background arsenic concentration of 0.010 mg/L in ground water, the background mass flux 

of arsenic to Silver Bow Creek for the no-action alternative (unrelated to releases from the Silver Bow 

Plant) is 320 g/day.  The largest simulated mass flux of arsenic to surface water contributed by Silver 

Bow Plant operations in the no-action alternative is 22.9 g/day at 200 years after site closure, or 

approximately 7 percent of the background rate of arsenic mass flux to the creek.  The calculated impact 

on Silver Bow Creek for typical creek flows never exceeds 0.0004 mg/L.  Addition of this incremental 

arsenic concentration to the average Silver Bow Creek water quality in this reach (0.0155 mg/L, see the 

discussion in Section 4.2.4 of the VCP Report (Barr, 1999)), would not exceed the WQB-7 standard for 

arsenic.
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Table 1 

Prior Information on Flow Model Parameters 

Parameter Estimated Value Source/Comments 

Transmissivity of coarse deposits 
in Silver Bow Creek alluvium in 
the Silver Bow Area 

189,000 gpd/ft to 
250,000 gpd/ft 

Titan Environmental, 1994, p. 246, well GS-03, 
converted to hydraulic conductivity by dividing by 10 
ft saturated thickness:  98 ft/day to 130 ft/day 

Transmissivity of fine-grained 
deposits in Silver Bow Creek 
alluvium in Silver Bow Area 

2,900 gpd/ft to
42,400 gpd/ft 

Titan Environmental, 1994, p. 246, Silver Bow 
Sludge Site, converted to hydraulic conductivity by 
dividing by screen length:  1.1 ft/day to 15 ft/day 

Transmissivity of coarse deposits 
in Silver Bow Creek alluvium in 
the Ramsay Flats area 

789,000 gpd/ft Titan Environmental, 1994, p. 246, well TS-01, 
converted to hydraulic conductivity by dividing by 10 
ft screen length:  410 ft/day 

Vertical Hydraulic Conductivity of 
clayey alluvial soils underlying the 
tailing basin  

4.9E-8 cm/sec
(4.2E-5 m/day) 

Horizontal Hydraulic Conductivity 
of clayey alluvial soils underlying 
the tailing basin 

1.5E-6 cm/sec
(1.3E-3 m/day) 

Barr, 1998a, p. 22 

Transmissivity of coarse-grained 
valley-fill deposits beneath the 
tailing basin 

3,880 gpd/ft to
5,920 gpd/ft

Barr, 1999, converted to hydraulic conductivity by 
dividing by 15 ft and 8 ft saturated thickness:  99 
ft/day to 35 ft/day, respectively 

Vertical Leakance of aquitard on 
top of coarse-grained valley fill 
deposits beneath the tailing basin 

4.48 day
-1

 to 6.71 day
-1

 Barr, 1999 

50,000 gpd/ft Barr, 1998a, p. 23, converted to hydraulic 
conductivity by dividing by 10 ft saturated thickness:  
98 ft/day 

Transmissivity of strata 
penetrated by site production 
wells 

38,500 gpd/ft to 
148,000 gpd/ft 

Transmissivity of strata 
penetrated by AsiMI Well ASM3 

153,000 gpd/ft 

Transmissivity of the graben-fill 
deposits 

3,000 gpd/ft to
30,000 gpd/ft 

Leonard Rice Consulting Engineers, Inc., 1997 

Hydraulic Conductivity of alluvium 
beneath Silver Bow Creek 

50 ft/day (15.2 m/day) 

Hydraulic conductivity of alluvium 
beneath Sand Creek and Sheep 
Gulch

30 ft/day (9.1 m/day) 

Typical hydraulic conductivity 
values for graben-fill material 

1 ft/day to 10 ft/day 
(0.305 m/day  
to 3.05 m/day) 

Borduin, 1999 

Range of transmissivity values 
based on specific capacity of 
wells in area 

170 gpd/ft to
88,000 gpd/ft 

Range of hydraulic conductivity 
values based on specific capacity 
of wells in area 

0.042 m/day to  
890 m/day 

Analysis of data obtained from the Montana Bureau 
of Mines and Geology, 1999 
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Table 2 

Hydraulic Conductivity Estimate Based on On-site Production Wells 

Production

Well No. 

Pumping

Rate

(gpm)

Drawdown

(ft)

Estimated

Transmissivity

(gpd/ft)

Saturated

Thickness*

(ft)

Hydraulic Conductivity 

(ft/day)

Comments

1 375 15 50000 30 223 Estimated saturated thickness

2 500 14 71429 28 341  

2A 500 82 12195 57 29  

3 550 18.5 59459 23 346  

4 350 5.5 127273 27 630  

5 350 46 15217 90 23 Estimated saturated thickness

6 350 1 700000 45 2080 Drawdown estimate is suspect

7 500 84 11905 80 20  

*Length of screen/perforated zones
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Table 3 

Summary of Observed and Simulated Flows and Heads in Site Monitoring Wells for

the Calibrated Flow  Model 

Observation Measured 
value

Calculated
Value

Residual Weight 

Ground Water Discharge to Surface Water Bodies 

Tailing basin (m3/day) 2073 2108.78 -35.78 0.072

Sheep Gulch (m3/day) -880 -16.929 -863.07 0

The beaver pond (m3/day) -450 -49.1596 -400.84 0.006

Silver Bow Creek (m3/day) (8.6 cfs) -21060 -13818.5 -7241.5 0.0022

Water Levels in Wells 

Epa1 (m MSL) 1627.05 1626.835 0.215 1.4

MW97-10 (m MSL) 1619.69 1620.774 -1.084 1.4

MW97-11 (m MSL) 1624.689 1624.566 0.123 1.4

MW97-7 (m MSL) 1624.119 1620.762 3.357 1.4

MW97-8 (m MSL) 1622.451 1619.964 2.487 1.4

MW97-9 (m MSL) 1620.1 1619.336 0.764 1.4

RP2a (m MSL) 1622.18 1620.908 1.272 1.4

Epa3 (m MSL) 1619.213 1617.197 2.016 4.8

MW97-3 (m MSL) 1620.07 1619.567 0.503 4.8

MW97-4 (m MSL) 1620.07 1619.609 0.461 4.8

MW97-6 (m MSL) 1623.98 1621.606 2.374 4.8

Epa4 (m MSL) 1615.67 1615.48 0.19 10.6

MW97-1 (m MSL) 1627.387 1629.528 -2.141 10.6

MW97-2 (m MSL) 1627.418 1628.528 -1.110 10.6

MW97-5 (m MSL) 1627.58 1626.714 0.866 10.6

Horizontal Hydraulic Gradients 

Gradient Across the site (unitless)  
MW97-5 to EPA3 

.0055 .0062 -.00007 NA*

Gradient Across the site (unitless)  
MW97-1 to EPA4 

.0074 .0089 -.0015 NA

*Not used explicitly as an observation in the automated flow model calibration. 
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Table 4 

Summary of Calibrated Flow Model Parameters 

Parameter Description Parameter
Name

Estimated
Value*

Comment

Horizontal hydraulic conductivity (K) of the 
tailings.

tail 2.26E-02 m/day 16x higher than previous estimates. 

Global K for Layer 2. glob2 7.5683 m/day  

Global K for Layers 3-5. glb35 0.3048 m/day  

K of the zone representing Silver Bow Creek 
deposits in Layer 5. 

hik5 32.103 m/day Extended beneath the Silver Bow Plant to 
encompass the production wells. 

Discharge in streams at the margins of the 
graben-fill.

Strq 3739 m3/day 70% of precipitation on watershed outside margins 
of graben-fill 

Rate of infiltration. Rch 2.086E-05 m/day 0.3 in/yr (Borduin’s (1999) model used 3 in/yr, but 
rate of stream loss in upper reaches not reported.)

Anisotropy in deposits beneath Silver Bow 
Creek in Layers 2-5. 

Ansbc 0.4502  

Anisotropy of Layers 2-4 beyond the limits of 
the zone beneath Silver Bow Creek. 

Anis 0.1282  

Tied parameters 

Ghblo 643.72 m2/dayConductance on general head boundary 
representing the tailing basin. Ghbhi 733.95 m2/day

Fixed parameters 

K of sediments beneath Silver Bow Creek, 
Layers 2-4. 

sbcr 15.244 m/day Estimate from Mike Borduin (1999):  50 ft/day 
(15.2 m/day). 

K of coarse-grained deposits in valley fill of 
former stream bed beneath the tailing basin. 

vfill 17.8333 m/day Mean value from Focused Data Collection (see 
Appendix N). 

K of igneous rocks cropping out northeast of 
the Silver Bow Plant. 

igrx 1.10889 m/day Raised from preliminary model based on data from 
the MBMG well database. 

*Note:  the number of significant figures are those used by PEST98.  Accuracies are not implied to exceed two significant figures.
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Table 5 

Summary of Observed and Simulated Arsenic Concentration Above Background 

 in Site Monitoring Wells for the Calibrated Transport Model 

Well Measured 
(mg/L)

Simulated
(mg/L)

Residual
(mg/L)

Comment

EPA1 0 0.0012 -0.0012 Background assumed to be 
0.010 mg/L 

EPA3 0 0.0 0.0  

EPA4 0 0.0 0.0  

MW97-1 0 0.0 0.0  

MW97-2 0 0.0 0.0  

MW97-3 0.032 0.038 -0.006  

MW97-4 0.036 0.012 0.024  

MW97-5 0 0.0 0.0  

MW97-6 0 0.0 0.0  

MW97-7 0.109 0.0 NA Other Source 

MW97-8 0.038 0.0001 NA Other Source 

MW97-9 0.071 0.0006 0.070 Near sharp front 

MW97-10 0.022 0.068 -0.046 Near sharp front 

MW97-11 0.005 0.006 -0.001  

RP W-1 0 0.0003 -0.0003 Near background  

RP W-4 0.012 0.002 0.0118  

RP W-5 0 0.0003 -0.0003 Near background  

RP W-6 0.023 0.002 0.021  

RP W-7 0 0.0 0.0  

PW99-1 0.034 0.007 0.027  

PW99-3 0.048 158.5 -110.5 Near sharp front 

Note:  Wells MW 97-7 and MW 97-9 are located near arsenic sources other than the tailing basin, so are 

not expected to be matched with this model. 

Table 6 

Calibrated Arsenic Transport Parameters 

Material Type Kf (L/• •g)a a C (• •g/g) for C=0.5 

mg/L 

Retardation Factor (R) 

for C=0.5 mg/L 

Tailings 1.13E-01 0.631 8.1 1490

Fluvial Deposits 8.01E-04 1.5977 16.4 610

Alluvial Deposits 7.05E-04 1.5039 5.7 280



12/15/04

P:\26\46\004\topo_map\gwflow_transport_text.DOC 38

Table 7 

Simulated Arsenic Mass Loading Above Background to Silver Bow Creek 

Elapsed

Time 

No-action Alternative Evapotranspiration Cap 

Alternative

Deep Ground Water 

Interception Alternative 

Shallow Ground Water 

Interception Alternative 

(years) Additional As 

flux to surface 

water* (g/day) 

Increase in As 

Concentration

in Silver Bow 

Creek (mg/L) 

Additional As 

flux to surface 

water (g/day) 

Increase in As 

Concentration

in Silver Bow 

Creek (mg/L) 

Additional As 

flux to surface 

water (g/day)�

Increase in As 

Concentration

in Silver Bow 

Creek (mg/L) 

Additional As 

flux to surface 

water (g/day)�

Increase in As 

Concentration

in Silver Bow 

Creek (mg/L) 

50 17.6 0.00029 17.4 0.00029 43.7 0.00069 27.5 0.00044

100 20.8 0.00034 20.6 0.00034 43.7 0.00069 30.1 0.00049

200 22.9 0.00038 22.6 0.00037 43.8 0.00069 34.1 0.00055

300 22.5 0.00037 22.1 0.00036 43.7 0.00069 35.7 0.00058

400 20.3 0.00033 19.8 0.00033 43.7 0.00069 27.4 0.00044

500 14.9 0.00025 13.8 0.00023 43.7 0.00069 23.7 0.00038

600 11.6 0.00019 10.9 0.00018 43.7 0.00069 21.1 0.00034

*Includes the beaver pond , Sheep Gulch, and Silver Bow Creek 

� Includes the effect of discharging treated water with an arsenic concentration of 0.01 mg/L. 



P:\26\46\004\topo_map\gwflow_transport_figures_final.doc

                   Note:  Y-axis oriented due north, length of segment Z-X is 1 mile 

Figure 1 

Silver Bow Plant Property Location Map 
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             Note:  Y-axis oriented due north, length of segment Z-X is 1 mile 

Figure 6 

Extent of the MODFLOW Groundwater Flow Model 
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               Note:  Y-axis oriented due north, length of segment Z-X is 1 mile 

Figure 7 

Active Cells in Layers 2 through 5 the MODFLOW Finite-difference Grid 



P:\26\46\004\topo_map\gwflow_transport_figures_final.doc

Figure 8 

Predevelopment Topography Beneath the Tailings Basin 
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Figure 9 

Thickness in meters and Extent of Active Cells in Layer 1 of the Flow Model 



P:\26\46\004\topo_map\gwflow_transport_figures_final.doc

Figure 10 

Elevation of the Top of Layer 2 in the Site Vicinity (m MSL)
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Figure 12 

Cross-section of Part of the MODFLOW Grid Along Column 49 
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Figure 13 
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Distribution of Hydraulic Conductivity Data 
by Layer (m/day)
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Figure 16 

Layout of  the Hydraulic Conductivity Zone in Layer 2 Representing the Coarse-grained  

Valley Fill Deposits in Sheep Gulch 
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Values Used in the Flow Models 

Zone Parameter Calibrated Model 

Hydraulic Conductivity 7.57 m/day Zone A 

Vertical Anisotropy 0.128 

Hydraulic Conductivity 1.11 m/day Zone B 

Vertical Anisotropy 0.128 

Hydraulic Conductivity 15.2 m/day Zone C 

Vertical Anisotropy 0.450   

Hydraulic Conductivity 17.8 m/day Zone D 

Vertical Anisotropy 0.450   

Figure 17 

Hydraulic Conductivity/Vertical Anisotropy Zones in Layer 2 
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Values Used in the Flow Models 

Zone Parameter Calibrated Model 

Hydraulic Conductivity 0.305 m/day Zone E 

Vertical Anisotropy 0.128   

Hydraulic Conductivity 1.11 m/day Zone F 

Vertical Anisotropy 0.128   

Hydraulic Conductivity 15.2 m/day Zone G 

Vertical Anisotropy 0.450   

Figure 18 

Hydraulic Conductivity/Vertical Anisotropy Zones in Layers 3 and 4 
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Values Used in the Flow Models 

Zone Parameter Calibrated Model 

Hydraulic Conductivity 0.305 m/day Zone H 

Vertical Anisotropy 0.128   

Hydraulic Conductivity 1.11 m/day Zone I 

Vertical Anisotropy 0.128   

Hydraulic Conductivity 32.1 m/day Zone J 

Vertical Anisotropy 0.450   

.                                                         

Figure 19 

Hydraulic Conductivity/Vertical Anisotropy Zones in Layer 5
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Figure 20 

Streams Simulated in the MODFLOW Model 
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Figure 21 

General Head Boundaries and Drains Simulated in the MODFLOW Model 
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Figure 22 

Distribution of Pumping Wells from the MBMG Database 
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Figure 23 

Simulated Water Levels in Layer 2 of the Calibrated Model (ft MSL) 
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Figure 24 

Composition of the Objective Function for the Calibrated Model 
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Figure 25 

Hydraulic Head Calibration Results (m MSL) 
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Figure 26 

Distribution of Parameter Sensitivities for a Preliminary Calibration 
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Figure 27 

Capture Zones for the Silver Bow Plant Production Wells (Backward Traces in Model Layer 5) 
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Note:  Wells RP W-1 and RP W-4 withdraw water primarily from Layer 5 of the model. 

Figure 28 

Forward Traces from the Tailing Basin (Layer 1) in the Historical Loading Scenario 
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Figure 29 

Freundlich Isotherms for the Tailings Material 
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Figure 30 

Freundlich Isotherms for the Fluvial Material  
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Figure 31 

Freundlich Isotherms for the Alluvial Material 
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Figure 32 

Measured Versus Simulated Arsenic Concentration from the Calibrated Transport Model 
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Figure 33 

Simulated Arsenic Concentrations Above Background in Layer 1 as of 1999 (Tailings) 
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Figure 34 

Simulated Arsenic Concentrations Above Background in Layer 2 as of 1999  



P:\26\46\004\topo_map\gwflow_transport_figures_final.doc

Figure 35 

Simulated Arsenic Concentrations Above Background in Layer 3 as of 1999 



P:\26\46\004\topo_map\gwflow_transport_figures_final.doc

Figure 36 

Simulated Arsenic Concentrations Above Background in Layer 4 as of 1999 
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Figure 37 

Simulated Arsenic Concentrations Above Background in Layer 5 as of 1999 
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Figure 38 

Simulated Saturated Thickness of the Tailings in the No-Action Alternative 
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Figure 39 

Simulated Arsenic Concentration Above Background in Layer 2 at 50 Years After Closure for the No-

action Alternative 
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Figure 40 

Simulated Arsenic Concentration Above Background in Layer 2 at 200 Years After Closure for the No-

action Alternative 
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Figure 41 

Simulated Arsenic Concentration Above Background in Layer 2 at 600 Years After Closure for the No-

action Alternative 



P:\26\46\004\topo_map\gwflow_transport_figures_final.doc

Figure 42 

Simulated Arsenic Concentration Above Background in Layer 2 at 50 Years After Closure for the 

Evapotranspiration Cap Alternative 
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Figure 43 

Simulated Arsenic Concentration Above Background in Layer 2 at 200 Years After Closure for the 

Evapotranspiration Cap Alternative 
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Figure 44 

Simulated Arsenic Concentration Above Background in Layer 2 at 600 Years After Closure for the 

Evapotranspiration Cap Alternative 
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Figure 45 

Simulated Arsenic Concentration Above Background in Layer 2 at 50 Years After Closure for the Deep 

Ground Water Interception Alternative 
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Figure 46 

Simulated Arsenic Concentration Above Background in Layer 2 at 200 Years After Closure for the Deep 

Ground Water Interception Alternative 
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Figure 47 

Simulated Arsenic Concentration Above Background in Layer 2 at 600 Years After Closure for the Deep 

Ground Water Interception Alternative 



P:\26\46\004\topo_map\gwflow_transport_figures_final.doc

Figure 48 

Simulated Arsenic Concentration Above Background in Layer 2 at 50 Years After Closure for the 

Shallow Ground Water Interception Alternative 
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Figure 49 

Simulated Arsenic Concentration Above Background in Layer 2 at 300 Years After Closure for the 

Shallow Ground Water Interception Alternative 



P:\26\46\004\topo_map\gwflow_transport_figures_final.doc

Figure 50 

Simulated Arsenic Concentration Above Background in Layer 2 at 600 Years After Closure for the 

Shallow Ground Water Interception Alternative 
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