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The U.S. Environmental Protection Agency (EPA) through its Office of Research and Development 
funded the research described here under IAG DW89939550-010-0 through the U.S. Department of 
Energy (DOE) Contract DE-AC09-96EW96405.  It has been subjected to the Agency’s peer and 
administrative review and has been cleared for publication as an EPA document.  Reference herein to any 
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, 
does not necessarily constitute or imply its endorsement or recommendation.  The views and opinions of 
authors expressed herein do not necessarily state or reflect those of EPA or DOE, or any agency thereof. 
 

 ii



 

Foreword 
 
The U.S. Environmental Protection Agency (EPA) is charged by Congress with protecting the Nation's 
land, air, and water resources.  Under a mandate of national environmental laws, the Agency strives to 
formulate and implement actions leading to a compatible balance between human activities and the ability 
of natural systems to support and nurture life. To meet this mandate, EPA's research program is providing 
data and technical support for solving environmental problems today and building a science knowledge 
base necessary to manage our ecological resources wisely, understand how pollutants affect our health, 
and prevent or reduce environmental risks in the future.   
 
The National Risk Management Research Laboratory (NRMRL) is the Agency's center for investigation 
of technological and management approaches for preventing and reducing risks from pollution that 
threaten human health and the environment.  The focus of the Laboratory's research program is on 
methods and their cost-effectiveness for prevention and control of pollution to air, land, water, and 
subsurface resources; protection of water quality in public water systems; remediation of contaminated 
sites, sediments and ground water; prevention and control of indoor air pollution; and restoration of 
ecosystems.  NRMRL collaborates with both public and private sector partners to foster technologies that 
reduce the cost of compliance and to anticipate emerging problems.  NRMRL's research provides 
solutions to environmental problems by: developing and promoting technologies that protect and improve 
the environment; advancing scientific and engineering information to support regulatory and policy 
decisions; and providing the technical support and information transfer to ensure implementation of 
environmental regulations and strategies at the national, state, and community levels. 
 
This publication has been produced as part of the Laboratory's strategic long-term research plan.  It is 
published and made available by EPA's Office of Research and Development to assist the user 
community and to link researchers with their clients.  
 
 Sally Gutierrez, Director 

National Risk Management Research Laboratory 
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Abstract 
 
This report summarizes the results of Mine Waste Technology Program (MWTP) Activity III, Project 39, 
Permeable Treatment Wall Effectiveness Monitoring Project, implemented and funded by the U.S. 
Environmental Protection Agency (EPA) and jointly administered by EPA and the U.S. Department of 
Energy (DOE).  This project addressed EPA’s technical issue of Mobile Toxic Constituents – Water 
through a field demonstration of a water treatment process based on the use of Apatite II™ treatment 
medium at a remote, inactive underground mine. 
 
This project was undertaken to demonstrate the effectiveness of Apatite II™ (cleaned fishbone) to treat 
metal-laden water flowing from an abandoned mine.  The Nevada Stewart Mine (NSM), located in the 
Coeur d’Alene Basin near Pinehurst, Idaho, was selected as the site for the field demonstration.  The 
NSM is part of the Bunker Hill Mining and Metallurgical Complex, which was placed on the National 
Priorities List (NPL) for Superfund cleanup of heavy metals, mainly zinc, lead, and cadmium. 
 
To determine the effectiveness of the apatite material, a permeable treatment wall system [also referred to 
as the ApatiteTM II Treatment System (ATS)] was constructed by MSE Technology Applications, Inc. 
(MSE) using funds provided by DOE.  Subsequently, approximately 17 gallons per minute of the NSM 
adit discharge was directed through the ATS.  The gravity fed ATS was designed and constructed using a 
baffled, up-flow system that contained a 3:1mixture by volume of apatite and gravel.  The composition 
and quality of the influent and effluent water from the system was monitored by MSE using funding 
provided by the MWTP on a monthly basis for a 2-year period. 
 
After evaluating the results from the ATS, it was concluded that the system effectively attenuated zinc, 
iron, manganese, lead, and cadmium as substantiated by the decrease in aqueous phase concentrations 
between the influent and effluent waters, and increases in those constituents within the solid phase media 
contained in the system’s three treatment tanks.  The results from the ATS showed that a combination of 
mechanisms removed attenuated the metals from the NSM adit discharge.  The only removal mechanism 
verified in the ATS was sulfide mineral precipitation.  Other likely or possible removal mechanisms 
include phosphate mineral precipitation, adsorption, and cation substitution.  Results from the 
microscopy, geochemical modeling, and data evaluation revealed that sulfide mineral precipitation was 
the main removal mechanism for zinc, forming a zinc sulfide. 
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Executive Summary 
 
The Mine Waste Technology Program (MWTP) Activity III, Project 39, Permeable Treatment Wall 
Effectiveness Monitoring Project was implemented by the U.S. Environmental Protection Agency (EPA) 
and jointly administered by EPA and the U.S. Department of Energy (DOE).  Project 39 addresses EPA’s 
technical issue of Mobile Toxic Constituents – Water.  This project is a collaborative effort between DOE 
and EPA’s MWTP.  The DOE-funded portions of the project included the design and construction of the 
Apatite II™ Treatment System (ATS) and in-line monitoring system.  EPA’s MWTP activities addressed 
establishment of the baseline investigation of the project site, long-term performance monitoring, and 
decommissioning/closure of the ATS. 
 
The project was conducted at the Nevada Stewart Mine (NSM) site located within the Coeur d’Alene 
Mining District in Idaho.  The NSM is an abandoned lead-zinc mine with an adit discharge of 
approximately 50 gallons per minute (gpm), primarily contaminated with lead, zinc, and manganese, 
which drains directly into Highland Creek.  The ATS was designed to treat approximately 20 gpm (40%) 
of the NSM adit discharge.  The adit discharge was captured upon exiting the adit and gravity fed through 
the ATS.  Primarily, the ATS consisted of three treatment tanks (labeled 2, 3, and 4) filled with reactive 
media, which consisted of a 2:1 mixture by weight of gravel to cleaned fishbone (Apatite II™).  Monthly 
performance monitoring of the ATS was conducted between November 2002 and August 2004.  Both the 
treatment system influent and effluent were monitored, as well as upstream and downstream locations 
relative to the ATS on Highland Creek.  For the duration of the project, approximately 13.5 million 
gallons of water were treated by the ATS. 
 
The project was performed to determine the effectiveness of the ATS in reducing the concentrations of 
dissolved metals in the mine discharge and to define the attenuation mechanisms (i.e., physical and/or 
chemical) that reduced the total metal loading of treated waters.  To determine the effectiveness of the 
ATS at reducing the metals loading, the percent reduction was calculated for each metal listed as a target 
constituent for the duration of the project.  The main target constituents present in the NSM discharge 
included zinc, iron, manganese, calcium, magnesium, lead, and cadmium.  Results indicate that the ATS 
effectively attenuated cadmium, lead, zinc, iron, and manganese, as evidenced by the decrease in aqueous 
concentrations between inflow and outflow and the increase in solid phase concentrations of these 
constituents.  For the total ATS, the average percent reduction for dissolved zinc, cadmium, iron, and 
manganese was 55%, 85%, 73%, and 53%, respectively.  Dissolution of calcium and magnesium and 
corresponding increases in concentrations of these constituents occurred over the duration of the project. 
 
Each of the three reactors within the ATS exhibited strong variability in treatment efficiency throughout 
the project duration, which was dependent upon flow rate, retention time, surface contact, permeability 
through the medium, and chemistry of the water.  Tank 4 treated the water the most effectively, and the 
average percent reduction of dissolved zinc, cadmium, iron, and manganese for Tank 4 was 94%, 89%, 
74%, and 66%, respectively.  Tank 4 treated the lowest flow, provided the longest retention time, and had 
the most reducing environment inside the tank.  The increases in concentration of calcium and magnesium 
were also the greatest for this tank. 
 
A second method of calculating the efficiency of the ATS was to determine the reduction in metals 
loading entering Highland Creek during the project period.  The average monthly zinc loading, for 
example, was reduced from 37 pounds per month (lb/mo) prior to treatment to 21 lb/mo after ATS 
installation. 
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Extensive research activities were conducted during this project to identify the metals removal 
mechanisms within the ATS.  The attenuation mechanisms identified included precipitation, adsorption, 
and cation substitution.  Specific metals within the influent water were attenuated in different manners.  
Both the geochemical modeling by Golder Associates, Inc., and mineralogical analysis by Montana Tech 
confirmed that sulfide precipitation of zinc was probably the dominant mechanism for zinc attenuation 
within the treatment tanks.  This process resulted from reducing conditions being created through the 
consumption of organic portions of the substrate and the accompanying reduction of sulfate to produce 
insoluble sulfide by sulfate-reducing bacteria.  Attenuation of cadmium and lead due to precipitation was 
inconclusive; however, speciation modeling showed supersaturation with respect to both cadmium and 
lead sulfide.  The relatively low solid phase concentrations of these metals in the treatment tanks 
prevented identification of any cadmium/lead secondary mineral phases. 
 
Speciation modeling identified the production of manganese phosphate as a potential precipitate formed 
within the ATS.  This indicates but does not definitely verify that phosphate mineral precipitation was the 
potential attenuation mechanism controlling manganese concentrations.  Similarly, formation of strengite 
(Fe-phosphate) was identified as a possible sink for iron.  Effluent saturation indices indicate 
undersaturation with respect to hydroxypyromorphite.  Because the influent lead concentrations were very 
low, substitution of lead for calcium during reprecipitation of hydroxyapatite may be one mechanism 
responsible for lead attenuation.  Adsorption of lead, cadmium, and manganese onto ferrihydrite or the 
Apatite IITM treatment medium could account for an additional reduction in concentration of these metals. 
 
Water samples from the NSM site in Idaho were shipped to the EPA Laboratory in Cincinnati, Ohio, for 
toxicity tests.  A series of acute aquatic toxicity tests with P. promelas, the fathead minnow, and C. dubia, 
a freshwater invertebrate, were conducted with these samples.  The purpose of these tests was to establish 
the level of toxicity for discharge from the mine site and to evaluate the effectiveness of the treatment 
process currently being used at this site.  The results from the tests indicate that the treatment system 
being used to remediate the waste from this mine site reduced the toxicity of the effluent water over that 
of the influent water. 
 
After assessing the results from the NSM project, it was determined that metals removal was equivalent to 
about 5% of the weight of the apatite used.  For future utilization of apatite for removal of metals, the 
treatment tank design should be modified to improve the effectiveness and longevity of an ATS by 
maximizing residence time, preventing plugging, and including means for permeability 
enhancement/media replacement strategies. 
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1. Introduction 
 
1.1   Project Description 
Mine Waste Technology Program (MWTP) 
Activity III, Project 39, Permeable Treatment Wall 
Effectiveness Monitoring Project was funded by 
the U.S. Environmental Protection Agency (EPA) 
and jointly administered by EPA and the U.S. 
Department of Energy (DOE) through an 
Interagency Agreement (IAG).  MSE Technology 
Applications, Inc. (MSE) implements the MWTP 
for EPA and DOE.  For this project, MSE 
monitored and evaluated a fishbone, Apatite IITM 
Treatment System (ATS) designed and 
implemented to reduce the metals loading from an 
adit discharge water.  The reactive media in the 
treatment cells consisted of a mixture of fishbone 
(Apatite IITM) and gravel.  The objective of 
Activity III, Project 39 was to monitor and 
determine the effectiveness of the fishbone apatite 
material at reducing metals loading in the 
discharge flowing from an abandoned mine and 
determine the metal attenuation mechanisms. 
 
The Nevada Stewart Mine (NSM) site selected for 
this demonstration project is located in the Coeur 
d’Alene Mining District approximately 6 miles 
south of Pinehurst, Idaho.  The NSM is an 
abandoned lead (Pb)-zinc (Zn) mine discharging 
an estimated 50 gallons per minute (gpm) from the 
collapsed mine adit and underground workings.  
The primary contaminants in the NSM adit 
discharge are cadmium (Cd), Pb, iron (Fe), 
manganese (Mn), and Zn.  However, the 
characterization data indicated that Pb and Cd 
concentrations were very low during this project, 
near laboratory detection limits. 
 
The two major phases of the Permeable Treatment 
Wall Effectiveness Monitoring Project were:  1) 
implementation of the ATS; and 2) long-term 
monitoring of the ATS.  Construction of the ATS 
was funded by DOE in September 2002 and 
implementation of long-term monitoring, testing, 
and evaluation of the ATS system was funded by 
EPA’s MWTP for a 2-year period. 
 

This final report contains the following 
information: 
 
y Section 1—Description of the demonstration 

site, scope of work, criteria for success, project 
schedule, and history of demonstration 
activities. 

y Section 2—Description of DOE’s ATS 
installation, an overview of how Apatite II™ 
works, the general approach used for 
installation of the ATS, project design and 
assumptions, and implementation of the 
technology. 

y Section 3—Description of the 2-year 
monitoring and testing program implemented 
under EPA’s MWTP that was used to acquire 
data for evaluation of the ATS. 

y Section 4—Review and interpretation of the 
results for each stage of the project. 

y Section 5—Statistical analysis and evaluation 
of the 2-year monitoring results. 

y Section 6—Cost analysis of the ATS on a per-
gallon-treated basis. 

y Section 7—Summary of quality assurance 
including activities evaluation and validation of 
field and laboratory data to determine if the 
project objectives were achieved. 

y Section 8—Project conclusions and 
recommendations for future projects of this 
type. 

y Section 9—List of references. 

y Appendices—Additional data and results. 
 
1.2   Project Objectives and Scope of Work 
The overall objective of the monitoring program 
for the ATS demonstration was to evaluate the 
ability and efficiency of the system to reduce 
metals loading of a mining-impacted water.  The 
NSM adit discharge was continuously monitored 
before and after the ATS was installed to 
determine if the water quality improved and to 
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determine the attenuation mechanisms (i.e., 
chemical, biological, or physical) that effectively 
reduced the metals concentrations. 
 

1.2.1   Technology Criteria 
The project objectives to determine the 
effectiveness of the ATS were defined in the 
MWTP, Activity III, Project 39, Quality 
Assurance Project Plan (QAPP) (Ref. 1).  The 
effectiveness of the technology was determined by 
calculating the percent reduction of dissolved 
metals loading in the treated water compared to 
the influent water.  The system was monitored for 
a 2-year period.  This allowed the ATS system to 
be fully evaluated, even during low metal removal 
periods to determine if the metal removal varied 
seasonally or with permeability enhancements. 
 
1.3   Historic and Background Information 
This section provides pertinent information 
regarding the NSM site selection, as well as the 
selection of fishbone apatite (hydroxyapatite) as a 
metals removal medium.  The background 
information is presented as: 
 

− the history of the NSM site and surrounding 
area; 

− regulatory history of the local area; 
− previous projects using the Apatite II™ 

medium for remediation purposes; and 
− basic metals removal mechanisms when 

using Apatite II™ (hydroxyapatite). 
 
1.3.1   NSM Site History 
Water from the Coeur d’Alene Mining District, 
which produced over 150 million tons of Pb, Zn, 
and silver (Ag) ore since 1885, flows into the 
South Fork of the Coeur d’Alene River.  The 
South Fork of the Coeur d’Alene River water 
contains high dissolved metal concentrations that 
severely inhibit the survival of fish, other aquatic 
biota, and wildlife along much of the 30-kilometer 
reach draining the district (Ref. 2).  Zinc accounts 
for approximately 97% of the dissolved heavy 
metal load, followed by Pb and Cd (approximately 
1% each), with other metals [copper (Cu), nickel 
(Ni), cobalt, antimony (Sb), gold, mercury (Hg)] 
totaling less than 1% (Ref. 2). 

The NSM site is located in Shoshone County near 
the headwaters of Highland Creek approximately 2 
miles east of its confluence with the East Fork of 
Pine Creek (Figure 1-1).  The East Fork of Pine 
Creek flows into the South Fork of the Coeur 
d’Alene River.  The NSM is an abandoned Pb-Zn 
mine located 6 miles south of Pinehurst, Idaho, in 
the Coeur d’Alene Mining District.  The waste 
forms on the site consisted of a discharging adit 
and surface waste piles.  Approximately 8,100 
cubic yards of floodplain deposited mine wastes 
were removed from the site to the Central 
Impoundment Area at the nearby Bunker Hill Site.  
The streamside wasterock dump piles at the site 
were recently pulled back from the stream and 
recontoured to prevent erosion and reduce 
contaminant loading to Highland Creek.  
Discharge from the NSM adit drains directly into 
Highland Creek (Figure 1-2) and has continuous 
flow of approximately 50 gpm (Ref. 3). 
 
Most receiving waters in the local vicinity of the 
NSM have recorded pH values close to neutral and 
low metals and suspended solids concentrations.  
However, waters discharging from the NSM carry 
an increased amount of metals that are detrimental 
to the adjacent receiving stream.  Analytical 
results indicate high levels of dissolved Zn, Fe, 
and Mn in the NSM adit drainage and high levels 
of Zn and Fe in the soils.  The concentrations for 
Cd and Pb in the adit drainage were near the 
laboratory detection limits. 
 
1.3.1.1   Geology 
Coeur d’Alene Basin and mining district geology 
within the Coeur d’Alene Basin is Precambrian 
Belt Supergroup rocks consisting of quartzite, 
carbonates, fine-grained argillites, and dolomitic 
rock (Ref. 4).  The Precambrian rocks were 
deformed and intruded.  Deformations and 
intrusions and resulting mineralization have 
formed deposits of valuable minerals including 
sulfides of Pb, Ag, Zn, Sb, Cu, cobalt (Co), and 
traces of gold (Au) (Ref. 4).  The mineralogy of 
the mines is dominated by sphalerite [zinc sulfide 
(ZnS)] that was predominately associated with 
galena [lead sulfide (PbS)].  Cadmium was a trace 
element predominantly found with the sphalerite 
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and produced as a by-product of the smelting 
process. 
 
1.3.1.2   Physiography 
Terrain around and in the vicinity of the NSM is 
steep and slightly wooded with various 
vegetation/grasses.  Narrow, steep, and unpaved 
roads provide vehicle access to most areas of the 
mine surface.  Winter access to the site can be 
difficult due to deep snow and steep terrain, which 
impedes sampling efforts (Figure 1-3).  During the 
winter months, however, the NSM discharge did 
not freeze, nor did the flow through the apatite 
treatment system. 
 
1.3.2   Site Location History 
In 1983, the Bunker Hill Mining and Metallurgical 
Complex, a former mining and smelting area, 
located within the South Fork of the Coeur 
d’Alene River drainage basin, was placed on the 
National Priorities List for Superfund cleanup due 
to the presence of high levels of Zn, Pb, Cd, 
arsenic (As), and other heavy metals.  The Bunker 
Hill Mining and Metallurgical Complex was 
divided into three distinct areas:  Operable Unit 
One (populated areas); Operable Unit Two 
(nonpopulated areas of the complex); and 
Operable Unit Three (OU3) (any mining-related 
contamination on the broader Coeur d’Alene 
Basin). 
 
The NSM site is located within OU3.  In 
September 2002, the record of decision (ROD) for 
OU3 was signed and identified the selected 
remedy for the area.  The Basin Environmental 
Improvement Project Commission (BEIPC) was 
created to implement the EPA ROD for OU3.  
Within OU3, the BEIPC identified four areas that 
represented the greatest risk, either due to potential 
human exposure or high levels of contamination.  
The upper and lower regions of Pine Creek were 
identified as one of those areas.  The NSM 
discharge contributes to the contamination within 
the upper reaches of Pine Creek, and since it is 
adjacent to the Highland Creek Road, it is easily 
accessed allowing high exposure to humans. 
 

The overall remedy includes remedial action for: 
 

− protection of human health in the 
communities and residential areas, including 
recreational areas of the basin upstream of 
Coeur d’Alene Lake (the Upper Basin and 
Lower Basin); 

− protection of the environment in the Upper 
Basin and Lower Basin; and  

− protection of human health and the 
environment in areas of the Spokane River 
(Ref. 5). 

 
The remedial actions selected in the ROD were not 
intended to fully address contamination within the 
Coeur d’Alene Basin (Ref. 5).  Thus, achieving 
certain water quality standards, such as state and 
federal water quality standards and maximum 
contaminant levels for drinking water, were out of 
the scope of the ROD. 
 
1.3.3   Previous DOE Apatite Studies 
This project was a leveraged effort between DOE 
and EPA MWTP.  The National Energy 
Technology Laboratory administered the DOE 
funding for this project to MSE through Technical 
Task Plan FT10WE31, Task B – Technology 
Transfer and Commercialization.  The DOE-
funded portion of the project covered the design 
and construction of the treatment barrier and 
monitoring system.  The MWTP portion of the 
project addressed the baseline investigation of the 
project site, long-term performance monitoring 
according to an EPA-approved QAPP, corrective 
maintenance procedures, decommissioning of the 
treatment barrier, and data analysis and reporting. 
 
Prior to implementing this project, DOE funded a 
groundwater treatability study using Apatite II™ 
as a passive treatment medium for removing 
soluble uranium (U), other metals, and 
radionuclides from contaminated groundwater.  A 
pilot-scale reactor was installed to treat U and Cd 
contaminated groundwater at the Y-12 Plant, S-3 
Ponds at Oak Ridge, Tennessee.  The pilot-scale 
system demonstrated that Apatite II™ could 
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effectively remove the Cd and U under field 
conditions (99% removal efficiency) (Ref. 6). 
In conjunction with the pilot study, several column 
studies were performed by DOE under a separate 
project to determine if Apatite II™ could 
successfully remove ionized metal contaminants 
from groundwater in the laboratory.  These 
successful Apatite II™ column studies resulted in 
the initiation of the MWTP project conducted at 
NSM. 
 
Additionally, an apatite treatment system installed 
at the Success Mine in Idaho was showing promise 
for mine discharge treatment. 
 
1.3.4   Background Information on the 
Application of ApatiteTM II 
Apatite II™ works to sequester metals by four 
nonmutually exclusive processes depending upon 
the metal, the concentration of the metal, and the 
aqueous chemistry of the system.  In the first 
process, the dissolution of Apatite II™ 
continuously supplies a small, but sufficient 
amount of phosphate to solution to exceed the 
solubility limits of various metal-phosphate phases 
such as pyromorphite and autunite (Ref. 7).  The 
following reaction illustrates the overall removal 
process for Pb. 
 
Ca10(PO4)6(CO3)x(OH)2-2x + 10Pb2+  + xH+ + 
2x(OH)- → Pb10(PO4)6(OH)2 + xHCO3

- + 10Ca2+ 

 
However, under almost all environmental 
conditions, Pb-pyromorphite and other phosphate 
based solids will precipitate only in the presence 
of an apatite seed crystal; as such, these reactions 
take place on the surface of the apatite (Ref. 8).  
Without apatite, other Pb-phases will form that 
have much higher solubilities (Ref. 9).  The 
Apatite II™ grains serve as a source of seed 
crystal, as well as a source of phosphate (Ref. 10). 
 
The reaction between the apatite and metals is 
very rapid (Refs. 7, 11, 12, 13, 14, and 15); 
consequently, the treatment is effective 
immediately.  The macroscopic flow parameters 
(i.e., grain size, flow rate, and barrier design) are 
the limiting factors in the field. 

The solubility of the original apatite is key to the 
effectiveness of this mechanism; it must be 
sufficiently high to be reactive, but sufficiently 
low to persist in the environment for many years 
while preventing phosphate loading.  In open 
systems [i.e., permeable reactive barriers (PRBs), 
soils, or soil columns] the rate of dissolution of the 
apatite is little affected by the contaminant 
concentration because the system rarely 
approaches equilibrium since dissolved 
constituents are rapidly removed from the system 
either by flushing or sorption (precipitation or 
adsorption). 
 
In the second process, Apatite II™ acts as an 
excellent buffer (buffers to pH 6.5 to 7) for 
neutralizing acidity through its PO4

3-, OH-, and 
substituted CO3

2- groups.  Buffering to neutral pH 
alone is effective at precipitating many metal 
phases, particularly aluminum (Al) and Fe(+3) 
(Ref. 16). 
 
The third removal mechanism is surface chemi-
adsorption.  Apatite II™ is a strong metal 
adsorbent, particularly of the transition metals, 
through its uncompensated phosphate and 
hydroxyl surface groups.  Apatite II™ can adsorb 
up to 5% of its weight by this process (Refs. 12, 7, 
and 16).  For Zn, Cd, and other transition metals, 
adsorption by apatite is one of the primary 
mechanisms for removal under most 
environmental conditions. 
 
The fourth process is biological stimulation.  
Apatite II™ supplies both phosphate and readily-
bioavailable organics at low concentrations for 
stimulating microbial communities.  As an 
example, in the presence of sulfate and Apatite 
II™, Zn and Cd can be reduced to sulfides if the 
other chemical parameters are favorable.  This 
process, along with adsorption, is one of the 
primary removal mechanisms for these two 
elements. 
 
The bioavailability of ingested metal bearing 
apatite is also greatly reduced (Ref. 17), thus, 
reducing the risk from animal and human 
ingestion of metals-loaded apatite. 

 4



 

TA
, I

N
C

.

M
ul

la
n 

P
as

s

M
ul

la
n

W
al

la
ce

O
sb

ur
n

S
tri

pe
d

P
ea

k

W
oo

dl
an

d 
P

ar
k

ST
. J

O
E 

M
O

U
N

TA
IN

S

K
el

lo
gg

D
ob

so
n 

Pa
ssS
un

se
t P

ea
k

Ninemile Ck

C
an

yo
n 

Ck

Big Ck

M
oo

n 
Ck

90
Beaver Ck

St
. J

oe
 R

iv
er

K
in

gs
to

n

Pine Ck

Coe
ur

d'
Al

en
e

R
iv

er

H
ar

ris
on

C
oe

ur
d'

A
le

ne
 L

ak
e

C
oe

ur
 d

'A
le

ne
P

os
t F

al
ls

S
po

ka
ne

 R
iv

er

St
. M

ar
ies

 R
ive

r

Lit
tle

 N
ort

h F
ork

So
ut

h 
Fo

rk
 C

oe
ur

 d
'A

le
ne

 R
iv

er

M
ur

ra
y

BITTERROOT MTS.

Purcell Trench

Clark Fork River

95

3

95

90

N
E

V
A

D
A

S
T

E
W

A
R

T
M

IN
E

 S
IT

E

0

A
pp

ro
xi

m
at

e 
S

ca
le

 In
 M

ile
s

5
10

15

 
Figure 1-1.  Nevada Stewart site map. 
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Figure 1-2.  NSM site prior to technology implementation.  Mine discharge shown flowing 
over road into Highland Creek. 

 

 
Figure 1-3.  NSM site under winter conditions. 
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2. ApatiteTM II Treatment System Installation 
 
2.1   Purpose of Apatite Treatment System 
Installation 
The purpose for the installation of the ATS at the 
Nevada Stewart Tunnel site was to reduce the 
concentration of dissolved Zn in the water that 
flowed through the treatment system; thus, 
reducing the overall metals concentration in 
Highland Creek, a tributary of Pine Creek and the 
South Fork of the Coeur d’Alene River.  EPA 
Region 10, the Idaho Department of 
Environmental Quality, the Idaho Bureau of Land 
Management, and MWTP were all involved in the 
planning and implementation of the project. 
 
A year prior to the installation of the ATS at the 
NSM, an ongoing demonstration funded by the 
Silver Valley Natural Resource Trust utilized 
ApatiteTM II material for removing Cd, Pb, and Zn 
from groundwater being diverted through a PRB 
located at the Success Mine and Mill site.  This 
demonstration focused on directing contaminated 
flow through vaults that contained partially 
saturated apatite medium.  Based on the 
monitoring completed at the Success Mine site 
between January 2001 and June 2003, the 
treatment effectively reduced the concentrations of 
the contaminants in the groundwater passing 
through the apatite medium by over 90% 
(Ref. 18). 
 
Several issues arose during the Success 
demonstration, including odor, phosphorus (P) 
release, and bacteria release, which were noted as 
significant for several months after apatite medium 
emplacement.  After one year in place, the odor, P 
release, and bacteria release from the medium 
were within acceptable regulatory limits.  Because 
of the proven ability of Apatite II™ to remove 
metals from lower pH water (Refs. 16, 18, and 
19), additional implementation of this technology 
was needed to test the effectiveness of the medium 
in treating other waters.  The water at the Nevada 
Stewart Tunnel site was significantly different 
from the water at the Success site because it had a 

circumneutral pH and contained higher Fe and 
calcium (Ca) concentrations. 
 
2.1.1   Project Description 
Given the results from the Success Mine project, 
DOE installed a fully-contained subsurface 
retention basin and treatment system designed to 
capture and treat a specified volume of NSM 
discharge.  Prior to the water flowing into the 
nearby receiving stream, the volume of influent 
and effluent system flow, and the water quality of 
those flows were monitored to provide background 
information and baseline conditions prior to 
treatment to determine the performance of the 
treatment system.  The project objective was to 
provide an economical technology that used 
apatite as a treatment medium to passively remove 
Zn from the circumneutral water while minimizing 
odor problems. 
 
2.2   Technology Description 
The technology deployed for this project was 
Apatite II™ (Ref. 20).  The treatment medium was 
placed into a fully-contained subsurface treatment 
system.  Such tank systems, excluding the 
treatment medium, are typically installed as 
subsurface stormwater detention/retention basins 
where surface impoundments are not desirable 
either because of aesthetics or land value.  By 
placing the treatment medium into a contained 
subsurface retention system/tank, several 
advantages over surface treatment systems were 
recognized, which included: 
 

− significant odor control; 
− protection from freezing; 
− protection from vandalism and damage from 

animals; 
− ability to change out or extract the treatment 

medium, if the attenuation capacity became 
exhausted; 

− ability to accurately monitor inflow/outflow 
and water quality; 
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− ability to enhance the permeability of the 
medium in the tanks; and 

− minimal impact on the landscape. 
 
2.3   Project Design Assumptions and 
Medium Sourcing 
For finalization of the ATS design, historical 
information along with bench-scale column 
studies were reviewed to determine areas that 
needed additional research before the ATS was 
implemented.  From previous work, it was known 
that the NSM discharge water was circumneutral, 
the permeability of the treatment cells decreases 
over time, and the temperature of the ATS affects 
the performance and potentially the permeability.  
To assist with the design for the NSM ATS, 
column studies, a literature search, and a review of 
previously installed systems were performed. 
 
2.3.1   Column Studies 
At the Mike Mansfield Advanced Technology 
Center in Butte, Montana, DOE conducted column 
studies with water obtained from the NSM site.  
The objective of the column studies was to ensure 
the apatite medium would be applicable for 
treatment of the near-neutral, Zn-contaminated 
water (Figure 2-1).  The apatite medium had not 
previously been tested in a neutral pH 
environment; prior laboratory- and field-scale 
studies/demonstrations had been conducted using 
contaminated waters with lower pH, which causes 
greater dissolution of the apatite material 
(Ref. 20). 
 
For the study, two columns of 10% (by weight) 
apatite mixed with silica sand were exposed to 
water from the Nevada Stewart Tunnel for 2 
weeks.  The flow rate through one column was 5  
milliliters per minute (mL/min) and the other was 
10 mL/min.  After the 2-week test period, Zn was 
breaking through at the higher flow rate, but was 
being retained at approximately 60% metals 
removal efficiency in the lower flow rate system. 
 
Results showed that the Fe was also removed by 
the low flow rate test system.  It was determined 
that the circumneutral pH had a greater 

detrimental effect on Zn removal due to decreased 
dissolution of the apatite, therefore, decreasing 
“reactivity” with the target ions.  A second 
detrimental effect of the NSM water was caused 
by Fe deposition, which further decreases the 
adsorption/precipitation of Zn.  After performing 
the column studies, recommendations for the field 
design included increasing the residence time by 
decreasing the flow rate through the system, 
increasing apatite concentration, or a combination 
of both. 
 
2.3.2   Scale-Up for Field Design 
Data/laboratory results obtained from the column 
study were used to provide information for the 
design of the ATS.  Calculations were made to 
scale-up the volume of the treatment medium to 
allow for adequate residence time by controlling 
the flow rate through the system.  The apatite 
concentration was also increased from 10 weight 
percent (wt%) to 33 wt% to provide improved 
adsorption/precipitation of Zn from that observed 
in the column study.  The field system also had 66 
wt% gravel.  Design details can be found in 
MSE’s DOE reports (Refs. 20 and 21). 
 
2.3.3   Source of Apatite II™ 
The Silver Valley Natural Resource Trust 
(SVNRT) transferred ownership of a quantity of 
Apatite II™ material (approximately 26 cubic 
yards) originally obtained from PIMS NW, Inc., 
for use at the Success Site to the Idaho Department 
of Environmental Quality (IDEQ) in May 2002.  
Apatite II™ (U.S. Patent Number 6,217,775) is a 
form of cleaned fishbone apatite developed by 
PIMS NW, Inc. 
 
As defined by the column studies, the amount of 
apatite treatment medium available from SVNRT 
was a limiting factor in determining the volume of 
contaminated water to be treated.  Calculations 
were performed, using the information acquired 
during the column study, to determine the volume 
of water that could be treated by the ATS design.  
It was determined that approximately 20 gpm 
would be diverted and treated on a continuous 
basis in the ATS at the NSM.  An average of 
17.9 gpm was treated during system operation. 
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2.4   Technology Implementation 
The specific tasks and specifications required to 
install the fully contained, subsurface retention 
basin (Tank 1) and treatment system (Tanks 2, 3, 
and 4) are described below and illustrated in 
Figures 2-2, 2-3, and 2-4. 
 
All piping and tanks were emplaced below ground 
level to protect the ATS from freezing conditions, 
for odor control, to inhibit public access, and to 
maintain natural hydraulic flow through the 
system.  The manhole and valve covers to the 
tanks were buried and insulated, and the tanks 
were buried at least 1 foot below ground surface.  
The piping was buried at least 2 feet below the 
ground surface, with a layer of tarpaper above the 
piping to provide frost dissipation. 
 
2.4.1   Surface Water Diversion and 
Sediment Control 
The construction of a catch basin for sediment 
control was completed before other construction at 
the site to allow for all surface water and NSM 
drainage to be diverted during the subsequent 
phases of construction catch basin.  The location 
of the catch basin is depicted in Figure 2-3 and a 
cross section of the catch basin is shown in Figure 
2-4.  The diversion system provided a means to 
measure the mine discharge and flows into the 
treatment system and catch basin, and allowed 
sediment/solids to be captured before discharging 
to Highland Creek.  The system also diverted flow 
under the road removing mine flow over the road 
and its sediment contribution from vehicles 
tracking through the flow. 
 
The water diversion system consisted of liner 
material placed to divert the NSM drainage into a 
60-degree, trapezoidal flume (Figure 2-5).  The 
flume directed the adit drainage through two 
adjustable 6-inch valves.  One directed flow 
through a 6-inch Thel-Mar weir (Figure 2-6) to 
measure the flow into the retention basin (and 
subsequently to the treatment system).  The other 
directed flow through a bypass system and into the 
sediment control/catch basin system before 
discharging into the stream (Figure 2-2).  During 
construction of the retention basin and treatment 

systems, all water was directed through the bypass 
portion of the system. 
 
The sediment control/catch basin system consisted 
of a 25-foot by 10-foot by 5-foot deep excavation, 
lined with approximately 6 inches of gravel and 
large rock (approximately 1 to 2 inches in 
diameter), as shown in the cross section of the 
catch basin in Figure 2-7.  Both the treated and 
nontreated water filter through the gravel/rock 
material and approximately 3 feet of natural 
stream bank vegetation (grass, trees, and low 
shrubs) and material before discharging into the 
stream.  Discoloration was noticeable in the 
bypass. 
 
2.4.2   Subsurface Retention Basin Design 
Following the water diversion system 
construction, material was excavated from the area 
where the water retention basin and treatment 
systems were located.  Once the site was 
excavated, a 3-inch sand bed was laid down as a 
base for all the tanks and piping.  The influent 
from the tunnel drainage was at the highest 
elevation with depths increasing to the retention 
tank, header, treatment tanks, and post-treatment 
and discharge piping.  Surface elevation and 
bottom of the retention basin was measured to 
ensure consistent level measurement for the tanks. 
 
The retention basin design consisted of a buried 
1500-gallon septic tank (5 feet high by 6 feet wide 
by 13 feet, 2 inches long) with an internal baffle to 
facilitate sediment settling (see the plan view of 
Tank 1 in Figure 2-4).  Valves controlled the 
influent flow out through a 10-inch pipe near the 
top of the retention basin (Tank 1) and was 
directed to the treatment system via a 10-inch pipe 
(Figure 2-8). 
 
2.4.3   Treatment System Design 
The treatment system consisted of three 
3,000-gallon septic tanks (8 feet in diameter by 
10 feet long) placed in parallel so that each 
treatment cell/tank could accommodate a third of 
the flow (approximately 6 gpm) through the 
system (Figures 2-3, 2-4, and 2-9).  Preceding 
each tank, an adjustable butterfly valve was used 
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gas production within the pipe.  The odor control 
issue was addressed by passing the off-gas through 
a vent containing granulated activated carbon.  See 
Figure 2-4 for cross-section of the odor control 
devices. 

to control the flow through the apatite medium.  
Within each tank, two baffles were used to guide 
the flow through the system; the first one was 
placed approximately 3 feet from the tank inlet 
and the second one approximately 3 feet from the 
first baffle (Figure 2-10 and Figure 2-11).  A 3-
foot diameter access manhole and riser emerged 
from each section of the tank up to the ground 
surface for easy treatment medium emplacement, 
access, and cleanout. 

 
A photo of the site just after the ATS was installed 
is shown in Figure 2-12, a photo of the site after 
two years is shown in Figure 2-13, and a photo 
showing the system just after closure is depicted in 
Figure 2-14.  
 As designed, flow entered Treatment Tanks 2, 3, 

and 4 near the tank bottom and flowed up through 
the treatment medium in the first section, over the 
first baffle, down through the second section of 
treatment medium, under the second baffle, then 
up through the treatment medium in the third 
section and exited at the end of the tank near the 
top.  Due to this flow regime, the medium was 
completely saturated, creating an anaerobic 
environment.  Once the water exited the treatment 
cells, it flowed through sections of a 10-inch pipe 
equipped with a 10-inch Thel-Mar weir to measure 
flow.  Manholes/risers functioned as sample ports 
[Sample Port 1 (SP1), Sample Port 2 (SP2), and 
Sample Port 3 (SP3)] allowing for post treatment 
water quality samples to be drawn for laboratory 
analyses. 

2.4.4   Treatment Medium Installation 
The proper ratio of apatite to gravel was 
established based on the results of column studies 
performed for DOE, the system implemented at 
the Success Mine, and recommendations from the 
patent holder for the apatite medium—PIMS NW.  
The apatite provided by the IDEQ needed to be 
crushed to a smaller size fraction (< 1-¼ inch) to 
provide additional surface area for treatment 
processes to occur.  To reduce the size fraction of 
the apatite in the medium, it was rotated in a 
cement mixer that acted as a grinding mill to 
process (crush and mix) the apatite medium 
(Figure 2-15).  Once the medium was 
appropriately sized, it was mixed with the gravel.  
The material was then funneled into each section 
of the treatment tank via the manholes/risers.  
Approximately 24 inches of free board was left at 
the top of each tank.  Additionally, approximately, 
3 inches of gravel was placed on top of the 
medium to prevent flushing of the medium into the 
next section of the tank (Figure 2-16). 

 
Upon exiting the sample zone, the treated water 
flowed into a 10-inch pipe extending under 
Highland Creek road and into the catch basin 
before discharging into Highland Creek.  A 
subsurface vent system was placed in the exiting 
piping system to promote the release of any off-  
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Figure 2-1.  Column study. 
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Figure 2-2.  Map showing installation of the Apatite Treatment System at the Nevada Stewart Mine. 
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Figure 2-3.  Location of sediment control system/catch basin. 
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Figure 2-4.  Cross-section of catch basin, retention basin, and treatment tank. 
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Figure 2-5.  Sixty-degree trapezoidal flume used to direct NSM adit discharge through the ATS. 

 

 
Figure 2-6.  Thel-Mar weir and bubbler used to measure flow from treatment tanks. 
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Figure 2-7.  ATS catch basin for effluent water. 

 

 16



 

 
Figure 2-8.  ATS Tank 1 (retention basin) used to trap debris in water. 

 

 
Figure 2-9.  ATS Tank 4 being placed at NSM. 
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Figure 2-10.  NSM ATS construction prior to covering system. 

 

 
Figure 2-11.  ATS system uncovered with risers and sample ports constructed. 

 18



 

 
Figure 2-12.  NSM ATS just after construction looking upstream (November 2002). 

 

 
Figure 2-13.  NSM ATS 2 years after installation looking downstream (September 2004). 

 

 19



 

 
Figure 2-14.  NSM ATS after closure of system. 

 

 
Figure 2-15.  Installation of whole-bone apatite and gravel mixture into treatment tanks. 
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Figure 2-16.  Whole bone apatite/gravel media before submerging it with water.  Note vertical 
baffle/partition visible in photo. 
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3. Performance Monitoring and Testing Methods 
 
Several monitoring and testing methods were used 
to determine the effectiveness of the ATS and 
determine the attenuation mechanisms capable of 
removing metals from the NSM discharge.  The 
performance monitoring and testing at the site 
included: 
 

− monitoring system influent and effluent flow 
rates by MSE; 

− monitoring water quality of the system flows 
and localized stream flows (resulting in 
geochemical and statistical analyses 
performed by Golder and EPA-NRMRL, 
respectively); 

− testing solid phase media [including X-ray 
diffraction (XRD), scanning electron 
microscopy (SEM), total solid digestion 
analysis of the fishbone, and energy 
dispersive X-ray (EDX) analyses performed 
by Montana Tech];  

− monitoring the influent and effluent flow for 
toxicity (analysis performed by the EPA-
NRMRL) in 2003; and  

− monitoring the influent and effluent water 
for bacteriological activity by the Center for 
Innovation (CFI). 

 
This section describes the monitoring and testing 
methods used for evaluating the ATS. 
 
3.1   ATS Flow Monitoring Design and 
Methods 
The treatment system was designed as a 
watertight, closed treatment system allowing for 
the influent and effluent flow to be measured and 
the reduction in historic metal loading to be 
evaluated.  The total discharge from the mine was 
measured using a 60-degree, extra large 
trapezoidal flume.  Historically, flow 
measurements and background information were 
acquired from the Bureau of Land Management 
and that information indicated that the discharge 
from the mine adit ranged from approximately 50 
to 60 gpm all year (Ref. 3). 

The flow to the ATS was split into two flows 
immediately after the total flow was measured in 
the flume.  The inlet pipe 6-inch valve was set to 
approximately 17 gpm, to a 6-inch Thel-Mar weir 
at (SP1) and then into the retention tank and ATS.  
Any flow exceeding 17 gpm was diverted through 
the 6-inch bypass valve and pipe and then into the 
catch basin (Figures 2-2, 2-3, and 2-4). 
 
On the down-gradient effluent side of each of the 
treatment tanks, the effluent flow was measured 
using 10-inch Thel-Mar weirs [SP2, SP3, and 
Sample Port 4 (SP4)] (Ref. 1).  The flow was 
measured once a month unless weather conditions 
or plugging of the system prohibited sampling 
during a specific month.  Flow rate data in gallons 
per minute from each sampling event is provided 
in Figure 4-2 and in Appendix A. 
 
3.2   Water Quality Monitoring 
MSE and Golder personnel took water quality 
samples and flow measurements at SP1, Sample 
Port A (SPA), SP2, SP3, and SP4.  After the mine 
discharge water had been split, influent water 
quality samples were taken at AP1 and SPA 
(located at the inflow and outflow of Tank 1, 
respectively) to check the effect of the retention 
tank.  Effluent water quality samples were taken as 
the flow exited Tank 2 (SP2); Tank 3 (SP3); and 
Tank 4 (SP4) (Figures 2-9, 2-10, and 2-11).  Water 
quality data from the sampling events is in 
Appendix A. 
 
Monthly water samples and field parameters were 
taken at the site.  Samples were analyzed at HKM 
Laboratory for specific groups of constituents.  A 
list of the analyzed constituents is in Table 3-1. 
 
3.2.1   Toxicity Characterization 
Water samples from the NSM site were shipped to 
the EPA Laboratory in Cincinnati, Ohio, where a 
series of acute aquatic toxicity tests with 
Pimephales promelas (P. promelas), the fathead 
minnow, and Ceriodaphnia dubia (C. dubia), a 
freshwater invertebrate, were conducted.  The 
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purpose of these tests was to establish the level of 
toxicity for the discharge from the mine site and to 
evaluate the effectiveness of the treatment process 
utilized at the site (Appendix B).  MSE and Golder 
took toxicity samples annually, which EPA 
evaluated at the AAALAC Certified Aquatic 
Research Facility in Cincinnati, Ohio. 
 
3.2.1.1   Methods 
Samples were collected in 1-gallon containers.  At 
least 4 liters of sample were collected from the 
mine discharge (SP-1), the three tank outlets in the 
treatment process discharge (SP-2, SP-3, SP-4) 
and samples upstream and downstream of 
treatment system.  Sample containers were 
completely filled so no air space was left after they 
were capped.  Samples were placed in a cooler 
with ice and shipped overnight to the EPA facility 
in Cincinnati.  All coolers were received in good 
condition with all seals intact, and all samples 
were in acceptable condition.  A total of four water 
samples were received annually, and the following 
standard testing conditions were followed for each 
set of samples (Tables 3-2 and 3-3). 
 
3.3   Solid Phase Characterization 
Montana Tech performed an in-depth literature 
search, XRD, SEM, and EDX analysis to 
determine and identify the solid materials present 
in the treatment media and gather information for 
defining the attenuation mechanisms functioning 
to remove dissolved metals from solution within 
the treatment tanks. 
 
One of the goals of this project was to determine 
the mechanisms responsible for the attenuation of 
dissolved metals from mining impacted water 
using fishbone apatite. 
 
An extensive literature search was conducted 
using several databases available through the 
Montana Tech Library.  A complete listing of all 
documents found during the literature search is 
located in the Reference section of Montana 
Tech’s final report provided in Appendix C. 
 
Solid samples of treatment media were collected at 
selected depths within each treatment tank twice 

during the project.  These samples were used to 
evaluate whether there was concentration 
stratification formed within the treatment tanks 
and at what depth certain metals are removed from 
solution.  Montana Tech took the first solid 
samples in July 2003, and MSE collected the 
second set at the closure of the project in 
September 2004.  Core samples were collected at 
varying depths (surface, 8, 16, 24, and 32 inches) 
from Tanks 2, 3, and 4 using a 2-inch diameter 
manual core sampler.  The samples were taken 
from the middle section of the ATS, where flow 
was forced vertically downward between the 
baffles.  The samples were stored in 1-quart Ziploc 
bags, labeled, and refrigerated until use.  The solid 
samples were digested and prepared according to 
EPA Test Method 3050B, Method Two, 
Preparation of Sediments, Sludges, and Soil 
Samples for the Analysis of Samples by Inductively 
Coupled Plasma Mass Spectrometry (ICP).  
Samples were then analyzed for total metals at 
SVL Analytical in Kellogg, Idaho for the 
constituents Ca, Cd, Fe, magnesium (Mg), Mn, Pb, 
and Zn.  The solid media sampled and digested 
was biased toward fishbone, meaning that the 1- to 
1½-inch gravel was not analyzed or digested.  
Please refer to Section 4.5 for total metals results. 
 
The bone samples collected were also analyzed 
using XRD and SEM/EDX.  Appendix C contains 
the final report from Montana Tech that discusses 
the methods and results of the solid media analysis 
from the ATS. 
 
3.4   Bacteriological Characterization 
In September 2004, during the closure of the 
project, sulfate-reducing bacteria (SRB) samples 
were taken and evaluated by CFI.  These solid 
samples were taken to determine the level of SRB 
activity in each of the treatment tanks at the end of 
the demonstration project.  The SRB results by the 
most probable number method were used to assist 
with the determination of the attenuation 
mechanisms working within each of the treatment 
tanks.  Coliform analysis was also conducted 
every month at SP1, SP4, and upstream and 
downstream locations in the creek. 
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Table 3-1.  Baseline and Target Constituents Monitored at the NSM ATS 
Ports 1 to 4 Port A Upstream/Down-Stream Constituent 

Baseline Target Target Stream Target 
Field Parameters 

pH X X X X 
Temperature X X X X 
Conductivity X X X X 
Oxidation-Reduction Potential 
(ORP) 

X X X X 

Dissolved Oxygen (DO) X X X X 
Flow X X X X 

General Parameters/Major Ions 
Alkalinity X X   
Acidity X X   
Ca X X X  
Mg X X   
Sodium (Na) X    
Potassium (K) X    
Sulfate X X   
Sulfide X X   
Chloride X    
Fluoride X    

Dissolved and Total Metals 
Silicon (Si) X    
Al X    
Fe X X X  
Hg X    
Selenium (Se) X    
Ag X    
Thallium X    
Cd X X  X 
Cu X    
Mn X X X  
Pb X X  X 
Zn X X X X 
As X    
Sb X    
Ni X    
Beryllium (Be) X    
Chromium (Cr) X    

Nutrients 
Total Ammonia X X  X 
Nitrate X X  X 
Nitrite X X  X 
Kjeldahl Nitrogen X X  X 
Dissolved Orthophosphate X X  X 
Total P X X  X 
Dissolved Total P X X  X 

Bacteriological 
Coliform Bacteriaa X X  X 
aColiform bacteria monitored at SP1 and SP4, Upstream and Downstream.  
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Table 3-2.  Standard Test Conditions for C. dubia Acute Toxicity Tests with Superfund and/or Mine Waste Samples 
Test Criteria Specifications 

Test Type Static-renewal 
Test Duration 48 hours 
Temperature 20 °C ± 1 °C 
Photoperiod 16 hours light/8 hours dark 
Test Chamber Size 30 milliliters (mL) (plastic cups) 
Test Solution Volume 15 mL 
Renewal of Test Solution Daily 
Age of Test Organisms Less than 24-hours old 
Number of Organisms/Per Test Chamber 5 
Number of Replicate Chambers/Concentration 4 
Number of Organisms/Concentration 20 
Feeding None, fed while holding prior to test setup 
Dilution Water Moderately Hard Reconstituted Water (MHRW) 
Endpoint Mortality, LC50 
Test Acceptability ≥ 90% survival in the controls  

 
Table 3-3.  Standard Test Conditions for P. promelas Acute Toxicity Tests with Superfund and/or Mine Waste Samples 

Test Criteria Specifications 
Test Type Static-renewal 
Test Duration 48 hours 
Temperature 20 °C ± 1 °C 
Photoperiod 16 hours light/8 hours dark 
Test Chamber Size 175 mL (plastic cups) 
Test Solution Volume 150 mL 
Renewal of Test Solution Daily 
Age of Test Organisms 5 days ± 24-hour age range 
Number of Organisms/Per Test Chamber 10 
Number of Replicate-Chambers/Concentration 2 
Number of Organisms/Concentration 20 
Feeding Feed newly hatched brine shrimp prior to testing; 

do not feed during the test 
Dilution Water MHRW 
Endpoint Mortality, LC50 
Test Acceptability ≥ 90% survival in the controls 
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4. ATS Performance Monitoring Results 
 
4.1   Flow Volume Results 
The ATS was designed as a watertight (closed) 
treatment system that allowed the effluent and 
influent flow rates to be measured.  A conservative 
estimate of the total volume of flow treated by the 
ATS was approximately 13.4 million gallons.  The 
flow for the months of December 2002 through 
February 2003, when the ATS was plugged, along 
with the month of January 2004, when weather 
prevented access to the site, was not included in 
this total flow volume estimate.  While the system 
was designed to treat 20 gpm, the average flow 
rate through the system was approximately 
17.9 gpm, and this flow varied on a monthly basis 
(Table 4-1).  Treatment Tank 3 treated 48.6% of 
the flow going through the system (an average 
flow rate through media was 8.7 gpm); Tank 2 
treated 33% of the system flow (an average flow 
of 5.9 gpm); and Tank 4 treated the least amount 
of flow, approximately 18% (an average flow rate 
of 3.3 gpm) (Table 4-1). 
 
Flow through the system was variable due to 
seasonal fluctuations and the changes in 
permeability within certain tanks due to settling, 
increased precipitation of metals, and air sparging 
of the system that was done to improve the 
permeability and create new flow pathways 
through the media.  An air compressor with a long 
lance attachment that could be inserted into the 
media beds was used to agitate the media.  The 
flow responses to the permeability enhancements 
conducted in the ATS are presented in Figure 4-1.  
In this figure, the influent flow reflects seasonal 
peaks, which occurred during April and May of 
both project years.  May 2003 had the highest 
volumetric flow through the system at 1.3 million 
gallons (Figure 4-2).  After May 2003, the tanks 
started to plug for the second time, and air was 
injected to enhance and restore permeability in the 
ATS.  After May 2003, Tank 2 (SP2) recorded the 
highest flow values for a period of 3 months; after 
that period, Tank 3 again treated the majority of 
the system flow, with some minor fluctuations. 
 

The ATS was plugged from December 2002 to 
February 2003, and samples were not collected in 
either December 2002 or January 2003.  In 
February 2003, samples were collected, but those 
results reflect the conditions of a plugged system, 
not a properly functioning system.  Also, samples 
were not collected in January 2004 due to adverse 
weather conditions.  An additional sampling event 
was scheduled and conducted in April 2004 (i.e., 
samples were taken on April 1 and 29, 2004). 
 
4.2   Water Quality Monitoring Results 
Monthly sampling was performed at the Nevada 
Stewart ATS from November 2002 through 
August 2004.  The main influent sampling location 
sample port (SP1) and the effluent sample ports 
(SP2, SP3, and SP4) were sampled monthly 
(Figure 2-3).  Sample Port A was sampled 
annually to determine the amount of metals 
removed in Tank 1, the retention basin.  The water 
quality samples were analyzed by HKM 
Laboratory and personnel acquired the field 
parameters such as pH, ORP, specific conductivity 
(SC), DO, and temperature.  The complete water 
quality data set for the project is presented in 
Appendix A. 
 
Since the permeability of the system declined 
throughout the project due to media settling and 
metals precipitation, the permeability in the 
treatment tanks was improved using air-
sparging/injection techniques a number of times.  
Air was injected into the media through the 
manholes to lift the media, resulting in the creation 
of alternative and larger flow pathways.  The 
permeability of the ATS was enhanced after 
sampling was conducted in February 2003, May 
2003, October 2003, and April 2004. 
 
Performance monitoring results and observations 
are presented in this section in the following order: 
 
y pH and Alkalinity; 

y Temperature and SC; 
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y Redox Conditions (ORP, DO, ammonia, and 
sulfide); 

y Major Ions (Ca, Mg, and sulfate); 

y Metals (Zn, Cd, Pb, Fe, and Mn); 

y Nutrients (P and nitrogen); and 

y Bacteriological (coliform and SRBs). 
 
4.2.1   pH and Alkalinity 
Over the duration of the project, there was a 
seasonal cycle in pH observed for the influent 
water (Figure 4-3).  The ATS influent pH ranged 
from 5.3 to 7.0.  Influent pH values increased 
throughout the fall of 2003 remaining stable over 
the winter months at levels comparable to the 
winter values observed in 2002 (i.e., pH values 
from 6.1 to 6.7).  This seasonal cycle was repeated 
in 2004. 
 
For the ATS effluent flows, the average pH ranged 
from 6.0 to 7.0, except during two instances.  The 
first instance occurred during the period between 
December 2002 and February 2003, when the ATS 
system was clogged.  Flow throughout the system 
was restored in February 2003; however, the 
conditions of the system, as a result of the 
clogging, were reflected in the pH values recorded 
from the February 2003 sampling data  
(Figure 4-3).  At that time, the pH at SP4 was 
alkaline (pH of 8) and the pH of other treatment 
cells was approximately neutral (pH of 7).  The 
effluent pH values recorded on April 29, 2004 and 
May 25, 2004, were lower than historically 
recorded.  On April 29, 2004, effluent pH values 
ranged from 5.3 to 5.5 and were lower than the 
measured influent pH. 
 
The alkalinity of the effluent water was slightly 
less than that of the influent waters (Figure 4-4).  
The most significant difference in alkalinity was 
observed just after the ATS was installed in 
November 2002.  Sample Port 4 consistently 
recorded slightly higher alkalinity, up to 
approximately 30 milligrams per liter (mg/L) more 
than SP1, SP2 and SP3, with the exception of 
November 2003 and March to early April 2004, 
when SP3 samples had higher alkalinity. 

4.2.2   Temperature and Specific 
Conductivity 
Minimal variability of the water temperature from 
the NSM discharge (the influent) and the effluent 
from the ATS was recognized throughout the 
project duration; the difference was typically less 
than 1 °C and the maximum difference was 2.8 °C.  
The flow from the underground workings had a 
fairly constant temperature and did not exhibit 
seasonal fluctuations.  However, the temperature 
fluctuations of Highland Creek, due to seasonal 
conditions, were dramatic and a graphed 
representation is provided in Figure 4-5, where US 
depicts values from the upstream monitoring 
location and downstream (DS) depicts values from 
the downstream monitoring location (Figure 2-2). 
 
The SC for the NSM adit discharge, the ATS, and 
Highland Creek show minimal variability.  The 
main fluctuations recorded were on February 2003 
when the system was plugged and on April 29, 
2004, and the reason for an outlier cannot be 
defined (Figure 4-6). 
 
4.2.3   ORP, DO, Ammonia, and Sulfide 
The influent from the NSM adit into the ATS was 
slightly oxidized, as indicated by the presence of 
DO ranging from 6 to 11 mg/L and by the positive 
ORP values ranging from 160 to 320 mV (Figures 
4-7 and 4-8).  Influent ORP values fluctuated 
seasonally; thus, the ORP values were lower in 
November and during the springtime 
runoff/snowmelt periods.  The ORP of the effluent 
waters during the first year of monitoring 
indicated a change toward reducing conditions, 
ranging from –90 to 230 mV.  From November 
2003 to project closure, Tank 2 and 3 maintained 
higher recorded ORP values (150 mV) than Tank 
4, which became increasingly reducing at the 
closure of the project (ORP < 100 mV).  Between 
November 2003 and April 29, 2004, differences 
between influent and effluent ORP were minimal 
(< 10 mV difference).  Air sparging did not appear 
to affect effluent ORP values, an increase in ORP 
was not consistently observed following sparging 
events. 
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Comparisons of the effluent water qualities, 
indicates variability in the redox conditions 
between treatment tanks.  Although all treatment 
tank effluent data shows a decline in DO relative 
to the influent, since May 2003 greater reductions 
in DO were typically observed in SP2 and SP4 
compared to SP3 (Figure 4-7). 
 
The 2004 effluent monitoring results show fairly 
low sulfide concentrations for all treatment tanks, 
ranging from below detection limits (< 0.5 to 2 
mg/L).  Low levels of ammonia (up to 0.2 mg/L) 
and sulfide (up to 1.6 mg/L) were recorded at SP1 
(Figures 4-9 and 4-10 or Appendix D).  Over the 
total monitoring period, a general decline in 
effluent sulfide concentrations have been 
observed.  Except at SP4 from April 29, 2004 until 
the project closure, recorded ORP values declined 
while sulfide, ammonia, and bacteria (coliform) 
concentrations increased. 
 
Throughout 2003, SP4 consistently recorded the 
highest sulfide concentrations (Figure 4-10).  On 
the basis of increased sulfide content, SP4 
provided data consistent with enhanced SRB 
activity. 
 
4.2.4   Major Ions 
Calcium, Mg, and sulfate were included in the 
target analyte suite.  Calcium concentrations in the 
influent were relatively stable, ranging from 83 to 
103 mg/L.  Effluent waters reported slightly higher 
Ca concentrations, up to 111 mg/L (Figure 4-11). 
 
Monthly monitoring results showed little 
difference between Mg influent and effluent 
concentrations, typically less than 1 mg/L  
(Figure 4-12). 
 
Declining sulfate concentrations were observed 
between the influent and effluent samples; 
generally, the declining sulfate concentrations 
coincided with increasing sulfide concentrations.  
On a monthly basis, the sample port reporting the 
highest concentration in sulfide reported the 
greatest decline in sulfate (Figure 4-13). 
 

4.2.5   Metals 
The ATS appears to have effectively attenuated 
Zn, Mn, Fe, Cd, and Pb (Figure 4-14).  However, 
due to the variability of flows through each 
treatment tank, the results obtained reflect the 
effect of the variability with respect to metals 
concentration, retention time, and attenuation 
mechanisms functioning in each tank. 
 
Zinc 
Over the duration of the ATS monitoring project, 
the influent dissolved Zn concentrations from 
samples taken at Tank 1 have gradually increased 
from approximately 5.5 to 8.0 mg/L  
(Figure 4-15).  Dissolved Zn at Tank 2 ranged 
between nondetect and 5 mg/L (Figure 4-15).  
Tank 3 ranged between nondetect and 6 mg/L.  
Tank 4 ranged between nondetect and 1.5 mg/L.  
The effluent dissolved Zn concentrations were 
below 5 mg/L for both Tanks 2 and 4.  Between 
November 2003 and April 2004, Tank 4 effluent 
Zn concentrations gradually increased, coinciding 
with the increase in DO, indicating a change to 
more oxidizing conditions.  The Zn concentrations 
for Tanks 2 and 4 gradually increased over the 
duration of the project.  Tank 4 reduced the Zn 
concentrations below 0.1 mg/L for over a year and 
then the maximum Zn concentration recorded was 
1.6 mg/L during the April 29, 2004, sampling 
event.  At the closure of the project (August 17, 
2004) the Zn concentrations were approximately 
0.1 mg/L at Tank 4. 
 
However, Tank 3 exceeded the 5 mg/L after 11 
months (i.e., effluent Zn concentration ranged 
from 1 to 6 mg/L) and after treating 3.5 millions 
gallons of NSM water (Figure 4-15), provided the 
least Zn attenuation.  The effluent Zn 
concentrations were reduced when air was 
entrained into the treatment tanks to improve the 
permeability of the apatite media. 
 
The Highland Creek Zn concentrations were 
higher downstream of the ATS.  This results from 
waste material at the site and untreated adit 
discharge that bypassed the system.  Between 50% 
and 65% of the untreated discharge enters  
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Highland Creek up-gradient of the downstream 
sampling location.  It should be noted that only 17 
gpm of the approximately 40 to 60 gpm flow 
discharging from the NSM adit was treated by the 
ATS. 
 
Iron 
Dissolved iron concentration in the discharge was 
relatively low.  For applications with higher 
dissolved iron concentrations, iron precipitates 
will likely clog the treatment media.  On average, 
the influent concentration for Fe recorded at 
Tank 1 was approximately 0.6 mg/L.  However, 
concentrations varied between 0.2 and 0.9 mg/L.  
Lower iron concentrations were recorded for the 
effluent flows than the influent flows for the full 
duration of the project (Figure 4-16).  Over the 
duration of the project, there were significant 
variations between the treatment tanks.  At 
Treatment Tank 2, the Fe concentrations did not 
exceed 0.2 mg/L for the project duration, and 
permeability enhancements reduced the Fe 
concentrations except on May 2003 when flows 
were uncharacteristically high.  Higher Fe 
concentrations were recorded when the system 
was partially clogged. 
 
Tank 3 iron concentrations peaked from May to 
October 2003.  During this period, large quantities 
of water were treated in Tank 3.  Air 
enhancements decreased the concentrations of Fe 
every time at Tank 3.  
 
Tank 4 iron concentrations exceeded 0.2 mg/L 
only twice, in June and July 2004.  Peak 
concentrations coincided with the increase in 
dissolved Fe concentrations in the influent.  
Permeability enhancements effectively reduced the 
concentrations of dissolved Fe in the effluent until 
April 2004, when the Fe concentrations increased 
at SP4, which correlates to very low ORP values 
and increased sulfide concentrations. 
 
Manganese 
The concentration of dissolved Mn in the influent 
to the ATS was approximately 0.6 mg/L on 
average with only minor variations through the 
project duration (Figure 4-17).  The effluent 

dissolved Mn concentration for Tank 2 ranged 
between a maximum of 0.42 mg/L and a minimum 
of 0.071 mg/L. 
 
The effluent dissolved Mn concentrations in Tank 
3 ranged from a maximum of 0.5 mg/L during 
April and May 2003 to a minimum of 0.092 mg/L 
in June of 2004.  It should be noted that Tank 3 
treated 0.85 million gpm during April and May 
2003 compared to 0.15 million gpm in June 2004.  
Additionally, permeability enhancements reduced 
the Mn concentrations significantly in Tank 3, 
lowering the resultant concentration each time it 
was performed (Figure 4-17). 
 
Tank 4 dissolved Mn concentrations ranged 
between a maximum level of 0.384 mg/L to a 
minimum of 0.155 mg/L.  The concentration at 
Tank 4 increased after air enhancement of the 
ATS.  However, as time progressed, the Mn 
concentration decreased until another permeability 
enhancement was initiated. 
 
Cadmium 
Observed influent concentrations for Cd were very 
low at < 1 part per billion (ppb) (Figure 4-18).  
Dissolved concentrations monitored in the effluent 
water were generally below the detection limits. 
 
The highest Cd concentrations recorded for this 
project were those in Highland Creek, both in the 
upstream and downstream samples.  The 
concentration of Cd in the ATS effluent was at or 
below the laboratory instrumentation detection 
limit.  The highest Cd concentrations occurred in 
the winter of 2003, from November 2003 to April 
2004, from samples collected in Highland Creek. 
 
Lead 
The influent concentrations for Pb were also very 
low, 0.0005 to 0.0023 mg/L (Figure 4-19).  From 
November 2003, the concentration of Pb in the 
effluent was at or below the laboratory 
instrumentation detection limit.  The highest Pb 
concentrations in the treatment effluent were in 
June and July 2003 just after the ATS air 
enhancement was performed. 
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The highest Pb concentrations recorded for this 
project were those in Highland Creek, both in the 
upstream and downstream samples.  The Pb 
concentrations for Highland Creek were always 
higher than the influent Pb concentrations from the 
NSM.  During the initial months of the project, the 
Pb concentrations downstream were higher than 
Pb concentrations upstream.  In May 2003, this 
trend reversed and higher concentrations of Pb 
were detected upstream and lower concentrations 
were recorded downstream of the ATS  
(Figure 4-19). 
 
4.2.6   Nutrients 
As expected, an increase in P concentrations was 
detected in the effluent when compared to the 
influent (Figure 4-20).  However, the total 
phosphorous in Highland Creek, upstream was 
near that of the downstream samples.  However, 
on July 2003 and September 2003, the Highland 
Creek upstream total P values exceeded the 
downstream values from 0.2 mg/L to as much as 
5 mg/L. 
 
The total nitrogen in the effluent was also higher 
than in the influent (Figure 4-21).  The highest 
nitrogen concentration in the effluent was reported 
in November 2002 during the initial start-up 
month for the ATS in Tank 4.  Tanks 2 and 4 
recorded the highest nitrate/nitrite values, but all 
were below 1.5 mg/L. 
 
Plots of dissolved orthophosphate and Kjeldahl 
nitrogen are provided in Figure 4-22 and  
Figure 4-23.  The dissolved orthophosphate 
concentrations are much higher in Tank 4 than 
Tanks 2 and 3 for the full duration of the project.  
Tank 3 was 38 mg/L and SP2 was 8 mg/L.  These 
concentrations decreased after the system was 
unplugged in February 2003.  As the system was 
restarted, the recorded concentrations were below 
2 mg/L (Figure 4-22).  Peak concentrations 
occurred in July 2004 just before closure of the 
project. 
 
Kjeldahl nitrogen was highest in November 2002 
in Tank 2 and Tank 3, when the ATS was brought 
on-line.  Injection of the air into the ATS changed 

which tank provided the highest monthly source of 
Kjeldahl nitrogen.  Initially, Tank 3 provided the 
highest source of Kjeldahl nitrogen, but after 
unplugging the system, Tank 4 recorded higher 
values, then Tank 2.  Changes are concurrent with 
air injection into the ATS to enhance permeability 
(Figure 4-23). 
 
4.2.7   Bacteriological 
Influent and effluent total coliform concentrations, 
measured at SP4, are shown in Figure 4-24.  See 
also Figure 13 in Golder’s report in Appendix D.  
Influent total coliform concentrations typically 
ranged from below detection limits (< 1 per 
100 mL) to less than 10 per 100 mL.  The July 
2004 influent total coliform concentrations were 
anomalously high at 140 per 100 mL.  The total 
coliform was generally less for the influent than 
the effluent.  Peak effluent total coliform was 
measured in March 2003 at 500 per 100 mL; June 
2003 at 467 per 100 mL; March 2004 at 30 per 
100 mL; and July 2004 at 500 per 100 mL.  Total 
coliform values from SP4 exceeded the coliform 
values from Highland Creek, both upstream and 
downstream, on the months listed above.  
Otherwise, the treatment tank coliforms were less 
than the coliform values recorded for the stream. 
 
The results of the single SRB enumerations are 
shown in Table 4-2.  These results of the 
microbiological analyses are from samples taken 
on September 29, 2004.  The samples were 
analyzed for SRB using a most probable number 
(MPN) assay.  Results indicate that SRBs were not 
active in the influent samples or in the effluent 
from Treatment Tank 3.  However, viable 
quantities of SRBs were present in the effluent 
from Treatment Tanks 2 and 4. 
 
4.3   Geochemical Modeling 
Geochemical modeling was conducted by Golder.  
Section 4.4 is taken from the Golder report.  
Golder also prepared interim reports throughout 
the study.  The complete report provided by 
Golder is in Appendix D.  This model has the 
ability to simulate mixing of water, 
precipitation/dissolution of selected solids, redox 
reaction, atmospheric interaction, and adsorption 

 30



 

of metal onto iron oxides.  The MINTEQA2 
thermodynamic database was selected for this 
project because it is considered by many in the 
geochemical and regulatory communities to be the 
most accurate geochemical database currently 
available.  The fast reaction kinetics of 
hydroxyapatite dissolution (Ref. 22) supports the 
application of an equilibrium model. 
 
4.3.1   Speciation Modeling 
Calcium, phosphorus, and nitrogen showed net 
increases, while iron, manganese, zinc, and 
aluminum showed net declines (see Table 4-3). 
 
To evaluate possible controlling mineral phases, 
inflow and outflow water chemistries were 
speciated and saturation indices evaluated.  
Concentrations of constituents reported as below 
detectable limits were assumed equal to the 
detection limit during the modeling exercise.  The 
potential for mineral precipitation was assessed 
using the saturation index provided in Appendix D 
and shown in Table 4-4 for August 2004. 
 
4.4   Solid Phase Sampling Results 
During the implementation of the ATS, three 
5-gallon samples of treatment tank material 
(unused fishbone and gravel) were taken as the 
media was placed into the treatment tanks from the 
cement mixers (Figures 2.15 and 2.16).  One 
representative sample was taken from each tank.  
For each bucket, the fishbone and gravel was 
separated, weighed, and the volumes were 
calculated. 
 
Results showed that the unused media was 66.7% 
fishbone by volume, and 30.2% fishbone by 
weight; and the unit weights of the fishbone and 
gravel were calculated to be 20.85 pounds per 
cubic foot (pcf) and 94 pcf, respectively. 
 
For the ATS treatment system, the total weight of 
the gravel used was 10 tons and the total weight of 
the Apatite II™ was 5 tons.  Equal quantities of 
gravel and fishbone were distributed through each 
treatment tank. 

4.4.1   Total Digestion of Fishbone from ATS 
Fishbone samples from Tanks 2, 3, and 4 were 
digested and analyzed to determine the total 
concentrations of contaminants contained on the 
fishbone. 
 
Digested fishbone samples from each tank were 
sent to SVL Analytical in Kellogg, Idaho for the 
analysis of Zn, Cd, Pb, Fe, Mn, Mg, and Ca.  The 
results for the solid phase digestions are presented 
in Appendix E. 
 
The results obtained from the digest analysis 
indicate an increase in the concentrations of Zn, 
Cd, Pb, Fe, and Mn compared to fishbone that was 
not exposed to the contaminated water (Figures 4-
25, 4-26, 4-27, 4-28, and 4-29).  See also Figure 
21 in Golder’s report in Appendix D.  Untreated 
fishbone samples 1, 2, and 3 were obtained from 
each of the treatment tanks during the installation 
of the ATS.  Comparing these samples to the 
treated fishbone samples collected from each 
treatment tank after NSM discharge was treated, 
the concentrations of Zn increased by an average 
of 97 times; Mn by 48 times; Fe by 18 times; Pb 
by 12 times; and Cd by 4 times.  Magnesium and 
Ca were the only elements analyzed that decreased 
in concentration (Figures 4-30 and 4-31).  Also, 
see Figure 7 from the Golder Report contained in 
Appendix D. 
 
As can be seen in Figures 4-25, 4-26, 4-27, 4-28, 
and 4-29, Cd, Pb, Fe, and Mn concentrations were 
highest at the top or surface of the media placed in 
the tanks.  However, Zn concentrations varied 
with depth throughout the entire sampled interval. 
 
4.4.2   X-Ray Diffraction 
Samples from Tanks 2, 3, and 4, and a sample of 
the uncontaminated (raw) fishbone were analyzed 
using XRD to identify any crystalline structures 
present in the treatment media. 
 
The analysis confirms the composition of the bone 
as poorly crystalline hydroxyapatite.  The samples 
analyzed from Tanks 2, 3, and 4 had no detectable 
crystalline structures other than that of the  
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hydroxyapatite itself.  If any crystalline materials 
are being produced in the reactor, the mass of the 
crystalline structure was too small to detect, or the 
materials are amorphous and could not be detected 
using XRD.  Figure 4-32 is a representation of the 
graphs produced from the XRD analysis.  The 
graphs from all samples were virtually identical. 
 
4.4.3   Scanning Electron Microscopy/ 
Energy Dispersive X-Rays 
Analysis using SEM/EDX was performed on the 
raw fishbone as well as the contaminated fishbone 
from each treatment tank.  Analyses were 
performed at Montana Tech, Butte, Montana, and 
Image and Chemical Analysis Laboratory, 
Bozeman, Montana. 
 
4.4.3.1   Unreacted (Raw) Fishbones 
A sample of uncontaminated fishbone was 
analyzed using SEM/EDX.  Results from the EDX 
analysis identified the primary composition of the 
raw fishbone as oxygen, carbon, Ca, and P, which 
are the primary elements found in hydroxyapatite.  
The results are shown in Figure 4-33. 
 
4.4.3.2   Treatment Tank 2 
The results from several of the bone samples in 
Treatment Tank 2 have similar trends.  Zinc was 
the focus during this project due to the 
concentrations found in the influent water and on 
the reacted fishbones.  Zinc accounts for 
approximately 6% of the total sample mass within 
the scanned area.  The EDX analysis also shows a 
weight percent increase in sulfur.  This trend was 
common in all samples analyzed.  The remaining 
mass can be attributed to Ca, Al, P, silica, and 
several other metals.  Figure 4-34 is a spectrum of 
the scan area on the bone from Treatment Tank 2. 
 
Specific “bright spots” observed using the EDX 
backscatter option on the SEM were analyzed 
from a fishbone sample from Tank 2.  The results 
from the EDX analysis show that the scan of the 
selected spot is made up primarily of oxygen, Zn, 
and sulfur.  The Zn accounted for approximately 
18% of the total weight within the scan area, while 
sulfur accounts for roughly 10%.  Figure 4-35 is 
the EDX scan of a bright spot from Tank 2. 

4.4.3.3   Treatment Tank 3 
The bone samples analyzed from Treatment Tank 
3 demonstrated similar results to those from 
Treatment Tank 2.  Zinc is attributing roughly 6% 
of the total weight within the scan area, while 
sulfur contributes about 3% after treating a volume 
of 2.85 million gallons of water as of July 2003.  
An additional fishbone sample from Tank 3 was 
analyzed using the backscatter detector.  The EDX 
analysis of a bright spot shows that Zn accounted 
for approximately 16% of the total weight, similar 
to the 18% found in Tank 2.  Scans and data from 
Tank 2 can be found in Appendix C. 
 
4.4.3.4   Treatment Tank 4 
The bone samples analyzed from Tank 4 are again 
similar to those analyzed from Tanks 2 and 3 in 
that the surface of the bone particles was enriched 
in both Zn and sulfur within the area scanned 
when compared to the unreacted bone.  Treatment 
Tank 4 had an average Zn weight percent on the 
bone surface of roughly 17% and a sulfur weight 
percent of approximately 13% after treating a 
volume of 1.5 million gallons of water as of July 
2003.  The resulting average value was based on 
scanning the entire surface of the fishbone not just 
one location (Figure 4-36). 
 
Table 4-5 provides the results of the EDX analysis 
for a fishbone sample taken from Treatment 
Tank 4. 
 
The backscatter detector was also used to look at a 
sample of fishbone from Treatment Tank 4.  In 
addition, a comparative analysis was performed 
between one of the “bright spots” and a section of 
dark surface.  Figure 4-37 is an image showing the 
two scanned areas.  Tables that follow represent 
the weight percent of various elements found 
within the bright and dark regions. 
 
Results from Table 4-6 show that the bright spot 
that was analyzed is 36.5% Zn and 17.4% sulfur.  
These two elements account for more than half of 
the total weight percent in the area that was 
scanned.  Results from Table 4-6 show that the 
dark region that was scanned is approximately 6% 
Zn, while sulfur is roughly 5% of the total weight. 
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For confirmation of the presence of ZnS, a 
fishbone sample taken from Tank 4 was analyzed 
under high vacuum using the SEM.  Figure 4-38 is 
an image of ZnS crystals that were formed on the 
surface of a fishbone sample from Tank 4.  This 
image is magnified 9,000 times and has a scale of 
300 nanometers. 

samples.  The purpose of these tests was to 
establish the level of toxicity for discharge from 
the mine site and to evaluate the effectiveness of 
the treatment process currently being used at this 
site. 
 
Routine initial chemical parameters were 
determined and toxicity tests were started upon 
arrival of the samples.  The tests with P. promelas 
and C. dubia were 48-hour renewed acute tests, 
conducted at 20 °C.  Each sample was analyzed 
using both species. 

 
The spherical structures within the image were 
identified as ZnS crystals.  Previous research 
performed identified similar shaped ZnS crystals 
in an anaerobic treatment system.  Raw Fishbone 
date in represents an EDX analysis of Figure 4-38.  
The Zn accounts for over 36% of the total weight 
within that scan region, while sulfur contributes 
over 17% of the total weight. 

 
All tests were conducted using moderately hard, 
reconstituted water as the control and dilution 
water.  Appendix B contains summaries of all 
initial and final chemistries and results for toxicity 
tests. 

 
Since ZnS is being precipitated in the ATS, it can 
be stated that Cd and Pb may also precipitate as 
metal sulfides.  If concentrations of Zn, Cd, and Pb 
were equal, the solubility products for each metal 
could predict this.  This is due to the solubility 
products of each metal.  Zinc sulfide is the most 
soluble, which indicates that cadmium sulfide 
(CdS) and PbS should precipitate before ZnS.  
Table 4-7 is a list of the solubility products of Cd, 
Pb, and Zn. 

 
All LC50 values were determined using the EPA 
statistical analysis disk and Trimmed Spearman-
Karber Program, Version 1.5, which adjusts for 
control mortality.  The survival no observed acute 
effect level (NOAEL) was determined using the 
EPA statistical analysis disk and Dunnett’s 
Program, Version 1.5. 
 

 Table 4-8 summarizes the toxicity results for the 
2003 and 2004 samples.  The results from the tests 
indicate that the treatment system being used to 
remediate the waste from this mine site reduced 
the toxicity of the effluent water over that of the 
influent water.  Refer to Appendix B for the 
complete toxicity results. 

4.5   Toxicological Sampling Results 
Water samples from the NSM site in Idaho were 
shipped to the EPA Laboratory in Cincinnati, Ohio 
for toxicity testing in 2003 and 2004.  A series of 
acute aquatic toxicity tests with P. promelas, the 
fathead minnow, and C. dubia, a freshwater 
invertebrate, were conducted with these   
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Figure 4-1.  NSM ATS flow through system in gallons per minute. 
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Figure 4-2.  NSM ATS monthly flow through system. 
 

 34



 

Figure 4-3.  NSM ATS pH levels. 
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Figure 4-4.  NSM ATS alkalinity. 
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Figure 4-5.  NSM ATS water temperature. 
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Figure 4-6.  NSM ATS specific conductivity. 
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Figure 4-7.  NSM ATS dissolved oxygen. 
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Figure 4-8.  NSM ATS ORP. 
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Figure 4-9.  NSM ATS ammonia. 
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Figure 4-10.  NSM ATS sulfide. 
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Figure 4-11.  NSM ATS Ca. 
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Figure 4-12.  NSM ATS Mg. 
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Figure 4-13.  NSM ATS sulfate. 
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Figure 4-14.  NSM ATS total dissolved metals, in versus out, without Ca and Mg. 
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Figure 4-15.  NSM ATS dissolved Zn. 
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Figure 4-17.  NSM ATS dissolved Mn. 
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Figure 4-18.  NSM ATS dissolved Cd. 
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Figure 4-19.  NSM ATS dissolved Pb. 
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Figure 4-20.  NSM ATS total P. 
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Figure 4-21.  NSM ATS nitrate/nitrite. 
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Figure 4-22.  NSM ATS dissolved orthophosphate. 
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Figure 4-23.  NSM ATS Kjeldahl nitrogen. 
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Figure 4-24.  NSM ATS coliform. 
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Figure 4-25.  NSM ATS total digest Zn. 

Nevada Stewart Apatite Treatment System
Fishbone Total Digest Zinc

0

5000

10000

15000

20000

25000

30000

Untr
ea

ted
 Fish

bo
ne

  S
P1

Untr
ea

ted
 Fish

bo
ne

  S
P2

Untr
ea

ted
 Fish

bo
ne

 SP3

 7/
03

 - S
urf

ac
e

 7/
03

 - 8
" D

ep
th

 7/
03

 - 1
6" 

Dep
th

 7/
03

 - 2
4" 

Dep
th

7/0
3 -

 32
" D

ep
th 

 9/
04

 - S
urf

ac
e

 9/
04

 - 8
" D

ep
th

9/0
4 -

 16
" D

ep
th

9/0
4 -

 24
" D

ep
th

9/0
4 -

 32
" D

ep
th 

Sample Location

Zi
nc

 C
on

ce
nt

ra
tio

n 
(m

g/
kg

)
Tank 2 (SP2)
Tank 3 (SP3)
Tank 4 ( SP4)

 

Figure 4-26.  NSM ATS total digest Cd. 
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Figure 4-27.  NSM ATS total digest Pb. 
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Figure 4-28.  NSM ATS total digest Fe. 
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Figure 4-29.  NSM ATS total digest Mn. 
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Figure 4-30.  NSM ATS total digest Ca. 
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Figure 4-31.  NSM ATS total digest Mg. 

Nevada Stewart Apatite Treatment System
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Figure 4-32.  XRD graph showing a hydroxyapatite (>70 counts) peak, illustrating the only crystalline 
structure detected in the raw fishbone sample.  This graph was similar to XRD results from Tanks 2, 3,  
and 4. 
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Figure 4-33.  Unreacted fishbone EDX scan illustrating the peaks that indicate the primary composition of the 
fishbone material. 

 

Figure 4-34.  Typical EDX scan for Tank 2 (July 2003) sampled after 1 year of treating NSM discharge water.  
Volume treated by July 2003 was approximately 2 million gallons. 
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Figure 4-35.  EDX scan of bright spot from a sample taken from Tank 2. 
 

Figure 4-36.  EDX scan of entire bone from a sample collected from Tank 4 in July 2003. 
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Figure 4-37.  Bright regions (1) and dark regions (2). 
 

Figure 4-38.  Fishbone under high vacuum using SEM to see ZnS crystals from samples 
collected from Treatment Tank 4 at the NSM ATS. 
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Table 4-1.  NSM ATS Average Volumetric Flow in Gallons Per Minute 

Sampling Port Measured Average Flow Through the System 
(gpm) 

Total Flow Through Each Tank over 2-Year 
Monitoring Period 
(million gallons) 

SP1 – Influent Flow at Tank 1 17.9 13.4 
SP2 – Effluent Flow at Tank 2 5.9 4.5 
SP3 – Effluent Flow at Tank 3 8.7 6.4 
SP4 – Effluent Flow at Tank 4 3.3 2.5 

 
 
 
Table 4-2.  NSM SRB Analysis – September 2004 

 Tank 1 (SP1) 
Influent 

Tank 2 (SP2) 
Effluent 

Tank 3 (SP3) 
Effluent 

Tank 4 (SP4) 
Effluent 

Tank 4 (SP4) 
Effluent Duplicate 

SRB 
(MPN/mL) – Date:  9/28/2004 

<1.8 20 <1.8 78 45 

Sulfide 
(mg/L) – Date:  8/17/2004 

0.5 0.95 0.59 8.6 --- 

 
 
 

Table 4-3.  Net Increase and Decline in Concentration as Indicated by Water Quality Monitoring Results 
Net Increase in Concentration 

(Treatment Cell = Source) 
Net Decline in Concentration 

(Treatment Cell = Sink) 
Ca 
P 

Nitrogen 

Fe 
Mn 
Zn 
Al1

1 Al was taken only on an annual basis.  Other metals were sampled on a monthly basis. 
 
 
 
Table 4-4.  Saturation Indices for the NSM ATS Influent and Each Separate Effluent Flow for the System (Results are 
from the Last Sampling Event taken on August 17, 2004, after System had Functioned for a 22-Month Duration) 

Saturation Indices for the NSM ATS Influent and Each Effluent* 
Influent Flow Effluent Flow Mineral Phase 

SP1 SP2 SP3 SP4 
Ferrihydrite 1.1 -0.6 -0.1 -3.6 
Mackinawite -2.8 -3.5 -3.2 0.1 

Pyrite 21.1 19.2 19.6 19.3 
MnHPO4 1.3 1.4 1.6 2.5 

Hydroxyapatite -0.7 2.9 1.9 5.4 
Sphalerite 6.3 6.3 6.2 1.0 
Wurtzite 4.3 4.3 4.1 1.0 

* The geochemical results presented are from sampling event on August 17, 2004, and not the other dates for the project. 
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Table 4-5.  Weight Percent Data from EDX Scan for Sample Collected 
from Tank 4 in July 2003 

Element Wt% Atomic Weight 
Percent (At%) 

   
C 0.00 0.00 
O 0.00 0.00 

Mg 1.75 2.62 
Al 7.67 10.35 
Si 6.44 8.34 
P 22.51 26.44 
S 12.75 14.46 
K 2.90 2.70 
Ca 26.41 23.98 
Mn 0.21 0.14 
Fe 2.10 1.36 
Cu 0.37 0.21 
Zn 16.90 9.40 

Total 100.00 100.00 
 
 
Table 4-6.  Weight Percent Data from Bright Region and Dark Region Located on Fishbone Material from Treatment 
Tank 4 Compared to Data from Sample of Untreated (Raw) Fishbone Material 

Bright Region Dark Region Raw FishboneaElement 
Wt% At% Wt% At% Wt% At% 

O 25.68 49.16 62.31 79.65 72.84 85.06 
Mg 0.21 0.26 0.00 0.00 1.11 0.86 
Al 4.42 5.02 2.53 1.92 2.13 1.48 
Si 0.88 0.96 0.54 0.39 1.43 0.95 
P 3.78 3.73 7.84 5.18 9.00 5.43 
S 17.38 16.60 4.79 3.05 0.18 0.11 
K 0.00 0.00 0.00 0.00 0.62 0.30 
Ca 6.06 4.63 14.55 7.42 12.11 5.64 
Mn 0.34 0.19 0.20 0.07 0.00 0.00 
Fe 0.80 0.44 0.67 0.25 0.34 0.11 
Cu 3.93 1.90 0.63 0.20 0.12 0.03 
Zn 36.52 17.11 5.96 1.87 0.11 0.03 

Total 100.00 100.00 100.00 100.00 100.0 100.0 
a EDX analysis of Figure 4-33. 
 
 

Table 4-7.  Solubility Products 
Metal Sulfide Formation Log K 

CdS (Greenockite) CdS + H+   ↔  Cd2+ + HS- -15.93 
PbS (Galena) PbS + H+  ↔  Pb2+ + HS- -12.78 

ZnS (Sphalerite) ZnS + H+  ↔  Zn2+ + HS- -11.62 
Source: Drever 1997 
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Table 4-8.  2003 Versus 2004 LC50 Values 
 2003 2004 
 C. dubia P. promelas C. dubia P. promelas 

SP1 2.21 26.39 2.19 9.29 
SP2 4.07 70.71 6.27 25.46 
SP3 5.83 90* 4.42 6.93 
SP4 95% * 100%* 85% * 89.09 

* Indicates percent survival in 100%, non-diluted sample (no LC50 values could be generated) 

 55



 

5. ATS Monitoring Results Evaluation 
 
In the QAPP for this project, the primary objective 
was to determine the percent reduction of metals 
for the target constituents by measuring total and 
dissolved metals concentrations in the ATS 
influent and effluent. 
 
5.1   Statistical Analysis of the ATS 
Removal Effectiveness 
Project objectives, design information, and data 
were provided to EPA, and an EPA contractor 
statistician reviewed the data.  Only the 
representative target analytes listed in the project 
QAPP were evaluated (Ref. 1). 
 
Statistical data analyses (both descriptive and 
inferential) were performed for total Zn, Cd, Pb, 
Fe, Mn, Ca, and Mg.  This information is 
summarized as listed below. 
 
y Descriptive Statistics:  Minimum, Median, 

Maximum, Mean, Standard Deviation 
(Section 5.1.1). 

y Inferential Statistics:  Kruskal-Wallis Test and 
Multiple Comparison Procedure 
(Section 5.1.1). 

y Graphical Displays:  Box Plots (Appendix F). 

y Graphical Displays:  Time Plots (Appendix F). 

y How to Interpret Box Plots (Appendix F). 
 
5.1.1   Exploratory Data Analysis 
Percent reduction for seven target metals was used 
to construct Tables 5-1 through 5-7, and the box 
plots are provided in Appendix F.  The percent 
reduction using total metals concentrations was 
calculated as  
 

[(SP1 Metal Concentration - SP # Metal 
Concentration) / SP1 Metal Concentration] x 100 

 
Data collected for February 2003 was not 
representative of flow-through conditions at the 
ATS and should not be compared to other data that 
do represent flow through conditions. 

For Zn, the box plots show a high (> 80%) 
reduction for Tank 4 at SP4.  Time plots indicated 
the reduction was independent of the influent 
concentration (see Appendix F box plots for Zn), 
which almost doubled over the duration of the 
project (Figure 4-15).  Over the duration of the 
project, Tanks 2 and 3 on average showed more 
modest reductions (20% to 70%) where the 
reduction was considered to be a function of the 
influent concentration.  The results from the 
Kruskal-Wallis testing for Zn were statistically 
significant (p-value < 0.002) (Table 5-8).  The 
Kruskal-Wallis multiple comparison procedure 
indicated that the Zn reduction at each sampling 
port (i.e., treatment tanks) was statistically 
different from one another (p-value = 0.05)  
(Table 5-8).  This is reflective of the variability 
between treatment tanks throughout the duration 
of the project, with respect to flow rates and 
associated residence time, metals concentrations, 
and measured physical parameters. 
 
Concentrations for Cd and Pb were very low in the 
influent resulting in below laboratory instrument 
detection limits (IDLs) for several months.  Even 
so, the average percent reduction was evaluated 
for the two metals.  The Cd box plots showed a 
high (> 75%) reduction for Treatment Tanks 2 and 
4 (Appendix F).  Evaluation of the time plots 
indicated the reduction was independent of the 
influent concentration.  This did not hold for Tank 
3, where the reduction in loading was a function of 
the influent concentration.  Time plots are 
provided in Figure 4 of Appendix F, where the 
time plots indicate that Tank 3 was not removing 
Cd in a similar manner as Tanks 2 and 4.  This 
observation was confirmed with the Kruskal-
Wallis test (Table 5-9).  The result of the Kruskal-
Wallis test was statistically significant (p-value < 
0.002).  The Kruskal-Wallis multiple comparison 
procedure indicated that Tanks 2 and 4 were 
statistically different from Tank 3 (p-value = 
0.05), thus, confirming the evaluation from the 
time plots and the geochemical results. 
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The Pb box plots showed a similar reduction for 
all three sampling ports (20% to 80%) 
(Appendix F, Figure 2).  The time plots in 
Appendix F, Figure 5 indicate the reduction was 
independent of the influent concentration for 
Tanks 2 and 4.  This does not hold for Tank 3, 
where the reduction was determined to be a 
function of high influent concentrations.  The 
result of the Kruskal-Wallis test was statistically 
significant (Table 5-10).  The Kruskal-Wallis 
multiple comparison procedure indicated that 
Tanks 2 and 3 were statistically different (p-value 
= 0.05) than results from Tank 4. 
 
In an additional statistical analysis, Fe, Mn, Ca, 
and Mg concentrations and load reductions were 
evaluated.  The reviewed data did not have any 
outlying reductions for the metals (Appendix F, 
Figures 1-4).  Neither Ca nor Mg concentrations 
were reduced by the treatments (Tables 5-6. 5-7. 
5-11, 5-12, and Appendix F, Figures 3, 4, 7, and 
9).  In fact, Ca and Mg were released into solution 
as depicted by the geochemical modeling and were 
not evaluated further. 
 
For the two remaining metals, Fe and Mn, SP2 
provided the greatest reduction at 95.6% and 
67.82%, respectively (Tables 5-4 and 5-5).  The 
Kruskal-Wallis tests for both metals were 
statistically significant (p-value < 0.002), as were 
all treatment differences (p-value = 0.05) (Tables 
5-13 and 5-14).  For both metals, as reflected by 
the statistical analysis, SP3 was the worst 
performer having the smallest percent reduction 
and largest variability.  There was a slight negative 
correlation between initial and final concentrations 
for both metals for SP3, where Fe = 0.32 and Mn 
= 0.55 and for SP2, where Fe = 0.25 and Mn = 
0.41.  This trend was positive for SP4, where Fe = 
0.67 and Mn = 0.01.  However, over the duration 
of the project, Tank 3 treated an increased amount 
of influent through the ATS (49% of the flow) and 
had reduced retention times, which were not 
accounted for in the calculations for the average 
percent metal reduction. 
 

5.2   Water Quality Monitoring Evaluation 
 
5.2.1   Percent Reduction of Metals at the 
NSM 
The average percent reduction of dissolved metals 
and total metals for the ATS system was 
determined to evaluate the effectiveness of the 
ATS for metals removal from solution  
(Table 5-15). 
 
As illustrated in Figure 5-1, the average percent 
metals reduction of dissolved metals achieved by 
the ATS was greater than 50% for the 2-year 
duration of the project for Cd, Fe, Mn, and Zn.  
The percent reduction for Cd and Fe was as high 
as 85% and 72%, respectively.  For Zn, Tank 4 
provided the highest average percent reduction of 
94.5%, where Tank 3 average percent reduction 
was only 40%.  However, upon evaluation, Tank 4 
treated only one-third of the volume of influent 
when compared to the other treatment tanks, and 
the total digested Zn concentrations and metals 
loading values from each treatment tank indicate 
that Tank 3 retained a greater amount of Zn than 
Tank 4.  Most of the Zn was retained in Tank 3 
during the first year of the project, even though the 
average percent reduction recognized for Zn was 
40%.  The total amount of Zn retained in the ATS 
was 335 pounds (lb) over the 22-month 
demonstration period. 
 
Table 5-16 presents a comparison of influent and 
effluent concentrations to regulatory discharge 
limits for the first and last sampling events of the 
project. 
 
5.2.2   Apatite Retained Metals in the ATS 
In prior studies, it was recognized that the Apatite 
IITM technology was successful with stabilizing 
from 5% to 50% of its weight in metals depending 
upon the metal and environmental conditions.  The 
5% value was strictly for adsorption and did not 
address dissolution/precipitation reactions, etc. 
(Ref. 8).  For the Nevada Stewart ATS, the total 
weight of the apatite medium in the three 
treatment tanks was 10,000 lb, meaning that the 
apatite medium at the NSM had the ability to 
retain a minimum of 500 lb of metal.  After 2 
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years of functioning, a conservative estimate of the 
total amount of metal retained by the ATS was 
calculated at approximately 495 lb (Figure 5-2). 
Each treatment tank retained different percentages 
of metals due to the flow variances through each 
tank on a monthly basis.  Figure 4-14 provides a 
monthly graphical presentation of the total amount 
of heavy metals removed on a monthly basis when 
comparing the influent and the effluent   This 
shows that air sparging the tanks to enhance 
permeability improved the ATS’s ability to 
remove metals.  However, over time, the effect 
was less due to the exhaustion of the attenuation 
capacity of the ATS.  There appears to be several 
other processes at work that should be addressed. 
 
Even though Tank 4 maintained the highest 
removal efficiency for Zn (greater than 90%), its 
low rate of flow allowed the removal of only 28 lb 
of Zn from the treated influent.  For Zn, Tank 3 
maintained an overall removal efficiency of only 
40%, but approximately 269 lb of Zn was removed 
from the influent water treated by Tank 3.  This 
amount of metal exceeded the theoretical 
adsorption capacity of metal for the Apatite II™ in 
the treatment tank.  The fluctuations in attenuation 
for Zn are depicted in Figure 5-3 and as detailed, 
Tank 2 was nearing adsorption metal capacity 
exhaustion at 5% because it had retained 334 lb Zn 
and 160 lb Fe and Mn.  However, absorption is not 
the only removal mechanism functioning in the 
ATS system; therefore, to determine the 
adsorption capacity of the apatite medium would 
require further detailed analysis that was not 
funded within this study. 
 
5.2.3   ATS Attenuation Mechanisms 
 
5.2.3.1   Sulfide Mineral Precipitation 
Precipitation of ZnS was determined to be the 
main mechanism for Zn attenuation within all 
three of the treatment tanks.  This process 
appeared to have dominated the removal scenario 
within Tank 4 and, to a lesser effect, in Tank 2 or 
Tank 3.  Additionally, the precipitation of ZnS 
occurred in Tank 3 at times throughout the project 
duration. 
 

A minor amount of Fe attenuation within the 
treatment tanks (in particular Tank 4) may be 
attributed to the precipitation of FeS.  The 
reducing conditions in the NSM ATS, specifically 
the presence of hydrogen sulfide, suggests that 
metal attenuation through sulfide precipitation 
occurred at the NSM.  The Golder thermodynamic 
modeling also confirmed this.  Golder’s report is 
contained in Appendix D.  The lowest effluent Zn 
concentrations occurred in association with 
elevated sulfide concentrations.  Mineralogical 
evaluation, however, is the best way to 
conclusively identify controlling secondary 
mineral phases.  Mineralogical analysis by 
Montana Tech confirmed the presence of a ZnS 
(Ref. 23). 
 
Attenuation of Cd and Pb due to sulfide 
precipitation was inconclusive.  Speciation 
modeling showed supersaturation with respect to 
both CdS and PbS.  However, the relatively low 
solid phase concentrations of these metals in the 
treatment tanks prevented the identification of any 
Cd/Pb secondary mineral phases by Montana Tech 
(Ref. 23).  Correlation analysis results for the 
treatment tank elemental concentrations suggest an 
alternative attenuation mechanism to sulfide 
precipitation.  If the dominant mechanism for Cd 
and Pb removal was sulfide precipitation, a 
correlation between Cd, Pb, and Zn (Appendix F, 
Figure 23, Table 5) should be observed.  A 
positive correlation was not observed from the 
September 2004 data set.  As such, an alternative 
mechanism for the removal of Pb and Cd is 
probable. 
 
5.2.3.2   Phosphate Mineral Precipitation 
Speciation modeling identified manganese 
phosphate as a possible control on Mn 
concentrations.  Further evaluation was required to 
establish if MnHPO4 was indeed a credible 
secondary mineral phase.  Similarly, formation of 
strengite (Fe-phosphate) was identified as a 
possible sink for Fe. 
 
Effluent saturation indices indicate undersaturation 
with respect to hydroxypyromorphite.  Because 
influent Pb concentrations were very low, 
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adsorption of Pb by hydroxyapatite was 
unrecognizable.  Since the Ca concentrations 
increased in the effluent relative to the influent, it 
is highly probable that the organic hydroxyapatite 
was dissolving not precipitating. 
 
5.2.3.3   Surface Reactions 
Adsorption of Pb, Cd, and Mn onto ferrihydrite or 
the Apatite IITM treatment medium (Ref. 8) would 
also account for the positive correlation observed 
between the solid phase concentrations of these 
metals.  Also adsorption onto the whole bone 
apatite surface was a possibility.  Iron oxide 
staining was observed at the NSM adit and the 
treatment tank bypass overflow.  Large amounts of 
iron oxide were seen in a photo entitled dewatered 
apatite with ferric coat, which was taken looking 
down into one of the reactors.  Wright 2004 cites 
studies that showed Apatite IITM is capable of 
absorbing up to 5% of its weight in metals.  The 
mineralogical analysis conducted to date was 
capable of determining that on average 6% of Zn 
by weight was retained by means of the four listed 
attenuation mechanisms on the fishbone in the 
treatment tanks, but it was not capable of 
characterizing surface reactions such as 
adsorption.  More sophisticated analytical 
techniques and analysis would be required to make 
a definitive conclusion regarding the role of this 
process at the NSM.  Figures 5-4, 5-5, and 5-6 are 
photographs of the apatite medium from this 
treatment system. 
 
5.3   Effect of Mixing Effluents from the 
NSM ATS 
The configuration of the NSM ATS was such that 
the effluent waters from the three treatment tanks 
were mixed before discharge.  The variance in the 
constituents of the effluent waters from each of the 
treatment tanks induced specific reactions to 
occur.  As the effluents exited the tanks, the water 
mixed reducing the dissolved contaminants found 
in the water discharging to Highland Creek.  In 
addition, the bypass water entering the catch basin 
would be diluted with respect to the concentration 
of certain constituents, because the bypass water 
was mixing with the effluent from the ATS. 
 

Geochemical modeling was used to determine the 
effects of the aforementioned reactions on the 
quality of the mixed water to determine the quality 
of water entering Highland Creek and to determine 
if the catch basin was acting as a hypothetical 
fourth reactor.  The geochemical software 
PhreeqCI was used in this modeling effort.  Six 
monthly sampling events were selected to be 
evaluated for this modeling effort.  These 
sampling events were March 19, 2003; May 29, 
2003; June 19, 2003; August 19, 2003; February 
10, 2004; and May 25, 2004.  The events were 
chosen because a broad range of effluent water 
compositions as far as oxidizing and reducing 
conditions and, as such, varying sulfide and Zn 
concentrations were evident.  Additionally, the six 
samples were representative of the entire project. 
 
The saturation indices results of the geochemical 
modeling are presented in Table 5-17.  According 
to information in Table 5-17, a ZnS solid species 
would probably be precipitated from the mixed 
waters in all of the modeled cases.  The specific 
ZnS specie(s) produced would control the 
concentration of dissolved Zn in the mixed 
effluent water.  It is also possible that manganese 
phosphate, elemental sulfur, and FeS would 
precipitate.  Although it is unlikely, due to kinetic 
considerations, that pyrite would be formed in 
viable concentrations.  The dissolved 
concentrations of the cationic constituents yielded 
by the geochemical model for the mixed effluent 
waters are shown in Table 5-18.  The detailed 
dissolved Zn concentrations in the data were for an 
amorphous ZnS solid compound.  It is entirely 
probable that the actual concentration of ZnS 
found in the mixed effluent waters would be 
substantially lower than the modeled results.  
Table 5-18 indicates that the modeled 
concentrations within the mixed effluent water are 
substantially lower than a simple mixing of the 
effluents from the three tanks. 
 
5.4   Effect of Mixing Treated Effluent from 
the ATS and Bypass Water from the NSM 
The ATS at the Nevada Stewart consistently 
treated approximately one-half of the water 
emanating from the underground mine workings.  
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The other half of the flow from the mine was 
allowed to bypass the treatment system.  This 
bypass water was mixed with the treated effluent 
within the catch basin prior to the entire flow 
entering Highland Creek. 
 
The chemical composition of these two waters was 
significantly different in that the treated water was 
distinctly less aerobic, had low concentrations of 
dissolved metals, and contained significant 
quantities of soluble sulfide while the bypass 
water was more oxidized, contained higher 
concentrations of dissolved metals, and had very 
low amounts of soluble sulfide.  As was described 
previously, the variance in the constituents of the 
bypass water and the mixed effluent water from 
the treatment tanks induced specific reactions as 
the waters mixed.  These reactions resulted in a 
reduction in the amount of specific dissolved 
contaminants found in the mixed water in the 
catch basin.  In addition, the concentration of 
certain constituents would be reduced in the 
effluent waters by the effect of dilution. 
 
Geochemical modeling was used to determine the 
effects of the previous reactions on the quality of 
the mixed effluent water flowing from the catch 
basin into Highland Creek.  The geochemical 
software PHREEQCI was used in this modeling 
effort (Ref. 24).  The same six monthly sampling 
events that were selected for the previous 
geochemical modeling scenario, which described 

the mixing of the reactor effluents, were used for 
this effort. 
 
The saturation indices resulting from the 
geochemical modeling are presented in Table 
5-19.  As predicted by the model, a ZnS solid 
species would very probably be precipitated when 
the ATS effluent and the NSM bypass waters 
mixed.  The specific ZnS specie(s) produced 
would control the concentration of dissolved Zn in 
the mixed effluent water.  It is also possible that 
manganese phosphate, elemental sulfur, and FeS 
could precipitate.  Although, it is unlikely, due to 
kinetic considerations, that pyrite would be formed 
in viable concentrations. 
 
The dissolved concentrations of the cationic 
constituents yielded by the geochemical modeling 
effort for the mixed effluent waters are shown in 
Table 5-20.  The dissolved concentration of Zn 
detailed in these data is related to the precipitation 
of an amorphous ZnS solid compound.  It is 
entirely probable that the actual concentration of 
ZnS found in the mixed effluent waters would be 
lower than the modeled results.  As can be seen 
from Table 5-20, the modeled concentrations 
within the mixed effluent water are significantly 
lower than a simple mixing of the bypass water 
and the reactor effluents due to the production of 
insoluble sulfide-based precipitates. 
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Percent Reduction of the Dissolved Metals over the 
Duration of MWTP Project 39
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Figure 5-1.  Average percent reduction in dissolved metals over the duration of the MWTP, Activity III, 
Project 39, ATS as compared to the NSM discharge (influent) dissolved metals concentrations. 
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Figure 5-2.  Amount of metal removed by the NSM ATS. 
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Figure 5-3.  Amount of total Zn removed by NSM ATS on monthly basis. 
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Figure 5-4.  Tank 4 (center cell) just prior to the solid phase (total digest) sampling showing the 
ferrihydrite coated surface. 
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Figure 5-5.  Photo of the fishbone at the end of the project.  Bone pieces are from varying 
depths to compare to the unused bone (Figure 2-16). 

 

Figure 5-6.  Tank 4 apatite medium showing the black and white precipitate with minimal 
ferrihydrite on the surface. 
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Table 5-1.  Zn Percent Reduction for Selected Metals by Sampling Port 

Port Minimum Median Mean Maximum 
Standard 
Deviation 

SP2 29.2 58.9 58.4 86.1 15.0 
SP3 13.6 34.1 38.6 87.8 20.9 
SP4 8.4 93.3 85.9 99.8 20.8 
SP4* 72.2 94.1 90.0 99.8 10.3 

*Outlier removed for Zn 02/26/2003 
 
 
Table 5-2.  Cd Percent Reduction for Selected Metals by Sampling Port 

Port Minimum Median Mean Maximum 
Standard 
Deviation 

SP2 -198.1 89.6 75.1 97.3 66.3 
SP2* 82.5 89.9 90.3 97.3 3.7 
SP3 -22.1 63.0 57.9 81.6 31.8 
SP4 61.4 89.6 88.1 97.3 7.9 

*Outlier removed for Cd 08/19/2003 
 
 
Table 5-3.  Pb Percent Reduction for Selected Metals by Sampling Port 

Port Minimum Median Mean Maximum 
Standard 
Deviation 

SP2 -214.8 54.2 39.1 94.6 67.0 
SP3 -8.4 37.8 35.0 77.5 26.3 
SP4 0 52.0 75.5 94.6 29.6 

  
 
Table 5-4.  Fe Percent Reduction for Selected Metals by Sampling Port 

Port Minimum Median Mean Maximum 
Standard 
Deviation 

SP2 87.77 96.82 95.60 99.34 3.74 
SP3 24.83 54.96 58.87 98.08 26.08 
SP4 73.24 92.88 90.47 96.63 6.04 

 
 
Table 5-5.  Mn Percent Reduction for Selected Metals by Sampling Port 

Port Minimum Median Mean Maximum 
Standard 
Deviation 

SP2 39.42 73.70 67.82 88.29 16.25 
SP3 16.67 43.09 45.43 84.51 22.22 
SP4 40.67 63.26 66.90 76.56 9.17 
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Table 5-6.  Ca Percent Reduction for Selected Metals by Sampling Port 

Port Minimum Median Mean Maximum 
Standard 
Deviation 

SP2 6.14 3.05 3.27 0 1.64 
SP3 4.89 0.21 1.18 2.56 2.11 
SP4 9.44 4.99 4.93 1.74 2.75 

 
 
Table 5-7.  Mg Percent Reduction for Selected Metals by Sampling Port 

Port Minimum Median Mean Maximum 
Standard 
Deviation 

SP2 1.88 0.12 0.02 1.50 0.98 
SP3 1.95 0.23 0.31 2.31 1.05 
SP4 2.64 0.23 0.08 2.31 1.18 

 
 
Table 5-8.  Kruskal-Wallis Test and Multiple Comparison Procedure for Zn 

Kruskal-Wallis Test:  chi-square = 32.4289, df = 2, p-value = 0.0002  
Multiple Comparison Difference* Statistic S/NS (α = 0.05) 

SP2 versus SP3 11.50 7.55 S 
SP2 versus SP4 19.60 7.55 S 
SP3 versus SP4 31.10 7.55 S 

*If the difference > statistic, then statistically significant at the 0.05 level. 
 
 
Table 5-9.  Kruskal-Wallis Test and Multiple Comparison Procedure for Cd 

Kruskal-Wallis Test:  chi-square = 17.0977, df = 2, p-value = 0.0002  
Multiple Comparison Difference* Statistic S/NS (α = 0.05) 

SP2 versus SP3 19.66 9.16 S 
SP2 versus SP4 0.79 9.16 NS 
SP3 versus SP4 18.87 9.16 S 

*If the difference > statistic, then statistically significant at the 0.05 level. 
 
 
Table 5-10.  Kruskal-Wallis Test and Multiple Comparison Procedure for Pb 

Kruskal-Wallis Test:  chi-square = 4.3512, df = 2, p-value = 0.1135  
Multiple Comparison Difference* Statistic S/NS (α = 0.05) 

SP2 versus SP3 9.53 10.55 NS 
SP2 versus SP4 0.37 10.55 NS 
SP3 versus SP4 9.89 10.55 NS 

*If the difference > statistic, then statistically significant at the 0.05 level. 
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Table 5-11.  Kruskal-Wallis Test and Multiple Comparison Procedure for Ca 
Kruskal-Wallis Test:  chi-square = 18.5928, df = 2, p-value = 0.0001 

Multiple Comparison Difference* Statistic S/NS (= 0.05) 
SP2 versus SP3 13.00 8.98 S 
SP2 versus SP4 10.16 8.98 S 
SP3 versus SP4 23.16 8.98 S 

*If the difference > statistic, then statistically significant at the 0.05 level. 
 
 
Table 5-12.  Kruskal-Wallis Test and Multiple Comparison Procedure for Mg 

Kruskal-Wallis Test:  chi-square = 1.2035, df = 2, p-value = 0.5479  
Multiple Comparison Difference* Statistic S/NS (= 0.05) 

SP2 versus SP3 5.71 10.87 NS 
SP2 versus SP4 1.55 10.87 NS 
SP3 versus SP4 4.16 10.87 NS 

*If the difference > statistic, then statistically significant at the 0.05 level. 
 
 
Table 5-13.  Kruskal-Wallis Test and Multiple Comparison Procedure for Fe 

Kruskal-Wallis Test:  chi-square = 29.33, df = 2, p-value = 0 
Multiple Comparison Difference* Statistic S/NS (= 0.05) 

SP2 versus SP3 29.05 7.59 S 
SP2 versus SP4 12.32 7.59 S 
SP3 versus SP4 16.74 7.59 S 

*If the difference > statistic, then statistically significant at the 0.05 level. 
 
Table 5-14.  Kruskal-Wallis Test and Multiple Comparison Procedure for Mn 

Kruskal-Wallis Test:  chi-square = 12.6285, df = 2, p-value = 0.0018  
Multiple Comparison Difference* Statistic S/NS (= 0.05) 

SP2 versus SP3 29.05 9.68 S 
SP2 versus SP4 12.32 9.68 S 
SP3 versus SP4 16.74 9.68 S 

*If the difference > statistic, then statistically significant at the 0.05 level. 
 
Table 5-15.  Average Percent Metals Reduction Achieved for the Duration of the MWTP, Activity III, Project 39, NSM 
ATS for Full ATS and Each Treatment Tank 

Average Percent Reduction for the Duration of the Project – Apatite Treat System 
Parameter Total ATS Tank 2 Tank 3 Tank 4 

Dissolved Cd 84.9 88.3 78.8 88.7 
Dissolved Ca -3.5 -3.9 -2.6 -6.2 
Dissolved Fe 72.9 86.7 57.8 74.4 
Dissolved Pb -0.3 -2.2 0.9 -2.4 
Dissolved Mg -14.9 -15.2 -15.3 -14.7 
Dissolved Mn 52.8 66.6 40.7 66.3 
Dissolved Zn 55.4 68.0 40.8 94.5 

Sulfate (mg/L) 0.8 0.2 2.1 3.4 
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Table 5-16.  Comparison of Regulatory Discharge Limits with the NSM ATS Effluent and Influent Values for the First 
and Last Sampling Events of the Project 

Dissolved Metals 
(mg/L) Zn Cd Pb Fe Mn Sulfate 

Drinking Water 
Standards1

5.0* 0.01 0.05 0.30* 0.05* 250*

Influent (SP1) 
11/02 

5.64 0.0005 0.0013 0.731 0.691 257 

Influent (SP1) 
8/04 

8.00 0.0005 0.0012 0.496 0.608 349 

Tank 2 
11/02 

0.039 0.00005 0.0013 0.142 0.349 254 

Tank 2 
8/04 

3.70 0.00003 0.0012 0.031 0.071 351 

Tank 3 
11/02 

0.0243 0.00007 0.0013 0.077 0.235 191 

Tank 3 
8/04 

4.400 0.00003 0.0012 0.108 0.182 349 

Tank 4 
11/02 

0.686 0.00005 0.0013 0.142 0.384 259 

Tank 4 
8/04 

0.0096 0.00003 0.0012 0.160 0.155 315 

All values on the table are as mg/L. 
*  National Secondary Drinking Water Regulations. 
1  Federal maximum contaminant level for protection of drinking water. 

 
 
Table 5-17.  Saturation Indices for Mixed Effluent 

Sample 
Date MnHPO4 Pyrite Sphalerite Wurtzite ZnS (am) Hydroxyapatite Sulfur Mackinawite 

3/19/03 2.46 22.56 3.06 1.04 0.37 4.00 10.05 0.40 
5/29/03 1.92 20.07 4.63 2.61 1.95 - 0.19 8.63 - 0.68 
6/19/03 2.11 22.64 3.46 1.44 0.78 2.53 10.13 0.39 
8/19/03 1.89 18.01 6.02 4.00 3.33 1.50 7.83 - 1.93 
2/10/04 1.85 19.23 5.73 3.79 3.16 1.31 9.74 - 2.23 
5/25/04 0.85 15.82 5.03 3.02 2.35 - 3.73 7.59 - 3.89 
8/17/04 0.73 19.94 5.94 3.91 3.27 0.38 9.97 -2.01 

 
 
Table 5-18.  Dissolved Concentrations of Cationic Constituents for Mixed Effluent 

Sample Date Ca mg/L Fe mg/L Mg mg/L Mn mg/L Zn mg/L 
3/19/03 93.80 0.05 40.21 0.02 0.52 
5/29/03 92.71 0.30 41.70 0.01 0.17 
6/19/03 97.53 0.18 41.67 0.01 0.18 
8/19/03 92.83 0.17 41.2 0.01 0.02 
2/10/04 94.99 0.19 39.08 0.01 1.62 
5/25/04 93.84 0.07 41.47 0.04 4.77 
8/17/04 105.00 0.07 45.00 0.01 0.96 
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Table 5-19.  Saturation Indices for a Mixture of Bypass Water and the Reactor Effluents 
Sample 

Date MnHPO4 Pyrite Sphalerite Wurtzite ZnS (am) Hydroxyapatite Sulfur Mackinawite 
3/19/03 1.98 20.33 4.06 2.39 0.87 1.41 9.64 - 0.59 
5/29/03 1.74 19.09 6.24 4.06 3.27 - 2.08 7.91 - 1.28 
6/19/03 1.83 19.13 5.63 3.49 2.42 1.32 8.63 - 1.86 
8/19/03 1.28 18.35 5.71 3.54 2.61 - 1.81 8.27 - 2.07 
2/10/04 1.13 16.49 4.39 2.77 1.08 - 2.27 7.19 - 2.94 
5/25/04 0.79 12.71 3.16 1.52 0.21 - 6.36 6.14 - 4.71 
8/17/04 1.61 17.86 5.03 3.47 1.89 -3.77 7.84 - 3.64 

 
 
Table 5-20.  Dissolved Concentrations of Cationic Constituents for a Mixture of Bypass Water and the Reactor Effluents 

Sample Date Ca mg/L Fe mg/L Mg mg/L Mn mg/L Zn mg/L 
3/19/03 91.40 0.27 40.36 0.01 0.23 
5/29/03 90.75 0.46 41.40 0.01 0.09 
6/19/03 96.61 0.43 41.63 0.01 0.78 
8/19/03 91.77 0.35 26.05 0.02 0.84 
2/10/04 93.35 0.47 39.04 0.03 1.96 
5/25/04 89.62 0.17 39.83 0.05 5.14 
8/17/04 104.00 0.28 45.17 0.02 0.89 
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6. ATS Cost Analysis 
 
A cost analysis was performed for the ATS 
demonstration installation and long-term 
monitoring/evaluation performed by DOE and the 
EPA MWTP, respectively.  Required elements for 
the ATS included the scope of work, system 
design, pre-installation materials testing, ATS 
installation, simple analytical analysis, monthly 
monitoring, reporting, ATS maintenance 
(quarterly permeability enhancement), and project 
closure.  The additional research used to determine 
the effectiveness of the ATS involved geochemical 
modeling, extensive analytical analysis, 
SEM/EDX, XRD, physical analysis, monthly 
sampling, extensive reporting, statistics, 
toxicology testing, and increased project 
management all under the guidance of the project 
QAPP. 
 
For this analysis, a hypothetical real-world cost for 
implementation of an ATS system in a field setting 
is presented. 

Included in Table 6-1 are estimations of the total 
unit cost for an ATS project without the research 
aspects attached to this specific projects.  The 
assumptions are that these costs include 
installation of a system for remediation of a site 
that would not require the extensive oversight, 
research, analytical, modeling, and reporting needs 
of the demonstration project presented in this 
report.  Discount rates are based on Office of 
Management and Budgets projected discount rates 
for Cost-Effectiveness, Lease –Purchase, Internal 
Government Investment, and Asset Sale Analyses 
that are published yearly.  The results of the cost 
analysis indicate that the net present value of the 
unit cost to treat a thousand gallons of water 
ranges from $6.30 over 2 years to $1.20 over 30 
years. 
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Table 6-1.  Estimations of the Percent Total Unit Cost for an ATS Project Without Research Aspects Attached 
Items for Hypothetical Barrier Costs  Cost 

Installation Costs,   
     Manager, 6 months  
     QAPP 
     Testing 
     Design and Specifications 
     Documentation 
     Install Monitoring Wells 
     Construct Barrier 
 
                                                                                Total Installation Costs 

 
$1,800 
$5,000 
$3,100 
$6,500 
$1,400 
$1,500 
$67,700 

 
$87,000 

Operating and Maintenance (O&M) Costs 
     Repairs 
     Sampling and Surging 
     Analysis 
 
                                                                Total O&M costs for 22 months 
                                                                 Equivalent yearly O&M costs 

 
$10,300 
$14,500 
$3,800 

 
$28,600 
$15,600 

2 years 
     Installation 
     Net present value (NPV) of cost for O&M, $15,600 per year for 2 years at 3.7% 
                                                        
                                                                                                 NPV of cost  
                                                              Unit cost per 1,000 gallons treated 

 
$87,000 
$29,600 

 
$116,600 

$6.30 
10 years 
     Installation 
     NPV of cost for O&M, $15,600 per year for 10 years at 4.6% 
                                                        
                                                                                                 NPV of cost  
                                                              Unit cost per 1,000 gallons treated 

 
$87,000 

$122,800 
 

$209,800 
$2.30 

20 years 
     Installation 
     NPV of cost for O&M, $15,600 per year for 20 years at 4.9% 
                                                        
                                                                                                 NPV of cost  
                                                              Unit cost per 1,000 gallons treated 

 
$87,000 

$196,000 
 

$283,000 
$1.50 

30 years 
     Installation 
     NPV of cost for O&M, $15,600 per year for 30 years at 5.2% 
                                                        
                                                                                                 NPV of cost  
                                                              Unit cost per 1,000 gallons treated 

 
$87,000 

$234,400 
 

$321,400 
$1.20 
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7. Summary of Quality Assurance Activities 
 
7.1   Background 
The following is a summary of the quality 
assurance (QA) activities associated with MWTP 
Activity III, Project 39, Permeable Treatment Wall 
Effectiveness Monitoring, Nevada Stewart Mine 
Site.  Analytical samples and field data were 
collected according to the schedule outlined in the 
approved project-specific QAPP document.  All 
field and laboratory data available has been 
evaluated to determine the usability of the data.  
Critical analyses were flume/weir water depth and 
dissolved metals [Al, Sb, As, Be, Cd, Ca, Cr, Cu, 
Fe, Pb, Mg, Mn, Ni, K, P, Na, Se, Ag, Si, titanium 
(Ti), and Zn].  In February 2004, an addendum to 
the QAPP was written to reflect a reduction in the 
amount of dissolved metals that were analyzed for 
As, Al, Ca, Cu, Cd, Fe, Pb, Mg, Mn, K, Na, Si, 
and Zn.  A critical analysis is an analysis that must 
be performed to determine if project objectives 
were achieved.  Data from noncritical analyses 
were also evaluated. 
 
7.2   Project Reviews 
An external technical systems audit of the project 
field activities was performed by David Gratson of 
Neptune and Company (subcontractor to EPA) on 
September 23, 2003.  There were no findings, 
three observations, and one additional technical 
comment identified during the audit. 
 
The observations included using expired pH 
calibration buffer solutions, using an ORP 
different than the meter specified in the QAPP, 
and other general comments on minor revisions to 
the QAPP.  Efforts were made to ensure that pH 
calibration buffer solutions used after the audit 
were fresh solutions and the expiration data was 
documented in the field logbook during each 
sampling event.  An addendum to the QAPP was 
developed to correct the other two observations.  
The additional technical comment pertained to 
communications between the MSE and EPA 
project managers.  Significant operational 
modifications were documented and 
communicated to the EPA project manager. 

7.3   Data Evaluation 
Data that was generated throughout the project 
was validated.  The purpose of data validation is to 
determine the usability of data that was generated 
during a project.  Data validation consisted of two 
separate evaluations:  an analytical evaluation and 
a program evaluation. 
 
7.3.1   Analytical Evaluation 
An analytical evaluation of all data was performed 
to determine the usability of the data that was 
generated by HKM Laboratory for the project.  
Laboratory data validation was performed using 
USEPA Contract Laboratory Program (CLP) 
National Functional Guidelines for Inorganics 
Data Review (USEPA 1994) as a guide.  The data 
quality indicator objectives for critical 
measurements were outlined in the QAPP and 
were compatible with project objectives and the 
methods of determination being used.  The data 
quality indicator objectives were method detection 
limits (MDLs), accuracy, precision, and 
completeness.  Control limits for each of these 
objectives are summarized in Tables 7-1 and 7-2.  
The quality control (QC) criteria were also used to 
identify outlier data and to determine the usability 
of the data for each analysis. 
 
Measurements that fell outside of the control 
limits specified in the QAPP, or for other reasons 
were judged to be outlier, were flagged 
appropriately to indicate that the data was judged 
to be estimated or unusable.  All data requiring 
flags are summarized in Table 7-3. 
 
At the beginning of the project, HKM Laboratory 
used influent samples for QC.  The CLP spiking 
levels were appropriate for all analytes except Zn.  
The concentration of Zn in the influent samples 
ranged from six to ten times higher than the 
spiking level.  Because the sample concentration 
for Zn was greater than four times the spike 
concentration, HKM Laboratory was not required 
to meet a recovery limit; however, MSE calculated 
spike recoveries.  With only two exceptions 
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(February 2002 and May 2002), the spike 
recoveries for Zn were within the acceptable range 
of 75% to 125%.  Serial dilutions were also within 
acceptable limits.  This indicated that there were 
no matrix effects for Zn in these samples.  
December 2003 samples were first set where 
HKM Laboratory began using the effluent samples 
for QC, thereby, rectifying the issue of the sample 
concentration for Zn being greater than four times 
the spike concentration.  All spike recoveries for 
Zn from December 2003 through August 2004 
samples were within the acceptable range. 
 
7.3.2   Program Evaluation 
Program evaluations include an examination of 
data generated during the project to determine that 
all field QC checks were performed and within 
acceptable tolerances.  Program data that was 
inconsistent or incomplete and did not meet the 
QC objectives outlined in the QAPP were viewed 
as program outliers and were flagged appropriately 
to indicate the usability of the data. 
 
7.3.2.1   Flume/Weir Water Depth 
A 60-degree trapezoidal flume was used to 
measure total groundwater flow from the adit.  
This flume was located upstream of the retention 
basin and the bypass pipe. 
 
Weir water levels and flows were measured with a 
Thel-Mar volumetric weir.  Thel-Mar weirs were 
installed in 10-inch pipes to measure the outflow 
from each of the three apatite treatment tanks and 
also in a single 6-inch pipe to measure flow into 
the ATS. 
 
Untreated flow was calculated by simple 
subtraction:  total flow measured in the flume 
minus flow measured in the weir leading to the 

ATS equals flow that bypassed the treatment 
system. 
 
The surface water flow rate measurements were 
obtained in accordance with the procedures 
outlined in the QAPP.  No surface water flow rate 
data were judged to be outlier. 
 
7.3.2.2   Dissolved Metals 
Dissolved metals analysis was a critical analysis 
for this project.  Aqueous samples were collected 
from the four sampling locations during each 
sampling event, as well as a field duplicate sample 
from a predetermined sampling location and a 
field blank.  Sampling procedures for the 
collection of the aqueous samples outlined in the 
QAPP were followed.  The samples were taken to 
HKM Laboratory for analysis by ICP Emission 
Spectrometer (ICP-ES).  No dissolved metals data 
were judged to be outlier. 
 
7.4   Quality Assurance Summary 
In general, sampling personnel conducted QA/QC 
activities for this project in accordance with the 
procedures outlined in the QAPP.  All field 
duplicates and field blanks were collected, field 
instrumentation properly calibrated, and critical 
activities documented in the field logbook.  The 
sample NSM SP1 052504 collected May 25, 2004 
was flagged unusable because the repeatability of 
the field duplicate was outside the acceptable 
range of ≤ 20% relative percent difference (RPD) 
for total and dissolved metals.  During this 
sampling event, other personnel not previously 
used on this project collected the samples.  If at all 
possible, the same personnel should be used for 
sampling activities; otherwise, other personnel 
need to receive proper training. 
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Table 7-1.  QA objectives for Accuracy, Precision, MDL, and Completeness 
Measurement Units MDL Precision1 Accuracy Completeness2

Flume/Weir water depth Inches 0.03 N/A ±5%3 95% 
Dissolved Metals mg/L See Table 7-2 ≤20% RPD 75%-125% 

spike recovery 
95% 

1 Precision will be determined by the RPD of duplicates, unless otherwise indicated. 
2 Completeness is based on the number of valid measurements, compared to the total number of samples. 
3 Accuracy of weirs/flumes will be ensured by installing flumes and weirs according to SOP H6-6 and by avoiding 
installation locations that could adversely affect weir/flume accuracy (i.e., approach conditions do not allow uniform velocity 
distribution, damage to weirs or flumes, changes in weir or flume dimensions).  In addition, manual flow rate measurements 
will give an indication of whether the weirs and flumes are returning reasonable flow rate measurements. 

 
 
 

Table 7-2.  IDLs for ICP Analysis of Dissolved Metals 
Analyte IDL (µg/L) ICP CRDL (µg/L) 

Al 24.0 200 
Sb 29.5 60 
As 29.5 59.1 
Be 2.4 5 
Cd 4.52 5 
Ca 14.1 5000 
Cr 10.0 10 
Cu 2.4 25 
Fe 10.0 100 
K 21.2 5000 
P 36.8 184.2 

Mg 40.0 5000 
Mn 2.6 15.0 
Ni 10.9 40 
Se 57.2 114.3 
Ag 3.7 10 
Na 16.3 5000 
Ti 3.2 15.8 
Zn 5.9 20 
Pb 24.0 48.0 
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Table 7-3.  Summary of Flagged Data for Activity III, Project 39 
Date of 

Collection 
Sample ID Analysis  Quality Criteria Flag Comment 

6/19/03 NSM SP4 061903 Total Zn ≤ 20% RPD J RPD > 20%; the associated 
samples should be flagged J 

for total Zn 
7/280/03 NSM SP2 072803 

NSM SP3 072803 
NSM SP4 072803 

Total Fe Blank concentration > 
CRDL  

UJ The field blank sample 
showed significant 

contamination; the associated 
samples should be flagged UJ 

for total Fe 
11/25/03 NSM SP4 112503 Dissolved Zn ≤ 20% RPD J RPD > 20%; the associated 

samples should be flagged J 
for dissolved Zn 

5/25/04 NSM SP1 052504 Dissolved and 
Total Metals 

≤ 20% RPD R RPD > 20% for all dissolved 
and total metals; the 

associated samples should be 
flagged R for dissolved and 

total metals 
8/17/04 NSM SP1 081704 NH4 ≤ 20% RPD J RPD > 20%; the associated 

sample should be flagged J 
for NH4

8/17/04 NSM SP4 081704 Dissolved Se 75% – 125% recovery 
of spike 

J Spike recovery < 75%; the 
associated sample should be 
flagged J for dissolved Se 

8/17/04 NSM SP1 081704 
NSM SP2 081704 
NSM SP3 081704 
NSM SP4 081704 

Total Si 
Dissolved Si 

Blank concentration > 
CRDL  

UJ The field blank sample 
showed significant 

contamination; the associated 
samples should be flagged UJ 

for total and dissolved Si 

Data Qualifier Definition: 
J – The measurements are estimated. 
UJ – The measurements are estimated and may be inaccurate or imprecise. 
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8. Conclusions and Recommendations 
 
The MWTP, Activity III, Project 39, Permeable 
Treatment Wall Effectiveness Monitoring, Nevada 
Stewart Mine Site was conducted to determine the 
effectiveness of an ATS and to identify the 
attenuation mechanisms functioning to reduce the 
dissolved metals in the adit mine discharge.  
Overall, the system was effective at reducing the 
metals loading in the treated NSM adit discharge.  
Main conclusions drawn from MSE’s, EPA’s, 
Golder’s, and Montana Tech’s contributions 
regarding this demonstration project are as 
follows. 
 
y The system effectively attenuates Zn, Cd, Pb, 

Fe, and Mn, as evidenced by decreases in the 
aqueous phase concentrations between the 
influent and effluent, and the increases in the 
solid phase concentrations of these constituents 
within the treatment tanks. 

y The possible attenuation mechanisms reducing 
the metals loading in the treated NSM water 
include:  

– Phosphate mineral precipitation, where 
Apatite II™ continuously supplies 
phosphate to solution to exceed the 
solubility limits of various metal-phosphate 
phases.  It is possible that Mn was removed 
by this process and because this is a slower 
process, the characteristics of Tank 4 
provided optimal conditions for this process 
to occur, even though the process could have 
occurred in Tanks 2 and 3. 

– Biological reduction, resulting in sulfide 
precipitation, where Apatite II™ supplies 
both P and readily-bioavailable organics 
(collagen) at concentrations that stimulate 
microbial activity within the treatment tanks, 
occurred in all of the tanks.  However, Tank 
4, which had the lowest flow rate, recorded 
the highest hydrogen sulfide gas 
concentrations, SRB counts, and sulfide 
concentrations reflective of a strong 
biological reductive environment.  The other 

tanks also, exhibited the same characteristics 
but not to the same degree. 

– Nonspecific metal adsorption (surface 
chemi-adsorption), where Apatite II™ 
adsorbs metals was another potential metals 
attenuation mechanism.  A quantitative 
amount of metals adsorbed by the apatite is 
unknown because the laboratory 
instrumentation was not capable of 
determining this. 

– Buffering, where neutral pH is effective at 
precipitating many metal phases, the NSM 
near-neutral water at the NSM was minimal.  
However, increasing pH and alkalinity, 
especially during the spring of 2003, 
possibly affected Fe oxidation and, 
therefore, precipitation and subsequent 
adsorption of other metals. 

 
y All direct analytical evidence pointed to the 

precipitation of ZnS as the dominant 
mechanism for Zn attenuation within the 
treatment tanks.  The lowest effluent Zn 
concentrations occurred in association with 
elevated sulfide concentrations, primarily in 
Treatment Tank 4, which had the lowest ORP 
and DO.  Additionally, mineralogical analysis 
and evaluation by Montana Tech confirmed the 
presence of ZnS on the surface of the fishbone 
apatite. 

y No direct analytical evidence could be 
developed to ascertain the manner in which the 
treatment process removed Cd and Pb from the 
influent water.  However, speciation modeling 
by Golder showed supersaturation with respect 
to CdS and PbS (Appendix D).  Correlation 
analysis results, also by Golder, for the 
treatment tank elemental concentration 
suggested but could not verify alternative 
mechanisms for Pb and Cd removal (i.e., 
phosphate mineral precipitation and/or surface 
adsorption). 
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y Speciation modeling identified manganese 
phosphate as a possible control on Mn 
concentrations, especially in Tank 4 as its 
effluent had high concentrations of total 
phosphate, but this was not directly verified. 

y Depending on the redox conditions within each 
treatment tank, precipitation of ferrihydrite, or 
iron phosphate (strengite), potentially 
controlled the Fe concentrations.  Substantial 
quantities of ferrihydrite were visible in the 
center cell of Tank 3 (Figure 5-4). 

y Treatment tanks having lower flows and longer 
retention times removed metals to a greater 
degree.  Tank 4, having the lowest flow rate, 
had approximately 95% Zn removal efficiency. 

y The mineralogical analysis conducted was not 
capable of characterizing the surface reactions 
such as adsorption.  However, the solid phase 
analysis indicated that between 6% and 36% Zn 
was precipitated onto the surface of the Apatite 
II™ on a microscopic basis.  The sulfide 
adhered to the surface of the bone probably due 
to the presence of sulfide producing colonies of 
bacteria.  Smooth surfaces exhibited less metal 
than rough surfaces. 

y The increase in dissolved Ca concentrations in 
the effluent was caused by the dissolution of 
the Ca from the fishbone in the treatment tanks. 

y A detrimental effect of Fe deposition on the 
surface of the bone pieces is that it armors the 
surface that decreases the number of sites 
available for adsorption of the other target ions 
and the surface area that is available for 
dissolution. 

 

Recommendations for further field installation 
include the following. 
 
y Residence time needs to be increased either by 

increasing the volume (length of flow path) of 
the treatment system, decreasing the flow rate, 
or both. 

y Higher concentrations of Fe should be 
eliminated by some other means, with apatite 
used as a polishing step within a treatment 
system to avoid adsorption capacity being 
diminished in the presence of iron and to avoid 
likely plugging problems. 

y Future apatite treatment systems need to 
enhance the permeability of the system to 
maximize the efficiency of the treatment 
medium for metals removal.  Periodic air 
sparging of the media proved to be an effective 
way to enhance permeability of the media and 
reestablish flow when the system was plugged.  
Future system designs need to improve the 
hydraulics of the tank systems, thus, preventing 
clogging and the formation of preferential flow 
paths through the treatment system.  
Furthermore, the systems need to be designed 
to process fluctuating flows resulting from 
seasonal flow impacts.  Also, to ensure that 
tanks remain level throughout operation, a 
stable base is necessary to avoid settling of the 
tanks and associated disruptions in flow. 

y The media at the treatment tank entrance 
becomes loaded first because of precipitation of 
metals, biological metal reduction, and 
adsorption of metal on the surface of the apatite 
medium.  As a result, there is a gradual loss of 
effectiveness of the treatment provided by the 
media.  This process will need to be addressed 
in the design of future systems. 
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