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MATERIAL CHARACTERIZATION AND PRIORITIZATION OF REMEDIATION

MEASURES AT THE ZORTMAN/LANDUSKY MINE SITES.
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ABSTRACT
Reclamation of the Zortman and Landusky gold minesin the Little Rocky Mountains of
north-central Montanais currently being undertaken under the direction of the Montana
Department of Environmenta Qudity and usang the funds from the Reclamation Bond. As
with many projects a balance must be found between the economics, technicd,
environmental and socio-economic issues a the Stes. As part of the reclamation effort, a
geochemica characterization program was developed which involved an intensve fied
geochemica assessment, supported by laboratory test work and *historic’ data. The
objective of the characterization program was two-fold. Firdly, to identify the location,
extent and probable contaminant loads from the sites; and secondly, to identify candidate
materias for suitable cover and remediation purposes. Prioritization of remediation
measures was then completed in an effort to assess and optimize the degree of remediation
attainable with the limited financid resources available. This paper describes the materid
characterization program. It aso describes the method and rationale developed to prioritize

the remediation measures.
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INTRODUCTION

The Zortman and Landusky mines are located in Phillips County, M ontana approximately
155 miles north of Billings (Figure 1). There has been mining in the areain one form or
another snce the firgt gold panner found anugget in 1884. Thefirst mill was built therein
1904 and mining continued underground off and on through to the 1970’ s ceasing
intermittently during the two World Wars. Larger scae open pit mining and hegp leach
operations of the lower grade ore a Zortman and Landusky began in 1979 by Pegasus Gold
Corporation and continued until 1995. Gold and silver were extracted by Carbon
Absorption and Stripping and Merrill-Crowe precipitation. Both mines are currently closed
and being reclaimed under the direction of the Montana DEQ using the Closure Bond

Funds provided for by Pegasus under Montana Bonding requirements.
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Figure 1. Location map of Zortman and Landusky Mine Sites
(after USDOI and MT DEQ), 1996)

Mine reclamation a the Zortman and Landusky mines, as with most mines, is faced with
multidisciplinary issues and decisons in which compromises must be made and trade-offs
evduated. There ae a least two critica issues for the Zortman/Landusky reclamation.
There is (1) insufficient funding in the redamation bond and (2) limited suitable
condruction materia on dSte to complete the reclamation that was proposed in the
Environmental Impact Statement (EIS) (US DOI and MT DEQ, 1996) and dtipulated in the
Record of Decison (ROD) (MT DEQ and US DOI, 1998) for the ste. Therefore, an
evauation of the effectiveness of the specified measures and prioritization of reclamation

areas and measures is being done. In order to complete this evauation and prioritization a
geochemicd characterization program was undertaken.



The objective of the geochemica program was two-fold. Firdly, to identify the location,
extent and probable current and future contaminant loads from the various facilities (leech
pads, waste dumps and open pits) on the dtes and to prioritize which areas most require a
high degree of redamation and which require less or minimd reclamation. Secondly, the
program was amed at identifying candidate materids on dSte for cover and remediation
purposes. The characterization program was comprised of an assessment of historic
information, a fiedd reconnaissance survey and laboratory testing program.  This paper
presents the results of the characterization program and some discusson as to how this
information will be used to prioritize remediation areas and measures.

CHARACTERIZATION PROGRAM
Higtoric Data

A far amount of geochemica and geologicd informetion is avallable about the Ste, most

of which was produced after 1990. In 1992, the mining company (Pegasus) filed an
gpplication for expanson of the operations. As aresult, between that time and mid 1994, a
number of sudies were undertaken in preparation of an Environmenta Impact Statement
(E1S). These sudiesincluded extensive static and kinetic tests of drillcore aimed at
predicting the acid generating potentia of the rock mined and exposed as aresult of
expangon (Miller and Hertdl, 1997). The mine expansion however never went forward.
Therefore, the materid characterized in those studies remains unmined. The vast amount of
information produced in those sudies is therefore of limited usefulness to the current
reclamation program.

Prior to the gpplication for expangon in the mid-1980' s an extensve water monitoring
program was implemented on both the Zortman and Landusky Stes. Asaresult, agreat
ded of extremdy vauable information has been collected on the geochemical behavior of
mine eements and area, such asleach piles and mine pits. Water qudity trends over time
have proven very hepful in ng the current contaminant loads from the Sites and
likely future water qudities. They dlow trends to be established indicating the
evolutionary behavior of large masses of mine disturbed materias. Theseresultsare
discussed in greater detail later in the paper.

Another set of higtoric datathat is often not fully exploited for geochemica characterization
isthe mined materid itself. The pit walls, spent ore and waste rock materiasthat are
currently exposed and have been for at least 5 to 10 years, Since mining operations ceased,
are esentidly alarge, “higtoric’ humidity cdlls. Smple tests such as paste pH, paste
conductivity measurements and leach extraction tests on materid exposed to weathering for
this amount of time can provide more information than could be achieved in relatively short
term |aboratory tests. Asaresult, the field reconnai ssance surveys at Zortman and
Landusky were an extremdly criticd part of the characterization program.



Field Reconnai ssance Program

The objectives of the field reconnaissance program were (1) to identify potentia sources of
NAG materid (i.e. nonacid generating materiad that may be a potentid source of
congruction and cover materid) and (2) to identify and quantify potentid sources of acid
generating materia and contaminant sources. The program consisted of paste pH and paste
TDS andyses and visud identification of rock type, degree of dteration, degree of
oxidation, surface precipitates and daning, presence of visble sulfides and any ‘unusud’
textures. Fed logs (including photographs) were recorded and the sample locations were
surveyed using a GPS system and plotted on a map.

The reaults of the fidd paste pH and paste TDS andyses ae summaized in Table 1
organized by mine facility (or materia type). As would be expected, samples with low pH
vadues have higher TDS vdues (due to the presence of soluble minerds on the gran
surfaces) and those samples with neutral pH results have low TDS vdues. The reationship
between paste pH and paste TDS for the different materid types on the Zortman and
Landusky gtes is shown in Figure 2. There is a clear trend whereby samples with pH
vaues below approximatey 5, show sharply increesng TDS concentrations. The samples
that do not fdl neatly within this trend are predominantly leach pad samples (designated by
open circles on the figure) where the addition of lime and caudic soda in the leaching
solutions account for moderate to high TDS vaues and ill control the pH to circum-
neutrd values (i.e. the TDS results from akalinity products not acidity/oxidation products).
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Figure 2. Paste pH versus paste TDS for Zortman and Landusky samples.

The color of the Zortman and Landusky mined materid (again with the exception of the
goent ore on the leach pads) is a rdatively good indication of pH, or acid generaing
conditions. Visud ingpection therefore can provide the first assessment of a materid’s acid
genarating potentid. The unoxidized porphyry maerids containing fresh sulfide minerds
(in paticular pyrite and, on Landusky, marcasite) are typicdly grey in color. These
materids ae acd genereting with pH vaues commonly bdow 3 and very high TDS
concentrations.  The patidly oxidized porphyry materid was often an olive-green to



yellow color. This color is a reflection of the presence of secondary minerds produced
when aulfide minerds oxidize, such as iron oxy-hydroxides and iron sulfates. These
minerds are soluble and when dissolved produce acid, therefore they are sometimes
referred to as ‘stored acid products. The partidly oxidized materid is predominantly acid
generating with pH vaues geneadly less than 4.5. The oxide porphyry materid contans no
visble resdud sulfides and typicdly has paste pH vdues in the 45 to 6.0 range. This
materid is orangey-red in color and reatively eesly differertiated from the other materid
typeson thisbasis.

Table 1. Summary of mean, minimum, maximum and standard deviation vaues for paste
pH and paste TDS results by mine facility.

ZORTMAN MEAN MIN MAX | STD DEV
Leach Pad Samples pH 1.8 9.0 2.3
TDS 597 60 >2000 641
At Wal and Pit Hoor Samples  |pH 1.7 6.7 1.4
TDS 758 30 >2000 786
Weaste Rock Samples pH 2.7 7.1 1.4
TDS 316 60 1430 379
Dike samples pH 2.6 7.4 1.6
TDS 438 100 >2000 600
Roadcut Samples pH 3.7 6.9 1.3
TDS 235 70 460 192
Talings pH 5.8 7.6 0.7
TDS 800 70 >2000 937
Topsoil pH 5.0 6.8 0.7
TDS 141 50 228 64
LANDUSKY MEAN MIN MAX | STD DEV
Leach Pad Samples pH 7.1 2.5 9.9 1.8
TDS 602 20 >2000 678
At Wal and Pit Hoor Samples  |pH 4.2 19 8.0 1.9
TDS 845 40 >2000 748
Waste Rock Samples pH 6.2 3.3 7.9 1.6
TDS 364 140 1250 300
Stockpile Samples pH 7.6 6.9 8.0 0.6
TDS 130 100 170 36
Dike Samples pH 7.2 3.7 8.2 1.7
TDS 117 70 190 40
Topsoil pH 7.0 35 8.0 1.7
TDS 560 90 >2000 723

Although color aone is not recommended to differentiate between materid types it is a
useful clasdfication tool for the Zortman and Landusky dtes. Caution should be exercised
when judging leach pad materid as many surface minerds precipitating from leach pad
solutions have coated the surface of much of the materid and the color is a less dependent
characteristic of the geochemistry. Feld ‘clues including paste pH, paste TDS rock type



and color description a these dtes, where the materid has been exposed to weathering
conditions for an extended period of time ae redivey inexpendve and very vduable
pieces of information. This type of survey is often not given enough credit in smilar
characterization programs. The outcome of the fidd reconnaissance survey were large
maps of each dte dedgnating potentidly acid generating, moderately acid generating and
non-acid generating materid on the Stes. These mgps are continudly refined as new
information about the dtes is obtained (eg. results of the laboratory testing program) and
will be used in the prioritization of reclamation aress.

During the reconnaissance program, samples were collected for confirmatory laboratory
teting. Sampling for lab testing concentrated on aobtaining representative samples with
respect to rock type and geochemica type (i.e. degree of oxidation, sulfide content etc.), as
well as obtaining representative samples of each mine facility (i.e each leach pad, pit,
wade dump etc.). There was a dight bias in numbers of samples collected for lab testing
towards both the potentid NAG materids and the ARD/metd leaching materids. The lab
testing program is described in detail in the Section below.

Laboratory Testing Program

All samples collected for the laboratory testing program were submitted for paste pH and
paste conductivity measurements on the as-received ‘fines, modified acid base accounting
(ABA) tedts, inorganic carbon and leach extraction analyses. Subsets of these samples were
adso andyzed via forward acid titration, multi-element ICP, net acid generation (NAG) tests
and seve andyses. Some of the more critica results from these tests are discussed in the
following sub-sections.

Paste pH and Paste Conductivity Results

Paste pH and paste conductivity tests on the as-received ‘fines were completed for two
reasons. Firgly as a quality control/quaity assurance check on the paste pH and paste TDS
vaues obtained in the fidd usng the hand held fidd ingruments. The paste pH and padte
conductivity measurements in the lab were taken on the as recaved ‘fines usng a 1.1
solids to didilled water ratio to mimic as close to possble the methodology used in the
fidd. Secondly, it is believed to be a more representative result than the paste pH and paste
conductivity values on the same sample prepared for Acid Base Accounting (ABA) tedts,
i.e. the crushed samples.  In effect, this crushing liberates the dkdinity from the mairix of a
sample thereby effecting the paste pH. Figure 3 is provided to show the réaionship
between the fidd and lab paste pH measurements on the as-received fines (or un-crushed
samples) as compared to the field and lab paste pH measurements on the crushed split
sample for ABA teding. This graph clearly shows that crushing the samples liberates more
dkdinity (and therefore results in higher pH vdues) then is avaldble in the fidd. The
results serve as a caution that one cannot rely on paste pH vaues obtained on a crushed
sample as indicative of fidd conditions. Measurements of field paste gH should dways be
done on the uncrushed fines, this an important condderation when sdecting a drilling
method for sample recovery in waste rock and leach piles.



Field Paste pH vs. Lab Paste pH
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Figure 3. Fidd paste pH versuslab paste pH on un-crushed and crushed samples.

Modified Acid Base Accounting (ABA) and Inorganic Carbon Results

The modified ABA test is used to determine the baance between the acid producing
(sulfides) and acid consuming components of a sample.  The results of this tes for the
Zortman and Landusky samples are provided in summary form in Table 2 by materid type.

A very definite trend can be seen in the samples (except for the leach pad materid) with
respect to the totd percent sulfur and fidd paste pH (Figure 4). Almost al samples
(exduding leach pad samples) with tota sulfur contents greater than 0.2% have fiedd paste
pH vaues less than 5.0. This percentage of sulfur is far less than would be visble in the
fidd. This suggeds that there is very little neutrdization or buffering cgpacity in the
materid except for that added to the leach pad materid. It can be expected that once the
dkdinity in the leach pad samples is exhaugted that these samples will dso plot within the
dotted lines outlining the gpparent natural trend of the other materias on site.
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Table 2. Summary of modified ABA and inorganic carbon results by materid type

LOCATION PASTE[S(T) %|(SO4)] AP | NP | NET |[NP/AP[TIC %
DESCRIPTION pH % NP

ZORTMAN

Leach Pads MIN 41 | 01 ] 00 00 [ -14 [-255[ 02 [ 0.0
MAX 87 | 10 | 04 | 256 | 121 | 108 | 97 | 01
MEAN 03| 01| 62| 36 | -26 | 1.7 | 00
STD DEV 03| 01| 65| 29 | 78 | 22 | 00

Pit Wal and Fit ~ [MIN 20 | 00 [ 00 | -13|-27.7|-596 | 02 | 00

Floor Samples  [MAX 92 | 22 | 11 | 494 | 196 | 171 | 79 | 02
MEAN 05| 02 |104]| 18 | -86 | 20 | 01
STD DEV 07 | 03 | 143 ] 112 | 213 | 22 | 01

Roadcut & Waste|MIN 49 [ 02 | 02 |-16] -02 | 09 | 02 | 00

Rock Samples  [MAX 63 | 03| 03| 28 | 37 | 1.3 | 1.3 | 00
MEAN 03| 02| 06| 17 | 11 | 07 | 00
STD DEV 0.1 0.0 3.1 2.8 0.3 0.8 -

LANDUSKY

Leach Pads MIN 59 0.0 00 [ -09 | -08 |-264| 0.1 0.0
MAX 89 | 1.2 | 03 | 272 | 156 | 128 | 56 | 02
MEAN 04 | 01 | 83 | 41 | -42 | 16 | 00
STD DEV 04 | 01 | 96 | 36 | 111 | 1.9 | 00

At Wal and Pit MIN 3.2 0.1 0.0 0.0 -54 | -36.3| 0.2 0.0

Floor Samples ~ [MAX 90 | 1.6 | 05 | 50.0 | 389.4 | 387.8 | 249.2| 5.0
MEAN 06 | 02 | 129 | 475 | 346 | 232 | 10
STD DEV 05 | 01 | 144 ] 997 | 954 | 71.2 | 15

Waste Rock MIN 50 | 01 [ 00 [ 03] 02 | -89 | 04 | 00

Material MAX 87 | 04 | 02 | 91 | 2158 |2154(690.4| 25
MEAN 02 | 01 | 31 | 945 | 915 |2128| 1.4
STD DEV 01 | 01 | 35 | 97.4 | 99.7 3237 11

Figure 5 is a plot of neutrdization potentid (NP) versus acid potentid (AP) in kg
CaCOg/tonnes equivaent. This type of graph is typicdly used to report results of ABA
testing. In generd, the samples that plot above the 1:1 line (~60%) would be consdered
potentidly acid generating, those that plot below the 3:1 line (~28%) would be consdered
non-acid generating and those that fal between the two lines (~12%) would be dassfied as
‘uncertain’ with respect to acid generating potentid. It tekes very little sulfur content in a
sample for that sample to plot below the NP/AP ratio of 1.1, this again suggests that there is
vay little neutrdization potentid in the samples to ‘baance’ the acid generating potentid
imparted by less than a quarter of a percent sulfur.

Forward Acid Titration Results

The forward acid titration test is done to determine, quditatively, the acid neutrdizing
capacity of a sample by adding measured amounts of acid to the sample to lower the pH.
The amount of acid required to reach each pH intervd is dependent on the amount of




neutrdizing materid avalable.  As the pH decreases, different minerds react to neutrdize
(or buffer) the added acid. Within the pH range of 55 to 7.0 carbonate minerds in the
sanple dissolve and neutralize the acidity. If there are dgnificant carbonates present a
‘sep’ or flatening out of the curve will occur within that pH range (i.e. 5.5 to 7.0). A few
of the results are shown below in Figure 6. The leach pad sample is the only sample
showing any degree of flatening in this range. This is likdy a result of the added dkdinity
in the leach pad solutions. Between the pH range of 3.0 to 3.7, limonite (FEOOH) will
buffer acid. This may be occurring to some degree in these samples. At even lower pH
values (i.e bdow ~3), dumincslicae minerds such as the feldspars in the samples will
dissolve and buffer added acid. This is likdy the reason that these results show a long
flattening tail below pH of 2.0.
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Figure 5. Neutrdization Potentid (NP) versus Acid Generating Potentid (AP).
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Net Acid Generation (NAG) Results

The net acid generation test was used to determine the net acid remaining, if any, after
complete oxidation of the materias with a srong oxidant (hydrogen peroxide) and dlowing
complete reaction of the acid formed with the neutrdizing components of the materid. The
NAG test provides adirect assessment of the potentid for a materia to produce acid after a
period of exposure and weathering and is used to refine the results of the ABA predictions.
One of the great advantages of the NAG test is that it dlows an assessment of the kinetics
of thereactionsin asample in ardatively short period of time.

Some of the samples collected were andyzed using the NAG method with an indudtrid
H.O, reagent a a darting pH of 55. The experiments were run for approximately 3 days
and the pH, Eh and temperatures were recorded at intervas throughout that period. The
results of pH are plotted in Figure 7. The following classficaion criteria (Lapakko and
Lauwrence, 1993) were used to assess the acid generating potentia of those samples tested
with the NAG method.

Find NAGyH > 5.5 Non-acid generating
Find NAGpH between 3.5 and 5.5 Uncertain to low risk acid generating potentia
Find NAGpH <3.5 High risk of acid generating potentia

Therefore, based on these reaults, two of the samples tested (Talings and Unoxidized Fit
Samples) would be consdered non acid generating (Find NAGyH>5), one sample (Leach
Pad Sample) would be classfied as ‘uncertain’ (Find NAGpH between 3 and 5) and two
samples (Unoxidized and Patidly Oxidized Pit Samples) would be consdered acid
generating (Find NAGpn <3). After approximately 300 minutes (5 hours) the samples are
a or very near ther Find NAGpH. The uncertain sample is “margind” and results gppear to
indicate two dealy diffeeent and defindble behaviors. The first three are non-acid
generating (with little buffering capacity) and the latter two are clearly acid generating.

Net Acid Generating Tests (using H,0, at starting pH of 5.5)
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Figure 7. Net Acid Generation Tests— pH versus Time for Selected Samples.



Leach Extraction Tests

Leach extraction tests were completed in order to characterize and quantify the soluble
contaminant content of a sample.  The procedure used for these analyses was the EPA 1312
leach extraction test usng a leachate reagent of de-ionized water acidified to a pH of 5.0 to
5.5 to represent rainwater. The procedure uses a solid to liquid ratio of 1:2. The leachate
concentrations are representative of current ARD evolution date and the quantity of leach
water compared with solid sample.  Fedd conditions have much higher solid:liquid ratios
and ARD conditions will mature with time. The resultant leachate concentrations therefore
are not necessrily representative of what concentrations would be expected in the fied.
An assessment of the current fidd water qudlities from materiad exposed on the surface was
completed by accounting for the ‘dilution’ factor inherent in the leach extraction test and
assuming a field moisture content of ~10% (as opposed to a moisture content of 200% used
in the test). In other words, the leachate concentrations were multiplied by a factor of
[10/(200+10)]. These cdculated concentrations however do not yet represent fied water
qudities. During the leach extraction teds, the dilution of solute concentrations in the
leachate can cause the dissolution of secondary minerd phases tha were previoudy in a
solid phase (i.e. oversaturated). It was therefore necessary to “re-indae’ the solubility
controls on the solute concentrations by modeling the calculated leachate concentrations
usng the geochemicd equilibrium mode MINTEQAZ2 (Allison et d., 1991). Water qudity
predictions were then made for the surface water runoff from the various materid types.
Table 3 provides the predicted water qudities from those areas consdered highly acid
generating, moderately acid generating and non-acid generating for both the Zortman and
Landusky Stes.

Table 3. Predicted water qudity of materid with various degrees of acid generating
potentia on both Zortman and Landusky.

Parameter Predicted Water Quality of:
(mg/L) Highly acid generating material | Moderately acid generating material | Non acid generating material
ZORTMAN | LANDUSKY ZORTMAN LANDUSKY ZORTMAN [ LANDUSKY
pH [<3 [<3 [3-5] [3-5] [>3] [>5]
Al 161 925 59 87 0 0
As 134 6.01 0.00 0.00 0.00 0.00
Ca 40 85 154 146 10 218
Cd 0.00 0.10 0.15 0.10 0.00 0.00
CO3 0 0 8 0 26 17
Cr 4.9 047 0.37 0.15 0.00 0.00
Cu 162 118 0.71 0.00 0.10 0.30
Fe 0.24 237 0.00 0.05 0.00 0.00
K 00 00 305.0 00 00 787
Li 235 27.46 1045 0.00 0.00 0.00
Mg 55 364 689 380 14 166
Mn 2 33 40 1 0 8
Ni 043 159 153 0.68 0.00 0.00
Pb 0.00 0.00 0.02 0.00 0.00 0.00
S 0.12 0.03 0.53 0.70 0.85 0.30
SO4 3988 3245 3H 494 1 148
Zn 0.77 15.48 0.72 4.66 0.06 0.23




WATER QUALITY MONITORING DATA

As mentioned above, ardatively extensive groundwater and surface water monitoring
program was sarted at the Stein themid-1980's. Water qudlity trends over time have
alowed usto predict gpparent ‘mature water qualities. Sulfate concentrations and pH
trends over time for two wells believed to be representative of the ‘mature’ water qualities
asaresult of acid generation and contaminant release on the both Zortman and Landusky
are provided in Figures 8 and 9 respectively. It gppears that the ‘termind’ pH for ARD
impacted waters on Zortman is approximately 0.5 of a pH unit lower than that on Landusky
and the sulfate concentrations are aso higher on Zortman (perhaps by afactor of 2).
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Figure 8. SO4 conc. and pH over time at a groundwater monitoring well on Zortman.
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PRIORITIZATION OF REMEDIATION AREAS AND MEASURES

The field reconnai ssance results, laboratory test results, predicted surface water qualities
and the data obtained from the surface and groundwater monitoring program at the sites,
together with the Site water balances are being used to develop current and likely future
meass balance and contaminant load estimations for the Sites. These estimations along with
the engineering volume mass baance and materid cogting will be incorporated into a
Multiple Accounts Anayss, or MAA, (Robertson and Shaw, 1998) decision-making tool
for the prioritization and evaluation of the likely results of certain reclamation areas and
measures. The MAA evauation of the various reclamation aternativesis currently
underway as a cooperative effort between oursaves, the Montana Department of
Environmentad Qudity, the U.S. Bureau of Land Management, U.S. Environmentd
Protection Agency and the Fort Belknap Triba Council. Past experience with this type of
decision making has proven extremely successful for multi disciplinary projectsinvolving
multiple stakeholders such as with the Zortman and Landusky Reclamation Project.
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Amelioration of Sodic Spoils by Weathering in the Powder River Basin, Montana

L.P. Munk, Ph.D., CPSS!, L.J. Ligocki, M.S.2, and D.J. Paszkiet®

ABSTRACT

The coa-bearing formations in the Western United States locdly contain sodic materias
that have traditionaly been consdered unsuiteble as reclamation subdrates.  Significant
regulatory and operational resources are directed toward the avoidance of sodic materials
for reclamation under the assumption that they are toxic. However, a comprehensve
assessment of the physicochemica factors affecting sodium toxicity and sodicity related
permegbility reductions indicate that many sodic spoils are conditiondly acceptable as
reclamation subgirates from a short-term perspective.  The acceptability of these spails is
predicated on the time-transgressve reduction in sodicity associated with leaching and
primary minerd weethering. Thus, the rate and trgectory of weathering in the spails is
important for determining their suitability as soil subditutes over the long-term.  We will
present new data from reclaimed sodic spoil test plots established a the Decker Codl
Mine in the late-1970's that demondrates the weathering related amdioration of spoil
sodicity.  Specificaly, decreases in the spoil pH and sodium adsorption ratio (SAR) were
accompanied by incresses in sdinity.  The spoil solution chemidry is interpreted to
indicate a shift from carbonate-dominated to sulfate-dominated systems. Data from the
cover soils confirms that convective leaching and the rdatively rgpid decrease in spail
sodicity diminates concerns associated  with cover soil  sodification by  diffusond
processes.

! Senior Soil Scientist, Daniel B. Stephens & Associates, Inc., Albuquerque, NM 87109
2 Senior Soil Scientist, Decker Coal Company, Decker, MT 59025
3 Mining Engineer, Decker Coal Company, Decker, MT 59025
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EVALUATION OF FERRIC OXIDE FOR ADSORPTION OF ARSENIC
LEACHING FROM A MINE WASTE REPOSITORY

G.S. Vandeberg!, D.J. Dollhopf!, JD. Goering', and D.R. Neuman'

ABSTRACT

Modeling of leachate production through a proposed mine waste repository along
Silver Bow Creek near Butte, Montana showed that arsenic levels exceeded the State of
Montana standard (WQB-7) of 18 ug/L. Therefore, an investigation was conducted with ferric
oxide to determine its potentid in attenuating arsenic from leachate produced in an acidic-
metdliferous talings repository. Acidic-metaliferous tailings were neutrdized with lime and
placed in columns overlying no ferric oxide (no-trestment), ferric oxide thickness at 1.67
percent of the tailings thickness, and ferric oxide thickness a 3.33 percent of the tailings
thickness. These columns produced |eachates containing mean As concentrations of 323, 192,
and 156 pg/L respectively. The 1.67 and 3.33 percent ferric oxide treatments reduced
corresponding mean As concentrations by 41 and 52 percent. The ferric oxide layers also
adsorbed large amounts of copper and zinc, significantly reducing concentrations of these
metals in leschate.

Acidic-metdliferous taillings neutraized with lime were dso placed in columns aop a
7.62 cm and a 15.24 cm thick layer of ferric oxide. The As concentrations in leachates were
reduced 68 percent and 79 percent compared to the control, respectively.

These reaults indicate that when leachate As levels were in the range of 162-324 pg/L,
the ferric oxide layers tested did not adsorb sufficient As to reduce the concentration to below
the Montana standard (WQB-7). Using aregresson modd, it was estimated that the ferric
oxide layer would need to be 25.4 cm thick, to remove sufficient As to meet the WQB-7
standard.

!Reclamation Research Unit, Department of Land Resources and Environmenta Sciences,
Montana State University, Bozeman, MT 59717-0290



INTRODUCTION

The Streamdde Tailings Operable Unit extends for a distance of 42 km dong Slver
Bow Creek from west of Butte, Montana to the Warm Springs Ponds (Figure 1). The
operable unit contains more than 70,000 m? of flood plain and channel sediments, and railroad
beds which contain high levels of arsenic (As), cadmium (Cd), copper (Cu), lead (Pb), and zinc
(Zn) from mining and smelting wastes (MDEQ and USEPA 1995). As part of the remedid
design for the unit, tailings impacted soils which cannot be safely treated in place will be
excavated aong with channel sediments and railroad beds, and placed in Mine Waste
Relocation Repositories (MWRR) located outside the 100 year flood plain boundary (MDEQ
and USEPA, 1995). Compliance with Applicable or Relevant and Appropriate Requirements
(ARARYS) requires congderation of the migration of contaminants to ground water in that, (1)
leachates from the MWRR must not exceed the Montana Department of Environmenta Quality
(MDEQ) WQB-7 standards for ground water (MDEQ), 1995), and (2) the leachate must not
degrade the ground water qudity. Excavated waste materias placed into the MWRRs will be
limed to minimize the leeching of metals and subsequent migration of these metals to ground
water.

Numerous MWRR designs ) o
were evaluated for pOtentid - .ak_. . |';’ I ;Et:':aL;?IFr;ide Tailings
leachate production by Maxim e ¢ F;]f: Operable Unit, Mantana
(1998). Leachate production ' I
calculated with the HEL P model /-
ranged from 0.02 cm to 5.54 cm o _,f .
per year for these scenarios. One ARsghi Zoimm

L]
+hs Emeinslde Tallkigs Qpcrabk: Jnk

dternative, (45.7 cm of cover soil
over neutralized wastes a a near Ny
stream location), had aleachate s el

production of 1.55 +/- 1.52 cm k

per year and was sdected for the 1 MONTAMA | -
preliminery find design for o TR T g T

reclamation of a portion of the -

Streamside Tailings Operable Unit.

The potentia for leachate ~ Figure 1. Streamdde Tailings Operable Unit dong
production from a MWRR raised Silver Bow Creek, near Butte, Montana.
the concern that contaminants,
especidly arsenic, may migrate to ground water. Therefore, Maxim (1998) evaduated the
ability of arsenic to leach from lime amended wastes from the operable unit. They found that
unamended wastes yielded |leachate with 350 pg/L As, while lime amended wastes yielded 210
Mg/l As. Both of these leachates exceeded the WQB-7 standard for As of 18 pg/L.

However, continued bench top tests indicated that the geologic materias benegth the proposed
MWRR l|ocation would attenuate As further to levels of 18 to 20 pug/L from aninitia



concentration of 200 pg/L.

The solubility of As has been shown to be strongly controlled by adsorption onto iron
oxide surfaces (Klaus et. a., 1998). For example, Woolson et a. (1971) concluded the
presence of iron (Fe) in soilsis the mogt effective factor in controlling the mobility of arsenate.
The solubility product for arsenate combined with iron is 100-fold less than when combined
with calcium associated with soil-clay systems.

Theintent of this bench scale sudy wasto determineif the utilization of iron oxide
materias at the base of aMWRR can increase adsorption of Asfrom leachate and hence,
prevent or notably reduce potentia arsenic loading to ground water.

STUDY OBJECTIVES

Thisinvestigation served to evauate the feasbility of congructing an adsorption layer
beneath the mine waste to decrease arsenic release from aMWRR. One adsorption materid,
ferric oxide (Fe,O3) having the common minerd name hemétite, wastested. The materid used
was acommercid “natura red iron oxide’ of minus 60 mesh particle size (< 0.25 cm).
Hemdtite is the most widely utilized iron ore mined in the United States and is the primary iron
minera in taconite which averages about 25 percent iron (Mason and Berry, 1968).
Objectives of thisinvestigation were to:

. determine the degree to which Asin leachate a 200 pg/L can be adsorbed by ferric
oxide; and

. evauate the quantity of ferric oxide required in amine waste repository to reduce Asin
leachates to levels that meet State ground water quaity standards.

METHODS

Thisinvestigation was divided into two phases: Phase | tested the adsorption
characteristics of ferric oxide aone using a synthetic arsenic solution; and Phase I
simulated repository field conditions by placing ferric oxide at the bottoms of columns
loaded with amended mine waste. Phase | methods and results will not be presented in this
paper, but are available in Dollhopf et. a. (1999).

Ferric oxide materia (natural red iron oxide) was obtained from Dyce
Chemical/HCl in Billings, Montana. The materia was < 0.25 mm in particle size, and was
analyzed for total Al, As, Cd, Cu, Fe, Mn, Pb, Si and Zn by XRF (Table 1). The capacity
of thismaterial to adsorb a synthetic arsenic leaching solution was examined in Phase l,
and was found to reduce solutions containing 115.2 to 108.0 pg/L Asto levelslessthan 18
po/L (Dollhopf et. al., 1999).



Bulk tailings samples were collected from test pit locations SC-1014 (38-48 cm depth)
and 1N-1088 (0-40.6 cm depth) within the Streamside Tailings Operable Unit in an attempt to
duplicate the tailings samples which Maxim (1998) used in their earlier leechate tests. The
tallings sampleswere air dried, Seved to < 2 mm, and mixed together in the proportion of
approximately 24 percent 1IN-1088 and 76 percent SC-1014 to maximize arsenic content.
Subsamples of the tailings were analyzed for the itemslisted in Table 1.

Table 1. Andyticad testing methods for the Streamside tailings bulk samples.
Parameter Constituents Method
Preparation and Rock Volumetric rock content ASTM D421-85 and ASTM D422-63 (ASTM,
Content 1997)
Particle Size, Soil Dry Sieve Analysis, weight ASTM D422-63 (ASTM, 1997), Modified Day
Textural Class and volumetric basis Method 15-5 (ASA, 1986)
Percent Moisture Gravimetric ASA Method 21-2.2.2 (ASA, 1986)
Saturation Percent Saturation Percent ASA Method 21-2.2.2 (ASA, 1986)
Electrical Conductivity Saturated Paste Extract USDA Handbook 60, Method 3a, 4b (U.S.
Salinity Lab Staff, 1954)
pH Saturated Paste Extract USDA Handbook 60, Method 3a, 21c (U.S.
Salinity Lab Staff, 1954)
Total Lime Modified Sobek Acid Base Modified Sobek-Sulfur Fractionation
Requirement Account/ SMP Active SMP Single Buffer (Sobek et.al., 1978)
Acidity
Total Asand Metals As, Cd, Cu, Pb, and Zn by XRF Ashe (1995)

Limekiln dust (LKD) was collected from the same source (Continental Lime Co.,
Townsend, MT) that Maxim (1998) used in their study to amend thetailings. The LKD was
seved to < 0.25 mm and anayzed for percent moisture (Method 21-2.2.2; ASA, 1986) and
calcium carbonate equivalence (CCE) (ASTM C25-96a, ASTM, 1997). Equation 1 was used
to cdculate the lime application rate for the mixed tailings sample. The caculated rate was
adjusted to account for the calcium carbonate equivaence (lime as CaCOs;) and percent
moisture of the LKD.

LR = [31.25 (HNO,-S + Residual-S) + 23.44 (HCI-S) + SMP] 1.25 [1]

where:
LR = Lime requirement (tons CaCO, /1000 tons),
HNO,-S = Nitric acid soluble sulfur (%),
Residua-S = Sulfur (%) |eft after acid extractions,
HCI-S = Hydrochloric acid soluble sulfur (%),



SMP = SMP gngle buffer lime rate (tons CaCO; /1000 tons), and
1.25 = A mixing design factor to adjust for field incorporation.

Nine modified (no ceramic plates) Tempe cdls were set up using 45.7 cm high and 8.2
cm diameter polycarbonate cylinders. Each column base was retained, in a downward
sequence, with anumber 42 Whatman filter, afine nylon mesh with 0.0036 cm openings, and a
fine (0.0127 cm openings) 304 stainless stedl screen. Treatment 1 (control) consisted of 2322
g of LKD amended tailings. Treatment 2 congsted of 2322 g of LKD amended tailings
overlying 59.26 g (1.67 % of tailings thickness) of ferric oxide. Treatment 3 consisted of 2322
g of LKD amended tailings overlying 118.46 g (3.33 % of tailings thickness) of ferric oxide.
The ferric oxide thicknesses correspond to a 7.6 cm and 15.2 cm adsorptive layer beneath a
4.6 m high MWRR. Each of the trestments was replicated threetimes. A second nylon
screen was placed on the upper soil surface of dl columns to dissipate energy from water
additions and therefore prevent erosion of the surface.

Deionized water was used to leach the columns and was pushed through the materid
under an air pressure of 50 kPa (0.5 bars). Leachate was collected in 82 ml diquots
representing each 1.5 cm of gpplied water. The 1.5 cm of water represents Maxim’s (1998)
prediction of potentid yearly leachate production based on the chosen MWRR design. A total
of 4182 ml was leached from each column. The extraction time for each diquot averaged
gpproximately 30 minutes. The pH and dectrica conductivity of each 82 ml diquot was
determined in the laboratory. The aliquot representing year one was aso analyzed for total As,
Cd, Cu, Po, Mn, and Zn (Table 2). Aliquotsfor years 5 and 10 were analyzed for total As.
The diquot for year 50 was andyzed for tota As, and dissolved As, Cd, Ca, Cu, Fe, Pb, Mg,
Mn, Na, Zn, hardness and sodium adsorption ratio (Table 2).

Table 2. Tempe cell and column leachate anaytical parameters.
Parameter AnalysisMethod
pH 150.1 (USEPA 1979)
EC 120.1 (USEPA 1979)
As(V), As(l11), As EPA CLP SOW 788 (USEPA 1988)
(total), Ca, Cd, Cu,
Fe, Mg, Mn, Na, Pb,
Zn

After 4182 ml of leachate was attained from each column, more ferric oxide was added
to one of the Treatment 2 columnsto equal 815.67 g (7.62 cm, 22.9% of waste thickness).
Furthermore, 1631.34 g (15.24 cm, 45.8 % of waste thickness) of ferric oxide was added to
the bottom of one of the Treatment 1 (no ferric oxide) columns. The two modified columns
and a Treatment 1 column were brought to saturation, and 82 ml of leachate was produced.
The leachates were andyzed for dissolved Asto determine if further As could be removed from
the leachate with even thicker amounts of ferric oxide.



RESULTS
Ferric Oxide and Tailings

The chemicd condtituents of the ferric oxide materid are shownin Table 3. Theferric
oxide product contained approximately 77.2 percent Fe,O5 in combination with oxides of slica,
auminum, calcium and magnesum as well as other impurities. The oxides of Caand Mg may
serve to provide akalinity into aleaching solution. Impurities included 55.4 to 66.6 mg/kg tota
Asand 3250 to 3310 mg/kg tota Mn. Tota levels of Zn, Cu, Cd, and Pb were relatively low.

Table 3. Manufacturer’s analyss and total elementd concentrations found in two

samples of ferric oxide andyzed by XRF.

Constituent Dyce Chemical/HCL Sample A SampleB
Labe Information SSTAASSFE1 SSTAASFE2
Aluminum (%) not available 144 178
Arsenic (mg/kg) not available 66.6 554
Cadmium (mg/kg) not available none detected none detected
Ca0 (%) 05 not available not available
Copper (mg/kg) not available 149 139
Iron (%) 54.0 55.0 56.5
Fe,0; (%) 772 not available not available
Manganese (mg/kg) not available 3310 3250
MgO (%) 11 not available not available
Lead (mg/kg) not available none detected none detected
Zinc (mg/kg) not available 67.2 72.8
Silica (%) not available 10.78 11.65

The reaults of the tailings andyses are shown in Tables4 and 5. Based on these results,

the tailings have dightly lower totd As levelsthan those used in the Maxim study (1998).
However, other metals such as Cu and Zn are much higher. According to the andyss of the
sulfur fractions and equation [1], 12.5 tons CaCO,/1000 tons of tailings was required to

neutralize the active and potential acidity. The rate was adjusted to 15 tons LKD/1000 tons to
account for moisture content and calcium carbonate equivaence of the LKD.




Table 4. Physochemica characterigtics of tallings samples.

Texture | Moistur Saturation pH Electrical As Cd Cu Pb Zn
e conductivity
Sample Comments

USDA % M ass % M ass su dS/m mg/kg

Maxim study Sandy NA NA 45 NA 1059 22 1717 2243 3337 tailings
(1998) Loam composite

SSTAASTLS4 Sandy 2.79 36.99 6.00 2.80 879 112 3500 4070 6350 CompositedBulk

Loam Sample 24/76 mix
SSTAASTLS5 Sandy 281 38.77 6.06 281 859 104 3430 4070 6200 CompositedBulk

Loam Sample 24/76 mix

Tableb. Sulfur fractionation and CaCO; requirements for the tailings bulk sample,
Non H,0 HCI HNO, SMP Buffer Lime
Neut. Acid Acid/Base | Sulfat Total Extractable | Extractable | Extractable | Residual Requirement
Potential | Potential Potential e Sulfur Sulfur Sulfur Sulfur Sulfur
Sulfur
Sample
tonsCaCO,/1000tons % tons CaCO41000 tons
Maxim (1998) 17 16 -15 NA 1.16 0.7 0.2 <0.1 0.4 13
SSTAASTLS-4 5 8 -3 0.26 0.63 0.37 0.06 0.14 0.06 24
SSTAASTLS-5 6 10 -4 031 0.60 0.29 0.11 0.15 0.05 1.10




L eachate Chemistry

Arsenic concentrations in leechate from the two ferric oxide treatments were, with the
exception of year 10, congstently lower than leachate concentrations from the no-treatment
columns (Table 6). A satistical comparison for each data set (years 1, 5, 10, and 50) indicated
that the ferric oxide treatments were significantly different for year one from the untreated
column As concentrations. Five and 50 year treated column As concentrations were
ggnificantly different from the no-trestment sample concentrations, and no significant differences
were found for year 10 (Table 6). The latter finding is duein part to the large variation in
concentrations from the no-treatment columns which produced alarge standard deviation (157
Mg/L) for these samples. The means of dl leachate samples from the no-treetment, 1.67 percent
ferric oxide, and 3.33 percent ferric oxide were 323, 192, and 156 pg/L total Asrespectively.
The addition of further ferric oxide to two of the columns further reduced arsenic levels, but not
below the target of 18 pug/L (Table 7). Leachate As concentrations suggest the ferric oxide
materia has a capacity to attenuate As.

In addition to arsenic, the metals Cd, Cu, Pb, Mn, and Zn were determined for year
one and year 50 samples (Table 6). Cadmium vaues were at or below the laboratory
detection leve of 5 ug/L for dl leachate samples. Copper vaues in leechate from the ferric
oxide treatments were 73-75 percent lower than those in the no-trestment. Manganese levels
were lower in the treated cdll leachates for year 1, but al levels (treated and no-treatment)
were high in year 50 leachates.

Ferric Oxide Thickness

The ferric oxide thicknesses used in the study reduced arsenic values in leachate
solution, but not to the WQB-7 standard of 18 pug/L. A linear regression of the log transform of
concentrations (Iog10) versus ferric oxide thickness suggests approximatdy 25.4 cm of ferric
oxide would be reguired to meet the WQB-7 standard of 18 pg/L with an R2 of 0.94 (Figure
2). However, the log base curve fit may not accurately represent these data when arsenic
vauesfal below those used to predict the model. Arsenic adsorption data were aso
compared with Freundlich and Langmuir type adsorption curves. The arsenic data fit the
Langmuir modd well (R? = 0.99) and show that with increasing arsenic concentrations in
equilibrium, more arsenic is adsorbed (Figure 3). However, the modd has a negative dope
which yields a hegative adsorption maximum.

CONCLUSIONS
Ferric oxide at 1.67 percent and 3.33 percent of tailings thicknesses reduced mean

arsenic levelsin leachate by 41 and 52 percent compared to leachate from amended tailings
and no ferric oxide layer. These results show that ferric oxide is capable of removing sgnificant



amounts of arsenic from solution. However, the ferric oxide treated leachates till had mean
arsenic levelsat 192 pug/L and 156 pg/L which is above the WQB-7 standard of 18 pug/L. As.
The use of thicker amounts of ferric oxide (22.9% and 45.8 %) reduced arsenic vaues further,
but not a or below the WQB-7 standard. A log regresson model suggests that aferric oxide
layer at least 25.4 cm thick is required to reduce arsenic levelsto 18 pg/L in leachate emanating

from the columns tested.
Congtituent Leachate Treatment
Year
1 2 3
No Ferric Oxide 1.67 % Ferric 3.33% Ferric
Oxide Thickness Oxide Thickness
As 1 283.3a 136.33b 99.67c
(ng/L) 5 300.67a 169.67b 152.33b
10 508.0a 377.33a 286.0a
50 202.0 (235.33)a 82.67 (99.00)b 109.33(125.67)b
Cd 1 3.33a <5a <5a
(HglL) 50 (<Ha (<Ha (<9Ha
Cu 1 400.67a 102.67b 116.33b
(ng/L) 50 (554.67)a (108.00)b (108.67)b
Mn 1 797a 42.67b 16.67c
(ng/L) 50 (3006.67)a (2615.00)a (5953.33)a
Pb 1 4.33a <la 167a
(ug/L) 50 (0.33)a (<Da (<Da
Zn 1 73.33a 20.00a 33.33a
(ug/L) 50 (203.33)a (60.00)b (14.14)b
pH 1 9.75 6.78 7.50
(su) 5 8.24 7.06 7.20
10 7.67 7.72 7.70
50 7.63 7.72 7.68
Electrica 1 272 2.99 351
Conductivity 5 2.60 2.60 257
(dS/m) 10 231 2.26 2.27
50 201 1.99 2.36
Table6. Anaytica results (means) of Tempe cell leachate from Phase 1. Dissolved

metal vaues are denoted in brackets (). Different letters following means
indicate that they are gnificantly different (p = 0.05).




Parameter No-treatment 7.62 cm Ferric oxide 15.24 cm Ferric oxide
Dissolved Arsenic 242 78 51
(Fg/)
Table 7. Dissolved arsenic concentrations in leachate from amended tailings with O, 7.62
cm and 15.24 cm thick basdl layers of ferric oxide,
250 6000
T [ T T T T T 1 = I 1 I I
K T T T T T 1T | 3 k [ _ _
200 log As = thickness(-0.04437) +2.3324 2 B — mg/l/mg/kg = ]
% 150 £ 4000 1/(1.4E-4)+mg/I/(-3.55E-5),
2 § 3000
9 100 =
< § 2000
50 — gw 1000
0 0
0 5 10 15 20 25 0.05 0.1 0.15 0.2 0.25
Ferric oxide (cm) As mg/l
| = Data -"-Predicted| = Data -+ Langmuir Isotherrrl
Figure 2. Log regresson model for Figure 3. Langmuir isotherm

predicting ferric oxide
thickness.

model of arsenic
adsorption data.
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