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Abstract:

In some regions of the United States the near proximity of alkaline industrial byproducts to
acidic-contaminated landscapes in concert with low acquisition cost, make these by-products an
attractive option for soil remediation projects. The objective of this research was to determine whether
acidic-contaminated soil systems amended with alkaline industrial by-products enable plant growth
equivalent to that attained with a commercial grade mixture of CaCO3 and CaO. In addition, it was
determined whether an alkaline by-product dosage threshold existed, above which plant growth was
impaired.

Three types of cement kiln dust (CKD), three types of lime kiln dust (LKD), and two other alkaline
by-products (Dicalcium Silicate, Carbide Lime) were evaluated in this investigation. These alkaline
by-products, and the standard treatment composed of a commercial grade CaCO3/CaO mixture, were
applied to metalliferous tailings (pH 1.8), and metal contaminated soil (pH 5.0) and plant growth was
evaluated.

All alkaline products produced a desired soil pH (7.0 - 8.4) in the root zone during plant growth tests.
Following a 111 day plant growth period with Basin Wildrye and Redtop all alkaline industrial
by-products tested had plant growth equal to-or greater than- the CaCO3/CaO mixture. This was the
case in tailings and the contaminated soil for above ground plant biomass, plant height, root biomass,
root depth, and number of roots at the 5 cm and 10 cm soil depths.

When alkaline by-products, including the CaCO3/CaO mixture, were added to the Plant Growth Center
soil, the greater the application rate the less was plant growth. Across the alkaline product dosage range
of 0 % to 12 % (soil dry weight basis) the loss in aboveground plant biomass was 65 % for Basin
Wildrye and 88 % for Redtop.
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Abstract

In some regions of the United States the near proximity of alkaline industrial by-
products to acidic-contaminated landscapes in concert with low acquisition cost, make these
by products an attractive option for soil remediation projects. The objective of this research
was to determine whether acidic-contaminated soil systems amended with alkaline industrial
by-products enable plant growth equivalent to that attained with a commercial grade mixture
of CaCO, and GaO. In addition, it was determined whether an alkaline by-product dosage
threshold existed, above which plant growth was impaired.

Three types of cement kiln dust (CKD), three types of lime kiln dust (LKD), and
two other alkaline by-products (Dicalcium Silicate, Carbide Lime) were evaluated in this
investigation. 'These alkaline by-products, and the standard treatment composed of a
commercial grade CaCO,/CaO mixture, were applied to metalliferous tailings (pH 1.8), and
metal contaminated soil (pH 5.0) and plant growth was evaluated.

All alkaline products produced a desired soil pH (7.0 - 8.4) in the root zone during
plant growth tests. Following a 111 day plant growth period with Basin Wildrye and Redtop
all alkaline industrial by-products tested had plant growth equal to-or greater than- the
CaCO,/CaO mixture. This was the case in tailings and the contaminated soil for above
ground plant biomass, plant height, root biomass, root depth, and number of roots at the 5
cm and 10 cm soil depths. .

When alkaline by-products, including the CaCO,/CaO mixture, were added to the
Plant Growth Center soil, the greater the application rate the less was plant growth. Across
the alkaline product dosage range of 0 % to 12 % (soil dry weight basis) the loss in
aboveground plant biomass was 65 % for Basin Wildrye and 88 % for Redtop.




CHAPTER 1

INTRODUCTION

History has many lessons; not the least of which points to the iénportanc.e of
foresight.-Mining practices that occurred in the United States prior to Federal and State
. legislation utilized all existing resources to extract the relevant mineral often without regard
or respect for the land which harbored it. The advent of the industrial revolution in the
United States brought with it the ability to strip the earth of resources crucial to the
development, if not the integrity, of this nation.

The But;te-Anaconda region of Montana has a long history of mining, primarily hard
rock mining. ‘The processing required to extract and purify the relevant mineral produces a
waste stream of material enriched in metals, primarily, Al, Cd, Cu, Pb; Zn, the metalloid As,
and metal sulfides. The final procéssed ore is sent to a smelting operation where further
impurities are volatilized. The waste or “mill tailings” are slurried into an impoundment
where the exéess water is extracted. Upon exp05uré to O, and H,O, the metal sulfides
present in the tailings produce hydrogen ions acidifying the soil and mobilizing metals that
contaﬁﬁnate water resources and deter any vegetative estab’]ishment.

The waste impoundments cover many. square kilometers and pose a health risk to
both humans (US. EPA 1998) and wildlife (US. EPA, 1999). In addition to waste
impoundments, many tens of square kilometers has been impacted by stack emissions
emanating from ‘the snielting process. It is assumed that dry deposition of metals and

sulfates have decreased the pH of the soil impacting all but deeply rooted vegetation;




subsequently, erosion of the topsoil can be severe in these areas. The result is the largest
Environmental Protection Agency (EPA) Superfund site in the country. Remedial strategiés
based upon the best available technology consist of ‘a thin lime layer underlying a 46 cm
coversoil cap and/or an in situ t%eatment of soil with a 60 %/40 % mixture of commercial
grade CaCO,/CaO respectively (RRU e 4/, 1987). "The rationale depicted is establishing a
sulitable plant root zone and prevention of upward migration of contaminatesj and acidity
into the coversoil and establishing a suitable plant root zone by raising the pH of the soil to
a.range of 9 - 11 su. to precipitate metals of concern after ;;vhich plant growth can be
established when pH falls below 8.5 s.u.. Regions in the state of Montana that require thls

type of reclamation are frequently limited by financial resources. The scale of the site and

frequently, the lack of a responsible party, create a cost prohibitive scenario.

Alkaline Industtial By-Products

Due to absence of a @ht, Iﬁany types of alkaline industrial by—érodﬁcts have
historically been landfilled in the United State;. Cement kiln dust (CKD) and lime kiln dust
(LKD) are 'two of the most common alkaline by-products, but there are many others. In
some regions of the United States, the near proximity of these alkaline by-products to acidic-
contaminated landscapes in concert with Jow acquisition cost, make these b'y-p;‘oducts an

attractive option for land reclamation projects. The U.S. EPA estimated that in 1990 the

I




cement industry produced approximately 14 million tons (12.7 metric tons) of cement kiln
dust from 111 plants in 38 states (EPA, 1999). The industry disposed of 3.6 million metric
tons of CKD in 1995 (EPA, 1999). Lime kiln dust, a by-product of calcium oxide

production, is produced at 114 plants in 32 states (USGS, 1999).

Sources of Contamination

These alkaline products are in the strictest sense a waste stream and liability of the
manufacturer. They are discarded due to impurities that are introduced via:
i) the type of fuel used in the kiln process |
i1) the limestone ore body chemistry ( or dolomite in the case of Dicaic_ium Silicate)
iii) chemical inputs required for the final product
iv) the degree of recirculation of the dust within the kiln /
The type of fuel utilized in the kiln process can be coal, coke, petroleum, heat oil, |
natural gas or a combination of fuels. All fuel except natural gas leave an ash residue with an -
inherent metal and salt content. This “fly ash” becomes part of the kiln dust and directly
affects the utility of the kiln dust for reclamation projects. Natural gas, which does not
introduce new contaminants into the kiln can have the potential to concentrate the kiln dust
relative to the buming of coal and coke. The introduction of coal aﬁd coke into the kiln is
accoméh'shed through forced air due to the extreme temperatures present. This .input

effectively dilutes the kiln dust several mégnitudes by increasing the amount of kiln dust




created. A natural gas-fired kiln w’ﬂl not require this forced air input and relative to a coal
and c;)ke fueled kiln will have a increased concentration of contaminants (Holnam, 2000).

Companies that use kilns to produce burnt lime (CaO) typically input the highest
grade of limestone available. Therefore, ore bédies associated with this in’dus&y are typically
95 % or greater limestone resulting in a low potential to introduce impurities into the LKD.
Cement production in a kiln requires additional constituents to reach the desired output.”
~The manufacturing‘ of cement requires iron, aluminum-and silica inputs in addition to
limestone. When the ore body does not contain these materials, they must be added to the |
kiln. This has the potential to increase t%le metal :;md salt content of the resulting kiln dust
* compared to lime production.

Kiln dust, although impﬁre, contains amounts of the original materials and can be
recirculated into the kiln for continued prdcessing. This results in highly enriched kiln dust
but overall, the amount of kiln dust.produced decreases which is beneficial to the
manufacturer. A study by the Portland Cement Association (1992) chemically analyzed
CKD at most cement manufacturing facilities in the United States. 'The onlyAsarr'lple‘s of
CKD that failed to pass the Toxicity Characteristic Leaching Procedure (TCLP) test, which
is used to determine whether a mateﬁal is a hazardous waste, were those from kilns where
the kiln dust was recirculated. The study concluded the single niost important pa-rametér in
determining tile level of trace metals in CKD is the degree of recirculation of the CKD in

the kiln system. ' )




Efforts to Characterize Kiln Dust Physicochemical Traits

Haynes and Kramer (1982) analyzed kiln dust samples from 102 cement plants in the
United States. Concentrations of alummum (Al), chloride (CP, fluoride (F?, sulfate (SO%),
strontiﬁm (St), and titanium (Ti) were consistently greater than 500 mg/ke. Lead (Pb)
~ concentrations ranged as High as 2500 mg/kg and 8000 mg/kg for zinc (Zn) while median .
values were 148 and 167 ‘mg/ kg, respectively. They determined CKD was not a hazardous
waste as defined by the Resource Conservation and Recovery Act (RCRA). |
The Portland Cement Ass‘ociajtion,(1992) sampled kiln dust from 79 plants in the -
United States. All but two samples passed the TCLP test used to identify a hazardous Wa;sté. |
Total concentrations of 12 metals were determined and enrichment was greatest for barium
(Ba) (mean 280 mg/kg) followed by chromium (Ct), nickel (i), arsenic (As), and Pb.
Dollhopf (1996a, 1996b, 1997a,1997b) and Dollhopf and Juntunen (1995) analyzed
| both CKD gnd LKD from several facilities located in the nprthwest United States.. AllCKD
and LKD évaluateci had high calcium carbonate equivalence and contained desired
condpounds (CGaQO; Ca(OPi)Z, CaO) for ﬁeutralization of acidic-metalliferous mine waste.
Some kiln dusts formed a notable' quantit};' of coal;se particles (>0.25 mm diameter) due to
having been weathered in outdoor storage areas, a physical trait that is not desired for
neutralization of acidic soil, but most materials were fine textured. Both LKD and CKD
contained enriched levels (;f metals compared to concentrations present in natural soils in
the United States. However, .copper (Cu), manganese (Mn), Pb, Zn, and other ﬁletals were

~ very enriched in some CKD samples. In addition, sodium adsorption ratio (SAR) in CKD




was typically very high (20 - 60) which could exacerbate a preexistiﬁg sodic condition in a
soil. 'The soluble salt content in LKD was low but this trait was not analyzed in CKD.
These investigators found both IKD and CKD were capable of neutralizing acidic-
metalliferous mine waste, but did not have the opportunity to evaluate these industrial by-
products with plant growth tests.

May (1999) evaluated whether representative trace metal data in CKD could be
obtamed from a smgle grab sample. More than 20,000 samples were collected from two
cement kilns. Results indicated that variation between samples was sufficiently large that

multiple samples should be collected to accurately determine chemical traits of CKD.

Kiln Dust use in the Soil - Plant System

Redente and Richard (1958) conducted plant (Redtop, Agrostis alba) érowth tests in
the greenhouse in acidic waste rock from the Summitville Superfund Site amended with
LKD, quicklime (CaO), and limestone (CaCO,). . They found lliméstone supported
significantly greater plant shoot and root biomass compared to LKD This result was
attributed to the high pH produced in the root zone when LKD was applied compared to
that attained with limestone. However, the authors did not allow the LKD to attain a

suitable pH <8.5 for plant establishment.
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Gitt and Dollhopf -(199.1) treated acidic coal waste with agriculture grade limestone
and CKD at a field site in central Montana that was seeded to a mixture of grasses and forbs.
~ 'They féund both amendments neutralized the acidic nature of the coal waste, bﬁt limestone
 treatment resulted in significaﬁdy more (3 fol&) plant production compared to treatment
with CKD. |

Dollhopf and McDaniel (1597) studied alkaline industrial by-products (Dicalcium
Silicate and Flux Bar Residue) produced from a kiln during the manufacture of magnesium
from dolomite. Bench tdp column test indicated these alkaline by-products ‘effectively
neutralized acidic mine wastes and precipitated metals of concern. However, when these by
products were used -to treat acidic wastes, above ground plant (Agopyron intermedinm,
Intermediate wheatgrass) production attained with a Me of agriculture grade limestone
and a commercially produced calciur;l hydroxide was 20-fold that produced with Dicalcium
Silicate, and no pla.nt growth was attained with Flux Bar Residue. Mine waste application
rates for Dicalcium Silicate and Flux Bar Residue were very high, 190.6 t/1000t and 129
t/1000t respectively. |

ARCO Environmental Re‘r_nediation, L.L.C (1999) reported LKD had been used on
eight sites in the Upper Clark Fork River Basin in Montana where the landscape had become
acidic and contaminated with metals due to historical overland flooding containing mine
waste and/or ‘,fallou.t from éﬁelter emissions.  These authors indicated vegetation
measurements had not been completed on all sites, but some locations exhibited notable

plant establishment and growth following treatment with LKD.




+ Winking and Dollhopf (2000) amended acidic-metalliferous tailings with LKD at an
application rate of 9.8 % (dry weight basis), Dicalcium Silicate at an application rate of 9.5 %,
and a mixture of commercial grade limestone with calcium hydroxide ata 8.5 % application
rate. All amendments successfully neutralized the acid conditions in the tailings. Above and
below ground growth of Thingpyrum intermedium (Intermediate wheatgrass, var. Tegmar) and
Ebymus tradpyemlum (Slender wheatgrass, var. Pryor) were the same for tailings amended with
the commercial grade limestone/calcium oxide mixture and LKD, but Dicalcium Silicate
amended tailings had significantly less plant growth.

Investigators reported loss in plant growth when soils were treated with CKD.
Saravanan and Appavu (1998) measured decreased root length, shoot length and seedling
vigor index for crops. grown in soils treated with CKD. Investigators determined plaﬁts
grown in a solution treated with CKD had a decreased mitotic index which was related to
plant chromosome damage and it was suggested CKD acted as a mutagen to the plant
system (Ignacimuthu and Muraleytharan 1994, Kaushik 1996).

Numerous investigators reported deposiﬁon, ie. dusting, of CKD onto plan£ l'e;aves
impaired growth of various plant species (Chitralekha and Dhakshinamoorthy 1998, Rao and
Nairgyanan 1958, Durge and Phadnawis 1994, Durge and Phadnawis 1998, Hegazy 1996,
Prasad and Inamdar 1990, Uma and Ramana 1994,’Um.a and Ramana 1993). This result may
be a function of the caustic (pH >9 s.u.) nature of kiln dusts. It is likely that any caustic
amendment (ie. CKD, LKD, CaO or Ca(OH)Z) transferred by wind onto adjacent lands

could cause impaired plant growth.




~ Gutenmann et al. (1994) found enriched levels of selenium in. CKD resulted in

si;gnificantly higher concentrations of this element in plant parts when the soil had been
treated with CKD compared to commercial grade CaCO, and CaO.

Investigators reported LKD and CKD improved plant growth when applied to soils

at rates comparable to fertilizer application or in combination with sewage sludge treatments

"(Simpson and Stopes 1991, Christie et al. 2001, Lafond and Simard 1999, Luo and Christie

1997).

Alkaline Industrial By-product Chemical Enrichment

Alkaline industrial by-products often contained metal contaminants at concentrations
that may produce phytotoxic responses in plant growth. However, phytotoxic
concentrations may be mitigated when applied to soils at an appﬁcatiOn rate of 2 - 10 % of
the soil mass which facilitates dilutiop of the amendment metal chernistry, and the change in
amendment pH from a range of 9.6 - 13.7 to the soil pH of 7.0 - 8.4 results in decreased
contaminant-solubility in the soil solutioﬁ. |

- 'The water soluble metal content of an alkaline by-product at its pH, which ranged
from 9.6 to 13.7, may be significantly different compared to an amended soil where the final
pH will be in a target range of 7.0 - 84. It was predicted that water soluble metal
concentraﬁon in alkaline by-products would be at lower concentration in an amended soil

(pH 7.0 - 8.4) compared to its water soluble metal concentration at pH 9.6 - 13.7. As will be
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discussed below, certain water soluble metal concentrations of alkaline industrial by-products
had the potential for phytotoxicity, however, no toxicity appeared to be in the amended soil
system having a pH of 7.0 - 8.4.

Alkaline industrial by-products will be applied to acidic-contaminated soil systems at
various application rates ranging up to 10 %, i.e. 100 tons amendment/ 1000 tons soil. Often
a by-product contained a total metal concentration that had the potential for phytotoxicity.
However, amendment incorporafioﬁ into the soil profile results in notable dilutio;‘l that
decreases the risk of a phytotoxic response.

| By-product dilution during soil incorporation and a decrease in metal solubil;ty
following treatment implementation generally led to interpretations that these alkaline
products would not produce phytotoxic symptoms in the plant root zone.. Uncertainty
associated with these interpretations is preslent,‘ thus plant growth tests presented later in this

thesis provide additional information regarding by-product phytotoxicity.

Vanadium

Vanadium (V) is a umbiquitous element and is naturally present in surface sofls in the
United States which are reported to contain 7 - 300 mg/kg V and sediineﬁtary rocks such as
ﬁrnestone typically contain 10-45 mg/kg V (Kabata-Pendias and Pendias, 1984) Gough et al.
(1979) reviewed the topic of V phytotoxicity and stated that there are no reports indicating V
toxicity under field conditions. However, he stated under experimental conditions, V

concentrations as high as 0.5 ppm in the nutrient solution, and 140 ppm in the soil solution,
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may be toxic to plants. Kaplan et al. (1989) reported dosages of 3 and 6 mg/l V were
applied in a hydroponic study that induced visual toxicity symptoms in beans that increased
with V concentration. He stated part of the toxicity effect of V on plants was related to the
depression of calcium and possibly manganese uptake by the plant which leads to nutrient
deficiency. In 1990, Kaplan et al. reported on a study where bothlsand and loamy sand soils
were prepared with 1, 20, 40, 60, 80, and 100 mg/kg total V. At the two highest
concentration of V, the sand soil had significantly less plant biomass of Brassicz deracea, but
the Joamy sand soil showed no effect on plant growth. "These investigators also evaluated
seed germination as a functioﬁ of V in soil solutions that ranged from.0-75 mg/l. Low
concentrations of V (1 mg/l) stimulated radicle elongation while slightly greater
concentration (3 mg/]) caused severe toxicity.  These investigations suggest high
concentrations of V in soil systems have potential to impair plant growth.} The

concentration of V that will cause impaired plant growth is dependent upon the plant species

present and the soil physicochemical characteristics.

Aluminum

Natural soil solutions contain approximately 04 mg/l Al (Kabata-Pendias. and
Pendias (1984), and Munshower (1994) reported water extractable concentrations of 1 - 5
mg/kg may be phytotoxic. When Dicalcium Silicate is used as a soil amendment, all water
soluble aluminum in Dicalcium Silicate (464 mg/]) mﬁst transform into a solid phase
precipitate that is unavailable for plant uptake. If a portion of the by—préduct Al remains in

solution in the plant root zone, phytotoxic conditions would likely be present.
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Barnium

~ Kabata-Pendias and Pendias (1984) indicate the total Ba content of surface soils in
the United States average 400 to 835 mg/kg depending on soil :cype and range from 10 to
3000 mg/kg. In soil systems, Ba is relatively iﬁsoluble since it tends to form precipitates
with sulfates and carbonates, and is str(;ngly adsorbed by clays. Therefore, Ba enrichment

measured in kiln dust is not expected to impair plant growth.

Boron

Kabata-Pendias and Pendias (1984) indicate total boron (B) -content of surface soils
in the United States average 20 - 55 mg/kg depending on soil type. Holnam (CH,) CKD
had a water extractable B concentration of 5 mg/l while all other alkaline products were -
below the detection limit. Soil water extractable B concentrations >5 mg/] may impair
growth and reproduction of some plant species (Eaton 1944, Munshower 1994). The 5
mg/1 B me'a;ured in the water extract from the Holnam CKD where the kiln was fired with
natural gas (CH,), was at a solution pH of 13.7. Adsorbed (or fixed) B, as opposed to B in
the soil solution is highly pH dependent, with maximum adsorption occurring in a pH range .
of 7 - 9 (Barth et al. 1987). At soil pH >9.2, B(OH), predominates in solution and was
likely the species measured in CKD. Nonionized B(OH); predominates in soil solution in

the pH range 7 to 9. Therefore, the amount of B in solution would be less in a pH range of

7.0 - 8.5 compared to a pH of 13.7. Given the solubility characteristics of B; and anticipated
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alkaline product applicatioh rate of less than 10 % of the soil dry weight mass, the enriched
levels of water soluble B measured at pH 13.7 are not expected to impair plant growth in an

amended soil system having a pH in the range of 7.0 - 8.3.

Selenium

The primary concern with enriched soil Se levels is that it may facilitate enriched Se-
concentrations in plant fissues that cause toxic symptoms in livestock as a result of grazing
‘on these plants. Munshower (1994) reported a soil water extractable Se concentration >0.5
ug/g is considered very enriched (Note 1 pg/g =[1 mg/1)/relative density). Certain plant
species accumulate sufficient Se to be toxic to animals if soluble soil selentum (selenate, SeO,
%) concentrations were only a few tenths of a ug/g (Lakin, 1972').- AB-DTPA extractable soil
Se conceﬁttaﬁ(;ns of < 0.2 ug/g produced plant tissue Se levels greater than levels
recommended for prolonged consumption by livestock (Prodgers and Munshower 199'1)‘.

Selenate is the predominant fprm of Se in calcareous soils and selenite is the

predominant form in acid soils (Sims et al. 1986). Selenate isA‘highly mobile (ie. soluble) in

\
/

alkaline soils. Griffen and Shimp (1978) showed that selenite solubility decreased from a pH-
of 2 to 9. Therefore, use of CKD to treat acidic—me:ca]]iferous soil should be done ‘with

caution pertaining to use of selenium accumulating plant species and livestock grazing issues.
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The soil solution concentration of Zn that can cause a phytotoxic response is
uncertain. Total Zn concentrations in soil that produce phytotoxic respoﬁse are usually in
the 250 to 650 mg/kg range (Munshower 1994). Kabata-Pendias and Pendias (1984)
reviewed results from several investigations and found total soil Zn concentrations of 70 - -
400 mg/kg caused phytotoxicity. Kiln dust application rates in the range of 2 - 10 % (dry
weight basis) will increase the total Zn concentration in the tailings approximately 1 % to 50
% and in contaminated soil <1 % to 15 %. It is not known whether increased Zn
concentration in the soil system due to kiln dust application will exacerbate the phytotoxicity
issue, but the risk of impaired plant growth is increased by producing a higher contaminant

concentration in the soil system

Arsenic, Cadmium, Chromium, Copper, Lead, Manganese, Nickel

Although the degree of enrichment for these chemical elements in the by-products
was often not.able, the final concentration in an amended soil (assuming a 2 - 10 %
amendment application rate, dry weight basis) W;Ollld be relatively low and is not expected to
produce a phytotoxic response. However, use of kiln dust will generally increase the level of
' these contaminants in the amended soil syste;n anid the impact, if any, to plant growth is not

known. Given these circumstances, plant growth tests are appropriate to better understand

phytotoxicity issues.
: ‘
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In .summary, the toxicity of these elements when.applied as an amendment to a soil
system is nebulous. The texture of the soil, res’ulti.ng pH of the root zone, and the plant ‘
species present greatly affect the degree of impairment. The literature cited for all elements
reported that levels of plant growth impairment were less as a function of i1.1creased levels of
calcium (Ga**) and magnesium (Mg?*) present in the soil matrix. This indicates that, to a
certain degree, the effects of h;troduced contaminants in the plant root zone can be

mitigated by the alkaline inputs of these industrial by-products.

Objectives of Research

The goal of this research was to determine whether acidic-contaminated soil systems
amended with alkaline industrial by-products enable plant growth equivalent to that attaiﬁed
with a commercial grade mixture of CaCO; and CaO.

Alkaline by-products with enrichéd concentrations of metals and/or soluble saltls
m:;ty provide the means for good plant growth when applied a.t low soil application rates, but
a threshold vdosage rate may exist that impairs plant growth. | This investigation was
conducted to better understand these concerns. -

Three types of CKD, three types mof LKD, and two other alkalin‘e‘ by-products
(Dicalcium Silicate, Carbide Lime) were evaluated in this investigation. These alkaline by-

products, and the standard treatment composed of a commercial grade CaCO,/CaO
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miitures were applied to acidic-metalliferous soil' matrices and an optimal soil matrﬁ and
plant growth was evaluated. Specific objectives of this investigation were as follows.
o Determine the physicochemical traits of alkaline industrial by-products.
o Determine plant growth characteristics in acidic-metalliferous soil matrices amended
with alkaline by-products and a CaCO,/CaO mixture.
o bétermine whether an alkaline by-product dosage thres‘holds exist, above which
plant growth is impaired.
o Identify those alkaline by-products that are suitable for in-situ treatment of acid soil

-

systems.
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CHAPTER 2

METHODS AND MATERIALS

Tailings, Contaminated Soil, Plant Growth Center Soil Bulk Sample Collection

A bulk composite tailings sample of approzdrﬁately 680 liters (180 gallons) was
collected from the D-2 cell of the Opportunity pond site near Anaconda, MT. Stainless steel
tools were used to plalce tailings into clean plastic cans. The sample was collected to ;a depth
of 45 cm avoiding the initial 0 - 7 ¢m depth increment which contained some limestone.
Similarly, a bulk composite contaminated soil sample of approximately 680 liters was
collected from the east end of Stucky Ridge near Anaconda, Montana within the 0 - 10 cm
depth increment. The MSU Plant Growth Center soil was composed of 33 % Bozeman silt-
loam, 33 % sand and 33 % sphagnuﬁ peat (volume ba51s) This soil was sterilized with
forced steam and used as an optﬁﬁal potting medium to support maximum plant growth of

the test species.

Alkaline Industrial By-Products Bulk Sample Collection

These following nine alkaline industrial products were collected for this investigation.
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CaCO,/CaO

Limestone (CaOO3) was provided by Montana Limestone, Bridger, MT. Burnt lime

(Can was provided by Greymont, Inc. (formerly Continental Lime Company), Townsend,

Greymont LKD

This LKD was produced by Greymont, Inc. Townsend, MT. A composite bulk
sample, consisthﬁg of 10 subsamples, was collected from a stockpile of this LKD located in
Anaconda; Montana, owned by Adantic Richfield Company. This LKD was produced in a
kiln heated with a fuel mixture ‘of 70 % coal and 30 % coke: The kiln process did not

includej recirculation of the LKD.

Tacoma LKD

This LKD was produced by Tacoma Lime, Inc. Tacorﬁa, WA. The company
referred to this LKD as “Econolime”. Lllmestone is shipped to Tacoma where the kiln is |
located. Atlantié Richfield Company purchased this LKD and had it transported by rail to
Rocker, Montana where it was stockpiled. A composite bulk sample, consisting of 6

subsamples, was collected from this stockpile in Rocker, MT.
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MT Lirnestone LKD

This LKD was produced by Montana Limestone, Bridger, MT. The limestone pit
* and kiln ar_e4 located in Frannie, WY. This LKD was produced in a kiln heated with a fuel
mixture of coal and coke. Montana Limestone staff collected the bulk IKD sample and

shipped it to Montana State University.

Holnam CKD

- This CKD was produced by Holnam, Inc., Three Forks, MT. The limestone pit and
kiln are located in Trident, MT. The CKD was produced in a kiln heated with methane gas
(CH). In addiﬁon to limestone, :;u’nounts of shale, sand, glass and iron ore were placed in
the kiln to produce cement. The kiln process did not include recirculation of the CKD. A

single bulk sample 'of CKD was collected from the storage silo.

Holnam (Coal, Coke) CKD

This CKD was produced by Holnam, Iné., Three Forks, MT. The limestone pit and
kiln are located in Trident, MT. The CKD was produced in a kiln heated with a mixture of

75 % coal and 25 % coke. In addition to limestone, amounts of shale, sand, glass and iron
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ore were placed in the kiln to produce cement. The kiln process did not include

recirculation of the CKD. A single bulk sample of CKD was collected from the storage silo.

Ash Grove CKD

This CKD was produced by Ash Grove Cement Company, Clancy, MT. . The
limestone pit and klln are located in Montana City, MT. The CKD was produced in a kiln
heated with a mixture of 70 % coal and 30 % coke. In addition to Iiméstone, amounts of
shale, silica, and slag iron were placed in the kiln to produce cement. Approximately one-
third of the CKD was recirculated through the kiln. A single bulk sample of CKD was

collected from the storage silo.

Dicalcium Silicate

This kiln dust was produced by Northwest Alloys, Addy, Washington., where
magnesium is produced from dolomitic limestone. The limestone pit and kiln are located in
Addy, WA. Staff from Northwest Alloys collected a bulk sample and shipped it to Montana

State Unuversity.
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Carbide Lime

This alkaline by—product was produced by Liquide Air, Missoula, MT. 'The by-product
stockpile was located on Liqui&e Air properties in Missoula, MT. Carbide Lime is a by
product in the production of acetylene gas. Coke is combusted in the présence of calcium
oxide to produce calcium carbide, which is then treated with water to yield acetylene and

Carbide Lime. A composite bulk sample, consisting of 10 subsamples, was collected from a

stockpile in Missoula, MT

Analytical Methods for Soil aﬁd Alkaline Industrial By—Products .

The soil samples collected from the field (tailings and contaminated soﬂ) were
mechanically ho‘mogenized' prior to analysis. Samples were placed in a rotating tractor driven
cement mixer at the MSU Plant Growth Center for five minutes with the tractor set at 1200
rpm. Subsamples were then collected and dried for analysis of physicochemical parameters
listed in Table 1.

In addition to the standard bench top pH glass electrode method, a stainless steel pH
probe (Scientific Instruments Model IQ15'0) was used to measure root zone pH during the
plant growth period. The probe was periodically pushed into the pot substrate to the 2.5 cm

soil depth and pH measured with the calibrated instrument.
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Soil Treatments for Tailings, Contaminated Soil and Plant Growth Center Soil

Nine alkaline products were applied to three difference soil types (Table 3). The
tailings héd a lime requirement of 47.43 t CaCO,/1000 t, the contaminated soil had a lime
requiremént of 7.92 t CaCO,/1000 t, and the Plant Growth Center soil had no lim;e
requirement vand was included to evaluate the effects of the lime products in an optimai plant
growth medium. The to;cal lime requirement for these three soil types was calculated

'

according to Equation 1.

t CaCO, /1000 t soil = (% HNO; Extractable S + % Residual S) 31.25 + 23.44
(% HCl Extractable S) + SMP Lime Requirement, t CaCO,/1000 t ;oil [Equation 1]
A control treatment served to evaluate plant growth in each soil type without
addition of an alkaline product. The application rate was different for each alkaline product.
for tailings and for the contaminated soil since physicochemiéal traits of each product are
different. An alkaline prodﬁct application rate for a soil was a function of thé calcium
carbonate equivalence, particle size < 60 mesh (0.25 mm), and gravimetric water content.
The Plant Growth‘Cehter alkaline product application rate was set the same as that required
for tailings as the contaminated soil requirement was very low and higher application rates
would provide a better comparison. All treatments were rei)licated 8 times into a
randomized complete block experimental design. This constituted 480 experimental pots (8

replications x 10 soil treatments x 3 substrates x 2 plant species). Plant growth containers
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Plant growth containers were square plastic 'péts with dimensions of approximately 11 cmin
diameter and 10 cm deep. Plants were watered at a rate of 50 ml every other day. The plant

)
growth period was 90 days.

Plant Growth Conditions

Initially, all soil materials treated with alkaline products had a pH >8.5 due to the
presence of CaO and Ca(OH),. In orclel; to reduce this pH, carbonation .of these oxides and
hydroxides of c.alcium was facilitated vszi;ch CO, gas piped through each substrate in the
presence of applied water. The carbbnatién treatment prbcess required a several month
period to complete: When all substrate pH levels were below 8.5, seeding was instituted. A
seed stock viability test was performed to determine the percent live seed for Basin Wildrye

‘and Redtop. Ten seeds of each species were placed on paper towels in a petri dish and kept
moist. This procedure was replicated 4 times: Percent of the seeds that germinated was
recorded. Liye seed was 92.045.4 % for Basin Wildrye and 92.0+4.8 % for Redtop. Fifteen
seeds of the same plant species were planted in each pot. Following 14 days of post-

_emergence plant growth, several growth characteristics were meéasured and then plants were
thinned to five per pot. Plants were grown with 18 hours of light per day at 21° C (69.8° F).

Night temperatures were maintained at 18° C (64° F).
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product dosage sequence investigation.

Statistical Analyses

Plant growth measurements were statistically analyzed using Sigma',stat® statistical
software version 2.03 (SPSS 1997). Statistical aﬁalyses for soil pH were performed using
[H']. Normally distributed data were .analyzed using a two-way ANOVA to determine if
treatment means were significantly different (p <0.05).. If treatmient means were found to be
significantly different, then the means were separated using the All Pairwise Multiple
Comparison Proéedures (Student-Newman-Keuls Method). Data that‘were not normally
distributed were transformed and analyzed using a two-way ANOVA to determine if
treatment means were significantly different (p < 0.05). Data that were not normally
distributed and could not be normalized through transformation were analyzed using the
nonparametric one-way Kruskal-Wallis ANOVA on ranks to determine whether significant
differences were present . |

(p <0.05).

Data Quality.Control

Laboratory analyses were conducted on tailings, soil, and alkaline industrial éroduéts. .
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Statements pertaining to laboratory data accuracy, precision and completeness are presented

in Appendix C.
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CHAPTER 3

RESULTS AND DISCUSSION

Physicochemical Characteristics of Tailings and Contami.qa’ced Soil

Opportunity Tailings

T:ailings material was collected from the Dé Opportunity Impoundment near
Anaconda, MT. No plant growth was present at the field site. It contained 10 coase
frr;tgments (> 2 mm diameter) and had a sandy loam particle size distribution (Table 6)
Tailings were acidic (pH 1.8) and saline (electrical conductivity 9.7 cis/ m) with a low sodium
adsorption ratio of 0.03. Water soluble concentrations of aluminum were very enriched (976
mg/1), and associated concentrations of co—pper, manganese, and zinc were also enriched.

In tailings, 19.2 t CaCO; /1000 tons of tailiﬁgs was required to neutralize the active.
acidity. Potential acidity emanating from sulfide minerals (0.51 %) requireci 15.9 t CaCO,
/1000 tons of tailings to neutralize this source of acidity. It was assumed that relatively
insoluble sulfate mineralslwe.re present, e.g. jarosite, which had the potential to produce
acidity that required an additional 3.8 ¢ CaCO, /1000 tons of tailings. The total CaOO3

requirement was 47.43 t/1000 t (Table 6).
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Contaminated Soil

The contaﬁﬁnated soil was collected from the east end of Stucky Ridge near
Anaconda, MT. Contamination in this natural soil emanated from smelter emissions of
sulfates .and metals. There was no grass growth at this field site, but Canadian thistle
constituted approximately a 5% plant cover. This soil had a coarse fragment content of 23
%, ie. particles not passing a sieve with 2 mm openings, and a sandy loam éarticle size
distribution (Table 6). The contaminated soil was a'cidic (pH 5.0) but was neither saline nor
sodic. Total soil concentrations of arsenic (443 mg/kg) and copper (1400 mg/kg) were very
enriched while lead, manganese and zinc were enriched to a lesser degree. Water soluble
concentrations of arsenic (0.36 mg/]) were low m the pH 5.0 soil matﬁx, while coppe;‘ (225
mg/1) and zinc (10.5 mg/]) were the most enriched metals in the soil solution.

In order to neutralize the active acidity in this conta.rrﬁnatc;.d soil, 5.4 t CaCO, /1000
tons of soil would be required. Potential acidity emanating from sulfide minerals was small
(0.03 %) and required 0.9 t CaCO, / 1000 tons of soil to neutralize this source of acidity.

The total CaCO, requirement was 7.92 t/1000 t (Table 6).

Physicochemical Characteristics of Alkaline Industrial By-Products, Calcium Carbonate and
' Calctumn Oxide . .

That portion of an alkaline amendment passing a 60 mesh sieve (0.25 mm) is

chemically reactive for neutralization of soil acidity (Tisdale et al, 1966). This is true for
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outdoors and not covered had higher water contents and >60 mesh material.

The calcium carbonate equivalence (CCE) of an alkaline by-product is a measure of
its acid neutralization capability compared to pure CaCO,. The CCE of these alkalirie by
products ranged from 69.1 - 127 % (Table 7). The loss on ignition test results ranged from
0.99 to 38.3 % (Table 7) which by calculation means the CaCO,; content of these by-products
.ranged from 2.2 to 87.0 %. It was estimated that the CaO and Ca(OH), content of these
alkaline by-products ranged from 3.4 - 80.7 %.

The loss on ignition (LOI) laboratory test is used to determine the CaCO, content of
a alkaline amendment. If a material is pﬁre CaCO,, it will lose 44 % of its mass after ignition
in accordance with Reaction [1]. If the alkaline amendment loses less than 44 % of its mass
after

CaCO; + Heat> GaO + CO,¢y [Reaction 1]

ignition, then proportionately less CaCO, is present. The interpretation of the LOI test can
be complicated by the presence of Ca(OH),. If Ca(OH),is present, the LOI test will remove
its molecular bound water in accordance with Reaction 2. Therefore this loss in mass. as

- water could mistakenly be interpreted as CO, loss [Reaction 1], which would cause
Ca(OH), + Heat> GO + H,O ' Reaction 2]

an overestimation of CaCOj content. Given the mass of Ca(OH), , it has the potential to

lose 24 % of its weight during LOL. In the laboratory, ignition of these by-products was
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performed in a furnace with an air atmosphere. In addition to error associated with water
loss from Ca(OH), during ignition, the air atﬁosphere in the furnace may cause analytical
error. 'The Odz n air may contribute to carbonation of CaO instead of CO, release from
CaCO; [Reaction 1], causing an overestimation of CaCO, content and associated
underestimation of CaO and Ca(OH), contents.

Data presented in Table 7 indicate each alkaline industrial by-product contained the -
compounds CaCO,, Ca(OH), and CaO which are important for treatment of acidic-
metalliferous soil-substrates. Additional neutralizing compounds may be present, such as
MgO, but are assumed to be in very small concentrations. It is important that the hydroxide
(OH) and oxide (O) compounds of calcium be present to raise the amended soil pH up into
the 10 ~ 12 range such that metal contaminates can effectively precipitate out of the soil
solution, and consequently not be available for plant uptake. Both Ca(OH), and CaO in
alkaline by-products must undergo carbonation [Reactions 3 - 7] to form CaCO, in the soil
system to facilitate a suitable soil pH for plant growth. A soil system containing CaCO,, as

opposed to. Ca(OH), and/ or CaO, will have a soil pH less than 8.4.

| CaO -|;HZO %Ca(OH)ZI | [Reaction 3]
Ca(OH), > Ca** +20H [Reaction 4]
OH + CO, = HCO, [Reaction 5]
HOO; +OH-> COZ +HO [Reaction 6]

CO,> + Ca** = CaCO, : [Reaction 7]
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