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Abstract

The abandoned lead (Pb) and zinc (Zn) mines in th&fate Mining District of Kansa
Missouri, and Oklahoma have left a legacy of environmental contamination. The waste
materials are highly polluted, not only with Pb airg but also cadmium (Cd), which often-co
occurs geologically with Zn. The District includes Galena, Kansas, wiiees operated
between 1876 and 1970. Because limited information exists concerning these mines, three
studies were done to characterize them and to investigate a way to remediate the mine waste
materials.

In the first study, the physical characteristaf the mine waste materiail®ere
determined Plots at Galena that had been established by researchers in May 2006 were sampled
in November 2014, 8.5 years after they had received amendments (combinations of compost,
lime, and bentonite). Water contebtilk density, infiltration rate, unsaturated hydraulic
conductivity, aggregate stability, and particle size distribution were determined. The physical
characteristics were highly variable, and the amendments added 8.5 years earlier had no effect on
them, except the wind erodible fraction (fraction <0.84 mm in diameter) which was low on
treatments that contained bentonite.

Because biosolidsadnever been applied to the mine waste materials at Galena for
remediation, an experiment was done to see #iffsct on plant growth and availability of heavy
metals. In 2014 the plots established in 2006 wanepledand a greenhouse study was set up
with sudex] Sorghum bicolofL.) Moench xS. Sudanesg.) Staph]. Plants grew in the mine
waste materials whitand without biosolids, antll0-111 days after planting thieots, shoots,
and heads with grain were harvested and analyzed for heavy metals. At the same time, the mine

waste materialg/ere analyzedor heavy metals, organic carbon (C), nitrogen (N), and



phosphorus (P). Plants grew better with biosolids than without biosolids, and only the plants
grownwith biosolids producetieads Plants grown without biosolids were stunted and showed
severe heavy metal toxicity. Organic C anddte increaseth the mine waste materials after
the addition of biosolids. Thus, the biosolids increased organic C and P, and they apparently
made the heavy metals less available for plant uptake.

Many studies have shown the importance of attic dust in documentingpokitiéion
from a mine. Attic dust in Galena had nelieen studiedso in a third experiment, Idust
samplesn Galenawere collectedrom interiois (attics and one basementhaie different
buildings using two methods: sweeping with a brush andwaing. Dustsamplesvere
analyzedor heavy metals (Cd, Cu, Fe, Mn, Ni, Pb, and Zn), mineralogy usiray Xdiffraction
(XRD), scanning electron microscopy (SEM) in conjunction with energy dispersive spectroscopy
(EDX), and particle size Concentrationsf Cu, Fe, Mn, Ni, and Zn in the dust were higher than
in the mine waste materials. The results from XRD agreed with those from th&BEKM
analysis. Aboul0% ofeachdust sample contagéd particulate matter (PM) with a diameter of

less tharlOe m(PMio), whichis a hedth concern.
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Abstract

The abandoned lead (Pb) and zinc (Zn) mines in th&fate Mining District of Kansas,
Missouri, and Oklahoma have left a legacy of environmental contamination. The waste
materials are highly polluted, not only wih andzn, but also cadmium (Cd), which often-co
occurs geologically with Zn. The District includes Galena, Kansas, where mines operated
between 1876 and 1970. Because limited information exists concerning these mines, three
studies were done to chatadze them and to investigate a way to remediate the mine waste
materials.

In the first study, the physical characteristics of the mine waste mateeisds
determined Plots at Galena that had been established by researchers in May 2006 were sampled
in November 2014, 8.5 years after they had received amendments (combinations of compost,
lime, and bentonite). Water content, bulk density, infiltration rate, unsaturated hydraulic
conductivity, aggregate stability, and particle size distribution werendeted. The physical
characteristics were highly variable, and the amendments added 8.5 years earlier had no effect on
them, except the wind erodible fraction (fraction <0.84 mm in diameter) which was low on
treatments that contained bentonite.

Becausg biosolidshadnever been applied to the mine waste materials at Galena for
remediation, an experiment was done to see their effect on plant growth and availability of heavy
metals. In 2014 the plots established in 2006 \wanepledand a greenhouse siudias set up
with sudex] Sorghum bicolofL.) Moench xS. Sudanesg.) Staph]. Plants grew in the mine
waste materials with and without biosolids, and-11Q days after planting the. roots, shoots,
and heads with grain were harvested and analyzed doyhpetals. At the same time, the mine

waste materialg/ere analyzedor heavy metals, organic carbon (C), nitrogen (N), and



phosphorus (P). Plants grew better with biosolids than without biosolids, and only the plants
grownwith biosolids producetiead . Plants grown without biosolids were stunted and showed
severe heavy metal toxicity. Organic C anddte increaseth the mine waste materials after
the addition of biosolids. Thus, the biosolids increased organic C and P, and they apparently
made tle heavy metals less available for plant uptake.

Many studies have shown the importance of attic dust in documenting metal pollution
from a mine. Attic dust in Galena had nelieen studiedso in a third experiment, Idust
samplesn Galenawere colectedfrom interiois (attics and one basementhaie different
buildings using two methods: sweeping with a brush and vacuurbuagtsamplesvere
analyzedor heavy metals (Cd, Cu, Fe, Mn, Ni, Pb, and Zn), mineralogy usiray Xdiffraction
(XRD), scanning electron microscopy (SEM) in conjunction with energy dispersive spectroscopy
(EDX), and patrticle size Concentrations of Cu, Fe, Mn, Ni, and Zn in the dust were higher than
in the mine waste materials. The results from XRD agreed with thoseHeoS8EMEDX
analysis. Aboul0% ofeachdust sample contagéd particulate matter (PM) with a diameter of

less tharlOe m(PMio), whichis a hedth concern.
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Chapterl-l nt roducti on

Abandoned mines are sites where mining activities once occurred, but mining no longer
takes place. They are abandonedallgulue to economic or environmental reasons (Jung,
2008). They present a serious risk to human health and the environment and occur around the
world. For example, there are more than 50,000 abandoned mines in Australia (Unger et al.,
2012), and Canadaak about 10,000 abandoned mines (Mackasey, 2000). In the USA in August,
2015, a toxic spill from an abandoned gold mine in Colorado contaminated the Animas River
and its watershed with 3 million gallons (11,400,000 L) of waste. It affected the drinteg w
of 200,000 people in Colorado, New Mexico, and Utah. The water was contaminated with lead
and arsenic. After the accident, an estimated 880,000 pounds (400,000 kg) of heavy metals
spilled into the Animas River, and it is believed that more haveleba&img into the river for
years from abandoned mines (Carlton, 2016). The lead is of special concern because it can
cause behavioral and learning problems in children. Abandone@bpahd zinc(Zn) mines
are common around the world (Gutiérrezlgt2016), and they occur in Kansas.

The abandoned Pb and Zn mine in theState Mining District of southeast Kansas,
southwest Missouri, and northeast Oklahoma have left a legacy of contamifdimwastes
from these mines have polluted groundwaigers, lakes, sediments, and soils. The District
includes Galena, Kansas, where mines began to operate in 1876. The mines lasted to 1970. The
century of mining operations in Galena has left Pb and Zn contamination throughout the city.
The waste mateaals around the mines are highly polluted, not only with Pb and Zn, but also with
cadmium (Cd), which often eoccurs geologically with Zn. The miners and local population
have endured health problems from the beginning of the miftegidents of Galertaave a

high incidence of diseases, including cancer, which suggests that the mine waste materials are



causing these illnesses. Studies are urgently needed to characterize the mine waste materials and
to develop methods to rehabilitate them.

The overaligoal of this dissertation is to characterize and remediate mine waste materials
in Galena, Kansas. Gaps in the knowledge almi¢ wastes and their legacy effejctstified
three different studies, which are presented in three chapters in this dsserfterminings
much information as possible abdhkié risksand propertiesf the mne waste materials will add
to scientific knowledgeand understanding.

Because the physical characteristics of the mine waste materials had not been determined,
partiaularly after several years since the wastes had been amenteglfirst chapter, thewere
measured The chapter reports the hydraulic conductivity, bulk density, water content, aggregate
stability, and particle size distribution, including the werddible fraction (fraction of less than
0.84 mm in diameter), of the mine waste materials that had been treated 8.5 years earlier with
amendments of compost, lime, and bentonite.

Because no studies had been done to see if biosolids could be used tateethednine
waste materials, the second chapter describes a greenhouse experiment in which biosolids from
the Manhattan, Kansas, Wastewater Treatment Plant were applied to pots with the mine waste
materials. Sudex, a sorghtsudan grass hybrid, was pladtin the pots to determine the effect
of biosolids on the growth of the sudex and transfer of heavy metals from roots to shoots and
then to heads.

Dust from mine waste materigietentiallyposes a health problem. Not only can the
dust can have fine engh particles to be breathed into the lungs, but itlédsly contains the
sameheavy metalpresent irthe mine waste materials. The size of dust that is of medical

concern has particulate matter (PM) called:RMParticles of this size are less tH@hmicrons



(10 em) i n jotkiamajoe dcormponent of Rilbollution that threatens health and the
environment. Dust from attics provides a means of reconstructing air pollution. Many studies
have shown the importance of attic dust in documemtiatal pollution from a mine. Because

no one had studied dust in attics in Galena, Kansas, the third ctiapienents the sampling

and analyses of attic dust frashurchesshops, houses, and a school in the town. It was
analyzed for heavy metals, miadygy using Xray diffraction,scanning electron microscopy,

and particle size.

Major conclusions were as follows:

Chapter 1. The physical characteristics of the mine waste materials were highly variable,
and the amendments added 8.5 years earlieradfect on the physical measurements, except
the wind erodible fraction (fraction <0.84 mm in diameter) {easer fotreatments that
contained bentonite. The results suggested that bentonite (a clay) was able to reduce the wind
erodible fraction.

Chaoter 2. Only the sudex grown with biosolids produced heads with grain. The plants
grown without biosolids showed severe heawgtal toxicity and were stunted. Biosolids
reduced the uptake of Pb, Zn, and Cd from the mine waste materials. Even thgegmaunts
of Pb, Zn, and Cd accumulated in the roots, their transfer to the heads was limited.
Concentrations of Pb and Zn in the heads were normal. The use of biosolids may be a promising
method to reduce availability of metals at mine sites.

Chapter 3 The attic dust was contaminated with heavy metals, and the concentrations of
Cu, Fe, Mn, Ni, and Zn were higher in the dust than in the mine waste materials. The
mineralogical analyses showed that the dust contained two minerals with Pb (galena and

andesite) and one mineral with Zn (sphalerite). The dust sarhplésliameters smaller than 10



em, the size of medical concern. 1oAwhidhuvast s a mp
found in the school, is of major concern, because this meansangtchildren will be exposed

to, not only dangerously small dust particles, but also the heavy metals associated with them.
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Chapter2-Physi cal Properties of Mine

Abandoned Mine Iin Central

2.1 Abstract

Relatively little information exists for soil physical characteristics of mine wastes in the
central USA. The T¢Btate Mining District of southeast Kansas, southwest Missouri, and
northeast Oklahoma produced lead and zinc from 1871to the.1@7/Aday 2006 an experiment
was established to determine if soil amendments could decrease the bioavailability of heavy
metals in the mine waste. Seven treatments on two different sites near the town of Galena KS,
called Site A and Site B, were estabéidhas follows: (1) CO, neamended control; (2) LC, low
compost (49Mg ha?); (3) HC, high compost (269 Mug?l); (4) LCL, low compost (481g hat)

+ lime as Ca(OH)(11.2Mg ha?); (5) HCL, high compost (268ig ha?) + lime as Ca(OH)

(11.2Mg ha?); (6) LCLB, low compost (43Mg ha?) + lime as Ca(OH)(11.2Mg ha?) +

bentonite (50 g bentonitey compost); and (7) HCLB, high compost (289 ha) + lime

applied as Ca(OH)11.2Mg hal) + bentonite (50 g bentonikgy! compost). The treatments

were rlicated three times per site in a randomized complete block. The soil physical properties
were not studied in 2006. In November, 2014, 8.5 years after the addition of the amendments,
the plots were sampled and water content (WC), bulk density (BD),uatet hydraulic

conductivity (k) were measured. Waggregate stability was tested, and geometric mean
diameter (GMD) and mean weight diameter (MWD) indexes were calculatedaggrggates

were collected and GMD and GSD (geometric standard deviatioe)caérulated. Significant

treatment effects were observed 8.5 years after treatment establishment, especially at Site B. The

WC, BD, and k parameters had significant treatment differences at Site B, but no one treatment

consistently improved soil physicatoperties. For the drggggregate size distribution test, the

\



CO and HC treatments at Site B had the highest fraction of <0.84 mm dry aggregates, called the
wind erodible fraction (WEF), and the LCLB and HCLB treatments had the lowest WEF. The
results Bowed that the WEF of these mine waste materials can be reduced for over 8 years by

adding a combination of compost, lime, and bentonite.
2.2 Introduction

Mines abandoned during previous decades when environmental regulations were lax are
sources of containation that require remediation. They include the closed mines in the central
part of the U.S.A. in the T4$tate Mining District of southeast Kansas, southwest Missouri, and
northeast Oklahoma.

Prior tothe Civil War, trappers and explorers were mgnsurface deposits of lead to
make bullets. Commercial mining of lead did not begin in the area until about 1850, near Joplin,
Missouri (Pope, 2005, p. 5). Mining operations before the Civil Wéme limitedbecause of a
lack of adequate transportatiomceheavy machinery. After the Civil War, the infrastructure was
built for deepmine operations in the FBtate District (Pope, 2005, p. 5, 7). From 1850 to 1970,
the District was the worl ddés | eadinghesour ce
District in 1970 (Pope, 2005, p. 2).

Commercial mining in the Kansas part of the-$tate Mining District, Cherokee
County, began in the miti870s and lasted until 1970. In 1983, the Environmental Protection
Agency listed Cherokee County asuperfund hazardous waste site (Pope, 2005, p. 1; Johnson
et al., 2016). The U.S. Geological Survey, the U.S. Fish and Wildlife Service, and the Kansas
Department of Health and Environment conducted a studlyeoappearancand distribution of
contaminated steenbed sediments in two watersheds in Kansas (Pope, 2005, p. 1). They found

much higher concentrations of cadmium, lead, and zinc than themipneg estimates of those

o



elements. However, the concentrations of these elements may have been affected by win
distribution as well as water flow. During the mining processwihed may have carried dust
contaminated with these elements into these watersheds.

The unusable rocks remaining after the valuable minaralsemoveadh the mining
process are calledilitailings or chat.Since only about four percent of the ore processed in the
District was lead and zinc, milling produced a large volume of tailings (Pope, 2005,Tjne8).
milling process did not remove 100 percent of the leadzartdthus residualraces were left in
the tailings or chat. The size ranged of chat is ab@4tlao 0.95 cm. These milling remnants
were not considered hazardous until more recently, sontbey not storeth a way to protect
the environment. Therefore, the lead ana zasiduals were a potential source of environmental
contamination through either water or wind distribution (Pope, 2005, p. 8).

Adding amendments to allow plant growth has been suggested as one way to remediate
mine wastes (Forjan et al., 2014hdeon et al., 2016). Amendments hheen appliedo the
waste materials at Galena, Cherokee County, Kansas. Pierzynski et al. (2002) added cattle
manure as a soil amendment to the mine tailings at Galena, to see if tall fe=stued
arundinaceaScheb.) would grow. After the first growing season, vegetative cover reached 71%
but then steadily declined to 29% over the next two growing seasons. They attributed the poor
growth to zinc toxicity. IrMay, 2006, Baker et al. (2011) established plots aittendments of
compost, lime, antentoniteon chat at Galena and then planted switchgiRasi¢um virgatum
L.). The initial seeding of switchgrass (fall, 2006) was not successful in establishing a vegetative
cover. After winter ryegrass@lium perennd..) establishment and termination with herbicide,
switchgrass establishment was again attempted in the spring of 2007 with success, because plots

were coveredvith living grass. However, they concluded that large amounts of conggst (



269 Mg ha') maybe needed to sustain biomass production. Baker et al. (2011) did not evaluate
the physical characteristics of the mine waste materials, except to note that the available water in
themwas increasetly adding compost.

Many studies measure the chemicalpgamies of mine waste materials (e.g., Forjan et al.,
2014; Perlatti et al., 2015; Zhang et al., 2015), but few characterize the physical properties.
Several studies report the physical properties of coal mine soils (Skukla et al., 2004; Shrestha
and Lal,2008, 2011; Yao et al., 2010; Thomas, 2012; DeLong et al., 2012; Krimmelbein et al.,
2010; Krimmelbein and Raab, 2012; Sadhu et al., 2012; Jitesh Kumar and Amiya Kumar, 2013;
Bi et al., 2014; Zhang et al., 201%). common issue with coal mine soils ighibulk density.
The bulk density of overburden dumps can be as high as 1.913\(§haoran et al., 2010).
Soil compaction limits plargrowth,because most species are unable to extend roots through
high bulk-densitymine soils. Severely compacted (odensity greater than 1.7 Mg3nmine
soils, particularly thoswith in areas that are shallow to bedr@eid/orhave thgresence of
large boulders in the soil cannot hold enough péevatilable water to sustain plants (Sheoran et
al., 2010). Howevein contrast to many studies showing that the bulk density of mine spoils are
high, in West Bengal, India, Sadhu et al. (2012) found that the bulk density of an open cast
mining spoil was less than thatmdtivesoil. They did find that the water holdicgpacity and
moisture content of thepoil were less than those of the soil, a common observation. Bulk
densityis also increaseduring reclamation. Since the late 1970s and the passage of the Surface
Mining Control and Reclamation Act in the U.S.A. nad lands have commonly been reclaimed
using smooth grading, which heavily compacts the soil (DeLong et al., 2012).

Shukla et al. (2004) reviewed the effects of coal mining on soil physical properties. Soll

structure and water storage and trarssimon characteristiare influencedy morphological and



physical properties of soil. Compacted reclaimed soil and spoil lack a continuous macropore
network, which impedes root development and aeration and decreases water retention and
transmission (Ind@nte et al., 1981). A slow water infiltration rate is reported from newly
reclaimed mine soils mainly due to compaction during the reclamation process. Shukla et al.
(2004) compared physical properties of reclaimed coal mine soils in eastern Ohieaviil n
undisturbed (unmined) sites. The comparison showed that-statde aggregation and mean
weight diameter of aggregates were greater from the unmined soils than the reclaimed mine
soils. No significant differencegsere observetbr saturated hydrdic conductivity and water
infiltration for the 310 cm depth in the reclaimed mine soils and the unmined solls.

Shrestha and Lal (2008) reported the physical characteristics of reclaimed mine soils.
These soils havieigherbulk density (1.55 to 18Mg m™), higher rock content (335%), poor
structure, lower porosity (288%), lower water holding capacity, lower infiltration rates, and
slowerhydraulic conductivities than undisturbed soils. The higher bulk density of reclaimed
mine soils is due toompaction by heavy equipment used during the reclamation process. A low
waterholding capacity is due taighrock and gravel fragments and low soil organic carbon
concentration in mine soils. Shrestha and Lal (2008) collected soil samples froif, thé %)
and 1530 cm depths of reclaimed mine soil and undisturbed forest and agricultural soils. The
soil was reclaimedby adding 30 cm topsoil in 1977. They found that, after 28 years of
reclamation, bulk density in the surface layer of all land usesst, hay, and pasture) was
similar to that of undisturbed forest (1.1 My’), but lower than that of agricultural soils (1.3
Mg m=). However, soil bulk density &wer depths was not affectethe meanweight
diameter (630 cm) of aggregates undée reclaimed mine soil with forest and reclaimed mine

soil with hay were higher than those under undisturbed forest soil by 41% and 27%, respectively.



The initial infiltration ratest 5 min using a double ring infiltrometarthe reclaimed mine soil

under forest, hay, and pasture were less by 20%, 53%, and 85%, respectively, than those under
the undisturbed soil with foresthich had an infiltration rate ¢i9.3 cm min'). The

reclamation of the mine soils with forest and hay improved the surfadeudiodlensity and

enhanced water infiltration and watgable aggregates at the lower depths.

Shrestha and Lal (2011) measured the physical properties of newly reclaimed mine sites
(less tharl year since reclamation). Reclaiming comprised okhbifing using the spoil
material, grading to the original contour, applying 20 to 30 cm of topsoil, planting a grass
legume mixture, and mulching with crop residues. They sampled the soil at®d&®30, and
30-45 cm depths. The bulk density of tieelaimed mine soil (1.11 to 1.69 Mg?®) increased
by up to 54% compared to that of the undisturbed sites (0.98 to 1.413\at the 615 cm
depth but not at the lower depths. They concluded that topspiiredbetter handling during
applicationthan was doneto preserve soil structure.

In the studies where physical properties of mine soils have been measured (e.g., hydraulic
conductivity, bulk density), it is noted that they are highly variable (Skousen et al., 1998;
Kriiummelbein et al., 201&rimmelbein and Raab, 2012).

Phospholipidsandfatty acids (PLFA) are used to analyze microbial community structure.
Baker et al. (2011) found that, at Site A, the highest total valB&BA was in high compost
treatmentand it was 80.3imol kg*. The control had a value of 30.nol kg'. At Site B were
84.9 and 23.1 umol kbsoil, respectively fothe highcompost treatment and control,
respectively.

No study haveen donef the physical characteristics of the waste materials at the Tri

State Mning District. The waste materials pose problems for the welfare of the people living in
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the District, because blowing of the materials results imtis¢with high lead and zinc

concentrations that compromise the health of the citizens. Knowledge uifiyical properties,
including the windblown fraction, is essential to understand the risk that the citizens are
experiencing. Therefore, the objective of this research was to determine the physical
characteristicand the PLFA contertdf the waste matials in the plots that Baker et al. (2011)
established in 2006. We measured hydraulic conductivity, bulk density, water content, aggregate

stability, and particle size distribution, inding the winderodible fraction, and PLFA.
2.3 Materials and Methods

The abandoned mingas locatedit Galena, KS(FR 6 1685 WMNG 2004 W; 275 m
above sea level The soil mapped in this area is not a soil at all, and in the soil survey is
currently mapped as map (USDA2013. In2600 Bakeadthl.e d i du
(2011) established plots at two sites, called Site A and Site B, where mine waste materials had
been collected and deposited on the surface for 100 years. The material, called chat; was a by
productin the initial processing of Pb drZn-containing ores. Site #vas establishedn 8 May
2006 and Site B on 12 May 2006. The sites were on level ground. Each experimental plot was 1
m X 2 m in size with three replications of seven different treatments, for a total of 21 plots at
each die (Figure2.1 and2.2). Each plot had a galvanized steel border, 1 m x 2 m in size, to limit
inter-plot contamination (Baker, 2008, p. 138). The treatments were (1), C@mnmamded
control plot; (2) LC, a low compost treatment of 45 Mghh@) HC, ahigh compost treatment of
269 Mg ha; (4) LCL, low compost (45 Mg h¥ + lime as Ca(OH)(11.2 Mg hal); (5) HCL,
high compost (269 Mg ha + lime as Ca(OH)(11.2 Mg ha); (6) LCLB, low compost (45 Mg
ha?) + lime as Ca(OH)(11.2 Mg ha') + bentoniteapplied at 50 g bentonite per kg compost; and

(7) HCLB, high compost (269 Mg Hx+ lime applied as Ca(OHf11.2 Mg ha!) + bentonite
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applied at 50 g bentonite per kg compost. The compastcompostedeef Bostaurug
manure, and the bentonite wag/goming bentonite obtained from Enviroplug Grout (Wyo
Ben, Inc., Billings, MT) (Baker, 2008, p. 138). Treatments were applied and mixed to a depth of
30 cm (Baker, 2008, p. 138). SwitchgraBarficum virgatunk.) was seededn the plots on 26
May 2006. Switchgrass did not grow on the plots in 2006 due to the high salinity of the compost
and lack of rainfall. In the fall of 2006, plots were seeded to annual ryefcdissn(
multifiorumLam.) as a winter cover crop, and the ryegrass was killed with Gdgpdaan the
spring 0of2007,when the plots were 1®eeded with switchgrass on 19 April 2007 (Baker, 2008,
p. 138139). The plots were sampled for biomass 535 and 841 days after Day 0, which Baker
(2008, p. 139) designated as 26 May 2006. These daysl@@&ev. 2007 and 14 Aug. 2008.

Soil was sampled for physical measurementdavember2014. At this time, although
there was great variability in the vegetation on the plots, the controlgeloggallyhad no
vegetation orthemand the plots wit high compost and limgenerallyhad switchgrass growing.
Most plots with bentonite had no vegetation. Some plots with no vegetation had lichens growing
on the waste materials.

On18Nov. and 19 Nov. 2014, measurements of physical propertibg ofaste
materials in the plots at Site A and Site B were started. The following measurereentaken
infiltration rate to determine hydraulic conductivity; bulk density; water content; dry aggregate
size distribution; and wet aggregate stabilithese measurements are important to evaluate or
predictsoil erosion by wind and wateiheavailable wateholding capacityvas not measured
because of the coarse nature of the mine waste materials. Baker (2008) ddtéamhifie1%
and 75.6% of thenine waste materials at Site A angdr8spectivelywere coarse fragments. It

was impossible to determine available water with such coarse material. Baker (2008) sieved the
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mine waste materials through a 2 mm sieve and determined available water esswgepplate
extractors. He determined available water on only five of the seven treatments (CO, LC, HC,
LCLB, and HCLB). He found for CO, LC, HC, LCLB, and HCLB that the available water was
0.09, 0.1, 0.11, 0.15, and 0.15°¢ gespectivelyOn 18 Nov.2014 measurements were done at
Site B, and, on 19 No014 measurements were done at Site A. Each method now will be
described.

To determine infiltration rate standard method such as the ring infiltrometer method
could not be usedThis wador two reasons. First, ttddmensions of thelots of Baker (2008)
weredetermined to beoo small to putargerring infiltrometers opand still maintain some
distance from the edge of the plSecond, water will not pond on the coarse fragments.
Thereforejt was decided that thefiltration ratewould bedetermined using a diskfiltrometer
of diameter 3.1 cm, which holds 100 taf water that infiltrates at a tension of 2.0 cm (Model
M1, Mini-disk Infiltrometer, Decagon Devices, Inc., Pullm#/). Any vegetation on a plot
was removegand contact sand (No. 1 white quartz sand, AGSCO Corp., Wheeling, IL) was
applied to the surface on which tinéiltrometerwas placed. Three measurements of infiltration
were donen each plot. Hydraulic condtivity was determined from the infiltration
measurements using the procedure described in the instruction manual that came with the
infiltrometer (Decagon Devices, Pullman, WA, 1997), which used the method of Zhang (1997).
After infiltration ratewas de¢rminedin a plot, the waste material was sampled for bulk density.

The standard core methtmldetermine bulk densigould not be usedbecause of the

coarse nature of the mine waste materidlserefore bulk density was determined using method
of Bashour and Sayegh (2007)he waste material from the surface 5 cm of the soil was

scooped up with a flat shovel and put in a stainless steel container (10 cm diameter; 5 cm height)
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and covered with a lid thét the container. Each container had beemibpered and weighed
before going to the field site. Three samples (containers) pexgtetobtained On 19 Nov.
2014, the containers were brought back to Manhattan, KS, where both water content and bulk
densitywere determined The containers were vggied on 19 Nov. 2014 to geetweight of
the soil. Theywere driedat 105°C for two days and weighed again to get dry weight.
Gravimetric water content (g®yywas determined as follows: (wet weighdry weight)/(dry
weight). The values were multiptli by 100 to get values on a percentage basis. Bulk density (g
cm®) was determined as follows: (wet weighdry weight)/volume of theontainer

On 18 Nov. and 19 Nov. 2014, approximately 3 kg of waste materials from each plot at
Site A and Site Bvere put in grey, bakelite rectangular trays (60 cm long; 40 cm wide; 20 cm
deep), one plot per tray, to obtain materials for analyses of wet and dry aggré@g&tésp 5 cm
(2 in) were scooped up with a flat shovel. The tragse transportetb Manhdtan, KS, on 19
Nov. 2014, and a subsample from each tray was put in a plastic bag for determination of wet
aggregate analysis. The trays with the remaining waste materials were put in a drying oven at 60
°C for three days

Dry aggregate size distuitionis discussedby Nimmo and Perkins (2002After the
samples had dried, they were placed on a rotary sieve owned by the USDA and located at the
former headquarters of the Wind Erosion Research Unit (Agricultural Research Service, USDA,
1515 CollegéAve., Manhattan, KS; personnel in the unit were transferred to Fort Collins, CO, in
2014). The rotary sieve, as described by Chepil (1962) and modified by Lyles et al. (1970),
divided the waste materials into the seven following diameter ranges: <@.2D.84, 0.84
2.00, 2.006.35, 6.3514.05, 14.0544.45, and >44.45 mm (Lyles et al., 1970; note that Lyles et

al. use 19.05 mm instead of 14.05 mm; we used 14.05 mm).
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Aggregates smaller than 0.84 mm are the wind erodible fraction (WEF) (Chepil, 1953;
Zobeck, 1991), and ivas calculateas follows:
WEF = (M/My) x 100, [1]
whereWEF is the wind erodible fraction in percentage,i$fthe mass of aggregates Ygjh
diameterless than 0.84 mm, and;M the total mass (g) of the sample.
Geometric mean diameter (GMD) of the wet aggregates was determined using the equation

given by Tatarko (2001), who got the equation from Gardner (1956):

000 AR a D 2]

whered i is the mass (g) of soil aggregates in one of the seven collection par3,istig mean
diametermm) of eah of the seven size fractions.

Geometric standard deviation (GSD) was determined using the formula given by Tatarko (2001)
and Gardner (1956)

GSDexB'.m | d 21 BMD*20. 5 [3]

whered i andQ are defined in Equatior®].

Wet aggregate stability (WAS) was determined using the method of Nimmo and Perkins
(2002), which is the same method as described by Kemper and Rosenau (1986). About 1 kg of
soil was sampledt Sites A and Brom eachplotsat the surface to a depth of 5.0 cm. Soll
samples were air dried to collect aggregaegsveen 4.75 and 8.0 mm in siZequantity of 40 g
of >4.75 mm aggregates was oven dried for 24 hrs at 105°C to determine gravimetric water
content.Size distribution of WASmean weight diameter (MWDandgeometric mean diameter

(GMD) were obtained using 50 g of aidry aggregates was placed on the top sieve of a column
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of nested sieves with mesh openings of 4750, 2000, 1000, 50P5@ndcrons, satrated by
capillarity with water for 10 min, and then mechanically sieved in water for 10 min sieved in
water through a vertical displacement of 35 mm at 30 oscillations. filre soil remaining on
each sievavas washethto preweighedbeakers and overnridd at 105 °C for 48 h to obtain soil
mass. The ovedry soilwas soakeéh a 13.9 gt sodium hexametaphosphate solution for 24 h
to disperse soil aggregates and then washed for sand correction.

The mean weight diameter (MWmBJas calculateds follows(Kemper and Chepil, 1965)

0 @0 B o0 [4]

where MWD is equal to the sum of products of (1) the mean dianmi&{@r,mm), of each size
fraction and (2) the proportion of the total sample mas$in g), occurring in the corresponding
size fraction, where the summation is carried out oven site fractions, including the one that
passes through the finest sieve.

Geometric mean diameter (GMD) of the wet aggregates was determined using the equation
given by Kemper and Rosenau (1986):

"0 A@® 01 iaCrB 00 [5]

where

w; is the mass (g) of aggregates in a size class with an average diametce‘.rémdB?QpL') ®

Note that GMD of the wet aggregates was determined using a common logarithmic term, while

GMD of the dry aggregates was determined using a natural logarithmic term.
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The experimental design of Baker et al. (2011) was a complete bldckrgatment as
the main factor at each site. They separated the sites (Site A and Site B) due to a significant site
by treatment interaction (p O 0.05) for all m
All statistical analyses were performesing PROCGLM oftatistical Analysis Software (SAS)
programVersion 9.3 (Statistical Analysis System, 2001). Meaese separatealt the 0.10 level
of significance. Because bulk density and hydraulic conductivitywdate not normally
distributed datawere log transformation to transform a not normal distribution to a normal

distribution.
2.4 Results

Table2.1 showswatercontent, bulk density, and hydraulic conductivity at Sites A and B.
Table2.2 shows the same data but log transformed. In gerikeatlata show in both tables that,
at Site A,in generalthere were no differences in water content, bulk density, and hydraulic
conductivity. At Site B water content, bulk density, and hydraulic conductivity varied, but there
were no consistent differees among treatments. For example, the hydraulic conductivity was
highest in the low compost plus lime treatment and lowest in high compost plus lime treatment
(Table2.1). For both the no#og transformed data (Tabkl) and the logransformed data
(Talde 2.2), the high compost plus lime treatment had the same hydraulic conductivity as the
hydraulic conductivities for the control and low compost treatniére.appendix shows the
hydraulic conductivities for Site A (Figure1 Appendix) and for Site B (GureA.2 Appendix)
in bar graphs. Note each treatment had great variability in hydraulic conductivities.
Figures2.3 and2.4 show cumulative infiltration versus time for the different treatments
at Site A and Site B, respectively. Three readings wesntik each replication. The three

readings have been averaged together to give an average for each replication, and, consequently,
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three curves in each part of the figure. Fig@&.&sand2.6 show the three replications averaged
together along with thstandard error. Cumulative infiltration showed great variability. No one
treatment always had the highest or lowest infiltration rate. The Appendix show the individual
infiltration rates obtained during each measurement on each plot for Site A (FAgB#&9
Appendix) and for Site B (Figureés.10- A.16 Appendix) for Site B.

Table2.3 showswet aggregate stability at Sites A and &t Site A, geometric mean
diameter and mean weight diameter did not differ among treatments. At Site B, mean weight
diameer did not differ among treatments. At Site B, low compost plus lime plus bentonite had
the largest geometric mean diameggrdhigh composand high compost plus lime plus
bentonite had the smallest geometric mean diameter.

Table2.4 showsdry aggregatesize distribution at Sites A and B. At site tAe<0.84 mm
fraction did not varybutgeometric mean diametandgeometric standard deviatiaoid vary
with no consistency among treatments. The largesietric mean diameteras with low
compost plus lira and the largegfeometric standard deviatiovas with high compost plus lime.
At Site B, the greatest value for the <0.84 mm fraction occurred with the control and high
compost. The two treatments with bentonite at Site B were consistent in that ttreidob the
smallest <0.84 mm fraction. At Site Bietcontroland the low compost plus lime treatmbaat
the smallesgeometric mean diametehe control at Site Badthelargestgeometric standard
deviationand the low compost plus lime plus bentertiteatment had the smaller geometric
standard deviatian

Table2.5 shows total bacteri@&rampositive bacteria, and actinomycetes at Site A and
Site B. At Site A there were no differences among total bacteri&eardpositive bacteria due

to treatmentlow compost plus lime plus bentonite had the most actinomycetes. For site B the
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control had the most total bacterarampositive bacteria, and actinomycetes and the high
compost plus lime plus bentonite treatment had the fewest total baGemaposiive bacteria,
and actinomycetes.

Table2.6 showsGramnegative bacteria and rhizobia at Sites A and B. At Site A there
were no differences among gram negative bacteria, and high compost had thenhigtestof
rhizobia. For Site B the control had theshgram negative bacteria atie humber of rhizobia
did not differ due to treatment.

Table2.7 showstotal fungi, arbuscular mycorrhizae, and saprophytes at Sites A and B.
At Site A there was no difference among total fungi and arbuscular mycorrhizée due
treatment. However, at site A there were more saprophytas control plots than in the plots
with high compost plus lime plus bentonite. At Site B there were motaiefungi, arbuscular
mycorrhizae, and saprophytiesthe control plots than in th@ots with high compost plus lime
plus bentonite.

Table2.8 shows protozoa and undifferentiateicrobesat Sites A and B. At Site fhere
were no differences among protozoa due to treatmentdowpost plus lime had the most
undifferentiatednicrobesand high compost plus lime plus bentonite had the lowestber of
undifferentiatednicrobes For Site B there were no differences among protozoa due to
treatment; the control had the most undifferentiaiéctobes

Table2.9 showstotal living microbial bienass. At Site A, there was no difference among
the treatments. At Site B, it was highest for the control treatment. The rating for total biomass at
Site B for the control treatment was average, and the sdtingther treatments ranged from

slightly-below-average to poor (information from Ward Laboratories, Inc., Kearney, NE,
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November 25, 2014)The slightlybelowaverage to poor ratings showed that there were few

microbes in these treatments.
2.5 Discussion

Physical properties of the mine waste matesiaGalena, KS, which had received
amendments of compost, lime, and bentonite 8.5 years earlier, were not different due to
treatment. In general, the water contents, bulk densities, and hydraulic conductivities did not
differ due to treatment. Water cents varied from 0.079 to 0.155 g,@nd bulk densities
varied from 0.97 to 1.63 Mg ™(Table2.1). Noncontaminated, finéextured surface field
soils have bulk densities that range from 1.0 to 1.3 Mgand coars¢extured surface field
soils havebulk densities that range from 1.3 to 1.8 Mg (Millar et al., 1965, p. 51). The
rocky, chat material at Galena, KS, essentially covered this entire range of bulk densities,
showing their great variability. Hydraulic conductivities varied from 0282 to 0.00101 cni's
(Table2.1) or 0.219 to 0.873 m ddy These values are on the low side for hydraulic
conductivities of either natural or disturbed soils. The hydraulic conductivity of natural soils in
place varies from about 30 m/day for a silgty loam to 0.05 m dajfor a clay (Kirkham, 2014,

p. 89). The hydraulic conductivity for disturbed soil materials varies from about 6@§hfior
gravel to 0.02 m da¥for silt and clay (Kirkham, 2014, p. 89). A soil is said to be drainable if
the hydraulic conductivity is 1 m day The hydraulic conductivities of the waste material were
less than 1 m daly so they materials could be considered to be not drainable.

Infiltration rates are the slopes for the lines shown in FigRleeand2.6. At Site A (Fig.
2.5), they varied from 0.0087 to 0.0119 crh sAt Site B (Fig.2.6), they varied from 0.0083 to
0.0127 cm$. Shukla et al. (2004) give infiltration rates after 5 minutes feregtaimed coal

mine soil and reclaimed coal mine soil in Jeak County, Ohio (see their Tal@d). The
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surface mine site had been reclaimed in 18936 by applying topsoil, 10 to 36 cm deep, over
the graded area and seeded to grass and legumes. Shukla et al. (2004) measured infiltration rates
in October 2001 usg a doublering infiltrometer. Five minutes after the start of infiltration,
there was no difference in infiltration rates for thereaalaimed mine soil and reclaimed mine
soil. The 5minute infiltration rates varied from 0.21 to 0.67 cm HirOur \alues, when
converted to cm mify varied from 0.522 to 0.714 cm miiat Site A and from 0.498 to 0.762 cm
mintat Site B. The range in our values was similar to those of Shukla et al. (2004).

The values that Shukla et al. (2004) got for infiltratawa low compared to the values
that Shrestha and Lal (2008) got for reclaimed coal mine soils in Morgan County, Ohio, which
were reclaimed in 1977 with 30 cm of topsoil planted to forest, hay, or pasture. Jaigmty
years later, Shrestha and Lal (206&de measurements of infiltration rates using a dettte
infiltrometer. They compared infiltration rates of the reclaimed mine solil to infiltration rates of
undisturbed forest soil and agricultural soil, which had never been mined. Five minuttdseafter
start of infiltration, the infiltration rates of the undisturbed forest soil and agricultural soil were
20 and 3 cm mi¥, respectively. The reclaimed mine soils planted to forest, hay, or pasture had
5-minute infiltration rates of 16, 9, and 3 cm mMjmespectively. These values are about an order
of magnitude greater than the values we measured, which indicated that our infiltration rates
were low compared to unmined soils.

In general, wet aggregate stability, as shown by geometric mean dianteteean
weight diameter, did not differ among treatments (Ta8g Effects of the treatments were no
longer evident after 8.5 years.

Dry aggregate stability was documented by geometric mean diameter, geometric standard

deviation, and the fraction ledsain 0.84 mm. Geometric mean diameter and geometric standard
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deviation varied slightly among treatments, but there was no consistent result. At Site A,
geometric mean diameter for the low compost plus lime treatment was the largest, but at Site B,
it wasthe lowest, and had a value similar to that of the control. At Site A, geometric standard
deviation was highest for the high compost plus lime treatment, but at Site B, the control had the
highest geometric standard deviation.

The fraction of less than® mm (wind erodible fraction) did not vary at Site A, but it
did at Site B. The control and the treatment with high compost had the highest values for the
wind erodible fraction, and the treatments with low compost plus lime plus bentonite and high
compast plus lime plus bentonite had the lowest values. The results suggest that bentonite (the
clay) was able to reduce the wind erodible fraction.

At Site A, populations of bacteria (Tabl25 and2.6) showed no differences among
treatments, excepictinonycetes were highest in low compost plus lime treatment and the low
compost plus lime plus bentonite treatment, and rhizobia were highest in the high compost
treatment. At Site A, populations of fungi (TaBl&) did not vary among treatments, except
sapophytes were highest in the control and lowest in the high compaslimplkel plus bentonite
treatment At Site B,total bacteria, Gram positive bacteria, actinomycetes and Gram negative
bacteria weravere highest in the control ploffables2.5 and2.6). Also at Site B, total fungi,
arbuscular mycorrhize, and saprophytes were highest in the control treatmeng(Talalied
undifferentiated microbes were highest in this treatment, too (Ra)leAt Site B, the total
biomass of microbes was highesthie control treatment (Tab®9). This is a surprising result
anddifficult to explain. In May, 214, Hettiarachchi and colleaguesllected samples from the
plots established by Baker et al. (2011). Their experimental results showed that oved afperi

8 years the high compost treatment had higher microbial biomass and enzyme activities than the
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control, while, in general, all low compost treatments did not differ from the c§Wi@sekara

et al., 2016) Therefore, in the time from May 2014November 2014, when we sampled the
plots, the high compost treatment no longer had the highest microbial populations. The control
soil had no amendments added to it, like compost, which could have increased the microbial
population. Baker et al. (20119rcluded that large amounts of organic matteuld be needed

to support and sustain microbial activity in mine waste materials. This conclusion was valid,
because 8.5 years after application of the compost additions, microbial activity in the high
compos treatment was less than that of the control. The rahsbthe control plots at Site B

had the highest microbial poptilons needs to be determinéds highly possible that the

biological properties vary with time of year sampled, and with theatlionate at the time of the

sampling (air and soil temperature, soil moisture, etc).
2.6 Conclusion

Therewas great variability in the measurements taken in the physical characteristics.
This agrees with data in the literature showing that the physigpégies of mine waste
materials are highly variablédowever the results did show theight and a halfears after
amendments were added to the mine waste material at Galena, KS, the plots with clay
(bentonite) had thensallest wind erodible fractionDifferences in other physical properties due
to treatment were not consistent. For an unknown reason, microbial populations were highest in

the control plots with no amendments.
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Figure 2.1 Randomly treatment for Site A.

TITLE
SITE A

o 101 A 102 A 103 A 104 A 105 A 106 A 107 A

E i co HC LCL LCLEB HCL LC HCLB

Gr 2014 202A 203A 204 A 205A 206A 207 A
LCLB HEC LC LCL HCLB co HCL

o 301 A 302 A 303 A 304 A 3054 306 A 307 A

E i HC HCLB HCL co LC LCLE LCL

1. €O, non-amended contral plots

2. LC, low compost 45 Mg ha™ [9 kg] treatment

3. HC, high compost 269 Mg ha [67.2 kg] treatment

4. LCL, low compost (45 Mg ha') [Fkg] +limeas Ca(OH); (11.2 Mgha)[1 kg] treatment

E. HCL, highcompaost (269 Mgha ) [67.2 kg] +lime as Ca(OH) (11.2 Mg ha") [1 kg] treatment

6. LCLB, low compost (45 Mg ha') [P kag] +limeas Ca(OH)-(11.2 Mgha') [1 kg] treatment

7. HCLB, high compost (269 Mgha) [67.2 kg] +lime applied as Ca (OH):(11.2 Mg ha"}[1 kg] + bentonite applied as 50g bentonite kg

composttreatment

2m

21PLOTS
E|7TrREATMENTS
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Figure 2.2 Randomly treatments for site B.

TITLE

SITE B

o 11 B 102B 103 B 104 B 105B 106 B 107 B

E - LCL LCLB HCL LC HCLB HC co

E - 2B 202B 203 B 204 B 2058 206 B 207 B
HCLB LC co HC HCL LCL LCLB

o 3B 3028 303B 304 B 3058 306 B 307B

E i HCLB cCo LC LCL HC HCL LCLB

1. GO, non-amended contral plots

2. LC, low compost 45 Mg ha- [8 kg] treatment

3. HC, high compost 268 Mg ha [67.2 kg] treatment

4. LCL, low compost (45 Mg ha'} [T kg] +limeas CalOH)- (11.2 Mgha) [1 kg] treatment

5. HCL, highcompost (265 Mgha) [67.2 kg] +lime as Ca(OH). (11.2 Mg ha'} [1 kg] treatment

6. LCLB, low compost (45 Mg ha') [ kgl +lime as Ca(OH): (11.2 Mgha'}[1 kag] treatment

7. HCLB, highcompaost (265 Mgha) [67.2 kg] +lime appliedas Ca (OH)z(11.2 Mg ha')[1 kg] + bentonite applied as 50g bentonite kg

compost treatment

2Zm

21PLOTS
E |7 TREATMENTS
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Figure 2.3 Averagecumulative infiltration versus timefor each treatment at Site A.(a)
control, (b) low compost, (c) high compost, (d)low compost plus lime, (e) high compost plus
lime, (f) low compost plus lime plus bentonite, (g) high compost plus lime plus bentonite.
Triangles show average three readings from first replicate; squares shaaverage three
readings from second replicate; circles showverage three readings from third replicate. (n
= 3 for each symbol)
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Figure 2.4 Averagecumulative infiltration versus timefor each treatment at Site B (a)

control, (b) low compost, (c) high compost, (d) low compost plus lime, (e) high compost plus
lime, (f) low compost plus lime plus bentonite, (g) high compost plus lime plus bentonite.
Triangles show average three readings from first replicate; squares show average three
readings from second replicate; circles showverage three readings from third replicate (n

= 3 for each symbol)
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Figure 2.5 Averagecumulative infiltration versus timefor each treatmentafter all

replications have been combineat Site A. (a) control, (b) low compost, (c) high compost,
(d) low compost plus lime, (e) high compost plus lime, (f) low compost plus bentonite, (g)
high compost plus bentonite. Average of three replications. Vertical bars show the standard
error. (n =9 for each symbol)
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Figure 2.6 The averagecumulative infiltration versus timefor each treatmentafter all
replications have been combined at Site.Ba) control, (b) low compost, (c) high compost,
(d) low compgst plus lime, (e) high compost plus lime, (f) low compost plus lime plus
bentonite, (g) high compost plus lime plus bentonite. Average of three replications. Vertical
bars show the standard error. (n =9 for each symbol).
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Table 2.1 Water content, bulk density, and hydraulic conductivity at Sites A and B. Means
followed by the same letter are ot statistically different at 0.10.

Water Content Bulk Density Hydral_Jllp
condudivity
Treatment ggl Mg m om st x 10°
Site A Site B Site A Site B Site A Site B
Control 0.099 a 0.098ab 1.14 a 1.12bc  500b  3.23b
Low compost 0.132 a 0.099ab 0.97 a 1.27a 9.98a  254b
High compost 0.093 a 0.155a 1.63a 1.11c¢ 479b  5.43ab
Low compost + lime 0.089 a 0.083 b 1.14 a 1.19abc 439b  10.13a
High compost + lime  0.137a 0.085 b 0.99a 1.18abc 4.92b  4.19b
Low compost +lime + 157, (0gab 1.02a 127a  65lab  7.46ab
bentonite
High compost +lime + 1, 0.079 b 1.04 a 125ab 551b  4.73ab

bentonite
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Table 2.2 L og bulk densityand log hydraulic conductivity at Sites A and B. Means
followed by the same letter are ot statistically different at 0.10.

Treatment

Log Water Content

Log Bulk Density

Log Hydraulic Conductivity

gg? Mg m3 cmsix 10°

Site A Site B Site A Site B Site A Site B

Control 1.02 a 1.01 ab 0.052 a 0.051ab 3.60b 3.84ab

Low compost 0.893 a 1.00 ab 0.014 a 0.103 a 3.00 a 4.05b

High compost 104 a 0.867 a 0.064 a 0.044b 3.39ab 3.78ab

Low compost + lime 1.05a 1.09b 0.058 a 0.074ab 3.48 ab 3.14a

High compost + lime  0.873 a 1.07b 0.005 a 0.072ab 3.49 ab 3.53ab

Low compost t ime+  0916a  1.08b  0002a  0105a 3.25ab  3.3lab
entonite

High compost +lime + 474 5 1.10b 0.016a  0.097ab  3.61b 3.46ab

bentonite
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Table 2.3 Wet aggregate stability at Sites A and B, sand free. Means followed by the same
letter are not statistically different at 0.10.

GMDA MWDV
Treatment mm mm

Site A Site B Site A Site B
Control 2.04a 1.98ab 5.28a 4.0la
Low compost 1.96a 1.90ab 4.81a 3.80a
High compost 2.02a 1.85b 4.65a 3.46a
Low compost + lime 2.01a 1.97ab 4.51a 4.06a
High compost + lime 2.02a 1.95ab 4.65a 3.44a
Low compost + lime + bentonite 1.96a 2.05a 4.16a 4.13a
High compost + lime + bentonite 2.04a 1.83b 4.78a 3.04a

AGMD=GeometricMeanDiameter

y MWD=MeanWeight Diameter

41



Table 2.4 Dry aggregate size distribution at Sites A and B. Means followed by the same
letter are not statistically different at 0.10.

%<0.84 mm GMDA GSDY
Treatment
Site A Site B Site A Site B Site A Site B
Control 10.37a 8.00a 57.54b 6359b 49.02ab 33.07a
Low compost 10.30a 6.76ab 59.27ab 68.34a 46.14ab 27.85 abc
High compost 9.71a 804a 6094ab 70.0la 43.00ab 28.88 ab
Low compost + lime 959a 7.25ab 65.73a 63.88b 37.12b 27.79 abc
High compost +ime 1199a 7.06ab 5835ab 69.95a 51.19a 26.87 abc

Low compost + lime + bentonite 11.08a 54b 60.14ab 69.36a 47.3lab 21.98c

High compost + lime + bentonite 10.34a 4.93b 61.91ab 68.87a 43.42ab 24.26 bc

AGM D=geometric mean diameter

YGSD=geometric standard deviation
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Table 2.5 Total bacteria, Gram positive bacteria, and actinomycetes at Sites A and B.

Means followed by the same letter are not statistically differentteD.10.

Total Bacteria Gram (+) Actinomycetes
Treatment 6666666666 . . 66. A0p6EEEE6666b666686
Site A Site B Site A Site B Site A Site B
Control 8149a 808.9 a 409.1 a 447.14a 119.65ab 129.77 a
Low compost 730.3a 576.6ab 363.5a 361.97ab 112.50ab 104.99 ab
High compost 686.9a 384.4bcd 352.0a 231.15bcd 113.0ab 60.21 bcd
Low compost + lime 908.8a 235.6cd 4349a 140.39cd 141.66a 39.36cd
High compost + lime 792.1a 468.6bcd 397.0a 27421bc 120.84ab 83.48 abc
Low compost + lime +
. 840.3a 501.9bcd 432.7a 255.11bcd 145.24a 87.99 abc
bentonite
High compost + lime +
346.7 a 1775d 180.0 a 111.48d 56.62 b 28.19d

bentonite
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Table 2.6 Gram negative and rhizobia at Site A and BMeans followed ly the same letter
are na statistically different at 0.10.

Gram (-) Rhizobia
Treatment eéeeéeéeéeéeé. éeéenglpfeéeéeée. eéeéeé
Site A Site B Site A Site B
Control 405.8 a 361.75a 13.3b 32.14 a
Low compost 366.9 a 214.65 abc 10.74 b 8.75a
High compost 3349a 153.22 bc 64.63 a _--A
Low compost + lime 4739 a 95.18 bc 7.22b 19.59 a
High compost + lime 395.1a 194.42 bc 23.76 b 12.11a
Low compost + lime
. 407.6 a 246.75 ab 16.42 b 27.39 a
+ bentonite
High compost + lime
. 166.7a 66.06 c 2.58 b
+ bentonite
ANo data
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Table 2.7 Total fungi, arbuscular mycorrhizae, and saprophytes at Sites A and B. Means
followed by the same letteiare not statistically different at 0.10.

Total Fungi Arbuscular Mycorrhiza e Saprophytes
Treatment eéeéeéeéeéeéeée.  Agleéeéeceeéeéeée. e.
Site A Site B Site A Site B Site A Site B
Control 2759 a 239.95 a 80.16 a 61l.5a 195.75 a 178.45 a
Low compost 221.2a 111.84abc 57.15a 51.04 ab 164.03ab  60.78ab
High compost 184.1a 76.98 bc 63.96 a 21.27 bc 120.17ab 55.71Db
Low compost + lime 242.8 a 72.60 bc 74.27 a 5.81c 168.49 ab 66.79 ab
High compost + lime 226.5a 108.68abc 67.57 a 28.05abc 158.90ab 80.63 ab
Low compost + lime
. 251.0a 181.50 ab 70.60 a 53.63 ab 180.38 ab  127.87 ab
+ bentonite
High compost + lime
84.4a 17.12 ¢ 18.53 a 0.00c 65.85 b 1712 Db

+ bentonite
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Table 2.8 Protozoa and undifferentiated at Site A and B.Means followed by the same
letter are not statistically different at 0.10.

Protozoa Undifferentiated
Treatment eéeéeéeée. eéeéé.nglpégeéeéeéeéeée. eé.
Site A Site B Site A Site B
Control (CO) 48.03 a 28.06 a 657.5 ab 785.8 a
Low compost (LC) 26.32 a 8.24 a 706.6 & 647.2 ab
High compost (HC) 33.23a 3.86a 563.1 ab 509.2 bc
Low compost + lime
1393 a 2.09 a 9519a 360.5 ¢
(LCL)
High compost + lime
26.11a 1.66 a 689.4 ab 542.1 abc
(HCL)
Low compost + lime +
. 3251 a 3351a 753.3 ab 444.6 bc
bentonite (LCLB)
High compost + lime + .
17.57 a --A 424.3 b 456.8 bc

bentonite (HCLB)

ANo data
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Table 2.9 Total Biomass at Site A and BMeans followed by the same letter are ot
statistically different at 0.10.

Total Biomass

Treatment ng/g
Site A Site B
Control 1780.4 a 1853.3 a
Low compost 1684.5 a 1341.1 ab
High compost 1456.3 a 971.8b
Low compost + lime 21174 a 669.3 b
High compost + lime 1734.1a 1120.4 b
Low compost + lime + bentonite 1877.1 a 11503 b
High compost + lime + bentonite 861.2 a 651.5b
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Chapter3-Rehabil itation of an Aband

wi Bhosol i ds

3.1 Abstract

The abandoned lead (Pb) and zinc (Zn) mines in th&fate Mining District of Kansas,
Missouri, and Oklahoma have left a&®y of environmental contamination. The waste
materials are highly polluted, not only with Pb and Zn, but also cadmium (Cd), which often co
occurs geologically with Zn. In 2006, researchers at Kansas State University added amendments
(compost, lime, andentonite) to two sites at Galena, KS, part of the District, to see if they
would change microbial properties. One site, called Site A, was on the outskirts of Galena, and
the other site, Site B, was near the center of the town. Biosolids have nevappksto the
mine waste materials at Galena to see if they would reduce availability of heavy metals.
Therefore, in 2014 the plots established in 2006 were sampled and a greenhouse study was set up
with sudex Borghum bicolofL.) Moench xS. Sudanes@.) Staph] to determine the effect of
biosolids on heavy metal availability. Plants grew with and without biosolids in plastic pots (22
cm diam.; 22 cm height) and were watered with tap water during the experifient.leight
was measured weekly. @ays 110 and 111 after planting, roots, shoots, and heads with grain
were harvested and analyzed for heavy metals. At the same time, the mine waste materials were
analyzed for heavy metals, organic matter, nitrogen (N), and phosphorus (P). Because
differences in concentrations of heavy metals due to the original treatments established in 2006
were not evident, concentrations were averaged together. However, Sites A and B were
different. Site A had higher concentrations of the heavy metals than Siklais grew better
with biosolids than without biosolids, and they grew better on mine waste materials from Site B

than Site A. Only the plants grown with biosolids produced heads. Plants grown without
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biosolids were chlorotic and showed purple colorgtgymptoms of Pb and Cd toxicity. The

roots were highly polluted with Pb, Zn, and Cd, and the shoots less so. But the concentrations of
Pb and Zn in the heads were within normal concentration ranges. Cadmium in the heads (0.7
kgl) was slightly elested above normal levels (maximum normal, 0.2 m§ kd herefore,

transfer of the heavy metals from the roots to heads was limited by the plant. At the end of the
experiment, heavy metals, organic matter, and N in the mine waste materials with biwedids
similar to those without biosolidbutP was increased in the mine waste materials after the
addition of biosolids. Thus, the biosolids increased P, an essential element for plant growth. In
addition to promoting growth, the P seemed to be thaeiéin the biosolids that reduced the
availability of the heavy metals. The P apparently formed metal compounds that immobilized
the heavy metals in the contaminated waste materials, so the sudex could not readily take them
up. The results showed thhetuse of biosolids appears to be a promising method for

rehabilitation of mine sites.
3.2 Introduction

Abandoned mine sites have left a legacy of contamination worldwide. The
environmental problems associated with them are serious and global (Dyleivask2006).
The lead (Pb) and zinc (Zn) mines in the-$tate Mining District of southeast Kansas,
southwest Missouri, and northeast Oklahoma are such mines. The wastes from these mines have
polluted groundwater, rivers, lakes, sediments, and gdildglSaheb et al. 1994; Carroll et al.
1998; Brown et al. 2004; Pierzynski and Gehl 2004; Schaider et al. 2007; Schwab et al. 2007,
Juracek 2008; Pierzynski et al. 2010), as well as fish and mussels (Brumbaugh et al. 2005;
Schmitt et al. 2005; Angelo ek 2007). Methods to remediate the mine wastes are urgently

needed (Johnson et al. 2016).
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The TriState Mining Dstrict has a history of mining that goes back to the early 1800s,
when Pb was mined by trappers and explorers for bullets (Pope 2008ake5;2008, p. 12
13). Commercial mining in this region began about 1850 (Gibson 1972, p. 14) and rapidly
expanded after the Civil War (Gibson 1972, p. 26). Mining operations were first limited,
because of the lack of adequate transportation (Gibson £922) and heavy machinery.
However, after the Civil War, around 1870, railroads extended lines into ti&#ale District.
In the late 1800s, small, individually owned surface mines were bought out by larger mining
companies (Gibson 1972, p. 68), winifurther improved opportunities for development. From
1850 to 1950, the District was the worl dos | e
accounting for 50 per cent of the U.S.A.06s Zn
(Gibson 1972, p.&). The mines in the District equipped the United States so it could fight four
major wars (Civil War, World War |, World War II, and the Korean War). Industry in the
United States and abroad used the Pb and Zn concentrates from the District to produce
munitions, bearings, castings, pipe, galvanized metals, batteries, chains, nails, and numerous
other products (Gibson 1972, p. 2B867). The mines in the F8tate Mining District lasted until
1970 (Pope 2005, p. 1; U.S. Environmental Protection Agen@y)20rhe District includes
Galena, Kansas, where mines began to operate in 1876 (Pope 2005, p. 7). The century of mining
operations in Galena has left Pb and Zn contamination throughout the city. The waste materials
around the mines are highly pollutesht only with Pb and Zn, but also with cadmium (Cd),
which often ceoccurs geologically with Zn.

Despite the high standard of living brought to Americans by the products from the Tri
State mines (Gibson 1972, p. 266), the miners and local populatioredritealth problems

from the beginning of the mining. The miners
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caused by breathing the flint dust produced by drilling and blasting (Gibson 1972, p. 182). It
predisposed the miners and townspeople tertubosis. In 1940, Cherokee County in Kansas,
where Galena is located, recorded more cases of tuberculosis than any other county in Kansas,
and, in 1951, the countyds death rate from tu
the state (Giben 1972, p. 194). Residents of Galena have a higher incidence of kidney disease,
heart disease, skin cancer, and anemia compared to residents in control towns (Neuberger et al.
1990). These results suggest that environmental agents in Galena areegbgoitiahe
causation of several chronic diseases in the residents.

Adding amendments to allow plant growth has been suggested as one way to remediate
mine wastes. Amendments have been applied to the waste materials inShatel Mining
District, and Ferzynski et al. (1994) review the early literature about them. Pierzynski et al.
(2002) added cattle manure as a soil amendment to the mine tailings at Galena, to see if tall
fescue Festuca arundinace8chreb.) would grow. After the first growing seasweegetative
cover reached 71% but then steadily declined to 29% over the next two growing seasons. They
attributed the poor growth to Zn toxicity.

Biosolids (sewage sludge) have often been used to remediate mine sites (Haering et al.
2000; Brown et al2005; Karathanasis et al. 2007; Stuczynski et al. 2007; Santibafiez et al. 2008;
Sheoran et al. 2010; Madején et al. 2012; Pepper et al. 2013; Mahar et al. 2015; Wijesekara et al.
2016). Biosolids are recommended for amelioration of degraded land, é¢icaysdd
nutrients, especially nitrogen and phosphorus, and organic matter to the soil for plant growth
(Kirkham 1974; Lu et al. 2012). Recycling of biosolids to reclaim and revegetate areas disturbed
by mining has long been promoted by the U.S. Enwiremtal Protection Agency (U.S.

Environmental Protection Agency 1989).
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However, little work has been done using biosolids to remediate the mine waste materials
in the TriState Mining District. Brown et al. (2007) added amendments, including lime
stabilized biosolids and composted biosolids, on tailings from the Tar Creek National Priorities
List Superfund Site in Oklahoma to see if they would restore vegetation and reduce availability
of heavy metals that contaminate the tailings (Pb, Zn, and Cd). Rio¢sseeded with Bermuda
grass Cynodon dactylorPers.). Bioaccessible Pb in the tailings was measured using a
physiologically based extraction test. The biosolids did not reduce bioaccessible Pb in the
tailings. When diammonium phosphate fertilizer \wwdded with the biosolids, bioaccessible Pb
was reduced. In general, six months after the amendments were added, growth was poor due, in
large part, to the high electrical conductivity of the tailings (9.0nd% But 18 months after
they were added, ghlots supported plant growth. Brown et al. (2007) reported plant Cd and Zn
in the Bermuda gras#)ey did not measure plant Pb.

Between 1998 and 2001, Brown et al. (2014) added biosolids plus lime to plots in Jasper
County in southwestern Missouri, paftthe TriState Mining District. They planted different
grasses on the plots. They found that in 201214 $ears after the amendments were added, dry
matter of orchard grasBa&ctylis glomeratd..), big bluestemAndropogon gerardiVitman),
little bluestem Andropogon scopariulichx.), turkey foot (scientific name not given by Brown
et al. 2014), Indian grasS¢rghastrum nutanis.), sideoatgrama(Bouteloua curtipendula
Michx.), and fescueHestucasp.) were increased due to the biosolids with linme2012, the
average plant dry weightith biosolids (336 Mda?) and lime (48Vig ha') was 46 gn?, while
minimal or no plant growth occurred at the control sites witharoended mine waste materials.
Brown et al. (2014) reported Pb, Zn, and Cthim grass leaves, but did not report the

concentrations of heavy metals in roots or in heads with grain.
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In 2006, researchers at Kansas State University (Baker et al. 2011) added amendments
(compost, lime, and bentonite) to mine waste materials at Gatesee if they would change
their microbial properties. They found that only high levels of compost increased microbial
activity. Biosolids have never been applied to the mine waste materials at Galena, to see if they
would reduce availability of theglavy metals to plants. Therefore, we sampled the waste
materials in the plots established by Baker et al. (2011) and set up a greenhouse study with
sudex, a sorghursudan grass hybrid, to determine the effect of biosolids on the growth of the

sudex and @insfer of heavy metals from roots to shoots and then to heads.
3.3 Materials and Methods

The experiment was carried out between January and May, 2015, in a greenhouse at
Kansas State University in Manhattan, KS32 6 N3 5 8%, 325 m adingve sea |
mine waste materials from abandoned mines located at Galena, ®S6(3¥ 23 89%94W; 275 m
above sea leVe On the soil survey map, the mapunit at the site location is 9975, labelled as
dumps, mindUSDA, 2013. In 2006, Baker et al. (2011) establidi@ots at two sites, called
Site A and Site B, where mine wastaterials had been collected and deposited on the surface
for 100 years. The mine waste materials were-prbguct in the initial processing of Zand
Pb-containing ores. Both Site A a&ite B were in the town of Galena and were 2 km apart
(Fig. 3.1). Site B was near the center of the town and houses were around it, and Site A was on
the outskirts of town and it had no buildings around it. Site A was established on 8 May 2006
and Site Bon 12 May 2006. The sites were on level ground. Each experimental plot was 1 m x
2 m in size with three replications of seven different treatments, for a total of 21 plots at each
site, or a total of 42 plots. Each plot had a galvanized steel bontlex,2m in size, to limit

inter-plot contamination (Baker 2008, p. 138).
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The seven treatments were (1) raamended control plot; (2) a low compost treatment of
45 Mg hat; (3) a high compost treatment of 269 Mgthé4) low compost (45 Mg hg + lime
as Ca(OH) (11.2 Mg hal); (5) high compost (269 Mg Ha+ lime as Ca(OH)(11.2 Mg hal);

(6) low compost (45 Mg h + lime as Ca(OH)(11.2 Mg ha') + bentonite applied at 50 g
bentonite per kg compost; and (7) high compost (269 My hdime applie as Ca(OH)(11.2

Mg ha?) + bentonite applied at 50 g bentonite per kg compost. The compost was composted
beef Bostaurug manure, and the bentonite was a Wyoming bentonite obtained from Enviroplug
Grout (WyeBen, Inc., Billings, MT) (Baker, 2008, p38). Treatments were applied and mixed

to a depth of 30 cm (Baker 2008, p. 138). Switchgi@asi¢um virgatuni.) was seeded on the
plots on 26 May 2006. Switchgrass did not grow on the plots in 2006 due to the high salinity of
the compost and lack odinfall. In the fall of 2006, plots were seeded to annual ryegrass
(Lolium multiflorumLam.) as a winter cover crop, and the ryegrass was killed with Glyphosate
in the spring of 2007, when the plots wereseeded with switchgrass on 19 April 2007 (Baker
2008, p. 138139). The plots were sampled for biomass 535 and 841 days after Day 0, which
Baker (2008, p. 139) designated as 26 May 2006. These days were 12 Nov. 2007 and 14 Aug.
2008.

No more amendments were added to the plots between May, 2006theh®ats were
established by Baker et al. (2011), andl®38Nov. 2014, when we sampled the plots 8.5 years
after the amendments had been added. At that time in 2014, we scooped up the top 13 cm (5 in)
of mine waste materials from each plot at Site A &itel B with a flat shovel and put them into
42 5gallon (19L) buckets with lids (Product Code 0 84305 3559 1, Home Depot, Atlanta, GA),
one bucket for each plot. On 19 Nov. 2014, we brought the buckets back to Manhattan, KS,

where the mine waste matdsiavere laid out on brown paper in the greenhouse to dry. On 1
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Jan. 2015, the mine waste materials were sieved using a stév& mvm openings. On 13 Jan.,

84 plastic pots (each 22 cm diam.; 22 cm height) were filled with the mine waste materials. On
13 Jan., liquid, aerobically digested biosolids from the Manhattan, Kansas, Wastewater
Treatment Plant were obtained. On 14 Jan., 1000 mL tap water were added to each pot and each
pot drained. On 21 Jan. and 22 Jan., 500 mL of the liquid biosolids wetedagach day to the
surface of 42 pots (half of the pots). The 1000 mL of biosolids thatadeled made a layer

about 1 cm thick. The percent of dry solids of the biosolids was measured to be@I8®g
method described iNew York State Departnmé of EnvironmentBConservation (c. 1965, p.

218). On 26 Jan. and 27 Jan., 500 mL tap water were added each day to each pot that did not
have biosolids, and the pots drained each ldbegause of the coarse nature of the mine waste
materiak, even thoughhey had been sieved to 4 mindid not study the heavy metal content of
the leachate. The purpose of the study was to monitor growth in the mine waste materials with
and without biosolids. HowevaWahla and Kirkhan{2008)did study leachate from coluran
containing a Haynie very fine sandy loam soil treated with biosolids. The heavy metals in the
biosolids only leached if the soil was saline. They did not leach from control columns.

On 28 Jan., 20 seeds of the forage crop suiesghum bicolofL.) Moench xS.
sudanesgPiper) Staph] (Chu and Kerr 1977; Summers et al. 2009) were planted in each of the
84 pots. We chose sudex because it is recommended for erosion control and to improve soll
structure (Summers et al. 2009). On 17 Feb., the plae&ch pot were thinned to 10 plants per
pot. All pots had 10 plants except for nine pots. No plants germinated in two pots (both pots
with mine waste material from the control plots, and one had biosolids and one did not have

biosolids), and seven mohad between four and nine plants.
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Between 30 Jan. and 15 May, the plants e pots capacityThe water content in
the mine waste materials was monitored using inexpensive soil moisture meters (Faber et al.
1993). Due to the roughness of the mirasste materials, the rod on the meters broke, so two
different types were used: Mini Moisture Tester (Luster Leaf Products, Inc., Woodstock, IL;
Product Code 0 35307 01810 6) and HoldAll Moisture Meter (Parkroetucts Corp.,

Columbus, OH; Product Code70686 26002 9). Based on the measurements with the moisture
meters, 500 mL tap water were usually added two times a week to eadhateting did not

cause mine waste material splashed up on the plahtswater moved immediately into the

mine waste materials due to their coarse nature.

During the experiment, the temperature and relative humidity were measured hourly
between 9 Feb. and 21 April with a sensor for each in four boxatetbm the southeast,
southwest, northwest, and northeast corners of the greenhouse. The sensors were part of the
Throckmorton Greenhouse Temperature Tracking System;lause built system. The sensors
were haneassembled by Arthur Selman, NetworkeSialist and Instructor at Kansas State
University. Table3.1 shows the average monthly day and night temperature and the average day
and night relative humidity during the experiment at the four locations in the greenhouse. Pan
evaporation rate betwe@8 Jan. and 15 May awged 0.30 cnday®. Natural daylight was used
during the experiment.

Throughout the experiment, the height of shoots was measured once a week by choosing
at random 5 plants per pot. The height was measured from the surface ofdtveaste
materials to the tip of an extended leaf.

Plants were harvested on-18 May (110 and 111 days after planting) by cutting the

culms just above the surface of the mine waste matefasts werghoroughlycleaned by
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water. Headswith grain wee removed, if a plant produced a head. Leaves and culms were
combined and | abelled fishoots, 0 and they were
was measured. Dry weights of the shoots were determined by drying them to constant weight at
70°C. For the two pots that had no plants, their fresh and dry weights were recorded as zero.
Roots were extracted by washing them in water to remove adhered mine waste materials.
Because not all the roots were extracted, fresh and dry weights of thevepetsot determined.
The plant tissues were submitted to the Soil Testing Laboratory at Kansas State University for
analyses.

The roots, shoots, and heads were digested using ap@tebloric acid digest (Kirkham
2000) and analyzed for P, K, Ca, Mgj,&Cu, Fe, Mn, Ni, Pb, and Zn using inductively coupled
plasmaatomic emission spectroscopy (KAES), also referred tas inductively coupled
plasmaoptical emission spectrometry (IGPES). Detection limits inmg L for the ICRAES
were: Cd, 0.005; C@).003; Fe, 0.05, Mn, 0.003; Ni, 0.007, Pb, 0.003, and Zn, 0.00i&se are
the detection limits given by manufactufer optimal conditions The detection limits for the
elementsn mg kg? of theplant samfe were calculated as follow&Each plant sample had about
0.25 g, and the sample volume was 50 mL; 50 mL/0.25 g = 200. Each detection limit given by
the manufacturer was multiplied by 200. This gave detedimnits for the plant samplés mg
kg? as follows:Cd, 1.0, Cu, 0.6, Fe,10.Q, Mn, 0.6; Ni, 1.4, Pb,0.6, and Zn0.6. For the major
elements, the practical quantitatilimit of the ICRAES is 1 mgkg™. Quality assurance/quality
cortrol were dondoy duplicating10% of the sampleandthe standard came from th&ational
Institute of Standasiand Technology (NIST, SRM 1515pple leavs).

For determination of total nitrogen in plant tissues, a salisylturic acid digestion was

used (Bremner anlulvaney 1982, p. 621), and then the digest was analyzed for N by a
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colorimetric procedure using the Rapid Flow Analyzer (Model RBBA) and RFA Methodology
No. A303S072 from Alpkem Corporation, Clackamas, OR.

The mine waste materials were analyzedcfe@mical constituents when they were
brought back from Galena, KS, in November, 2014, and at the end of the greenhouse experiment.
When the mine waste materials were sampled at the end of the experiment, the contents of each
pot were dumped onto brown mgamnd then all the contents of each pot were mixed up. For the
pots with biosolids, the crust was mixed up into the mine waste materials. The samples were
placed in brown bags, which were submitted to the Soil Testing Laboratory for analyses.

The mine vaste materials were analyzed for total concentrations of the heavy metals
using a nitric acid digest (Wahla and Kirkham 2008). Heavy metals in the mine waste materials
were extracted using diethylenetriaminepentaacetic acid (DTPA) (Lindsay and Non&)ll 197
and extractable concentrations were determined using thRAESP Total P in the mine waste
materials was determined in the same way as total N was determined for the plant samples (see
above). Extractable P in the mine waste materials was deterosimegpthe Mehlich 3 test
(Frank et al. 1998). The pH, electrical conductivity, and cation exchange capacity of the mine
waste materials were determined using the methods described by Watson and Brown (1998),
Whitney (1998), and Warncke and Brown (1998%pectively. Organic matter in the mine
waste materials was determined using the loss of weight on ignition method described by Combs
and Nathan (1998). Total nitrogen and total carbon in the mine waste materials, as well as total
carbon in the heads,ere determined using a LECO TruSpec CN Carbon/Nitrogen combustion
analyzer, which reports total levels (inorganic and organic) of C and N on a weight percent basis,

according to, for the mine waste material s,

t

Nt rogen in Soil and Sediment, o and, for plant
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ACar bon, Hydrogen, and Nitrogen in Flour and

Corporation, St. Joseph, MI, in 2005. After determination of total C and N in thexaste
materials, total organic carbon was determined, as follows. By pretreatment of a second LECO
combustion sample with dilute phosphoric acid, carbon dioxide is released from calcium and
magnesium carbonates in the mine waste materials, leavinghertigtal organic carbon present,
which is then calculated.

The tap water used for watering the plants during the experiment was analyzed for pH,
electrical conductivity, and elemental composition using the methods described above. The tap
water had the ftlowing chemical characteristics: pH, 8.72; electrical conductivity, 0.404S
Ca, 23.51 mgg?; K, 7.53mg kg*; Mg, 14.54mg kg*; Na, 45.02ng kg*; and Cu, 0.0Ing kg
1. Cadmium, Fe, Mn, Ni, Pb, and Zn were below detection levels (less tham@Xy?) in the
tap water.

The biosolids were analyzed after they were collected on 13 Jan. 2015. Theyerere
driedat 105°C for 24hr and the sample was submitted to the Soil Testing Laboratory. It was
analyzed for total concentrations of the hematals, pH, organic matter, and total P using the
same methods that were used for the mine waste materials. The biosolids sample had the
following chemical characteristics: pH, 4.65; organic matter, 59.90%; total P, 3.40%; Cd, 9.1
mg kg*; Cu, 361.3ng kg!; Fe,3850.4mg kg%, Mn, 90.1mg kg*; Ni, 1.6mg kg?; Pb, 13.1mg
kg?, and Zn, 577.0ng kg*. United States EPA limits for heavy metals in biosolids in mg kg
are as follows: Cd, 39; Cu, 1500; Ni, 420; Pb, 300; Zn, 280@ EPA sets no limits fd-e and
Mn.

Another sample of the biosolids from the Manhattan, Kansas, Wastewater Treatment

Plant was obtained on 20 June 2016, and a wet sample was submitted to the Soil Testing
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Laboratory for analysis of pH (Watson and Brown 1998), electrical comndy¢iVhitney

1998), total suspended solids, total N, and total P. Total suspended solids were determined by
filtering the biosolids through a O.4f&cron filter using a vacuum. The dry weight of the filter
member was measured before and after filtnatibhe total suspended solids were calculated as
mg L™ (Csuros 1997). The total N and P in the liquid sample were determined by taking a 10
mL sample, which was then digested with a potassium persulfate reagent (Nelson 1987) in an
autoclave and then agaed according to Hosomi and Sudu (1986). The 2016 analyses showed
that the wet biosolids had a pH of 6.10, an electrical conductivity of 1.7#%'d$8,200 md.*

total suspended solids, total N of 825rfid kg?, and total P of 685.5@1g kg*. An electrical
conductivity less than 2 dS hias negligible effects on crop grow@ernstein, 1964)

Suspended solids refer to small solid particles that remain in suspension in the liquid biosolids
The smaller the number the better the biosolids are dayelsi'ogen and P as documented in

the literature are given in the next paragraphe sample obtained 20 June 2016 was dried and
extractable and total concentrations of the heavy metals were determined using the methods used
on the mine waste materialExtractable concentrations ing kg* were: Cd, 1.2; Cu, 96.5; Fe,
536.7; Mn, 79.7; Ni, 10.8; Pb, 7.4; and Zn, 406.6. Total concentrationg ky'were: Cd, 1.1;

Cu, 314.6; Fe, 6072.3; Mn, 165.1; Ni, 13.2; Pb, 14.0; and Zn, 442.5.

On a longterm bais (19952014), the Manhattan biosolids have 2.5% by weight total
solids; 1053.9ng kg* Kjeldahl N on a wetveight basis; 44,143 @hg kg total Kjeldahl N on a
dry-weight basis; and 25,153mg kg’ total P on a drywveight basis. In 2015, the Manhattan
biosolids were analyzed by the city four times (March, May, Oct., and Nov.), and the average of
the four analyses showed that the biosolids had 3.8% by weight total solids; m@kgt

Kjeldhal N on a wetveight basis; 48,5750 kg* total Kjeldhal Non a dryweight basis; and
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30,800.0mg kg total P on a drywveight basis (Dr. Abdu Durar, Water and Wastewater Division,
Manhattan, KS, personal communication, 22 June 2016). The concentrations of N and P in the
biosolids are similar to those reportedie literature (Peterson et al. 1972; Dean and Smith

1973; Vesilind 1975, p. 23). On a dry weight basis, biosolids have between 1.8 and 6.4% N and
0.8 and 3.9% P.

The greenhouse had three benches oriented in theveststlirection. The door to the
greenhouse, located on an interior hallway, was on the north wall of the greenhouse, which had a
cooling pad. The south wall of the greenhouse had two fans and windows that faced outside.
Near the ceiling of the greenhouse was a large plastic tube,&bout in diameter, with holes
through which air was pushed out to ventilate the greenhouse. The tube ran from the north wall
to the south wall of the greenhouse. At the beginning of the experiment, the pots with the mine
waste materials from the twoestand the three replications established by Baker et al. (2011)
were placed on the greenhouse benches as follows:

Bench near north wall of greenhouse:
West side of bench: Sife, Replication2

East side of bench: Sii Replicationl

Bench in mddle of greenhouse:

West side of bench: Site B, Replication 3
East side of bench, Site A, Replication 1
Bench near south wall of greenhouse:
West side of bench: Sit, Replication3

East side of bench: Sii& Replication2
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Pots with the seven orital treatments of Baker et al. (2011) were placed randomly in a
row. Pots with biosolids were lined up on the north side of each bench and the pots without
biosolids were lined up on the south side of each bench. Therefore, on each half of a bench,
there were two rows of seven pots.

On Mondays, Wednesdays, and Fridays of each week during the experiment, the pots
were rotated. In each row of seven pots of a replication, either with or without biosolids, the pot
at the eastern side was put in the locatibthe pot at the western side. Then each pot in a row
was moved one pot toward the east. Consequently, each pot had a new position in the
greenhouse three times a week.

The experimental design of Baker et al. (2011) was a complete block with treagnent
the main factor at each site. They separated the sites (Site A and Site B) due to a significant site
by treatment interactiop@© 0. 05) for al l measurements. We
The experiment was a randomized complete block avghlitplot design, in which site was the
fixed blocking factor (whole plot treatment factor) for locations within sites (whole plot
experimental wunits) and biosolidsd methods wa
atotalof 84 pots(2ist es; 7 original treatments; 3 sampl e
methods, i.e. with and without biosolids). Because differences in measurements taken from plots
from the seven original treatments established by Baker et al. (2011) gewerallgot
significant at 0.05, the seven treatments were averaged togetppendix Bshows the
statistical analyses for the seven individual treatments. After averaging the 7 original treatments,
the observations were reduced to 12 records. Statianalyses were performed using PROC

GLIMMIX of SAS Version 9.4 (Statistical Analysis System 2013). Least Square Means of
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bi osolidsd methods (with or without biosolids

within each site.
3.4 Resultsand Discussion

As noted in the description of the statistical analysis (previous paragraph), differences in
measurements taken from plots from the seven original treatments established by Baker et al.
(2011) generally were not significant. This was true bothth®measurements taken on the
mine waste materials and on the plants. If differences did occur among treatments, they were not
consistent. The measurements taken on plots with the amendments did not always have a lower
or higher value than those fronetbontrol plots. Therefore, 8.5 years after the amendments
were added, their effects were no longer evident, based on our measurements. Baker et al.
(2011) concluded that large amounts of organic matter were needed to support biomass in the
mine waste marials over the tw«year period that they studied. Their results implied that their
amendments would have to be added year after year to sustain growth on the mine waste
materials Gudichuttu (2014) suggested that high amsohtompost would be needéal
maintain long term sustainability of plants on the plots of Baker et al. (201 tpntrast tahese
results, differences among the treatments have been obseemeedight years after Baker et al.
(2011) added their treatmentsettiarachchet al.reported in Wijesekara et al. (2016) that eight
years aftethe amendments were adgéte high compost treatment had higher microbial
activity than the other treatments.

The mine waste materials at both Site A and Site B were highly contaminatedwith P
Zn, and Cd (Tabl8.2). They had at least 10 times more Pb, Zn, and Cd thaonamaminated
soils. Total concentrations of these heavy metals ircootaminated soils range from 2 to 200

mg kg* for Pb, 10 to 300 mg kbfor Zn, and 0.01 to 0.7 mgyk for Cd (Kirkham 2008). In
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non-contaminated soils, extractable concentrations range fror®.0%g kg' for Pb, 0.01 to
200 for Zn, and 0.01 to 0.5 mgkdor Cd (Kirkham 2008). Total and extractable concentrations
of Cu, Mn, and Ni in the mine wastmaterials were within normal concentration ranges. Total
concentrations of Cu, Mn, and Ni in soils range from 2 to 200 g @0 to 4000 mg K and
5 to 5000 mg kg, respectively (Kirkham 2008). Extractable concentrations of Cu, Mn, and Ni
in sois range from 0.0029.2 mg kg, 0.001 to 4.8 mg k§ and 0.01 to 403 mg Kg
respectively. The element Fe is abundant in soils, the amount ranging frong2@f to at
least 10% (Sauchelli 1969, p. 40). Norrish (1975) gives an average concerut &#im soils,
based on data from many different references, as 30,000 tngTkeerefore, the Fe in the mine
waste materials was within normal ranges. The electrical conductivities of the mine waste
materials at both Site A (0.21 dSYrand Site B (82 dS mt) were low. At 0 to 2 dS rh(or 0
to 2 mmhosm?), salinity effects are mostly negligible on crops (Bernstein 1964).

Plants grown with biosolids grew taller than plants grown without biosolids3R2p.
Plants grown on mine waste materi@sn Site B grew taller than plants grown on mine waste
materials from Site A. At Site A and Site B, the shoots of the plants that grew with biosolids
produced 5 and 8 times more fresh weight, and 7 and 13 times more dry weight, respectively,
than shoot®f plants without biosolids (Tab®&3). Roots in pots with biosolids grew to the
bottom of the pots and penetrated the entire volume of the pots. Roots in pots without biosolids
were short and were only in the surface of the p@isly plants grown wh biosolids produced
heads with grain.

In addition to being stunted, the plants grown without biosolids were chlorotic and
showed purple coloration. The symptoms were similar to photographs of toxicities caused by Pb

and Cd (Dr. Douglas J. Jardine, Praefas Department of Plant Pathology, Kansas State
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University, personal communication, 13 May 2015). Hassett et al. (1976) found that radicle
elongation of soigrown corn Zea may4..) seedlings was depressed by concentrations of@
Cd kg? of soil or 50 mg Plkg? of soil when the metals were added singly. But when Pb and
Cd were added in combination, inhibition of radicle elongation occurred at lower concentrations.
The effect of the metals when added in combination was greater than the sunffetcthevben
the metals were added singly. This shows that growth is more reduced when two toxic heavy
metals are present compared to one. The fact that Pb, Zn, and Cd were all elevated in the mine
waste materials was a reason why they had an extrenletgrieus effect on growth of the
sudex without biosolids. As will be discussed later, the phosphorus in the biosolids appeared to
immobilize the heavy metals, which allowed the plants with biosolids to grow tall and to
maturity.

Roots at both Site A ar§ite B were highly contaminated with Pb, Zn, and Cd, but the
contamination was less at Site A than at Site B (Taldle Concentrations of these heavy
metals far exceeded normal concentrations. The maximum concentrations of Pb, Zn, and Cd in
plants grow under norcontaminated conditions are 5.0, 150, and @3Xkg?, respectively
(Liphadzi and Kirkham 2006). Except for Mn in roots with and without biosolids at Site A, Cu,
Fe, Mn, and Ni were elevated above normal levels in the roots. Normal maximum
concentrations of Cu, Fe, Mn, and Ni in plants are 15, 300, 100, amiglk@®, respectively
(Liphadzi and Kirkham 2006).

Concentrations of the heavy metals in the shoots were less than in the root8.d)able
Concentrations of Cu and Mn in all sheetere within normal ranges. Concentrations of Cd, Fe,

Ni, Pb, and Zn in the shoots were higher than those normally found in plants.
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Except for Ni at Site A and Cd at both Sites A and B, concentrations of the heavy metals
in the heads of plants were hith normal concentration ranges (TaBlé). Ni was only slightly
elevated above normal levels in the heads at Site An{@.Kg* versus 1.0ng kg* for the
normal maximum concentration). Even though the roots and shoots were highly contaminated
with Pband Zn, the concentrations of these heavy metals were within normal concentration
ranges in the heads.

Other studies have shown that limited movement of heavy metals through plants offers a
method to reduce their toxicity. Kirkham (1975) found thats@dtcorn grown in plots that had
been treated for 35 years with biosolids contained high concentration of heavy metals, but only
Cd and Cu were elevated in the leaves, and the grain had reanmeaintrations of heavy metals.

Cadmium was the heavy metaatiwas elevated above normal levels in the heads,
especially at Site ASite A and B had 2.2 and 0.7 mg*gd in heads, respectivelgnd the
normal limit for Cd in plants i6.2 mg kg'. Unlike Pb, which is highly immobile in plants
(Liphadzi and Kirkham 2006), Cd is known to be mobile in plants and move in the transpiration
stream (Jaakkola and Ylaranta 1976). Both the sudex leaves and heads could not be used for
forage, because of the elevated Cd. Other studies have shown that Cd is the heafymostal
concern in plants that are eaten (Kirkham 1974; Liphadzi and Kirkham 2006; Clemens and Ma
2016).

Concentrations of N, P, K, and Mg in the roots, shoots, and heads were within normal
concentration ranges (Tal8e&). Normal concentration rangks N and K are 0.5 to 5%, and
for P and Mg they are 0.1 to 1% (Liphadzi and Kirkham 2006). Normal concentration ranges for
Ca in plants range from 0.5 to 5%. Calcium was low in the roots grown with and without

biosolids at both Sites A and B.
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In generd at the end of the experiment total concentrations of the heavy metals in the
mine waste materials both with and without biosolids (T8¢ were similar to those at the
beginning of the experiment (Tal8&). Also, at the end of the experiment ectiahle
concentrations of the heavy metals in the mine wasterials both with and without biosolids
were similar to those atéhtbeginning of the experimenthe Fe and Mn in biosolids affects the
availability of heavy metals like Cd (Hettiarachchi ket 2003; Hettiarachchi et al., 2006
However, in my experiment | saw no differences in total concentration of Fe and Mn in mine
waste materials with and without biosolids except at Site B, wtierenine waste materials
with biosolds had a lower concentration of Mn than those without biosolids.

At both Sites A and B with and without biosolids, the electrical conductivities of the mine
waste materials at the end of the experiment (TaBlewere greater than at the beginning ef th
experiment (Tabl8.2). At both Site A and Site B, the waste materials with biosolids had a
higher electrical conductivity than those without biosolids (T8¢ However, the electrical
conductivity of the mine waste materials with biosolids waklsti (c. 1 dS mt) and below the
threshold when electrical conductivity begins to decrease growth afesaitive crops (2SIm
) (Bernstein 1964).

Both with and without biosolids, soil organic matter at the end of the experiment (Table
3.7) was grear than that at the beginning of the experiment (Tal&eg The increase may be
due to the roots that were present in the soil at the end of the experiment. Total N was not
changed during the experiment (compare TaB2®nd3.7). At Site A, total Nwvas slightly
increased by the addition of biosolids, but it wasincreased at Site B (TakBe7). Usually,

biosolids add N to soil (Kirkham 1974), but this was evident only at Site A. Therefore, the

67



increase in growth of the plants grown with biosehdas probably not due to differences in N
between the pots with biosolids and the pots without biosolids.

At the end of the experiment, total C and total organic C at both Site A and Site B were
increased due to the presence of biosolids (TaBle Digested biosolids are outstanding in
their ability to increase the organic content of soils (Kirkham 1974), and this was evident in our
experiment. Except for total organic C at Site B, total C and total organic C were higher at the
end of the experimenban the beginning of the experiment (Tal8&sand3.7). Karna (2014)
found that OC immobilized Pb and Zn. The C also increases aggregation, which makes the mine
waste materials a better medium for plant growgbr both Sites A and B without biosddi,
total P and total extractable P in the mine waste materials were slightly higher at the end of the
experiment than at the beginning of the experiment (T&bRand3.7). At both Site A and Site
B, total P and extractable P were increased afterdtiéi@n of biosolids (Tabl&.7), thus,the
biosolids increased Which wasneeded for plant growth. The P added by the biosolids also may
have reduced the availability of the heavy metals. It has been known for a long time that P is
effective in reducig heavy metal availability in soils (Chaney 1973; Kirkham 1977). Many
studies have shown that P can stabilize heavy metals like Pb in soil (Hettiarachchi et al. 2001;
Hettiarachchi and Pierzynski 2002; Hettiarachchi et al. 2003; Baker et al. 2014)entepat
method for immobilization of metal availability in contaminated soils depends upon the addition
of P (Pierzynski and Hettiarachchi 2002). The method is particularly useful for reducing the
bioavailability of Pb and Group 1IB metals (e.g., Zn, and & Group VIII metals (e.g., Fe and
Ni). Phosphorugsan beadded to waste materiats, decreaséhe bioavailability ofa metal
contaminant It formsirreversibly adsorbed metal®hosphoruseacs with theheavy metal$o

form insoluble metal phosptes. It makeshe metal contaminant ndsoavailable. Our results
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agree with those of Brown et al. (2007), who found that diammonium phosphate fertilizer

reduced bioaccessible Pb in tailings on a site in Oklahoma in #&tata Mining District.
3.5 Conclusion

In conclusion, the increased growth of the plants grown with biosolids appeared to be due
to the total C, total organic C, and P that they added to the mine waste malér&aS3C
apparently immobilized the Pb and Zihe P not only was an ess@hnutrient, but it also may
have bound the heavy metals and made them less available for uptake. The results suggest that
biosolids, which are readily available from any town and continually produced, should be added

to mine waste materials to revedetthe degraded land.
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Figure 3.1 Map of Galena, Kansas, showing the location of Site A and Site B, where the
mine waste materials were sampled. A map of Kansas is in the lower ksfand corner, and
Cherokee County, in southeastern Kansas, is highlighted. Chero&k&ounty is enlarged
above the map for Kansas. Labette County is west of Cherokee County, and Crawford
County is north of it. The state of Missouri is east of Cherokee County, and the state of
Oklahoma is south of it. Galena is in the southeastern padf Cherokee County, and it is
highlighted in the map of Cherokee County. In the map for Galena, the gray striations
delineate the boundary of the town, and the areas in red show where the lead and zinc
mines were located.
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Figure 3.2 Height of sudex grown with and without biosolids in mine waste materials from
two different sites in Galena, Kansas. Site A was on the outskirts of town, and Site B was
near the center of town. The day of planting was 28 Jai2015. Mean and standard
deviations are shown for each data point (n = 105). If no standard deviation bars show,
they fell within the data point.
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Table 3.1 Monthly average of day and night temperatue (0C) and day and night humidity
(%) at four locations in the greenhouse during the experiment.

Temperature Humidity
Month (2015) Day Night Day Night

Northeast
February 189 16.2 31.3 40.2
March 20.7 204 36.5 37.8
April 21.6 21.1 46.7 447
Southeast
February 185 156 329 414
March 204 20.1 36.9 38.2
April 21.6 21.3 46.5 44.8
Northwest
February 18.8 15.7 31.6 41.2
March 20.7 204 36.2 37.2
April 21.4 21.4 46.3 44.3
Southwest
Febuary 175 147 345 438
March 20.3 20.1 37.2 38.4
April 21.7 21.6 46.3 44.6
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Table 3.2 Total and extractable concentrations (mg kel) of seven heavy metals in mine
waste materials sampled on 189 Nov.2014 at two different sites in Galena, Kansas. Site

A was on the outskirts of town, and Site B was near the center of town. Also given are the
pH, electrical conductivity (EC), cation exchange capacity (CEC), organic matter, total
nitrogen, total carbon, total organic carbon, total phosphorus, and extractable phosphorus
of the mine waste materials at the two sites. Within each row, values with the same letter
do not differ significantly at 0.05. Each value is the average of 21 measurements. See text
for description of statistical analyses.

Measurement ) Locatio-n

Site A Site B
Cd, total 31.3a 40.6a
Cu, total 441a  40.9a
Fe, total 3618.9b 9057.0a
Mn, total 62.0b 212.4a
Ni, total 2.9b 3.6a
Pb, total 2643.0a 1126.6b
Zn, total 3480.3a 3070.5b
Cd, extractable 6.6a 1.5b
Cu, extractable 3.3b 8.1a
Fe, extractable 2.3b 33.5a
Mn, extractable 0.2b 2.4a
Ni, extractable 0.2a 0.1b
Pb, extractable 162.8a 67.2b
Zn, extractable 309.4a 143.2b
pH 7.16a  6.44b
EC, Sm? 0.21b  0.32a

CEC, meqL00 g! 4.75a 5.71a
Organic matter, % 1.73a 1.56a

Total N, % 0.13a 0.11a
Total C, % 1.19a 1.03a
Total organicC,% 1.08a 0.98a
Total P, mgkg? 687a 717a

Extractable P, mgg? 253a 175a
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Table 3.3 Fresh and dy weights (g pot?) of shoots and heads of sudex grown with and
without biosolids in mine waste materials from two different sites in Galena, Kansas. Site
A was on the outskirts of town, and Site B was near the center of town. Within each row,
values wih the same lower case letter do not differ significantly at 0.05 and values with the
same capital letter do not differ significantly at 0.05. Each value is the average of 21 pots.
See text for description of statistical analyses.

Site A Site B
With biosolids Without biosolids With biosolids Without biosolids

Fresh weight
Shoots
41.1a 8.4b 72.6A 9.2B
Heads
0.8 é A 2.0 é
Dry weight
Shoots
9.6a 1.3b 17.1A 1.3B
Heads
0.2 é 0.4 é

APlants grown without biosolids did not produce heads.
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Table 3.4 Concentration (mg kg?) of heavy metals in roots, shoots, and heads of sudex
grown with and without biosolids in mine waste materials from two different sites in
Galena, Kansas. Site A was on the outskirts of town, and Site B was near the center of
town. Within each row, values with the same lower case letter do not differ significantly at
0.05 and valus with the same capital letter do not differ at 0.05. Each value is the average
of 21 measurements.See text for description of statistical analyses.

Cd
Cu
Fe
Mn
Ni

Pb
Zn

Cd
Cu
Fe
Mn
Ni

Pb
Zn

Cd
Cu
Fe
Mn
Ni

Pb

Site A Site B
Heavy metal With biosolids Without biosolids With biosolids Without biosolids

Roots

42.60 56.4 18.7B 42.0A

61.4 41.3 49.7A 60.6A

4842. & 6465.% 6465.B 13,067.A

72.2a 52.4a 116.3A 131.6A

8.0a 7.7a 6.9B 12.4A

1196.® 1504.a 585.B 715.1A

77714 6174.® 3054.A 5045.6A
Shoots

12.1b 22.1a 6.6B 10.5A

5.5a 6.3 8.9B 15.0A

443.1a 554.% 186.B 1966.A

50.6a 25.D 57.3A 65.5A

1.6a 1.4a 1.1B 2.4A

59.7b 163.a 22.2B 121.0A

2307.3a 1791.% 711.5A 1117.A
Heads

2.2 é 0.7 é

5.9 é 11.0 é

316.7 é 159.9 é

17.2 é 21.4 é

14 é 0.7 é

3.8 é 1.8 é

116.4 é 57.0 s

Zn

APlants grown without biosolids did not produce heads.
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Table 3.5 Concentration (%) of N, P, K, Mg, and Ca in roots, shoots, and heads of sudex
grown with and without biosolids in mine waste materials from two dferent sites in
Galena, Kansas. Site A was on the outskirts of town, and Site B was near the center of
town. Total carbon was determined only in the heads. Within each row, values with the
same lower case letter do not differ significantly at 0.05 andalues with the same capital
letter do not differ at 0.05. Each value is the average of 21 measurements. See text for
description of statistical analyses.

Site A Site B
Heavy metal With biosolids Without biosolid With biosolids Without biosolids

Roots
1.1 0.8 0.78A 0.59B
P 0.3(a 0.14b 0.17A 0.14B
0.7& 0.8& 0.57B 0.84A
Ca 0.5( 0.41b 0.27B 0.36A
Mg 0.2% 0.27a 0.19B 0.26A
Shoots
1.57a 1.05b 1.31A 0.938
P 0.326a 0.21b 0.332A 0.26A
1.19a 1.31a 1.31B 1.75A
Ca 0.94b 1.42a 0.59B 0.86A
Mg 0.32a 0.3 0.40A 0.31B
Heads
1.45 é A 1.40 é
P 0.252 é 0.249 é
K 0.780 é 0.768 é
Ca 0.160 é 0.133 é
Mg 0.217 é 0.256 é
C 44.21 é 45.27 é

APlants grown without biosolids did not produce heads.
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Table 3.6 Total and extractable concentrations(mg kg?) of heavy metals in mine waste
materials with and without biosolids. The mine waste materials came from two different
sites in Galena, Kansas. Site A was on the outskirts of town, and Site B was near the center
of town. Within each row, valueswith the same lower case letter do not differ significantly

at 0.05 and values with the same capital letter do not differ significantly at 0.05. Each value
is the average of 21 measurements. See text for description of statistical analyses.

Site A Site B
Heavy metal With biosolids Without biosolids With biosolids Without biosolids

Total concentration

Cd 34.9a 33.4a 36.9A 34.3A
Cu 58.1a 48.0b 47.8A 46.3A
Fe 3931.2a 37642a 8914.3A 8095.5A
Mn 82.9a 78.8a 197.9B 220.9A
Ni 3.8a 3.5a 2.9A 3.0A

Pb 3406.5a 2499.5a 1288.7A 1228.9A
Zn 4041.0a 3981.3a 4558.1A 5365.3A

Extractable concentration

Cd 6.6a 6.9a 1.1A 1.3A

Cu 3.4a 2.7a 8.6A 84A

Fe 3.5a 2.9a 37.4A 31.4B
Mn 0.66a 0.68a 3.9A 2.5B

Ni 0.36a 0.23b 0.08A 0.10A
Pb 113.1b 164.9a 60.0A 60.9A
Zn 319.4a 311.0a 118.6A 117.2A
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Table 3.7 The pH, electrical conductivity (EC), cation exchage capacity (CEC), organic
matter, total nitrogen, total carbon, total organic carbon, total phosphorus, and extractable
phosphorus in mine waste materials with and without biosolids. The mine waste materials
came from two different sites in Galena, Kanas. Site A was on the outskirts of town, and
Site B was near the center of town. Within each row, values with the same lower case letter
do not differ significantly at 0.05 and values with the same capital letter do not differ
significantly at 0.05. Eat value is the average of 21 measurements. See text for
description of statistical analyses.

Site A Site B
Measurement With Without  With Without
biosolids biosolids biosolids biosolids

pH 6.7b 7.5a 6.3B 6.7A
EC, dSm 1.07a 0.89b 1.25A 0.97B
CEC, medl00 g* 6.9a 6.0a 7.6a 7.7a
Organic matter, % 2.73a 2.26b 2.24A 2.00B
Total N, % 0.15a 0.13b 0.11A 0.10A
Total C, % 1.71a 1.36b 1.11A 1.01B
Total organic C, % 1.44a 1.24b 1.08A 0.96B
Total P, ppm 1106a  777b 887A 705B
Extractable P, ppn 551a 34% 311A 2088

88



Chapter4-Char acteri zation ofNelarn e

Abandoned Lead and Zinc

4.1 Abstract

Little information exists focharacteristics of attic dust from mining sibeshe central
USA. Thelead b andzinc Zn) mines in the THState Mining District of southeast Kansas,
southwest Missouri, and northeast Oklahdrage left a legacy of pollutionThe mines
producedPbandZn from 1876to the 1970s. Gal@nKs, is a citylocated withinthe TriState
Mining District.Fourteerdust samplewere collectedrom the interiorof buildings (attis anda
basement) where little or no human activity had occuBadhplesvere obtainedrom nine
different buildings including stores, houses, the Galena Waterwaskboal, and a church,
using two methods: sweieg with a brush and vacuumingth a small handheldvacuum. The
dustsamplesvere analyzed faiotal concentration of heavy metdl8d, Cu, Fe, Mn, Ni, Pb, and
Zn) using inductively coupled plasraomic enmssion spectroscopy (IGRES). A Malvern
Mastersizer 300thstrumentwasusedfor particle size analysis dfiedust samples. Mineral and
chemical compositiaof the dust samples were obtadtusingX-ray diffraction(XRD) and
scanning electron microspg-energy dispersive spectroscqBEM-EDX). The concentrations
of the heavy metals in tHel dust samples were highly variabléowever, the dust samples
wereenrichedwith Pb and Zn, as well as Cahmpared to average values foundhion
contaminatedoils based on th information on nowontaminated soil from the literature
Approximately 10% otachdust sample contai@Mio, which might be a heath concernThe
XRD showed thatgena, sphalerite, anglesite, quartz, calcite, aragonite, pyritepaumsbite
minerals wergresenin most of the dust sample$he XRD dataagreed with the results of

SEM-EDX in dust samples
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4.2 Introduction

Dust is displaced soil that is fine enough to be easily suspended in air. It can have both
natural and anthropegic sources. Dust storms are wind storms that sweep up clouds of dust
when passing over an arid region, and they have occurred for eons. They were severe in the
semtarid Great Plains of the USA during the Dust Bowl years of the 1930s (Grill, 2008plePe
died from breathing the dust. The dust due
dangerous, not only because it accumulates in the lungs but also because it carries the
contaminants associated with the industry. In particular, it hasdlesg knowrthat dust near
metalliferous mineg contaminateavith the metal mined at that site. Csavina et al. (2012)
review the literature and point out that, although there are numerous natural and anthropogenic
sources of atmospheric particulates, imgnoperations pose the greatest potential risk to human
health and the environment.

Ancient mining sitesire especially pollutedThe Rio Tinto mines in Spain are some of
the oldest mines on the Iberian Peninsula (Castillo et al., 2013). Thepdmuminedsince
preRoman times for copper (Cu), gold (Au), and silver (Ag). Even though the meres
abandonedh the middle of the 2Bcentury, the mining activities generatadgeamounts of
hazardous mine wastes tlaasié depositedver extensive aes. The dust from them enriched
with toxic metals, including Cu, zinc (Zn), lead (Pb), and cadmium (Cd). Thesel hestays
particles can have adverse effects on surrounding soils, plants, and humans.

Dust from attics provides a means of reconstnggcéiir pollution (llacqua et al. 2003).

Attic dust is derivd predominantly from external sources, such as aerosol deposits and soll

dusting, and | ess from household activities
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dustis accepteés a tracer of aerosol pollution. Many studies have shown the impeé
attic dust in documenting metal pollution from a mine.

Baceva et al. (2011) studied attic dust
Macedonia, which is known for its ferronickel industrial activity. Samples of attionhrst
collectedin 2008 at 31 sites in Kavadarci and its environs. The median value of nickel (Ni) in
samples of attic dust taken from the entire Kavadarci region was 220 mdHayvever, the Ni
concentration in the samples taken from the vicinity of the ferronickeltenplant was as high
as 1,200 mg kg

Balabanova et al. (2011) examined attic dust to study emissions from a Cu mine in the

central part of eastern Macedonia that has functioned since 1980. They sampled attic dust from

old, rural houses, built betwe&820 and 1970, whiclere locatedn 29 settlements in the
vicinity of the mine. They found geogenic and anthropogenic sources of individual chemical
elements in the dust. The dust duamthropogenic sources contained arsenic (As), Cu, and Pb
and mirored dust fallout from the mining operationshave no information abotiie dust
fallout in southeastern Kansas.

I n another study from the Tikveg Vall ey
13 settlements was sampled in 2008 to see thet&ffa Ni smelter plant (Boev et al., 2013).
The planthad been built in the valley in 1980 and started production in 1982. The houses
sampled were of similar age (constructed after 1982). The minerals in the dust were analyzed,
and they were not commaonstituents of urbagust,but came from the Ni smelter plant.

Since 1668, the Meza Valley in the northern part of Slovenia, close to the Austrian

border, has had mines where Zn, Pb, and iron (Fe)besemined Gaj n, 200 6s) .

strongly pllutedas a result of these mining activitdi
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houses in the valley that were at least 100 years old. He also sampled tepswit)(th the
region. Factoral analysis of chemical elements in the samplas perfornredand found natural
and maAmade geochemical associations. The natural geochemical association was mainly
influenced by weathering of metamorphic rocks, while the anthropogenic association was a
result of Pb and Fe production.

Attic dust was sampled arod a mercury (Hg) mine in Slovenia (Gosar et al., 2006).
The concentration of Hg in the attic dust was many times higher than in the surrounding soils,
and the attic dust/soil ratio changed with distance from the mine. The highest ratios occurred at
thegreatest distance frothe source of the pollution, and the lowest ratios were close to the
source This suggestethatthe small particles carridaly the wind were more enriched than the
larger particles.At the greatestlistance from the mine, the meadiHg concentration of attic
dust exceeded the one in soils by more than six times. The lowest ratio, closest to the mine, had
a median Hg concentration in attic dust that exceeded the median in soils by less than three
times.

Volgyesi et al. (2014) sangd attic dust in 27 houses in the industrial town of Ajka,
Hungary. Attics in houses intact for at least480years were chosen to represent {targ
industrial pollution. They analyzed the dust samples for As, Cd, Cu, Ni, Pb, Zn, and Hg. They
foundPb, Hg, Zn, and Cd distribution was dominated by anthropogenic spanckgwas
characterizedy extremehigh values, such as high Hg concentrations around a hfyr&te
power plant. They concluded that attic dust was an efficient and cheap samgidiigmto
study longterm airborne contamination and its associated human health risks.

Even though the Pb deposited in soils poses a lowlreglause plant uptake of Pb is

usually very lom(Brown et al., 2015), Pb in dust is of major medical concernd iregarden
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soil and house dustas studiedn the village of Stratoni in northern Greece, an industrial area
wheresulphideoreis mined(Argyraki, 2014). Total Pb was enriched in house dust samples by a
factor of twoon average. Total Pb concentratinrsoil samples had a maximuralue of 2,040
mg kg, but house dust samples had a maximum value of 7,000 "Btkg Leaeenriched Fe
and manganese (Mn) oxides predominated in the soil samples, while fine grains of the mineral
galena (PbS) (<@ 0 ¢ dameter) were the major Riearing phase in dust samplegsing
anintegrated exposure uptake biokinetic modedreedict the risk of elevated blood lead levels,
there was a 61% probability that the children of Stratoni would have elevated levelsof Pb
their blood when theeference blood Pb levelas the on@sed prior to 2012>10e g 1 L
The results emphasized the importance of house dtist aause of elevated Pblilood of
children. Health risks of house dust in the vicinity of phosphorumi nes i n Gui zhou,
Republic of China, showed that As and Pb are of concern (Yang et al., 2015).

Not only is the presence of heavy metals in the dust a health problem, but also the size of
the dust is of medical concern, in particular for paticeferred to as PN Particles of this
size are less than 10 um in diameter. 1RPi¥la major component of air pollution that threatens
healthand the environment. Particle size analysis of attic dust has been carried out by researchers
who study winderosion in the Dust Belt of the USA where the Dust Bowl occurred (Van Pelt
and Zobeck, 2007). Dust from wind erosion 1is
name for dust. It is dust that comes from a nonpoint source of air pollutionraratloa traced
to a specific point of origin. Due to the seanid conditions of the regiofiygitive dust has been
a major environmental management issue from the Dust Bowl years to the present (Gill et al.,
2000; Van Pelt et al., 2002)Attic dust hagproved to be an important way to document

differences between natural and rraade sources of dust in the region. Van Pelt and Zobeck
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(2007) did chemical analyses of dust samples collected from attics 4 km from the nearest source
of croppedfields. Ther results indicated that anthropogenic sources of several important
nutrients and trace elements were much larger contributors, by up to nearly two orders of
magnitude, to atmospheric loading than fugitive dust from eroding soils. Heurtas et al. (2012)
found that PMp particles from a coal mine in northern Colombia exhibitémbanormaltype
distribution, and they observed that the pollution from thaedpdrticles would be harmful to

human healthThere is a need to measure the transport of airbortieypates from mining
operations, specifically thiener particle fraction (Csavina et al., 2012).

X-ray diffraction (XRD)has been used to agsae mineralogy omaterials in dust
samplegQuerol et al., 2000; Gill et al., 200D;6 A mor e eCrvirmktal, 20220 0 5 ;
Argyraki, 2014. X-ray diffractionis the instrumentation used to provide an atomic structure of
crystalline materials (Moore and Reynolds., 198%-ray diffractionis a usefumethod to detect
minor materials in soil samples (LomhlicaSusini, 2009). Theain disadvantagef this
techniquas that it analyzesnlyc r yst al | i ne subst andéaexanip,06 Amor e
thecrystallinechemical compounds idust analyzed bill et al. (2000)werequartz and
calcite.

Morphologial andelementatompositionof dust particlegan be determineloly
scanning electromicrocopy(SEM) equipped withenergy dispersive Xay (EDX)( D6 A mor e et
al., 2005). The method hbsen used to assay the microscopic structures of dust particles
(Reyrolds et al., 2003; Csavina et al., 2011, Csavina et al., 20ittas et al., 2032 Size, and
elementatompositionwere determined bfHuertas et al., 2012)Secondaryelectron (SE) or
back scatteredlectron (BSE)mageswere used to obtain imagestbé morphologyof dust

particles. Scanning electromicrocopyi EDX is the tod used to gain indirect evidence roktal
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formations(Moral et al., 2009 Back scatteredlectron imageandenergy dispersive Xay

scan the surface of dust samples by aotebn beam betweeni 50 KeV, but he disadvantages

of BSE and EDX are the moderate resolution and elahiemt er f er ences (D6 Amo

2005).

The Pb and Zn mines in the I3tate Mining District oboutheast Kansas, southwest
Missouri, and northest Oklahoma have left a legacy of pollution. The district has a history of
mining that goes back to the eatl§00s,when Pb was mined by trappers and explorers for
bullets (Pope, 2005, p. 5). The mines lasted until 1970 (Pope, 2005, p. 1). Galenas, isams
town in the TriState Mining District named after the mineral, where mines began to operate in
1876 (Pope, 2005, p. 7). The century of mining operations in Galena has left Pb and Zn
contamination throughout the city. The waste materials arduenohines are highly polluted,
not only with Pb andn, but also with Cd, which often eaccurs geologically with Zn.

For this study, the buildings in the town®é&lenawere choseibecause of its rich
history, proximity tothe mining district and the psesible riskgt has imposedo people nearhy
Studies have shown health risks in the region1940, Cherokee County in Kansas, where
Galena is located, recorded more cases of tuberculosis than any other county in Kansas, and, in
1951, t he hcatedromtybérailost avas Six times greater than for the rest of the state
(Gibson 1972, p. 194). Residents of Galena have a higher incidence of kidney disease, heart
disease, skin cancer, and anemia compared to residents in control towns (Neula&r60ej.

These results suggest that environmental agents in Galena are associated with the causation of
several chronic diseases in the resideritere fas beeriimited researclon the concentration of

heavy metals or particle size of attic dust framawith known soil contamination.
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The main objective of this research was to obtain and characterize attic dust collected
from buildings in Galena, Kansas. Like previous studies from other mining regions, theadust
characterizedor chemical angbhyscal properties.Attics were specificall chosen to determine
the particle size distribution, chemical composition, mineralogy and morphology of all dust

samples.
4.3 Materials and Methods

The dust samplesere collectebn 20 Aug. 2015, 7 April 2016nd 8 April 2016 in
Galena, Kansas (3 6 N3 8%4N; 275 m above sea |l evel) from
activity had occurred. The attics hiaglen keptlark day and night. Sample®re obtainedrom
nine different buildings including stores, hessthe Galena Waterworks, a school, and a church,
using two methods: sweeping with a brush and vacuuming with a\&Brand
(Williamsport, PA) vacuumEven though much has been written aboutpttoper procedure for
sampling dust, no standard methwb yetbeen establishe@Vu et al.,.2008; U.S. EPA, 1995).
Table 4.1shows the samples obtained, the date of sampling, the method of sampling, the
building sampled, the floor of the attic, the age of the building, and the construction material of
the bulding. InTabled., t he #Afirst fl ooro means that the
on the ground | evoelmeands tthhea tfi stehceorned wWwaso oa f | oc
and the attic. In Tablé.1, the sampleare labeledNos. 115, but only 14 samplewere
obtained Sample 8 is missing becawgken the sample brought out of the attic into bright light,
it was found that it was sawdust and not dudsgure 41 shows the location in Galena of the
samples taken. The dust samples vgewded in black plastic to avoid bleachirithe thickness

of the black plastic was 2.625 MILAn area was marked out in each attic and samples were
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collected from the top of that area, even if it had wood, ducts, pipes, and insuldt®eamples
werecollected using a flash light with a red ligbtprevent light contamination.

Dust samples were brought back to Manhattan, KS, for all analyses. Once the dust
samples were in a dark roqned light) samplesvere separateidto two groups: one grougd o
samples was for the optically stimulated luminesceneasurementand it remained in a dark
laboratory (This data is not presented in this dissertation as the research is ongloegggcond
group of dust samplasas preparetbr the other measuremeantFor all measurements, dust
samples were sieved through a 150 em mesh scr
macrobiologicamaterialsincluding rodent droppingd/an Pelt and Zobeck, 2007).

Thefour analyses that the dust samphesre subjectetb were: total concentration of
heavy metals; Xay diffraction;scanningelectron microscopyandparticle size analysis

The dust samples were analyzed for total concentration of seven heavy metals (Cd, Cu,
Fe, Mn, Ni, Pb, and Zn) using a method similar to digposito et al. (1982). We used bfg
dustsamples and added 20 mL of 4 M Hi&hd heated the mixture for 4 hours at®0n a
water bath. The extract was analyzed using inductively coupled pktsméc emission
spectroscopy (ICRAES).

Total conentration of heavy metals in dust samples were compared to the mine waste
materials came from Site A (Chapter 2 of this dissertation, Table 3.2) and values and ranges of
nontcontaminated come from literatuggrkham (1979, 2008)Norrish,1975 and Sauché)

1969, p.40

To determine the level of crystallinity of the powder of the dust samplesy X

diffraction (XRD) was employed using a PANalytical Empyrean MRlirpose XRay

Diffractometer (PANalytical is part of tgpectriscCompany, Egham, Surrey, Wed Kingdom).
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Dust samples were packed tightly into 27 mm sample holders and placed on a sample carriage
for a batch analysisAll 14 samplesvere run using a robotic arm, so the XRD did not have to be
continually opened to remove and replace new samplesutilized programmable divergent
slit (PDS) incident beam optics using a 0.04 radian Soller slit size (Soller slits are the collimator
of the system) and a 15 mm mask as well as a 2 degrescatigr slit on a reflection
transmission spinner samgage and a Medipix3 PIX&&ldetector (the readout) with 0.02
radian Soller slits on diffracted beam optid$e two theta ranges for each scan wer@®
using the smallest step size available (0.88¢re¢ to yield the best resolution during the
cortinuous scan. The total time for each of the scans was 17 minutes and 23 seconds.

To characterize the morphology and elemental compositidrealust samples, a
scanning electron microscope (SEM) (Hitact8=00 N, Tokyo, Japan) in the Nanotechnology
Innovation Center at Kansas State Univergiis used The dust samplaesere subjectetb
SEM coupled with energy dispersiver&y spectrometry (EDX). Dust samples were mounted
onan SEMstub using amdhesive carbotape and analyzed for elemental composiusing the
SEM equipped with an Oxford energy dispersiveaX detecto(Oxford companyAbingdon,
Oxfordshire, England, United Kingdonmihe weightpercentage (Atomic %)f@lements were
given by the EDXvhen measuring the dust samples.

In addition b the SEM technique, we used a Malvern Mastersizer 3000 with a Hydro EV
adapter (Malvern instrument is part of the Ltd., Worcestershire, UK) to mgzstidesize of
the dust samplesThe Mastersizer 3000 uses the technique of laser diffraction taireghs
size of particleshrough a wet dispersion unit after sonication to disperse any aggregates. It does
this by measuring the intensity of light scattered as a laser beam passes through a dispersed

particulate samplél’he scattered laser light is istgred on detectordor the determination of
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dust particle size, the Mastersizer uses two sources of light: red (wavelength 633 nm) and blue
(wavelength 466 nm). The data are then analyzed to calculate the size of the particles that
created the scatiaeg pattern.The angle at which the beam is scattered is inversely proportional
to the soil particle size. Thmeasurement range of the apparatus is 10 nm to 3.5 mm. The
software provided by the manufacturer recalculates the information from theodeteagive
volumetric dust particle sizeThe median size afustparticles (Dx50) as well as tiparticle

sizes of 90%of the volumgDx90) and 10%of the volumgDx10) were calculated
4.4 Results and Discussion

The concentrations of the heavy metalthe 14 attiedust samples were highly variable
(Table 4.2), but the dust from the attic in the youngest building sampled, a house built in 1950
(Table 4.1), had the lowest concentrations of Pb and Zn, the two heavy metals mined in the
mines of Galen&ansas, starting in 1876 (Pope, 2005, p. 7). The highest concentrations of
attic-dust Pb were in a house built in 1894, and the highest concentration of Zn occurred in attic
dust of a storéuilt in 1900. After 1955, mining activity decline(ohnson eal., 2016) The
mines lasted until 1970 (Pope, 2005, p. 1). While the mines were active, the house built in 1950
had 20 years to collect dust, while the house built in 1894 and the store built in 1900 had 76 and
70 years, respectively to collect dustlthrdugh based on only 14 samples, these results indicated
that dust in buildings built since 1950 would have less Pb and Zn contamination than dust in
buildings built before then.

The concentrations of the heavy metals in the 14 dust samples are giadne D.

The concentrations of Cd, Cu, Ni, Pb, and Zn in the dust were higher than those in non
contaminated soilsThe concentrations of the heavy metalthe dust were compared to the

concentrations of the heavy metaeighe mine waste materialofn Site A, one of the two sites
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sampled in Galena, KS, in November, 20Ch4pter 2 of this dissertatipnThe data are given
by Alghamdi et al.,if press2017, Table 152 The concentration in the dust was divided by
the concentration in the mine vi@snaterials (Table 4.3)For Cd, Pb, and Zn the ratio was
roughly one, which showed that the dust was not enriched compared to the mine waste materials
for these heavy metals. The heavy metals in the dust samples also were compared to heavy
metal concemations of soils ilCherokee Countgduracek, 2013). The analyses for Cd, Pb, and
Zn using the spectroscopic method in Table 2 of Juracek (2013) were used for the comparison.
Juracek (2013) gave seven analyses for Cd, Pb, grileZzanly heavy metals@sented in his
work. The seven analyses were averaged together. For each dust sample the concentration of a
heavy metal in the dust was divided by the average concentrations given by Juracek (2013). The
ratios are shown in Table 4.4. Thdlyveere raughly one, which showetthat the dust was
coming from not only from the mine waste materials but also the surrounding soitsaxtihe
dust was not enriched in the concentrations of Cd, Pb, an@Zaconcentrations of Cd, Pb,
and Zn found by JuraceR@13) in soils of the region were highly contaminated with Cd, Pb, and
Zn compared to nercontaminated soils (Table 4.2).
However, the dust samples were higblgvatedwvith Pb and Zn, as well as Cd, compared
to average values found mon-contaminatedals (Table 4.2).1 do not know the concentrations
of heavy metals in dust from nocontaminated soils in Kansaand, therefore, | cannot compare
my results with dust found in buildings that are not near abandoned rinesthoughit is
unrealistic tocompare the highly contamirat mine waste materials to roantaminated soils,
it is interesting to note that Rias almost 200 times more concentrated in the dust tkan th
average value foufPd iim stohiel sd ufPbindel.r3s ussg 10 ¢ g

contaminated soils). Zinc was almost 100 times more concentrated in the dust than the average
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value foundirmoi | s (4200i 6 ¢t begdu’sZhinnorcorgamisated oilsg g ¢
Concentration of Cd in the dust was over 40 times more thasotfeentration of Cd found in
noncont ami nat edlismitlse (RRs t2foresmils)gus 0.5 e£g g

Others havalsofound that attic dust has a higher concentration of heavy metals than the
surrounding soil. As noted in thetroductionsection of this chapter Bal eva et al
studied attic dust near a ferronickel smelter plant in the Kavadagronref Macedonia. The
median value of nickel in samples of attic dust taken from the entire Kavadarci region was 220
mg kg ( 2 2 0 Y),sbgt thepoil samples had a concentration of Ni as high as 1,200 rhg kg
Slovenia, Gosar et al. (2006) founathhe median Hg concentration of attic dust near a mercury
mine exceeded the value in soils by three to six times, depending on the distance from the mine.
In Greece, Pb in house dust near a sulphide ore mine was enriched two times compared to the
concertration of Pb in the soil (Argyraki, 2014).

The concentrations of the heavy metals in the samples obtained by sweeping were not
consistentlygreateror lesserthan those in samples obtained by vacuuming (Table 4.2). These
results suggest that either swiggpor vacuuming would be an acceptatnethod to obtain dust
samples.

Regressioswere made between Pb, Cd, and Zn and the age of the bui{Higgse 4.2).

The regressions were done using SAS)( and the outputs are shown in the appendixe
regressiors showed a negative relationshiput it was only significant for P(p=0.0176) This
indicatesthat the older buildings were more contaminated with heavy metals than the newer
buildings.

Table 45 shows the results of the XRD apsés for the 14 fferent atticdust samples.

Nine of the 14 samplentained at least one Plearingmineral Sample 1 and0had galena
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(PbS), and Samples 5, 6, 7, 11, 12, 13, and 15 had anglesite }J}b(S® of the 14 samples

(Samples 1, 2, 4, 6, 12 and 15) hadiaaral with Zn, and it was sphalerite (ZnS). All of the

dust samples had quar@iQ.), andmost of the 14 dust samples had calcite (CgC&nd

aragonite (CaCg¢), which is a polymorph of calcite, differing slightly in structuseven of the

14 dust samips (samples 5, 6, 7, 11, 12, 13ddrb)containednuscovite

[KAI 3Siz010(OH)1.8F0.2]. Sample 2 had dolomit€€pMg(CQ)2] and samples 4, 6, and 7 had

marcasite (Fe$. Pyrite (Fe9 wasidentifiedin sample 6 and Querol et 000 found pyrite as

a primay mineral along with qu#&z and calcite. Baker et &(14) studied the materials froan

abandoned Pb/Zn smelter near Dearing, KS, and they identified galensags anineral. Pope

(2005, p. 7)dentified about 11 common minerals in the-$tate area Anglesite, calcite,

cerussite (PbCg), chert (SiQ amorphous), dolomite, galef@@mimorphite

[ZnsSizO7(OH)2.H20], marcasite, quartz, smithsonite (ZngfGnd sphalertite were the most

common minerals in thTri-state area. Gill et aQ00 studied hstoric settled dusts in West

Texas and they identified quartz, calcite, and muscovite in a dry powder.sRitigsfrom

former Pb/Zn mining sites in northern Tunisia have used XRD to identify minerals in tailing

samples and < @m, and they found galensphalerite, pyrite, cerussite, and anglesite (Boussen

et al., 2010). In general, Pb and Zn ore occurred along with sulfide minerals (Pope, 2005, p. 5).

Galena and sphalerigee the major minerals in the I3iate area (Johnson et al., 2016, p. 1134).
Table 46 shows the particle size distution of the 14 different attidust samples,

described in Table 4.1, as determined with the Malvern Mastersizer 3000. To interpret the table,

we take, for example, the first sample. Sample 1 had three diffetent eas : 9.34 em (D
64.8 em (Dx50), and 173 em (Dx90). Thi s mean
or smaller; 50% of the sample had a size of 6
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size of 17 3 Fohhmmanhealth natied cbneerns, observe thelumn in Table 4

for Dx(10), because it had two samples (Sampl
introductionof thischapter dust particles that have a size |
PMyo, are of medial concern (Samet et al., 2000). Sample 1 also had the highest Zn and Ni
concentration (Table 4.2). Sample 1 came from the sweeping sample in the attic of a store built

in 1900. Sample 5 was the only basement sample, and it occurred in a school1988.i A

dust sample falling within the definition of Rbthat is found in a school is of special concern,

because this means that many children will be exposed to, not only dangerously small dust
particles, but also the heavy metals associated weti; thowever, it is unlikely that children

woul d frequent t.Asferalsthe dustedmples, Sarapte & hael extremely high
levels of Cd, Cu, Pb, Ni, and Zn compared to values in uncontaminated soils{PablExcept

for Sample 7 andL5with a Dx(10) valusof 16.7¢ nand1 7. 7 e m, t he sampl es i
for Dx(10)in Tableshad val ues near 10 & m. I f the dust
sampled in Galena, KS, were breathed into the lungs, then there would be health problems, not
only due to the size of thaust particles, but also because of the toxicity of these heavy metals.

The particle size distribution of the 14 dust samples was similar to that observed by Davis and
Gulson (2005hoinvestigated the particle size distribution of 38 attic slgsiled¢ed from

houses in the city of Sydney, Australia, using Maiaser particle size. The range ages of the

houses from 4 to 106 years. They measured the dust sample that igra 285@& volume

percentage. They found 90%, 50%, 10% of the dust samplesmater than 172.8 m, 60 . 2
em, 15. 7 ¢ mlnastudysfrpne @iltet al,, 2D0P), they collected settled dust samples

from houses in the southern Great Plains of Texas. They measured particle size using Malvern

Mastersizer Laser. They found thiaé dust samples contain a fairly large proportion (>10%) of
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PMzgsize rangeEven though most of the sampledir(10) column in Table 4.4 had values
nearPMzio, they represented only 10% of the totaltdusmass.

Table 47 shows the particle size didittion (PMo and PM:s) for all dust samples, as
determined with the Malvern Mastersizer 30B®, s is dust particles that have a size less than
2.5 microns. Note in Table4the values are in percent and they come from the raw Aaiaut
10.13% of alldust samples had Pdyand 2.11% had Ph.

Figures 43 - 4.6 show the surface morphology of the dust particles for samples 1, 2, 3,
and 4(see Table 4.1fyom the area of interest (AOI) using secondary electron images (SE). The
electron beam hits the sata surface to get SE images. SE images indicate the presence of
particles containing elementvith high atomic number. Inorganic materials such asdrair
indicated in the darker areé&SEimagesare emitted by atoms near the surface of dust samples
whentheir electrons beconexcitedand have sufficient energy éscape the surface. Tables 4.8
- 4.11show the elemental composition of dust samples using energy dispersive spectroscopy
(EDX) at the AOI for samples 1, 2, 3, and 4. Comparison of SE imageS@X demonstrates
that these dust particles contain C, O, Al, Si, S, Ca, Fe, aadd&m additiorsample 3 has one
more element which is KLeadwas absent in dust particleecause it was below the level of
detection(0.1%) These datauggest thaingalsare immobilized in minerals witsulfide and
silicates such as sphalerite, quartz, and marcasite.

Figures 4.7 4.16 show the surface morphology of the dust particles for samples 5, 6, 7,
9,10, 11, 12, 13, 14, and {&ee Table 4.1fyom the particts of interest (POI) using back
scattered electron (BSE) image. BSE images indicate the presence of POI containing an element
of high atomic number whicarethe brighter particles. So, the BSE is sensitive to the atomic

number. Tables 4.124.21show tle elemental composition of dust samples using E@Xxhe
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POI for samples 5, 6, 7, 9, 10, 11, 12, 13, 14, and nparison of BSE images and EDX
demonstrates that these POI contain C, O, Al, Si, S, Ca, Fe, Zn, Pb, K, Na, P, Mo, Ba, ClI, Pd,
and Au. Thes results provide indireevidence thaminerals such as quartz, sphalerite,
marcasite, anglesite, galena, alamosite, margarosanite, cerussite)Ria@@nite (PbMoQ),
powellite (CaMo0Q), and massicot (PbQ@)ye presentin general, ED>X§howedhat abait 64% of

the dust samples had Bbd 100% of the dust samples had Zn.

4.5 Conclusion

The total concentrations of the heavy metals in the dust samples were highly variable.
The dust samples were highly contaminated with Pb and Zn, and Cd, comparedge aaties
found in uncontaminated soil#& significant correlation between the age of the building and the
concentration existed for Pb but not Zn or Gdout 10% ofeachdust sample had Piy which
might potentially be a level that is high enougho®a health concernThe XRD showed that
galena, sphalerite, anglesite, quartz, calcite, aragonite, pyrite, and cerussite minerals were in
most of the dust sampleXRD observationggreed with the results of SEEDX.
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Figure 4.1 Locations of dust samples, using two methods, at 9 different sites in Galena, KS.

Maps were made using ArcMap version (10.4.1).
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Figure 4.2 Relationship between year of construction and concentration of Pb, Cd, and Zn.
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Figure 4.3 Scanning electron microscopy (SEM) Secondary electron image (SE) shows the
surface morphology from the area of interest (AOI) of dust sample 1, the image shows
particles of different size, electron beam hit the sample then get SE image, the frame axis is
200 pm.
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Figure 4.4 Scanning electon microscopy (SEM) Secondary electron image (SE) shows the
surface morphology from the area of interest (AOI) of dust sample 2, the image shows
particles of different size, electron beam hit the sample then get SE image, the frame axis is
1 mm.
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Figure 4.5 Scanning electron microscopy (SEM) Secondary electron image (SE) shows the
surface morphology from the area of interest (AOI) of dust sample 3, the image shows
particles of different size, electron bem hit the sample then get SE image, the frame axis is
500 pm.

:“_#

-

844034 " WD17 .4mm' 30 _.0k¥ x90

117



Figure 4.6 Scanning electron microscopy (SEM) Secondary electron image (SE) shows the
surface morphology from the area of interest (AOI) ofdust sample 4, the image shows
particles of different size, electron beam hit the sample then get SE image, the frame axis is
1 mm.

844034 WD13.8mm 30.0k¥ x50 Imm
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Figure 4.7 Scanning electron microscopy (SEM) back scattered electrqBSE) image shows
the surface morphology of dust sample 5, the image shows particles of different size,
electron beam hit the sample then get BSE image, selected brighter particles mean high
atom number (high Z number), the frame axis is 300 um.

844034 WD22 . 5mm15:0kV x50

. L] %
AP L

a, b, ad c are the particles of interest (POI)
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Figure 4.8 Scanning electron microscopy (SEM) back scattered electron (BSE) image shows
the surface morphology of dust sample 6, the image shows particles of ditet size,

electron beam hit the sample then get BSE image, selected brighter particles mean high
atom number (high Z number), the frame axis is 300 um.

L L
o o

844034 WD192nm 150KV, x150

o g gt

a, b, c, and d are the patrticles of interest (POI)
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Figure 4.9 Scanning electron microscopy (SEM) back scattered electron (BSE) image shows
the surface morphology of dust sample 7, the image shows particles of different size,
electron beam hit the sample then get BSE image, selected brighter particles méagh

atom number (high Z number), the frame axis is 300 um.

o a -} o

8440341 WD12/49mmils 0kV/ %1501 300un

a, b, and c are the particles of interest (POI)
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Figure 4.10 Scanning electron microscopy (SEM) back scattered electron (BSE) image
shows tte surface morphology of dust sample 9, the image shows particles of different size,
electron beam hit the sample then get BSE image, selected brighter particles mean high
atom number (high Z number), the frame axis is 300 um.

o o o o a ] o o

844034 WD17.4mm 1540kV %150 _300un

a, b, c, d, and e are tparticles of interest (POI)
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Figure 4.11 Scanning electron microscopy (SEM) back scattered electron (BSE) image
shows the surface morphology of dust sample 10, the image shows particles of different
size, dectron beam hit the sample then get BSE image, selected brighter particles mean
high atom number (high Z number), the frame axis is 300 um.

844034, WD18 . 7mm 15/.10kV x150 = 300um

a, b, and c are the particles of interest (POI)
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Figure 4.12 Scanning electron microscopy (SEM) back scattered electron (BSE) image
shows the surface morphology of dust sample 11, the image shows particles of different
size, electron beam hit the sample then get BSE image, selected brighter particles mean
high atom number (high Z number), the frame axis is 30 um.

o ] o o o o o o o o

844034 wWD18.6mm 15.0kV x1.5k  30um

a, b, and c are the particles of interest (POI)
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Figure 4.13 Scanning electron microscopy (SEM) back scattered electron (BSE) image
shows the surface magohology of dust sample 12, the image shows particles of different
size, electron beam hit the sample then get BSE image, selected brighter particles mean
high atom number (high Z number), the frame axis is 300 um.

o ] o o o o ] ] o o

844034 WD12.0mm 15/.0kV x150  300um

a, b, and c are the particles of insr@Ol)
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Figure 4.14 Scanning electron microscopy (SEM) back scattered electron (BSE) image
shows the surface morphology of dust sample 13, the image shows particles of different
size, electron beam hit te sample then get BSE image, selected brighter particles mean
high atom number (high Z number), the frame axis is 30 pum.

844034 WD11.8mm! 15.0kV. x1.5k  30un

a and b are the particles of interest (POI)
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Figure 4.15 Scanning electron microsopy (SEM) back scattered electron (BSE) image
shows the surface morphology of dust sample 14, the image shows particles of different
size, electron beam hit the sample then get BSE image, selected brighter particles mean
high atom number (high Z number), the frame axis is 300 pum.

-
-

o o o o o o a o o/ W¥o o

844034 WD18.2mm 15.0kV x150 300um

a, b, and c are the particles of interest (POI)
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Figure 4.16 Scanning electron microscopy (SEM) back scattered electron (BSE) image
shows the surface morphology of dust sample 1lfhe image shows particles of different
size, electron beam hit the sample then get BSE image, selected brighter particles mean
high atom number (high Z number), the frame axis is 30 and 20 um.

844034 WD17,9mm 15.0kV x1.5k  30um

844034 WD17. 9mn 150KV, x2.

a, b, and c are the particles of interest (POI)
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Table 4.1 Dust samples description

Dust Sample Date of Method Type of Floor of the Year of Building made| Area sampled
ethods
No Sampling Building Attics Construction out of (m?)
1 8/20/2015 sweeping Store First 1900 Brick 1.83X1.83
2 8/20/2015 vacuuming Store First 1900 Brick 1.83X1.83
3 8/20/2015 sweeping Store Second 1895 Brick 1.23X1.23
4 8/20/2015 vacuuming Store Second 1895 Brick 1.23X1.23
_ Brick &
5* 4/7/2016 sweeping School Basement 1938 3.05 X0.51
Concrete
. Galena _ Brick &
6 4/7/2016 sweeping First 1939 1.07 X 1.07
Waterworks Concrete
. _ Galena _ Brick &
I 4/7/2016 vacuuming First 1939 1.07 X 1.07
Waterworks Concrete
A 4/7/2016 sweeping House Second 1950 Wood 2.44 X 0.61
10 4/8/2016 sweeping Church First 1880 Brick &Wood | 1.22 X 0.91
11 4/8/2016 vacuuming Church First 1880 Brick &Wood | 1.52 X 1.22
12 4/8/2016 sweeping House Second 1894 Wood 2.13X1.83
13 4/8/2016 vacuuming House Second 1894 Wood 1.52 X 1.07
14 4/8/2016 sweeping House Second 1890 Wood 1.37 X 1.37
15 4/8/2016 sweeping House Second 1896 Wood 0.76 X 0.76
*Not Attic.

AThere was no Sample 8. When the sample was brought out of the attic into bright light, it was found that it was savedwkisind
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Table 4.2 Concentration of seven heavy metals in dust samples from Galena, Kansas,

collected either by sweeping the floor or vacuuming the floor. Concentrations of the heavy
metals in the mine waste materials also are given, along with the ratof the concentration

of the heavy metal in the dust sample divided by the concentration in the mine waste

materials. Nine different buildings were sampled. Samples 1 and 2, 3 and 4, 6 and 7, 10
and 11, and 12 and 13 came from the same building, with ersample being swept and one
sample being vacuumed. Each value is an individual measurement.

Dust samplé Cd Cu Fe Mn Ni Pb Zn
________ e g’
1 (sweep) 21.6 224.9 9586.5 263.1 111.3 799.0 11,419.2
2 (vacuum) 20.7 232.9 5965.0 221.6 1151 1021.8 7382.1
3 (sweep) 27.8 146.6 14,698.9 222.4 51.7 3239.3 7730.2
4 (vacuum) 32,5 148.0 15,074.3 188.8 64.6 3131.0 6200.5
5 (sweep) 26.6 3231.8 8151.9 341.6 20.8 703.5 4376.3
6 (sweep) 12.4 223.5 6951.0 183.1 71.7 1153.5 4287.7
7 (vacuum) 134 337.7 8050.3 279.2 34.2 1167.2  3286.7
9 (sweep) 17.7 83.4 6441.0 339.0 6.7 243.4  2738.8
10 (sweep) 15.3 73.6 9788.1 303.2 68.9 2467.9 3676.2
11 (vacuum) 14.0 65.4 9491.4 263.7 58.6 2227.6  3657.6
12 (sweep) 20.8 125.4 13,777.2 469.4 73.9 4250.2  3793.3
13 (vacuum) 20.4 149.6 10,313.7 418.2 60.2 3783.9 3600.4
14 (swep) 24.7 282.9 9337.0 385.9 71.0 3113.0 3693.9
15 (sweep) 43.3 17.5 7786.8 716.2 135 619.5 2766.1
Aver. all samples 22.2 381.7 9672.4 328.2 58.7 1994.3 4900.6
Aver. Sweeping 23.4 490.0 8679.5 358.2 54.4 1843.3 49424
Aver. Vacuuming 20.2 186.7 9778.9 274.3 66.5 2266.3 4825.5
Mine waste materials 31.3 44.1 3618.9 62.0 2.9 2643.0 3480.0
_ 0.5 20 30,000 (200 850 (100 40 (0.2 10(2 50 (10
Non-contaminated sdil
(0.02-0.7)  (2-100) 100,000) 4000) 5000) 200) 300)
-------------- Ratio of average value of guto mine waste materials---------
Ratio (unitless) 0.7 8.7 2.7 5.3 20.2 0.8 1.4

AFor a description of each sample, see Table 1.

Y There was no Sample 8. When the sample was brought out of the attic into bright light, it was found that it veassewdt dust.

§ Average values and ranges come from Kirkham (1979), except for Ni, which comes from Kirkham (2008). Kirkham (1979, 2008)

does not give values for Fe. The average value for Fe comes from Norrish (1975), and the range for Fe cSaeshiedn(1969,

p.40).
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Table 4.3 Enrichment ratio (unitless) for each dust sample compared to mine waste
materials from Site A.

Dust Cd Cu Fe Mn Ni Pb Zn
sample Eecééééecéeééée. . ééUnitlesseeecéééececéé

1 0.7 5.1 2.6 4.2 384 0.3 3.3

2 0.7 5.3 1.6 3.6 39.7 0.4 21

3 0.9 3.3 4.1 3.6 17.8 1.2 2.2

4 1.0 3.4 4.2 3.0 22.3 1.2 1.8

5 0.9 73.3 2.3 5.5 7.2 0.3 1.3

6 0.4 51 19 3.0 24.7 04 1.2

7 0.4 7.7 2.2 4.5 11.8 0.4 0.9

9 0.6 1.9 1.8 5.5 2.3 0.1 0.8

10 0.5 1.7 2.7 4.9 23.7 0.9 1.1

11 0.4 15 2.6 4.3 20.2 0.8 1.1

12 0.7 2.8 3.8 7.6 25.5 1.6 1.1

13 0.7 3.4 2.8 6.7 20.8 1.4 1.0

14 0.8 6.4 2.6 6.2 24.5 1.2 1.1

15 1.4 0.4 2.2 11.6 4.7 0.2 0.8

Average 0.7 8.7 2.7 5.3 20.3 0.8 14

Max 1.4 73.3 4.2 11.6 39.7 1.6 3.3

Min 0.4 0.4 1.6 3.0 2.3 0.1 0.8

The dust sample values given in table 4.2 were divided bgatheentratiorof the heavy metals
of the mine waste for the site Aégng * (@d, 31.3; Cu, 44.1; Fe, 3618.9; Mn, 62.0, A9; Pb,

2643.0; Zn, 3480.0).
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Table 4.4 Enrichment ratio (unitless) for each dust samples compare to different soils from
Cherokee county.

Cd Pb Zn
Dust sample

eeé. . éeée. . Unitl esseéc

1 0.9 0.5 24

2 0.8 0.6 1.5

3 11 1.9 1.6

4 1.3 1.9 1.3

5 11 0.4 0.9

6 0.5 0.7 0.9

7 0.5 0.7 0.7

9 0.7 0.1 0.6

10 0.6 1.5 0.8

11 0.6 1.3 0.8

12 0.8 2.5 0.8

13 0.8 2.3 0.7

14 1.0 1.9 0.8

15 1.8 0.4 0.6

Average 0.9 1.2 1.0

Max 1.8 2.5 24

Min 0.5 0.1 0.6

The dust sample values given in table 4.2 were divided bgvidr@ge concentratiaf
the heavy metals @ilsin Cherokee countin ¢ g (€d, 24.6 Pb,1670.1 Zn,4828.3
(Juracek, 2013
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Table 4.5 Major minerals that occur in dust using xray diffraction (XRD) of the <150 pm
from 9 different sites at Galena, KS. The order that the nmerals listed in do not reflect the
abundance.

Sample number Minerals Formula
Quartz SIO,
Riebeckite NaFeFe(SisO22)(OH).
Calcite CaCQ
1 Cerium ammonium nitrate (NH4)2Ce(NO3)s
Galena PbS
Aragonite CaCO;
Sphalerite ZnS
Calcite CaCQ
Quartz SiO,
) Dolomite CaMg(CQ):
Aragonite Ca(CQ)
Iron aluminum AlFe
Sphalerite ZnS
Quartz SiO,
Goethite FeO(OH)
3 Calcite CaCQ
Aragonite CaCOs
Iron aluminum AlFe
Quart Si0,
Jarosite KFes(SQy)2(OH)s
4 Goethite FeO(OH)
Aragonite CaCOs
Sphalerite ZnS
Marcasite FeS
Anglesite Pb(SQ)
Microcline KAISi30s
. Muscovite KA 3Siz010(OH)1.8F0.2
Goethite FeO(OH)
Calcite CaCQ
Quartz SiO,
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Hematite FeOs
Rutile TiO2
Anglesite Pb(SQ)
Muscovite KAI 3Si3010(OH)1.8F0.2
Goethite FeO(OH)
Calcite CaCQ
Aragonite CaCQ
° Marcasite FeS
Aluminum Iron AlFe
Sphalerite ZnS
Pyrite FeS
Quartz SiO,
Anglesite Pb(SQ)
Calcite CaCQ
Goethite FeO(OH)
Cerium ammonium nitrate (NH,)2Ce(NQ)s
7 Aragonite CaCOs
Marcasite FeS
Quartz SIO,
Iron aluminum AlFe
Muscovite KAl 5Si5010(OH)1.8F0.2
Goethite Fe**O(OH)
Iron aluminum AlFe
’ Quartz SiO,
Calcite CaCQ
Wavellite Al3(PQy)2(OH)sFo A 5 {OH
Goethite FeO(OH)
Calcite CaCQ
10 Aragonite CaCOs
Galena PbS
Quartz SIO,
Iron aluminum AlFe
11 Anglesite Pb(SQ)
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Goethite FeO(OH)
Calcite CaCQ
Muscovite KA 5Si5010(OH)1.8F0.2
Aragonite CaCOs
Quartz SiO,
Anglesite Pb(SQ)
Goethite FeO(OH)
Calcite CaCQ
Sphalerite ZnS
12 Muscovite KAl 3Si3010(OH)1.8F0.2
Aragonite CaCQ;
Quartz SiO,
Iron aluminum AlFe
Anglesite Pb(SQ)
Muscovite KAl 5SizO10(OH)1.8Fo.2
Goethite FeO(OH)
13 Calcite CaCQ
Aragonite CaCO;
Quartz SIO,
Iron aluminum AlFe
Microcline KAISi30s
Orthoclase KAISi30s
14 Quartz SiO,
Calcite CaCQ
Anglesite Pb(SQ)
Goethite FeO(OH)
Cerium ammonium nitrate (NH4)2Ce(NGy)s
15 Muscovite KA 3Siz010(OH)1.8F0.2
Aragonite CaCO;
Quartz SIO,
Sphalerite ZnS
Iron aluminum AlFe

135


https://en.wikipedia.org/wiki/Ammonium

Table 4.6 Particle size distribution by volumeof dust samples using a Malvern Mastersizer
3000. Each value is the average of three replicates for each sample.

Dx (10) Dx (50) Dx (90)
Dust #
____________________________________________ T —

1 9.3 64.8 173
2 10.3 73.8 189
3 11.2 42.1 149
4 110 45.7 156
5 5.9 23.9 o8

6 13.1 65.8 186
7 16.7 61.1 179
9 12.6 49.9 156
10 10.2 42.9 139
11 114 515 169
12 12.6 54.4 173
13 10.1 38.3 141
14 13.1 535 160
15 17.7 69.8 174

Dx (10), Dx (50), and Dx (90) are the%050% (median), and 90% of dust sample particle diameter,
respectively.
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Table 4.7 Particle size distribution (PM10 and PM2.5) by volume of dust samples using a
Malvern Mastersizer 3000.

Dust # % of sample< 2.5um % of sample < 1(xm
1 3.07 11.51
2 2.76 10.70
3 2.02 10.02
4 1.84 10.22
5 4.25 22.76
6 2.01 8.28
7 1.46 5.0
9 1.54 8.40
10 2.12 11.24
11 1.77 9.72
12 1.49 8.36
13 2.14 11.57
14 1.49 8.08
15 1.51 5.40
Max 4.25 22.76
Min 1.46 5.40
Average 2.11 10.13
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Table 4.8 Scanning electron microscopy (SEM) energy dispersiveé-ray (EDX) data shows
the elemental composition (C, O, Al, Si, S, Ca, Fe, and ZM)dt appear in area of interest
(AOI) in sample 1 (see Figure 4.2)

Element Atomic %
C 65.87
O 27.20
Al 0.33
Si 2.26
S 0.52
Ca 2.97
Fe 0.45
Zn 0.40

Table 4.9 Scanning electron microscopy (EM) energy dispersiveX-ray (EDX) data shows
the elemental composition (C, O, Si, S, Ca, Fe, and Zn) that appear in area of interest
(AOI) in sample 2 (see Figure 4.3)

Element Atomic %

C 65.46
O 28.35
Si 2.08

S 0.43
Ca 3.06
Fe 0.20
Zn 0.42
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Table 4.10 Scanning electron microscopy (SEM) energy dispersivé-ray (EDX) data shows
the elemental composition (C, O, Al, Si, S, K, Ca, Fe, and Zn) that appear in area of
interest (AOI) in sample 3(see Figure4.4).

Element Atomic %
C 63.35
O 29.44
Al 0.48
Si 5.18
S 0.36
K 0.11
Ca 0.40
Fe 0.47
Zn 0.21

Table 4.11 Scanning electron microscopy (SEM) energy dispersivé-ray (EDX) data shows
the elanental composition (C, O, Al, Si, S, Ca, Fe, and Zn) that appear in area of interest
(AOI) in sample 4 (see Figure 4.5)

Element Atomic %
C 64.11
@] 27.83
Al 0.44
Si 511
S 0.69
Ca 0.39
Fe 0.61
Zn 0.82
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Table 4.12 Scanning electron microscopy (SEM) energy dispersivé-ray (EDX) data shows
the elemental composition (C, O, Al, Si, S, Ca, Ti, Fe, Zn, and K) that appear in three
particles of interest (POIl) in sample Hsee Figure 4.6)

Element

C
@)
Al
Si
S
Ca
Ti
Fe
Zn
K

60.21
36.45
0.26
1.90
0.24
0.58
0.14
0.09
0.12
ND

Atomic %
b c
ND 34.4
91.46 55.1
5.73 2.6
16.58 9.7
0.34 0.30
1.09 0.85
ND ND
0.44 0.15
0.01 0.08
1.73 ND

ND- not detected.
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Table 4.13 Scanning electron microscopy (SEM) energy dispersivé-ray (EDX) data shows
the elemental composition (C, O, Al, Si, S, K, Ca, Fe, Zn, Pb, and Na) that appear in four
particles of interest (POIl) in sample §see Figure 4.7)

Element

Al

Si

Ca
Fe
Zn
Pb

Na

42.58

49.50

0.69

5.45

0.26

0.08

1.11

0.26

0.06

ND

ND

18.11

95.08

2.84

14.87

ND

0.53

3.97

0.68

0.13

ND

ND

Atomic %

ND

76.82

ND

11.08

ND

ND

ND

ND

ND

12.11

ND

45.78

45.36

0.52

6.32

0.16

ND

1.14

0.40

ND

ND

0.32

ND- not detected.
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Table 4.14 Scanning electron microscopy (SEM) energy dispersivé-ray (EDX) data shows
the elemental composition (C, O, Al, Si, S, K, Ca, Fe, Zn, and Pb) that appearthree
particles of interest (POIl) in sample 7see Figure 4.8)

Element

Al

Si

Ca

Fe

Zn

Pb

42.58

49.50

0.69

5.45

0.26

0.08

1.11

0.26

0.06

ND

Atomic %

b C
ND ND
73.87 80.03
ND 1.11
18.68 12.13
ND 1.14
ND 0.32
5.03 4.90
ND 0.40
ND 0.02
2.42 ND

ND- not detected.
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Table 4.15 Scanning electron microscopy (SEM) energy dispersivé-ray (EDX) data shows
the elemental composition (C, O, Mg, Al, Si, S, Ca, Fe, Zn, Pb, P, Cl, and K) that a#r in
five particles of interest (POI) in sample 9see Figure 4.9)

Element

Mg
Al
Si
S
Ca
Fe
Zn
Pb
P
Cl

K

59.90

35.84

ND

0.45

2.69

0.27

0.78

ND

ND

ND

ND

ND

0.08

Atomic %

b c D e
61.23 55.07 58.4 62.91
34.72 43.40 36.1 35.23
0.54 ND ND 0.38
0.36 ND 0.25 0.14
2.53 0.61 1.05 0.74
0.11 ND ND 0.13
0.32 0.61 0.54 0.32
0.14 ND ND ND
0.05 ND ND 0.01
ND 0.31 0.26 ND
ND ND ND 0.07
ND ND ND 0.05
ND ND ND 0.04

ND- not detected.
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Table 4.16 Scanning electronmicroscopy (SEM) energy dispersiveX-ray (EDX) data shows
the elemental composition (B, C, O, Al, Si, S, K, Ca, Fe, Zn, Pb, Mo, and P) that appear in
three particles of interest (POI) in sample 1@see Figure 4.1Q)

Atomic %
Element

a b c
B ND ND 62.19
C 73.43 45.77 ND
@) 24.42 45.98 32.94
Al ND ND 0.42
Si 1.06 3.85 3.42

ND ND 0.38

ND ND 0.08
Ca 0.18 1.32 0.39
Fe ND 1.12 0.14
Zn ND ND 0.05
Pb 0.48 0.54 ND
Mo 0.43 ND ND
P ND 1.42 ND

ND- not detected.
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Table 4.17 Scanning electron microscopy (SEM) energy dispersivé-ray (EDX) data shows
the elemental composition (C, O, Na, Al, Si, S, K, Ca, Fe, Zn, and Pb) that appear in three
particles of interest (POI) in sampk 11(see Figure 4.11)

Atomic %
Element

a b c
C 72.86 ND 61.72
@) ND 74.92 34.04
Na ND 2.34 ND
Al ND 5.36 0.28
Si 8.61 15.34 2.63
S 10.92 ND 0.75
K ND 1.77 ND
Ca ND ND 0.48
Fe ND ND 0.07
Zn ND 0.26 0.02
Pb 7.61 ND ND

ND- not detected
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Table 4.18 Scanning electron microscopy (SEM) energy dispersivé-ray (EDX) data shows
the elemental composition (C, O, Al, Si, S, K, Ca, Fe, Zn, Pb, and Mo) that appear in three
particles of interest (PQ) in sample 12(see Figure 4.12)

Atomic %
Element
a b c

56.63 ND ND
@) 39.12 62.17 85.03
Al 0.43 5.87 ND
Si 2.80 16.34 ND
S 0.41 2.24 ND
K ND 2.07 ND
Ca 0.30 5.32 3.35
Fe 0.21 2.38 ND
Zn 0.10 3.61 ND
Pb ND ND 5.77
Mo ND ND 5.85

ND- not detected.
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Table 4.19 Scanning electron microscopy (SEM) energy dispersivé-ray (EDX) data shows
the elementalcomposition (O, Al, Si, S, Ca, Zn, and Pb) that appear in two particles of
interest (POI) in sample 13(see Figure 4.13)

Atomic %
Element

a b
@) 86.45 85.35
Al ND 0.75
Si ND 1.09
S ND 6.94
Ca ND 5.79
Zn ND 0.08
Pb 13.55 ND

ND- not detected.
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Table 4.20 Scanning electron microscpy (SEM) energy dispersiveX-ray (EDX) data shows
the elemental composition (C, O, Al, Si, S, K, Ca, Fe, Zn, and Pb) that appear in three
particles of interest (POI) in sample 14see Figure 4.14)

Element

Al

Si

Ca

Fe

Zn

Pb

58.78

37.06

0.39

2.86

0.28

0.16

0.19

0.16

0.11

ND

Atomic %

b c
35.85 69.66
52.29 27.40
1.26 0.41
7.14 1.13
1.30 0.62
0.17 ND
1.01 0.40
0.39 ND
0.29 ND
ND 0.37

ND- not detected.
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Table 4.21 Scanning electronmicroscopy (SEM) energy dispersiveX-ray (EDX) data shows
the elemental composition (C, O, Al, Si, S, K, Ca, Fe, Zn, Pb, Mo, Ba, ClI, Pd, and Au) that
appear in three particles of interest (POI) in sample 1%see Figure 4.15)

Atomic %
Element

a b Cc
C 47.13 76.55 61.43
@) 44.55 ND 34.16
Al 0.73 2.20 0.67
Si 4.83 7.96 3.04
S ND ND 0.25
K ND 0.61 ND
Ca 0.11 7.73 0.26
Fe 0.37 1.05 0.13
Zn 0.28 0.25 0.06
Pb 1.03 ND ND
Mo 0.65 ND ND
Ba 0.32 ND ND
Cl ND 0.96 ND
Pd ND 0.99 ND
Au ND 1.71 ND

ND- not detected.
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Chapter5-Concl usi ons and Future R

Abandoned mine sites have left a legacy of contamination. The lead (Pb) and zinc (Zn)
mines in the TkState Mining District of southeast Kansas, southwest Missouri, and northeast
Oklahoma are such nes. Galena, &nsaslocatedin the District, had operational mines
between 1876 and 1970Mi ne wast e materials surround Gal en
are highly polluted, not only with Pb and Zn, but also cadmium (Cd) whictcars
geologically wth Zn. The mine wastes support almost no growth of vegetation. Because limited
information about the mine waste materials in Galena exists, three studies were done.

The first study characterized the physical properties of the mine waste materials.
Measurements of hydraulic conductivity, bulk density, water content, aggregate stability, and
particle size were taken in November 2014 on plots established in May 2006, which had been
amended with different amounts of compost, lime, and bentonite. Tkephgharacteristics of
the mine waste materials were highly variable, and the amendments added 8.5 years earlier had
no effect on them, except the wind erodible fraction (fraction <0.84 mm in diameter). It was low
on treatments that contained bentonitée results suggested that bentonite reduced the wind
erodible fraction. Future studies should follow up on this observation to determine if
amendments of clay last a long time (i.e., 8 years or more) and could be used to reduce wind
erosion from mine aste materials.

Becausano studies had been done to see if biosolids could be used to remediate the mine
waste materialsan experimenivas conducteth agreenhouse at#hsasState Universityvith
the mine waste materials from Galerir 110 days, sudea sorghursudan grass hybrid, was
grown in pots with the mine waste materials and half the pots received biosolids. Only the sudex

grown with biosolids produced heads with grain. The plants grown without biosolids were
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stunted and showed severe hemagtal toxicity. The biosolids reduced the uptake of Pb, Zn,
and Cd from the mine waste materials. Even though large amounts of Pb, Zn, and Cd
accumulated in the roots, their transfer to the heads was limited. Concentrations of Pb and Zn in
the heads wernormal. These results showed that transfer of heavy metals through sudex is
limited, and, even though high concentrations of a heavy metal are in the roots, the grain can
have normal concentration¥he increased growth of the plants grown with biasoéppeared
to be due taheorganiccarbonandphosphorus that the biosoliddded to the mine waste
materials. The use of bioslids may be a promising method to reduce availability of heavy metals
at mine sites. Because no studies have been done aa®ath biosolidsa field study should
be carried out to determine if they aavegetate the degraded land.

Dust is a public health concern if it contains particulate matter (PM) callad PM
Particles of this size are less than 10 microns in diambtany studies have shown the
importance of attic dust in documenting heavy metal pollution from a mine. However, the dust
in attics in Galena, Kansas, had never been studied. Therefore, in the third study reported in this
dissertation 14 attic dust saraplfrom buildings in Galena, including shops and houses, were
collected and characterized by measuring their concentrations of heavy metals, mineralogy, and
particle size.Concentrations of the heavy metals in the dust samples were vababtiey all
werewere highly contaminatedith P Zn, and Cd compared to average values found in
uncontaminated soilsSGalena, sphalerite, anglesite, quartz, calcite, aragqyitie, and
cerussite mineralwere identifiedn most of the dust samples. Approximate0% of the dust
samples had the size of meditaportance PMho. Dust of this size, found in a school in
Galena, is of major concern, because this means that children will be exposed to dangerously

small dust particles contaminated with heavy mettila.child is exposed to Ptontaminated
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dust, or sucks a finger that has touched the dust, that child may suffer lifelong brain damage.
Future studies need to analyze the dust from many buildings in Galena to assess the danger from
the dust. Residentd Galena have a higher incidence of kidney disease, heart disease, skin
cancer, and anemia compared to residents in control towns, and the dust that the citizens breathe

in Galena may be partially responsible for these diseases.
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AppendixA-Physi cal PMiompee rWai setse oMat er | &

Abandoned Mine Iin Central (

Figure A.1 Appendix: Average hydraulic conductivity of each plots at Site A.
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Where:

101, 206, and 304 are control

106, 203, and 305 are low compgost

102, 202, and 3are high compost

103, 204, and 307 are low compost plus lime

105, 207, an®03 are high compost plus lime;

104, 201, and 306 are low compost plus lime plus bentonite

107, 205, and 302 are high compost plus lime plus bentonite

153



Figure A.2 Appendix: Average hydraulic conductivity of each plots at Site B.

Average hydraulic conductivity at Site B
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Where:

107, 203, and 302 are control

104, 202, and 303 are low compost

106, 204, and 305 are high compost

101, 206, and 304 are low compost plus lime

103, 205, and 30&re high compost plus lime

102, 207, and 307 are low compost plus lime plus bentonite

105, 201, and 301 are high compost plus lime plus bentonite
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Figure A.3 Appendix: Cumulative Infiltration for each plots at Site A. (a), (b), and (c) are
control treatment.
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Figure A.4 Appendix: Cumulative infiltration for each plots at Site A. (d), (e), and (f) are
low compost treatment.
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Figure A.5 Appendix: Cumulative infiltration for each plots at Site A. (g), (h), and (i) are
high compost treatment.
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Figure A.6 Appendix: Cumulative infiltration for each plots at Site A. (j), (k), and (l) are
low compost plus limetreatment.
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Figure A.7 Appendix: Cumulative infiltration for each plots at Site A. (m), (n), and (o) are
high compost plus lime plus limdreatment.
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Figure A.8 Appendix: Cumulative infiltration for each plots at Site A. (p), (q), and (r) are
low compost plus lime plus bentonitéreatment.
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Figure A.9 Appendix: Cumulative infiltration for each plots at Site A. (s), (t), and (u) are
high compost pluslime plus bentonitetreatment.
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Figure A.10 Appendix: Cumulative infiltration for each plots at Site B. (a), (b), and (c) are
control treatment.
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Figure A.11 Appendix: Cumulative infiltration for each plots at Site B. (d), (e), and (f) are
low compost treatment.
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Figure A.12 Appendix: Cumulative infiltration for each plots at Site B. (g), (h), and (i) are
high compost treatment.
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Figure A.13 Appendix: Cumulative infiltration for each plots at Site B. (j), (k), and (l) are
low compost plus limetreatment.
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Figure A.14 Appendix: Cumulative infiltration for each plots at Site B. (m), (n), and (o) are
high compost plus limetreatment.
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Figure A.15 Appendix: Cumulative infiltration for each plots at Site B. (p), (q), and (r) are
low compost plus lime plus bentonitéreatment.
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Figure A.16 Appendix: Cumulative infiltration for each plots at Site B. (s), (t), and (u) are
high compost plus lime plus bentonitéreatment.
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AppendixB-Rehabi litation of an Abandc

Bi osol i ds

Figure B.1 Appendix: 42 soil buckets from Site A and B.
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Figure B.2 Appendix: Air dried the mine waste materials for Site A and B.
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Figure B.3 Appendix: Sieving the mine waste materiafrom Site A and B.
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