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Abstract

Purpose—Mineralogical and geochemical features of mining and processing wastes collected in
Owen County, part of the Central Kentucky Lead-Zinc district, were investigated. The Gratz mine,
abandoned in the 1940s, is on a dairy farm. Aside from discerning the nature of mining refuse at
the site, the investigation was part of the University of Kentucky College of Pharmacy’s mission to
explore unusual environments in the search for unique microbiological communities.
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Materials and methods—~Four samples of a soil-plus-spoils mix were collected from spoil
piles and two samples, the sluice and coarse samples, were closely associated with the site

of the ore processing. Optical petrology (polarized reflected-light, oil-immersion optics at a

final magnification of 500 x), X-ray diffraction, X-ray fluorescence, inductively coupled plasma
mass spectrometry, field emission scanning electron microscopy (FE-SEM), and high-resolution
transmission electron microscope (HR-TEM) with selected area electron diffraction (SAED)
and/or microbeam diffraction (MBD), scanning transmission electron microscopy (STEM), and
energy-dispersive X-ray spectrometer (EDS) analyses were employed to characterize the samples.

Results and discussion—Calcite is the main mineral in most samples, followed by near equal
amounts of quartz and dolomite. Sphalerite and galena are the principal sulfides and barite is

the dominant sulfate. Geochemistry of major elements reflected the mineralogy, whereas trace
elements showed different groupings between the minerals. Scandium, Cu, Ga, Ge, Cd, and Sb
were found predominantly associated with Zn and Pb and sulfide minerals; Bi, Hf, In, Sn, and Zr
with heavy mineral fraction; while the remaining trace elements, including the rare earths, were
mostly distributed among other present phases, i.e., oxyhalides, oxides, silicates, and carbonaceous
material. The data were used to illustrate the processes and conditions that control the sulfide-
mineral oxidation and its potential for the environmental release of associated reaction products.

Conclusions—The wastes represent a potential source of environmentally disruptive
concentrations of Zn, Pb, and other sulfide-associated elements. The high share of carbonates
suggests near-neutral conditions in deposited wastes, restricting sulfide weathering and further
limiting the oxidant activity of Fe. The low-Fe content and its predominant presence in highly
resistant hematite also constrain sulfide weathering. Consequently, the spoils have a low potential
for generation of acidity and release of heavy metal(loid)s in the surrounding environment.
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Introduction

Mining and processing of sulfide ores generate large volumes of waste materials, including
the overburden removed during ore mining as well as discard, slurry, and tailings from

the preparation, beneficiation, or extraction plants. Spoil is a common term for unwanted

or processed material which remains after ore excavation; and although such material is
often highly concentrated in metallic compounds or other minerals, their lower amounts
make them less viable for extraction. Nevertheless, spoils generated from sulfide ore mining
can be active sources of acid generation as well as release points of high concentrations

of various metal(loid) s with the potential to severely contaminate soils, surface, and
groundwater in the region (Concas et al. 2006; Moncur et al. 2006), even decades after
disposal (Moncur et al. 2005; Lindsay et al. 2009; Sheoran et al., 2010). Namely, as global
hosts of significant amounts of Cu, Ni, Zn, Pb, and other economically important metals,
sulfide ore deposits are also major sources of potentially toxic accessory elements including
As, Se, Cd, Sh, and Hg (Moncur et al. 2005, 2009, 2015; Heikkinen et al., 2009; Wuana and
Okieimen, 2011; Lindsay et al. 2015). These elements may occur as discrete sulfides or as
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trace impurities in other ore and gangue sulfide minerals (Plumlee 1999); and to some extent
be enriched in waste materials obtained from mining and processing of sulfide ore.

In addition to enrichment in toxic elements, the spoils can also be characterized by other
adverse features such as elevated bioavailability of metals; elevated sand content; lack

of moisture; increased compaction; and relatively low organic matter content (Adibee et

al. 2013). But the most serious environmental disturbances related to sulfide deposits are
caused by the generation of mine drainage (Concas et al. 2006; Moncur et al. 2005, 2006;
Lindsay et al. 2009). Spoil wastes run-off, as well as soil erosion, can also contribute to the
discharge of significant amounts of dissolved and particulate metals into the environment,
representing a persistent and acute pollution source. Contaminated mine drainage (CMD)
develops in waste/tailings deposits, where the neutralization capacity of carbonate minerals
is low or depleted due to ongoing sulfide-mineral oxidation. On the other hand, neutral
mine drainage (NMD) conditions generally persist in tailings where carbonate dissolution
effectively neutralizes acid generated by ongoing sulfide-mineral oxidation (Lindsay et al.
2015). In the former conditions, different metals, e.g., Fe, Al, Mn, Zn, Ni, Cu, and Pb,

may be released at high dissolved concentrations, while in the latter, weakly hydrolyzing
metals including Fe(ll); Zn and Cd; and (hydr)oxyanion-forming elements including As,
Se, and Sb can be found at elevated levels in surrounding pore waters. The mobility of the
released elements further depends upon pH and secondary reactions within tailings/waste
deposits (Adibee et al. 2013). Consequently, the extent of environmental impacts associated
with waste deposits remaining after sulfide ore mining depends upon their mineralogical and
geochemical composition, as well as the in situ chemical, biological, and physical processes
(Lindsay et al. 2015).

Within the Central Kentucky Lead-Zinc district, sphalerite and galena were mined from

a near-vertical, thin (generally less than 50-cm wide; about 30-cm wide in the Mill shaft,
the site of our sampling) calcite and barite veins in the Middle Ordovician Lexington
limestone (Miller 1905; Beck 1949; Moore 1977). Owen County, part of the district, was
an important producer of ores for over a century, from 1836 at the Union mine to the

1940s at the Gratz mine (Fig. 1) (Norwood 1877; Moore 1977). In addition to the Owen
County mines, occurrences of Pb—Zn-mineralized veins were known from the Lockport
mine, Henry County (Moore 1977); the Big Twin Creek deposit in Owen County (Beck
1949; Gibbons and Swadley, 1976); the East and West Faircloth mines and the Chinn mine,
Woodford and Mercer counties, respectively (Allingham 1972); the Kentron mine, Mercer
County (Allingham 1972); and the Hannah Morgan and Twin Chimney mines, Woodford
and Mercer counties, respectively (Allingham 1972). The Big Twin Creek, Gratz, and
Lockport veins occur along the same trend over distance of about 16 km (Beck 1949).
Detailed discussion on the geology of central Kentucky vein deposits can be found in Jolly
and Heyl (1964). Miller (1905) described the nearly 100-m vertical Ohio shaft at the Gratz
mine as having northward projecting adits at 33- and 66-m depth and a southward-projecting
adit at the 33-m level, the latter ending in a tunnel in the cliff above the Kentucky River.
The Ohio shaft was in operation at the time of Beck’s (1949) investigation. Lead was mined
from the Cedar and Pennyroyal shafts from 1906 to 1913 (Beck (1949). Mining had ceased
at the ca. 60-m-deep Mill shaft by the time of Beck’s (1949) report. The processing mill
consisted of jaw and roll crushers with the crushed ore being processed in jigs and flotation
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cells. Based on Beck’s (1949) assessments of the mining operations, it appears as if exact
records of the amounts of ore concentrates produced are not available.

This investigation of the mineralogy and geochemistry of the mine and processing refuse
was conducted by the University of Kentucky Center for Applied Energy Research (CAER)
in collaboration with the University of Kentucky College of Pharmacy’s Center for
Pharmaceutical Research and Innovation and their mission to explore unusual environments
in the search for new and unique microbiological communities. Examples of the results of
this collaboration in the study of soils at the sites of coal mine fires and waters from acid
mine drainage can be found in Wang et al. (2013, 2014a, b, 2015a, b, 2017a, b) and Shaaban
et al. (20134, b, ¢, 2017). In this case, the abandoned mine site is located on an active dairy
farm.

The specific goal of this study was to evaluate the potential of mining and processing
waste material from Owen County for the release of potentially toxic concentrations
of metal(loid)s into the environment. The conducted study also seeks to improve our
understanding of the mineralogical and geochemical features of mining and processing
wastes, which is crucial for estimating the metal sources and possibility of their
mobilization, especially in historical mining areas.

2 Materials and methods

2.1 Sampling procedure

Samples of the refuse from mining and processing the Pb—Zn ore were sampled at the
site of the Gratz mine, Owen County, Kentucky, on 28 February 2013 (Fig. 1a map). Four
samples of a soil + spoils mix were collected from spoil piles (sample numbers 93867

to 93870) and two samples, the sluice and coarse samples, samples 93871 and 93872,
respectively, were closely associated with the site of the ore processing. Each sample, as
shoveled from the soil or spoil, was collected in in sealable plastic bags in volumes of no
less than 5 L. The sampling was from the first ca. 20 cm of soil; the soil extended deeper
than the sampling. The archived samples are stored at the Kentucky Geological Survey’s
Earth Analysis Research Library (EARL), Lexington, Kentucky.

Samples processed and cultured by the University of Kentucky Center for Pharmaceutical
Research and Innovation (not included in this contribution) were collected independently at
the same sites.

2.2 Petrological, chemical, and mineralogical analysis

Petrology was conducted at the CAER on epoxy-bound particulate pellets prepared to a
final 0.05-pm alumina polish. Optical microscopy was conducted on a Leitz Orthoplan
microscope with polarized reflected-light, oil-immersion optics at a final magnification of
500 x. Digital images of the rocks were taken with a Diagnostic Instruments Spot Insight 4
camera.

X-ray diffraction (XRD) analyses at the CAER were performed with a Philips X’Pert
diffractometer (model PW3040-PRO) operating at 45 kV and 40 mA. The samples were
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ground by hand in a ceramic mortar and pestle, dry mounted in aluminum holders, and
scanned at 8-60° 20 with Cu K-a radiation.

Ash yield was performed according to ASTM D7582-15a (2015) using a Leco 701
thermogravimetric analyzer. Total carbon and sulfur analyses were performed according

to ASTM D4239-17 (2017) using a Leco SC-432 carbon/sulfur analyzer. Sulfur forms
were analyzed according to ASTM D2491-02(2012) (2012) Ash chemistry at the CAER
was analyzed by x-ray fluorescence on a Phillips PW2404 X-ray spectrometer following
procedures outlined by Hower and Bland (1989). Samples analyzed at the China University
of Mining & Technology — Beijing (CUMT-B) were crushed and ground to pass 200 mesh
(75 microns) for geochemical analysis. An elemental analyzer (vario MACRO) was used to
determine the percentages of C, H, and N in the soil and refuse samples. X-ray fluorescence
(XRF) spectrometry (ARL ADVANT’XP +) was used to determine the content of major
elements, expressed as oxides, as outlined by Dai et al. (2012). Inductively coupled plasma
mass spectrometry (X series Il ICP-MS), in pulse counting mode (three points per peak),
was used to determine trace elements in the samples. The ICP-MS analysis and sample
microwave digestion programs are outlined by Dai et al. (2011). Samples were digested

for ICP-MS analysis using an UltraClave Microwave High Pressure Reactor (Milestone).
Multi-element standards (Inorganic Ventures: CCS-1, CCS-4, CCS-5, and CCS-6; NIST
2685b and Chinese standard reference GBW 07,114) were used for calibration of trace
element concentrations.

2.3 Nanomineral analysis

Field emission scanning electron microscopy (FE-SEM) and high-resolution transmission
electron microscope (HR-TEM) with selected area electron diffraction (SAED) and/or
microbeam diffraction (MBD), scanning transmission electron microscopy (STEM), and
energy-dispersive X-ray spectrometer (EDS) analyses were conducted following previously
reported procedures (Ribeiro et al. 2010; Silva et al. 2011a, b, c; Oliveira et al. 2012;
Quispe et al. 2012). To understand nanomineral assemblages, sequential extraction and
magnetic separation were conducted following methods from Silva et al. (2012). Because
only two-dimensional information is available with those techniques, in this study, we used
a dual-beam focused ion beam (FIB), the FEI Dual-Beam™ Helios 600 Nanolab™, equipped
with the following primary components: (1) a high-resolution field emission gun (FEG)

for SEM; (2) multiple electron detectors for image acquisition, such as through-the-lens
detector (TLD), an Everhart—Thornley detector (ETD), and a backscattered electron detector
(BSED) for compositional information; and (3) a high-resolution focused Ga* ion beam to
precisely select, slice, and image a specific region of the species of interest, with a spatial
resolution within the 10-nm range. FIB-SEM is an analytical technique based on the unique
combination of an ion gun and an electron gun, where specimens can be positioned at the
intersection point of the electron and ion beam with an accuracy of much less than 1 nm.
This permits simultaneous ion-milling nanosectioning and secondary electron imaging of
the region of interest with a spatial resolution within the nanometer range (Giannuzzi and
Stevie, 1999).
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2.4 Data interpretation and statistical analysis

For purpose of data interpretation, rare earth elements were divided into several groups;
the light rare earths (LREE, including elements from La to Gd) and the heavy rare earths
(HREE, including elements from Tb to Lu and Y). The normalized REY data (subscript
N) refer to upper continental crust values (UCC, Taylor and McLennan 1985), whereas the
Lap/Lup, Lan/Smy, and Gdy/Luy ratios were used for determination of REY enrichment
types as defined by Seredin and Dai (2012).

Pearson correlation (7), at significance level p < 0.05, was used to examine interactions
between variables.

3 Results

What had been the site of the mine shafts and the Pb—Zn ore processing facility (Fig. 1b) is
now a wooded hillside on a cattle farm. The shafts are still open, with no fencing or other
protection, more than 70 years after the end of the mining (Fig. 1b). The mine refuse, or
spoil, piles are vegetated.

3.1 Mineralogy

The bulk mineralogy (Table 1; XRD scans in Supplementary material 1) is generally
supported by the chemical analysis (Table 2). Since the country rock is limestone, it is

not surprising that calcite is the dominant mineral in most samples. Among the spoil

pile samples, samples 93867, 93869, and 93870 were generally composed of calcite >

> quartz > > dolomite (or dolomite in similar abundance to quartz) * illite. Sample

93867 also has sphalerite, zircon, monazite, and galena. The sample 93868 fine spoil
more closely resembles the samples from the processing sites, with sphalerite > calcite

> barite (Fig. 2a), hokutolite ((Ba,Pb)SQO,), galena > quartz, dolomite > hematite (Fig. 2b,c),
illite, and yavapaiite ( KFe3*(SO,),; Fig. 3a). The sluice (processing site) sample 93871
shows a calcite > > quartz > sphalerite, barite, hokutolite > galena, blixite (fluoroblixite)1
composition and the coarse refuse from the processing site, sample 93872, is composed of
calcite > > dolomite, hokutolite > traces of quartz, galena, hematite, and sphalerite.

Sulfide minerals are present as fine minerals dispersed in the country rock (Fig. 4a) but more
commonly occur as coarser (several 100 micron) grains (Fig. 4b—d). Considering the known
abundance of sphalerite and galena in the samples, the reported forms of sulfur (Table 2) are
flawed since the analysis of pyritic sulfur depends on the analysis of Fe (ASTM, 2012). The
organic sulfur is, therefore, greatly overestimated and the total sulfur, less the sulfate sulfur,
is a reasonable estimate of the sulfur associated with the sulfide minerals. This is particularly
important for samples 93898, 93871, and 93872 with S;ut, ranging from 5.93 to 14.30%.

The fine refuse sample 93868, with sphalerite as an important constituent, has 3.57% each of
Pb and Zn along with 12.9% Ba (using the CAER XRF results). The sluice (sample 93871)

1Blixite is PbgO5(OH)2Cl4 (http://webmineral.com/data/Blixite.shtml#.Ui4VGD90Iv8). Turner and Rumsey (2010) note that other
Pb-oxyhalides produce similar X-ray patterns and the firm identification of blixite is difficult. Fluoroblixite has F substitution for the
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and coarse refuse (sample 93872) samples are also enriched in Pb, Zn, Sr, Ba, and Cd. Lead
and zinc are present, at least, as sulfides, sulfates, and oxyhalides. Beck (1949) also noted
the importance of barite among the vein minerals. Trace substitution in other minerals, such
as the carbonate host rock, cannot be discounted, but Pb or Zn carbonates were not found.

Trace elements can occur in the major minerals, such as the Cr-bearing hematite shown in
Fig. 2b. Copper-bearing hematite was also noted in TEM investigations of sample 93872
and, as noted above, Pb is a constituent in hokutolite and blixite/fluoroblixite. Lead- and
V-enriched carbonaceous material was found in the spoil pile sample 93869 (Fig. 3b). Rare
earth elements are not present in significant amounts, despite finds of monazite and zircon in
some samples (Fig. 3c).

3.2 Chemical composition of samples

The main chemical properties (loss on ignition (LOI), ash, moisture, and total organic
carbon), forms of sulfur, and major oxide and minor element content of the investigated
samples are summarized in Table 2. All samples contain high shares of LOI (9.11—

35.1%) and ash (95.2-98.9%) and low moisture content (0.12—-0.54%). The Si and Ca

are the dominant elements, with SiO, and CaO in the range 9.5-48.4% and 25.1-48.4%,
respectively, which is in accordance with mineralogical analysis and predominance of quartz
and calcite in the samples. The highest proportion of these oxides (96.8%) was present in the
fine refuse sample 93870 containing very low sulfide content (0.52%). The overall lowest
sulfur content was observed in the fine refuse sample 93869, containing the highest LOI
(35.1%) and the second highest CaO (42.6%). Contrary to that, the lowest amounts of SiO,
and CaO were present in the fine refuse (sample 93868), the sluice (sample 93871), and the
coarse refuse (sample 93872), i.e., samples with highest sulfur content (5.93-14.3%). These
samples also contain the highest concentrations of Zn (up to 5.04%), Pb (up to 3.80%), Sr
(up to 3.26%), and Ba (up to 2.79%); using the ICP-MS results.

In general, LOI, sulfur, and moisture, as well as the content of major oxides and minor
elements, were found highly variable between the samples, with RSD in the range 21—
141% and an average of 63.6%. Thus, based on the investigated parameters, samples
taken from spoil piles (samples of fine refuse) cannot be clearly distinguished from the
samples taken from the processing site (sluice and coarse refuse samples). Especially
worrisome is the fact that some spoil samples, specifically sample 93868, contain the
same levels of sulfides as samples from the ore processing site. Namely, sulfide minerals
are thermodynamically unstable in the presence of oxygen and water, and their resulting
oxidative weathering generates acidity and releases sulfates and associate metal(loid)s

to pore waters. Therefore, knowledge of element associations in mineral assemblages in
sulfide-enriched mining wastes is critical for anticipating their potential environmental
impact. To determine the incidence of certain trace metals in specific mineral phases, the
correlation between measured concentrations was studied; whereas the group of rare earth
elements was discussed separately in more details.
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3.3 Rare earth element distribution

The lanthanide (REE) and REE + Y (REY) data, along with the calculated ratios, anomalies,
and fractionation indices, are presented in Table 3. Like other trace elements, the REY
concentrations of studied samples were highly variable, with ZREY ranging from 38.8 to
145 mg kg1 (Table 2). Highest concentrations of REYs were measured in fine refuse
(samples 93867) and coarse refuse (sample 93872), up to 3—4 times higher than in other
samples, while sluice (sample 93871) exhibited the overall lowest REY concentrations.

The Upper Continental Crust normalized REE, shown on Fig. 5 (without Eu, as discussed
below), exhibit approximately parallel trends, with relative highs for Sm, Gd, and, in most
cases, Tm. Jolly and Heyl (1964) suggested that La, Y, and Yb in the vein calcite were
indicators of a deep-seated sources of the mineralizing fluids.

The REY patterns of all the samples showed evidence of LREE enrichment, with LREE/
HREE ratios ranging from 3.9 to 4.8, and accounting in average for 80.7%. The Lan/Luy,
Lap/Smy;, and Gdp/Luy ratios ranged from 0.8-1.1, 0.79-0.83, and 1.5-2.1, respectively
(Table 3). The Y/Ho ratios (29.0-35.4, Table 3) correspond to values reported for sulfides
from the Dachang Sn-polymetallic ore field (Guangxi, China) (26.2-33.7, Zhao and Jiang,
2007).

All samples exhibited a lack of cerium anomaly (Cep/Cep* = Cep/(0.5Lap + 0.5Prp) =
0.93-1.04) (Table 3) and a positive to strong positive europium anomaly (Eup/Eup?* =
Eua/(0.67Smp + 0.33Thp) = 2.29-31.5) (formulas after Dai et al. 2016). Yan et al. (2018)
showed that overestimation of positive Eu anomalies can be caused by interference from
BaO or BaOH during the ICP-MS analysis. According to Yan et al. (2018), only when
samples contain Ba/Eu less than 1000, which is the case for samples of fine refuse, samples
93867 and 93870, the interference of Ba on Eu can be ignored. However, if Ba/Eu is > 1000,
as in other studied samples, the interfered Eu is highly elevated, resulting in an erroneously
high positive Eup/Eup* values. This is further supported by the high positive correlation
observed between Ba and Eu (c.c. = 1.00), while the same was not the case for other REY
elements. Relying only on the Eu anomaly values in samples 93867 and 93870, it can be
concluded that the investigated samples are characterized by a positive Eu anomaly, which
in combination with Lan/Smy < 1 and Gdy/Luy > 1 points to the M type of enrichment by
Seredin and Dai’s classification (Seredin and Dai 2012). This type of distribution indicates
that REY's are sourced from hydrothermal fluids, which is consistent with low-temperature
hydrothermal genesis of Central Kentucky sulfides (Jolly and Heyl 1964) and explains their
low abundance in monazite and zircon.

3.4 Element associations

Spearman correlations were used to explore relationships between the studied parameters
(Supplementary material 2). Obtained correlation coefficients (/) revealed the grouping of
the examined parameters in several groups. The first group consists of Stot, Ssuif, Sorg, ZN,
Pb, Sr, Sc, Cu, Ga, Ge, Cd, and Sb which were found highly positively correlated with

the rranging between 0.95 and 1.00. The association of sulfur content and Zn and Pb
reflects their common origin in sulfides, while their high correlation with Sr, Sc, Cu, Ga, Ge,
Cd, and Sb indicates the predominant presence of these elements in sulfide minerals. The
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unusually large quantities of Ge, Cd, and Ga in sphalerites from Central Kentucky mineral
district were previously reported by Jolly and Heyl (1964).

The Al,03, K»0, TiO,, MnO, and Fe,O3 were found to be positively correlated with each
other (rfrom 0.95 to 1.00) and also highly positively correlated with Li, Be, V, Cr, Co, Ni,
Rb, Nb, Mo, Cs, REY, Ta, W, Tl, Th, and U (rfrom 0.95 to 1.00), suggesting their common
association in studied samples. The lack of correlation between REY and P additionally
demonstrates that REY are not dominantly linked to monazite.

The third group of elements comprises of Bi, Zr, In, and Hf, which were found highly
positively correlated with each other (rfrom 0.90 to 0.99). Tin showed the highest
correlation coefficients with Zr (r=0.90), although not statistically significant. Their
relationship probably derives from their common origin in heavy minerals, predominantly
zircon.

The absence of statistical significance in case of CaO, SiO», and Ba probably reflects their
dominant presence in carbonates, quartz, and barite, respectively. The positive correlation
between MgO and CaO, although not statistically significant, can be explained by their
common association in dolomite, further supporting the previous assumption.

4 Discussion

4.1 Environmental impact

The samples with the highest sulfur concentrations (14.3% in 93868, 9.63% in 93871, and
5.93% in 93872, Table 2) exceed both the intervention values of Dutch soil criteria (2000)
and the EPA screening levels for industrial soils (EPA 2018) regarding their Zn, Pb, Ba,
and Cd content (Table 4). Specifically, levels of Zn and Ba exceed the Dutch intervention
values in all samples, while for Pb and Cd, the latter applies for fine refuse samples 93868
and 93869, as well as for the sluice sample 93871 and coarse refuse sample 93872. Copper
slightly surpasses the intervention value only in sample 93,868.

While the target values of the Dutch soil criteria (2000) refer to soil quality that fully

assists the soil functionalities for the lives of different organisms, the intervention values,

on the other hand, indicate the quality for which the functionality of soil is being seriously
impaired. Concentrations in excess of the intervention values, which is the case for most of
the samples regarding their Zn, Pb, Cd, and Ba content, correspond to contamination and can
be considered a serious environmental hazard. The latter is further emphasized by the fact
that the Zn, Pb, and Cd are associated with sulfide minerals prone to weathering.

4.2 Sulfide mineral oxidation

The weathering of sulfides in the Owen County poses a risk of acidification and release of
significant and environmentally highly disruptive concentrations of major sulfide forming
metals (Zn and Pb) as well as elements associated with sulfide minerals, i.e., Ga, Ge, Cu,
Cd, and Sh. The obtained mineral and geochemical data were, therefore, used to gain insight
into the processes and conditions that control the oxidation of sulfide minerals and the
mobility of related reaction products within investigated waste material.
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In general, the oxidation of sulfide minerals proceeds with either dissolved oxygen (O,)
or dissolved ferric iron (Fe3*) acting as an oxidizing agent. The oxidation of sphalerite
and galena by dissolved oxygen can be described by the reactions 1 and 2. Although none
of these reactions generates acid (Seal 2004), the presence of ferric ions can generate
significant amount of H*, as described by reactions 3 and 4. Since the zinc in sphalerite

is often partially substituted with Fe (Pring et al. 2008), the oxidation of iron-enriched
sphalerite can also contribute to the presence of ferrous iron (reaction 5).

ZnS,, + 20, — Zn*>* + 50" @)

PbS,, + 20, — Pb*>* + SO2" F)

ZnS,, + 8Fe’* +4H,0 — Zn®* +8Fe’ T + SO2” + 8H* ®)
PbS,, + 8Fe>* + 4H,0 — Pb?> T + 8Fe’* + 502 + 8H* @
(Zn, - Fe)S,, + 20, — (1 — x)Zn® + xFe? + SO ®)

Oxidation of other minerals containing iron, e.g., pyrite or chalcopyrite, can also increase the
amount of ferrous ions, while subsequent oxidation of ferrous iron can release additional H*
(reactions 6 and 7); and dissolved ferric iron can further oxidize the sphalerite, according to
reaction 8.

Fe?t + %Oz +H S FS3 + %HZO ®)

Fe’* 4 3H,0 — Fe(OH),, + 3H" @

(Zn,_.Fe)S, + 8Fe,, +4H,0 — (1 — x)Zn®> *

8
+ (8 + x)Fe’ T +S0” +8H* ®

Compared to dissolved oxygen, the dissolved ferric ion is considered more effective in
oxidation of sulfide minerals, but its efficacy ultimately depends on the pH values. While
reactions involving ferric ion are favored in acidic conditions, at the near neutral conditions
dominates the dissolution by oxygen (Seal 2004).

However, low concentrations of Fe,O3 (< 3%) and absence of pyrite or chalcopyrite in
investigated samples suggest that the oxidation by ferric iron is rather limited in this case.
Additionally, the only iron mineral identified was hematite, present in all samples except in
the sluice (sample 93871).
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4.3 Carbonate dissolution

Minerals in the host rock generally react to neutralize acid generated via sulfide-mineral
oxidation whereby the carbonates are the most reactive ones. In investigated samples, both
calcite and dolomite were identified, with calcite as the major carbonate. Mineral dissolution
of these minerals consumes H*, releases divalent cations (Ca and Mg), and generates
aqueous carbonate species (Lindsay et al. 2015), as described by the reactions 9 and 10.

CaCO,, + H, — Ca’* + HCO, — ©)

CaMg(CO3),, + 2H" — Mg? " + Ca>* +2HCO, — (10)

Following the above, calcite dissolution commonly produces near-neutral porewater pH
values (from 6.5 to 7.5; Blowes and Ptacek 1994; Blowes et al. 2003), whereas the pH
values approaching 8.0 have been observed in tailings where dolomite and ankerite are the
principal carbonates (Blowes et al. 1998; Lindsay et al. 2009). The latter was reported for
the sulfide tailings deposits of Greens Creek (Alaska, USA), where the dolomite is the
second most abundant component after pyrite and comprises up to 33 wt% of the tailings
mineral assemblage. Five years after deposition, the pore water pH in the said tailings
deposit ranged from 6.7 to 8.0 (Lindsay et al. 2009). Contrary, in sulfide tailings of the
Nickel Rim (Ontario, Canada) and Sherridon (Manitoba, Canada), where the carbonates
share is very low (< 0.2 wt% and > 1 wt%, respectively), the acid generated via pyrrhotite
oxidation completely depleted carbonate minerals and lowered the pH below 3 within

the sulfide-mineral oxidation zone (Johnson et al. 2000; Moncur et al. 2005). Subsequent
elevation of the pH in the deeper parts, from 6.5 to 7.0 in the Nickel Rim and up to 5.5 in
the Sherridon tailings, was attributed to the dissolution of calcite and ankerite (Johnson et al.
2000; Moncur et al. 2005). Further decrease in the pH values and recorded pH plateaus were
to some extent associated with the dissolution of (oxy)hydroxides and silicates, predominant
acid-neutralizing reactions following the depletion of carbonates (Lindsay et al. 2015).

4.4 Estimated acidity potential

The acid producing potential (AP) of certain ore waste material is related to its total sulfur
content and generally calculated by multiplying the percent of total sulfur by a conversion
factor (AP = 31.25 * %S), while its neutralizing effect (NP) is directly proportional to its
carbonate content (Seal 2004). The net neutralizing potential (NNP) can be expressed as the
ratio of NP to AP (EPA 1994), whereby the ratio < 1 describes the environment more likely
to generate acid.

Material from the Owen County, with a sulfide content of 0.5-14.3%, i.e., AP ranging from
15 to 447, and a carbonate content estimated from CaO data (Table 2) ranging from 45 to
86%, has a NNP near or below unity. A high proportion of barite in the samples may cause
the over-estimation of AP for the Owen County material, and consequently under-estimation
of NNP. However, even with the correction for barite, the NNP remains low.
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Despite the low neutralizing potential of the Owen County waste material, there are
limiting circumstances for the sulfide dissolution and consequently the release of high,
potentially toxic concentrations of elements such as Zn, Pb, Sc, Cu, Ga, Ge, Cd, and Sh.
As previously illustrated, the dissolution of the major sulfide phases in the investigated
mining and processing wastes is primarily restricted by the presence and share of carbonate
minerals. The carbonates not only neutralize the acid generated by sulfide weathering but
also limit the influence of Fe on their dissolution by maintaing a near-neutral conditions
within the investigated material. Similar observations were reported for the Greens Creek
tailings deposits, wherein the shares of carbonates and sulfides are similar, i.e., NNP < 1, but
the pore water pH’s reflected the near-neutral conditions (Lindsay et al. 2009). Additional
constraints for the Owen County material are the relatively low proportion of iron (0.5-3%,
Table 2), its predominance in highly resistant hematite, as well as the absence of pyrite or
chalcopyrite.

Therefore, the bulk mineralogy in combination with high shares of carbonates most likely
condition circumneutral pH conditions within studied wastes, whereby the atmospheric O,
acts as the principal electron acceptor during sulfide oxidation, similar to the Greens Creek
tailings (Lindsay et al. 2009).

However, variability in the composition of similar waste types precludes generalization,
and each waste type should be considered separately, taking into account geochemical
and mineralogical composition and local hydrogeological and climatological conditions.
The large heterogeneity of mineralogical and geochemical features of waste deposits is a
function of the rejects being produced and deposited at different times; thus, the reactions
between oxygen, water, and minerals such as sulfides, carbonates, and clays happened in
different ways, which justifies the variability chemical and mineralogy of waste deposits.
The formation of secondary minerals (e.g., Fe and Al-sulfates) and tertiary minerals (e.g.,
hematite and Al-amorphous phases) that according to previous authors (Silva et al. 20113,
b, ¢, d, 2021) can be generated according to the intensity of the contact with water (from
humidity to rain that further alters the geochemistry of a mining region containing sulfides).

The present study demonstrates that the chemical and mineralogical composition of an
abandoned Pb—Zn mining involves complex geochemistry; thus, the present study will help
in the environmental recovery of the studied region and in other Pb—Zn mining regions. In
future studies, one of the strategies that can be employed is the use of mixtures of industrial,
mining, or other wastes to recover the impacts on the environment and human health in
mining and Pb—Zn areas. Some authors demonstrate how such a suggestion can be correctly
used (Ramos et al. 2017; Ferrari et al. 2019; Cortés et al. 2020).

5 Conclusion

Mining and processing wastes remained decades after the sulfide ore excavation in Owen
County, Kentucky, revealed the following characteristics. The mineralogy of samples was
found to be dominated by calcite and quartz or dolomite in the same abundance. The
geochemical characteristics are reflected in the mineralogy, with major element levels
governed by major mineral phases, calcite, dolomite, quartz, and barite. Trace elements, on
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the other hand, can be grouped into several groups where sulfides are dominantly enriched in
Zn, Pb, Sc, Cu, Ga, Ge, Cd, and Sh. Rare earth elements, despite the presence of monazite
and zircon, were related to other mineral phases.

The mineralogical and geochemical features of studied wastes provided a more detailed
insight into the ongoing weathering processes. Although the investigated samples contain
high shares of sulfides, and consequently high concentrations of elements such as Zn,

Pb, Sc, Cu, Ga, Ge, Cd, and Sb, there are limiting circumstances for their release into

the enviroment. Namely, the bulk mineralogy of the explored waste material dominated
by calcite creates near-neutral conditions in which the dissolution of sulfide phases and
consequently the release of high concentrations of potentially toxic elements into the
environment are limited.
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Kentucky

Fig. 1.
A Location of the mine area in Kentucky and of the sample location within the local area.

From north to south, the four shafts on the geologic map are the Mill, Pennyroyal, Cedar,
and Ohio (after Beck 1949). Inset captions on geologic map (left; from Moore 1977): top —
Spoil pile to north: N 38° 29" 22.48” /W 84° 58" 37.92”; bottom: Mine shaft (the Mill shaft)
to south: 38° 29" 20.78” /W 84° 58" 37.92”. The southeast corner of the Google Earth (20
September 2016 image) inset is at N 38° 28’ 57.22"/W 84° 57’ 51.37” and the northwest
corner is at N 38° 30" 04.62”/W 84° 59" 09.36”. Formation codes: Ol — Ordovician
Lexington Limestone; Okc — Ordovician Kope and Clays Ferry formations (undivided).
The contours are labeled in feet (1 foot = 0.3048 m). B Top: Ruins of mineral processing
facility. Bottom: Abandoned mine shaft
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A Barite (?) from sample 93871 (SEM image, scale = 20 pm). B Cr-bearing hematite from

sample 93872 (SEM image, scale = 2 pm). C Sample 93872 EDS scan
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Fig. 3.
A Yavapaiite with characteristic six-sided cross section from sample 93868 (TEM image,

scale = 20 nm). B Lead- and vanadium-enriched (blue and red ovals, respectively)
carbonaceous material from sample 93869 (TEM image, scale = 20 nm). C Monazite
(sample 93867, scale = 3 um). D Zircon with insets showing Al (top left) and Zr (bottom
left) concentrations (sample 93867, scale = 10 um). All images are from transmission
electron microscopy
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S0 pm

S0 pm

Fig. 4.
Optical microscopy images (oil-immersion, reflected polarized-light, 50 x optics). A
Sulfides in carbonate matrix. B Galena. C Sphalerite, D Galena. All scales = 50 pm
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Fig. 5.

Upper continental crust-corrected rare earth element spider plot (corrections after Taylor and
McLennan (1985)). The value for Eu is not plotted since the value is not reliable due the
interference with Ba, a common constituent in many of these samples
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Soil concentration ranges and regulatory guidelines for some heavy metals (expressed in mg kg™ or g kg™1)

This study EPA screening levelsl  Dutch soil criteria®
Industrial soil Target value  Intervention value
Ba  5043-27,945 22,000 160 625
Cd 7.02-251 98 0.8 12
Co 0.75-9.20 35 9 240
Cr 4.3-22.1 - 100 380
Cu 20.0-197 4700 36 190
Mo 0.12-0.49 580 3 200
Ni 5.1-17.5 1100 35 210
Pb 112-38,008 800 85 530
Sh 0.11-1.75 47 3 15
Zn  1704-50,398 35,000 140 720
Tepa (2018)

ZDutch Target and Intervention values (2000)
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