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Mining processes generate waste rock, tailings, and slag that can increase potentially toxic metal (PTM) concentrations in soils.
Un-reclaimed, abandoned mine sites are particularly prone to leaching these contaminants, which may accumulate and pose
significant environmental and public health concerns. The characterization and spatial delineation of PTMs in soils is vital for risk
assessment and soil reclamation. Bumpus Cove, a once active mining district of eastern Tennessee, is home to at least 47
abandoned, un-reclaimed mines, all permanently closed by the 1950s. This study evaluated soil physicochemical properties,
determined the spatial extent of PTMs (Zn, Mn, Cu, Pb, and Cd), and examined the influence of soil properties on PTM
distribution in Bumpus Cove, TN. Soil samples (1 = 52) were collected from a 0.67 km? study area containing 6 known abandoned
Pb, Zn, and Mn mines at the headwaters of Bumpus Cove Creek. Samples were analyzed for Zn, Mn, Cu, Pb, and Cd by
microwave-assisted acid digestion and flame atomic absorption spectrometry (FAAS) (12-1,354 mg/kg Zn, 6-2,574 mg/kg Mn,
1-65 mg/kg Cu, 33-2,271 mg/kg Pb, and 7-40 mg/kg Cd). Of the measured PTMs, only Pb exceeds permissible limits in soils. In
addition to the PTM analyses, soil physical (texture, moisture content, and bulk density) and chemical (pH, cation exchange
capacity (CEC), and total organic carbon (TOC)) properties were evaluated. Spatially weighted multivariate regression models
developed for all PTMs using soil physicochemical properties produced improved results over ordinary least squares (OLS)
regression models. Models for Zn (R*>=0.71) and Pb (R>=0.69) retained covariates ¢!, moisture content, and CEC (Zn), and pH
and CEC (Pb). This study will help define PTM concentration and transport and provide a reference for state and local entities
responsible for contaminant monitoring in Bumpus Cove, TN.

1. Introduction

Contamination by potentially toxic metals (PTMs) in soils
may develop from either geological or anthropogenic
sources, and as they tend to bioaccumulate, they may act as
pollutants and give rise to concern regarding human health,
agriculture, and ecotoxicology [1]. Natural occurrences of
PTMs in soils are strongly associated with the complex
distribution of metal-containing parent material, and they
become incorporated into the soil by means of weathering
processes and/or atmospheric deposition [2, 3]. Frequency
and occurrence of PTM contamination in soils is increased
by anthropogenic activities such as the mining of metal ores
which generate primary contaminants consisting of waste
rock, tailings, and slag. The rate and intensity of PTM

pollution is dependent on the relative abundance of indi-
vidual metals as well as their toxicity, mobility, and bio-
availability potential [4]. The most prominent PTMs that
accumulate in soils include Cd, Cr, Cu, Hg, Ni, Pb, and Zn
[5]. PTMs are different from organic pollutants in that they
are not removed by natural attenuation. Instead, they may be
concentrated and some of them converted to organic
complexes by organisms, thus increasing toxicity [6]. PTMs,
classified according to the primary accumulation mecha-
nisms in sediments, have different remobilization behaviors
under changing environmental conditions [7]. These con-
taminants in soils are rarely soluble and primarily occur in a
sorbed state or as insoluble compounds, excluding highly
acidic soils [8]. Low solubility affects transport in soils, and
as demonstrated by Chang et al. [9], more than 90% of PTMs
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are found in the surface 15cm of the soil. Even slow
transport through soil and subsoil materials may eventually
cause groundwater contamination [8].

Usually, soils surrounding mines and mine tailings are
mechanically, physically, chemically, and biologically de-
ficient [10]. These soils are also typically low in nutrients and
organic matter and high in PTMs [11]. Therefore, un-
reclaimed abandoned mine sites may accumulate PTMs in
soil and threaten environmental and public health. PTM
pollution near abandoned mine sites may vary greatly as a
function of numerous variables, which include types and
total amounts of ores/minerals mined, materials/chemicals
used for processing and treatment, duration since aban-
donment, major routes of metal transport, and types of
vegetation [12]. Additionally, many individual metal species
exhibit distinctively different environmental behaviors [12].
PTM bioavailability, transport, and spatial distribution in
soils are a complex phenomenon, affected by many factors
such as total concentration [13, 14], pH [15], organic matter
[16], texture [17, 18], cation exchange capacity (CEC) [19],
and redox reactions [6, 20]. As physicochemical properties
play an important role in the determination of the spatial
distribution of metals in soil, evaluation of these parameters
is necessary for environmental assessment.

In the United States, the chemical partitioning of PTMs
in contaminated soils has been the topic of much research.
Ma and Rao [21] investigated the chemical partitioning of
PTMs in nine contaminated soils collected from various US
locations and reported that the distribution of all of the
metals except Zn in various chemical fractions were de-
pendent on the respective total metal concentrations in the
soils. Murray et al. [22] investigated the chemical speciation
of bed sediment in an urban stream in Michigan and de-
termined that metal concentrations in the reduced phase are
strongly dependent on grain size, while there is little grain
size control of residual metal concentrations. Additionally,
analysis and interpretation of the spatial distribution pat-
terns of PTMs have been used to evaluate the potential
reactivity of PTMs [16, 23-25] and are widely used in soil
pollution studies, providing qualitative evidence about trace
element reactivity and indirect evidence of their bio-
availability [21, 26]. Few studies on the fractionation of
PTMs around historical mines have been performed in the
United States. In 2003, the aerial extent of PTM contami-
nation in Montana related to long-term copper smelting was
investigated by Burt et al. [24], in which trace element
concentrations were found to have limited mobility and
were related to distance and direction from source, to-
pography, and soil physicochemical properties. In Colorado,
the contamination of Zn and Cd as a result of historical
underground mining of silver and base metals was examined
by Burt et al. [25], who found that soil PTMs showed sig-
nificant short-range spatial variability within 100 s of meters
downstream of the mining district. These two studies
demonstrate the need to (1) examine both physical and
chemical properties of soil as drivers for PTM spatial dis-
tribution and (2) employ a fine spatial resolution sampling
design to capture short-range spatial variability. The ob-
jectives of this research are therefore to (1) estimate host soil
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physical properties (texture, moisture content, and bulk
density), chemical properties (cation exchange capacity
(CEC), pH, total organic carbon (TOC)), and PTM (Cu,
Mn, Zn, Pb, and Cd) concentrations and (2) determine the
spatial distribution of these contaminants in relation to
soil properties in the vicinity of an abandoned mine
complex.

L.1. Study Area. Tennessee’s great abundance and variety of
mineral deposits within sedimentary, metasedimentary,
metamorphic, igneous, and unconsolidated country rock led
to a thriving metallic mineral industry dating back to the 18™
century. Mineral production in Tennessee has included li-
monite, magnetite, hematite, gold, silver, copper, zinc, lead,
and manganese [27]. Bumpus Cove helped establish the
region’s long history of iron, lead, zinc, and manganese
mining [28].

Bumpus Cove is located in the southwest corner of
Washington County and the northeast corner of Unicoi
County, TN (Figure 1(a)) within the Unaka physiographic
province, a subrange of the Appalachian Mountains. At
nearly 3.2 km wide, the cove extends approximately 6.5 km
to the northeast and is situated between two subparallel
mountains: Rich Mountain (~1,035m) to the southeast and
Embreeville Mountain (~885m) to the northwest [28]. In
and around the cove, a conformable sequence of Paleozoic
lithologies is preserved as a syncline. The valley floor and axis
of the syncline lie within the Cambrian Shady Dolomite,
which is well jointed and often considerably fractured and
brecciated due to regional thrusting. The older, more re-
sistant Cambrian Chilhowee Group sandstones underlie the
ridges surrounding the cove [28]. The Chilhowee Group is
also heavily thrust faulted and is composed of arkosic to
arenitic sandstones interbedded with minor amounts of
shales and conglomerates [29]. Bumpus Cove contains ex-
tensive deposits of iron, zinc, lead, and manganese ores.
Zing, lead, and iron sulfides reside within the Shady Do-
lomite, while the oxidized deposits of zinc, lead, iron, and
manganese occur in the residual clay, emplaced through
weathering processes [28].

The Bumpus Cove Creek watershed encompasses an area
of about 19.5km? and drains northeastward into the larger
Nolichucky Watershed (HUC 06010108). High annual
rainfall, typical of the southeastern United States, can ex-
pedite transport of metals from topsoil to subsoil. Bumpus
Cove has a humid, temperate climate (Képpen climate
classification Cfa) that experiences most of its rainfall in the
summer months. Unicoi County experiences an average
annual temperature of 14°C (57°F) and an average annual
precipitation of 104 cm (41 in) [30]. The study area occupies
0.67 km” and is bounded to the northeast by property lines;
to the east and southeast by the 640 m topographic contour;
to the south and southwest by the 670 m contour; and to the
west and northwest by the 730 m contour. Within the study
area, Bumpus Cove Creek flows north to northeast.

The mining history of a total of 47 mines in the cove
extends from the Revolutionary War period to the early
1950s, when commercial activity was discontinued due to
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FIGURE 1: (a) Location of the study area (0.67 km?) in the southwest corner of the Bumpus Cove watershed (~19.5 km?), Washington and
Unicoi counties, Tennessee, and (b) study area sample and mine locations relative to Bumpus Cove Creek.

loss of government subsidies [31]. The abandoned Peach
Orchard Mine, located in the southwest end of the cove on
the northwest side of Bumpus Cove Creek, was the most
productive zinc and lead mine in the history of the cove. The
Peach Orchard Mine operated between 1916-1926 and

1931-1943 and was the chief producer of lead and zinc in the
United States during this time [28]. Five additional aban-
doned mines operated within the same timeframe and exist
in the immediate vicinity of the Peach Orchard Mine
(Figure 1(b)).



2. Materials and Methods

A simplified flow chart of methods used in this study is
presented in Figure 2.

2.1. Sampling Procedure. A total of 52 soil samples were
collected within the study area in 2016. Sampling point
locations were semirandomly selected by dividing the study
area into a grid composed of 51 rectangular cells
(~130m x ~115m) using the fishnet tool in ArcGIS 10.1 [32].
At least one soil sample was taken randomly within each cell
using individual plastic soil core samplers after removal of
the thick humus layer by a steel trowel. At each sampling
point, soil core samples for chemical analyses were collected
directly in sterilized PVC soil tubes, sealed on-site in labeled
plastic bags and transported to the laboratory in a cooler. An
additional 500 g of bulk soil was collected at each sampling
site to be used for physical analyses. All samples were ob-
tained from depths of 0 to 15cm.

2.2. Lab Methods. Lab methods included physical (grain size
distribution (GSD), moisture content, bulk density, and
porosity) and chemical (flame atomic absorption spec-
trometry (FAAS), pH, TOC, and CEC) analyses. All data are
reported on a dry weight basis.

Moisture content and bulk density for each sample was
evaluated according to the American Society for Testing and
Materials (ASTM) D2216 and D7263, respectively. To de-
termine particle size fractions of the collected soil, GSD was
performed using sieve and hydrometer methods according
to ASTM D422. Each bulk sediment sample was sieved and
plotted on a GSD curve using the size fractions: 4.75, 2, 0.6,
0.212, 0.15, 0.106, and 0.075 mm. The hydrometer method
was used to assess the finer fractions (<0.075mm). Soil
texture was determined using the Unified Soil Classification
System (USCS).

Soil chemical analyses included pH (1:1 in H,O [33]),
cation exchange capacity (CEC by summation [34]), and
total organic content (TOC loss on ignition at 360°C [35]).
PTM concentrations for Mn, Zn, Pb, Cu, and Cd were
determined by flame atomic absorption spectrometry
(FAAS) analysis (Varian SpectrAA 220 FS). In accordance
with EPA Method 3052, microwave-assisted acid digestion
of the finer fractions was employed to break down the
sample matrix and leave the analytes of interest in solution
and ready for analysis. Calibration curves were prepared for
each metal by running a series of concentrations of standard
solutions, metal concentrations were analyzed, and all values
were converted to mg of PTM per kg of soil (mg/kg or ppm).

2.3. Data Analysis. Physical and chemical analyses data for
each sample were assembled into a database using the
Statistical Package for the Social Sciences [36]. Descriptive
statistics, scatterplots, and Spearman’s rho correlation co-
efficients were calculated for each variable; then, multi-
collinearity among the variables was assessed. Correlation
coefficients were used to select explanatory variables for
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regression analysis. Spatial autocorrelation for each PTM
was assessed using univariate local Moran’s I in GeoDa 1.6
[37]. Explanatory (soil physicochemical properties) and
response variables (PTM concentrations) are shown in
Table 1. Ordinary kriging surfaces were created for ex-
planatory variables using anisotropy to account for SW-NE
trending drainage influence within the study area. Spatial
weights were created for three distance thresholds (150, 200,
and 300 meters) to better understand spatial relationships
that exist among the variables. The lowest distance threshold
(150 m) was the minimum distance between neighbors, as
given by local Moran’s I, and the two larger neighborhood
sizes (200 and 300 m) were selected to allow for expected
spatial variability in metal concentrations at small distances
as reported by Burt et al. [25]. The selection of an appropriate
spatial regression model is dependent on PTM variability
among sample sites, and thus, the model and size of the
spatial neighborhood may differ for each metal. The spatial
lag model assumes there is an underlying spatial process not
captured in the data and models it with a new spatial variable
(A) that is a function of estimates of the dependent variable at
nearby locations. The spatial error model instead models the
spatial variability as a spatially varying error term. For each
of the three distance-based weights, three spatial models
were developed: ordinary least squares (OLS), spatial lag
(SLag), and spatial error (SError). For each metal, the best of
the nine models was selected according to the highest R* and
lowest Akaike Information Criterion (AIC) spatial di-
agnostics, as well as by assessing spatial autocorrelation in
the residuals.

3. Results and Discussion

3.1. Soil Physicochemical Properties. Descriptive statistics
and ordinary kriging maps for general soil characteristics of
the abandoned mine complex are presented in Table 2 and
Figure 3, respectively. Elevation (Figure 3(a)) in the study
area ranged between 540 m and 770 m and was lowest in the
drainage valleys and highest in the north, south, and
southwest. The southeast-facing slope is much more rugged
and is noticeably contoured by abandoned mining terraces
at its center. GSD analysis showed that all samples were well-
graded sands (94.5% sand, 0.04% silt, and 0.01% clay) as
defined by the USCS classification. Figure 4 shows the upper
and lower bounds as a range in grain size within the sand
textural class. The sand (Figure 3(b)) textural class com-
prised 88-99% of all soil samples and was highest along
drainage pathways and lowest in the southwest. Silt
(Figure 3(c)) had a much lower range of 1-11% and, as
expected, showed the inverse spatial pattern of the sand
textural class, with silt less predominant along drainage
pathways and highest in the southwest. Clay (Figure 3(d))
had a maximum of only 3% but showed a decreasing trend
from the northeast to southwest. Soil moisture content
(Figure 3(e)) ranged from 8-53%, had one outlier at 75%,
and generally increased towards the east-central region of
the study area. Soil bulk density (Figure 3(f)) ranged from 1-
2% and increased eastward across the study area. Soil pH
(Figure 3(g)) varied from very acidic (pH as low as 3.6)
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FIGURE 2: Physical and chemical analyses of soil samples were used to develop spatial prediction models for PTM distribution.

TaBLE 1: Explanatory and response variables.

Explanatory variables Response variables

Metal concentrations
(Cu, Mn, Zn, Pb, and
Cd)

Physical properties (texture, moisture
content, and bulk density)
Chemical properties (CEC, pH, and TOC)

around the northwest and southeast perimeters, to neutral
(up to pH 7.6) from the southwest to the northeast, espe-
cially towards the central valley. The neutral pH trends
parallel to the fold axis of the Shady Dolomite, which likely
neutralizes soil acidity. CEC (Figure 3(h)) was variable
throughout the study area with six outliers (11-17 meq/
100 g), but the majority ranged from 2 to 8 meq/100 g and
generally increased towards the center of the study area.
Most of the soils had TOC (Figure 3(i)) ranging from only
3-18%, with an outlier reaching 32%. In the study area, TOC
gradually decreased from northwest to southeast. Overall
low CEC and TOC in the valley are typical for a disturbed,
un-reclaimed mine area.

3.2. PTMs and Soil Properties. Concentrations for Zn, Mn,
and Pb show significant variability between sample sites
(ranges of 12-1,354mg/kg Zn, 6-2,574mg/kg Mn, and
33-2,271 mg/kg Pb). Cu and Cd were much less variable,
with ranges of 1-65 mg/kg and 7-40 mg/kg, respectively. Of
the measured PTMs, in general, only Pb exceeded EPA
permissible limits (420 mg/kg) in soils [38]. Spearman’s rho
correlations between soil properties and PTM concentra-
tions are summarized in Table 3. Only significant correla-
tions are shown. Amongst soil properties, moisture content,
bulk density, pH, and CEC are positively correlated with
sand and negatively correlated with silt. Sand is negatively
correlated with silt and clay textural classes, whereas clay is
positively associated with silt. TOC is positively correlated
with CEC and negatively correlated with bulk density. All
metals (Zn, Mn, Cu, Pb, and Cd) are strongly and positively
correlated with each other, except Mn and Cd, which show
no correlation. All metals also show strong positive asso-
ciation with pH, but only Cu and Cd show a positive as-
sociation with moisture content. Each metal is also positively
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TABLE 2: Descriptive statistics for soil physical and chemical properties and metal concentrations.

Variables Min Max Mean Standard deviation Skewness Kurtosis
Soil properties

Moisture content (%) 8.29 75.21 24.59 13.2 1.4 3.1
BD (g/cm?) 0.79 1.79 1.25 0.2 0.2 -0.07
pH 3.60 7.60 4.89 0.8 1.3 2.2
CEC (meq/lOO g) 1.52 16.58 4.83 3.5 1.8 29
TOC (%) 3.20 31.46 8.61 4.7 2.6 10.6
Sand (%) 87.65 98.83 94.50 0.03 -0.5 -0.8
Silt (%) 0.82 10.73 4.34 0.03 0.6 -0.8
Clay (%) 0.00 2.60 1.14 0.01 0.3 -0.2
Metal concentration

Zn (mg/kg) 11.80 1354.16 302.52 402.7 1.7 1.6
Cu (mg/kg) 1.14 64.67 13.96 132 23 5.9
Mn (mg/kg) 6.29 2574.93 344.49 652.2 2.4 4.9
Pb (mg/kg) 33.43 2271.43 326.69 529.6 2.7 6.4
Cd (mg/kg) 7.14 40.00 11.86 5.1 3.6 17.8

BD, bulk density; CEC, cation exchange capacity; TOC, total organic carbon.

Elevation
(m)
High : 770

% Silt
Jy High: 1073

% Sand
. High : 98.83

(a) (b) ()

Low : 540 . Low : 87.65 . Low:0.82

> >
4
Bulk density
% Clay 9% Moisture (g/cm?®)
P High:2:60 ) High:75.21 M High:179
»
. Low:0.00 . Low:8.29 . Low:0.79

(d) (e) (f)

Figure 3: Continued.
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associated with sand and strongly negatively correlated with
silt, except Zn, which is not correlated with a textural class.

Soil physical properties play an important role in PTM
storage and spatial distribution. Strong positive correlation
is generally expected between metals and decreasing particle
size fractions because smaller particles have a greater specific
surface area and a negative charge which increases the ca-
pacity for metal retention [7, 15, 39-41]. This was not evident
in the present study; however, larger grain sizes may better
document metal content from anthropogenic sources as a
result of their limited transport and longer residence time at
a given site [42]. Surface soils of the present study exhibited a
well-graded sand textural class which may follow such a
pattern because all metals except Zn were significantly and
positively correlated with % sand and significantly and
negatively correlated with % silt. Additionally, as expected in
the study area, turbulent stream in hilly landscape deposited
sands as bed load materials that eroded from surrounding
slopes of Chilhowee Group sandstones. Correlations be-
tween PTM concentrations and soil moisture content ob-
tained in this study agree with those of Sharma and Raju
[43], who indicated that metal retention increases with

moisture content. This is probably attributed to enhanced
hydrolysis of metals, especially under acidic conditions;
however, this trend was only apparent for Cu and Cd
concentrations. Bulk density was not shown to influence
PTM concentrations in Bumpus Cove. Soil bulk density
greatly depends on mineral composition and degree of
compaction, and although this can influence PTM distri-
bution, soil bulk density is rarely used to determine total
metal content [44].

According to Ghosh and Singh [45] and Zeng et al. [46],
pH has the greatest effect of any single factor on the solu-
bility or retention of PTMs in soils such that increasing
solubility is associated with increasing soil acidity [5, 15].
The United States Department of Agriculture (USDA) and
Natural Resources Conservation Service (NRCS) [38] rec-
ommend increasing soil pH to 6.5 or higher to help reduce
mobilization and enhance accumulation, thus the potential
for adverse effects of metals on transport to surface or
ground water. Soils in the Bumpus Cove study area are
relatively acidic to neutral, ranging between 3.6 and 7.6 pH.
Soil acidity was higher in the sandstone ridges and slopes
and close to neutral in the valley comprising dolomitic
bedrock that helps neutralize the soil acidity. Soil pH was
significantly and positively correlated with all metals, per-
haps due to increased metal concentration in near-neutral
pH environment. High CEC has been reported to influence
PTM retention [45, 47, 48]. Navas and Machin [47] reported
that CEC has shown significant and positive correlations
with Zn, Mn, and Pb, but no significant correlations with Cu
and Cd. For soils of the Bumpus Cove study area, CEC was
retained as a covariate in spatial regression models for both
Zn and Pb. In agreement with Navas and Machin [47], the
relationship between Pb and CEC was positive; however, in
contrast to their results, the relationship between Zn and
CEC was negative in our model. TOC has been reported in
previous works to be one of the significant soil parameters
influencing PTM concentration [49]. The strong affinity of
Cu for TOC observed by Imperato et al. [50] was not rec-
ognized as an overall major factor in the PTM distribution at
Bumpus Cove. Absence of correlation of CEC and TOC with
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TaBLE 3: Spearman’s rho correlation coeflicients for soil properties and PTM concentrations (n = 52). Significant correlations are marked

with * (p <0.05) or ** (p<0.01).

Variables C(I)\ﬁ(t)elilt:;;) BD (g/cm3) pH (meiflCOO 9 Sand (%) Silt (%) Zn (mg/kg) Mn (mg/kg) Cu (mg/kg) (mz})kg)
Soil properties
BD 0.309" 1
pH 0.364** — 1
CEC — — — 1
TOC 0.278* —0.571** — 0.341%
Sand 0.457** 0.375"* 0.488"* 0.409** 1
Silt —-0.459** -0.362"*  —-0.531** —-0.450"* -0.979** 1
Clay — — — — —-0.640"* 0.515"*
Metal concentrations
Zn — — 0.445** — — — 1
Mn — — 0.400** — 0.343* —-0.388**  0.430"" 1
Cu 0.319* — 0.543** — 0.556"* —-0.593**  0.435%" 0.521** 1
Pb — — 0.546"" — 0.442**  -0.471*"  0.415"" 0.337* 0.750"* 1
Cd 0.296* — 0.523** — 0.318* -0.379**  0.379** — 0.557** 0.504**
TABLE 4: Spatial multivariate regression results.
Diagnostic Zn Mn Cu Pb Cd
Distance threshold (m) 150 300 200 150 150
Best spatial model Spatial error Spatial error Spatial error Spatial error Spatial lag
OLS 0.371 0.162 0.366 0.515 0.558
R? SLag 0.384 0.186 0.369 0.615 0.617
SError 0.400 0.212 0.369 0.694 0.587
OLS 762.255 827.317 406.895 779.265 290.25
AIC SLag 763.487 828.315 408.711 772.458 286.875
SError 760.706 825.638 406.729 762.513 288.248
o _ pH (+)
Soil properties retained PH (+) Moisture content (-) /;)A)Sjlrlltd ((—)) g&l(a)) % sand (-)
CEC (-) % silt (-) BD (-) e % silt (-)
Wy (-)

A is a spatial autoregressive error term; Wy is a spatially lagged dependent variable; and (+) and (-) indicate the sign of the coefficient.

PTMs are evident from low clay and organic contents in the
un-reclaimed and disturbed mine area in Bumpass Cove.

3.3. Spatial Models to Predict PTM Concentration.
Spatially weighted multivariate regression models developed
for PTMs using soil physicochemical properties (Table 4)
produced improved results over OLS regression models.
Here, A is a spatial autoregressive error parameter that ac-
counts for spatial autocorrelation in the error term and Wy is
a spatially lagged dependent variable that incorporates the
neighboring values into the prediction for each location.
For Zn, the spatial error model (R*=0.40) was the best
model using the lowest distance threshold (150 m). The best
model for Mn was the spatial error model (R*=0.21) using
the highest distance threshold (300 m), and the best model
for Cu was the spatial error model (R*=0.37) with the
middle distance threshold (200 m). The best models for Pb
and Cd were the spatial error (R*=0.69) and spatial lag
(R*=0.62) models, respectively, both using the lowest dis-
tance threshold (150 m). Regression models underpredicted

at high values for all metals; residuals showed no significant
spatial autocorrelation (Figure 5).

Multivariate regression analysis revealed soil properties
associated with each metal. From examination of stan-
dardized coeflicients (not presented here, but available in
Supplementary Materials (available here)), Pb was more
sensitive to pH than CEC, while Zn was equally sensitive to
both. Similarly, Cd was more sensitive to pH than soil
texture. Cu was sensitive to changes in bulk density and soil
texture equally, as was Mn for moisture content and texture.
As expected, multicollinearity was identified between sand
and silt using tolerance and variance inflation factor (VIF)
diagnostics.

Of the measured PTMs, only Pb concentrations excee-
ded EPA permissible 420 mg/kg limit in soils and did so by
over a factor of 5 [38]. While Pb was a major ore in the Peach
Orchard and two other mines in the cove, elevated Pb
concentration could also be related to presence of Pb
shotgun pellets from active game hunting at the site.
Weathering of Pb bullets are of common environmental
concern, as Pb in bullets coverts to compounds like lead



Applied and Environmental Soil Science

@ 648t 1354
@ 378 t0 648

@ 19810378

QO 9610198
Q 551096

@ 23055

@ 0t023
(a)

Predicted (mg/kg) Residuals

(std. dev.)
@ <25
© -25t0-15
O -15t0-05
O -05t0-05
O 05t0-1.5
@ 15t0-25
@ 25

Predicted (mg/kg) Residuals

Predicted (mg/kg) Residuals

(std. dev.)

@ 3l4to647 @ <-25

© 217t0314 @ -25t0-15
O 15410217 Q) -15t0-05
O 11to154 (O -05t0-0.5
O 71tol1lL1 O 05t0-15
© 43t07.1 @ 15t0-25
@ 0to43 @ 25

(b)

Predicted (mg/kg) Residuals

(std. dev.) (std. dev.)
@ 1347102575 @ <-25 @ 1180102272 @ <-25
@ 425t01347 @ -25t0-15 @ 419101180 @ -25t0-15
© 241t0425 O -15t0-05 © 25110419 O -15t0-05
QO 12910241 O -05t0-05 QO 14810251 O -05t0-05
QO 550129 O 05t0-15 O 10310148 O 05t0-15
© 251055 @ 15t0-25 @© 161t0103 @ 15t0-25
Residuals @ 0to25 @ 25 Residuals @ 0to60 @ 25
(c) (d)
N
Predicted (mg/kg) Residuals
(std. dev.)
@ 1180t02272 @ <-25
@ 419101180 @ -2.5t0-1.5
© 251t0419 O -15t0-05
QO 14810251 O -05t0-05
© 1030148 O 05t0-15
@ 60t0103 @ 15t0-25

Residuals

@ 0to60 @ 25
(e)

FIGURE 5: Spatial regression model results showing predicted concentrations and residuals for (a) zinc, (b) copper, (c) manganese, (d) lead,
and (e) cadmium.
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oxides and carbonates and stays in soil for 100-300 years
[51-53]. At pH >6.0, in soils with high calcite, iron, and
phosphorus content, Pb becomes immobile and stays
trapped in soil. In the cove, Zn concentrations greatly
exceeded the common 10-300 mg/kg range in soils by a
factor of ~4. Zn was also concentrated upgradient of the
mines, possibly due to the presence of tailings and slag or
because of bioaccumulation. Unmapped/unrecognized mine
shafts may have also affected Zn concentrations, especially
since the locations of the USGS-abandoned mine locations
are approximate. Mn, Pb, and Cd were concentrated near the
drainage pathways, with abandoned mine locations as
general source points. Cu had no ore sources in the study
area, and the best regression model retained the lowest
distance threshold, indicating that Cu is spatially dependent
at short distances of 150 m, but the spatial dependence is not
as strong for larger neighborhoods of 200 and 300 m. Both
models for Cu showed a general northwest to southeast
decrease, and the metal is likely originating from the
northwest Chilhowee Group Sandstone ridge.

Due to the extremely heterogenous nature of soils in
general, it is impossible to capture all features of the study
area without the employment of some approximations [54].
Soil properties collectively govern the binding capacity of
PTMs to soil, but they alone do not determine the geo-
graphical distribution of PTMs, as shown in the present
study. Future works may include further analysis of indi-
vidual PTM chemical forms using X-ray spectroscopy,
isotope ratios to track the source, and additional sampling of
groundwater, surface water, and vegetation. Additionally,
future works may consider the effects of bioaccumulation on
PTM distribution, which was not accounted for in the
present study but may help explain the close spatial vari-
ability among metals. The results of this study can initiate
government remediation action, as well as provide a ref-
erence for selection of the best remediation strategies. In situ
remediation technologies focus on increasing the binding
potential to soil particles, whereas ex situ remediation aims
to extract or separate metals from sediments. Ex situ re-
mediation methods are costly and most often applied to
heavily polluted soils; therefore, in situ remediation tech-
nologies (i.e., sand-capping streams and soil amendments)
are suggested for the soils at Bumpus Cove, TN. Since
phytoremediation does not apply to Pb, it is not a recom-
mended means of remediation.

4. Conclusions

Abandoned and un-reclaimed metalliferous mines of
Bumpus Cove, TN, have led to accumulation of PTMs in the
surrounding soils over the last 65+ years. PTM concen-
trations of Zn, Mn, Cu, Pb, and Cd from 52 soil samples were
determined by FAAS. Of the measured PTMs, only Pb
exceeded EPA regulatory limits in soils. Spatially weighted
multivariate regression models developed for PTMs using
soil physicochemical properties produced improved results
over OLS regression models. The best model was for Pb,
where 69% of variability in Pb concentrations was explained
by pH, CEC, and a spatially varying error term A (R* = 0.69).

Applied and Environmental Soil Science

Of the explanatory variables, pH was the most highly cor-
related with all metals. Overall, the spatial distribution of
PTM concentrations indicates the abandoned mines as
source points for Zn, Mn, Pb, and Cd because the highest
concentrations were found in the mining vicinity. This study
provides data-driven explanations for the spatial distribu-
tion of PTMs in Bumpus Cove soils and can provide a
reference for state and local entities responsible for PTM
monitoring in Bumpus Cove, TN.
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