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Abstract: The Copper Basin (CB) of southeastern Tennessee, known as the Ducktown Mining District,
is a classic example of forest and soil destruction due to extensive mining and smelting operations
from the mid-1800s until 1987. The smelting operation released a sulfur dioxide by-product that
formed sulfuric acid precipitation which, in combination with heavy logging, led to the complete
denudation of all vegetation covering 130 km2 in CB. The area has since been successfully revegetated.
This study used remote sensing technology to map the different episodes of this vegetation recovery
process. A time series of Landsat imagery acquired from 1977 through 2017 at 10-year intervals was
used to map and analyze the changes in vegetation cover in CB. These maps were used to generate a
single thematic map indicating in which 10-year period each parcel of land was revegetated. Analysis
shows that the extent of non-vegetated areas continuously decreased from about 38.5 to 2.5 km2

between 1977 and 2017. The greatest increase in vegetation regrowth occurred between 1987 and 1997,
which was the period when all mining and smelting activities ceased. This research could be very
useful to better understand the recovery process of areas affected by mining and smelting processes.
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1. Introduction

The Copper Basin (CB) of southeastern Tennessee, known as the Ducktown Mining District,
is a classic example of forest and soil destruction [1]. The basin, located in the highly metamorphic
Appalachian Mountains of southeastern Tennessee, contains the towns of Copperhill and Ducktown.
From the mid-1800s until 1987, Copperhill and Ducktown were the locations of extensive mining
operations and eventually smelting to refine mined ore [1–4]. A sulfur dioxide by-product of smelting
formed sulfuric acid precipitation that, in combination with heavy logging for fuel, led to an area
of more than 130 km2 being completely without vegetation by the year 1876 [5]. The area was an
expanse of red dirt that lay gullied and bare because of copper and sulfur mining operations [1,6–8].
Additional history of the region can be found by visiting the state-owned Ducktown Basin Museum in
Ducktown, Tennessee, or by accessing the museum website at https://ducktownbasinmuseum.com/.

The Tennessee Valley Authority (TVA) was formed in 1933. An important part of its mission was
to repair the damage done to the valley by erosion due to flooding, poor farming methods, and careless
industry. The Copper Basin was one of TVA’s most challenging sites. It was a vast stretch of scorched
earth in southeast Tennessee and north Georgia that represented some of the most severe environmental
damage ever caused by human enterprise [9]. Most interestingly, it used to be described as a “bona
fide desert” in moist, fertile southeastern Tennessee that covered an area of more than 130 km2, bigger
than many cities. It was compared to the Dakota Badlands, the Gobi, and the moon [10]. The three
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man-made marks on the planet that were visible from space were said to be the Great Wall of China,
the pyramids of Egypt, and the Copper Basin (CB) in Tennessee [10].

The Copper Basin contains the North Potato Creek and the Davis Mill Creek watersheds, and is
part of the larger, Ocoee River watershed. The North Potato Creek and Davis Mill Creek watersheds
received extensive environmental damage from the historic mining and smelting operations [7].
The lack of vegetation in the watersheds, heavy erosion of acidic topsoil, and leeched metals caused
the surface water to be very turbid. Tributaries from throughout the watersheds drained the sites of
various mine shafts and smelters in the basin. These tributaries fed into North Potato Creek and Davis
Mill Creek, and were responsible for transporting this overland surface flow, in addition to acid mine
drainage that seeped from abandoned mine shafts, into the Ocoee River [5,7,11].

Attempts to revegetate CB occurred throughout the mid-to-late 1900s, but most of the area remained
barren until after all mining and smelting operations ceased. The Environmental Protection Agency
(EPA) designated the basin a Superfund Site in 2001 [11]. A restoration effort, led by Glenn Springs
Holdings (a subsidiary of Occidental Petroleum that became the site administrator), in combination
with the EPA, TVA, and the Tennessee Department of Environment and Conservation has been ongoing
since this time [6,7]. This remediation effort has been extremely successful, resulting in revegetation
of nearly the entire affected area, and a significant improvement to the water quality of the Ocoee
River [7,11].

The Copper Basin in southeastern Tennessee became the site of increasingly extensive and
successful reforestation efforts [7,8]. To determine the effectiveness of more than 50 years of reforestation
efforts, Mathew and Harden [12] compared rainfall infiltration, sediment detachment, and soil organic
matter of the reforested sites to those properties of unvegetated sites and forested reference sites
outside the basin. They contributed an historical perspective to the growing geographical literature on
environmental restoration.

Remote sensing technology has been used successfully to study vegetation recovery processes
related to forest fire [13–15] and mining-related [16–18] incidents for many years. This study investigated
the potential use of remote sensing technology to map the growth of vegetation involved in the
restoration and recovery process of this superfund site, which was damaged by historic mining and
smelting operations. A time series analysis of NASA’s Landsat imagery over a period of 40 years,
acquired from 1977 through 2017 at 10-year intervals, was used to map and assess the changes in the
vegetative cover of CB. The Normalized Difference Vegetation Index (NDVI) was used to detect and
classify vegetation for each year, which was compiled into maps, to visualize and quantify the extent
of non-vegetated areas for each year. This information was used to determine in what 10-year period
vegetation grew back the fastest. It was also used to calculate the percentage of vegetation growth for
each period.

2. Materials and Methods

2.1. Study Site

The Copper Basin, primarily located in Polk County, Tennessee (Figure 1), lies in an intermontane
erosional depression within the Unaka Mountains of the Blue Ridge physiographic province. It is
ringed by mountains on three sides and by the Ocoee River along its southern border. The Ocoee River
enters the basin from Georgia, where it is called the Toccoa, then descends past the basin, dropping
209 m to its confluence with the Hiwassee River 56 km downstream.

The topography of CB is characterized by low rolling hills and broad ridges. Most elevations
in the basin range from 480 to 540 m, but surrounding mountains rise to 1250 m. The topography
is heavily influenced by geologic structure; for example, the drainage pattern follows a pattern of
faults [19].

Although a small amount of the basin lies in Georgia, the term “Copper Basin” has been used by
many researchers to refer to the depression in Polk County, Tennessee [8,20].
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Figure 1. The location of the Copper Basin and the Ocoee River (referenced to Polk County and to the
State of Tennessee).

2.2. Data Collection and Processing

Landsat imagery, with a spectral range of visible-to-mid infrared (excluding thermal infrared),
was used. It was selected primarily for its temporal range. Landsat provides data every 16 days, which
is ideal for a time series analysis study. This also allowed a greater certainty to find datasets from
clear days.

Additionally, the Landsat program has continual data from 1972 and provides the earliest
multispectral remote sensing data of the study site. Some revegetation efforts were partially successful
by this time. Landsat scenes over the 40-year temporal period were selected at 10-year intervals from
1977 to 2017. All Landsat datasets were obtained from the United States Geological Survey (USGS)
Global Visualization Viewer (GloVis) (https://glovis.usgs.gov/). For each year of analysis, Landsat
scenes were found from cloudless days during summer months when vegetation was green (Figure 2).
Table 1 lists the image acquisition dates along with the characteristics of each Landsat scene selected
and used.

After acquiring the imagery, the bands were stacked for each date. They were then subset to
include the Copper Basin and the Ocoee River, including Parksville Lake, upstream of TVA Ocoee Dam
1. Landsat 2 Multispectral Scanner (MSS) scenes were resampled to 30 m to be consistent with the spatial
resolution of the other imagery. Each scene was then geo-rectified to correct for any non-systematic
distortions that may have occurred and ensure continuity between images. Figure 2 shows the time
series of the processed Landsat imagery used for this study.

Table 1. Summary of Landsat imagery used for each selected date.

Image Acquisition
Date

Satellite
Mission Sensor Type Spectral

Bands
Wavelength

(µm)
Spatial

Resolution (m)

18 July 1977 Landsat 2 Multispectral
Scanner (MSS)

Green (B4)
Red (B5)
NIR (B6)

0.5–0.6
0.6–0.7
0.7–0.8

60

26 July 1987

Landsat 5
Thematic Mapper

(TM)

Blue (B1)
Green (B2)
Red (B3)
NIR (B4)

0.45–0.52
0.52–0.60
0.63–0.69
0.76–0.90

3010 July 1997

7 August 2007

3 September 2017 Landsat 8 Operational Land
Imager (OLI)

Blue (B2)
Green (B3)
Red (B4)
NIR (B5)

0.45–0.51
0.53–0.59
0.64–0.67
0.85–0.88

30

https://glovis.usgs.gov/
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Figure 2. The time series of Landsat multispectral imagery used for the study of the Copper Basin at
10-year intervals from 1977 to 2017.

2.3. Digital Image Processing

The primary aspect of this analysis was using the Normalized Difference Vegetation Index (NDVI)
to analyze the extent of non-vegetated areas of the Copper Basin for each scene.

The Normalized Difference Vegetation Index [21,22] is one of the most widely accepted and utilized
vegetation indices [23,24]. It can be used as an indicator of relative biomass and greenness [25–27].
It uses the high and low reflectance values of vegetation in the near infrared (NIR) and the red (R)
regions of the electromagnetic spectrum. It is based on a ratio of the NIR and the R bands, eliminating
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any discrepancies that may occur in the imagery due to sensor differences or image quality issues, such
as brightness, or other interferences. The NDVI can be computed for a wide variety of sensors [28,29]
using Equation (1).

NDVI =
(NIR−R)
(NIR + R)

(1)

The NDVI for this study was calculated on the basis of the low reflectance of vegetation in the red
spectral wavelengths (Landsat 2 MSS band 5, Landsat 5 TM band 3, Landsat 8 OLI band 4) and the very
high reflectance in the near infrared (NIR) spectral wavelengths (Landsat 2 MSS band 6, Landsat 5 TM
band 4, Landsat 8 OLI band 5) as shown in Equations (2)–(4). This high NIR reflectance is attributed to
the chlorophyll in green vegetation.

NDVILandsat 2 =
(Band 6−Band 5)
(Band 6 + Band 5)

(2)

NDVILandsat 5 =
(Band 4−Band 3)
(Band 4 + Band 3)

(3)

NDVILandsat 8 =
(Band 5−Band 4)
(Band 5+Band 4)

(4)

The values of NDVI can fall between +1 and −1, with a positive relationship to vegetation leaf
density. A zero means no vegetation and close to +1 (0.8 to 0.9) indicates the highest possible density
of green leaves. Since the contrast between vegetation and bare ground was found to be very high for
the current study site it is assumed that there should not be any problem separating green vegetation
from the bare ground using NDVI.

2.4. Analysis of Vegetation

The boundary of the study site in the Copper Basin (CB) was delineated using the NDVI imagery
obtained from the scene from 1977, to show the extent of non-vegetated areas at that time. This was used
to create a vector GIS data (polygon shapefile) around the basin and included a buffer of vegetation,
to ensure the inclusion of all non-vegetated areas. This shapefile was then converted to a raster thematic
image. The raster image of the extent of CB was then used to mask each Landsat scene, leaving only
pixel values within the area of the study site as seen in Figure 2.

Figure 3 shows the flowchart that summarizes the overall methodology used for the analysis
of vegetation. To determine the extent of vegetated and non-vegetated areas in CB, the NDVI was
calculated for the masked Landsat scenes for each date (Figure 4). An unsupervised classification
scheme using the Iterative Self-Organizing Data Analysis Technique (ISODATA) was used to determine
the threshold (cut-off) values needed to classify the NDVI images into vegetated and non-vegetated
areas. ISODATA [28,30,31] is an iterative unsupervised classification algorithm, which minimizes the
within cluster variability and categorizes the pixels into different number of classes based on statistics.
The classification of the NDVI images was finally done for each year using the density slicing technique.
Density slicing is a digital data interpretation technique, which is used in analysis of remotely sensed
imagery to enhance the information gathered from an individual brightness band [32]. It is done
by dividing the range of brightness in a single band into intervals, then assigning each interval to a
color [33–35]. Table 2 provides the threshold values used to classify the NDVI images using the density
slicing technique.
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Table 2. Threshold values for Normalized Difference Vegetation Index (NDVI) image classification.

Year Non-Vegetated Area Vegetated Areas

1977 −0.236 to 0.254 0.255 to 0.663
1987 −0.320 to 0.341 0.342 to 0.760
1997 −0.474 to 0.394 0.395 to 0.812
2007 −0.151 to 0.331 0.332 to 0.709
2017 −0.199 to 0.232 0.233 to 0.650
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Figure 4. Normalized Difference Vegetation Index (NDVI) of the study site in the Copper Basin from
1977–2017 at 10-year intervals.

3. Results

Classified thematic maps were generated from the NDVI data, for each 10-year scene, that showed
the extent of non-vegetated areas and vegetated areas, as shown in Figure 5. These maps were used to
calculate the total spatial extent of area with vegetation and area without vegetation for each year of
imagery, as shown in Table 3 and Figure 6.
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Figure 5. Classified Normalized Difference Vegetation Index (NDVI) imagery of the study site in the
Copper Basin from 1977–2017 at 10-year intervals.

Table 3. Total extent of area with vegetation and without vegetation, sorted by year of image acquisition.

Year of Image Acquisition Area Vegetated (km2) Area without Vegetation (km2)

1977 39.86 38.48
1987 53.82 24.34
1997 69.67 8.69
2007 72.03 6.49
2017 76.08 2.46
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Figure 6. Area of vegetation within the study site, as determined from each year of Landsat
imagery studied.

Analysis of vegetation in the Copper Basin for each year shows a steady increase in the extent of
vegetated areas during the time of analysis (Figure 6). However, there are still non-vegetated areas that
remain, as shown in Figure 5, which includes mostly water and impervious surfaces. The extent of
vegetation increased the most between 1977 and 1997, then less after 1997. From 1977 through 2017,
the vegetated area nearly doubled from 40 to 76 km2. Most of this had occurred by 1997, with a total
vegetated area of approximately 70 km2.

The time series of the obtained vegetation extent thematic maps were further analyzed using
overlay analysis in GIS to produce a single thematic map indicating during which 10-year period
each parcel of land was revegetated. The Model Maker in ERDAS Imagine software was used to
complete this task. Figure 7 shows the obtained thematic map and Figure 8 shows the calculation of
the areas of vegetation regrowth in the Copper Basin, for each 10-year period between 1977 and 2017.
According this analysis, the 10-year period between 1987 and 1997 contributed the most vegetation
regrowth with the addition of 16.49 km2 of new vegetation.
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and still non-vegetated following the end of analysis in 2017.
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Figure 8. Calculated area of vegetation regrowth, as determined from Landsat imagery, within the
study site in the Copper Basin over each 10-year period between 1977 and 2017 (note: color-coded to
correspond with the map from Figure 7).
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4. Accuracy Assessment

Since this study was based on historical data it was not possible to obtain ground truth data to
perform detailed accuracy assessment of the obtained results. However, we used the true color imagery
of the Landsat 8 OLI sensor to acquire image-derived reference data for accuracy assessment of NDVI
image classification for one date of the time series. We selected the imagery acquired in 2017 for this
purpose. Two sets of random reference polygons were created for vegetated and non-vegetated (barren)
areas. Each set of reference data included five polygons. Each polygon covered 10 pixels of confirmed
vegetated and non-vegetated areas. These polygons were used to extract the pixels from 2017 classified
NDVI data in ArcGIS Pro software. Table 4 shows the data obtained for accuracy assessment.

Table 4. Accuracy assessment data.

Reference Pixels
Classified NDVI Pixels

Total Pixels
Vegetated Area Non-Vegetated Area

Vegetated Area 50 0 50
Non-vegetated Area 4 46 50

Total 54 46 100

The extracted pixel types and counts were used to calculate classification accuracy using
Equation (5).

Oa =
Pv + Pnv

RPT
∗ 100 (5)

where
Oa = Overall accuracy of image classification
Pv = Total number of Classified NDVI pixels matched with the obtained reference pixels covered

vegetated areas
Pnv = Total number of Classified NDVI pixels matched with the obtained reference pixels covered

non-vegetated areas
RPT = Total number of reference pixels (vegetated and non-vegetated areas)
The obtained overall classification accuracy value was 96%. This indicates that the obtained

results should be well representative of the reality for which the study was conducted.

5. Discussion and Conclusions

This study aimed to explore the potential of remote sensing technology to map the growth
of vegetation involved in the restoration and recovery process of the Copper Basin, Tennessee.
It was damaged by historic mining and smelting over a period of 40 years from 1977 through 2017.
The obtained results clearly indicate that a time series analysis of NASA’s Landsat mission’s imagery
can be used successfully to accomplish this. The Normalized Difference Vegetation Index (NDVI) along
with the Iterative Self-Organizing Data Analysis Technique (ISODATA), and density slicing technique
were found very useful to detect and map vegetation growth in the Copper Basin, Tennessee.

Some of the areas classified as non-vegetated land include impervious urban areas and water
bodies that are used as settling ponds and artificial wetlands to treat acid mine drainage from the old
shafts. For future research it would be prudent to classify those pixels as urban areas, water, etc., to get
a more accurate representation of non-vegetated areas. The obtained results could be further spatially
assessed to yield additional information. For example, spatially mapped mining and smelting activities,
including shafts and tailings flats, could provide additional insight into the revegetation process.

The final thematic map generated shows when each part of the Copper Basin recovered, divided
into 10-year periods. This could be divided into five-year periods using additional scenes and
processing, which would provide an increase in temporal resolution of regrowth. Incorporation of
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higher spatial resolution imagery along with more sophisticated image processing algorithms could be
useful for detecting the types vegetation in the revegetated areas.

This research could be combined with in-situ or remotely sensed water quality data of the Ocoee
River, to determine if there is any correlation between the extent of denuded areas and downstream
water quality. Upon request, the processed and analyzed data may be accessible from the authors for
further extension of this study.

Remote sensing technology has been used successfully to study vegetation recovery processes
related to both forest fire and mining-related incidents for many years. This study clearly demonstrates
how the Landsat satellite mission can be used successfully to study the vegetation restoration and
recovery process involving damage caused by historic mining and smelting operations for a significantly
long time span (~40 years) as seen in the Copper Basin, Tennessee.
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