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Abstract: In this study, time-series of Sentinel-1A /B Interferometric Synthetic Aperture Radar (InSAR)
coherence images were used to monitor the mining activity of Musan open-pit mine, the largest iron
mine in North Korea. First, the subtraction of SRTM DEM (2000) from TanDEM-X DEM (2010-2015)
has identified two major accumulation areas, one in the east (+112.33 m) and the other in the west
(+84.03 m), and a major excavation area (—42.54 m) at the center of the mine. A total of 89 high-
quality coherence images with a 12-day baseline from 2015 to 2020 were converted to the normalized
difference activity index (NDAI), a newly developed activity indicator robust to spatial and temporal
decorrelation. An RGB composite of annually averaged NDAI maps (red for 2019, green for 2018,
and blue for 2017) showed that overall activity has diminished since 2018. Dumping slopes were
categorized into shrinking, expanding, or transitional, according to the color pattern. Migration and
expansion of excavation sites were also found on the pit floor. Time series of 12-day NDAI graphs
revealed the date of activities with monthly accuracy. It is believed that NDAI with continuous
acquisition of Sentinel-1A /B data can provide detailed monitoring of various types of activities in
open-pit mines especially with limited in situ data.

Keywords: SAR; INSAR; open-pit mine; mining activity; NDAI

1. Introduction

Surface mining refers to a method of excavating ore deposits from the surface and
is preferred to underground mining for large-scale ore development [1]. Abrupt surface
change occurs in the surface mining site, such as deforestation, ecological destruction [2,3],
desertification [4,5], and hydrological disruptions [6-8]. It is required to monitor surface
mines constantly to investigate the ecological and hydrological impact of mining activities
as well as economical activities especially in restricted areas where direct information
is scarce.

Remote sensing is useful for studies observing surface changes caused by the mining
activities. Various techniques have been developed in studies to identify mining areas or to
detect changes in land cover. For example, LaJeunesse Connette et al. [9] calculated the
mining area using reflectance data acquired from Landsat images. Julzarika [10] identified
the mining area through vegetation index differencing. Lobo et al. [11] confirmed the
mining area by applying supervised classification to Sentinel-2A and RapidEye images.
The study using digital elevation model (DEM) data to confirm that mining is also a topic
of interest to many researchers. Ross et al. [12] used LiDAR to generate high-resolution
elevation data and confirmed the elevation change before and after mine activity. Lee [13]
estimated the mining depth by differentiating the DEM extracted from the KOMPSAT-5
Synthetic Aperture Radar (SAR) interferogram from the Shuttle Radar Topography Mission
(SRTM) DEM [14]. Wu et al. [15] improved detection accuracy using Landsat data while
performing an elevation analysis based on DEM data. Wang et al. [16] detected the location
of legal and illegal mining activities by extracting the decorrelation area based on the
coherence map and overlaying it on the mining rights distribution maps.
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Among various study methods, SAR-based remote sensing has the advantage of
enabling continuous observation regardless of sunlight and cloud conditions. SAR data
have been widely used in land subsidence [17], landslides [18], power towers [19], power
line corridors [20], and earthquakes studies [21]. Particularly, Interferometric SAR (InSAR)
coherence, which can detect random changes on the surface, is effective in the study of
mines where activity occurs on the surface. Coherence has a value between 0 and 1 and
represents the stability of surface. A stable surface will have coherence values near 1, while
the decorrelation of random scattering will have coherence values close to 0 [22]. Bare land,
rocks, outcrops, and buildings in urban areas have very high coherence values because they
have almost no movement and only surface scattering exits. Vegetated areas or forest, on
the other hand, have low coherence values due to volume scattering (volume decorrelation)
and changes affecting the scatters within the resolution cell (temporal decorrelation) [23].
In an open-pit mine, topsoil is removed and vegetation is hardly distributed in the mining
area. Therefore, the coherence value is relatively high over the open-pit except for the area
of mining activities such as blasting, excavation, and accumulation.

The purpose of this study is to observe the activity of Musan open-pit mine, where
the in situ measurement is hard to obtain, using remote sensing techniques. According to
the Korean Statistical Information Service (KOSIS), North Korea’s iron ore production is
estimated to have declined due to economic sanctions from 2017 (Figure 1) [24]. Musan
open pit, a major mine that accounts for most of North Korea’s iron ore production, is
expected to have had a decreasing production since then. The reduction in production
also came from the aging infrastructure. To overcome this problem through cooperation
between South Korea and North Korea, many studies have been actively conducted recently
in various fields, such as mining industry [25], resources [26,27], deposits [28], mine
hazards [29], landslide susceptibility [30], and infrastructure development [31,32].

North Korean iron ore production
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Figure 1. North Korean iron ore production [24].

In this study, two InNSAR DEM datasets were used to identify the major elevation
changes due to mining activities between 2000 and 2015. Activities for the recent 5 years
(2015-2020) were identified using Sentinel-1 INSAR coherence time-series data with a
12-day temporal baseline. A new index, so called the Normalized Difference Activity Index
(NDALI), has been developed to highlight the activities and to mitigate decorrelation from
other sources, such as precipitation or spatial baseline. Section 2 introduces the study area,
data, and methods including the newly developed NDALI Section 3 presents the research
results and discussions, which includes the analysis of NDAI images over all periods,
annual variations, and activities that occurred during the 12-day InSAR baseline. Section 4
concludes the paper, highlighting the major findings.
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2. Materials and Methods
2.1. Study Area

The study area is Musan open-pit mine, North Korea, close to the Chinese border
(Figure 2). Musan mine is an iron-magnetite mine located in Musan-gun, North Ham-
gyeong Province, with a center location of 42°14'05”N, 129°15'21”E [26]. Open-pit mining
refers to the process of mining the deposit near the surface by pitting benches through
blasting [33]. In thick deposits, a large number of benches are required to reach the desired
depth. The approximate diameter of the mine is 4 km with an area of 15 km?. Due to
the limited access to the in situ data, remote sensing is the major source of information
to analyze the activity of the mine. The Musan mine began production at the earliest
from 1937 [34]. The existing reserves of the mine were estimated to be about 1.5 billion
tons [27,35,36]. The grade of raw ore is 25-35%, and the grade of ore concentrate is 65% [37].

42°15'0"

Figure 2. The study area, Musan open-pit mine, in (a) small scale and (b) large scale (image from
Google Earth).

2.2. Data
2.2.1. SRTM and TanDEM-X DEM

Open-pit mining activities produce a large amount of surface elevation change due
to excavation at mining sites and accumulation at dumping sites. As elevation changes
in the accumulation and excavation areas are directly exposed on the surface, the mining
activity can be inferred through the change in elevation by subtracting the DEMs obtained
with a time gap. Therefore, the mining activity can be detected by elevation difference
from two DEMs obtained before and after it. Bae et al. [26] investigated the elevation
change at Musan mine between 1976 and 2007 based on optical satellite data. As seen in
Figure 1, there was an increase in production at the Musan mine from about 2000 before
its decrease after 2017; the elevation difference between an earlier DEM and a recent one
can demonstrate the accumulation and excavation of the mining area. In this study, the
earlier DEM is selected as the Shuttle Radar Topography Mission (SRTM) data acquired
by National Geospatial Intelligence Agency (NGA) and National Aeronautics and Space
Administration (NASA) in 2000 [14], and the recent one is selected as TerraSAR-X add-on
for Digital Elevation Measurement (TanDEM-X) data acquired by Deutsches Zentrum fiir
Luft und Raumfahrt, German Aerospace Center (DLR) from 2010-2015 [38].

SRTM DEM were obtained from C-band SAR data operated by the space shuttle
Endeavour from 11 to 22 February, 2000. The fixed baseline single-pass spaceborne InNSAR
technology system was first introduced through SRTM [14]. In this study, SRTM 1 arc-
second DEM were used. TanDEM-X satellite was launched on 21 June, 2010, on a mission
to create the latest global INSAR DEM with consistent and high precision [39-41]. The
TanDEM-X satellite is operated with the TerraSAR-X satellite launched earlier on 15 June,
2007 at a baseline interval of 300-500 m. Data were collected from 2010 to 2015 in a bistatic
configuration, and high-resolution world DEM images were generated in 2016. We used
the TanDEM-X 90m DEM released freely in September 2018, which is a global DEM with
a spatial resolution of 3 arc-seconds created by reducing the pixel spacing of the existing
TanDEM-X DEM with 0.4 arc-seconds resolution.
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For DEM analysis, TDM1_DEM__30_N42E129 data and SRTM1N42E129V3 data were
used. Both data have a spatial coverage of 42—43°N and 129-130°E. TDM1_DEM__30_N42E129
data were created on 13 June, 2015 with a total of 72 scenes acquired on 26 dates from 4
September 2011 to 28 August 2014. SRTM1N42E129V3 data were acquired on 11 February 2000
and updated on 2 January 2015.

2.2.2. Sentinel-1 SAR

Sentienel-1 SAR data were used to observe the latest mining activity in time series
since 2015. Operated by the European Space Agency (ESA), Sentinel-1A /B are equipped
with a C-band SAR system and provide near-global coverage [42]. The Sentinel-1A was
launched on 2 April 2014 and the Sentinel-1B was on 25 April 2016. The two satellites share
the same orbit, and each has a repetition period of 12 days. As the two satellites are 180°
apart in orbital plane, SAR images can be acquired at intervals of 6 days at the shortest [42].
In this study, a total of 134 Sentinel-1A /B SAR images were acquired from 11 June 2015 to 9
May 2020, mostly with a 12-day temporal baseline. Single look complex (SLC) images were
used to generate INSAR coherence images from data obtained in interferometric wide (IW)
swath mode in descending track. IW is the main acquisition mode of Sentinel-1A /B on land
for a long time-series dataset where images are acquired and merged into three sub-swaths
using the terrain observation with progressive scans (TOPS) SAR technique [42,43]. It has
a wide swath of 250 km with the spatial resolution of 5 m in range and 20 m in azimuth.
SLC products are generally updated within 3 h of data acquisition, and all data can be
downloaded freely from the Copernicus Open Access Hub [44] and Alaska Satellite Facility
(ASF) [45].

2.3. Methods
2.3.1. Subtraction of DEMs

The elevation change was calculated by subtracting the TanDEM-X 90 m DEM data
and the SRTM 1 arc-sec HGT DEM data. Data processing was performed using SNAP
(ESA’s SentiNel Application Platform) [46]. SNAP is an open-source common architecture
for ESA Toolboxes ideal for the exploitation of Earth Observation data. SNAP Sentiel-1
Toolbox (S1TBX), an open source toolbox for Sentinel-1 SAR data, also supports a variety
of SAR missions such as ALOS-1/2, Cosmo-Skymed, ENVISAT, ERS-1/2, KOMPSAT-5,
Radarsat-1/2, TanDEM-X, and TerraSAR-X. The TanDEM-X DEM data were resampled
by the bilinear interpolation method, and the two images were stacked so that the spatial
resolution of the TanDEM-X 90 m DEM and the SRTM 1 arc-sec DEM matched. The two
DEM data were then subtracted to derive the elevation. Although we cannot specify the
date of TanDEM-X DEM data, because it was generated based on data acquired from 2011
to 2014, it is possible to confirm the change in elevation over a decade when compared
with the SRTM DEM data obtained in 2000.

2.3.2. InSAR Coherence

Out of the 134 SAR images, 25 images from 11 June 2015 to 24 May 2016 were acquired
by Sentinel-1A and 109 images from 27 September 2016 to 9 May 2020 were by Sentinel-1B.
Images between 24 May 2016 and 27 September 2016 were missing due to a change in
the image acquisition plan from ESA. SITBX was used for SAR and InSAR processing.
Figure 3 shows a batch-processed InSAR process constructed by a graph builder tool in
SNAP to utilize a pair of Sentinel-1 InSAR pairs as inputs to generate an interferogram and
coherence map. In this processing, the orbit data were updated to Sentinel precise orbit to
reduce the orbit error range to less than 10 cm. Two SAR datasets were co-registered by a
back-geocoding tool. In the interferogram tool, the ellipsoidal earth phase and topographic
phase were removed by using SRTM 1 arc-sec DEM data. The coherence was estimated by
using an averaging window of 7 x 2 in range and azimuth, respectively. Goldstein phase
filtering was applied to reduce speckle noise in the interferogram, and the data are written
to finish the graph builder tool. A total of 126 coherence images with 12-day intervals were
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generated for further analysis (Figure 4). As a post-processing time series, coherence images
can be stacked to generate average and standard deviation of coherence in time for each
pixel, if necessary. To display the coherence images in Google Earth for further analysis,
terrain correction and geocoding were applied to generate an orthorectified coherence
image. The region of interest was subset from the image to reduce the file size before being
exported to Google Earth KMZ format.

Interferometric SAR algorithm in SNAP graph builder
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Figure 3. Flow chart of data processing.
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Figure 4. InNSAR coherence dataset with a 12-day temporal baseline. Points represent SAR data, while
lines are 12-day coherence data with a perpendicular baseline.

There are many causes of phase decorrelation that affect coherence [47-50]. In this
study, we focus on the coherence and decorrelation factors as follows:

£ = Pactivity Pprecip PBperp - @

Here, pactivity indicates the temporal decorrelation from mining activity, the aim of this
research. peip is related to decorrelation due to precipitation conditions, such as snow
fall or rain event. pg,,,, is related to decorrelation from the perpendicular baseline of an
InSAR pair. We try to analyze the behavior of the unwanted decorrelation factors (0recip
and pg,,,,) on stable points that were not affected by mining activity and find a way to
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statistically mitigate noise and highlight p,ctivir, by introducing a new indexing method
as follows.

To analyze the effect of precip and pp,,,,, We generated a time-averaged coherence
image over the study duration (Figure 5a) and its standard deviation (Figure 5b). Stable
points in the mining area were selected (Figure 5c) by choosing pixels with time-averaged
coherence values over 0.8 and standard deviation less than 0.2. In Figure 6a, the spatially
averaged coherence values for those stable points (0**'¢) were depicted as a function of
time. It is interesting to see that low coherence values occur almost in winter time probably
due to snow fall events. We decided to exclude the coherence image with a p***' value
less than 0.8 for further analysis, as depicted in light gray dots in Figure 6a. By doing
so, the effect of iy is believed to be mitigated to some degree. A total of 89 coherence

images out of 126 have survived the p*?¢ > (.8 criterion. Figure 6b shows the regression
of spatially averaged coherence values of stable points with the perpendicular baselines.
It shows that spatial decorrelation due to perpendicular baseline, pp,,,,, still exists after
earth flattening and topographic removal operation that hinders the use of coherence as a
measure of surface activity change. This is a spatial decorrelation regardless of the target
property, which can be adjusted by the following method.

061 093 0.061 0.182 0.304
-averaged coherence Standard deviation
(a) (b)

P

G

oo&éjﬁggm

Figure 5. Selection process of stable points. (a) Time-averaged coherence image. (b) Standard deviation image. (c) Stable

points in blue color. The red polygon is the mining area, the region of interest.
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perpendicular baseline. Gray points were excluded from further analysis. The red line is a quadratic regression line (black

points only).

2.3.3. Normalized Difference Activity Index (NDAI)
We simplify Equation (1) by merging ppycip and pp,,,, as noise so that

P = Pactivity Pnoise- 2)

We now define a new indexing method, so called the Normalized Difference Activity
Index (NDAI), to reduce the noise signal by utilizing stable points.

pstahle _ ptarget

NDAI = 3)

pstable + pturget :

stable

Here, p is the spatially averaged coherence value of stable points as defined above.

p!8 is the coherence value of the target of interest. Since p*!*'¢ = pztc‘;%fty-p;t;’g’: and
target target
ptarget = p 78" ' 8, NDAI can be expressed as follows:
pstuble .pstable _ pthﬁt . farget
tivity Pnoi tivity Pnoi
NDAI — actioity " notse actioity " noise (4)

stable _ stable target target”
pactivity Proise + pactivity Proise

Based on the assumption that p.cip and pg,,, is irrespective of target properties so

that p;fo”’f;ée ~ pZZi‘git, NDAI can mitigate the noise signal and represents surface activity

only as follows:

pstable _ pthEt

activity activity

NDAI = . 5

stable 4 target ®)
pactivity puctivity

Being normalized, NDAI can have the value range of [—1, 1] numerically, but the
actual lowest value is bounded, since p***¢ > 0.8. As shown in Figure 7, active targets
with low coherence close to 0 will have NDAI close to 1, while targets with high coherence
comparable to the selected stable points will be close to 0. Some man-made targets may
have higher coherence than the selected stable points inside the mining area. In this case,
NDAI may have negative values and can be interpreted as more stable targets than the
selected natural stable points.



Remote Sens. 2021, 13, 1861

8 of 25

rho_stable=0.9 rho_stable=0.8

NDAI
o
['

[es]
o

0 0.2 0.4 0.6 0.

Coherence

Figure 7. NDAI as a function of coherence.
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It is worth noting that p was extracted inside the mining area (as depicted in the

red polygon in Figure 5) to include natural targets only so that the pffo‘lgé‘f and ptnaorf’;t behave

similarly. Otherwise, the noise response of man-made targets would be different from the
mining area due to the double-bounce of buildings or building materials. The definition of
mining area is performed based on the subtraction of DEMs, as described in the previous
chapter and a series of historic Google Earth optical images.

2.3.4. Change Detection by RGB Composite of NDAIs

A pseudo-color image by an RGB composite of NDAI images can be generated to
highlight the surface change due to mining activity (Figure 3). NDAI images for RGB
channels can be averaged to represent activities over a certain period of time. In this
study, NDAI maps over a year were averaged and used as an input to each RGB channels:
R-channel for 2019, G-channel for 2018, and B-channel for 2017. RGB channels were linearly
stretched to have Gaussian distribution for display. Figure 8 and Table 1 represent a
pseudo-color scheme for this RGB composite image and the meaning of each color. For
example, the red color (R) represents that the surface area was stable during 2017-2018
but became active in 2019. This could be the case if an excavation or accumulation site
had been newly developed or expanded to this area recently in 2019. Similarly, the green
color (G) tells us that the surface was active only for a year in 2018 and was stable before
(2017) and after (2019). This could be the case where mining activity occurred within a year
that started and finished in 2018 only. The blue color (B) means that the mining activity
finished in 2017 and became stable afterward. Cyan (C), magenta (M), and yellow (Y)
colors represent that the area was stable only in 2019, 2018, and 2017, respectively. Those
three colors tell us that the surface was active for two years continuously, C (2017-2018)
and Y (2018-2019), or sporadically active in 2017 and 2019 with a stable in the middle
(2018). Black (K) means the area was always stable, while white color (W) represents that
the area was active all the time for three years. Based on this RGB composite, the surface
area can be categorized roughly by yearly based activities. A more detailed activity trend
can also be investigated by using time-series NDVI graphs with a 12-day interval, from
2015 to 2020. Note that one can change the averaging period or temporal direction for RGB
channels at the users’ discretion.
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R: Active in 2019 only |

K: Always stable

M: Stable in 2018 only |

Y: Stable in 2017 only

Y
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Ges) C

G: Active in 2018 only .

C: Stable in 2019 only

W: Always active

B: Active in 2017 only

Figure 8. A pseudo-color scheme of surface activity by the RGB composite of annually averaged
NDAI images (R: 2019, G: 2018, and B: 2017).

Table 1. Annual surface activities and the meaning of the pseudo-color of the RGB composite of
annually averaged NDAI images.

Activity .
Pseudo-Color Meanmg of Color
B: 2017 G: 2018 R: 2019
Low Low High Red Active in 2019 only
Low High Low Green Active in 2018 only
High Low Low Blue Active in 2019 only
High High Low Cyan Stable in 2019 only
High Low High Magenta Stable in 2018 only
Low High High Yellow Stable in 2017 only
Low Low Low Black Always stable
High High High White Always active

3. Results
3.1. InSAR DEM Change (2000-2015)

Figure 9a shows the change in elevation over Musan open-pit mine by subtracting
SRTM DEM (2000) from TanDEM-X DEM (2010-2015). Major dumping areas were found in
the east and the west of Musan mine (red color), while excavation sites were in the center
(blue color). Maximum elevation changes and the size of the affected area were calculated
in areas where elevation change exceeds 10 m. The dumping area located on the west side
of the mine has a maximum elevation increase of about 84.0 m and the affected area of
about 0.53 km?. For the dumping area in the east, the elevation increased up to 112.3 m,
and the affected area was about 0.38 km?. The excavation site showed a maximum decrease
in elevation of 42.5 m, and the affected area was about 1.82 km?.

Profiles of both DEMs were drawn for the dumping areas and excavation site, as
shown in Figure 9b to check the elevation change in more detail. For 1-1’ in the west
dumping area, a large amount of elevation increased at the tips of the conveyor belt lines,
as shown in Figure 9c. The trend of elevation change along the slope shows a typical
valley-fill dumping site, as shown in Figure 9d. For 2-2' in the east dumping area, it
was possible to confirm the expansion of the flat accumulation surface as the extension
of the conveyor belt for dumping and also the valley-fill shape along the far east slope
(Figure 9e,f). Figure 9g,h shows the excavation site (3-3') with a concave-shaped open-pit
mine. The elevation change was relatively uniform over the excavation site where drilling,
blasting, and loading activities were performed along the benches step by step.
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Figure 9. The INSAR DEM change results. (a) is the change in DEM from SRTM DEM (2000) to TanDEM-X DEM (2010-2015).
(b) is an index map showing the profile lines created in the dumping areas and excavation site overlain by Google Earth, 16
October 2013 image. (c¢,d) represent the elevation change in the west dumping area. (e f) represent the elevation change in
the east dumping area. (g,h) represent the elevation change in the excavation site.
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3.2. Averaged NDAI Map (2015-2020)

A total of 89 NDAI images obtained from Sentinel-1 A/B InSAR coherence images
were averaged to see the overall mining activities of Musan mine from 2015 to early 2020.
The averaged NDAI of a mining area is relatively low when compared with the surrounding
area heavily covered with vegetation (Figure 10). Vegetated area is active in terms of INSAR
phase statistics due to volume scattering and the effect of constantly wind-blown leaves
and branches, resulting in a high NDAI all the time. On the other hand, the surface of the
mining area is generally covered with bare rock; thus, it is stable and has low NDAI values
unless mining activities are in progress. Stable black spots with negative NDAI values are
also identified among the heavily vegetated areas. Those are the buildings that can be more
stable than the natural stable targets selected for NDAI generation (Figure 10). There are
also many man-made stable features with negative NDAI values in the residential area in
the south of the mine. In the excavation area located in the center of the image, the shape of
the benches can be clearly identifiable as high NDAL This is due to the surface disturbance
by the trucks moving on top of the bench. Clusters of high NDAI values inside the mining
area, especially at the pit floor, are prominent over the stable rock surface, indicating active
mining. The road from the excavation site to the dumping area can also be found in the
average image. As the trucks move, wheel marks disturb the ground soil resulting in a
high NDAI value. When waste rock is dumped along the slope, the NDAI value appears
high from the top to the bottom of the dumping area. The dumping areas at Musan mine
are mostly of valley-fill type where activity spreads from the top to the bottom of the valley,
which will be shown in more detail in the next sections.

--» L _Beriches .

/

Figure 10. Overall mining activities on the averaged NDAI maps during 2015-2020. Overall NDAI is
low for bare-rock-covered mining area while high in the surrounding vegetated area.

3.3. RGB Composite of Annually Averaged NDAI Maps (R: 2019, G: 2018, and B: 2017)

Figure 11 shows a pseudo-color image with RGB composite of the annually averaged
NDAI maps: R for 2019, G for 2018, and B for 2017. Blue pixels, representing active in 2017
only and inactive afterward, are widely distributed throughout the mining area. This might
be an important clue of the reduction in ore production due to the international sanctions
imposed on North Korea after the 6th nuclear test on 3 September 2017. Cyan pixels (active
in 2017 and 2018, and inactive in 2019) and green pixels (active in 2018 only) are also
distributed at similar locations next to blue pixels, which can be interpreted as mining
activity that has gradually shifted to nearby locations. Yellow, magenta, and red pixels
indicating recent activities until 2019 occupy a relatively small area and are distributed
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sporadically. Clusters of white pixels are located in the center of the dumping area, and
there are various colors around it. This means that the waste rock dumping slope has
changed little by little on a yearly basis.

Pseudo Color  Meaning of color
Red Active in 2019 only
Green Active in 2018 only
Blue Active in 2017 only
Cyan Stable in 2019 only
. Magenta  Stable in 2018 only
Yellow  Stable in 2017 only
- Black Always stable
White Always active

Figure 11. RGB composite of the annually averaged NDAI map (R: 2019, G: 2018, and B: 2017). Square boxes are the regions

for the denoted figures, and arrows are the viewing directions.

In the following sub-sections, the change in active area from 2017 to 2019 will be
described in more detail for the dumping area in the west and the east, and for the
excavation site in the center of Musan mine. Optical satellite images from Google Earth
observed at different times will be shown to verify the surface changes if any. A time
series NDAI graph for some points was also shown to determine the exact time of the
activity change.

3.3.1. West Dumping Area

In the west dumping area located in the west-end of the mine, there are four major
dumping sites that were active during 2017 to 2019, named West Dumping Site 1 (WD1),
WD2, WD3, and WD4 in Figure 12a. Google Earth optical images obtained in 2015 and
2019 (Figure 12b,c) show the expansion of the dumping slopes in some areas. Google Earth
provides other optical images taken from 2015 to 2019, but the image quality was not good
enough due to cloud cover or image distortion from different look directions.

In general, different color patterns appear in the RGB composite of annually averaged
NDAI between an expanding dumping slope and a shrinking dumping slope during
2017-2019. For an expanding dumping slope where the supply of dumping material is
enough to expand the dumping area, the color changes from white (always active) at the
top of the hill where dumping from the conveyor belt or trucks actually occurs, to yellow
(active in 2018 and 2019 only) on the flank, and to red along the edges of the slope where
the dumping area is newly expanded in 2019. In case of a shrinking dumping slope where
dumping activity became reduced recently, color changes from white (always active) at the
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center where dumping activity still occurs, to cyan (active in 2017 and 2018 only) at the
flank, and to blue (active in 2017 only) at the edge of the dumping slope. The latter case is
dominant in the west dumping area in Musan mine, indicating overall reduction in ore
production. More detailed analysis for those four major dumping sites are as follows.

D2, WD3  WD4

77 (Fif.15) - F(BET 16 «Eig.17).

ig.13) < S
17 ok

i N A NIRRT

(a)

(b) (©)

Figure 12. The west dumping area. (a) is the RGB composite of the annually averaged NDAI map (R: 2019, G: 2018, and B:
2017). (b,c) are Google Earth images taken on 7 October 2015 and 26 September 2019, respectively. Four active dumping sites
named WD1, WD2, WD3, and WD4 are drawn in orange boxes, and the image viewing directions are indicated by arrows.

WDI1 in Figure 13 shows both expanding and shrinking dumping slopes. A new
dumping slope found in the upper right side of the Figure 13, by comparing the Google
Earth images obtained in (a) 2015 and (b) 2019, respectively, has finished its main dumping
activity between 2015-2017 and stabilized afterward, according to the RGB composite
image of the annually averaged NDAI map (Figure 13c). This new dumping slope shows
a shrinking pattern after 2018. In an existing dumping slope on the bottom left side, the
color pattern changes from white at the top, cyan at the flank, and to blue at the edges of
the slope, showing a typical shrinking dumping slope. However, this slope is partially
expanding to the right side, showing white, yellow, and red pixels from the top to the
bottom of the slope.

To check the activity in more detail at WD1, the NDAI graphs with 12-day intervals
were extracted for some colors (Figure 14). In the NDAI graphs, each point represents the
NDAI value calculated from the INSAR coherence image with a 12-day temporal baseline.
The color of dots represents the data used for the RGB composite image of the annually
averaged NDAI maps. Figure 14a shows that the blue color point (B) in Figure 13c was
highly active from 2015 and suddenly reduced its activity after 24 July 2017. For the cyan
color point (C), activity reduced after 28 November 2018 (Figure 14b). This indicates that
the amount of the dumped waste rock reduced continuously and has not been enough to
reach the bottom of the slope since July 2017. After November 2018, only the top area of
the dumping slope shows activities that appear in white. The major expansion of the slope



Remote Sens. 2021, 13, 1861 14 of 25

that happened is colored in yellow (Y) where activity began on 2 April 2018 (Figure 14c). A
more recent expansion of the dumping slope appears in red (R) where activity started from
17 September 2018 and onward (Figure 14d).

-

New dumping slope’\:_\Q New dumping sl?pe New dumping,slope

Existing dumping slope Existingidumping slope

200 m

(b)

Figure 13. West Dumping Site 1 (WD1). (a,b) are Google Earth images taken on 7 October 2015 and 26 September 2019,
respectively. (c) is the RGB composite of the annually averaged NDAI map (R: 2019, G: 2018, and B: 2017) with several color
points where 12-day NDAI graphs are shown in Figure 14. Dashed lines are drawn based on the 2015 Google Earth image,
while solid lines are on 2019.
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Figure 14. The 12-day NDAI time-series graphs of WD1 showing the detailed activation or deactivation date in (a) blue (B),
(b) cyan (C), (c) yellow (Y), and (d) red (R) points in Figure 13c. The red, green, and blue dots in the graphs indicate the data
used for generating the RGB composite of the annually averaged NDAI images, while black dots were not.
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v

New dumping slope

Google Earth

WD2 also shows new expansions of a dumping slope that did not exist in the 2015
optical image in Figure 15a and appeared in 2019 in Figure 15b, as shown in a polygon.
The shape of the new dumping slope has already formed in 2017, according to Figure 15c.
The upper-right side of the slope has been stabilized since 2017 and shows a color pattern
of a shrinking dumping slope, while the bottom of the slope shows a characteristic color
pattern of an expanding dumping slope since 2018. The bottom left slope has also been
active and expanding until recently, showing white to red from the top to the bottom of
the slope.

New dumping slope

Figure 15. West Dumping Site 2 (WD2). (a,b) are Google Earth images taken on 7 October 2015 and 26 September 2019,
respectively. (c) is the RGB composite of the annually averaged NDAI map (R: 2019, G: 2018, and B: 2017). Solid lines are
drawn based on the 2019 Google Earth image.

WD3 also shows the reduction in activity in the two dumping slopes after 2017
(Figure 16). A comparison of the optical images taken in 2015 and 2019 shows the expan-
sion of the length of the conveyor belt in the existing dump site from about 45 to 65 m
(Figure 16a,b). A new dumping slope appears in 2019 on the right side of the image. How-
ever, the major dumping activities finished in 2017, and the edge of the slopes remains
stable after 2018 due to the reduced dumping activity (Figure 16c).

WD+ is an old dumping site where there is little change between 2015 and 2019, as
shown on Google Earth images in Figure 17a,b. However, NDAI has a high value in the
middle of the slope, as shown in Figure 17c, where sparse vegetation exists. Constant
motion of sparse vegetation is causing low coherence on the slope and, thus, high NDAI
all the time. Caution is required not to misinterpret it as a resumption of mining activity in
this abandoned dumping slope.

In summary, the color pattern of the dumping slopes in WD1, WD2, and WD3 shows
the shrinking dumping slope—white, cyan to blue from the top to the bottom of the slope—
which indicates that the west dumping area of Musan mine was active until 2017 but
reduced afterward.
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Figure 16. West Dumping Site 3 (WD3). (a,b) are Google Earth images taken on 7 October 2015 and 26 September 2019,
respectively. (c) is the RGB composite of the annually averaged NDAI map (R: 2019, G: 2018, and B: 2017). Dashed lines are
drawn based on the 2015 Google Earth image, while solid lines are on 2019.

Google Earth

(a) (b) ()

Figure 17. West Dumping Site 4 (WD4). (a,b) are Google Earth images taken on 7 October 2015 and 26 September 2019,
respectively. (c) is the RGB composite of the annually averaged NDAI map (R: 2019, G: 2018, and B: 2017).

3.3.2. East Dumping Area

There is another large dumping area in the east of the mine, where relatively active
dumping had been progressing until recently. Three dumping slopes, named East Dumping
Site 1 (ED1), ED2, and ED3 in Figure 18 are investigated further as below.

In an active area named as East Dumping Site 1 (ED1), Google Earth images show
that there was a new dumping site in 2019 (Figure 19b,c). In Figure 19¢, various color
pixels appear around a cluster of white pixels. The color starts from blue in the upper part
of the image to cyan in the flank, and to white at the top. The color continues to change
from the top to the bottom of the slope in the lower image side of the image as from white,
magenta, yellow, and to red at the bottom of the dumping slope (Figure 19c). The dumping
progressed from the blue to white and magenta pixels until 2017, and the yellow area until
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2018, and the red pixels in 2019. In this slope, dumping activity moves from one side to
another, showing a shrinking color pattern on one side and an expanding one on the other
side of the slope. One can call it a transitional dumping slope, apart from the previously
defined shrinking or expanding dumping slope.

Figure 18. The east dumping area. (a) is the RGB composite of the annually averaged NDAI map (R: 2019, G: 2018, and B:
2017). (b,c) are Google Earth images taken on 7 October 2015 and 26 September 2019, respectively. Three active dumping
sites named ED1, ED2, and ED3 are drawn in orange boxes, and the image viewing directions are indicated by arrows.

¥ 44

New dumping slope

Google Earth

100 m

(b) (c)

Figure 19. East Dumping Site 1 (ED1). (a,b) are Google Earth images taken on 7 October 2015 and 26 September 2019,
respectively. (c) is the RGB composite of the annually averaged NDAI map (R: 2019, G: 2018, and B: 2017) with several color
points where 12-day NDAI graphs are shown in Figure 20. Solid lines are drawn based on the 2019 Google Earth image.
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Figure 20. The 12-day NDAI time-series graphs of ED1 showing the detailed activation or deactivation date in (a) blue (B),
(b) cyan (C), (c) white (W), (d) magenta (M), (e) yellow (Y), and (f) red (R) points in Figure 19¢. The red, green, and blue
dots in the graphs indicate the data used for generating the RGB composite of the annually averaged NDAI images, while

black dots were not.

The 12-day NDAI graphs were examined at some locations of ED1 colored with blue
(B), cyan (C), white (W), magenta (M), yellow (Y), and red (R) in Figure 19c. For B, the
activity has been continuously high since 3 September 2015 until 3 December 2017, as
shown in Figure 20a. For C, the activity started on 30 April 2016 and continued until
16 November 2019, as shown in Figure 20b, indicating the sequential expansion of this
dumping slope. Once the active dumping slope had expanded and moved to a nearby
location, then the old site became very stable afterward. The W point was stable and
then became active after 9 October 2016 (Figure 20c). M was active in 2015 and 2017,
then temporally inactive for a year in 2018, then resumed activity after 28 November 2018
(Figure 20d). The region Y maintains relatively high NDAI values over the entire period
and became more active after 26 April 2018, as shown in Figure 20e. The high activity of
the region M and Y before 2017 is because this area was covered with vegetation before
dumping occurred. In the point R, new dumping activity started from 15 January 2019
over an old dumping slope that finished on 14 November 2015, as shown in Figure 20f.
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Google Earth images of ED2 show the expansion of this dumping site sometime
between 2015 and 2019, as shown in (Figure 21a,b). An RGB composite of the annually
averaged NDAI map shows mostly blue and cyan on the slope, as shown in Figure 21c,
which indicates that this dumping slope became inactive after 2018 and onward. The actual
expansion identified by the Google Earth images had finished no later than 2017, and no
further expansion occurred afterward.

Figure 21. East Dumping Site 2 (ED2). (a,b) are Google Earth images taken on 7 October 2015 and 26 September 2019,
respectively. (c) is the RGB composite of the annually averaged NDAI map (R: 2019, G: 2018, and B: 2017). Dashed lines are
drawn based on the 2015 Google Earth image, while solid lines are on 2019.

In ED3, the conveyor belt had been expanded from 80 m in 2015 to 300 m in 2019,
based on the Google Earth images (Figure 22a,b). Figure 22c shows that the activity near the
boundary of ED3 in 2015 has been reduced to show blue to cyan pixels. However, the new
valley-fill dumping site had been expanding until recently to show the change in colors
from yellow to red along the expanding slope. Note that the DEM used in Google Earth
does not represent recent elevation change in the dumping slope, resulting in unnatural
topography of the dumping slope.

3.3.3. Excavation Site

The major excavation site exists in the middle of Musan mine, where the topographic
depression is prominent with many steps of benches. Google Earth images from 2015 and
2019 show the expansion of the pit floor and the change in shape at the bottom benches,
as shown in Figure 23a,b. The excavation site is relatively stable, as shown in black color
in the RGB composite of the annually averaged NDVI maps in Figure 23c except for the
area near the pit floor. The main activities are shown at the bottom of the excavation site.
Differently from the dumping areas, there are almost no large cluster of white pixels in
the excavation area. This is because open-pit mines are developed in a way with balanced
activities along the benches to prevent landslide. When benches are expanding near the
pit floor, the activity appears in the form of an arc. A large portion of the area near the pit
floor is blue, as shown in Figure 23¢, indicating that major excavation activities along the
benches occurred in 2017 only and stabilized afterward. Only the recent activities after
2018 happened on the bottom of the benches with the lowest altitude. Three benches were
identified active recently near the pit floor. These benches expanded from the dashed line
in 2015 to the solid line in 2019, as shown in Figure 23. Among them, the deepest bench
(bottom right of the image) showed the largest expansion from 2015 to 2019. Color changes
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from B to R along the expansion direction, as shown in Figure 23c. Among three benches,
the outmost bench shows a large variety of colors, indicating a rapidly expanding bench

during 2017-2019.

Figure 22. East Dumping Site 3 (ED3). (a,b) are Google Earth images taken on 7 October 2015 and 26 September 2019,
respectively. (c) is the RGB composite of the annually averaged NDAI map (R: 2019, G: 2018, and B: 2017). Dashed lines are

drawn based on the 2015 Google Earth image, while solid lines are on 2019.

Pit Floor

A
— i a4 ) SR 40000 s 400m
@) (b) (©)
Figure 23. An excavation mining site. (a,b) are Google Earth images taken on 7 October 2015 and 26 September 2019,

respectively. (c) is the RGB composite of the annually averaged NDAI map (R: 2019, G: 2018, and B: 2017) with several color
points where 12-day NDAI graphs are shown in Figure 24. Dashed lines are drawn based on the 2015 Google Earth image,

while solid lines are on 2019.
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Figure 24. The 12-day NDALI time-series graphs of the excavation site in (a) blue (B), (b) cyan (C), (c) yellow (Y), and (d)
red (R) points of Figure 23c. The red, green, and blue dots in the graphs indicate the data used for generating the RGB
composite of the annually averaged NDAI images, while black dots were not.

The 12-day NDAI graphs of this bench in Figure 24a show that the color point B of
Figure 23c was active in 2017 only and became stable afterward. The bench was then
expanded to the point C (Figure 24b), Y (Figure 24c), and finally, to R (Figure 24d) in 2019.
It was difficult to specify the exact dates of the onset and final days of activity from the
12-day NDAI graphs, because the excavation area is narrower than the dumping sites,
and the activities are much more complex as a mixture of excavation and transportation.
However, the rise and fall of the year-long activities can be identified by those 12-day
NDAI graphs in Figure 24.

4. Discussion

The proposed NDAI is inversely proportional to coherence, as shown in Equation (5)
and Figure 7. It is an advantage of NDAI that the values are proportional to the degree of
surface activity, while coherence is a function of surface stability. The convenience appears
when the major interest of user is the “activity” rather than “stability”. In this way, RGB
composite images can be interpreted as the composite of activity indices at different times.

Another advantage of NDAI is the use of stable points as a reference to overcome
temporal and spatial decorrelation beside the decorrelation from mining activity. NDAI
makes use of the stable points statistically found by the time-averaged coherence and its
standard deviation to assess the quality of the coherence image and mitigate the noise.
The contribution of the stable points of NDAI includes two parts: One is the exclusion of
the low coherence images heavily affected by snow or rainfall by using statistics from the
stable targets. This is the process to mitigate p,.;p by excluding images with pstable < 0.8
criterion, as shown in Figure 6a. The other is the reduction in the spatial baseline effect
0By, Dy calculating NDAI in Equation (3) so that a pixel having a coherence value of stable

points ('8¢t = ptbl¢) would have an NDAI value of 0 and can be declared absolutely
stable similar to a coherence of 1.
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To mitigate the noise of coherence from precipitation or spatial baseline using NDAI,
we assumed that 0,,cip and pg,,, are irrespective of target properties so that pS/ble ~ target

p A

to derive Equation (5). It is worth noting that this assumption is correct pq%ifided z(}){:t:
(1) the targets are close enough with each other to be affected by the same weather and
precipitation conditions; (2) the targets lay on flat area or on similar local slope, since
geometrical decorrelation depends on both baseline and local slope; (3) the targets show
the same scattering mechanisms (e.g., both are distributed scatterers). The diameter of
Musan open-pit mine is 4 km with an area of 15 km?. The weather condition is thought
to be homogeneous over the entire mine. However, possible errors from the difference
of local slope or scattering mechanisms still remain. We expect that those errors have
been mitigated to some degree by averaging the coherence of the stable points distributed
widely throughout the mine. Foreshortening or layovers of an SAR image can be excluded
by using local incidence angle, but the errors remain where elevation and slope changes
due to mining activity.

It is difficult to set a quantitative criterion for the start or cease of the mining activity
in the NDAI graphs. There is no specific NDAI criterion for activation/deactivation of the
mining in this study. The onset of mining activities was interpreted with relative NDAI
values or general trend in temporal graphs or spatial maps. Similar uncertainty occurs in
other indices such as the conventional coherence and normalized difference vegetation
index (NDVI), where no specific value can act as a criterion for image classification and
segmentation. More analysis is necessary to determine the quantitative criterion, but
it is dependent on location, situation, and time. The trend of NDVI depends on the
characteristics of mining activities. For example, an abrupt increase in NDAI occurs near
the edge of the expanding dumping slopes, while activity continues near the inlet of the
shrinking dumping slopes. Some part of the excavation site would have preparatory
activities such as vehicles on the road or drilling activities before the actual blasting and
excavation. The stability of the surface also depends on the size of rocks, types of soil, or
vegetation that cover the surface. NDAI value of less than 0.2 over the bare rock surface
could be considered as stable empirically in this study. However, further analysis with
sufficient collection of in situ data would be necessary to quantify the behavior of NDAI
for each target surface.

Colors in RGB composites are useful to determine the spatial variations of mining
activity, but the exact color varies image to image. Only the eight representative colors of
R, G, B,C, M, Y, W, and K have been interpreted in this study, but more detailed colors
can be explained. A reduction in noise by time averaging is also an advantage for the
RGB composite of the annually averaged NDAI method. The RGB composite in this study
is based on annual average only. However, the mining activity and the change are not
necessarily annual-related. The annual averaging is just one effective way of representing
time-series information. Seasonal or monthly averaging can be another way for some
locations or events.

Regression of time-series NDAI data can be useful for the event with long-term
variation. However, mining activities contain high-frequency information—they start
suddenly and stop abruptly. Vegetated areas maintain high NDAI and are difficult to
differentiate with mining activity. The regrowth of vegetation over the abandoned dumpsite
might have been misinterpreted as a resumption of mining activity. This can be overcome
by using historical high-resolution optical images of Google Earth, as shown in this paper.

5. Conclusions

By using INSAR DEMs and time-series of Sentinel-1A /B InSAR coherence images, it
was possible to investigate the mining activity in the accumulation and excavation areas
of Musan open-pit mine, North Korea, where field data could not be easily obtained. The
change in INSAR DEM between SRTM in 2000 and TanDEM-X in 2010-2015 confirmed
large elevation change in the major dumping areas in the west (+84.0 m) and the east
(+112.3 m) and an excavation area (—42.5 m) in the center of the Musan mine. As a new
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activity indicator based on coherence image, NDAI was developed to cope with spatial
and temporal (weather) decorrelation of the coherence images. Stable points were detected
and analyzed for the generation of NDAI and to remove the coherence images severely
degraded by a snow fall event in the winter time. The RGB composite of the annually
averaged NDAI showed a yearly trend of mining activities. It was found that the overall
mining activity was reduced significantly after 2017 probably due to the international
sanctions imposed to North Korea due to the nuclear test on September 2017. By the change
in color patterns, we could identify three types of dumping slopes such as expanding,
shrinking, or transitional.

The proposed RGB composite scheme of averaged NDAI can be applied with a
different averaging span for different temporal resolution of activity. The 12-day NDAI was
successfully applied to determine the onset of accumulation and/or excavation process
with monthly accuracy. The methods developed in this study can be applied to other
open-pit mines. The continuous acquisition of Sentinel-1A /B SAR data would always be
beneficial to the ongoing monitoring of mining activities in the remote and large area.
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