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area and DEM profiles corresponding to each cross—section. The
cross—section 1s shared with Fig. 14. The 5-year cumulative displacement

of PS on each cross—section i1s shown in the Copernicus DEM by arrows.
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olof B AFNAE AAE FA T4 2 o]t (synthetic aperture radar, SAR) 974 %
= 29 interferometric SAR (InSAR) 4% A & 49 (digital elevation model, DEM) %

2 olgste] it HEL EAGuAHT

FA G5 7 7] Sdd gE] AHH o AEsdTh WA, 3 oA A G
2D A XL BAg g9S A, AAFEHY HPA AFFH AHA AXFE T4
stk &k %o e 7183 S22 InSAR DEM-2 Shuttle Radar Topography

Misson 1 sec HGT (SRTM) DEM¥} Copernicus 30 m global DEM©o|t}. 18y,
A 3RS 1935 EAHom Jfdto] aH o] ghrlel 2000 thel A&t
DEMWo == FA4F gabe] 2pgl o]g ko] tja Eojetr|d &4 &= o= 3
ettt metA, & Aol = DEM fo F714< APARE Frstr] 98] 1918
doll AzE A3z 2AXHEE &837]E FTHChu and Lee, 2023). o] AL
DEM3}3eh 5, @] Al InSAR DEM¥o] ¥3tE ©x|ste] o W d ko] F4k 3

ol AR 9 AR Ge JFHow AEGY

)

A AxFS FEE T Sentinel-1A/B SAR $914 < 4to] PSInSAR 7|H< A
L3 AAFS ez 20179 2HEH 2021 HwrhA] dAsE A AE A x HHE 4
23 h o] A A, Sdolg= 71 717F Fete AEAHYR QA3 oy EAE A

371 Y3 Al =7F AU dE 5o, 71 AAIE HeE Al7HE el oA (decorrelation)

= A AEAA S AStAlA A9 U (phase unwrapping) & FE 4ot 2
, 2 AT E FHe PSE Bol AF=EAIA PSInSAR A#e] Al F4
J A7) 112} InSAR stack?] A1F WHE 4 19 d9 = B33 time segmented
PSInSAR (TS-PSInSAR)E E=¢3tAtHMoon and Lee, 2022). TS-PSInSARE &3

7 AlEd 10S WHoR AZHE Wt FAWR W BA W 53 welw uy

e}

Sentinel-1A/B SAR 97 ¥ DEM¥Y ZAXHEE & A9 HAwbHQl 2R5E AU|sh
t}h 3F A E AT HHS 24 A¥E % DEM3F 34, DEM change detection % 2%
/AAF AE, 2183 TS-PSInSAR 2 F4e o2 Augdc 4gers A+ A7
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o Th($]

ol

AE 129° 157 217).
g2 oF 259 tonoll ©3¥tH(Bae er al, 2015).

= 420 147 057

4r

o]
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Fig. 1. The location (left) and the entire view (right) of the Musan mine.



2. Sentinel-1A/B SAR

Sentinel-1A/B SAR 94 942 97 = (European Space Agency; ESA)o| A
FE3 = ATol fAlth. Sentinel-1A9F Sentinel-1B 9142 2+zF 2014 44,
201613 490l Z+zt WAlESlor FUd ARE FFHolHA 649 wE FUE Fd
gk A9 s #S53H. Sentinel-1A/B A T4 F37F ¢F 54 GHzS! C-band

= = -
SAR AIME ®AstL i, HF 7] A=

il
iy
2
0 K

~—
O

3]

Sentinel-12 7] 7 8] (perpendicular baseline)S Y AsHA FA =S A=e] A7}
o] Fol x| o]Z E&] Y3 InSAR ZEA| A o] 753t Torres et al, 2012).
Sentinel-1A/B 914 ¢ #ZR == AR EFdAY 5%5 me A EE 7HA
w22 AlE Abgs #EsE o AFSE & Strip Map BE, 20<40 me] FIHY =
Z 7HAH W A9S AWstEY T2 ALEHE Extra Wide 2=, 5x5 me| 34
L5 7AW F= vt 9 i EYUE Pl AREE = Wave EE) 12831 5x20 m 9
G EE A HAE F7|8tE Tl HAe FEs T ¢ e
Interferometric Wide swath (IW) = =7} tH(Torres et al, 2012). ¥ A -0 A
PSInSAR 43S ¢ IWEE=2 #93 single look complex(SLC) GAS o] &
%3 ot Sentinel-1A/B A4 A& Alaska  Satellite  Facility (ASF,
https://search.asf.alaska.edu/#/) s Copernicus Open Access Hub
(https://scihub.copernicus.eu/dhus/#/home)o| /] 2 ZA~2 53 4= Q). AgE
ascending(Asc) A=A 2017d 3€ 10€5FH 20219 11¥ 20¢7bA] & 139%<,
descending(Dsc) #AlEolA] 2017\ 3€¥€ 294 FH 20213 119 24€7HA] & 142735

539

[e]
57 A

o =

b r op ol

O of M



3. Copernicus DEM

ob
rr

Copernicus 30 m global DEM<2 < H A& (European Union)ollA F%
Copernicus X213 o] ARZN A FHH] 1=HHE 30 me FHAFEZ 14
s I EH ot DEMS A #We] X1 HAHE i]ﬂo}cﬂ xAg g2 Hol
HE Ag 4, 7 &4, 33d A x A4 & ohde FofelA &89, =Y
9] TanDEM-X (TerraSAR-X add-on for Digital Elevation Measurement) V|4
TS Yo g Hdste A sdd 7 /fY X-band f18SE 5% SAR H

AZ 49 A+ #= doly dFoltt. Copernicus DEM< TanDEM-X v|AS &

d 2011 1¥€FH 20159 1€71#] 89 2855 o] &3t Azd 22 DEMO]
=3

Copernicus DEM<2 37}#] d2¥~E X33t} European Economic Area 10m
(EEA-10)= ¥ 2A AY9s 7188ty 1 &=+ 10 molth. global 30 m
(GLO-30) ¥ GLO-902 A AAE AW, sl %=+= 22 30 m, 90 mo|t}. &
Tol A= GLO-30 ¢12E2E ALg31 Y. Copernicus DEMS A8 HEAES ALE
st 3 fHol’de WGS84-G1150 (EPSG 4326)=, <2 dHold<a EGM2008
(EPSG 3855)E A-g3t}. Copernicus DEME] Ao =7 A== 4 m v wH90% A
g oapolH, Adl 2 dEE 2 m HRHAAE 20% ©]dh) %2 4 m v YA AL
T 20% o= d# A JAT(AIRBUS, 2022).



4. SRTM DEM

Shuttle Radar Topography Misson (SRTM)2 wl= 33 $-F=(National
Aeronautics and Space Administration; NASA)¥} w|== =7} %2 A H = (National
Geospatial-Interligence Agency; NGA)9 S Z2AE=RZ 39 56794 &H2 60°
Atele]l & 22 DEMS g538t7] fla sqHA. SRTM DEM2 5954
Endeavorell ®#l¥ C-band SAR AlZ~®S &3l 2000 2€ 119458 2247H4] 3
129 7+ 854 dolgZ AZE InSAR DEMeo|t}. SRTM DEM< 1-arc second(2F
30 m) ¥ 3-arc seconds(®F 90)9] FIHAMEE A= HOHE SEAXE A
o}, Copernicus DEM ¥} T &0 SEEZ Y ilﬂ o] A
(https://opentopography.org/)oll Al Al&S 4= Aok A HEAE ALE5tH 34 4

I

.

0

o

o'l & WGS84, 2] Hlo]® S Earth Gravitational Model 1996 (EGM96)<& /\} St
t}(Earth Resources Observation and Science Center, 2018).



e IHAEEE ALAA ofF diol s AAHAY. 2AA T == A7

HE AIAFE AAAEER SR AlIAAdEs dde

190607h Qo] s wEed] S AP = oSAgy o
2 xﬂmxl 52 54 2 ngste] ALHAL. B 2AAFEE RE gy QR
Aol ZRAL AZAFEE HA45F L AGSF PR ol SEH AFEo)

G344 REE 191490 E 10189714 S5 5o 19184 7h4) A6
Ho7lEA el 1926 7kA] e B HER ]
T21=golm F2o Aol whel 1:25000 52 HHHA =R, AA
o] &5 AL=Z AXE7E st th(Park, 2019).

2 AT S ARAFEEE FEAYARY As sEAREYR
(https://map.ngii.go.kr/mn/mainPage.do) % THITYHET 2% ZAFSHFE3
A (https://www.museum.go.kr/modern-history/main.do) & 31 &Sstgch A=}
o] Ag Fab = B HIEs =gl didl 1:50,000 3o APY=E 5Tt o,

e AT AGel R B AL Ao] FAAT FnA A4

-

H
S e, UlA) Aol gt wEEe] dumw dolelolrh #H, ¥
: = A

G of
o
L
%0
o
r g2
N

©49] 1:200,000 2o AP HE53 5 dr o] AFEE SaM 7470l
50 mzZ AUE7F o2y SuA zg7t £A3 REFgle] ol o]gdr =
stk Fig. 2% I de gl 53 1:200000 539 24 A3AAGE 3

I

EAE Ade dF A
%t

P 27] GARFH A oledFs FAs] Al oM 2R =



Fig. 2. The historical topographic map of Hoeryeong, 1:200,000 scale
with 50 m contours (modified from Chu and Lee, 2023).



ARG A B ARt ks dEstr]el 2, 1918 FE(=AAF =) 2015
d7bA (Copernicus DEM) 2A& 2kl o] e &S AFH o= FAHstuA sidvh. &
o

=
AA Gl Mo QGG AAGS sYHoR FEsta, g dEAde iy A

)

3}st= HAH S AFTHChu and Lee, 2023).

= 5 = ol A] g5 Id =9 o u| %] ds& EPSG:3857
(WGS84/Psuedo-Mercator) HEAZ F93sto] A mdstdt). =3 A
2 ®H A7) Y38 Google Earth 338 994 Ay} v s 7
A& 15709 A A7)+ 4 (ground control point; GCP)E A 3lo] georeferenecing<
A itk AEE HSE A& 3® =Y olnA o, FEZEEFAEY 1:50,000

=1 T 9GS vustey F71E GCPE A A HAS

FEE YA Eol At FadS WE #Holor F&

¢

2 :

Ak ME ool HEE Fudel B4 AW VEND WS FAs] HF
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A 7HA Al o] DEMS 53 § 1% Aldel DEM te] #l2F dAibs 53
% WstEE AbEsidv 1918d5-H 2015W@7HA] = WSyl o
Google Earth 33 914 GAolA] SQtoe=z AdEsk Alde RS E
ABds A2 7] 2 F(polygon) & & F5 3T

QGIS AXEgo]e] &1 F el volume calculation tools o] &3 ZF A]7]
oA B AR e EA AlA wakEe AEslen, A wskake] ¢4 9

[e]

=S |
LSt &S 8 AdFez ksl Sk A2 b= A0 R Q)= wEn

mine = Vmine Xpmine (1)
%ump: I/dump><pc7'ust><(1_n) (2)

7b s AoR FAHTY E AFAe HAXF A 3A

A% il Het A 2E(p,,.)8 2.7 g/em’S &3t 8 |
A7l A AbEdE AA WskE ()3 A, #HA gelel bFo]l Zhsi A Al &gt
aHEI & 53 Ag, FAE AETE T3] AgHA 7]
FTTE5E 30%(n=03)= HdA3AH(Bae et al, 2015 Lee et
al, 2022; Chu and Lee, 2023).

A AN m,, My, A AFoR A AR B AXFS UYL A
TA G FARRAAL T HENY MESI hFol 22 ow FhFHn. wehA
b Ee Har AEE T T B A WE(,,)E F 34 g/m’E F
QoA tHBae et al, 2015, Chu and Lee., 2023). A4 ®Ws=F (v, )34 B FAHAAE
o] g HFHor AFFS AESAT FA, F &S FES FESL FS A
FES A AAH HExH ofw AXH= HA fulo Mk E FERvs
u ol of

=
2]

N

_‘I‘I_



3. PSInSAR

2 AFoAE 20179 =FH 20219 Z7EA] ¢ 57 AAIE A x A WHE
PSInSARE &3 €A 3ta2#F 3ttf. PSInSARE A YoA] ¢k E #oly Zwukak
g ANEE 7}7<]L A2 A (persistent scatterer; PS)S o] &3] X 3E o] AlAE WY

S ZevHe Agdr=z gXse= 7|HoltH(Ferretti et al, 2001, Hooper et al,
2004). PSZ AAE F d& ARY AHAZE w H, UE Y F2 AFTE
= 5°| 3 A7F ks E GAE A9 #HA grle Aol A9 gle xH
Fo] Qb E PSe AbFo] &old Aoz HAT(Lee et al, 2022). ?ﬂ?oﬂfﬂ
3t PSInSART Stanford method for persistent scatterer (StaMPS) 3 7] A&
2] 2] ¥ A tH(Hooper et al, 2010).

TS "HolH+= Asc AlX9 H 139;OF Dsc ¥

[‘(‘
&l

SOl A 14107 A3
o b Zolo] PSInSARS 43
ot A E W HES 4—%0}71 %%‘ Aol = wbH ] AZEA Q]
E =3 g8 @A A PS
= 0] of FH3l 9ol PS7} AbEH A
FTHA 0l AHKA S ASAA AUgdEY

A = =3 13 9;<P<Asc) 141%8(Dsc)d] <
BB el SRS ‘-U PSS 4

o iy
N

ol
o3
A

O_>|: 5{8, '101' JR
o =
0 2 Ho A o

of rfr fx

filo
| o
2L o ox

ol
L

InSARE Line of Sight (LOS) W3dFo g 3=3k Age st He ARE 2r=
wrapst HEIZ 7]E5gh dye]  fringews —wnd HS WA I At
(Sentinel-19] 4% 2778 mm)ol dFst= WY HARE el LOS Wako 2o
A WMeE F55t7] flsl = wrapped phaseE 2n®2 4 siAlst AAAT|=

Aol dasttt o] AN A dEd s AR AdH AAE Helol o
3 on, =, 2778 mme] Ao wrAETl 3 WA WHe 2778 mm (FAo 2 Al
AR e7E Feor dddFe Aotk o, o] W2 & A
7F 7l sl W oR 53 4 Wee 5d (2 e dds e &
olats =9 gEo, gg HolA 2l TS-PSInSARS] #H5 A5z 28313

oA EHE AEAY dAdA ddfdEd e/ s ¢stste et

StaMPS #]7] Aol 4] unwrap_time_win< #5318 A T JAELES FIds=

step 6 WA AL§EE seulEelt), of stehvlHi AR golA A7
9 WHYel Tolshs FAsel WAE A 4TS dh T JGoA

_12_



phase unwrapping ZHT A3 T3 FH(ow-pass filter)e]™ I o
1/unwrap_time_win® ZAAQ ¥t} =, unwrap_time_win 31 E7} F542 159 U
Hol M9 HARE XT3 oS AEd Wl iAol rhsstth AR 53 o 9
AEe EAAE 23S 5 v 9, sy ot S5 A5 T g
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Flg. 3. Digital Elevation Models used in this study. (a) The Copernicus DEM.
(b) The SRTM DEM (c) 1918 DEM derived from the historical topography
map (modified from Chu and Lee, 2023).
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Fig. 9. TS-PSInSAR results for each orbit by year.
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Analysis of Surface Displacement of the Musan
mine using PSInSAR

Yongjae Chu

Department of Geophysics

Graduate School, Kangwon National University

Abstract

North Korea’s iron mining industry is one of the most important industrial
sectors, accounting for approximately 13.8% of total exports. However, North Korea
has insufficient investment in mining infrastructure, which can result in poor
productivity and a limited response to accidents. Therefore, the importance of
monitoring and continuously researching mineral resources in North Korea is
significant. In this study, we estimate resource movement, calculate surface
displacement for Musan Mine, and analyze the mine’s time series surface activity
using various remote sensing techniques.

The directions of this paper are largely divided into two parts. First, we use
multi-period elevation information to estimate iron ore production and waste rock
accumulation from the development stage of Musan Mine to the most recent point.
Second, the time series surface displacement of Musan mine is calculated using the
Pesistent Scatterer Interferometric SAR (PSInSAR) technique. Finally, the two
results will be linked to discuss the quantitative relationship between accumulation
and ground subsidence.

Before observing ground subsidence, we attempted to identify areas where mining

and accumulation activities occurred and estimated the amount of resource
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movement. Access to Musan Mine is limited, resulting in a lack of field data.
Therefore, in this study, altitude information from 2000 to 2015 was collected using
two InSAR DEMs: Shuttle Radar Topography Mission 1 sec HGT (SRTM) and
Copernicus 30m global DEM. However, since the development of Musan Mine
began in earnest in 1935, it was judged that conducting a sufficient analysis using
only relevant data would be difficult. Therefore, the Joseon topographic map
produced 1in 1918 was digitized and converted into a DEM. As a result,
approximately 100 years of elevation information was obtained, and mining and
accumulation amounts were estimated. At Musan Mine, about 1.37 billion tons of
iron ore were mined from the beginning of development, and about 1.06 billion tons
of waste rock were accumulated.

PSInSAR was performed by collecting Sentinel-1 SAR satellite images for about
5 years from 2017 to 2021. In the process, to acquire a sufficient amount of PSs to
analyze surface displacement, Time Segmented PSInSAR (TS-PSInSAR) was
introduced, dividing the temporal range of the InSAR stack size by 1 year,
resulting in approximately 8 times more PS than 5 years of PSInSAR. Analysis
was performed by converting the displacement obtained in the Line of Sight (LOS)
direction into vertical and horizontal displacements in the east-west direction. The
cumulative displacement of Musan Mine acquired over 5 vyears 1S up to
approximately 730 mm in the east storage area, indicating the largest level of
vertical settlement in the study area.

As a result of a comprehensive analysis of the two—dimensional displacement and
multi—-temporal elevation change derived through PSInSAR, it is estimated that the size of
the vertical displacement is affected by various factors such as the amount of waste rock
accumulated and the time when the waste rock was accumulated. The more waste rock is
piled up, the greater the vertical displacement occurs, and as the longer the waste rock is
piled up, the ground stabilizes, and the displacement tends to weaken. The direction of

horizontal displacement depends on the waste rock pile-up pattern. When waste rock is

buried in an area that was previously a valley, the direction of horizontal displacement is
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toward the center of the valley. On the other hand, when waste rock is piled up on a
natural slope, the horizontal displacement tends to follow the direction of the slope, and the
angle of the displacement vector with respect to the vertical axis appears to follow the

angle of repose over time.
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