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Hydrogeological characteristics of active layers near

King Sejong Station
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SUMMARY

(3 % 2 o 7

. Title
Hydrogeological characteristics of active layers near King Sejong Station

[l. Purpose and Necessity of R&D

(O Because water components in polar lake systems are interdependent each other,
forming a ecosystem, it is essential to understand the source and path of water
which is the basis for maintaining the ecosystem.

O There is a growing concern that the collapse of the ice shelf due to global
warming and an increase in the rate of melting of glaciers may lead to a rise in
sea level. In order to understand this, more accurate interpretation and
prediction is needed by approaching it from the perspective of the water cycle.

(O Of the Earth's water resources, glaciers and snow account for 1.8%, while
groundwater accounts for about 0.7%. The role of groundwater in polar regions
has been overlooked in comparison to glaciers and snow research, although the
ratio of groundwater to the freshwater is large enough to be ignored. In order
to study the global water cycle, it is necessary to study the groundwater in
polar regions.

O Hydrogeological and thermal changes in polar permafrost and active layers
according to temperature change are directly related to groundwater recharge
and surface water outflow, which ultimately affects water inflow into the ocean
and may be linked to sea level changes. However, there has been limited study
in this point of view.

O Current interpretations of water outflow due to glacial melting in continental
regions due to climate change have not included dynamic mechanisms, such as
freeze-thaw cycle, moisture change of the active layer according to temperature
change, and groundwater-surface water inflow and outflow. Since the change in
the thickness of the active layer due to temperature change may play an
important role in the change in groundwater storage capacity, surface water
flow, and ultimately the amount of runoff to the ocean, this study can provide a
more comprehensive understanding of sea level changes resulting from glacial
melting.



(O The ultimate goal of this research is to understand and quantify the interaction
of groundwater-surface water-snow/glacier in polar regions to contribute to

understanding of the water cycle on a global scale.

[ll. Contents and Extent of R&D

O Groundwater-surface water-snow/glacier interactions and water cycle changes in
two lakes near King Sejong Station

- Groundwater influx/outflux were measured in two lakes near King Sejong Station.
Changes in temperature and moisture content in the aquifer and water qualities
were monitored to interpret water cycle changes in terrestrial water ecosystems
in the polar region.

O Characterization of hydrogeological properties of active layers in the polar region

- Changes in thickness and hydrogeological properties such as hydraulic conductivity
of active layers were analyzed to understand groundwater flow in aquifers of the
polar region.

O Understanding freeze-thaw process in active layers and establishing a conceptual
model for water cycle in the polar region

- Laboratory tests using aquifer sediments were conducted to understand freeze-thaw
process in active layers in Antarctic region, and a conceptual model for water
cycle in polar region were established.

O Numerical modeling of the groundwater-surface water-snow/glacier system related
to climate changes

- A numerical model considering interactions among groundwater-surface
water-snow/glacier were developed to simulate water cycle near King Sejong

Station and to interpret sensitivity of the water system to climate change.

IV. R&D Results

O A conceptual model for the water cycle in polar lake systems were established
through investigation of two lake areas (Lake A and Lake B) around the Sejong
Station from 2018 to 2020. Lake A is considered to be one of the small lakes
that temporarily exist due to melting of snow accumulated on the mountain
slopes around the lake or by new precipitation. The results of the water quantity
analysis indicated that Lake A is a very dynamic system. The level of surface
water was mostly higher than the level of groundwater except at the point where
the groundwater is flowed into the lake resulting from melting of snow on the
hillside, suggesting that it is a losing system. In contrast, Lake B appears to be a
gain system in which the water level is sustainably maintained due to the
overland flow and continuous inflow of groundwater through melting of snow

accumulated on the mountain slope.

_9_



O Through the monitoring of changes in the water levels of groundwater and
surface water from February 2019 to January 2020, it appears that the lake
water level in Lake B remains stable due to the inflow of groundwater. This
suggests that groundwater is an important factor in maintaining a stable
ecosystem supporting a community of moss and lichens around Lake B.

(O The water quality of groundwater and surface water in Lake A do not show a
clear difference, indicating that the groundwater is affected by the surface water.
On the other hand, the water quality of groundwater and surface water in Lake
B show a significant difference, suggesting that groundwater is stably flowed into
the lake without being affected by the surface water components. From the
results of analysis of the quantity and quality of groundwater and surface water
in the lakes, the large amount of snow accumulated on the mountain slopes and
groundwater inflow are the keys to maintaining the lake water level as well as
the surrounding ecosystem.

(O The regression lines for all water samples including groundwater, surface water
and snow in Lake A and Lake B were 8D = 7.978180 + 4.299 (n = 82, r* =
0.98). The snow in Lake A and Lake B originated from clouds formed by
evaporation or convection in the sea, and does not appear to have undergone a
physical changing process. Water melted from snow appears to have penetrated
into groundwater or flowed into surface water as it undergoes isotopic
fractionation.

O In order to understand the freezing-thawing process of the active layer, a
laboratory experiment was conducted to determine the change in moisture
content due to thermal change. In the freezing process of the sandy soil sieved to
64 pm ~ 2 mm, the lower the saturated moisture content, the faster the freezing
process was, which is thought to be due to the difference in thermal conductivity
between water and soil. The water content change curves according to
temperature in all layers showed different patterns during the freezing-thawing
process in the soil. This shows that the distribution of moisture content can be
changed as moisture in the soil undergoes thermal change.

O The groundwater-surface water interaction model was constructed for the water
system in the Baton Peninsula by incorporating the data observed at the site and
the hydrogeological parameters obtained through laboratory experiments. Using
the topographic information (DEM) of the Baton Peninsula, the topography of the
study area and distribution of the water system were constructed. To simulate
the flow of groundwater, the Baton Peninsula was composed of 13 layers and the
top layer (1 m) was assigned as the active layer. The results of the simulation, in
which the annual average precipitation was set as the boundary condition,
showed that lakes were formed over the Baton Peninsula. The results of the
water system modeling can be compared to the monitoring results such as

changes in the thickness of the active layer and permafrost.

_10_



V. Application Plans of R&D Results

(O This study is the first research on polar water cycle from the perspective of
groundwater-surface water-snow/glacier interactions in Korea. Since changes in
water cycle in polar regions resulting from climate change are of global concern,
this study can provide a basis for leading international research in the future.

(O This study can provide a basis for interpretation of the source and path of water
and biological distribution in the terrestrial ecosystem of polar lakes.

O This study can contribute to the development of the related research fields by
providing an analysis on the outflow of water resulting from melting of
snow/glaciers and a comprehensive interpretation of the change in characteristics
of the polar aquifers.

O By developing a numerical model based on a conceptual model of water cycle in
polar regions, it can create an economic benefit through consulting and business
development.

O From this study, research manpower have been cultivated by producing experts
who have conducted the first research on the water cycle in polar regions in

Korea.

_11_
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o] AL oF 1310 km?o] a2 2 92% o]4to] WEtxE Yol AtHLim et al., 2014). sfI¥A 7]
T2 A Qe AERAHLS gE J S Hl&) AR FE7 =1 L33 rHKim et al,

2007). A&2E71A] 2E 717 %— Al 228 (AMOS)ol A =23 2018 714 A5 2w %9
719te] S 988.0 hPa(H i 1024 hPa, A A 948 hPa), H7]=S -18CEHW 97C, AL -
202C)o|R o, F£e 78 m/s (Ha 373 m/s, TE)olth Ad FEv 86.2%°lH, T ATrH

363.0 mm(E T+ 33.0 mm)O] t}.

HIEN S = x|Z@ex o=z /\ﬂz_z 3] FokA o]-/\].oL, 37 2ok A2k 3hak
DYoo et al, 2001). o] oA AFTFTS T2 S, AR FAHH, b= =
A ok whEl EEH AT (Chun et al, 1994). F3H dF4d obbehe vpEWIES] F ool 7}
1— Hﬂ] ﬁijqcﬂou:] ﬂjol/g%o]- /HEOL ﬂx}ﬁ.ﬂ ole. Ao z o

S62°13 '22.2', W58°46'50.0)= A% 7] A ol A]
B og|otrtel 9| gt o] o= Abu|Eol] Ak
A8t 555 $d TR &7 Eozitt i? THH HAES Judez ¢4 gxs
7FA AL 9tk U S5 (Lake BE W ; S62°14 2347, W5H8°44'36.2") = A AT AE A
A=A el KGLO1(S62°14 24", W58°44 36" % 39m)ell $1x3b™ (Cho et al.,, 2020), = 2< #o]
weko] jjekx| ol 9 Xx]star 9t} Lake B H o 91 x]3F Akujere] WAL oF 90% 7 wor 9

2

o

o] dar, o]FHA H W o] wol ¥ EL2 A gy TF(HEF) Yol "k A x4
FEL 3549 AF(LB-OL1 ¥ LB-OL2; Figures 1.1.1 and 1.1.2)°]1 §1x3 F /1Y FAd+E &
d FdEH, AxFet Aol s FHEH S5 52 Lake B9 skl A @Y FEFE
F+Z ¥ HLB-DC; Figures 1.1.1 and 1.1.2). 3t t}¢st o] 7157 2L A {7} Lake B =W &S
FAsta gon, v 5 B3 Ay 9 &S FHweth(Cho et al, 2020). 7+ E59 A7) =
IR 71 wwr Tol HE Axd ug gEAw 201613 3€S 7|FOo 2 Lake A9l AVE 2
°] 64 m, & 25 m, Lake B9 Z7]&= Zo] 94 m, ¥ 26 mo] At}
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- % o Lake A @
- ndvy -
(a) i g “
- - i B Snow

Figure 1.1.1. (a) Locations of two lakes near King Sejong Station in Antarctica, and the
map showing the detailed sampling locations in Lake A and Lake B during the summer season
in 2019. The actual photographs of (b) Lake A and (c) Lake B are also shown.
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- ) [
\r\ 3 § A Surface water
m_. ' ‘Lak.e,B - / B 18-snow-T

s B 18-snow-m

W 18-Snow-8

> g

Figure 1.1.2. (a) Locations of two lakes near King Sejong Station in Antarctica, and the
map showing the detailed sampling locations in Lake A and Lake B during the summer season
in 2020. The actual photographs of (b) Lake A and (c) Lake B are also shown.

o AT
1) EGrE A2 3
2018 1€9o] AAY HAE vz =AM 2A4FE A4S Fds] A& F oMY H
AEAY. H§HE A 55 Lake A9 Lake B wpeo A Al 3] A 1] E (seepage meter)”}
Lo A AR Lake A9t Lake BAlA Z+2F 471} 5709 A& A3 e+

4

CEERE

SRR ARES 37 BAL 93 WEHE FEEU
YERAS AAF] 95

of RE HA= ARl tia] dnkAl Al EA(sieve analysis)S 53
A

stk T m Mgk dxE 7E A"EE BEYE 48] 98] SediGraph Aol AFEESITE Al
825 Ald AZ7] Hdoll Al APAAA AA AXAIA Azxd Alm 5 9F 200 g= A AolA
(shaker)oll o} 10% o] 2 mm, 1 mm, 0.5 mm, 0.25 mm, 0.125 mm, 0.063 mm<| #| =
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|
AN
N

gato] A7 ME&S 741/&’5‘}91‘3}.
SediGraph = T AFAER dF+=32AZ27](HB-502M, Hanbeak
Scientific Co., Korea)olA 273U A= A ZATE 63 pm(el: Ze} ARt & dAR=Z7E 7F
A ANBES 524 AR E7F3F2, 63 im U]E-Q] A71E2 713 A BE el E SediGraph 4] 9]
2 A 5] 4 tH(SediGraph II 5100, Micromeritics Instruments Co., USA).

HFAEY JriA AyE o]&3dte] HAE 3t )" %% (hydraulic conductivity)E A4Hs}

Atk FHUAREE HAEY 53 d=E Abelo] A o3 FEE F Ao B dTddAM=
Vukovic and Soro (1992)7} A|Qtet A3 A& Ab&ste] b33 o] FALEE AAtskath

1
o
Ho
&lr
o)
>,
b

2
y
PNO

K= ecefln)ed (1)

71 K= FHUAEELTY, g& 8o 93 74 %[LT 2, vie 20C71F SHAAS-0 T, ¢
= EaAT(FAY), fin)e &3 ), 183 dis FEYAD) Y. sRAAATFE 1A

= FRAAFCTY, pE FAAFMLITY, 283 p FA9 EML Yt F5&
()& TS WU)E o] g3te] thiat ol EAHTh

n=0.255(1+0.83") (3)

A71M U= st Ala(Fabd)oly, thaat 2ol =t

U (d—l()) (4)

AN do?t dip AEREZRANAM S TFWTE] 60%2F 10%°0 sjFEts EF AAke]l A

AAQ[Llel, & f4clgta sty At or YA S o83 FYUARLEE Ailsts 434

2 AP AAE Al FEE AsHARE, dukstE 2 (DA E5AT FH F5& T

T & oy Ad@ Al diddste] AL = Atk Odong (2013)0] 23 H oolgt AAAES
Table 1 w2} St

EAE AR Oist FExAHS A% Hd vEd 34T XA 3-AX-ray diffraction;

XRD)o] A& =t B0 Algd »de X'pert pro powder (PANalytical Co., Netherlands)©] t}.
TS 40 kVY A9t 30 mAe A7 oA FAHAY. FrIAATE dolH H o] ~(ICSD;
Flz Karlsruhe, Germany)v &< 245 2937 98 A& H A
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Lake A%} Lake Bel EHZAE #3}s4 FAl& Actlabs(Ancaster, Canada)ol 28] =3 =3}t A
9 HAE Alsd ozt F8 dae vEF dAEALe FEATES=vr E3H (Inductively
coupled plasma-mass spectrometry; ICP-MS)S A}-&3to] BT B4 f8) A} d4s
& 83 Zrth Ca, Mg, Na, K, Si, Fe, Al, Li, V, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Sr, Cd, Ba,
Pb.

Table 1. Empirical formulae used to estimate hydraulic conductivity in this study.

Source c fin)’ de* Remark
3229‘32‘; 6.0x107  [1+10(n-0.26)] dyo U<5, 0.1 mm<d;<3.0 mm1’

Koze(f}‘g%rman 8.3x10° [AIn?] i d,0<3.0 mm, Medium sand’
gg%%r) 6.0x10" log(500/U)  djy  1<U<20, 0.06 mm<d;<0.6 mml’

p -3

T(el%;%“ G110 S0 ne0.13/31-n ) dig C=8.4x10”, Large-grain sand’
Slichter -2 3.287 2
(1898) 1.0x10 n dio 0.01 mm<d;p<5.0 mml

~ USBR

(Umte‘li{eiﬁﬁitiﬂr)eau of 4.8x10™ da’’ dx U<5, Medium-grain sand’

(Vukovic and Soro, 1992)

4 Sorting coefficient (dimensionless).
b Porosity function (dimensionless).
¢ Effective grain diameter (in mm).
References: ! Kasenow (2002), 2 Odong (2013), ® Carrier (2003), * Cheng and Chen (2007).

2) EY & 4 2% 4
ewustel N Ao o] AXwstl BE B +RFF WD ods A A
o 2R 9 §% S olds o AT B 2 ATNE AR W 25T 4
2o gk BEY FF 279 F7HY, AHA ®stE BEYHY skt
Lake A¢} Lake Bo HZZo] digh AAFEI} 2% ZAHAS EY +

B anteE Al (H#EC-5,
Decagon Devices, Pullman, WA, USA)E A3t th(Figure 1.1.3). dle]¥+ HOBO wlo]a=Z 2~
Ho]lA dolg =ZA#H21-002, Decagon Devices, Pullman, WA, USA)E A}&3to] 10&wit}t 712
St AAeg. A4S 20199 19455 20208 1€97h4] oF 1d7F AAIEALE Lake A F+H &
<ol AX¥ HOBO Hole &A= LG-1111% LA-282 AXHOZHEH 15 cm®t 40 cmoll Al EF
2ol R IdFS =AY LA-2 AAE AxEHY 2% AdsE, 3 H(photosynthetically
active radiation; PAR) ¥ 5 cm Zlo]9] E¢9] 2% & =5 =

Lake Bol& LG20, LG21, LG78 5 371¢] HOBO v©lol& 2A7} AX %Atk LG20 MM+ A%
H ESO PAR, =%, AUlFE, &%, T8 Fs SASAT. ol 10 ecm® 20 cmd] EYe] 2%

1o
>,

N =
o
fed)

|



S} ¥ FFe LG AMNZ Z4A93, ol 40 cmst 60 cm®] EF] Lmsh
LG78 AN =45t

S
M
i
ol
rlo

AN
o LA-2: G
g3 (@ surface
] @Scm

@ 40 cm
@ 60 cm

Figure 1.1.3. HOBO data loggers installed in the active layers around (a) Lake A and (b)
Lake B.

Q) A8t FEAF 4
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o] $98 %o
g5t Abolol At Alzkoln], A= Al¥AvE
9 WAY B gom Yk nepd Ass

=)
o
B
a
5
=
rr
e,
ol
N
N
o
T

jus)
i

%0
ks

9] A A zsko] Abg-E A vH(Figure 1.1.4). A8t
Frde] S42 201993 2020 ol & w o oW AAEA. 201990 = F a5 HA S 1N
o] A A E 7L AR EH o] FAE 2 (Figure 1.1.5), 2020 = dlolH o AlFAdS gH37] 9
S 24 = o shRAAI FRAA AVANEHE 44 1R F7kste] A Al vh(Figure 1.1.6).

700 nim

A

|
200 mm

Y

Figure 1.1.4. (a) Schematic diagram and (b) actual photograph of the seepage meter
installed at the lake bottom. Seepage meters were installed at locations where LA-SW and
LB-SW were collected in Figures 1.1.1 and 1.1.2.

1g-11  1B-12- 4 =

LB-13 Seepagé =
meter-<==:

Y

Figure 1.1.5. The locations for the seepage meters and piezometers (LA-11, LA-12, LB-11,
LB-12, LB-13) installed in the sedimentary layers of (a) Lake A and (b) Lake B during the

summer season of 2019.
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Seepage meter
(downstream)

(b)

-
Seepage meter

(downstream) — — — - = e :
= = Seepage meter
~ (upstream) —— ~

Figure 1.1.6. The locations for the seepage meters installed in the sedimentary layers of
(a) Lake A and (b) Lake B during the summer season of 2020.

(4) Astret AT 93t

vlof] 1] ¥ (piezometer)= A8t A EF9] FE Sk Aot AxTY FEA4ES
H 71t o] AL8EtH(Sebstyen and Schneider, 2001). o] Aol = A4 21 cm, Z°] 133 cm
o] ~H|olg ~(stainless steel) A A2 HolZz FLAH yo|ZuE 7} AHEEHAY Eo] 35 F 9

e gies A" 2adow Egls FES I v gl o 10 cmolA 33
m Akololl fJX|aH ) A zuH= 23 Bl S EAF s AYdEr] 8 s
v o 2R oF 40 cm ZHoldl AAHAT Astre AxTF F9 4 79 547](Million
water level, Yamayo, Japan)& AF-&3to] SAHEJT A xG T JollZzvH dds 7|To=
AZFA7A AN, Astr T Jdodzr g W2 e Asteiod iy dof zm
Hol Ad7hA SAZHAT Aot AxTF £ FAS 201993 20209 F AF wdF SAHE
ATk 20199 S 919 54 Lake A9 270 A I} Lake B 27 A A4 a1 = lrh 2020
3 9 54L& Lake AolA 671 A%, Lake Bell A= 670 A ellA &4 = A ch(Figure 1.1.7).

rr

®]

)
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X
iTl

(vertical hydraulic gradient; VHG)$}

A7F = A 3kelth. VHG

o

)
A

(6)

VHG = 4h/41

Q] Alole % i}O]E}(cm)O]tq,

F A& Aloleo] =& Ag o] tHFigure 1.1.8).

PN
T

i

22

bl seist x

Eole = AP

o714 A= |l EvH =2

R e AL ES

AR

]

RS U PARCE

=

0]
AR

o~
T

1.

o = =
T

o]

—_
o

&

]

o

el
e
al
|

=3

e

A
V—

sty K

A1

=
=

Ashe AN A

o B AgeA A}

Darcy 9] #

(7)

~

<

=

<

=
|

o o)

Fqelm, Ab/Al

&

= A5

1714 @

o]th(Lee and Cherry, 1979).
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LB-23 [B-24 LB-21

Figure 1.1.7. Piezometers installed in the sedimentary layers of (a) Lake A and (b) Lake B
during the summer season of 2019, and (c¢) Lake A and (d) Lake B during the summer season
of 2020.

Verticalhvdraulic gradient = dh/dl

Fiezowmeler

w Surface water {able
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Figure 1.1.8. Schematic diagram of measuring vertical hydraulic gradient using a

plezometer.

6) A7HAEE ¥ 2% W3t ZUEE

BEsE 9o g 9 AaleE g oz A7) H E X (electrical conductivity; EC) ko] T
2o wgbd Ase F1 9 FF d9"ye EC ol g w3 ASE S8 =& S Ao
(Rautio and Korkka-Niemi, 2011). & =S HAEY 5o AAH B3 SHbo A A
xgote] 2% AolE BAst 1 YA E I9+E 4 A (Rosenberry and LaBaugh 2008). o] &gt
e a9 o] A-EA APz wjd ®igsle 5 A5 At *Ev vwd dA
A §-A 5 7] wEolth(Rautio and Korkka—Niemi, 2011). whebA, ¥ AFo = A &4=9F A F4
7} Lake A%t Bolld AFd¥ i 5= S5A2HS oldsty] f18 =9 EC HolH¢ &%= b
o|H & o] &3}t

At 9, =% 2 ECA w3 =43} 7]=S 98] CTD-Diver(Van Essen Instruments,
Delft, Netherlands)gt= At ¢ HlolH ZAE AFEstSth FoxzvEH = Ast4E FA4351H7]
sl AFEEA e, Aol 22 em, =17 9 ecm? CTD-DivergE o xn| g <teo] A X]st7] £I3)
A7 °F 5 cm, ¥°] 144 cm?l ZHRJY A AR FAE o xzuHE AA AZstdTh 9o zm
B+ Lake A¢} Lake Bo| HAZol A HUIL, Aot AxTE 4317 98 dolzny <bh
of CTD-Diverg A g tH(Figure 1.1.9). o] AA < AWML= -20CT100CeH 9], &%, EC
o8 2 1AIZF (HA R 7|55 e A3

Piczometer

w Surface water level

Surface water
level

Groundwater
level

Figure 1.1.9. A schematic diagram of water level measurement of groundwater and surface

water using a diver.
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(7) 1'd =<te] 9 W3t RUE Y
2019 1€4%¥ 202088 1€97bA] TD-Divergli= Ast5 49 dolH =ZA(Van Essen
Instruments, Delft, Netherlands)E Al-&3}o] Lake A9} Lake B9 A&}t A EFY 9= 147
o] tAo 2 RUHY Attt TD-Diver’t A +& gtel dis] ti7]hES BAste] 99 W}

2 =A%} 20199 TD- DIVQI'E ”ﬂé}ﬂ A&l AF oF 5 cme] I 2V EE A &35t Lake B
o] FAZ AA At A SAE SslA Fol v HY I ulge] TD-Diverg A A
shlal, Ao 9 W3l SA4S ﬁﬁﬂ/‘i“i ol g ¢ ¢4o TD-DiverE F7l= A X3 th

(Figure 1.1.9). EC¢ W3} =# % 7|52 9 dl4 = CTD-Diver(Schlumberger Water Services,
USA)E AH&3FSith

Q) AxTF & 573
T AEFE FETA 8o BEE A 8& AxRT, Astks 2 g7l ds A&
(Winter. 1995). @etA A x5 F& S Aot AxT 119 435 A&S osiete o 254
ot 2 AFolAe AxF FEHEE Lake BY AxF7F FEHIE AHAA FAHHAJG
(LB-DC; Figures 1.1.1 and 1.1.2). 20209+ 242 FY8 = F AHFQLB-OL1 ¥ LB-OL2)%lA
AxETF FUE5EE F7HE SAsAY Axs 755 A8 A8 75 ﬁ](ﬂow watch, JDC
Electronics SA, Switzerland)(Figure 1.1.10)& /\}% Tk Lake B(LB*DC)-J =74 s

1T

S
20 cm FA o2 Yol 7 HAC] F*H(m/s)S S48 A (Figure 1.1.11), & A% FE=H2 7

A9 wAHL o] g3t AXE AL,

2

"

Figure 1.1.10. A flow meter used to measure surface water flow rate.
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120cm-wide

Figure 1.1.11. The measurement of the surface water flow rates at the (a) inlet/outlet of
Lake B using a flow meter, (b) two inflow points (LB-OL1 and LB-OL2) and (c) one outflow
point (LB-DC).

g A3 9 B9
(1) Y=iA
SediGraphE o] &3}lo] ®43 Lake A% Lake Bol ¥ % %‘Dﬂ 3 J=RA A= Table 29
2o HAE] At av|= Wentworth(1922)«] Az A7) BF Lo

w}ﬁ‘r A2 (>2 mm), &
#(0.063-2 mm), A E(0.004-0.063 mm), FE(<0.004 mm)E FFE ATk =3 P

w7+ Folk and Ward (1957)ell oJsf AAjd BAA S AREste] AMdE AT H4eL 2, 2y,
AE 5] Hl&E 7oz EF¥AtHFolk, 1954).

lq

!

=
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Lake A(Figure 1.1.1)¢] 3SFR(LA-1D< HAF/F@LA-2)°4 A
(42-52%) 7} R (29-42%)= T =)o ok Fa A fJApe] A7 4
& Yy, A2 fFdor EFEAY. ¥vhA Lake ALA-3)o] SUdHolA AT &

ot
M
=i
rr
&
N
N
N
Y
o
&
S
(RO

d EEE 0%9) Az
2 TAEQT 27 b SAF A7) (G459 AT EH, Bl Bud md fPom By
Atk WA o2 Lake AS B A Ar)E & maol Faw, HAZE o] Badn

gravel muddy sandel 4 3%+t}.

Lake B9l 49, &5 4F AE(LB-1)E 2E04-32%)9 HE(15-74%)7F Aoz A3
om LB-1(1/9)% LB-1(2/4)& vwi$ A 22 EFHJT. HA=S 28 A2 FPolArh
LB-1(3/4)3 LB-1(4/4)< LB-1(1/49)3 L1LB-12/4)Rt AHES HE 3FhaFo] oF 4u] =9t}
LB-1(3/4)3} LB-1(4/4)2 &w°] %3 AR RYZ FFHAeH, HHE 32 muddy sand
gravel©] $1t}. Lake B4 AF T A5 ddido=z B2 49 {7 E4& ¥
Lake Be] slFolA AF 3 ASZEA Lake Be Al5E oA HE9 HES 3
waol @ T RYgE EFHJAL HAE 32 muddy sand gravel type® 75 UATH F

#H o2 Lake Bt & EFHIA & A 2Ze2 TAEJT muddy sand gravel type 3=

4
R

FgHoz B ow 2o 55 AAME HAB Ao A/ sk BF fHo B Aoz vehd
o HAZe] QAte] Avlel BRE sukeke] @B AR FaAsel weh 9o & vk ]we
o vgd A8 545 9T A % 9GP We F u

1

et al, 2009). + 5 HuafH W, Lake A2 H A= Lake BEU HES9 HEQ] Hl&o] 1 =
et ek AE=EA ] A= Lake A7F AE B HEC] & 3 v HA o ® Lake BE
S

Table 2. The results of grain size analysis.

Sampling o Composition (wt.%)" Texture parameter Sediment
site® ample name

Gravel Sand Silt Clay Mean Sorting type*
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LA-1 51.48 28.67 10.70 9.14 Coarse sand Poorly sorted msG

LA-2 41.76 41.76 7.77 8.71 Coarse sand Poorly sorted msG
LA LA-3(1/2) 0 53.94 29.03 17.03 Coarse silt Poorly sorted mS
LA-3(2/2) 0 52.04 29.51 18.45 Coarse silt Poorly sorted mS
Average 23.31 44.10 19.25 13.33 Fine sand Poorly sorted gmS
SD¢ 27.21 11.60 11.63 5.13 - -
LB-1(1/4) 4983 4735 131 151 Very coarse sand  Moderately well sG
LB-1(2/4) 4605 5182  0.39 175 Very coarse sand  Moderately well sG
LB LB-1(3/4) 47.49 42.02 3.16 7.33 Coarse sand Poorly sorted msG
LB-1(4/4) 35.05 54.51 3.0 7.44 Coarse sand Poorly sorted msG
LB-2 32.26 51.40 6.17 10.16 Medium sand Poorly sorted msG
Average 42.14 49.42 2.81 5.64 Coarse sand Poorly sorted msG
SD". 17.82 12.10 2.34 5.12 - -

# LA: Lake A, LB: Lake B.

b Weight percentage (%): gravel (>2 mm), sand (0.063-2 mm), silt (0.004-0.063 mm), and
clay (<0.004 mm) (Wentworth, 1922).

¢ Mean and sorting were calculated using the equations of Folk and Ward (1957).

4 Sediment type: msG: muddy sand gravel, mS: muddy sand, sG: sand gravel, and gmS:
gravel muddy sand (Folk, 1954).

¢ Standard deviation.

(2) HHEY A=

Lake A%} Lake Bo EA&EAmd theh FE|dE%(K)+= Table 1o AAE AHAES AHE31
AlLtE STh Lake A¢t Lake BollA 971¢] A€ R AAR, LA-3(1/2)3 LA-3(2/2) A= g
FEPAAE S G = gld7] wiiEel 7709 EERE ALkl AR Sl

Table 32 Table 1 AA¥E AIH 25 Ab&sto] ALtd 2 A8 Fed=® s FeT
Aolth. Lake A9l A%, LA-19 FIHAEEE 1.7x107 ecm/s¢t 1.4x107° cm/s Abolel WA LA-2
o] FEAEEE 43107 cm/s9 69x107 cm/s Aol Sith Lake B9 49, LB-19 FdELEE
6.9x10" cm/s9F 2.1x107% cm/s Abo]9l WM LB-29] FlAEEE 6710 cm/s9 1.0x107 cm/s
Abol itk AdiA o2 W o Ad dAE 7kl REel Ewol EFE Lake A9 EH A= (Table
2)2 Lake B HAERT @2 FEHdEE(Table 3)E 7t whebA B JAe] =27 =l
FHAEES UH3 BHo] 9SS AAFSTH(Shepherd, 1989). 4 A& E3to] AAtd S AdE
#He muyges w 7P e Fe Slichter(1898)% 7|+£oz AAEAJD 7 =S 3
USBR(Vukovic and Soro, 1992)& 7|+=2o 2 AL At}

A2l Wsl HA = g A
2F9} steady-state flow rates AF&3lo] @2 McMurdo Dry Valleyse &5 35 Eol 3l
3 FEAREE 165107 em/s™ 6.2x10°1 cm/so] 1 tHSchmidt and Levy, 2017). whaba], &

o

o
ME

A AREE FEAER Y] Moo H-E fdk Bl didt FEAEEe &g dnkd e
Schmidt and Levy(2017)9] A<} dX|stH, BFo] ot Ego] Ego] Bt EYHT =
FHUAEEE Ztets A4S BT 2 dFdA 49 SRR g

Ao AFH oz BuEE FEAEE F(levy et al, 2011; Levy, 2012)3 -g3ht},
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Table 3. Hydraulic conductivity calculated from the grain size analysis using the empirical

formulae presented in Table 1.

d, * Hydraulic conductivity (cm/s)
Samplin Sample c -
siteap g nanl;e d D d n U* Hazen Kofgla}lllca Beyer  Terzaghi Slichter =~ USBR
10 20 60 (1892) (1956) (1966)  (1925)  (1898)  (1992)
LA-1 0.04° 0.08 2.1 026 5250 89x10* 3.9x10* 9.1x10* 2.5x10* 1.7x10* 1.4x107
LA-2 0.06 0.16 2.15 026 3413 22x10° 9.6x10* 2.7x10% 6.2x10* 4.3x10* 6.9x107
LA LA-3 (12) NA 001 004 NA NA NA NA NA NA NA NA
LA-3 (2/2) NA 0.002 005 NA NA NA NA NA NA NA NA

Average' 0.05 012 213 026 4331 1.5x10° 6.7x10* 1.8x10° 4.3x10* 3.0x10* 4.1x107
LB-1 (1/4) 0.14 026 1.80 028 1333 12x10% 59x10° 1.7x102 3.9x10° 2.6x10° 2.1x107
LB-1 2/4) 0.15 025 132 030 892 1.8x10% 1.0x10% 22x107 6.8x10° 4.2x10° 1.9x107
LB-1 (3/4) 0.06 009 056 030 889 33x10° 1.8x10° 4.0x10° 1.2x10° 7.7x10% 1.6x107

LB LB-1 (4/4) 0.07 009 071 029 10.85 32x10° 1.6x10° 4.1x10° 1.1x10° 6.9x10* 1.8x107
LB-2 0.052° 0.07 035 033 673 26x10° 1.7x10° 29x10° 1.1x10° 6.7x10* 1.0x107
Average 0.09 015 095 030 974 8.0x10° 4.2x10° 1.0x10* 2.8x10° 1.8x10° 8.9x107
SD# 0.05 010 0.60 002 248 7.0x10% 3.8x10° 89x10° 2.5x10° 1.6x10° 1.0x107

“ LA: Lake A, LB: Lake B.

b Effective grain diameter (in mm).

¢ Porosity (dimensionless).

4 Coefficient of grain uniformity (dimensionless).

¢ Estimated.

"TLA-3 (1/2) and LA-3 (2/2) were excluded.

& Standard deviation.

NA: Not applicable; the measurement of the effective grain diameter (dip) is not applicable
because the cumulative percentage of soil with the size less than the minimum grain size
that can be measured by the SediGraph is larger than >10%.

3 HAEY +HE= 4
XRD 4 A3 Lake A9 HAEL A4 (andesine [(CaNa)(AlSi)4Ogl, anorthite
[CaAlSix0g]), A 4[Si0] ¥ 3] 4 (clinopyroxene [Ca(Mg,Fe)(SiOs)s], orthopyroxene [(Mg,Fe)SiOs])
o7 FAFPTUE AL el Wkl Lake B HAES Ao 34 ¢tdAl(andesine) & &
A[(KNa,Ca)(Al,S),Ogl 0.2 T A= AS gl

Jeong and Yoon (2001)°]] ¢]&lH Lake A9} Lake B7F 91 X|st= A Y& 2 AFAy okakeba
&Qtow o]Fojx 3lth Lake A¢t Lake B AMEA e ke 747} 60-80%%F 80% A oH, A<
shake Z+7F 10-15%9F 5-15% %9 tH(Jeong and Yoon, 2001). Jeong et al. (2004)2 H}FEREE A A 9
FE A 2L AP Aol 72 it 61%% 156% 2 FAETE AE HAFAT F 57t
AAT Ao M= ulFe] 34 AHA ZEE}O|E(laumontite), WalA, FHHA 2L JHH

(pyrophyllite) .= &% Aot B3+ thin section AFZl> A1qd, A3 APEA YEF AFEA K-,
A0 3 Sk 78] 2 ﬁLZ: Z:ﬂ(diatom fragments)e] £AE B o] FthH(Jeong et al., 2004).
HoAdqto]a XRD #41S EFal 9% Lake A9 Lake Be #&E FAL, o)A ool &AFtol
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Al Qhabetd &3¢9 e PSR HE U AP Ao HEE vpENES A HEA 543
ARk o2 A XA]skt}(Jeong et al., 2004).

XRD #4119 A%z g5 FETH E4d M2 S35 dd 22+ &2 A5 78 &
ol =(Z+#, ntavlyE, YEEF, ZF, €77 w, E 2 HAg2)Y FHFE -4 e g v xE
T Atk kA, -4 WE2 T s AladdA Ak A A4S AAAlE 8]l
2 g due AS HoFErh

(4) HAEe] FadE 9 mFda 24

HHE Fad4 9 vk 94 EXo] A= Table 49 #AA1e ) Lake A9l 2 AR
Fe7l 372%% 714 & X5 B9om Fe > Al > Mg > Ca > Si > Na > K7F L HE 9]
oom Y4 F Mne 411 mg/kgl® 7 $AE A, V7T 1074 mg/kgo® F HA R $-A)
ATk M FYPAE Mn >V > Cu > Sr>7Zn>Ba>Co>Li >Pb>Ni > As > Se > Cd
o7 AE BAUr}t Lake A9 w7 7EAE Lake BY 8 4259 ZAyolA Ferl 251%E 7}
SAlF@a, 1 FFS Fe> Ca> Al> Mg> K> Na>Si £ 2 yehyt m& 94 24 A3 Mne
4652 mg/L=E Lake A H]=dth v d4 59 &A= th53 2tk Fe> Ca> Al> Mg> K>
Na> Sr> Zn> Cu> Ba> V> Co> Li> As> Cr> Ni> Se> Pb> Cd.

(o,

o o M St 32 of
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Table 4. The concentrations of trace elements for the lake sediments.

Na Mg Al Si K Ca Fe Li \% Cr Mn Co Ni Cu Zn As Se Sr Cd Ba Pb
Site Sample

name o o o o o o o mg/ mg/ mg/ mg/ mg/ mg/ mg/ mg/ mg/ mg/ mg/ mg/ mg/ mg/
% % % % % % % kg kg kg kg kg kg kg kg kg kg kg kg kg kg

LA-1 0.154 1.14 2.05 0.44 0.154  0.565 3.87 11.1 117 11.2 437 10.3 7.8 74.5 50.7 473 2.8 55.0 0.06 38.4 75

LA-2 0.148 1.16 212 0.35 0.126  0.690 3.86 10.4 117 114 465 12.1 77 84.4 575 5.17 29 63.7 0.07 40.4 6.8

LA-3 (1/2) 0169 0980 217 033 0124 0620 3.67 8.29 100 10.7 381 9.77 74 93.3 48.9 6.89 3.6 67.6 0.07  46.2 10.0

Lake A
e LA-3 (2/2) 0179 0914 214 049 0141 0608 348 8.37 95.6 10.2 361 9.28 7 88.3 454 6.63 3.0 70.3 0.06  46.7 9.5

Average 0.16 1.05 212 0.40 0.14 0.62 3.72 954 10740 1088 411.00 1036 765 813 5063 58  3.08 6415 007 4293 845
g’;i?i?ég 0.01 0.12 0.05 0.08 0.01 0.05 0.18 1.43 1123 054 4828 123 0.17 797 5.08 1.07  0.36 6.67 0.01 4.16 1.54

LB-1 (1/4) 0.068 0363  1.23 009 0138 08% 271 6.56 52.6 4.6 3380 7.38 3.7 69.0 94.7 741 36 96.7 054 865 4.0
LB-1 (2/4) 0079 0392 123 014 0139 0997 254 6.31 516 6.7 443 7.86 5.1 66.4 9%.1 6.13 3.6 95.6 054 820 3.7
LB-1 (3/4) 0.114 0463  1.40 0.07 0126 175 2.51 6.96 54.0 5.3 485 8.82 4.9 111 133 5.29 56 191 1.02 779 34
LB-1 (4/4) 0110 0495  1.38 0.07 0126 165 2.54 7.62 55.8 5.2 492 9.22 4.8 95.8 119 5.09 4.7 165 084 741 3.3

Lake B
LB-2 0.169  0.570 1.28 0.07 0.118 1.75 2.24 5.95 54.9 54 526 10.3 56 94.2 112 4.17 44 177 0.92 51.0 2.9
Average 0.11 0.46 1.30 0.09 0.13 1.41 2.51 6.68 53.78 544 46520 872 4.82 8728 11076  5.62 4.38 145.06 077  74.30 3.46
Standard 0.04 0.08 0.08 0.03 0.01 0.43 0.17 0.64 1.70 0.77 56.03 1.15 0.70 19.06 16.33 1.22 0.84 45.59 022 1382 0.42
deviation . . . . . . . . . . . . . . . . . . . X .
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(5) BEF F¥ L 2w B4

Figure 1.1.12%= Lake A%} Lake BY E% =9 S8 g2k HM3lE BoFEr) Lake A9 =3 2
Y= doly A wigE WA B4 2 dae wA=E Q&) 20199 1€5-H 20199 4€70A], 201949 1

o

ARE 9YHA e AnutS HolFuh Lake B 20199 1€%-E 12971419 A55 R
Figure 1.1.12a%= Lake A A EWHolAFE 0 cm, 15 cm, 40 cm Zo]9 EY¥ 2% WIS Ho|Fa
ATt 20199 49 Ego] v JotE "WojHu Eeh gz mEw E4fe] Zlolo upgl o F
5o tigh RS LV Gkl AS B ATk AEW oFd 40 cm Ftoll A 4Tl A 0T
35 Wl ¥ g3ldo® Y, AFHOZHE 0 cme EY 2% 10TolA -10C= 4
stE = AE BAFAT. 5, AxHAANTYH Zol7t dE&rs ESe 259 vse kAl Ao
2 Holw Zlo|7} s oF &

Figure 1.1.12b+= Lake B9 A ¥FHOZHH 0 cm, 10 cm, 20 cm, 40 cm % 60 cm Zo]2] E%F
=% WslE B3 k. 20199 3¢ I EY 2%+ 20199 10€71HA] 95 2 E fA G E

_[

e EGero Wal= 0ColA -7C Alole WaE B9l

Figure 1.1.12c= Lake A XHolA 5 cm, 15 cm, 40 cm Zo]e] EY 5 stak H3lE HolFu
gt "oy = 20199 1€45-H 20199 4€70A], 18]3L 20199 1955 99711 A E S A
S2HY Zlo] 5 cmolA SAHE EY 7 e 20199 195H 59714 &kd ¥wstE HYo
#, 20199 59%H 99714 01 mY/m’olA 0.3 m’/m’= #lwAd AdAF % BAh 20199 599
o] Zolo| o] B FAH How wHAYh 20199 1€95H 4€97b4 15 cm, 40 cm Z ol B4
T e AR AS ghol A dABSA FAEHINL, 49 BHEE £ FFo] 543 FUtet
At o= wHIEY AaHe ey 22 addd g HAg Aoz FA Y. 20199 5¥5H
104744 7]=0] gtz "oy, ESY e w450 dAsA A= AoE Helth

Figure 1.1.12d¥= Lake B9 A EHOZHE 0 cm, 10 cm, 20 cm, 40 cm % 60 cm Zl o] B
T g HIE Hosr Fie HIES ol 10 cmé 20 cme] EYFEeo] 20199 5€95-H 10
A7MA AZHY sdstA sAEJTGE AS BHAFAT 2EH R, EY 259 £ W=
o7t S g wel fgadte AS HAFAY. vbHd, Zlo|7F EFEE 9N A s W
stAl RES-Sith o= EF Zolrt 9F Ao 2Ry dd AFE §7] wwo ES d Wk ¢
= Wit Tag 4FS VA= AoR AzdEn
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Figure 1.1.12. Changes in soil temperature and moisture content at the depth of 0 cm, 10

cm, 20 cm, 40 cm, and 60 cm from the surface for 1 year period between 2019 and 2020.

6) Azt FE
2019 2+ 2020

=

T il r
WA AE AET @ FI 4 e

oF =] s

A

o] A= Figure 1.1.133% zZvh 28 A 0
o] =o] ARFFAA AR FEHL Us
e~ g Eo]Q1 due AS dERdAYL 20199

dH Ak F3FS 3 o FY9(+54x10° m/s)S ALd RE fFo] A FEFolA
22 Ao w2 YeEtHFigure 1.1.13a). Lake A/] A8ty FEFS -92x107 m/sol A
+54x10°% m/s, W -3.8x107 m/sE W$ F olE ®HYom o= Lake A7F §&F A 2ddS 1}
Elilth ¥k Lake BY A &4 H#=e +1.1x10°8 m/soﬂfﬂ +95x10°1° m/s7HA =], ol HE
Aol A A8k F9ol FAHH O Lake Bol 9 Alz=dlel A& woFy Hit FY#FE 56x107
m/s°] AT,

20209l = Lake At Lake Bel &<t atiol Aot #+3& S4387] 4l
2o Al A v g7 AXHA. Figure 1.1.13bollA] Lake A9 A st4
Lake B9 Aatg 32 WM A= A8 T Lake A9 XVéoﬂ
5.1x107 m/soll A -2.8x107° m/s7hA o, Pt fFEFL 23
F AAANAY A8 FEFS -14x10° m/s T -15x107 m/s H A %‘@Qﬁ’igf‘%, 1t ?r%‘%k
& -72x107 m/sAt}. Lake A9l A<}t s AN E As¢ FF gho] B a7
Ao A e Astr frde AR AFET oF 3u] ¢ ok o]& Lake A R A7F wo= Yl

o vehdc v,
Lake A°lA =7

N{N'
i}

_37_



Q) Row molth w3 2020 1€ 20¥elE Lake Aol AHF A
o] wjgE o] AR HETF Bl F7]A kol A5t FHS 4T S flolth o] 22 Ay
A o 2 A9l Fo] BT kv wiitel] MEE ZAg-Fe] flvtd & %
o] Yt AL HAFY walbA e g molu# o] H& Eo| ogverland flowet #] &}
FEHE 352 THES st AHNA mE HE2 Fejdes 35 AALdS & F Atk

Lake B A3t 32 201993 593 edS B}l Lake AS A a4 &y nludls uf,
A shgo] BE2 wlg- ek Aol & Wyt ¢ldth Lake B At F3 AF AFANA Y
3 FES BF Bon -29x107 m/s T +86x107 m/s MYdA A E o] Hi +22x107° m/sE
UElRth Lake B a9 A9, 139 §4& Aata -27x107 m/s ~ +1.0x10° m/s ¥l A
B +92x107° m/sE BolFt) welA, Lake B Abn|goA B ko] Bo] Ze] AayR A
A F A R Ee] Bol7ke 55 ARl AoR HRlth
olg] gt Aale] fraFelale] A 9H zpol=

N

il

N

i

_l

¥o,

rir

i

1o,
4y e a® o
fo B 2

rlo

= HAw 549 Aelel vild = Ak 2 el

B2 HAES 7 dA9 Aste FFe AFoly AES] FFo] 2 HAES /M A9R

o =vh 22 EE, Lake Av Lake BEY Ao AAdFow FAH Ads FE9 2 WUE
pAESS °

Ae o798 BoFrh e, Lake B 4o go] @&
2= B2 AT dHE 352 S8E97 e dAAd sEAAYL S RoETh
F agelA Ass fFe) A JERHES Bo AdE 55 HHBY FeAEEs & 94
= 434S Lt Ao g X E o BEfAAdy BE3AA wiol Ao
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Figure 1.1.13. Groundwater fluxes of Lake A and Lake B in (a) 2019 and (b) 2020.
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(7) Alstet A g9 9 W3t
2019 3} 2020, &5 A S8k % 9
AN =29 W3 (ecm) #ol 0 cmY WE VFow 29 F
st wbol oke] e oo SAHE FYHY =ue A
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Attt Lake A9l A5 20189 A x4 +917F JJYH 15 cm, A -17 cm® YEREI, 20209 =
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e mig 2EE BEe] ATk 53], 20208 A @ AES 9o wEE R=097
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Figure 1.1.14. Water level changes of Groundwater and surface water of (a-b) Lake A and
(c-d) Lake B in 2019 and 2020.

2019 & A& 59 Lake A9 A XSG F9E AHEHORE Aot FHHRT =doH o= A

E7h AR §293 A& ov@rkFigure 1.115a). Lake BlA = A5k 917} %

Ea-
o =7] ol Askrt 42 Y99S a Id5& AASH(Figure 1.1.15b). Lake A% +9+& 52
T gl o FH o= WEtE W) Lake BY 9 E H2 v Astgo B FHoE 9
Foj oz Qb Aol
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Figure 1.1.15. Changes in the levels of surface water and groundwater measured using a
piezometer (a) in Lake A (LA-12) and (b) Lake B (LB-11) in 2019.
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Figure 1.1.16. Water level difference vs. groundwater flux in (a)Lake A and (b)Lake B in
2019.

®) AALF FAER

2020 5 &<k, Lake Adl AAF FolzuHoX 59 Aolo} TS FAS AT =
¥l A3h= Table 59 wheb glth. WA, Lake A 5 Aol Ax¥ dJol v (LA-21)°] 45 A8}
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Ass 559 AAZ Hehdth Lake Be] A5 f9e o
Lake B 7ol 9 % A9 59 AN #98 AxFE 374

Ao A H=FF(Figure 1.1.17b)
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Figure 1.1.17. Schematic of groundwater flow systems in (a) Lake A and (b) Lake B.

o] WMHS Abgsto] AAH QAT AAe] A= Table 60 Ueb 2dth Lake A9l AZWEF Fe 2%

EE 54x10° cm/s T 24x10°! em/slem, it 49x10% cm/sE GubA 9l mARE (107 em/s)
o] Z3teth(Freeze and Cherry, 1979). ¥t Lake B9l &3 FadE=%E 50x10° ecm/s ~
1.8x10° cm/slew, Hi 66x10° cm/se wl¢ wAF 2HA0° ecm/s)ol % & TH(Freeze and
Cherry, 1979).
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o Mo

tt2 A4 Lake B 9ol t}
AAFT TR Fol

BUAE FASE Fo R4

Al 7+

Table 5. Head difference and vertical hydraulic gradient (VHG) in Lake A.

Table 6. Vertical hydraulic conductivities

EA@rhs AT
Q557 o] W Ao

LA-21 LA-22 LA-26 LA-27

Date ( cdf;l) VHG (frlrll) VHG Cd;) VHG (grl;l) VHG
2020-1-10  NA NA 800  -027  NA NA  NA NA
2020-1-11  NA NA  -1020 034  -540  -0.18 020 0.0l
2020-1-12 040 001 860  -029  -430  -0.14 000  0.00
2020-1-13 070 0.02 970 032 500  -0.17 000  0.00
2020-1-14 080 0.03 960  -032  -490  -0.16 010  0.00
2020-1-15 020 0.0l 990 033 570 -0.19 000  0.00
2020-1-16 030 001  -10.60  -035 470  -0.16 -050  -0.02
2020-1-17 150 005  -11.10  -037  -520  -0.17 030  -0.01
2020-1-18  0.80 003  -11.80  -039  -7.50  -025 -1.00  -0.03
2020-1-19 170 006  -13.40  -045  -12.00  -040  NA NA
2020-1-20 320 0.1  -1260  -042  -1480  -049  NA NA
2020-1-21  -130  -0.04 NA NA NA NA  NA NA
Average 083 003  -10.50 035 695  -023 -0.19  -0.01
Slandard =19 0.04 163 005 357 012 040 0.0l

in Lake A and Lake B in 2019 and 2020.

Lake A

LA-12 (2019)

LA-21 (2020)

LA-22 (2020)

LA-26 (2020)

LA-27 (2020)

Average (cm/s)

(cm/s) (cm/s) (cm/s) (cm/s) (cm/s)

Hydraulic

conductivity 5.4x10° 43x10" 1.4x10* 2.4x10™ 6.6x107 4.9x107

(average)

LB-11 (2019)  LB-12 (2019)  LB-21 (2020) LB-25 (2020)  LB-26 (2020)

Lake B (cm/s) (cm/s) (cm/s) (cm/s) (cm/s) Average (cm/s)

Hydraulic

conductivity 4.5x10° 5.0x10° 2.4x10° 1.8x10° 3.0x10° 6.6x10°

(average)
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Table 7. The surface water flow rates in Lake B.

LB-OL

ate LB-DC LB-OL1 LB-OL2 (SUM)
QSW* (m’/s)

2020-01-11 1.56x107 NA NA NA
2020-01-15 1.92x10 5.5%10™ 3.2x10™ 8.7x10™
2020-01-18 6.72x1073 9.1x10™ 2.7x10™ 1.2x107
2020-01-21 6.64x107 1.4x10™ 2.1x10* 3.5x10™
2020-01-23 6.10x107 6.2x10" 0° 6.2x10™
2020-01-27 1.02x1072 3.7x10™ 1.4x10* 5.0x10™

NA: Not applicable
*QSW: surface water flow rate.
PUnreadable by the flow meter, while slow flow was still visually

observed.
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B (a) in 2019 and (b) in 2020.
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Figure 1.1.20. Schematic of groundwater flow systems of (a) Lake A and (b) Lake B.
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2. 93 AEAAANA FA T 5509 Ao, AES, £9 52 54

7b AT
(1) =A% A&
20199l += Lake A9} Lake BollA % 82719

1
=
Ask, AESF, EOR PRAAL. AsE, ARF, &, v AF A5E 217 26, 36, 19, 1A

(Table ). Lake A%} Lake Be| A3l Aat 59 HAZY 349 ZAAWH Axw o zmu]
HolAd  AFHEI HFigures 1.1.1 and 1.1.2). Zg2g SHHe ¢tget HEZ(Waterra Co,,
Luxemburg): do| Zu| g A A st A5E AFHs= o AHEHAT. A6k

B el 5o ol AstrE HA 3H HA (purging) 3 ol & AMAEH AT AZF(EF)+=
H FE 9F 30 cm oFgol A AAEHJT. 5 ATolA 2] overland flow= A EF
A= A 1xd wet A, F, s fIAE ER/ee] AIRE AT (Figure 1.2.1). Al
o] Wiz 45, 2dE = AEE S g A A AER = AEE FTHEA
F

7
wel AEY AN

_

tt
i
E
p‘L

|o
H

1

=

=
Ao

A
!

»

oo o

Ol

A

’

Ay

NE

—
T

B

)

2

> Mo
o

4 <
SR

dal = AED AT dAFolAH =%, pH, As-2d ¢ (oxidation-reduction
potential, ORP), &<& A4 (dissolved oxygen; DO) 2 % 7] %% (electrical conductivity; EC)E =
Aot th(Figure 1.2.2). ¢Z2E+ 045 ym ZH FA7]2 dHHS $ 016N S4HH.SO)S Tt A
g A4 7|(Hach Co., USA)E AAslo] EAsAH. 4248 #42 ASA37]A o) Ay A3
Ao A AEHS & ol A AAHAY & BE wol % FdA A4S
A3l 045 ym LE FAZIE dHE HIAJT Fol FAES AT AEE &9 U pHYF 2R T vro}
AEE 2t SAl7 2T AAHIINOs)(Sigma-Aldrich, USA)S #H7F At e Alge F7F &
S 98 WEste FEsT Folv B4 FRAFEH=AAFEA7IICP-MS; iCAPRQ,
Thermo Fisher Scientific, USA)E AF&3to] Fa ATt Fol=2 AEdstal 2| 5-37 3} 8f 1o A
ol ARuE 13 (ICS-90, Thermo Fisher Scientific, 7|=+)¢} AW E Z 7 73 (Thermo Fisher
Scientific, USA)< AF-&3te] #4151t}

A9 A FYYA 2AL Wavelength-Scanned  Cavity  Ring-Down — Spectroscopy
(WS-CRDS)¥ gl 2 #2415+ L1102-I(Picarro Inc., Sunnyvale, CA, USA)&H] S A}g3lo] EA31%
(Jung et al, 2013). &A1 AW FAAFLoA FAHJT EAof AMEH RFELEZE TA44
2 71 Foll A Al FshE VSMOW2(hHA 2 A5 948 g 0%, 0%), SLAP(—55.50%, —427.5%0),
GISP(—24.76%,, —189.5%0)& AF&3tAtt. 9L Ad] AHFF A (isotope-ratio mass spectrometry;
IRMS)ell oJ& #4% #& 7IFo= ste] 7 A8 6% 2 6°H H#he FAs7] A& A4
4 24 6909 AF + 0.1%, §°He 4% + 1% A H(Jung et al, 2013).

A st} K EFo] &5 7] kA (dissolved organic carbon; DOC) 418 AAstglon, =%
A AT AKIGAM) 9] F/F71 ¥4 (TOC-VCPH, Japan) #4715 AMg-3te] £48 3310t AR

A
S
= a2%) o7 A 3lEte] 7)€k A (inorganic carbon; IC)9F QA 7] €k A (particulate organic

k
e
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carbon; POC)E A A% & v A 34 H7] ¥4 (non—purgeable organic carbon; NPOC) < &=+7]&
%

skl

% (total organic carbon; TOC #o = =

Figure 1.2.1. Sampling points for snow taken according to the altitude of the mountain
slope in (a) Lake A and (b) Lake B..

Figure 1.2.2. Field water quality analysis for water samples.

Table 8 Number of samples for groundwater, surface water, snow, and rain collected for Lake
A and Lake B in 2019. Sampling for snow samples were taken according to the altitude of the

mountain slope.
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No. of samples No. of samples

Water type
(Lake A) (Lake B)
Ground water 9 17
Surface water 12 24
Snow 16 3
Total 37 44
Rain” 1

*Collected at the King Sejong Station.

. 23 4 E9
(1) dd+4dw4
20199 Lake A¢} Lake B A &b, A7, w9 38t Ao dis) EAstd o, 7 A¥+=
Table 99l AAISFHTE Lake A9 A st9F X349 H pHE ZH7F 6.073 51701913 Lake B
A3t et AFEF Hy pHE 242 7.099 6999t A &2 pHE Lake A9l Lake Bel A %49
pHS} & Aol& HolA] Fohth Lake ASl A dtot AxF Bt EC= 77 21452 pS/emst
605.92 uS/cm% 3L, Lake B9 A&t A %49 A EC= 27 594.09 uS/cm<}t 21151 pS/cm=
4o AFFRYG 2 Aoz yelydtth 53] Lake B A3t ECE Lake A2l 2w o]4o] ¢l
C o] AL Lake Aol H]3] Lake B2 A3t £u7F =doz olg -4 ukSo Ru) e A&
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Table 9. The physical and chemical properties

of groundwater, surface water, and snow of the study area in 2019.

Temp. pH EC DO Eh Alkalinity Ca Mg Na K Si F Cl Br NOs SOy CBE®
Water type Sample name® N mg/L as S
C pS/cm mg/L. mV CaCOs mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/lL mg/L %
DL - - - - - - 0.02 0.1 0.1 0.01 0.03 0.03 0.03 0.02 0.03 0.02 -
LA-11-1 5.10 563  249.80 12.04 556.40 2.31 1.94 1.76 9.51 0.77 1.79 <DL 9.08 <DL 0.14 15.50 3.33
LA-12-2 8.00 6.04 117.30 11.23 544.40 2.64 212 1.56 9.36 0.79 0.91 <DL 14.16 <DL 0.42 19.33 -14.36
LA-12-3 6.70 6.16  142.80 11.24 499.80 3.38 1.87 1.27 5.96 0.49 1.11 <DL 5.33 <DL 0.37 754 9.00
LA-13-3 5.70 7.02  309.80 10.54 432.90 5.14 713 277 19.59 0.89 0.91 0.04 17.98 0.30 0.83 30.30 -4.99
LA-12-4 750 5.74 25470 11.66 522.60 1.71 1.95 1.36 6.84 0.63 1.03 <DL 5.08 <DL 2.69 11.39 -7.04
LA-13-4 7.60 563 161.10 11.30 575.10 2.36 1.86 1.06 3.59 0.32 0.62 <DL 5.16 <DL 0.29 12.30 -14.01
LA-12-5 8.50 594 27770 11.60 493.00 3.22 1.58 1.06 2.86 0.27 1.65 <DL 3.47 <DL <DL 11.89 -10.63
LA-13-5 6.30 567 210.70 11.52 499.10 1.66 2.73 1.44 4.26 0.36 0.85 <DL 3.55 <DL 0.10 12.17 7.04
LA-13-6 8.00 6.79  206.80 9.43 511.80 4.04 5.40 1.96 897 0.69 0.70 0.07 9.47 <DL 6.07 16.01 -14.14
Average 7.04 6.07 21452 11.17 515.01 294 2.95 1.58 7.88 0.58 1.06 <DL 8.14 0.03 1.21 15.16 -5.09
Sp¢ 1.16 051  64.66 0.77 41.78 1.13 1.95 0.53 5.06 0.23 0.40 0.03 5.06 0.10 2.00 6.59 9.34
Groundwater LB-11-1 6.90 6.81 316.20 2.79 209.10 82.01 13.76 4.11 15.16 1.50 0.45 0.56 33.77 <DL <DL 497 -14.65
LB-12-1 5.40 7.35 47850 5.72 230.40 109.91 30.77 14.70 16.55 1.51 0.26 0.21 32.51 <DL <DL 13.11 5.96
LB-11-2 7.90 6.89  594.50 1.74 157.10 46.00 19.18 5.64 23.97 3.85 0.73 0.76 49.88 0.42 <DL 1.63 447
LB-12-2 8.30 740  825.30 3.09 166.10 67.13 33.06 16.01 10.55 1.62 0.33 0.33 36.81 0.26 <DL 9.71 14.60
LB-13-2 6.60 6.87  608.00 3.44 177.50 83.66 23.55 12.37 34.44 3.75 0.90 1.00 61.42 0.94 <DL 3.06 453
LB-11-3 2.80 6.87  506.80 4.84 189.00 43.30 13.86 4.09 17.65 2.79 0.54 0.64 55.94 0.42 <DL 1.07 -14.52
LB-12-3 3.80 741 702.20 3.30 171.80 92.80 39.30 19.16 12.49 1.52 0.58 0.14 34.45 <DL <DL 10.37 14.9
LB-13-3 3.00 6.94  796.60 543 155.70 65.30 19.87 15.57 29.94 2.52 0.81 0.76 53.61 0.48 <DL 2.18 1341
LB-11-4 4.10 6.93 587.90 4.72 151.80 48.42 10.92 3.59 12.19 1.88 0.60 0.55 35.34 <DL <DL 0.36 -13.13
LB-12-4 4.40 744 633.40 4.7 168.40 77.81 32.46 15.83 10.70 1.49 0.32 0.22 27.01 0.30 0.86 11.57 13.42
LB-13-4 3.80 6.90  746.90 4.03 124.50 90.68 24.25 21.46 37.87 3.00 0.64 0.70 63.44 0.85 <DL 1.40 14.04
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LB-11-5 380 695 56630 390 16410 6844 1968 579 2438 397 090 062 3869 <DL <DL 038 503
LB-12-5 410 751 67850 581 19040 9496 3001 1854 1267 178 048 031 3714 05 068 1287 1070
LB-13-5 370 697 51920 506 22570 8377 2338 1629 3282 289 115 081 4600 072 040 287 135
LB-11-6 550 690 53420 325 17430 5013 1658 489 2050 334 072 059 3409 000 1235 083  -1201
Groundwater LB-12-6 590 746 56610 366 18970 4663 3246 1596 1137 147 078 034 4948 057 098 2247 937
LB-13-6 580 701 43900 498 28230 6667 1967 952 2515 260 063 084 5923 067 034 650  -416
Average 5056 709 59409 415 18399 7163 2422 1197 2049 244 064 055 4405 036 092 620 385
sD¢ 166 026 13024 114 3677 20.06 881 612 905 092 023 025 1155 033 297 623  1l.14
LA-OL-1 470 538 225000 1276 58180 162 308 136 691 052 202 <DL 980 <DL 017 1959  -1087
LA-SW-1 460 530 307100 1243 59830 3.49 449 211 832 088 220 <DL 888 <DL 022 2340 167
LA-OL-2 420 512 10970 1220 590.70 350 327 167 752 053 137 <DL 859 <DL 037 1809 464
LA-SW-2 710 497 14870 1213 588.30 266 590 392 937 080 108 <DL 1373 <DL 027 2046 447
LA-SW-3 550 500 16950 1156 524.50 345 542 249 937 069 290 014 902 <DL 049 2375 351
LA-OL-3 420 521 14050 1301  499.70 255 18 104 401 043 130 <DL 367 <DL 011 1034 025
LA-SW-4 860 488 22030 1199 59350 238 508 345 654 062 124 <DL 1126 <DL 027 2058 23
LA-OL-4 270 525 13830 1305  566.30 161 425 354 528 034 070 <DL 634 <DL 037 1657 1239
LA-SW-5 520 497 22230 1172 49170 487 344 106 601 060 181 <DL 549 <DL <DL 1173 567
Surface LA-OL-5 300 549 15970 1272 46510 159 238 112 553 040 068 <DL 564 <DL 014 1768  -889
LA-SW-6 970 499 30950 1161  519.70 156 696 415 745 070 166 004 1621 <DL 036 3000  -431
LA-OL-6 520 534 32250 1186 476.70 150 372 281 608 037 115 <DL 702 <DL 042 1694 731
Average 539 517 60592 1225 54136 256 415 239 687 057 151 <DL 880 <DL 027 1984 033
sp 211 019 97949 053 5028 1.08 149 117 163 017 065 004 360 <DL 014 609 685
LB-SW-1 350 762 49950 1090 35070 1333 53 143 372 <DL 036 006 478 <DL 065 1017 972
LB-OL1-1 500 639 49100 1103  359.80 9.99 369 130 540 021 040 010 397 <DL 033 1864  -13.48
LB-OL2-1 580 679 26040 1168 38070  10.00 757 310 949 038 040 055 1238 <DL 323 218  -869
LB-DC-1 780 725 22160 1223 37570  10.00 391 176 336 009 010 007 445 <DL 025 1253 967
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LB-SW-2 880 729 28850 1200  346.90 6.71 326 161 290 009 008 015 466 <DL 032 1360  -13.78
LB-OL1-2 860 718 7222 1099  370.50 5.25 145 053 365 013 012 011 28 <DL 013 68  -523
LB-0OL2-2 870 699 24560 1150 33450 6.02 403 165 436 017 034 032 617 <DL 129 138  -13.06

LB-DC-2 870 730 11540 1222 377.70 8.22 348 167 309 010 008 014 292 <DL 023 58 6.89

LB-SW-3 300 719 11530 1262 42310 6.81 399 180 339 011 010 013 445 <DL 041 1271  -580

LB-OL1-3 280 651 16910 1225  460.90 3.38 790 278 701 035 108 011 88 <DL 077 328  -569

LB-OL2-3 220 706 20700 1294 51470 5.03 793 447 903 019 038 072 1380 <DL 207 2514  -0&9

LB-DC-3 380 746 28090 1139 28820 6.71 480 274 401 006 013 007 415 <DL 029 1001 345
LB-SW-4 370 708 11770 1266 44800 5.01 384 102 279 <DL 008 007 481 <DL 023 1270  -1272

LB-OL1-4 420 644 9653 1236 44870 5.44 507 308 468 <DL 008 004 510 <DL 027 1531 963

LB-OL2-4 460 680 24050 1214 44270 7.17 1166 484 1104 040 112 059 1059 <DL 158 4213 6.2

Sv‘é;ftiie LB-DC-4 380 763 17480 1165  304.20 6.60 496 279 396 007 007 007 491 <DL 030 1370 16
LB-SW-5 240 714 10750 1269  505.30 6.12 334 082 300 020 005 014 45 <DL 020 1006  -1127
LB-OL1-5 320 609 24000 1142 52660 6.55 1198 412 798 033 034 006 1040 <DL 096 5587 1229

LB-0OL2-5 260 669 31660 1195  530.20 8.46 1041 436 940 026 032 039 98 <DL 123 3997 043
LB-DC-5 360 741 10430 1263  553.90 5.20 437 118 296 008 011 008 538 <DL 069 1350  -1385

LB-SW-6 440 734 10710 1256 465.30 6.73 511 139 340 <DL 007 007 564 <DL 028 1211  -46
LB-OL1-6 430 586 21770 1136 496.70 5.22 898 306 640 <DL 013 005 855 <DL 28 3396  -1212

LB-OL2-6 400 659 24990 1266 51380 6.98 827 38 860 018 045 043 1004 <DL 247 3524 -T67

LB-DC-6 490 774 13700 1151 39800 483 425 262 340 <DL 004 009 572 <DL 047 1338 037

Average ATT 699 21151 1197 42570 6.91 581 242 529 014 027 019 662 <DL 08 2008  -550

sD¢ 215 049 11258 061 7733 2.19 283 125 260 013 029 020 309 <DL 090 1305 730
Rainwater 830 513 1L13 911 52200 0.47 003 002 025 002 <DL <DL 033 <DL 005 <DL  -1437

S LA-Snow-B-1 2500 © 556 401 927 50140 0.1 004 <DL 045 <DL 003 <DL 050 <DL <DL <DL  -752
o LA-Snow-M-1 2500 © 551 54560 966 47770 134 003 <DL 068 003 006 <DL 053 <DL <DL <DL  -1176
LA-Snow-T-1 2500 © 555 92730 891 48630 150 035 013 023 <DL 002 <DL 032 <DL <DL <DL  -057
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LA-Snow-B2-1 2500 < 5.80 4.09 9.16 448.20 2.87 0.40 0.10 1.30 <DL <DL <DL 0.83 <DL <DL 0.09 -1.51

LA-Snow-M2-1 2500 ¢ 575 457 9.00 454.80 0.79 0.79 0.02 0.36 <DL <DL <DL 0.49 <DL <DL <DL -13.80
LA-Snow-T2-1 2500 © 558 425 9.07 403.20 0.85 0.07 0.05 0.42 <DL <DL <DL 0.41 <DL <DL <DL -1.51
LA-Snow-T3-1 2500 ¢ 58 550 9.10 500.00 171 0.10 0.04 0.61 0.02 0.02 <DL 0.33 <DL <DL 0.05 -10.70
LA-Snow-T4-1 25.00 © 561 4.38 9.06 492.00 0.62 0.06 <DL 0.38 0.02 0.02 <DL 0.37 <DL <DL 0.14 -10.08
LA-Snow-New-B-1 2500 © 559 1519 9.08 488.30 0.82 1.10 0.09 0.85 0.04 0.02 <DL 1.92 <DL <DL 0.39 12.24
LA-Snow-New-M-1  25.00 © 558  17.90 9.11 499.00 0.80 0.09 0.08 0.54 0.04 0.04 <DL 1.00 <DL <DL 0.20 -14.67
LA-Snow-New-B-2  20.20 © 559  19.53 10.09 605.60 0.73 0.16 0.18 0.90 0.09 0.06 <DL 1.40 <DL <DL 0.26 3.84
LA-Snow-New-M-2 2040 ¢ 562  24.52 9.32 558.70 1.08 0.31 0.21 1.68 0.10 0.06 <DL 3.28 <DL 0.14 0.90 -12.94
LA-Snow-New-T-2 2040 © 559 16.16 9.72 653.90 1.66 0.44 0.17 1.55 <DL <DL <DL 2.31 <DL 0.00 0.49 8.49
Snow LA-Snow-New-B-3  17.30 © 551 1240 8.83 491.10 1.09 0.19 0.15 0.88 0.06 0.06 <DL 1.73 <DL 0.10 0.30 -13.75
LA-Snow-New-M-3 1450 © 582 1415 10.23 517.00 1.01 0.25 0.18 0.81 0.06 0.05 <DL 2.29 <DL 0.00 0.34 -12.92
LA-Snow-New-T-3 1530 © 562 1994 9.85 502.40 0.78 0.20 0.20 1.00 0.03 <DL <DL 1.67 <DL 0.38 0.27 -14.31
Average 2155 560 9710 9.33 505.98 111 0.27 0.10 0.76 0.03 0.03 <DL 1.16 <DL 0.04 0.20 -6.81

SD? 5.04 016  250.01 0.42 57.84 0.58 0.29 0.08 0.43 0.03 <DL <DL 0.90 <DL 0.10 0.24 8.67
LB-Snow-B-1 16.20 © 566 1097 9.83 435.90 1.20 0.15 0.10 0.50 0.07 0.07 <DL 0.79 <DL 0.09 0.10 -7.25
LB-Snow-M-1 1540 © 518 453 9.54 518.00 0.84 0.25 0.03 0.44 <DL <DL <DL 0.47 <DL 0.06 <DL 1.81
LB-Snow-T-1 1720 © 556 727 9.88 438.10 1.80 0.26 0.09 1.36 0.03 <DL 0.02 1.66 <DL 0.22 0.07 -1.30
Average 1627 547 759 9.75 464.00 1.28 0.22 0.07 0.77 0.04 0.03 <DL 0.97 <DL 0.12 0.06 -2.25

SD? 0.90 025 323 0.18 46.78 0.48 0.06 0.04 0.52 0.03 0.03 <DL 0.62 <DL 0.09 0.05 4.60

DL: Detection limit.

* LA: Lake A, LB: Lake B; LA-11, LA-12, LA-13, LB-11, LB-12, and LB-13 represent groundwater samples, and the last number of each sample name
represents the time series number; SW (surface water) and OL (overland flow) represent surface water samples; LA-snow and LB-snow represent snow
samples; T, M, B for the snow samples represent top, middle, bottom samples with respect to the mountain slope.

® CBE: charge balance error.

¢ Temperature was measured in the indoor laboratory.

4 Standard deviation.
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Figure 1.2.3. Piper diagram for composition of groundwater, surface water, and snow in

Lake A and Lake

B in 2019.
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Figure 1.2.4. Box and whisker plots showing the distribution of anions (alkalinity, SOy and
Cl in groundwater, surface water and snow of Lake A and Lake B in 2019. In the box plot, the
center line represents the median, while the upper and lower lines represent the 75" and 257
percentiles, respectively. The upper and lower whiskers represent the maximum and minimum,

respectively.
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Figure 1.2.6. Box and whisker plots showing the distribution of trace elements (Si, Li, Sr,
Mn, Zn, and Cu) in groundwater, surface water and snow of Lake A and Lake B in 2019. In the
box plot, the center line represents the median, while the upper and lower lines represent the
75% and 25" percentiles, respectively. The upper and lower whiskers represent the maximum and

minimum, respectively.
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Table 10. The results of dissolved organic carbon (DOC) analysis for groundwater and surface
water in Lake A and Lake B.

Site Water type Sample name DOC (mg/L)

LA-12-3 0.7
LA-13-3 2.5
LA-12-5 0.6

Groundwater
LA-13-5 0.6
Average 1.1
Standard deviation 0.8

Lake A

LA-SW-3 0.9
LA-OL-3 0.6
LA-SW-5 0.9

Surface water
LA-OL-5 0.4
Average 0.7
Standard deviation 0.2
LB-11-2 6.9
LB-12-2 32
LB-13-2 13.4
LB-11-4 43

groundwater
LB-12-4 3.8
LB-13-4 6.3
Average 6.3
Standard deviation 34
LB-SW-2 0.9

Lake B

LB-OL1-2 0.6
LB-OL2-2 1.4
LB-DC-2 0.7
LB-SW-4 0.4

Surface water
LB-OL1-4 0.7
LB-OL2-4 1.3
LB-DC-4 0.5
Average 0.8
Standard deviation 0.3
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Figure 1.2.7. The results of dissolved organic carbon (DOC) analysis in groundwater and
surface water in Lake A and Lake B.
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Table 11. Isotopic compositions of oxygen and hydrogen of groundwater, surface water, and

snow for the study area in 2019.

Water type Site Sample name 8"%0 oD

LA-11-1 -10.16 -76.91

LA-12-2 -10.14 -76.91

LA-12-3 -10.29 -77.66

LA-13-3 -10.12 -76.91

Lake A LA-12-4 -10.28 -71.77
LA-13-4 -10.32 -78.44

LA-12-5 -10.14 -76.67

LA-13-5 -10.19 -76.80

LA-13-6 -10.00 -75.91

LB-11-1 -10.34 -76.73

LB-12-1 -11.43 -85.16

LB-11-2 -10.23 -75.86

LB-12-2 -11.57 -86.18

Groundwater LB 132 10,12 7538
LB-11-3 -10.25 -76.74

LB-12-3 -11.53 -86.09

LB-13-3 -10.05 -75.33

Lake B LB-11-4 -10.12 -75.43
LB-12-4 -11.50 -85.55

LB-13-4 -10.24 -76.72

LB-11-5 -10.14 -75.49

LB-12-5 -11.53 -85.78

LB-13-5 -10.15 -76.05

LB-11-6 -10.12 -75.04

LB-12-6 -11.56 -86.32

LB-13-6 -9.93 -74.72
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Surface water

LA-OL-1 -10.85 -79.74
LA-SW-1 -10.43 -78.03
LA-OL-2 -10.42 77.25
LA-SW-2 -10.04 76.47
LA-SW-3 41023 777
LA-OL-3 41053 7834

Lake A LA-SW-4 -10.19 77.28
LA-OL-4 -10.87 -79.95
LA-SW-5 -10.07 -76.75
LA-OL-5 -10.35 -76.27
LA-SW-6 -9.99 -74.79
LA-OL-6 41024 7537
LB-SW-1 -10.81 8176
LB-OLI-1 -10.70 -81.55
LB-OL2-1 -9.47 -72.96
LB-DC-1 -10.80 -82.04
LB-SW-2 -10.76 -81.96
LB-OL1-2 -10.45 -79.54
LB-OL2-2 -9.50 7324
LB-DC-2 -10.85 -82.87
LB-SW-3 -10.84 -82.75
LB-OL1-3 -10.80 8371
LB-OL2-3 -9.68 -74.40
LB-DC-3 -10.80 -82.49

Lake B LB-SW-4 41057 -82.02
LB-OL1-4 -10.29 7825
LB-OL2-4 -9.56 7287
LB-DC-4 -10.61 -80.39
LB-SW-5 -10.43 79.12
LB-OLI-5 41026 -78.00
LB-OL2-5 9.52 7271
LB-DC-5 11037 -78.78
LB-SW-6 41033 7821
LB-OL1-6 -10.16 -76.62
LB-OL2-6 -9.46 7227
LB-DC-6 -10.24 -77.90
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Rainwater-1 -12.12 -98.2
LA-SNOW-B-1 -9.60 -72.1
LA-SNOW-M-1 -9.33 -70.5
LA-SNOW-T-1 -11.33 -81.8
LA-SNOW-B2-1 -9.55 -71.2
LA-SNOW-M2-1 -8.90 -68.2
LA-SNOW-T2-1 -8.55 -64.3
LA-SNOW-T3-1 -12.60 -93.5
LA-SNOW-T4-1 -10.44 -77.6
Lake A LA-SNOW-NEW-B-1 -16.06 1247
Snow LA-SNOW-NEW-M-1 -16.38 -128.0
LA-SNOW-NEW-B-2 -11.41 -88.2
LA-SNOW-NEW-M-2 -10.17 -77.2
LA-SNOW-NEW-T-2 -12.69 -98.6
LA-SNOW-NEW-B-3 -11.26 -84.8
LA-SNOW-NEW-M-3 -10.98 -82.0
LA-SNOW-NEW-T-3 -11.28 -84.6
LB-SNOW-B-1 -9.26 -70.8
Lake B LB-SNOW-M-1 -10.76 -84.3
LB-SNOW-T-1 -10.57 -79.2
(a) 0.00 -
@ Groundwater GMWL; SD=R&E0+10
2000 | A Surfice water (Craig. 1961) it
B Snow o
-40.00 ]
-~ GMWL
-60.00 § ----- LMWL
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a .
‘S 10000 ¥ =7.97x +4.29
12000 1 R =098
-140.00
-160.00 ] g
' ) LMWL; 3D = 7.8450 + 1.2
-180.00 § - (Fernandoy et al., 2012)
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-25.00 -20.00 -15.00 -10.00 -5.00 0.00

6120 (%o)
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Figure 1.2.8. (a) Oxygen and hydrogen isotopic compositions of groundwater, surface
water, and snow in Lake A and Lake B in 2019. GMWL (the black dotted line) represents the
global meteoric water line (Craig, 1961; 8D = 88%0 + 10) and LMWL (the blue dotted line)
represents the local meteoric water line (Fernandoy et al., 2012; 6D = 7.846"%0 + 1.2). Individual
oxygen and hydrogen isotopic compositions and regression lines for (b) groundwater, (c) surface

water, and (d) snow in Lake A and Lake B are also shown.
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Figure 2.1.1. Photograph of the laboratory experimental setup for the soil column saturation
test.
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Figure 2.1.3. Experimental setup for evaluating thawing process of the soil column

conducted in the cold room.
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Figure 2.1.4. The parametric fitting curves obtained by applying the results from the soil

column saturation tests to the HGS model.
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(a) <Saturation test fitting results> (b) <Parameter estimation results>
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Figure 2.1.5. Results obtained from the soil column saturation test: (a) fitting results with
the HGS model and (b) estimated hydraulic parameters from the HGS model.
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Figure 2.1.6. The results of tracer test: (a) continuous test and (b) pulse test.
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Figure 2.1.8. Temporal changes of (a) soil moisture content and (b) temperature measured
40

during the freezing process.
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Figure 2.1.10. The curve for the changes in (a) soil moisture content and (b) temperature

during the thawing process.
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Figure 2.1.11. Soil freezing and thawing characteristic curves from each sensor of the soil

column: (a) sensor 1, (b) sensor 2, (¢) sensor 3, (d) sensor 4, and (e) sensor 5.
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