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Abstract — The depositional environment of coastal waters typically exhibits complex characteristics driven by
tidal currents, waves, and topographical features. This complex depositional environment often doesn't align with
the distribution of characteristic indicators such as loss on ignition (IL), chemical oxygen demand (COD), acid vol-
atile sulfide (AVS), and total organic carbon (TOC), making geographic distinctions extremely difficult. Therefore,
the surface sediment data collected through the national marine environmental monitoring program was applied to
machine learning-based clustering and spatial correlation analysis to cluster and distinguish coastal depositional
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environments. The coordinates information (latitude and longitude) and mud content (%) were set as input vari-
ables and Gaussian mixture model (GMM) clustering was used to divide the coastal waters into four depositional
environments (cluster 1; silty sand (zS), clusters 2~4; sandy silt (sZ)). Semi-variogram analysis for spatial correla-
tion analysis revealed that each cluster exhibited a unique spatial correlation structure, with Cluster 4 showing a high
Nugget/Sill ratio (0.89), indicating a characteristic of continuous disturbance in a wave-dominated environment. In
the analysis of environmental variables for for each classified cluster, all of indicators for organic matter (IL, COD, AVS,

Hokk

TOC, TN) showed statistically significant differences (" p < 0.001). The increase in total organic carbon (TOC) content
in the order of Cluster 1 (0.4%), Cluster 2 (0.7%), Cluster 4 (1.2%), and Cluster 3 (1.3%) based on the median value,
is due to a clear correlation with grain size characteristics. In estimating the origin of organic matter using the C/N
ratio based on TOC and TN, Clusters 1 and 3 were predominantly derived from marine organic matter (C/N ratio
range of 5~9 at 50.3% and 42.7%, respectively), while Clusters 2 and 4 appeared more largely influenced by terres-
trial organic matter (C/N ratios above 15 accounted for 30.1 and 29.9%, respectively). While Spearman's correlation
analysis revealed a clear correlation between TOC and fine-grained sediment (with silt content, r = 0.60), the cor-
relation between benthic ecosystem diversity and cluster showed conflicting results, confirming the nonlinear rela-
tionship between organic matter and the benthic ecosystem. The results of this study can be utilized to improve the
efficiency of current coastal sediment management, which applies to a single environmental standard to whole coastal
depositional environment without considering the characteristics of those. This study attempts to establish a proper
classification which reflects the characteristics of coastal depositional environments using machine learning based
objective analysis on a large data set. It is expected for the results to provide scientific evidence for the development
of differentiated marine environmental management policies that consider natural background levels.

Keywords: Surface sediment (%% %] %%, Gaussian mixture model(GMM) (7}-AleF& 8t dl) Clustering (F2]
2~E{"), Semi-variogram (M7 #|2] 2. 7234), Total organic carbon (TOC) (F1-71€4)

LM E
QA9 HATGS A, stefoh g ik BHSA 2915} SHuS
Bk 5719 249 §9), T2l B4k sleke] oJ% A9 5
Aol gEAgate] Y HS AE o)1 Bkt A2Holet,
58] AT GF2 B Felvtet Akl FAT THoay)
PAAE sherale] Wt 912090 nte} 52t Hao] AR oz

713 H(Khim ef al.[2023]). $2]
L. A Rt slldsd o=, 7}
# 2] B AR TE 5435 et A RFEA =S
o §9¥ L9=HY T TR OIR; AX AL A4
o] Hrt. wheba] A3 A6l 7 %5F XA e At
Al A7E F7ksta AETIA S 8] flst 24
Q1A gl QlolA 7127F & Flolth,

23 gk 224 vlae 954
ol A A vlur) 4A) ko, EA g7 2 lole]
AEZL L] F3] FelAE 2ol7t ehdtt, whebA] F23
St S8 47e] )i, A3, A, A7) Bl o Bl tialia] w419
ool TAgITE. alof o] EFEA e 71x3 A 3A 1

Hl
=
e
<2
=
of
A
F% 1o
Ni
K

s
o
=

1
4
Qb1 BAMOZ Folg 2ol he Weto] SFHS WAT 9
o}, BEE AR HA94 B4 B RS digae] 47 W

W SAEF7)5(Water Quality Index, WQIYS 2]-83]
1 IH(Choi et al[2015]). NG FAGH7EL SElue) sk
5ol et FRHARI sl a7 AR Sl el

e S 2'0= T

(¢}
a5, 24, 29A4L B, A T e 35
A AEIE, Adsled, Al oigend, 3l
(Park et al[2019]). F-3438le] €9l =<l 577184 (DIN), &
FEH7191(DIP) ¥ U ANHS- (2 2 22 (Chl-a), 5 % (Secchi
Depth))?} ]G (A 5 §EAREEE(DO)] sk
E58 Hriateo® slo Akt A F7ES AETEE 4
Ak FEvEr A sledS sl el R FREshs A,

5
LN

e Z2 ANA Al 23S S AleR HEE 9
CH_ L

F
:
gl_,
=
0
o

N

sto] EAghde] @
AR5 st ek e BEHA ehdAdel digt oS
ZH7A| gtk ARt EJA#EL A ouA] el vt e
T3k RESHE A4 vl 47 (natural background level)©]
242 0 2 t}2Middelburg and Levin[2009]; Jessen ez al.[2017];
Walker ef al[2022]). oI & E01, 73t 278} g9 &S W
214 HA3e AAdow {718 FeFo] B WA, oyA7}

& 2 whe] AR ElA3Ee f71E F2o] golsitt. &
27 #jggdo] v sl FdAR V&S A8 A, A

How §71%0] FRF B2 298 20T BRI, 21917



Ao gt 7 AIsES
sl AAE wiAlskaL, dolE zpAl2] FA1%
3 AlEle] F31A o] dA]
(Kim ef al[2019]). ©]Z E3l| 7]
U Aldatar 382 LAl 7kt
A Bl EEE EYaEHY
Al A A TRt ou)E Zh= g
=3I}, o] & fl8l TR (spatial autocorrelation)
A+ B A8HH (geostatistical) +-2]0] QT-E T X T-FA|
2 =<1 Alu)HE] 2 713 (semi-variogram) S A% 71
Aol w2 73k 2ol2] Wi dS Fsleto], A5l a1k
ZZ A1H 07 BAAFTHGoff er al [2008]). Al0]Hle] @ 138 22415

Sl 24 U AE Y RS 37 TS Uehls e iR

X ke 2
2

N

1% MTooX do

1o 4

1%

c
o

Range(53H A7 1Pdato] f41%= Azl), NuggetE7d 22 4 v
AE HEA), 283 SillGaA] WiE7d)s F9E Sl ol &
HAEE AW S84 0% et o5 7hst 31 2 E U

7

A=A
[2019))
a}.
Wb, 3 Qe
o AR PHES

AlE=siglnt. ol sl

¥4 o 7 ghdal v (Park and Jang[2014]; Gaida et al.

S
4
7 87 B9le] ol B4S slshe o A Al

iz
O
o
to
2
fjo
M
9
rlr

S Aok EEH Aol e BEAuE 57 BUEY 22
Q1 SRS SRS (1997-2024), TP A

et

e
i

”

M
2

7129

FT3AK2015-2021), FNELAE A= F3AEE (2009-2022), 2
o)A RUER B 25 24K2010-2022) 04 =381 thEFig. 1).
=7} RUEY T2 73lolx el 5 AR tiel] 3 Alge
e S AelEa ol slekebd 3 g A8 715 (National
Institute of Fisheries Science[2023])¥} ‘=7l SFAY el A] F3H3AF
%4 (Ministry of Oceans and Fisheries[2022])’ ‘gl whe} 3%
ROEE = AL} AW S FRE0lS Floz st
FHE A5 AFEAES] 524 540 E AEEA Y-S
F(Mud, %)} BHUE(GS, @) ot} B, 318k S e
3H FH7IRA(TOC, %), EAA(TN, %), BAAZHIL, %), 318t
A2k @ 7-H(COD, mg/g-dry), AF38/d 3515 (AVS, mg/g-dry),
T8 (%) 5o TSI A A o= AT,
AL =AY, BAFEGEEE, gmd), 183 FFHEAT),
<% (abundance)?} A= (biomass)oll thet FTIFEA=H), 7174
SAF(ISEP) 52 AR AT R ARl = S
FASGA 3,95470, =7 FI A EIAIETZARIA 1,71671,

ok A= 2= Farklel 87370, o2 RUEIellA] 4,996

3

O

ol

2.1.1 EFHAE S BE 7

EZEHES 5 Folk[1968]2] AZIEXE 7|HEO R 31810
= (Fig. 4), A& (gravel, >2 mm), X #(sand, 2~0.063 mm), 12
(mud, <0.063 mm)2] 44 vlgof w2} BAES AALeR
B33t Y& A Esilt, 0.063~0.004 mm)Q} 5 E (clay, <0.004
mm)E AR, ZF B2V F 973 S tiEAk(S=sand, Z=silt,
C=clay)Z, - 74 && ALFA(s=sandy, z=silty, c=clayey)Z 3%
Alsit), S 2~E19 (clustering)2} 817 (kriging)= 53l =& 2}
59 HAY B3-S sl HAE e EElA B3-S s
slom, 7t S AE AE o, dE 290 9 HAY B A

= T 10 Qoksto] AA|EFIT.

2.2 E2{AEZ (Clustering)
a2 sl A H7IEe] B 7F ATak WQI(Water
Quality Index) 7|9+ Aeli- 722] SIS S5stal, sliekehd el 23t
A QYT 25 HAE EAS Bt a0 2 st FgkE
SNl 71AIBlE 7IRke] SeAEE 71He A8sllth SRl Y-S
T AR HA43 548 7 sl es st Es, Bt
=sletaow o) Qlu FAA O Z st ARk HjAe S
EE3taA} skl

SUAEES U Y ARE AR 5SS 7R ImoR B
7IAEES] Yo ® I 5 elslks vl -8l ARSEE
7ol duta] o 2 e aE R i Ao iAA S/ wet

LEskehs HIAE g5 WelH, glolEe] i ARellAE 72



4 At - HeEd
39°N [~ National Marine Environmental Monitoring Program (1997-2024)
38°N |- <
<
37°N L Central We_st . East Sea
Sea Ecoregion N Ecoregion
b1 ag | | S NI (o, , et ] (T e —
Korea Strait
Western South Ecoreglo?/
35°N Sea Ecoregion
R
34°NF e, TS e D A
Jeju Ecoregion @ O National Mé';ine Ecosystem Survey
33°N |- [ ) Maring,Ehvironment Monitoring Network
@ Fishefy Environment Monitoring
) CQf‘ftaminated Sediment Remediation Program
| | I LA | | I
124°E  125°E  126°E  127°E  128°E 129°E 130°E 131°E

Fig. 1. The map portrays the locationofeach data point gathered from National Marine Environment Monitoring Program (1997~2024), oper-
ated by the Ministry of Oceans and Fisheries. Colors ofcircles represent different monitoring programs: National Marine Ecosystem Survey
(white, n=1,716), Marine Environment Monitoring Network(black, n=3,954), Fishery Environment Monitoring (blue, n=4,996), Contami-
nated Sediment Remediation Program (red, n=873). Red dashed line outlines the established ecological regions, based on Marine Envi-

ronmental Quality Standard for water quality.
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2.3.3 Kriging 57tH1t

Kriging? 33t ﬁliMW 7P de] AR-ER= X1 (interpolation)
7Y 5 SR, ¥5 AR 3R] SR APt xS Ve ®
o9 249 7ks 346 d] ARRET}. Ordinary Kriging 715<
2431901 o]i= of|Zzko] HEE]R] 2H=TH=(unbiased) 271 3l]l

52212 TAte] HATh s 7S Aeit)
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A3, #ax 37 o] el Fra vlolE EQIES ghislo]
kriging 3& 913 71 2208 RESAIRI
2. Aellg] e 23 2dll A8 Auwjg] 2 13 Aol =&
HA nd s 7 FeAeERE 2433}
3. 28 E(grid) /3 : 2F S 2E 2] E2 ZAlel 2= 100%100
ARRE AL, 0.0559] ol 31 Flslel A EvE
# 2-s}3f3lTh.
4, Z v~ (polygon masking): Kriging 23}= sl S~
B ] A 3 Foelnt Algkslr| fls) Fefe 7Nk npAE
A3tk ol 7 59 AAIE dold 22 it
(extrapolation)S *X] 8} T},
2y Y2 kriging AHS 3 ©4
5738 nkedst gust 3307t AvE =ESISI)
2.4 SHEAM
24.1 S BSEAE 5] L 54
2 BSEAE WA SHE(IL, COD, AVS,
TOC, TN)9| 23 54& vjoteby] 918l 7|&6 AR, 253
2k, S ak, HAaak, Hulahe ARk, B E R (Boxplot) O E &
A&kl th(Fig. 7).

2.4.2 LA FAREA (ANOVA) B A7

ZHPAIREESE R R (GMM)S ©]-8-8F 2B " ¥ krigings 531
T 7 YA BTEAE ST A4 Aols A
317] el A-Luf] FAHEA (One-way ANOVAYS- o]-&48l 243
53K (Table 3). AF-737d (Post-hoc testy> Tukey HSD(Honestly
Significant Difference)E ©]8-5to] 2t S|4 1H] Fol &k xlol&
I TH(Fig. 7).

2.4.3 A4 14

ST TF 37T 24E 213l Spearman 23 HHAITE Al
Akslal | EW(Heatmap) 2.2 EABIITHFIg. 9). ¢k A1&.9]
BT 32 B39 o) dx| 2] 3kE H4slslr] $lEl Pearson A
A= dii] Spearman "3 HAITE 4831}, Spearman A
T U £9F 7IHEe R @3] (monotonic relationship)ys
=7dsh, vkt ol Aeojdrt.

p = 1-(6Xd”)/(n(n*-1)) (11)
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F2 43330t

* C/N H] 5~9, gloF 7| (&REARL doF f71%)

« ONH] 9~12, 3 7| @l 54 f71=2] &3
« ONH] 12~15, &4 719 27|& 3= 771%)

« CNH] 15 014}, 24 71 DAEZ 0 A7} TR A4 5

o T Al 7 f71E S 3eHE] 24 Afolol Znket
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PHE ol 718 7199 TH BE TS B,

3.1 X|F-SAHSERI SZEME 361 oot #EEXE2|

EXEY EF
FREAE Sl HA SYAEE dugse] A%
U At EFE A Eel dhall S% TRk el st AAsE
kL, 3 AselM YA G E) YR T Mud, %)S
ez sl 7] S AEH Lae]E(K-means, DBSCAN,
GMM)E o]g-&ll 413130t} 2 A7, K-means(k=4) 2] ~H ¥
QElHe 1F 1 AAY B o al Ao A W
315 Wrdshe ol AZE QlSlet. st Uk 7]Hke] DBSCAN(67H
SYAE AY) FYAEY daEFe] A9, ol AR E k0]
Z(Fig. 2b2] 3]A3 3A]) Helste] 3314 AS5A-S dsh=tl
Ako] At olof] vk, 7F-AIRFE SR E(GMM, k=4)2 Z+7}2]
Azt 54 Selavdd £ 855 AlTFo M, At 2FE A
E HAEA Argola A% Ho| e 7 avpHow
L8 th(Fig. 2).
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A5 1% 7l wE k=374 F43] A% F, k=4FE
ks 7h4 Z33ks BT o] -7 ofe] A 7]Fo] k=45 H 4|9

HfgoR Qo ESHAE HABES o)) 1EoR Pt
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Fig. 2. Clustering results using machine learning algorithm for (a) K-means (k=4), (b) DBSCAN (k=6), and (c) Gaussian Mixture Model
(GMM, k=4) for grouping the Korean coastal depositional environment. Clustering was based on geographical coordinates (longitude and

latitude) and mud content (%).
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Fig. 3. Evaluation results of Gaussian Mixture Model (GMM) per-
formance for determining the optimal number of clusters (k). The
Silhouette Score, Akaike Information Criterion (AIC), and Bayesian
Information Criterion (BIC) were calculated for k values from 2 to
14. The optimal number of clusters was identified as k=4 (indicated
by the black dashed line), corresponding to the peak of the Silhou-
ette Score and the “elbow point” of the BIC score curve.
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7HAIRRER R (GMM) S AE P E8l A9 3 %‘Wﬂ. =9
A EA ] 7IRkste] 470€] TFo® TSIl 7 S AE
EZEEE RS ¥ 10 29511, Folk[1968]°] #|AI8H 4F
Z¥x3 7 (ternary diagram)s ©]-8381] EAISISICHFig. 4). 1% &
B 2E] 1(n=533)2 Bt Tl Fo] 66.3+29.0% 7HE ke,
AEA Ref(zS)E L-REHUTE UhA] S AHES B e
AE(Z)Z EFE O, AREARQL QJAE 2ol TR AjolE
ERNSITE. S8 AE 3(n=546)2 A E(57.0 £22.5%)2} HE(20.8
+17.1%) ol 7Hd o}, a7le] S F 7Hd Al S 54
598 Bglnt. SelaH 291 SYAE 45 AR 23 HANE
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Fig. 4. Ternary diagram illustrating the sedimentary particle com-
position (sand, silt and clay) for each of the distinguished four clus-
ters grouped by GMM clustering algorithm. The plot is showing the
sedimentary characteristics of four clusters with classification based
on the Folk (1968) diagram.

BAA N ZF2AE 2n=345)= AE(43.8+£29.2%)9F K417+
32.4%) Fro] A2] wlsegh vbd, SR E 4(n=266)= A 0%
A E (46.8 £ 25.9%)2F HE(16.6 £ 15.1%)2] H]E0] o}, S H
28T A Al S 5A-S B TH(Table 1).
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Table 1. Summary of particle composition (average + SD) by four clusters grouped by the Gaussian Mixture Model (GMM) clustering
algorithm and depositional characteristics specified by the Folk (1968) diagram

Group No. of Samples (n) Gravel (%) Sand (%) Clay (%) Silt (%) Property
Cluster 1 553 1.4+£4.7 66.3 £29.0 59+£6.9 26.3+£24.0 zS(silty sand)
Cluster 2 345 35+8.1 41.7+32.4 11.0+£7.7 43.8+29.2 sZ(Sandy silt)
Cluster 3 546 04+1.9 21.8+24.7 20.8+17.1 57.0+22.5 sZ(Sandy silt)
Cluster 4 266 1.8+7.3 349+31.6 16.6 £15.1 46.8 £25.9 sZ(Sandy silt)

Qtoll A HallA -] Rt} AT T Agks E&star T3 E o
® Cluster 1 =40 $74 Feka -3 Holaith, 2eiE] e
38NT el A GEAMA el Salle 15H3)
i o, YA 4FIE SEETY] AR Y sl
0] Z5AA] Aoz FA Eaxste] et dloP AolE

37°N} YERATHFig. 5).

3.1.3 IR 24 A9
36°N} =] At XZTEAES M9 FAEFH R FReglon, ZH7te]
......... . A3 olA B3t A T EE Felebr] Slal vREErel dist
An]H|E] 2713 (semi-variogram) w415 3SIITHFig. 6). 3714
35°N} o]#&2 H =l -3 (Spherical), A3 (Exponential), 7}-$-A] 2k
v o8 (Gaussian) B35 2-8-5l0] =214 el B4 AResE 9
¢ e Y o ket Av), A 2E2 57 02 ElYelA] 92 AiE Hof
O gt 0w AHgch FAL R, FeinE 19} 29 A5 &
T o 0l S| AE 29 7FeAler 2Ele A o] 002 Ak
@ Cluster 2 ok 12~E 29] 712 = A7 (Nugget) ko] 002
5 tH(Table 2). YA gk 02 573 2xh w|A1A] wls/do] Hs
AE T T AEYE ulsh=t, ol A FYE dlol
SN[ : . : - Hol BI@A Al Fholh, e, SelaE 30 A5 mae
125°E  126°E  127°E  128°E  129°E  130°E

Fig. 5. Spatial distribution of four clusters grouped by Gaussian Mix-
ture Model (GMM) clustering algorithm. Each color represents dif-
ferent cluster assignments; Cluster 1 (blue squares), Cluster 2 (red circles),
Cluster 3 (green triangles), and Cluster 4 (orange diamonds). Gray
dashed lines indicate cluster boundaries.

XV do] A9 ¢l Zl(Range ~ 0°)0 2 LFEREO M| S
1, 3, 4¢] 7F9-AIQF BEE Y7 (Nugget)o] & gk(Sillye Z7tato]
(Nugget/Sill Ratio > 1) ¥3F 25 AWK Fel= Aoz B4

fE =

oAk SeAE 49 A5 E A HiEdA o 2 30T
9] (Range = 38.17°y5 H3ATE weby 2214 BFdE wohs

Table 2. Summary of semi-variogram model parameters (range, nugget, sill) with calculated nugget/sill ratio and Root Mean Square Error
(RMSE) for each of the four clusters grouped by the Gaussian Mixture Model (GMM) clustering algorithm

Cluster Model Type Range Nugget Sill Nugget/Sill Ratio RMSE
Spherical 0.07 248.38 616.59 0.40 66.21

1 Exponential 0.05 0 864.95 0 66.22
Gaussian 0.07 578.35 286.62 2.02 66.21
Spherical 0.12 173.65 909.61 0.19 136.35
2 Exponential 0.12 0 1081.49 0 139.07
Gaussian 0.09 0 1083.26 0 136.35

Spherical 0.07 129.19 505.53 0.26 45.72

3 Exponential 0.00 354.16 280.55 1.26 45.72
Gaussian 0.02 634.51 0.2 315522 45.72
Spherical 0.15 476.42 535.71 0.89 119.89

4 Exponential 38.17 815.23 3270.77 0.25 84.91
Gaussian 1.72 850.76 345.44 2.46 83.76
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Fig. 6. Model fitting results of experimental and theoretical semi-variograms for mud content grouped by Gaussian Mixture Model (GMM)
clustering algorithm. Each subplot shows experimental data (black dots) fitted with spherical (red solid line), exponential (orange dashed
line), and gaussian (green dashed line) models for (a) cluster 1, (b) cluster 2, (c) cluster 3 and (d) cluster 4.
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0.89% 714 o} 5|4 wigAdo] S-AHlgh 2 o= Uiyttt %‘7&@
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sjely BHEGS nwsb) 28l e Feliepd
AH 14%16LB}:(Mud) ‘@%7]1;]-5\_(]"0(;) 7LOﬂ7LBOk(IL) 3}t
AR QTH(COD), A FTE(AVS), FHA(TN) 2] 5
AA frolet 2lel S ATkl om, 1 A3t FeAE el gt
ZFo]E HATH™p < 0.001, Table 3). =3 A$-737 (Tukey HSD)=
el SR elA 2i7ke] Sele 4 ke RS A

on giFE {23t 2lolE ERISISItH(Fig. 7).
F A& 57 EAS tEs= L]x]z‘ﬂ—ak(]:ig 7a)3 nc =
2 AE] & 7ol EAIA O ZE F2)3l 2jo]E H O @(***p < 0.001

Tt Tp <0.01), SAEE TU4EE Hwshd, S8 AFE 19]

4>

Q Qx%‘j

Table 3. One-way ANOVA result summarized on depositional environment variables for four clusters grouped by the Gaussian Mixture
Model (GMM) clustering algorithm. Degrees of freedom (df), sum of squares, mean squares, F-statistics (F), and p-values (p) are shown for

each variable

Variables df Sum of squares Mean square F p
Mud (%) 3 587653.67 195884.56 216.89 <0.001
TOC (%) 3 471.32 157.11 206.25 <0.001
IL (%) 3 12652.75 4217.58 379.56 <0.001
COD (mg/g-dry) 3 125929.28 41976.43 246.29 <0.001
AVS (mg/g-dry) 3 45597 151.99 96.34 <0.001
TN (%) 3 68.33 22.78 2421 <0.001
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Fig. 7. Comparison of depositional environment variables across four clusters grouped by Gaussian Mixture Model (GMM) clustering algorithm.

Box plots depicts the distribution of (a) Mud, (b) TOC, (c) IL, (d) COD,

(e) AVS, and (f) TN for each cluster, showing median, quartiles, and

outliers. Asterisk(*) denotes a probability value (ns; not significant, *p <0.05, **p <0.01, ***p <0.001).
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Fig. 8. Spatial distribution of depositional environment variables in Korean coastal waters using Kriging interpolation. (a) Total Organic Car-
bon (TOC, %), (b) Ignition Loss (IL, %), (¢) Chemical Oxygen Demand (COD, mg/g-dry), (d) Acid Volatile Sulfide (AVS, mg/g-dry), and (e)

Total Nitrogen (TN, %).
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Fig. 9. Spearman correlation coefficients between Total Organic Carbon (TOC) and depositional environment variables and biodiversity indi-
ces (Shannon index, H’ for abundance and biomass) across different clusters. The heatmap shows the spearman correlations for the overall
dataset and four individual clusters grouped by Gaussian Mixture Model (GMM) clustering algorithm.
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Fig. 10. Relationship between Total Organic Carbon (TOC) and Total Nitrogen (TN) by depositional environment clusters in Korean coastal
waters. Different symbols represent cluster assignments; Cluster 1 (blue squares), Cluster 2 (red circles), Cluster 3 (green triangles), and
Cluster 4 (orange diamonds). Ratio lines indicate TOC/TN values of 5, 9, 12, and 15 for distinguishing organic matter sources (marine vs.

terrestrial origin). Total sample size is n=2,837.
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