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Abstract: This paper is the result of marine geological survey engineering.

[Objective] The heavy metal contents in the Xiamen Bay have been greatly changed due to the ecological management in the bay
and the port construction in Xiamen City. Identifying the distributions, evolution, and sources of heavy metals in the bay is
significant for the prevention and control of heavy metal pollution, as well as ecological risk management. [Methods] This study
determined the contents of seven heavy metals in 87 surface samples from bottom sediments in the Xiamen Bay and the Jiulong
River estuary, investigated the distributions and the degrees of enrichment of these heavy metals, and quantitatively analyzed the
primary sources of these heavy metals using factor analysis and principal component analysis. [Results] The western Xiamen Bay
displays the highest average mass contents of heavy metals Cu (26.37 mg/kg), Zn (122.58 mg/kg), and Cr (57.25 mg/kg). In contrast,
the Jiulong River estuary exhibits the highest contents of Pb (48.03 mg/kg), Cd (0.25 mg/kg), Hg (0.085 mg/kg), and As (9.35
mg/kg). Cu in the western Xiamen Bay exhibits the highest over—limit ratio of up to 25%, followed by Zn (20.69%) in the Jiulong
River. In the Xiamen Bay, the enrichment coefficients of heavy metals decrease in the order of Cu (1.01), Cr (0.99), Cd (0.70), Zn
(0.64), Pb (0.63), As (0.48), Hg (0.33), indicating that Cu is moderately enriched, Cr approximate to their background values, and Hg
is severely enriched. [Conclusions] The potential sources of the seven heavy metals in the Xiamen Bay include mine smelting, the
weathering of natural parent rocks, the discharge of agricultural and domestic sewage, and fossil fuel combustion, which account for
36.16%, 22.03%, 21.98%, and 19.83%, respectively. Among these heavy metals, Cu, Zn, Cd, and Cr originate primarily from mine
smelting, As from fuel combustion (85.76%) and agricultural non—point source pollution (14.16%), and Pb and Hg principally from
the weathering of parent rocks. Zones with moderate and high ecological risks induced by heavy metals in sediments are

concentrated in the Jiulong River estuary and the Xiamen Harbor.

Key words: heavy metal; bottom sediments; positive matrix factorization; coastal zone; marine geological survey engineering;
Xiamen Bay; Fujian Province

Highlights: Based on the PMF model heavy metal sources were analyzed, the potential ecological risk assessment of sediment heavy
metals in Xiamen Bay was completed, and the main controlling factors of ecological risk were identified.
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18 PR B2 AR Sk (RS, 1987; Chen et al., 2016)
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ZH R S, DURR A v ) E 4 B SR K A EE TS YL 48
i, BSR4 IR AL, DU Tk A 8 4
J& 1) 53 A FAR AL HL A EEBE52 0 (Liu et al., 2003;
PHEEE, 2006; 421 L 55, 2006; Nishijima et al., 2015;
WA, 2023) . REWE SRSV NIEREMH
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BEFEA TIPS (E P4, 2013; Ma et al., 2020)
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Fig.1 Map of regional geological survey and sampling stations in Xiamen Bay
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RIZUURYIAE G 87 A, Horp JUIR VT 1 29 41, 74
W12 24, [0 18 4, MR 28 4, FEM A RN
IR df G BT
22 EERERTTES

7 I R O SR B A3 B i a2, AR
A Mastersizer—2000 Y3 A7 BEAY, 435 3 Rl
4 0.02~2000 pum, 53HEE A 0.010, F M5 1A XT
BRFE<1%(XFEATEE, 2020) . EEHL Cu, Pb, Zn, Cd.
Cr. Hg il As 3t 7 FhE & B 10 R S ahr. fiff
FH X S5 6 68 (XRF) M 5E Cu, Pb 5 Zn &
il R A 45 B T RS { (ICP-MS, Perkin
Elmer Elan 11 ){ll%E Cr. Cd. As Y5 Hg & (BJRAE,
2021; B HEAEAE, 2022) . i X SR BTG
(XRF, Axios PW4400) il & T i ALO, 5
Fe,0, M35 i, 1 M I BRRL BE R0 I3 5 4 J8 ot
REERBORIE . 0K &5 0 E 117
FEFFRUEY) i MRGeo08 5 OREAS—25a i {44 &
SIHTRRE IR, 25 TR IRTE 80%~120%, FHXT 45
HEMRZE/NT 10%, 774 B4 HilARE
2.3 BIESHAE
231 & A3

B AR RO O T 4 JE TS Y R JE (Soto-
Jiménez and Paez-Osuna, 2001), Jf: X ) 5 4 J& W 7E
KPR AR AN AR5 (Miao et al., 2020) . EF A
XFR/INFR 7R X B TC 2R B 182 N IS sl s R
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W AVE IR EERBN SR,

we(8)_J(E). o
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Krh C. M Cy AR EESETE x 551
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L 1CE 280, 1987; 3 M5 1645, 2018; J7 Bif 42 4%,
2019), WHEEITABMAK GRS EENITER
Al B FEEUESF 2012) (R 1),
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J T =W UL R R Z DU Y R
& Jm A5 YLk IE, 517 PMF Y5 fi# #7145 7 ( Paatero,
1997; XIHESRAE, 2019; PLHE F-45, 2022) W JE [ 115 R
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Xij = Zkzlgikﬁcj"’gij (2)

iy PN AR AR 5 ¢ AR PR j R EE 6
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)5 fos PRI ke T A\ B SES o < s e i (R
WO TERERE )5 & I BENLER ZEHEFE: o

Q=ZTIZT1<Z) (3)
R PME BT AG AR R, AR i 2K

EACS 2 Bz /N (0] i, A Si_jy‘jl;ﬁﬁlﬁﬁ, u[_jy‘j%
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3 iR 5ihHe

3.1 IERBIERENFRYELET B MIFE
[V 3R R AR ) o 4 el R BN/ i)
& Zn (84.25 mg/kg)> Cr (49.06 mg/kg) > Pb (37.51
mg/kg) > Cu (20.36 mg/kg)> As (7.36 mg/kg) > Cd
(0.13 mg/kg) > Hg (0.07 mg/kg)., MWHE (i PEUTAR
Gt ) (GB 18668—2002), Cu Y5 Zn BITFHY—3
FRUER R, 3N 10.34% 5 12.64%, E4IRICE
A (] 2) SR U T X PEHEHE 1T 1X | [R]Z%2
TSR A O HT A O 2 E SRR E 5.

x1 BENBENRYEESERETS

Table 1 Background value of heavy metals in sediments of the Xiamen Sea Area

I, Cu Zn Pb Cd Cr Hg As
iR 21.48 118.81 418 0.066 63.5 0.15 12.3
ST 20.0 125.9 65.6 0.237 38.7 0.15 12.3
R 12.6 87.1 429 0.172 38.7 0.15 12.3
EE:3 15.1 91.6 45.0 0.197 38.7 0.15 12.3

A A mg/kg.
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Fig.2 Distribution of heavy metals in surface sediments of offshore area in the Xiamen Bay
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Table 2 Contents of heavy metals in the surface sediments in the Xiamen Bay
X35 iH Cu Pb Zn cd Cr Hg As
— bR/ (mg/kg) 35.0 60.0 150.0 0.50 80.0 0.20 20.0
B B Fl/(mg/kg) 6.0~52.8 18~49 42~298 BDL~0.26 12~99 0.007~0.131 3.94~11.2
T “FH4{E/(mg/kg) 26.37 38.58 122.58 0.10 57.25 0.08 8.61
R R % 4750 22.10 51.60 83.60 39.20 39.90 23.30
H—FARER/ % 25.00 0.00 16.67 0.00 8.33 0.00 0.00
BB /(mg/ke) 4.6~40.4 22~74 39~180 BDL~0.73 12~81 0.013~0.164 3.33~12.9
T FIIHE/(mg/kg) 24.45 48.03 107.41 0.25 50.76 0.085 9.35
A5 ZEU% 36.80 26.20 39.50 71.50 33.20 37.80 27.70
AR AE /% 10.34 10.34 20.69 10.34 3.45 0.00 0.00
L&EiH/(mg/keg) BDL~654 BDL~47 BDL~203 BDL~0.21  BDL~202  BDL~0.235 0.48~9.58
- TIE/(mg/kg) 14.15 27.36 48.32 0.05 45.18 0.043 5.15
A5 2% 96.40 4270 91.30 149.50 92.90 107.300 41.80
HH — ISR HE /% 3.57 0.00 7.14 0.00 7.14 3.57 0.00
BB El/(mg/kg) 1.4~67.5 13~52 14~144 BDL~0.68 4~70 BDL~0.123 3.63~9.03
S FHIME/(mg/kg) 19.44 35.61 77.28 0.10 46.89 0.058 6.76
5 2% 81.10 30.60 43.30 174.40 35.30 50.200 21.50
i —RARAER % 11.11 0.00 0.00 5.56 0.00 0.00 0.00
S EJEE/(mg/kg)  BDL~67.5 BDL~74  BDL~298  BDL~0.73  BDL~202  BDL~0.235 0.48~12.90
B A EFi’ﬂﬁ/(rfjg/kg) 20.36 37.51 84.25 0.13 49.06 0.065 7.36
5 2% 65.40 37.60 62.20 122.20 57.00 62.000 37.90
i —RARAER /% 10.34 3.45 12.64 46 4.6 1.15 0

LB ITTRYFME—LAnuE. LRI T39 3k
ACd TN E TS X e, 38 0.73 mg/kg, T40 3k
RAs Fa N E T X A, 38 12.9 mg/kg, HSS bk
MLPb A E S X R, 1A 74.0 mg/kg; W R M
DX 4 S AR et de IR, (A VLI X T 12 3 6
Cr & 8 oNTE X i, 15 202 mg/kg, 8 2KbrifE, H
SK8 TO9 3l &8 He & 1 0 JE 11 X e g, 35 0.235
mg/kg, B — ARt [ 4E VS 4w I it B AR
I, A Cu Fil Cd FETEM — AR UERI IS, H T24 3k
M Cu BN, 15 67.5 mgke, HAbH 48
TCRE Y AR — bR . T XK UL Pb Al
As TCER TS RZE &N, 57018 37.60% Fl
37.90%, 22 Pb Hl As JTCE A4 X F &40 A A AR
o TR Cd TR & s AR SRR, U
XAR S RECN 122.20%, B HAE LB TR AT
S8R 119 25 ()28 S P, I LT Jmy S o IX 52 38 S vk
FERE SR Z Pl o ST 1S X 4R S 2
A3 AR T AT R X, 3087 i U5 4 oot
TSR R Y T 48 & B sk g

JE TV I UL AR 4 A R R BN E N
WY K Cu (1.01) > Cr (0.99) >Cd (0.70) >Zn (0.64) >
Pb (0.63) >As (0.48) >Hg (0.33), Cu I HHRE

£, Cr SARMEHLL, Cd. Zn, Pb, As fl Hg £ITE
JE BRI A B SRR (] 3) . Fids Cd &4
FBU o, 8] 1.26, HAE SR EERZE/NT
1o AR CrEd L RECh 1.24, Cu BEREH
1.22, SRR R AR, g 42 T A 0 e Ve
EERBEL 521, BB EALRE . JURITI DR
S HES B EERBVNT |, EERYAIAE

I A% T A AT ARG AT, BT T A
TCR Z M BE VR B AR AL S AR DU, REAE — AR
FULIT R BRI B — 2 2 EZ 8 AR A
BT (4 BHAF, 2024) . FEAJRITER . K| ALO,
1 Fe,0, [H] /) Pearson #H ¢ M A 4 (3% 3), Cu Fil
Pb. Zn. Cr. HgH. A 5 AH &4k (P<0.01, R* 7 0.70~
0.86) , 1 BH 3X #6502 n] BB AT AH LAY SR R . Zn I
Cu. Pb., Hg. As H A7 58 A1 ¢ (P<0.01, R* 7£ 0.70~
0.86), 14 B X 2650 K v] B8 HHAL AR I, {2 Pb Al
Cu. Zn H A 58 M & 1 (P<0.01, R* 4 %1~ 0.70~
0.71), UtB Pb F1 Cu., Zn HA MR, As L
5 zn HA MM, Cd S HA R4 B TR h—
EAH G, R Cd 1Y 2k IR A T 48 HA B
WA ORISR
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Fig.3 Enrichment factors of heavy metals in the surface sediments in the Xiamen Bay
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Table 3 Correlation analysis of element content and particle size parameters in the offshore marine areas of the Xiamen Bay

FHERiAE Cu Pb Zn Cd Cr Hg As Al,0, Fe,0,
kA 1.00
Cu 0.18 1.00
Pb 0.26% 0.70%* 1.00
Zn 0.13 0.86%* 0.71%* 1.00
cd 0.02 0.68%* 0.68%* 0.66%* 1.00
Cr 0.25* 0.72%* 0.50%* 0.60%* 0.34%* 1.00
Hg 0.23* 0.71%* 0.63%* 0.70%* 0.56%* 0.48%* 1.00
As 0.24% 0.62%* 0.67+* 0.71%* 0.61%* 0.42%%* 0.68%* 1.00
ALO, 0.57%* 0.41%* 0.53%* 0.48%* 0.34%* 0.36%* 0.54%* 0.61%* 1.00
Fe,0, 0.60%** 0.45%% 0.51%* 0.46%* 0.32%* 0.38%* 0.57%* 0.63%* 0.89%* 1.00

R RIETEP<0.05/K T R 3, **RIMCIETEP<0.01/KF F &R . ALOMFe,0/ B4 %,

KRR GEN BN

mg/kg, “FEPRAEH RN,

32 REMBYEELEENLS

ST TS Dy A T TR ) B 4 T B3t (R DA 5,
2018; Fu et al., 2022) FIA YA SRS R Wow, 7
X Cu 7 f2 S H XA T V0 s, 7 i Yo X 5
{8, 2014—2016 4E P4 Cu 2 &= il 42.10
mg/kg, HAlHL X Cu & 5P BE 4 42200 X B0 5t
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Febrifi; HAb I Zn o0 2 & BT KT
TEAE. Cd & E X E2 T MU
WE L Hd g HE 2007—2009 ALY T Cd F
SRR, T XEE R HAey
Cd ¥ & B im0 T IL R T 1, 42 2014—
2016 AR T XS S8, 1 AR MR 2498 Cd 3 &
HIM T X SE. CrF Y& e 2007 —
2009 4F S PAACIRAS, 2010—2021 4E3T Cr S5
TS Horp P Cr X &R 2007—2009 4F
M 5.50 mg/kg FFZL3 hn#) 2021 4E Y 57.25 mg/kg,
LSBT 1 X 2010—2021 4F Cr JC 3 & 1
XIS Sl AR FR 208 2021 4F Cr P&
RS LT EI TSR Hg & &
S IAE = (E DX 3 A AR 431, AN TR HH A PR L L
T FV R R S A B X A A, Heg F4 & 3
KB XIS fH. As P& REEX BN E
1, AL 2004—2006 4F As JG K & {H X 4346 T 76 i,
R e DX e 25 S, H At B 3 35 43 A T LR v
O, S S A X T e (E (] 4) .

XiF A3 M D SR I R, T IV A X 2R )2
DIRYE S S 2P S AR E . 2R
LR B SRAERTR], S 58 22 SR, AR E
B, ST RN & EILIRS H —MEE M
()22 B0 AT PRAR AL BUARE 4, (BRI 3, Lk
V11 58 O VA e — 0 VA ek 0 B 42 i 5 K
[Fi) 2 F 7R b X, 55 6 19 X 4% X 22 A ok 1 42
Ur . B SE R RGOS Ao 2021 FEEE SRR
USRI R B 1) T Rk 34, TR0 1V I B LR ) B 5
WA PTG, B Cr &R 2P E TS B R h i
Hi1 X AE 2007—2021 4F Cr & & R34 E I,
VUV Hb X Cr 742 B S v T b DX, Vg 7 B DX 488
ZAERCRE T R GIES 2 Cr i 285 Yl (]
AL, 2014), W DGR 09 FE AR /K 5105 /K HEk ta T B
& Cr IS TER IR (BRI 455, 2021) 6
3.3 REMBMELEFRBESH

TV Ak v AR R T T LI, AR AT
AT A TS X BRI Fe b X, H AR SN
G, SR T DU i B IR (X T,
1995) o UV A JE T 1V e R 2R A GE, DUH
b Vi A DX (S BT ARl X (R 3% ) S A
%%, LWEEYEE S ST IR TT R, LR EE ] & ik

T H R PG A (MORATSE, 2015) . Ak, A
i 30 3 T A 3t 3 R AR 3 0 s i ) A A VRS
DA K Bt BN 2 s T s Ak A R, Y
WYL 48 A = A R 2R (2 145, 2021) 6
CEE RIS ML TS 5t 5 AR SR E, AR SCREE T
IR 4R (VAR TR R 0 LR R & T
W iG K RARBEA KA . Al 54 36 15 K HEL LA B
A7 BB IRBE . PMF Y5 £ M7 235 S5 (R R 43135 4
F) W, bR DO S ke YT T S AR ) 4
J& 1Y BT R R BEAR YRR 36.16%. 22.03%. 21.98% LA
} 19.83%(F 4).

Cr., Zn, Cd VA J Cu — 50 1LVE B A K HL g
(T X S 7% D R ORI A e 2T ) ==
WSR3l DL R R 8k & iR I FL B S5 Tk,
HR4E PMF ff b 45 5, FIWT R T 2 2Ok IE N
LR R, IZ R R ST b ot 2 B BTk R 4 0 N
65.08%. 46.79%. 74.22% LA} 49.14%([&1 5) .

PRI T As — 5 b A RS Be A oG,
Lt R A58 A i A ) B Sl s At 2 As 1 R
R M As A PR BRI, 55 H T
VA U T it = b 45 4, 0 W o 2 R I
3 % I R AR A 5 A b TR V5 e o I PR R
B TTHR R0 R 85.76% 5 14.16%.

Pb 1) & i 2 32 Bl WAL B s i, A< R vl 45
A Pb [RI7 28 X5 TR 4 78 A ok U iE AT IR AT o
Hg &5 m . e SRR, 540 H A
2020 A 7E SRV Fr A4 1S M R), WA AT R He 1Y
F PR EF R E AL (61.31%), 7T fiE 5 X B ER 1L
2SR O, RN E T TSV Y T He B
O3AT VAR A Wy o R AL 2 i R R IR ABISE o
3.4 if i R E 7 A S XU R4y

T K IUEMBT ARA Y & SR, i —
WAl TE A S RIS HE 80 (36 5), 7B % IB T
PrhES BN SR, MU RESEEEE AT
JE TS DR B TR A A S KU R B0 (RD), A T
VB UUR T A AR 25 U, TR S 380 5 KU A

PR I, 4500 R WA S EREE I s A A 7k
EAZ AR N Cd > Hg > As > Ni > Pb > Cu >
Cr > Zn, g bRk B BE XU 198 Cdo WTEAS
KU 8 BCEHIME 105.35, R IHEAR T VS TR
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x4 RAERIEREZE PMF RERITER

Table 4 Contribution of different potential sources

calculated by PMF model
g ¥ 5THk/ %
) e BEEXE RIS IEK R BRE

Cr 65.08 18.89 1.43 14.61
Ni 32.30 27.30 28.90 11.50
Zn 46.76 0.00 53.24 0.00
As 0.00 0.09 14.16 85.76
Pb 21.84 50.18 14.59 13.39
Cu 49.14 7.28 24.80 18.78
cd 74.22 11.17 0.00 14.61
Hg 0.00 61.31 38.69 0.00
CERTUIRE /% 36.17 22.03 21.98 19.83

R TR A E A 2 XU DA 8 B K-, {E 5 (8] 22 53 B, R
Pl DX AT REIA 2 g XUBS: (151 6) ol TR A5 o2
RIZVURPI A AR S K A8 K, Al AW 24
JRURSE: A R B R IR X A v A L T3] 1T XL
LT THE R o ERORAS T 4 Jm Y 20 A AR RV A
SKURIS A T 22 53, (RS [ 1195 A AN PR 053 e T
SR S A DR U T M R AR T LA S T s 1
HHfE .

4 45 8

(1) BT 15 4 i & R 7E VO s DR U V3T H
B, PEUEIX Cu(26.23 mg/kg) . Zn(122.58 mg/kg)
Cr(57.25 mg/kg) MY & & & =, JLR VL H X Pb
(48.03 mg/kg) . Cd(0.25 mg/kg) . Hg(0.08 mg/kg) .
As(9.32 mg/kg) &t i, (O AR XA T A
(T12) Cr & 28 bR ifE, Zn B — 28hRifE R i M,
9 12.64%, T5IX Pb Al As JCZ 5 40 A5 A X Fa
7, Cd i as )48 MRk

(2) BV 4 8 & 5 R BN KB/ IMR IR H
Cu(1.01)>Cr(0.99)>Cd(0.70)>Zn(0.64)>Pb(0.63)>
As(0.48)>Hg(0.33) ., Cu KNI EE, Cr 54
JEAEHEIT, Cd, Zn, Pb, As F1 Hg 3 B 78 S B T FR
P AN E LIRS

(3)3E 20 ARV X PURRY h R4y 4 e & it
TELRFFRRE RIS T, IS BT P15 T it A i ek
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Fig.5 Potential sources of heavy metals determined by PMF in surface sediments of the Xiamen Bay

xRS EESELEENSYRY
Table 5 Background contents and toxicity index of heavy metals
FabRE Zn Pb Ni Hg Cu Cr cd As Al
YE 734 i oy
Eggi rlif) 83.6 39 17.4 0.063 22.4 40.7 0.06 6.38 9.79
Ao R 1 5 40 5 2 30 10 /
HRfE (M7 /(mgke) 63 18 21 0.009 17 44 0.075 2.8 7.49
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Fig.6 Distribution of potential ecological index in surface sediments of offshore area in the Xiamen Bay
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