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0~20cm A PLFIRE S 331 30 14, Hirb 4 45 19 52y
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FRMIRE s A48 4°C 117, 18 10 52 36 % J5 IR
FoRHE A AR SR, e B vt KU B, AR Ao
200 HJE e H.
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TURW) TP & ek d CrERRER A A 1k oM ik
55 28 #4516 A EW N/ = E ) (GB/T 14506.28—
2010)2R FH X S5 152 58 1l ot 52 50l 3
HUL 58 KL, P,05 F EE I E N 0.019%~0.95%. 7K R
TURRY) h B A7 I 25 R 1 Hupfer 2522 pe ik i i 3
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Fig. 1 Sampling sites (No.1-N0.30)in the surface sediments from Anning area.
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PK; = Cyap/C, (2)  48115.5mg/kg, *FI9{H N 10889.3mg/kg; /K 7 T

A PR, WA A BSOS YRR, Cone WP
T i AR B BE, C, T T i VA AR
WA . PK 1R AR S5 R0 A 5 B0 DR 75 e 4 8
PRI

2 iR
2.1 PURPIRE RS B S TEE A FHIE

YT BT IX K R UUBIRE S, TP K HRAT
SRR 1. DU S TP & #EF Y
567.6~48115.5mg/kg, “FIJ{E N 6224. 1mg/kg., H
gz ya) K H mg BE O\ T T R Y 8 R DT AR
FESh TP & H YL o 567.6~15631mg/kg, F-H1E K
6014.4mg/kg; V0 IEI] 4 (R UTAL YRR 5 TP & 53 [l
J 698.6~4191.6mg/kg, V- {H H 2128.5mg/kg; i i
JI 10 448 350 FR By BE 5 TP & £ 98 Bl N 2095.8~

1 WFRDOKRIURY S0 5 &5 T BN & R ARFHIE
Table 1

YRR, TP & 535 [l 654.9~5239.4mg/kg, T~
{E°A 1740.2mg/kg; W W6 )1 5 0 58 VAR DTFR Y TP
& il 3536.6mg/kg. EVAKE, AKIFETURY
TP & - YE AR, =M IR R, TP & i
S SA(E K /NI Ay i 5 1] > 52 o] e HE R B\
T>VP IR i FLEN A0S 5 2 W S e T Y
TR TP 5 % &0 1218.7mg/kg, F-HI{E N
875.9mg/kg, BJILAR T4 T HE0 XK RUTRY) TP &
o 5P EEAE A A, AEF S X Pk
RUTEW) TP & b T =Ko

M7 1 A&, SRR 30 PRTRIRE S 0w
%Pk NaOH-P B}, Ca-P JEAFEAE, Hih NH,CI-P &
G Bl 0.07~115.2mg/kg, BD-P & & 7l Bl 4 8.84~
802.5mg/kg, NaOH-P & i iii Fil f 21.3~3129.5mg/kg,
Ca-P & 5 Bl & 12~45098mg/kg, Res-P & £ i1 Fl

Characteristics of content of the total phosphorus and different chemical forms of phosphorus in the study area.

PR KEESNIS  TP(mg/kg) NH,Cl-P(mg/kg) BD-P(mgkg) NaOH-P(mg/kg) Ca-P(mg/kg) Res-P(mg/kg)
16 8994.4 80.2 303.8 894.5 8158.5 364.8
20 11788.7 28.1 413.9 1093.5 9996 4209
22 8470.4 9.29 1725 679.5 6896 480.6
0 50T R B /G 23 15631.0 16.2 79.8 599.0 14962 459.0
26 873.2 0.27 31.5 309.5 2552 140.5
27 1047.9 430 91.2 288.4 348.2 94.1
28 742.3 7.43 50.3 230.4 2453 65.2
29 567.6 737 68.0 103.8 131.5 28.5
2 698.6 5.26 325 2123 170.7 80.8
. 4191.6 14.9 600.0 1479.4 1889.5 294.0
lyAL)
1790.1 6.93 2759 776.0 516.8 126.8
13 1833.8 14.4 408.0 719.3 573.9 166.8
1 6505.6 73.1 131.8 395.5 5588 180.6
4 72479 63.3 2529 1103.5 5778 306.1
5 2095.8 23.0 171.9 1338.8 1415 255.9
9 4802.8 31.6 389.4 1093 2678 326.6
g | 10 10216.9 115.2 802.5 3129.5 5650.5 4853
11 8077.5 46.1 220.5 4975 7011.3 2273
14 11308.5 17.5 192.9 11455 9104.5 515.4
15 2663.4 6.89 258.4 1370.6 80.3 504.6
17 7859.2 18.6 189.5 21.3 6183.5 480.2
18 48115.5 26.3 152.1 103.0 45098 4115
3 2488.7 4.57 230.2 744.1 773.9 204.2
8 654.9 0.07 16.7 369.4 56.3 76.8
12 1222.5 1.92 344 571.7 204.1 320.8
K 19 5239.4 14.4 162.3 977.5 3891.5 266.0
21 698.6 0.13 133 274.8 12.0 95.5
24 1135.2 3.75 8.84 386.1 133.7 455.0
25 742.3 1.51 16.0 523.8 227 69.2
gt 5 ) 1] 5 VL 2V Ah 30 3536.6 9.22 111.9 123.2 3020.7 141.5
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Fig. 2 Relative contents of phosphorus forms in different sediment samples of Aning rivers and reservoir in the study area.
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B3 B /N T BT R 109%, ARFsed
I RAE AT L K E VTR o NHLCI-P & 5 AH %
U AR, -2 & AR &7 U3 /N T 19%, X3 7K 5 R i
/N BD-PJ& AR JEASBE, 2, X E il IR 4%
PR URE, Y SN ERBE A AR I TR K
(AR SR AR I AR | A SR A A 1 A K, B 25
£ BD-P B, & T WF5E KK I i AR,
BD-P [ i FEAN &, XK A K . NaOH-P &
HAETHAHLBENMAES, E— g LR
A AR 8 B P, S R R Tl AT LS
K, ZDFR AR AN T R TS e g S ] K HOR B
J\BEF] | )1 U NaOH-P &5 B A%, 51 H:
UL T A Y TV AR SR TS Y R B, K
Kb S LRI NaOH-P 5 f5, 75 X v e i) |
W FOK PR TG Je 2 it . Ca-P E U
ROEMBE A, EZA KA B SRR 45 5 1B
/b AT R ik (AT MLAS, JHL 32 2R IR T 45 Fh B iR
), MR AR . — M Ca-P 755 61
B rf H AR E, FE W PR RS v T URR R H R B
Ca-P 7E% T /KPR IR UTARY TP BT o b3 s,
e 2 yn] e Homd BE/\ AT, g )1 Ca-P i e A]
ik 80% LA L, A b st BH TR vb i A 4 ] 1 FH ol 5
HARMK
2.2 PRI AR AR TR SR Z MR OGP

K FH B2 IR 3#h (Person) AH 56 R AU 48 T DL Y H
WL ZH 5 TP F1 BAP Z [A] By AH CHE, 45
N3 2 fizs, WLIEH, TP 5 Ca-P (UAHXE REURK,
iR E) B PEKE(p<0.01); 5 NaOH-P #5¢ 25 E /),
U] Ca-P /2 TP (1Y EZLER 5. BAP 5 NH,CI-P,

22 WIRXIURYIASBE &M S S A Yyl P ek
Z TR 2R 8L

Table 2 Correlation coefficients between different phosphorus

forms and total phosphorus/bioavailable phosphorus of

sediments in the study area.

#IEA NHCI-P BD-P NaOH-P Ca-P Res-P TP  BAP

NHCLP 1 06277 0.606" 0248 0358 0282 0.650"
BD-P 1 08337 0091 0435 0155 0.899"

NaOH-P 1 —0.059 0484 0011 0.989"
Ca-P 1 0433 0.995" —0.021
Res-P 1 0465 0478
TP 1 0052
BAP 1

W O FIRTE 0.05 KF L CRE) BEMI, “ **"FRTE 0.01 K
L) R,
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BD-P. NaOH-P, Res-P ¥ 2 I 2 1EAH G (p<0.01), H
5 BD-P. NaOH-P # ¢ & £t KX T 0.8, BD-P 5§
NaOH-P # A AR (1B i 472, FEAMIR AR E &
AR K N R TG B2 T 23 kAR B R, iR AE )
AT R, UERARFSE XK R TR H BD-P 5 NaOH-P
J& BAP B EZH W5y
2.3 PURYIRE A R s R B0 Y
LT X R AR 30 URTURRAAE S b, iR
K F5 Y A8 B0 (3% 3) AT 0.82~69.7, 5 YL Ji 4k F
BR PTG - o 5 gL 22 [, 3] o A SR 6.67% .
16.7%. 76.7%. HHrn 52 ) K Homg Bt /\ i) 8 AL
FUYRAE S B B R 15 Y48 5 T 0.82~22.7, 75
YU FE AL T4 B VG G- H B TS YL 2 [R], 43 o R R
B 12.5% ., 25%. 62.5%. YHIIT 4 AN TLE) KRR
MBI IS R EN T 1.01~6.07, 15 LR B
HhEE TS YR BETS Y, 430 R i SR 25% . 75% o
&3 WPRXPURYIAR IR (P) W F 7K
Table 3 Classification of risk level by the single factor

pollution index (P;) of sediments in the study area.

KA, KRR P, AR 5545
16 13.0 TG Y

20 17.1 TG Y

22 12.3 TG Y

0 52 e Je H 23 22.7 TG Y
BB\ 26 1.27 F Y Y
27 1.52 TG Y

28 1.08 EUEREE S

29 0.82 R Y

1.01 F Y Y

Vo 607  HETSR
2.59 TG Y

13 2.66 R Y

9.43 TG Y

4 10.5 TG Y

5 3.04 TG Y

9 6.96 TG Y

o 10 14.8 iﬁ%/a'ﬂ’%
11 11.7 TG Y

14 16.4 TG Y

15 3.86 TG Y

17 11.4 TG Y

18 69.7 R Y

3 3.61 TG Y

8 0.95 LR

12 1.77 TG Y

IKJE 19 759  EEET5Y
21 1.01 F Y Y

24 1.65 TG Y

25 1.08 R Y

gt 5 ) 1] 5 VL 2V Ah 30 5.13 WG Y
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U il B 15 G 48 850k 513, J@ TE 5 4L,
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YRR B drc i, TR AR I UTR I RE S il 35 R T RS e
AL VD IR R SR U R B R R T B T
0.42~1.20) 5 AW TR Y #ER N F 458 (h T
0.23~2.04) B AE 25 KU S5 2420 PR 85 21, 2 Tl
X N 7K R TR B Y 25 (R AR AL TR K, Hois e it i
W o MRAE N R FR BT AN BE VR (1992 ) il
FE Y B BT VA AR ENY, DR TP B
600mg/kg J& 5 | A A5 BRI AN W B ARG, TP 7 &
K 2000mg/kg it 51 A 25 B M RN 19 7 H R .
M1 RO UE H, B XK RUTERYH TP & &t
Bl a5 | e A AR RO W B IR, HA 56.7%
IRESD TP & # it 2000mg/kg, 535 AR B FEE
RN ) F O, U T B XK RUUER DI BETS
Yoy, EA B I A AR AR
2.4 BV S R

TR X T RAERY 30 TR IRE S i LE Wy
A RS Y E A R RN T 0.26~5.87, 15 YL RE I b T
TH - E I YL 8], 430 R SR 26.7% . 20%
13.3% . 40% . H:Arng 5] J Hopg B\ i) 8 FUIRL
YRR s A 0 S5 Y PPN HE B T 0.26~2.23,
15 YRR AL T IE T -E TS Y 2 (A1, 430 o R A R
() 37.5%. 12.5%. 25%. 25%. ¥>Iei 4 EHTRY)R
FE 0 A A S0 TS G E M A B T 0.36~3.04, 15
YRR RE SR T A RS G, 2 R S 25%
75%. W] 10 DT RAE SR A A AT G
MR T 0.33~5.87, TG YL e Ab T - RIS
e [], 43 ) b R A B0 20% ., 10%. 10% ., 60% .
IR 7 AEUURRRAE 5 00 A A 0 15 Y DA 6 5K
AT 0.42~1.67, 15 Yo B b T3 7 -1 5 YL 22 1],
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Chemical Forms and Distribution Characteristics of Phosphorus in the
Sediments of the Anning Phosphate Mining Area, Yunan Province

LIU Wei*, HU Jundong'?, FAN Chenzi'?, LIU Yongbing', ZHAO Wenbo', LIU Chenghai'
(1. National Research Center for Geoanalysis, Beijing 100037, China;
2. Key Laboratory of Micro- and Element Forms Analysis of China Geological Survey, Beijing 100037, China;
3. China Land Consolidation and Rehabilitation, Beijing 100035, China)

HIGHLIGHTS

(1) The content of total phosphorus (TP) in the sediments all exceeded the lowest level of ecotoxic effects in the
study area. The TP content of 56.7% samples exceeded 2000mg/kg, reaching the serious level of ecotoxic
effects.

(2) On the basis of five chemical extractable forms of phosphorus, the reservoir sediments in the study area had
relatively high bioavailable phosphorus (BAP) content and high bioavailability. Phosphorus mainly existed in
the form of Ca-P in the river sediments and had low bioavailability.

(3) The single factor pollution index method and bioavailable phosphorus pollution assessment method showed that

phosphorus in the river sediments was heavily polluted in the study area, which should be of concern.

Distribution characteristics of

Sediment samples
collection Sample analysis The total content of phosphorus
phosphorus

C ' Correlations among C Conclusions
different forms of phosphorus

The contents of phosphorus
chemical forms include NH,CI-P,

BD-P. NaOH-P. Ca-Pand Res-P Ecological risk assessment of
’ ’ phosphorus pollution

ABSTRACT: The chemical forms and content of phosphorus in sediments are the important basis for exploring
bioavailability, migration, and transformation of phosphorus in sediments accurately. To assess and evaluate
phosphorous pollution from a phosphate mine, the phosphorus chemical forms in the sediment were determined by a
suggested combined method and studied by the phosphorus classification method. The results show that the total
phosphorus content all reached the lowest level of ecotoxic effect, and 56.7% of samples reached the serious level of
ecotoxic effect. Therefore, it is suggested to strengthen the monitoring and assessment of river pollutants in
phosphate mining areas. The BRIEF REPORT is available for this paper at http://www.ykcs.ac.cn/en/article/
doi/10.15898/j.ykcs.202209050164.

KEY WORDS: phosphorus forms; sediments; distribution characteristics; Anning phosphate mining area; X-ray
fluorescence spectrometry; sequential extraction method

BRIEF REPORT

Significance: Phosphorus pollution is an important part of water pollution and has attracted extensive attention
because of its eutrophication and water quality decline. The phosphorus form in lake and marine sediments has been
extensively studied in recent years, but there are few studies about phosphorus form in river and reservoir sediments.
The migration and transformation ability of different forms of phosphorus in the environment are diverse. The
chemical forms and content of phosphorus in the sediments are the important basis for exploring bioavailability,
migration and transformation of phosphorus in sediments accurately. It is of great significance to obtain phosphorus
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content and chemical forms in sediments for evaluating and controlling water pollution. The phosphorus pollution
was serious in sediment samples from the Anning phosphate mine area, TP content all reached the lowest level of
ecotoxic effect, and 56.7% of samples reached the serious level of ecotoxic effect. The distribution characteristics of
phosphorus forms were basically the same. The main phosphorus forms were Ca-P and NaOH-P. The highest
content of BAP was in sediment of the Shalong River, accounting for 54.3%. The results of single factor pollution
index evaluation showed that phosphorus in sediments exhibited mainly severe pollution. Meanwhile the
bioavailable phosphorus pollution assessment method showed that the degree of phosphorus pollution decreased, but
phosphorus in the sediments of rivers was mainly severe. The phosphorus in the sediments of reservoirs was mainly
light pollution. The phosphorus in the sediments at the intersection of the Mantic River and Dianchi Lake was clean.
The ecological risk of phosphorus in sediments using bioavailable phosphorus pollution assessment method is more
accurate than single factor pollution index method. The research shows that it is necessary to strengthen the
monitoring and assessment of river pollutants in phosphate mining areas.

Methods: The total content of phosphorus in sediments was determined by X-ray fluorescence spectrometry. The
phosphorus chemical forms in the sediment were studied by the phosphorus classification method improved by
Hupfer. The chemical forms in phosphorus sediment were divided into weakly adsorbed phosphorus (NH,CI-P),
reducible phosphorus (BD-P), metal oxide-bound phosphorus (NaOH-P), calcium-bound phosphorus (Ca-P) and
residual phosphorus (Res-P). The content of phosphorus in the extract was determined by molybdenum-antimony
anti colorimetric method. The ecological risk of phosphorus pollution in the study area was evaluated by the single
factor pollution index method and biological available phosphorus pollution assessment method.

Data and Results: The content of total phosphorus (TP) in sediment samples ranged from 567.6 to 48115.5mg/kg,
and the average value was 6224.1mg/kg. The TP content in 8 sediment samples collected from the Mingyi River and
Bajie River ranged from 567.6 to 15631mg/kg, with an average of 6014.4mg/kg. The TP content in 4 sediment
samples collected from the Shalong River ranged from 698.6 to 4191.6mg/kg, with an average of 2128.5mg/kg. The
TP content in 10 sediment samples collected from the Mantis River ranged from 2095.8 to 48115.5mg/kg, with an
average of 10889.3mg/kg. The TP content in 7 sediment samples collected from the reservoirs ranged from 654.9 to
5239.4mg/kg, with an average of 1740.2mg/kg. Overall, the average TP content in the sediments of the reservoir
was the lowest, and the average TP content in the sediment samples of the three rivers was in the order of Mantis
River>Mingyi River and Bajie River>Shalong River. The main phosphorus forms were NaOH-P and Ca-P in 30
sediment samples. The content of NH,CI-P ranged from 0.07 to 115.2mg/kg, BD-P ranged from 8.84 to §02.5mg/kg,
NaOH-P ranged from 21.3 to 3129.5mg/kg, Ca-P ranged from 12 to 45098mg/kg and Res-P ranged from 28.5 to
45790.8mg/kg. Pearson’s correlation coefficient was used to investigate the correlation among phosphorus forms,
TP and bioavailable phosphorus (BAP) in sediments. The coefficient between TP and Ca-P was the largest, reaching
the significance level (p<0.01). The correlation coefficient between TP and NaOH was the smallest. BAP was
correlated with NH,CI-P, BD-P, NaOH-P and Res-P (p<0.01) positively, and the correlation coefficient with BD-P
and NaOH-P was greater than 0.8. The phosphorus single factor pollution index of 30 sediment samples ranged from
0.82 to 69.7. The pollution degree was between mild and severe pollution. The phosphorus single factor pollution
index of 8 sediment samples collected from the Mingyi River and Bajie River ranged from 1.01 to 6.07, and the
pollution degree was between middle and severe pollution. The phosphorus single factor pollution index of 10
sediment samples collected from the Mantis River ranged from 3.04 to 69.7, and the pollution degree was all severe
pollution. The phosphorus single factor pollution index of 7 sediment samples collected from the reservoir ranged
from 0.95 to 7.59, and the pollution degree was between mild to severe pollution. The bioavailable phosphorus
pollution assessment index of 30 sediment samples ranged from 0.26 to 5.87, and the pollution degree was between

clean and severe pollution.
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