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(a)—Location of the Lower Congo Basin; (b)—stratigraphic column of well A
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Fig. 2 Microscopic characteristics of silty mudstone, phosphorus-containing mudstone and ordinary

mudstone of well A in Lower Congo Basin
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(a)—Silty mudstone, well A, the Paloukou Formation, 3500m; (b)—silty mudstone, well A, the Paloukou Formation, 3580m;

(¢)—phosphorus-containing mudstone, Foraminifera, well A, the Madingo Formation, 3740m;

(d)—phosphorus-containing mudstone, phosphate granules, well A, the Madingo Formation, 3740m;

(e)—ordinary mudstone, well A, the Madingo Formation, 3791m; (f)—ordinary mudstone, well A, the Madingo Formation, 3806m
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Fig. 3 Microscopic characteristics of phosphate particles of the phosphorus-containing

mudstone of well A in Lower Congo Basin
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(a)-(c)—Backscatter photograph, phosphate particles are in the yellow dotted line, well A, the Madingo Formation, 3740m; (d)-(f)—energy

spectrum; the “-” position in figure (a)-(c) is the energy spectral point; (g-i)—Phosphorus scanning photos, figure (a)-(c) is the scanning

base map; (j-1)—calcium scanning photos, figure (a)-(c) is the scanning base map
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Fig. 4 NASC-normalized REE distribution pattern of silty mudstone, phosphorus-containing mudstone

and ordinary mudstone of well A in Lower Congo Basin
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IHHARERY. MR E Ce/Ce” HA T
0.91~0.99,Eu/Eu” N+ F 1.66~2.17,Ce B %
AR Eu IES5 5B S #leE Ce/Ce” AT
0.69~0.88,Eu/Eu"{HN T 1.69~2. 87, EAH T
i) Ce B 574 F Eu 1E 5%, JF HBE & W N Ce/
Ce™ {HZ ¥t K; %@ A Ce/Ce” HAF 0.90~
0.94,Eu/Eu" HAN T 2.10~2.16,Ce B H AT,
EuiE 58 Bl . & F & Ba 58K & (0T
3584.00X10 " ~6494.51 X 10" "), [d i} Eu/Eu” 5
Ba/Sm . Ba & & Z [0] A7 AE 5 4 19 2 PEAH G K &R
(|8 5a-b) , Eu/Eu” HLfH 5 Ba/Sm HAH Z [A] 47K £
BR My 0.71.Eu/Eu” HES Ba % & 2 [0 H ¢ R %
R 2y 0. 59, Fr LAFE & Eu 5% A REJ 78 W il o 72 vh
& Ba & & T3t 5] & 7 (Jiang Shaoyong et al. ,
2007) A SO ATHERE AR Eu 5% .

5 g
5.1 MARKEEMERFH

R A8 A= A 2 3ok A5 R K A v 5 40 AT LK DD AR
TSGR JEAR A 43 S S AL PR B | 28 480 B0 B8 ALk 4
b =R, R R ] gk — 25 K] 43 O il SRR
fECE & Fer' ) FIsk A a0 Ak O i 85 19 H, S) BB
(Tyson et al. , 1991; Canfield et al. , 2009),
501.1 SUEREHRBRTER

DUBUE B A CA AR 1 Sk A S8 A i R
FEE A 1D I T R & i 32 DO 7K A A0 A8 I 2%
PR, A BT 40 AR s ) T oy A Al ok e B
) B 3 38 #8 (Tribovillard et al. , 2006; Chang
Huajin et al. , 2009), @ DIFH TS ME TR &
HAE N2 bR e (Wedepohl, 1971), 38 i 315 Al
JC R AR EAL IS B9 e 4 R HOR S R o0 R 1Y B AR B
TR, Al TRk A TR B A U o R P R

1300

1100 A

900 -

Ba/Sm

700 4

500 o =

R=0.71

300

12 14 16 18 2 22 24 26 28 3
EwEu*

E 5 AR Ry bn MEAR A AT LA Bk Bl 580 40 19 T 40 LA B
Bk R h 55 1™ ) 0 BLAR ) 1 7 B A JH (Tribovillard et
al. , 2006; Chang Huajin et al. , 2009), & /A
H:EF (LR X) = (8 F X/ADyy /(T # X/
AD ys 35 EF =1, 77 0 % X AIXHF 1 50855
4 EF<<1,3RR IR X AR s 54,

UV TR BA ZM 20 HAE KK
fifk 2 B 8 A2 K AR SR AR R SR AR R A SRA SRR L U
(46 Hr)F1 V(45 i) TEHE K T AR E A TE s 38 i 26 1
T UG MO R V4 80+3 M) 5 UL . 78 TR
Y& 4E (Algeo et al. , 2004 ; Chang Huajin et al. ,
2009, T HVIRYIH UM VLR Z N 3 4RI,
Je AR AR E L R ol SR A A AR Y AR 4R
}# (Chang Huajin et al. , 2009), HAp.fMEIcE
{6 U/Th,Ni/Co F1 V/Cr & Ik HI Wi 7 ALk
% (Jones et al. , 1994) , KA B SH W% 4,

F4 SUTEFREHNHETRANSH
Table 4 Trace element discrimination parameters

in redox condition

SRS e | s Bt B
I35 BREH R
W HLS % f
U/Th <0.75 0.75~1.25 >1.25
Ni/Co <5 5~17 =7
V/Cr <2 2~4.25 >4.25

I 6 Sk 2 ml N, 5 5m Ve % o lie s Mo b
Filgar) UV TR SR RZ B S ME TR ILE U/
Th.Ni/Co il V/Cr B — By ZEf@H, Hik
WIRAFEM (S21~S29 /M UV iR MEE.U
TEBEREN T 1.39~3.72, F¥{E N 2.49,V
TLRBEREN T 2.57~4.56,F (K 3.40,U/
Th HAEA T 0. 36~0. 95, FH{E H 0. 65,Ni/Co It

7000

5500

Ba/Sm

4000 1

R=0.59

2500

1.2 14 16 18 2 22 24 26 28 3
Eu/Eu*

K5 TRERG A JFREN RIS & BE s M5 Ba/Sm.Ba 55 Eu/Eu” MK

Fig. 5 The correlation between Ba/Sm, Ba and Eu/Eu” of silty mudstone, phosphorus-containing mudstone

and ordinary mudstoneof well A in Lower Congo Basin



DA T R A R Madingo 2 & B8 5 O0 3 #h IR AL 4 R AiE K 1137

P,0,/% P.:
(m) 0—e—1.5[0—e—15

VEF
0—e—20

Nig, ) 198 U/Th Ni/Co V/Cr Cel/Ce*
0 410 410 2|0—e—25|0——10(0.6——1.1

3400—=

PaloukouZi
|
|
»
.

35004=—=—]—S-6

MadingofH

e = BwEkE
E Mudstone Silty mudstone

IBURE o

S
=] 1
- Phosphrus-containing Sampling point

mudstone

Bl6 TR AJFREITTR R METTR LB Ce/Ce™ YA fLFHIE

Fig. 6 Variation characteristics of enrichment factors of trace elements, trace elements ratio and

Ce/Ce” of well A in Lower Congo Basin

A F 4. 87~6. 90, FH{H Ky 5. 93, V/Cr HAH A F
1. 64~ 3. 18, V- #{H Jy 2. 37, ¥ 45 /R F AL-F% A 3
B oI A R RE A (S 18~S200 i U,V TE %
MEE.ULREERZHN T 2.22~4. 02, FHH
9 2.97, VI EFERHAN T 2. 45~4.55, F ¥
1 3.38,U/Th A48 5K 0. 64.0.79 F1 1. 28, 4%
RAA-TT A -BE R BE L Ni/Co i 4 51 6. 29,
6.34 F1 7.56, 8 7~ B 4B A A8, V/Cr HUE R
1.11,1.57 0 2. 55, 48 7~ E -2 A I 85 5 S i e 5
EEREESR (S ~S- 1T UV e E 5 E 4. U oo
EEERBAN T 3.45~7. 13, FEH{H K 5.34,V IC
EEEREANT 8.59~19.01,F 4 {H Jy 13.97,U/
Th A F 0.94~1. 66, ¥ {HH 1. 38, #8 R %%
A IR NI/ Co FUfEAF 7. 74~20. 77, F- 34
H16. 07, $5 /R B E M BE L V/Cr WE A T 3.57 ~
6. 96, F-XI{H A 5. 05, 48 78 B0 A - A BR B 5 By 10 T
Je 5 (S 1~S108 UV e X LW R &%, U
TLEBERBANT 0.85~2.34, FH{E N 1.29,V
TLRERBERENT 1.17~1.82, VK 1.54,U/
Th FAEA T 0. 23~0. 64, FH{H K 0. 36,Ni/Co I

{HA T 2. 34~5.55,F35{H M 4. 43, V/Cr lLEAN T
1.06~1. 61, FI{H K 1. 30, BREE S S-3.S-5 # Ni/
Co LAH A 5.55.5. 34, 45 /8 2 S PR BT Ah , oAy 4% B
mn ) U/ Th Ni/Co fil V/Cr HAE ¥ 878 FAL AL

25 F R . Madingo 2H 1T AR 39 4010 38 I A%
AR K 3 e S B e A T ER AT BR T AR AE 4R
-FUE AT L 5 i e AR B A W G S e e
AR ULRRAE AR E WY R 4 PR B T 5 Paloukou 4 {70 RN
4R R 2R P O AL R B R — B D
5.1.2 Ce/Ce”

HARATH LT R EZLL 3 MAFAE. M T
AR 2251 Ce ik A +4 3. HE A AL
B, Ce*t Ak Ce't (CeO,) I 5 Fe,Mn %
APy W BE I T T S HE R TR R A L
B K Ce 1975 45 5 17 Gk A0 7K P E T 2 Ce 52
( Yang Xinglian et al., 2008; Yao Chunyan,
2009) . MARYE A LA PR Y BRI . — 2K R b
58 240 A 158 s ) I e - D0 R S 0 ) s 4 5 T
HENHEIE 5 75— I 1 A A W 5 Ak 7 DA (g TR
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i BEER R ) L U5 RS Ak R I K W 0T R AL
e Ce S B B2 W] AR Ay o ¥ v 40 AL 38 5L 2% 1 1 )
MFE#R (Liu Yingjun et al. , 1987; Shields et al. ,
2001) .

(D La 5 *F Ce 55 T4

TERFH Ce/Ce™ {B 2 W 7 T0FR 20 55 22 115 7 HE B
La BH X Ce B M (Bau et al. , 1996), HE
Ta AL AL IS TUE A 5 A FE ML (S2,.54.S8~S-
1O) IR A 9 DRER (S 11~S-19) Je 5@ e 4 3
MHE (S-21~S-23) % fE“ HIE K Ce i 5% 7 X I,
WP RV A 5 RS (S1.S-3.S-5~S-7) i@ I &
2 ANBERL (S25.829) P 7E“La, Ce ¥ TC S8 7 X 3,
SR E 1R (S-20) Tl U8 A 4 ASFE S (S
24.S-26~S-28) 5 7E“La IE 5 % T8 Ce Bl 1 57
BB, B FE TR SO Ce 8 AT TR
SRR, HAE HIE B IER Ce il 587 XY
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VTR A AR A Y DURR ) i 1 AR G
YE B (Chen Qiying, 1995; Chen Qiying et al.,
2000) s @73 P 5k 5= 1 I

B & 6 AT B D BTl % Wi e s A U
P05 PR & ERBAAN m FHA IR
(A8 AL REAE & 5] B 43 501 LU S T A RE T Y Pee 55 P, O
o ALO, F R Z B A M, P 5 P, O; % & R?
ik 0.95, M5 ALO, & & R* U4 0. 41(&l 8a.b),
AP0 SRHEEWHP tEEENEERE. M
AL O, & i BTk .

ALFN Ti TR G sh M 25 362 TR R s i
P AR e A 5w DAAE S Bl U AR 55 1 48 bR
(Murray, 1994), &AM A AL Os f1 TiO,
i 2 ) B B IE A DG OC R L AH O R ECH 0..83
(B 8),Mi &5 P,O; é‘iﬁ‘]*ﬁ?‘é‘@ﬁ%,ﬁﬂj
ALO; 5 P,Os &g Z [ AH O R AN 0. 44 (&l 8d),
TiO, 5 P,O; &t Z [HAH X 250 0. 40(& 8e),
I Bl YR S 0 T AN S B U e TP T Y R R U

Al/(Al+Fe+Mn) . Ba/Sr {8 J2 ffif & ¥ £ IT

TRy v W 20y & i SR 4 AL/ (AL Fe+
Mn) F (BBl 75 8 98 4H 20 99 38 0 10 98 /)N » Ba/ St FU AR
Vil 25 TR 2H 43 %) 38 0 i 85 0 ( Magenheim et al. s
1992; Chen Jianfa et al. , 2004), 18 45 R F0,
Ky Rb BTIE A o W e i A e E AR Y Ba i
YR T Sr & &R A B & Ba/Sr IWE A T
11.24~17.95 Z |8, 3 R 14. 11, & #: U8 A Ba/
Sr HWEATF 6. 11~14. 34 Z[a] , 3 ({E N 10. 01,3
e 4 Ba/Sr FLfEA T 11 47~17. 65 Z i) , E- 3 {H
K14 40, FER UL W AT RE A B 2 5
(Magenheim et al., 1992; Chen Jianfa et al.,
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Ty v A P I8 Y BEAR TS 78 (Algeo et al. , 20045
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, 2004; Tribovillard et al.
2006) ., SHEIRERES R P, O; & fF Ni,Cu T &
EELEERBOCREY P P,O; & &M Ni o
FE LR Nig MR 5k 0. 54(E 8h) , il Cu ot
EEERB Cup X RZECN 0. 73(H 81, Lk T 4
WA TR & L b % UEM .
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L AR 0.4 BERT LIS 9 AR R 43 = 2K (A
9), #—2H CuprUgeNige Ve 1 P, O5 48 56
T2 TiO, F1 AL O, 41 A 5 BE 5 % JE i A A 5%
(Murray, 1994; Kato et al. , 2002),%5 =2k Ba/
Sr FLAE AT MnO 41 A% » 5 #OR 7 47 ¢ (Magenheim
et al. , 1992).
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Fig. 9 R-clustering spectrum diagram of characteristic
elements of phosphorus-containing mudstone

of well A in Lower Congo Basin
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W 2R F 3t 32 R IR A LB A L ZE MR (A1)
# X, Madingo 41 TOC & &/ T 0.88% ~4.30%
Z ] EHME N 2.31% (Cao Jun et al. , 2014), &
BRGSOl A W 2 s R WY E e R A P Uk
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P 5E X 2 WA Y kLS 3l s, T 5 ) i AT
DA Z2 0% o R I 0 A= 0 >k 5 AF 5 DX i Ul o b il
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BRI S 31 DT 3 & 4 (Chen Qiying et al. » 2000),

SHRAP. U VNI Ml Cu e BZHEHEEG6),
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VIAH S o 400 A= W) 78 5 B Ve 2 Wl B 4R o R v e 3] ()
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Table 5 Enrichment factors of major and trace elements of modern upwelling sediments and modern hydrothermal sediments
E=)ks B BT B 05 BT FR I
Gii ' 1 11 111 v \% VI VII VIII IX X XI
P/Al 0.10 0.17 0.02 0.02 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00
Mn/ Al 52.00 28.00 41. 00 202. 00 6.31 3.28 3.13 2.75 2.81 2.90 5.19
V/Al 38. 00 126. 00 21.50 139. 00 49. 36 43. 81 43.16 40. 89 40. 45 47. 36 46. 33
Cr/Al 24. 40 72.00 9. 40 28. 30 43. 82 46. 64 45. 45 50. 10 63.03 53. 97 22. 36
Co/Al 1. 20 2.90 1. 40 17. 40 2. 85 2. 20 2.45 2. 87 3. 47 3.55 7.59
Ni/Al 20. 20 41. 00 8. 10 54. 60 7.49 5. 79 6. 61 7.21 7.24 7.85 20. 36
Cu/Al 11. 60 32.00 5. 80 33.10 319. 27 261. 46 798. 44 438.41 475.71 978. 43 437.90
Zn/ Al 24.00 29.00 18.70 25.00 1628. 92 1413. 27 1348. 71 1181. 71 1207. 38 1246. 40 1339. 16
U/Al 2. 30 28. 60 1.21 4.10 1.08 1. 10 1. 29 1.51 1.70 1. 87 1. 38
Per 12. 15 21.52 2.78 2.03 0. 00 0. 00 0.00 0. 00 0. 00 0.00 0.00
Mngr 0. 54 0. 29 0.43 2.10 3. 36 2.98 2.93 2.78 2.75 3.22 3.15
Ver 2.58 8.57 1. 46 9.45 4. 30 4.58 4. 46 4.92 6.19 5.30 2.20
Crerp 2.40 7.07 0.92 2.78 1.33 1.03 1.14 1. 34 1.61 1. 65 3.563
Cogr 0.56 1. 35 0. 65 8.09 0.97 0.75 0. 86 0. 94 0. 94 1.02 2.65
Nigr 2.63 5.33 1. 05 7.10 62.70 51.35 156. 81 86. 11 93.43 192. 17 86.01
Cugr 2.28 6.28 1. 14 6. 50 151. 54 131. 48 125. 47 109. 94 112. 33 115. 96 124.59
Zngg 2.23 2.70 1.74 2.33 264. 85 180. 34 102. 41 30. 95 56. 98 59.09 55.69
Ugr 5. 49 68. 32 2.89 9.79 0.07 0.03 0.03 0.03 0.03 0.03 0. 05

s IV B E TR B S, 43 3 1: Perumargin, I1; Namibianmud lens, II1; Gulf of California,IV;Mediterraneansapropels; 45 V-XI 2}
Lucky Strike(L151) 4 FREE , 43 5 BURE (7 B BRI 0~2.3~4.5~6.7~8.9~10,11~12,13~16cm 4k,
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Fig. 10 Comparison of enrichment factors of elements of phosphorus-containing mudstone of well

A in Lower Congo Basin with those of modern upwelling sediments and modern hydrothermal sediments
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Abstract

The Paleogene Madingo Formation in the Lower Congo Basin developeda set of phosphorus-containing
mudstone rich in organic matter. The overlying strata is silty mudstone of the Paloukou Formation, and
the underlying strata is ordinary mudstone of the Madingo Formation. The petrological characteristics of
phosphorus-containing mudstone, ordinary mudstone and silty mudstone are studied using thin sections,
scanning electron microscope, energy spectrum and surface scanning. Redox conditions of paleo-ocean
during the sedimentary period of the phosphorus-containing mudstone, ordinary mudstone and silty
mudstone are analyzed based on the test of primary, trace and rare earth elements. The phosphorus source
and the mechanism of phosphorus enrichment during the sedimentary period of the phosphorus-containing
mudstoneare evaluated by mathematical statistical methods such as correlation analysis and cluster
analysis. The results show that the microflora, mainly foraminifera,arewell developed in the phosphorus-
containing mudstone. Phosphate particles mainly exist in the form of colloidal aggregates in phosphorus-
containing mudstone. The water body was stratified and oxidized during the sedimentary period of the
phosphorus-containing mudstone. Cerium anomaly of the phosphorus-containing mudstone was mainly
related to phosphate minerals. The phosphate minerals with Cerium anomaly formed in the surface
oxidation water and precipitated in the bottom water. The bottom water was hypoxic-anoxic, resulting in
the enrichment of redox sensitive elements such as U and V. Phosphorus sources in the marine sedimentary
rocks include terrestrial sources, hydrothermal sources, biological sources, air sources and cosmic sources.
It is considered that the biological source is the main source of phosphorus in the phosphorus-containing
mudstone in the study area. Organisms play an indirect role in the process of phosphorus enrichment in the
phosphorus-containing mudstone, which is mainly affected by biomass and redox conditions. Biology is not
only the source of phosphorus, but also changes the redox conditions of the medium to release and

precipitate phosphorus from phosphorus-containing compounds.
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