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Abstract: Phosphorus (P) and aluminum (Al) are respectively recognized as a critical nutrient limiting element for biological
processes and a significant metallic element. Within the near-surface environment, rock weathering is the predominant mechanism
facilitating the release of these elements. Basalt, featuring abundance of phosphate mineral minerals (including basaltic glass and
apatite) and aluminosilicate minerals (such as feldspar and pyroxene), constitutes a substantial rock reservoir for both P and Al
elements. Despite the importance of these elements, a comprehensive understanding of the behavior of P and Al during basalt
weathering remains an area ripe for further investigation. To enhance the understanding of the chemical weathering process of
basalt, this study undertook a detailed examination of the weathering profile within the Emeishan Large Igneous Province(ELIP),
employing mineralogical, geochemical, and phosphorus form analyses. Additionally, by integrating published data on basalt
weathering profiles, the study explores the control mechanisms of physical erosion on the weathering leaching of P and Al
elements and analyzes the weathering-deposition mineralization effects related to the Late Permian period. The basal section of
Heishi weathering profile is characterized by a semi-weathered layer that is rich in primary minerals, including a substantial
quantity of feldspar. Relative to the basaltic parent rock, this layer exhibits a markedly enhanced degree of chemical weathering, as
indicated by Chemical Index of Alteration (CTA) values of 40 for the parent rock and a range of 72 to 83 for the semi-weathered
layer. The upper section of the profile comprises a soil layer that incorporates quartz, hematite, and various clay minerals,
reflecting an advanced stage of weathering, with CIA values that extend from 90 to 92. Utilizing the stability of Ti and
normalization to the parent rock for calculating the mobility of elements, the results indicate that there is a varying degree of loss of
Na, Ca, Mg, P, and Eu from the bottom up. Fe, K, and Ce show significant depletion in the semi-weathered layer but are
relatively enriched in the soil layer. Al is relatively depleted in the soil layer, while Zr is relatively enriched. The soil layer,
characterized by high quartz content and a low Ti/Zr ratio, likely indicates the influence of aeolian input from feldspathic dust. A
binary mixing curve was constructed based on the composition of the weathered black stone protolith and aeolian dust, revealing
that the weathering profiles have relatively low P/Ti ratios, while the Al/Ti ratio only shows a decreasing trend in the soil layer.
This pattern suggests that P is significantly (= 50%) leached during the early stages of weathering, and the state of phosphorus
in the residual soil undergoes a transition from dissolved phosphorus in the protolith to weakly adsorbed phosphorus and then to
strongly adsorbed phosphorus. Under extreme weathering conditions, Al can be partially (*>20% ) mobilized and lost through the
percolation and leaching of acidic fluids, Al-rich clay minerals, or complexes. The degree of weathering at the surface is
contingent upon the relative rates of physical erosion and chemical weathering. When erosion rates are high, a greater exposure
of weakly weathered rocks occurs, which favors the weathering and leaching of P. Conversely, when erosion rates are low, a
more extensive development of intensely weathered soil layers takes place, which favors the weathering and leaching of Al
Integrating the weathering trends of Late Permian basaltic mudstones in the western South China, it is posited that the
weathering and erosion conditions of the ELIP are significant factors controlling the weathering-deposition enrichment of P and Al.
Key words: Emeishan Large Igneous Province; basalt weathering profile; element behavior; dust input; sedimentary

mineralization; mineralogy; geochemistry.
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i/ TiH AR Y 18 % SiNa.Ca. Mg Al Fe K

1M, % 58 ) i+ 32 B I Ce 58 0 R B A
MW EMR L ICR T8, KL E B Ce 5
B[R] B R 2 I A b oT R e R (KT 3b).
P, 2 K AL JZ Fe A Ce B9 ik 26 1T fig 5 36 J5 4% 14
NEERR T W AN M A BIORE A 5E) (B R A R
A1 DL B R T B 3 0 KU AR A A OG, LR Y
Fe'" fl Ce’" HA KM Eshae Ji, Hh#m ok
Al LS K BT COS T\ HCO; \PO; (CL LA
Kb/ SO F S LML IE i 4% A ¥ F 5
BAE U AMEFHERITR (DR EE,
2004 ; fiH AR 4, 2009 ; Lara ez al., 2018). KA &I 1
SREE 5 Fe,O,, 2 IEAH & (R°=0.89) ,fH 5 ALO, &
AHEME(R*=0.01) , R WIM -0 R 5 Fe(2) A kY
AH G5 A R KAL) 2R E R TR AL
il (Ma ez al., 2007) , 1 AE 6 9 4 19 W B VR
4.2 RLF R LB N

DAk ) T R P T N S R B A A RUAE Ak 2
WP 20 %07 2 B AT B A R R i LAk T
W2 5 32 BN AMNIR Y i AR, 1 2 Y R
H AR %, o AR B ok U5 S AL R A R
P o 3R A KA IS D R R R 2R i AL R
Bl K2R Tz g m T A R R 2 ) R Ak
(Chadwick ez al., 1999), HHi# 2EREZE AR
PR T RARAF S, R R 7 G 2 XU 5 DX A X da
[A]RE it (Simonson, 1995). KBl XU2E 38 & /i A7 9 |
PRA (BB KA IS AN, Ao it

— AR T 20% (Arnold ez al., 1998) , Ho v 47 35 i
A (=B ) 2 U 2 A KUk 01 ef XU 2R 5 Y
B AR, JU AR Ak KA S 1 T AT B AR E A
TE I A1 5 2 P KR 1 B A R AE B ) (Kurtz ez al.,
2001). 7€ BF 5% 2 B 55 v 1) B R ¢ oA IRUAR ) T
hE&RM, BT MR ARNREER IS T L
+ 82 PR AE L 30% A I UKL (Kurtz et al.,
2001). [A]#E 26 A KU AR & T XRD &9 3 A R 1,
e WAL 2 AR BEORL, X 5 % iR R R T —
o, 0 A Z R E SR >15% B A B0k, SR
AN TR 2 aRA TR B RRAE . AR 312 KR 2 T
P R, AYTiF Ti/Zr AR R 7% H S 52 i
KB EFEMOBEE(E L), JTE AL Z R Ti—F
TE AL 2= KA v #8 HL A B 5 19 B M (Nesbitt and
Markovics, 1997), Al/Ti M Ti/Zr oA % F Sk 38
7~ UL W IR 4 (Maynard, 1992; Yang et al.,
2023). TEMFF X, kB 12 RS AT ) o 122 (Qi
and Zhou, 2008). 4 2 £ KAk 31 17 2 1 5 5 A A
AL JZ B9 AL/ TiHN T/ Ze Al %5 H B R T4 9
FEZRA AR, M T R A Ak, KAk
3 2 H A AR A AL/ Ti M Ti/Ze WAl 78 X i
AL i A, AR B RE A 8, S1O, 7 & ) pH
(B0 A G 09 88 3 (Ma et al., 2007 ; Babechuk
et al., 2014) , A7 WF 5% (9 KAk ) 1T, + 3 2 Si/
Ti b AE RN pH E (9 28 f6 A BT &, 58 7R 6055 1 1)
AR FE, B R WA AR Ti/Zr



wo M B L REREHITE PALE R TS il O PO X e~ IR OB RO I8 R 2 L 9707
=9 a O ELIP#TI % i % (Qi and Zhou, 2008) 052 b
O <20 pmi% +=(Hao et al., 2010)
+ TR 3 Juce
(Rudnick and Gao, 2003)
@ Ak T A% b
+uce WA T % R
20
E E o}
< ~
10 WA itk 2% 5
&
@o%
0 0.0 . g
0 0 50 100
Ti/Zr Ti/Zr
B 5 M Rk 2 w5 R A S B <720 pm 414010 Ti/Zr 5 AL/ Ti(a)F1 P/ Ti(b)yc # HAH ok A Hh 28 &

Fig.5 Binary mixing curves of Ti/Zr and Al/Ti (a) and P/Ti (b) element ratios of the parent rock and loess <20 pm components

in the Heishi weathering profile

UCC 8 F ¥ KBl b H17% (Rudnick and Gao, 2003)

Lo #0419 Th/Sce FE AR, i 26 4R 58 B A7 72 51 5
LT o A, bk i LIP R P okl
B AT AE K IE A VI X8 (Xu ez al., 2004 ;
Yang ez al., 2018) , TEHF 5T X I A M 88 R 14 1l
o, H XA B A T B 1% s sk 8 R
(Qi and Zhou, 2008) , iZ XAk & 1 /2 B % A
LA TE B, B 5T X B 3 O R & B At R 95 i
Py JoE A U5 BF S DX b [ P R R, £ A2 B R
Bili 95 R 2R 8 45 o 09 e 6 R T R FE YA A R R K T
(Porter and An, 1995), Z Z X & Gt T & & = &
ARG w8, W E ORI, IR
Ak R R, g T rh E T K
XAy Hb 2% 4 8 A1k K M Bk b 2E 3L R (L e
al., 20215 BRiL %, 2022) . R fE 76 3 g K2 Y8 X
MR B, X A KAk B 2 [
B A KBE XA S A CRRAE (Xiong et al., 2022).
A SCHEBURL AR <20 wm (19 8 140 43 (Hao et al.,
2010) 5 WAk 1 A9 )55 2 s A 8 Ti/Ze 5 AL/Ti
M P/TilH R ZoCIR A M 4 (B 5). XA % A n] L
A 0y i fire R PR KUk ) T A R Y s R
I Ti/Zr . EREEAREHEAELREAESXR
J 5 AR B T1/Ze L AE , 2% B KU iy A9 52 0 1%
M R TR ot A & B
N, 1R B XU B A BB Y AL/ T L
{6 (K 5a) , B -3 2 5o B A L2k KR 2 AR Y
Al/Ti b, X Al fig 5 AL T Ti B9 48 28 KAk ik
KA 5% (Nesbitt and Markovics, 1997; Young and

Nesbitt, 1998). 7& Ti/Zr-P/Ti H A8 &, 2 X4k
EM AR A RS AT P/Ti
{E, 2 P 7E b KAk o F2 rp HL G AR 58 04 76 3 1
R AL L3 B BRI & AR A A (D Sb)
43 ZRERKITE G P AIKTEB#M K

R A T A T LB A o 1 AR R S R
B Bl 25 XU R 386 0, 58 9 4 B 5 4 A Ca &6
A B THEE (Ca-P) & &t % 5 22k Kk 2
TR RIS, O L 1 1 2 v R AR G 3R A8 | 1 55 e
P IR 55 R R 2 W A 2 UK 2 v 38 B B KA L IF A
- HE 2 Ay B AR XUAR T R I L 8 e
i JCF iR A o A W o b G o (B % 38D 6b) |, It
H 2 R 8o & it 5 NaOH-P &% i 2 1F 4 3¢
(R*=0.70) , % ¥ Fe ALY 7] BE & + 58 )2 b T HL 6%
(3 B R X R R ZA AR s g
Ca-P, 4 53 Wi 56 4= 53 it ik 2k (Gardner, 1990) , {H 7F 2
A1 KAL) E R T S A 12%~26% (7 CaP,
XATRE S KA AWM DR S PTYA XK. LRAW
AR (A W E I S b B R TR RN e
Gy L T AR K B R PO RUAR B I AT
(Welch ez al., 2002). 1 5% B8 7 XAk &1 1 = i1 5 51
VS filk 25 Tl 1 T A R 55 W B S P i A RUAR R EE T R
RN 5 Fe- AVR ALY (EUA AR ) 45 A 1 i g B
A PIF M ELE L d (Syers ez al., 1970) . X LegR I
B S P AT AE A= W A A N B A8 Sy AR 4 n] WU P
RG2S 558 R 20 PIEI b 7E 2 A KAk &
1, BE CIA {H M3 K, X0 5 b i 4k 19 P/ Ti
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profile

PO A 52 B0 Be =y A8 AR AR, BRI B - S XU AR
B B3 A P s [ A ( CTA (B <80 ) il 21 XU Ak i Bz 114 2%
18 B (CIA {5 >80) (1&l 7a) . 7£ 2= B KB K FI I
Victoria il Galapagos 45 M 1) 2 i 57 4 A KU AR 1 1
(Nesbitt and Wilson, 1992; Hong ez al., 2023; Liu
etal., 2023), P HYXALHK K o B CTA (B3 AL 2
Ak 38 58 0 28 0 7 B AR A RRAE (8] 7a).
& CIA {H <80 By 1 4 — 2% WAL B Be, % 5l o Ji
o >50% 1 P kAR P XK Ik Ok s AR TR
CIA fH my s ZU AL + 38 2 v, P i F 2 A AL
B A T B LB, A BRI H B TRE .
JCE ALTE i 7K A B 558 v i BE A, 78 XAk
B PAAR ol 7 A ok AR b B R E Y Ak A A BT (Pok-
rovsky ez al., 2005) , A] I F3FAN HoAl o0 5 193 sl 1
(Hong et al., 2023 ). $K i 75 A dig KA 1 1R P 1 458 36
Bivh, ALTE A 33 v v ) 5 ik B G KB i 26 B )
JiE A 5 - A AHORL ) T Y IR 3R 2R Dl RS AR
KA E, dEm AOXU AR # i ok ¢ (Huang and
Keller, 1972; Young and Nesbitt, 1998). £ ## J F]
E. Toorongo & i< Jit KA 3 T, & ALZE 1 Uy 24 B B
K R I B AL/ T A &5+ 55 (Nes-
bitt and Markovics, 1997) , i 15 5% 21 XAk i £ 52 2
ALY 5 4500 B A B AL/ T (E . 8 A Rk
BT Y g R B T R e e R KA 2 R Y
AL/ TiHAA, SR A il ZAl HEH: AL/ T (B A B R
e 2 (K 6a). fE 1% B2 AR I 41 ) my BHE
AL RE LT Y, M KER Fe-Ti%
ey, B EA 5 CIA E MEAR K pH {H , 38 7~ R

PEZAE T B AR ot AP TR 25 .l e ] DA I, 2R )
T 8= AL/ T FE AR A R IR e AR X T Ti R A
O XAK T Bh 4 (Nesbitt and Markovies, 1997;
Young and Nesbitt, 1998; Zhang ez al., 2023). 3 H.
T Z A TOC R TN 5 85 i L &% pH EFEAR
7R A 2 A BIL BT E o 3 RN R 4 K ) N
Tl 25 W 3 Bl 3 5 A AL/ T EL B RE A, RHELE DS
ST IE B A1 2 0 & A AL R PR A5 14, (A5
ALTCE WTE S0 . w0 T e B % il KU i)
T Y IS Wk Dy, 338 23 v oA HIL S A BILTR 7Y 55 i
A LLAR A ALY I 2 1P 3 58 (Ma ez al., 2007). 5 5%
A AR 2L, K Bathurst Fll Koloa 5 % i 7
A B T i 20 A AL g 2l 2R IR Y AL/ T
It {H ( Craig and Loughnan, 1964; Patterson, 1971;
Hong et al., 2023). TEW) i~ 55 XA Y B, ik 22 XU Ak
TR 2 ALO, Y TiO, B9 IEAH G OG Z& | T 76 A i K
A6 B B 6 B ALAR X T 5 i # (& 7b) .
44 BELXAXNEEEBE_EHHXHL-TR
XA 30 R

25 A BB R I At b X2 A 0 RUAR B s
AL, PAE AU 5 R AR A 0 46 v 45 XU AR B B D
R PR K R 5 7 e RUAR B R A B s AR B B, T
A LA BEER 0 A5 8 2R DR A T 4 1 v i 2 T
) %4 % 1 (Young and Nesbitt, 1998), {H Al n] i i
B L B AW 55 AR BT 2 T R IR R AR T
AR TG Sk . R, R T PR AL 2
6 k5 3R 2 A 09 AR A Pl B2 v 2 AR B Y
XPRE R FR R B A A n s KA RS 5 iR E R
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models of basalt

B WEEE AR RS2 AR R A G, (AAEE
R 250 BB F ) B4R 1l % (Goudie and
Viles, 2012). &Y 2 1k 5 b2 KAk Z B fE 72 2
FUk Z , H W B b AU 285 ) 42 i 1T A7 SR M S
IR . 7EY) B Ih A0 A 3 X, b 3R A A A L8
FRF TR 2 47 5 58 1) Ak XU A, X DATE R 2 - g i
Z R - S KRS 7R W AR Ik 4R 55 1Y H
X, Hb 2% AT HEAT A T8 A Ak 2 Ak, AR TR
2 HEW K E AL T KA R Z (Brantley er
al., 2023). H T B R4 B T AL, B 0 4 3 AR ik R
A HE P ) K KAk R (Filippelli, 2002; Hart-
mann et al., 2014) ; 11 4525 4 BEAR foft R ) A5 A T
B ALZR S A W S5 AR T 2 B AR E (E
Tc.7d). 5 Y ELAZ ke AR OB S PR T], fk2E K
AR 011 5 ik 2 Pt /K 0 A Hb T B 26 48 U v O
T2 NHETE, RO R TE) R B BRSE AR A 7=

Z R KL TTALO, & it

Z A KR T A () CTA—(P,0./ TiO,) A 43 5 (b) ALO,=TiO, By 43 Fi s(c~d) & B AY P ALK AR ik 455 5
(a) CIA=(P,0O;/TiO,)y distribution; (b) ALO,-TiO, distribution of basalt weathering profile;(c—d) P, Al weathering erosion

B B E O 3% o0 R (Filippelli, 2002; Beusenet al.,
2005). TEMGVERME R, BWHASPRARZE T
PR 2 B AR I RRAE , IR AR OK 5 DT B A K
HEHHLP M Fe 568 P MEHAS PR, WiE#&
FEDUR ) TOURS FL Bt /K b 28 LA AR AT 8 i A 2E B
KA, INTTE s Py it Al e Bt it F14) (Filippelli,
2002). AN[E F P, ALY ¢ 08 B M 0 H 3 R Bl K
A FE S ALY Y AR DR R R ) T, (R
M2 Ve A 3 v W A TR W R AR Al (Jiang et al.,
2018). /i AWFFEIN R AL i Pk 5 + 58 pHAE %5 )
A2 (Huang and Keller, 1972), [a] i 4345 AL il
A E RS Y AL B E, R H 5
AP EBAT 35 A9 15 M ¢ (Jiang ez al., 2018). 78 i %
WAL it B b, AR AR AR T T R R AL, TR
R MRS - AR S A, R E
Al PR B AT E R M % W (Li and Johnson ,
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Fig.8 Changes in CIA of the basaltic mudstone of the Late Permian Longtan Formation in the northern margin of the Youjiang

Basin indicate the weathering-erosion pattern of the Emeishan LIP
KA TR 3 H AL ZK15916 19 U8 55 B e 12 B T X R AL A AR TR T EE K A Y RS BE B A U-Pb AR IR (Yang er al., 2022) , [ BB BR
T & (GLB) VREKF - KOXHI(WCB) I =& - = &2 (PTB) 3/ S £k i i # I B 4F i (Cohen ez al., 2013) . 18] 4L

7~ A FL Zk31917 Fi1 ZK 34381 1Y Jé A KU Ak i A (4 {0 F 4T 6 52 4% )

2016) . fR Tk 1 e R A WL W & A A PE Al(Jiang
etal., 2018) , H & &1 I AR 32 B ME B 40 0, R AE
I 3T X AR il 98 IX G = pH (4.1~4.5) (59 8 97 5 %
HEHL IR SR EN AT 5 OH . Si0, & & 7454
e = KA A ms % E AL
(Huang and Keller, 1972; Li and Johnson, 2016).
EWE St er ), REEBEBXEET -4
KA HY 2ZaA WAL - DEBUA &, LUk JE 1 LIP Oy
PR X, T8 B i A R4 T i 52 B R O VR 4RI
7K 2 b RR B9GP 2 45T 9 2H A5 b 290 S (He ez al.,
2007; Yang et al., 2012, 2014). 1£ % KAk —TTFLAK
Foh, BEAHE R RS A R E N AL e A M2
28+ w0 )2 (Zhou er al., 2013; Yang et al.,
2023) ; Ju TR 20 5 B A I A R AR, T BB LAY
HAR AT £, midh- s aRE2w 52,
F Ol 22 A 1) b AR R B = fA 0 UT BRLEE [B1 (Yang et
al., 2023); MIR/K WAL FH £ e e
B ol A, HEh- I EF A Z2E R PO, & i
(3% ~15%) W B EAFUHRR AT U . R Tk
T 20 U8 A XU AL Hl BR AE 2% B BF9Y, Yang ez al.
(2022, 2023) %t JE 111 LIP 5 X (1) % i 5 4= b e
AT, 00 A2 KAk s B (g b2 KUk &R
BOCIA M, K 8) By e T4 350 %o oF T 45 I G UL IX
12 Il R (<2200 tokm ea '), 1 B2 AK 1k 2 XU AL R
JE R CTA A, Bl 8) 1) i V& 21w — I 35 0 %o )i

T4 A TR X A2 il 2R (=280 tokm *ea ). K HE
SCHT A Y ALLP AL IE RS B, FE g — S
W, A 1L LIP R bl XN R BRI L £
2, AR ALR AR RS 5 i i — & i rh -
1700 I 7 S 1 L O A = B2/ £ B I (A W A i3 <]
HHEE, AR T PRI, i AR R
fiffe P 3B A X — R 5 Bl A AL R B E AL
J 25 FER KA S 21 13 & E PRI Al
SR A RLE ) — B, It ALP 89 XU AR Ik 2K A i
R B Xk TA TR TR S R b X M B i R DR
RSP AL PHITHE EVEEAEEE L.

5 45t

L R T Ve g A il T N R S R R
JE I 2 RUAR 2, 1 Sk A A i R Ak i B Y+ A
2, TR0 W) MRk sA s AL oy b AT B AR
BT Tiny o 2 WAL TG s PR 53 B 3R B, Na . Ca Mg ..P
M Eu A N ¥k AERFERER XK, Fe K Ce
P21 AR 2 & A 3 2 A b 12 v 5 A )
A ALFE 88 2 3 BRI X 5 41T Ze D) 2 AR X
RN KA JE 2 Y A s s RIR T/
Zr LA 7R T W] g2 2R SRR By A2 L L TR
A1 AR A AR SRR AR, FILHT TR Ze (1 24 52
SEMEM AT ZoniR A Hh 2k, A& B A ) I 34 H A A
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ok AV A . 3% B 422 o o e s o S B O 22 55 MU Ak
SRR N TR S o Sl I AR NP - B 2 (12
H 2 am Z0 K 582 10 AT A F AL AR 2k
g5 4 W St R A | e TR 2 RN 4 4 4 A AR D
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