F3TEHE 2 M 5O Vol.37, No.2, 136-150
2021 4£ 6 A South China Geology June , 2021

doi:10.3969/j.issn.2097-0013.2021.02.002

BEitEEIRENLEd T L EMIKEFESTR
B AR

waHE N FE m T RET L HERC, K]

F

SHI Qi-Qi'?, LI Xiang""", ZHANG Zong-Yan’, XIE Guo-Gang’, CAO Guang—Yue’
(1. FPERFAFRFR AR, T 1000372, FEMARF (T ), LT 100083;
3. F B A E B KSR E P, K I 430205)
(1. Graduate School of Chinese Academy of Geological Sciences, Beijing 100037, China ;
2. China University of Geosciences, Beijing 100083, China ;
3. Wuhan Center of China Geological Survey, Wuhan 430205, Hubei, China )

TEE Vg S AU A E0 DU 22 KL o A X T B 20 o AR Al e 1 R b [X 2 — , o F B BT e B R D0 3 s R Ab 21 7
N BAT BB AR BRI T N i 230 K s B - R, RERITIZIX e F R 556 o0 E 0 R
HE BT R, Z A WL TR TR e R A Y L) Si0,.ALO,. TFe,0, b &, =& M 73.62% L, MgO.Ca0O.Na,0 Fl
K,O SRETMIRIA IR o bR ATt AT LA X A ARG AR, FET I L UG R XU 2 35 S XA, CIA (i
LA T8RO Z 0T 91.0 BULE, HFEHE CIA g, > ClA 0y s 5> ClA o o> CIA quy FEIUA I L AERS 1, KU TR B 5 A YT
GBI, TCU SR THT b 430 040 b SR F0 T - 3ERE B, 3 B 1 s AR A A BT =, Bu 5% N 3, )17 1 3eRE iy S REE
5 CIA Z [a] 2B FARIC AFIAR L A KL B 20 21 Ce IR, FTRE 5B X AL T M IR AR X, 25 B X

ALRTEVE A 5%,
KA U R HER b A2 E AR TR R A s KA Bt
hE 4 ZEE: P512.1;P534.63 XERARIRAD : A N EHE:2097-0013(2021)02-0136-15

Shi Q Q, Li X, Zhang Z Y, Xie G G and Cao G Y. Geochemical Differentiation and Genesis of Vol-
canic Rock Weathered Soil from the Downstream of the Nandu River on Northern Hainan Is-
land. South China Geology, 2021, 37(2):136-150.

Abstract: The Quaternary volcanic region on northern Hainan Island is one of the most active areas of
weathering in China, and is of great significance for understanding the element geochemical behavior during
the basalt weathering. We analysis the major and trace element compositions of both subsoils from different
periods of weathered basalts and soil samples from typical weathering profile in the downstream of the Nandu
River on northern Hainan to investigate their differentiation mechanism. It is found that the major elements

of volcanic weathering soils are SiO,, Al,O, and TFe,0, with the total content of more than 73.62%, and their
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MgO, Ca0, Na,O, K,O were strongly leached. Except for the weathered core soil samples of the Holocene
Shishan Formation basalts, the other subsoil samples derived from different periods of volcanic rocks were
extremely weathered, and their CIA (chemical alteration index) values are all higher than 91.0 with the aver-
age CIA value trend of CIA(Qp2d1)>CIA(szdz)>CIA(Qp3d2)>CIA(Qm), which indicates that the older soils underwent
more weathering. Besides, both the regional subsoil and soil samples from the profile of the weathering ba-
salts share the similar REE characteristics, such as right-lean pattern of LREE enrichment and insignificant Eu
anomaly, and negative correlation between REE and CIA values on the profile. The significant positive Ce
anomaly in both the subsoil and soil samples from the different basalt weathering profiles might be correlated
with the strongly weathering and leaching under the tropical hot humid climate of northern Hainan Island.
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Fig. 1 Geological sketch of the study area
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Fig. 2 Representatives ubsoil sampling sites and basalt—weathering profile
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Table 1 The major (%) and REE (10™*) compositions of subsoil and soil samples from weathering
basalts in different periods
LA (QpdH
FES DA-31 DA-32 DA-34 DA-35 DA-36 DA-37 DA-38 DA-39 DA-40 DA-41
SiO, 33.34 40.16 33.91 35.63 34.78 29.79 25.90 27.01 27.04 29.60
TiO, 4.72 3.97 5.71 5.32 6.49 6.18 5.95 6.14 5.97 5.17
AlLO; 25.77 21.47 24.23 25.25 23.89 24.90 27.61 22.74 26.93 26.50
TFe,0, 20.27 18.08 20.14 19.61 20.37 22.84 23.19 26.19 23.10 22.46
MgO 0.26 0.25 0.27 0.25 0.31 0.30 0.26 0.30 0.25 0.27
MnO 0.20 0.15 0.18 0.18 0.21 0.15 0.28 0.21 0.18 0.18
CaO 0.03 0.06 0.04 0.04 0.02 0.05 0.02 0.16 0.03 0.04
Na,O 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.04
K,0 0.17 0.10 0.12 0.11 0.10 0.10 0.12 0.12 0.12 0.16
P,0O; 0.24 0.17 0.21 0.13 0.17 0.21 0.21 0.39 0.24 0.55
LOI 14.07 14.76 14.50 12.48 12.77 14.36 15.61 15.56 15.40 14.44
SUM 99.11 99.21 99.34 99.03 99.14 98.91 99.18 98.86 99.29 99.41
CIA 99.08 99.08 99.22 99.29 99.38 99.28 99.39 98.61 99.34 99.10
La 19.40 18.60 19.30 30.60 20.20 22.30 18.00 21.60 16.80 17.90
Ce 70.60 62.40 86.10 114.00 74.20 78.80 89.70 78.50 86.30 75.20
Pr 4.63 4.83 4.71 7.54 5.02 4.99 4.53 5.00 4.08 4.19
Nd 19.00 20.40 19.90 32.00 21.50 20.30 19.40 20.40 17.60 17.20
Sm 4.74 5.41 4.69 7.53 5.36 4.80 5.16 4.97 4.59 4.10
Eu 1.44 1.56 1.32 2.14 1.45 1.29 1.42 1.36 1.25 1.18
Gd 391 4.68 4.09 6.57 4.82 4.11 4.17 4.25 3.81 3.47
Tb 0.64 0.71 0.67 1.03 0.72 0.63 0.69 0.65 0.54 0.58
Dy 3.68 3.98 3.88 5.87 4.14 3.61 3.74 3.71 3.15 3.25
Ho 0.71 0.71 0.76 1.09 0.77 0.69 0.75 0.71 0.64 0.63
Er 1.89 1.84 1.96 2.86 1.97 1.80 1.97 1.88 1.73 1.59
Tm 0.27 0.26 0.28 0.38 0.28 0.25 0.28 0.27 0.25 0.23
Yb 1.65 1.62 1.84 2.36 1.75 1.56 1.73 1.68 1.54 1.46
Lu 0.26 0.25 0.28 0.37 0.28 0.25 0.25 0.25 0.23 0.23
Y 15.70 15.90 16.30 25.10 16.50 15.20 15.00 14.80 14.10 13.20
YXREE 132.82 127.25 149.78 214.34 142.46 145.38 151.79 145.23 142.51 131.21
LREE 119.81 113.20 136.02 193.81 127.73 132.48 138.21 131.83 130.62 119.77
HREE 13.01 14.05 13.76 20.53 14.73 12.90 13.58 13.40 11.89 11.44
L/HREE 9.21 8.06 9.89 9.44 8.67 10.27 10.18 9.84 10.99 10.47
JOEu 0.99 0.93 0.90 0.91 0.85 0.87 0.91 0.88 0.89 0.93
oCe 1.77 1.58 2.15 1.79 1.76 1.76 2.37 1.78 2.48 2.05
(La/Yb)y 8.43 8.24 7.52 9.30 8.28 10.25 7.46 9.22 7.83 8.79
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ik 1
Ot (Qpidh 0t (Qp'd) 0t (Qp'dH)
M DA-42 DA-43 DA-44 DA-45 DA-46 DA-47 DA-48 DA-28 DA-30 DA-85
Sio, 29.88 29.37 27.65 32.92 27.53 32.14 27.52 38.74 31.36 36.26
TiO, 6.87 9.21 6.30 7.00 535 8.32 8.46 5.68 4.81 4.09
ALO, 20.59 24.28 26.65 24.24 28.02 23.53 20.67 13.30 25.57 18.84
TFe,0, 24.61 22.59 23.35 20.95 22.79 19.74 25.43 25.65 22.43 22.29
MgO 0.38 0.35 0.26 0.29 0.23 0.32 0.37 3.25 0.27 2.46
MnO 0.31 0.17 0.24 0.18 0.21 0.15 0.23 0.40 0.18 0.35
Ca0 0.40 0.04 0.01 0.02 0.01 0.03 0.03 0.74 0.04 0.91
Na,0 0.05 0.04 0.03 0.04 0.03 0.04 0.04 0.15 0.04 0.26
K,0 0.16 0.10 0.10 0.20 0.14 0.18 0.10 0.43 0.11 0.24
P,0; 0.35 0.21 0.21 0.33 0.21 0.27 0.28 0.81 0.24 0.43
LOI 15.46 13.51 14.65 13.15 14.86 14.23 15.89 10.31 14.15 13.70
SUM 99.06 99.87 99.45 99.32 99.38 98.95 99.02 99.46 99.20 99.83
CIA 97.12 99.26 99.48 98.94 99.36 98.95 99.18 90.97 99.26 93.04
La 18.60 21.00 24.10 21.50 25.70 19.90 19.30 44.00 26.40 12.70
Ce 85.90 87.10 100.50 84.90 93.70 61.20 86.50 114.30 79.90 49.60
Pr 4.14 4.92 5.88 4.91 6.59 4.46 4.50 10.03 6.25 3.53
Nd 17.00 20.60 24.80 20.40 28.00 18.00 18.50 40.50 25.60 15.00
Sm 3.88 5.04 6.20 4.82 7.10 4.11 4.43 9.08 6.52 3.94
Eu 1.08 1.40 1.97 1.32 2.07 1.10 121 2.69 1.96 1.13
Gd 3.66 4.16 5.65 4.20 6.44 3.92 4.07 6.69 5.15 375
Tb 0.56 0.64 0.86 0.65 0.97 0.62 0.65 0.99 0.75 0.59
Dy 3.19 3.77 4.86 3.85 5.40 3.68 3.67 543 4.16 3.41
Ho 0.62 0.73 0.88 0.75 1.00 0.75 0.69 0.96 0.83 0.63
Er 1.65 1.98 2.24 1.89 2.43 1.95 1.88 2.29 2.23 1.57
Tm 0.23 0.29 0.30 0.27 0.34 0.28 0.28 0.30 0.31 0.21
Yb 1.42 1.92 1.92 1.76 2.16 1.79 1.76 1.72 1.98 1.34
Lu 0.22 0.29 0.29 0.27 0.32 0.27 0.28 0.28 0.32 0.20
Y 13.50 15.80 19.20 15.50 21.50 16.80 15.60 22.50 18.50 14.20
SREE 142.15 153.84 180.45 151.49 182.22 122.03 147.72 239.26 162.36 97.60
LREE 130.60 140.06 163.45 137.85 163.16 108.77 134.44 220.60 146.63 85.90
HREE 11.55 13.78 17.00 13.64 19.06 13.26 13.28 18.66 15.73 11.70
L/HREE 11.31 10.16 9.61 10.11 8.56 8.20 10.12 11.82 9.32 7.34
OEu 0.86 0.91 1.00 0.88 0.92 0.83 0.86 1.01 1.00 0.89
dCe 2.30 2.03 2.01 1.95 1.72 1.53 2.19 1.28 1.47 1.79
(La/Yb)y 9.40 7.85 9.00 8.76 8.53 7.97 7.87 18.35 9.56 6.80
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L4 (Qp'd)
5 DA-86 DA-87 DA-89 DA-90 DA-96 DA-98 DA-99 DA-100 DA-72 DA-102
SiO, 38.39 35.68 44.17 46.30 45.11 38.79 38.09 40.72 43.19 38.98
TiO, 4.46 4.30 4.24 3.46 4.54 5.39 4.20 533 4.58 4.71
AlLO, 19.01 21.00 17.09 18.19 15.90 15.88 17.22 16.26 15.88 22.32
TFe,0, 22.23 22.30 19.20 16.10 20.69 22.61 21.36 2191 22.09 17.72
MgO 1.96 0.76 0.82 0.75 1.15 2.41 2.14 1.48 1.93 0.41
MnO 0.36 0.29 0.31 0.22 0.38 0.46 0.43 0.39 0.38 0.11
CaO 0.75 0.33 0.41 0.54 0.42 0.62 0.52 0.86 0.62 0.39
Na,O 0.24 0.11 0.22 0.23 0.18 0.28 0.26 0.28 0.24 0.12
K,0 0.20 0.18 0.41 0.48 0.24 0.40 0.30 0.29 0.23 0.33
P,Oq 0.34 0.30 0.24 0.23 0.33 0.39 0.33 0.48 0.32 0.60
LOI 11.60 14.09 12.54 12.74 10.47 12.20 14.08 11.39 9.84 13.69
SUM 99.54 99.34 99.65 99.24 99.41 99.43 98.93 99.39 99.30 99.38
CIA 94.11 97.13 94.26 93.57 94,98 92.43 94.10 91.92 93.58 96.37
La 12.90 18.40 28.20 24.60 15.10 21.30 18.90 16.80 15.00 38.30
Ce 47.40 61.60 73.40 64.40 58.60 77.50 63.70 59.60 51.50 72.30
Pr 3.48 4.93 7.00 6.12 3.92 5.01 4.67 4.54 391 7.88
Nd 14.70 20.20 28.20 24.50 15.70 19.70 19.30 18.80 15.90 34.40
Sm 3.90 5.24 6.11 5.65 3.85 4.44 441 4.52 4.00 7.45
Eu 1.25 1.68 1.73 1.66 1.14 1.41 1.27 1.52 1.27 1.90
Gd 3.94 5.17 5.85 545 3.86 442 4.56 4.36 4.02 5.84
Tb 0.61 0.82 0.90 0.84 0.61 0.70 0.74 0.70 0.64 0.88
Dy 3.52 4.67 5.27 4.77 3.59 3.65 4.01 3.94 3.52 4.77
Ho 0.65 0.86 1.05 0.90 0.69 0.71 0.78 0.76 0.70 0.89
Er 1.70 2.20 2.69 2.29 1.74 1.82 2.01 2.03 1.83 2.27
Tm 0.23 0.32 0.37 0.32 0.25 0.26 0.29 0.30 0.27 0.32
Yb 1.45 2.01 2.23 2.07 1.61 1.62 1.85 1.86 1.73 1.81
Lu 0.22 0.30 0.35 0.31 0.24 0.24 0.28 0.29 0.26 0.25
Y 15.00 21.20 25.00 23.00 16.50 17.60 18.30 19.10 16.10 21.00
XREE 95.95 128.40 163.35 143.88 110.90 142.78 126.77 120.02 104.55 179.26
LREE 83.63 112.05 144.64 126.93 98.31 129.36 112.25 105.78 91.58 162.23
HREE 12.32 16.35 18.71 16.95 12.59 13.42 14.52 14.24 12.97 17.03
L/HREE 6.79 6.85 7.73 7.49 7.81 9.64 7.73 7.43 7.06 9.53
OEu 0.97 0.98 0.87 0.90 0.89 0.96 0.86 1.03 0.96 0.85
oCe 1.70 1.55 1.24 1.25 1.82 1.78 1.61 1.64 1.61 0.97
(La/Yb)y 6.38 6.57 9.07 8.52 6.73 9.43 7.33 6.48 6.22 15.18
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gk
1+ (Qhs) #ITH YX02(Qp’d") HITH YX04(Qp*d")

FEe DA-76 DA-101 YX02-0 YX02-20  YX02-40 YX02-80 YX04-0 YX04-20 YX04-80 YX04-140
SiO, 43.84 49.72 35.54 35.52 35.22 44.24 34.65 35.32 33.88 31.99
TiO, 5.13 2.05 3.68 5.00 4.71 2.64 5.09 532 4.80 4.53
ALO, 12.84 1427 2298 23.13 23.74 19.72 25.30 2452 26.56 27.70

TFe,O, 24.09 13.84 18.58 20.90 20.67 15.29 20.14 20.11 19.86 20.78
MgO 2.77 7.55 0.93 0.78 0.77 5.29 0.23 0.23 0.21 0.26
MnO 0.44 0.19 0.36 0.37 0.36 0.22 0.20 0.25 0.15 0.19
Ca0 0.59 7.03 0.65 0.22 0.23 333 0.05 0.09 0.05 0.07
Na,O 0.38 2.32 0.16 0.10 0.11 1.22 0.03 0.03 0.01 0.03
K,0 0.51 0.85 0.21 0.15 0.14 0.50 0.17 0.16 0.17 0.15
P,O4 0.54 0.27 0.39 0.32 0.31 0.39 0.28 0.33 0.22 0.26

LOI 8.22 2.07 15.90 13.01 13.12 7.20 13.84 13.58 13.30 13.65
SUM 99.35 100.16 99.38 99.50 99.38 100.04 99.98 99.94 99.21 99.61
CIA 89.66 58.32 95.8 98.0 98.0 79.6 99.0 98.9 99.1 99.1

La 24.10 16.60 39.6 37.3 38.5 89.2 23.5 25.2 22.6 253

Ce 70.70 36.90 84.5 84.7 87.6 85.2 66.4 71.1 68.3 88.6

Pr 5.54 431 9.10 9.01 8.99 21.9 5.55 5.69 6.08 6.93

Nd 21.60 18.30 38.8 38.0 36.9 91.8 22.7 23.5 24.4 29.0

Sm 5.28 457 9.82 9.35 8.90 22.0 5.59 5.90 6.01 721

Eu 1.44 1.56 3.22 3.01 291 7.19 1.72 1.81 1.84 2.16

Gd 4.40 4.90 9.30 8.76 8.50 21.4 5.46 5.46 5.54 6.51

Tb 0.73 0.75 1.43 1.34 1.30 3.03 0.84 0.84 0.91 1.04

Dy 4.16 423 7.71 7.21 6.99 15.80 4.57 4.73 4.83 5.53

Ho 0.83 0.76 1.38 1.27 1.24 2.72 0.85 0.91 0.90 1.00

Er 2.10 1.96 3.53 3.29 3.20 6.53 222 2.30 227 242
Tm 0.30 0.26 0.47 0.43 0.43 0.79 0.31 0.32 0.31 0.33

Yb 1.93 1.53 2.73 2.63 2.62 4.52 1.95 1.99 2.01 2.11

Lu 0.29 0.22 0.38 0.37 0.37 0.62 0.29 0.31 0.30 0.32

Y 19.60 20.40 36.6 32.0 32.6 72.7 22.1 22.1 22.1 23.7

~REE 143.40 96.85 211.97 206.67 208.45 372.70 141.95 150.06 146.30 178.46
LREE 128.66 82.24 185.04 181.37 183.80 317.29 125.46 133.20 129.23 159.20
HREE 14.74 14.61 26.93 25.30 24.65 55.41 16.49 16.86 17.07 19.26

L/HREE 8.73 5.63 6.87 7.17 7.46 573 7.61 7.90 7.57 8.27

SEu 0.89 1.00 1.09 1.13 1.15 0.47 143 1.46 143 1.64
oCe 1.44 1.04 1.03 1.02 1.02 1.01 0.95 0.97 0.97 0.96

(La/Yb)y 8.96 7.78 10.40 10.17 10.54 14.16 8.64 9.08 8.07 8.60
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ik 1
T #|H CMPO5(Qp’d") F i CMPO3(Qp’d™)
B CMP05-0  CMP05-20 CMP05-60 CMP05-140  CMP03-0  CMP03-20 CMP03-60 CMP03-100 55
SiO, 39.82 38.83 38.18 34.62 38.48 38.35 38.36 37.61 51.31
TiO, 2.70 2.77 2.79 2.94 5.20 5.13 4.97 522 2.03
ALO, 25.23 26.26 27.24 28.96 23.31 24.07 22.98 22.95 13.93
TFe,0, 16.70 17.31 17.85 18.86 19.17 18.90 19.57 19.59 11.87
MgO 0.15 0.13 0.13 0.12 0.22 0.20 0.22 0.23 7.31
MnO 0.09 0.08 0.09 0.12 033 0.26 0.43 0.39 0.13
CaO 0.03 0.02 0.02 0.01 0.09 0.06 0.06 0.07 8.52
Na,0 0.03 0.03 0.03 0.04 0.04 0.03 0.04 0.04 3.10
K,O0 0.17 0.15 0.16 0.17 0.16 0.17 0.12 0.12 1.23
P,0; 0.13 0.10 0.10 0.09 0.25 0.26 0.28 0.26 0.38
LOI 15.24 14.26 13.46 13.83 12.70 12.41 12.51 12.85 0.36
SUM 100.29 99.94 100.05 99.76 99.95 99.84 99.54 99.33 100.17
ClA 99.1 99.2 99.2 99.2 98.8 98.9 99.1 99.0 52.0
La 11.2 11.3 10.3 17.8 24.4 19.3 259 30.4 21.3
Ce 49 4 522 50.4 725 92.8 86.1 91.4 87.8 42.9
Pr 3.03 3.02 2.98 5.55 5.65 4.49 6.15 7.14 5.27
Nd 11.9 11.7 10.7 19.9 224 17.1 23.6 27.9 21.9
Sm 2.97 2.78 2.54 4.82 5.05 391 5.55 6.42 5.36
Eu 0.69 0.67 0.63 1.20 1.53 121 1.74 2.05 1.87
Gd 2.98 2.21 2.05 3.76 4.66 3.60 5.21 6.01 5.45
Tb 0.53 0.38 0.36 0.58 0.73 0.59 0.84 0.94 0.81
Dy 3.49 2.33 2.21 3.33 4.15 3.36 4.51 5.10 4.27
Ho 0.75 0.50 0.47 0.71 0.76 0.66 0.86 0.94 0.76
Er 2.11 1.42 1.34 2.10 2.01 1.76 2.30 2.42 1.83
Tm 0.31 0.21 0.20 0.32 0.32 0.26 0.34 0.35 0.24
Yb 1.97 1.42 1.34 2.09 1.89 1.66 2.01 2.15 1.36
Lu 0.30 0.23 0.22 033 0.27 0.25 0.28 0.29 0.19
Y 20.7 12.3 11.6 15.6 19.9 16.3 21.2 23.7 19.6
SREE 91.63 90.37 85.74 134.99 166.62 144.25 170.69 179.91 113.56
LREE 79.19 81.67 77.55 121.77 151.83 132.11 154.34 161.71 98.65
HREE 12.44 8.70 8.19 13.22 14.79 12.14 16.35 18.20 14.91
L/HREE 6.37 9.39 9.47 9.21 10.27 10.88 9.44 8.89 6.62
JEu 0.71 0.83 0.84 0.86 0.96 0.99 0.99 1.01 1.06
oCe 2.08 2.19 2.23 1.79 1.94 2.27 1.78 1.46 0.99

(La/Yb)y 4.08 571 5.51 6.11 9.26 8.34 9.24 10.14 11.20
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Fig. 3 Chondrite—normalized REE distribution patterns of the subsoil samples
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Fig. 4 Chondrite-normalized REE distribution patterns of the soil samples in the weathering profile of basalt
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Fig. 5 The average CIA values of subsoil samples from different

periods of basalts
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Fig. 6 Correlation plots of CIA value vs Mg0,Ca0, Na,O and K,O contents of soil samples from 4 basalt weathering profiles
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Table 2 The average relative migration rate of elements in the subsoil samples from different periods of basalts

$i0, TiO,  ALO,  TFe,0, MgO MnO Ca0 Na,0  P,0, K,0
Qp’d'(n=17) -3991 209.82 7622  86.16 -96.04 57.09 -99.30 -98.84 -78.98  —66.07
Qp’d*(n=2) -31.69 157.86  39.53 10249 -7594 127.12 9542 -96.94 -57.17 -29.1
Qp'd(n=11) —21.04 12034 2896 7497  -79.78 16200 -9320 -92.91 -7041 -21.34

Qhs(n=2) -883 7650 268  59.75  -2945 14669 -5526 -56.48 -66.96  78.29
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Fig. 7 The diagram for average relative migration rate of elements in the subsoil samples from different periods of basalts
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Fig. 8 The diagram for relative migration rate of elements in the soil samples from basalt weathering profile of different periods
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Fig. 9 The CIA value vs % REE plots for soil samples from basalt

weathering profiles
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