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Fig.1

China winter ( December—February) mean 500 hPa and 1 000 hPa wind fields and locations of sampling sites
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Table 1 Description of core
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Fig.2 Variation of grain size parameters of the first hard clay in Qingpu, Shanghai, Xiashu loess in Nanjing

and suspended particle in Yangtze River
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Fig.3 (A) grain size distribution; (B) grain size cumulative curves of the hard clay and Xiashu loess
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Fig.4 Heat map of grain size distribution (after center-log-ratio transformation) of the first hard clay,
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Table 2 Verification of discriminant function

_ PRI R E
N AR AR R SRS
NARAF HEh 2 F T AR SRS KR KR %
e W AR TR R0 XUk 8 88 10 31 e PR =SS IiY k7] 25 K 0 25 100
] T AT U 5 XU TR 8 140 3 R LSAR=SER Y L) 25 IR, 9 16 64

) B IR BREE , S Br 14 Jir EA A RS2 HLA P 2R 114
T S5G KL= AT IR BT AL TR+
ER AT RE 2 A IR AR FH A2 R, R AR AT REZ s T
KA BRI WP 345 it 3 7 DR A BRI

R —br i D 22 2 (8] 6) AT LA H AR A
& AR WL A X A H AR 2,
W BT , L2 70 AR JRE 0 A AR, 2 ] — 35 A7 A
PIAREPEN T, BACA T KU 5 (P 1) L gt
DX Rl RUBRLY) BE S R ], B T
il X A2 o 28 P URIMR 23 P AL R R, 25 b
R HT , RIE = AN o — R TR 25 T Ay
e P XU I 2 IR ] XU R S AR

4 #Ep

(1) 55— A+ 2R B LR LAY by 32, Bk
W2 PR /b B AN A 2R 4L R —
FEPRAR A FITE 11.47 ~26.96 pm Z[H], V-3 {H
9 17.82 wm ISR RO 1.53, 711k 2% . R
RO IE AR A, o 4 5 B TP 1) B AR BB 43
A7 s A5 B A B S B A0 A O RRAE A 2 ok
FROE ST &8 ARRL, B KA TTRR:

(2) AT B KBTS 7K R AR e A
SR, U B R B ST S T a2 Ak AR AR
B A3 AT BRI M B LR R, AN [R) F DAFE A T v
JEUURTRR X 3800 43,y RS AE TR 24 5 vh
PEATHT LS, DR A5 R RAE Z AT B A4t
UURAIEERT, &L Az 2 Fh 208 it B r ik
AT LAaRE G R TG TR (5 3 65 SR T v

(3) BRIk 7 + 55 MR XU TR T 4
B AR VA R — 28 RV TR R ) B ol —
25 KRR+ 5T &8 LR AHE . kRS B
AR I Nt 19 L e w = ST B2 Dl D W A s
FEMAZ BNRAER HUFOKRPERI T, 456 3RA
W3 R —hr O 22 T 4k, FRATA I =AM
T T T e B T wial S SR S R =Y
o il 1 XU PR HE AR

it RMAEFRERLTEZROFR/EL;

Rl 9 3R 0T 09 3F 3 TAR , ROl FRAR R 5T 48T 68
FAF LA B TAE R )T X R ITHL R AR AR P 4
Fog Bl BT R R B M T Lk L
AR PO By BT R B P U R R P A T 0Y
3,

2 2% L HK ( References)

(1] R, KIT=MAE TR S M. L AR R
WA= IR, 1999 1-170. [ Zheng Xiangmin. Aeolian deposition
and environment in Changjiang Delta and extending sea areas[ M |.
Shanghai; East China Normal University Press, 1999 1-170. ]

(2] ASFER ™K. AR UK 95 AL JEURI AR 8 36 DX A L2 3 90
LI, 5B UL 5T, 1995, 15(3) : 258-266. [ Zheng Xiangmin,
Yan Qinshang. Aeolian loess deposition during the last glacial period
in the northern Jiangsu Plain of the Yangtze Delta and western areas
of the Yellow Sea and the East China Sea[ J]. Quaternary Sciences,
1995, 15(3) : 258-266.]

(31 BRdREs, ZESe, Ml iA . VT = A PN 6 3 A5 50 i R < RS
SR HIHE[T]. S H L L T, 1991,11(2) :37-46.
[ Chen Baozhang, Li Congxian, Ye Zhizheng. Holocene bottom
boundary and “ Hard Clay Band” in the northern flank of the
Changjiang River Delta[ J]. Marine Geology & Quaternary Geology,
1991, 11(2): 37-46.]

(4] 2R, UNEH, S50, 45, 0N 38 T30 I RS L st R Ak 24 AR
KAILRHE L[], Hubk 5 5088 ,2010,38(4) : 449-455. [ Liang
Li, Shi Yuxin, Dai Xuerong, et al. Geochemical and genetic signifi-
cance of hard clay in the central area of Chenghu Lake ( Suzhou),
Jiangsu province, China[J]. Earth and Environment, 2010, 38
(4) . 449-455.]

(5] HSHER, Arsz . i s DX BT HE e 00 i 4 (A 2 KURRL B
FRCEHEVE[T]. BT, 1991(2) : 13-21. [ Zheng Xiangmin, Yu
Lizhong. Aeolian deposit genesis of dark-green hard clay as Holocene
basement strata in Shanghai region [ J]. Shanghai Geology, 1991
(2):13-21.]

(6] BRDSE 2 I Je. (VT = A YN Hb DX 6 i T AT )22 1l PR B 5
[J]. PRl 1998 ,18( 1) :53-57. [ Chen Qingqiang, Li Congx-
ian. Studies on origin of the Late Pleistocene stiff clays at the Yan-
gtze Delta[ J]. Scientia Geographica Sinica, 1998, 18(1) ; 53-57.]

(7] BRPSE, INAIST 22 A Je. A T1 = #A P Re 38 60 SE oy - 98 J
JRAFREE [ )], [ B R 2 4, 1996, 24 (1) : 33-37. [ Chen
Qingqiang, Sun Heping, Li Congxian. Late Pleistocene paleosols
and soil-forming environment at the southern flank of the Yangtze

Delta[ J]. Journal of Tongji University, 1996, 24(1); 33-37.]



122 TR A= 14 %371%

[8] QinJ G, Wu G X, Zheng H B, et al. The palynology of the First J AR DTA R AT[J]. DIAR2AHR,2015,33(4) ;. 724-734.

Hard Clay Layer ( Late Pleistocene) from the Yangtze delta, China [ Li Dongyi, Xu Yonghang, Wang Aijun, et al. Analysis of surface
[J]. Review of Palaeobotany and Palynology, 2008, 149(1/2) . sediment grain size characteristics and modern sedimentary process
63-72. in Fujian Anhai Gulf[ J]. Acta Sedimentologica Sinica, 2015, 33
(9] Arilot, Bl #, Pk di, 5. b3 4t D58 DO 20 41 )22 5 oy <A (4): 724-734.]
[J]. B2 4z, 1980, 25 (5) : 220-223. [ Zhu Shuzhen, Chen (197 ki, SEARB, 1 H %L, 45 SV 74 R 8 3R )2 DURR MR BE 43 A
Yeyu, Sun Yongfu, et al. Quaternary strata and palaeoclimate in AR R FEEAC TR R B0 X [ J]. WP ATV, 2014,30(9) «
Shanghai region[ J]. Chinese Science Bulletin, 1980, 25(5) ; 220- 11-17. [ Zhang Pan, Wu Jianzheng, Hu Rijun, et al. Distribution
223.] of surface sediments and modern sedimentary environment in the

[10] o, XTRIL=/M {J”iﬂlz(igﬁﬁii}%[” . VR Hb BT, 1980 southwestern Laizhou Bay[ J]. Marine Geology Frontiers, 2014, 30
(2) :44-45. [ Feng Mingzhang. Hard clay in Yangtze Delta[ J]. (9): 11-17.]

Shanghai Geology, 1980(2) : 44-45.] [20] AMH,&AT, s, 5. R BT S IE 1 2 J2 UURR MR, B2 R AE B

[11] s SalAg . o e Rh 2R 58 0 22 3t S0 23 A 5 ) dmc Bk e [ 7] HUURRIREL [ J]. #2417 ,2016,38( 1) :94-105. [ Yang Yang,
HBRRLEVE R 1 1995,10(6) :531-536. [ Yu Hongjun, Liu Jingpu. Gao Shu, Zhou Liang, et al. Grain size distribution of surface sedi-
Advances in study of China’ s shelf Quaternary geology[J]. Ad- ments and sedimentary environment in the lagoon of Xincun, Hain-
vance in Earth Sciences, 1995, 10(6) : 531-536. ] an Island[ J]. Haiyang Xuebao, 2016, 38(1) : 94-105.]

[12] Tk, oo R R 28 3 LR R A BT IR R [ 1], SR 042 AT e, (217 5KV RAFNE, IR, 55 R WAHDT AR A0 XU B ks 1)
1999,19(4) :366-372. [ Yu Hongjun. A new exploration on the or- ey K R [T DIRL2E, 2008,26 (3) :501-507.
igin of loess in the shelf area of the eastern China seas[ J]. Quater- [ Zhang Ping, Song Chunhui, Yang Yongbiao, et al. The signifi-
nary Sciences, 1999, 19(4) . 366-372.] cance and establishment of discriminant function with grain size of

[13]  FeEM,FRIES RER, 2. Joprih B - —f 37 5 ik stable lacustrine sediment and Eolian loess[ J]. Acta Sedimentolog-
FRIE SR R R B L[] R ERRE (D ) kR ica Sinica, 2008, 26(3) : 501-507. ]

2006,36 (7) : 646-653. [ Qiao Yansong, Guo Zhengtang, Hao [22] Aitchison J. The statistical analysis of compositional data[ M ]. Lon-
Qingzhen, et al. Grain-size features of a Miocene loess-soil se- don, UK; Chapman & Hall, Lid, 1986.

quence at Qinan; Implications on its origin [ J]. Science China [23] Roberson S, Weltje G J. Inter-instrument comparison of particle-
(Seri.D) : Earth Sciences, 2006, 36(7) : 646-653. ] size analysers[ J]. Sedimentology, 2014, 61(4) . 1157-1174.

[14]  XIklE Z0IEH FFEM, % ZLhitit+—5 L HFHa [24] Pearson K. Mathematical contributions to the theory of evolution
SRITE A RRE RLEE o3 A S X s B8 R i L[], Bl On a form of spurious correlation which may arise when indices are
i ,2005,50 (24) :2806-2809. [ Liu Jinfeng, Guo Zhengtang, used in the measurement of organs[ M ]. Harrison and Sons, Lon-
Qiao Yansong, et al. Eolian origin of the Miocene loess-soil se- don, 1896.
quence at Qin’ an, China; Evidence of quartz morphology and [25] RRE—, B0, MBETRK, %5, SPSS LSt M. dbat .
quartz grain-size[ J ]. Chinese Science Bulletin, 2005, 50(24) . FKA 7K B AT, 2002 : 289-315. [ Hao Liren, Fan Yuan, Hao
2806-2809. Zheou, et al. For SPSS statistical analysis[ M ]. Beijing: China

[15] Guan HC, Zhu C, Zhu T X, et al. Grain size, magnetic suscepti- Water & Power Press, 2002: 289-315. ]
bility and geochemical characteristics of the loess in the Chaohu [26] Xl Fat BT T L IRSEGEEME[D]. LI, R
Lake basin; Implications for the origin, palaeoclimatic change and J5K#,2016. [ Liu Feng. Research on the paleo-environment in-
provenance[ J]. Journal of Asian Earth Sciences, 2016, 117. 170- formation of Xiashu Loess at Nanjing and Zhenjiang[ D ]. Shang-
183. hai; East China Normal University, 2016. ]

[16] AGrE, MH ASRE R, 45, 18 WEAH T AR S XU IO RRURE 2 40 5] [27] XU&RA. B S5HBEIM]. dbat BR2di it 1985:1-497. [ Liu
PRI EEST e+ R [)]. #h A5, 2014,33(10) ¢ Tung sheng. Loess and environment[ M |. Beijing; Science Press,
1848-1856. [ Yang Lihui, Ye Wei, Zheng Xiangmin, et al. The 1985 1-497.]
discriminant function with grain size of floodplain and Aeolian sedi- (28]  FMVAK, F4T, 275, T 400 Bk U5 4 5T v PR BE SUBORL BE 4 43 1)
ments and its application in the Quaternary red clay[ J]. Geograph- WP [J]. Blegam ik, 2003, 48 (1) ; 83-86. [ Sun Youbin,
ical Research, 2014, 33(10) ; 1848-1856. ] Gao Shu, Li Jun. Preliminary analysis of grain-size populations

(17]  HHA0a, %ﬁb; [E) I W2 , S5 RV R Rl 2R 3R 2 DU R Ay with environmentally sensitive terrigenous components in marginal
AR ] . VB 5 55 P 22 b 5T, 2009,29(5) : 13-20. [ Tian sea setting[ J]. Chinese Science Bulletin, 2003, 48(1) : 83-86. ]
Shanshan, Zhang Fuyuan, Yan Lini, et al. Distribution character- [29] ZAEoe, gl BER I, &6 R e TR P U5 0 301 v 132

[18]

istics of granularities of surface sediments in the southwestern shelf

of the East China Sea[ J]. Marine Geology & Quaternary Geology,
2009, 29(5): 13-20.]
BRI AR, BB 2. AR 2201 )2 TURYRLE Rk

[J]. $HiAWFFE ,2012,20( 1) :49-56. [ An Fuyuan, Ma Haizhou,
Fan Qishun, et al. The application of grain size analysis in sedi-
ments provenance discriminance [ J ]. Journal of Salt Lake Re-

search, 2012, 20( 1) ; 49-56. ]



514

F ARV = AN —RE SR 2R 2 TG A S U RS 31

123

[30]  BRME, XUZRHE, BRAAS, 5. R —hm o O 25 35 A0 32 Loy B 743 [35] ONARIR, ZAEE, I3 E Bk, 45, T PRI o TURRMRLIEE 4 434 B 1Y
Hr e B U R P A XTER [T ). b3k 5 82013, 41 Beggr R[], A SRRk 2001, 11(3) :269-276.
(3):319-325. [ Chen Qiao, Liu Dongyan, Chen Yingjun, et al. [ Sun Donghuai, An Zhisheng, Su Ruixia, et al. Mathematical ap-
Comparative analysis of grade-standard deviation method and factors proach to sedimentary component partitioning of polymodal sedi-
analysis method for environmental sensitive factor analysis [ J]. ments and its applications[ J]. Progress in Natural Science, 2001,
Farth and Environment, 2013, 41(3): 319-325. ] 11(3); 269-276.]

[31] Fike JERAFERL, [ s S5 RV = AR YN M X 5 P 20 AR C b 2 [36] Sahu B K. Depositional mechanisms from the size analysis of clastic
HEE R VP YR P A2 1) R 0 A5 5 [ 1] v b B 27 4, 2008, 10 sediments[ J |. Journal of Sedimentary Petrology, 1964, 34 (1)
(1):99-110. [ Wang Zhanghua, Zhao Baocheng, Chen Jing, et 73-83.
al. Chronostratigraphy and two transgressions during the Late Qua- [37] JRHB I T2 BERE AL BA. UURLE (W) *EJE%*E&,H\WFH[ M]. dt
ternary in Changjiang Delta area[ J]. Journal of Palaeogeography, B M H AL 1976:55-103. [ Shanbei Team of Cheng du Insti-
2008, 10(1): 99-110.] tute of Geology. Grain size analysis of the sedimentary rock ( sedi-

[32] V&, SR, R, % FBEREDASIEDARIKRA ment) and its application [ M ]. Beijing: Geological Publishing
BRI R LI S ST (D] R R PP, 2006, 26 (5) - 780- House, 1976: 55-103.]

785. [ Shi Yuxin, Dai Xuerong, Song Zhiguang, et al. Particle size [38] ZEMSE, BRERSR , JEACEE, 55, AR KB KI LSRRI = M P X
distribution and mineral components of atmospheric particles col- PR TR Ay b 3 [J]. 7 Hb HE 22 4R 1999 ,1(4):12-25. [Li
lected in spring of Shanghai [ J]. Journal of Desert Research, Congxian, Chen Qinggiang, Fan Daidu, et al. Palaeogeography
2006, 26(5) ; 780-785.] and palaeoenvironment in Changjiang Delta since Last Glaciation

[33]  ERMG PFER, AL &, v B ) b T AR ) o R [J]. Journal of Palaeogeography, 1999, 1(4) . 12-25.]
BRAGAFAAE S IR BR R L[ T]. FREBERES,2013,34(5) [39] ZEMSe, BB, PVAIF. KT = S Y 1 38 4ol 1 J2= e £
2010-2017. [ Qian Peng, Zheng Xiangmin, Zhou Limin. Geochem- [J]. Bl di, 1986,31(21) : 1650-1653. [ Li Congxian, Min
ical characteristics and sources of atmospheric particulates in Qiubao, Sun Heping. Holocene stratigraphy and trans gression in
Shanghai during dust storm event [ J ]. Environmental Science, the south flank of Changjiang Delta[ J]. Chinese Science Bulletin,
2013, 34(5) : 2010-2017.] 1986, 31(21) : 1650-1653.]

[34] MM, REALNE, Rea D, &5, v [ B A r B (0 WU 43 7 B Gty (407  FBE P AV I b DX 50 M3 LUK DU R (983 [T ]

S AETE LT DU 4R, 2000, 18 (3) : 327-335. [ Sun Dong-
huai, Lu Huayu, Rea D, et al. Bimode grain-size distribution of
Chinese Loess and its paleoclimate implication[ J]. Acta Sedimen-

tologica Sinica, 2000, 18(3); 327-335.]

HiL TRl , 1983 ,18(4) :402-408. [ Guo Xumin. Evolution of sedi-
mentary environment of the Changjiang Estuary area since the Late
stage of Late Pleistocene[ J]. Chinese Journal of Geology, 1983,
18(4) : 402-408. ]

Multivariate Statistical Analysis of Grain Size of the First Hard Clay Layer

in the Yangtze River Delta and Sedimentary Environment Discrimination
WU Chao', ZHENG XiangMin', WANG Hui', ZHOU LiMin', QIAN Peng'’

1. Key Laboratory of Geo-information Science of Ministry of Education, East China Normal University, Shanghai 200241, China

2. School of Geography, Nantong University, Nantong, Jiangsu 226000, China

Abstract; The origin of the first hard clay layer in the Yangtze River Delta is a debated issue. To explore its origin,
its grain size was examined by clustering analysis and discriminant analysis, and compared with the Xiashu loess in
Nanjing and suspended particles in the Yangtze River. The grain size characteristic is uniform, with positive skew-
ness, medium or sharp peak shape, bimodal distribution, S-shape cumulative frequency curve distribution, and with
aeolian deposition characteristics. When the grain size analysis provides sedimentological evidence for a sedimentary
environment, multivariate statistical analysis improves its accuracy. The first hard clay and Xiashu loess fall into the
same classification; the suspended particles in the Yangtze River are in a separate class. The application of clustering
analysis shows that the hard clay and Xiashu loess have the same aeolian genesis, as confirmed by discriminant analy-
sis. Standard deviation curves of the hard clay, together with the present-day wind field, show that the grain size char-
acteristics of the hard clay have two controlling factors; high-altitude westerly winds and the East Asian winter mon-
soon. All analyses indicate that the first hard clay layer in the Yangtze River Delta is an aeolian deposit transported by
westerly winds and the northwestern monsoon.

Key words: grain size characteristic; origin; hard clay; clustering analysis; discriminant analysis



