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Abstract: The first hard soil layer(FHSL) is widely distributed in the two wings of the Yangtze River estuary, and the study of its
formation mechanism and engineering geological characteristics is of good guidance for engineering construction. Based on the survey
data (935 boreholes with a total depth of 42128 m) and experimental data, the distribution boundary of the FHSL in the northern flank
of the Yangtze River estuary was accurately confirmed for the first time, and the formation age, grain size characteristics, geochemical
characteristics and engineering geological properties of the FHSL were studied. The study shows that the formation age of the FHSL
was about 20 ~ 11 ka B.P. (OSL and '*C dating data). The water content of the FHSL tends to increase with depth, indicating that the
climate was gradually cooler and drier from bottom to top. The particle size gradation, frequency curve of particle size distribution and

C-M sedimentation diagram of the FHSL show that the FHSL mainly consists of fine sand, very fine sand and clay. The grain size
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frequency curves of the FHSL mainly show a single peak distribution, reflecting that the transport camp force was single before the
material deposition. The deposition of soil particles were absolutely dominated by uniform suspension, and the deposition environment
was a relatively stable low-energy environment. The development of the FHSL was controlled by climate and can be roughly divided
into three stages: the first stage (about 20 ~ 15 ka B.P.) was the period of alternate deposition and soil formation, and the deposition was
the main effect, and the thickness of FHSL was mainly controlled by this stage until the end of the last bloom ice period. The second
stage (about 15 ~ 11 ka B.P.) was the period of exposed soil formation, at which time floods cannot form transgressive deposits,
accretion basically stops, the thickness of FHSL no longer obviously increased. The formed area of the FHSL was erosion cutting by
frequently shifting divergent river networks, forming many irregular ancient river channels and terraces. The FHSL gradually
dehydrated into land and underwent the process of weathering and pedogenesis. The third stage (about 11 ka B.P. to present) was the
inundation period. With the arrival of the Holocene, the climate warmed, and the sea level kept rising. The FHSL was buried by its
overlying marine sedimentary layer, and the rock formation began until the present day. The soils have a high content of soluble salts
and are typical chlorosaline soils. The soluble salt content has a trend of increasing from low to high, which was caused by the

diagenesis process after the marine layer was covered with the FHSL.

Key words: ancient soil; hard soil layer; hard clay layer; granularity; sedimentary environment; genetic mechanism

PV T3, B G T 12 4 A — 2
S e RS T 2, ARV AT R
I DX, b R B TR =, X — M E B SRR
NEE—Aili 4 2 (First hard soil layer, fij5 A&7 FHSL; [
HEAE, 1996; BLAE T4, 20045 il & B AE
20143, 2012) FHEANHEX —6 1+ 2E 25
FYJEE S, J— D EZ AR E 2 CHE T4, 2004; 4
TR, 2007) o AR TT AT [ 3E R 5, KT =gt
Ay AL AR, & TR 42 AR, 77 XU
KB e SR RS R A G2 A —T + )2 5
& 0 S R R, DA AR R IR KA A A A
ZAETR, Ry S5 S0 14 7 b XS A B 5% X 7
AEHERL, TR T 58— 4 2 OB FE R SR, 1991; 2
4.2019), THEZEAE(1995) AN, 6 + 2 AT M EREE
J 0 T VD B R EREE, 2 — 1 + )2 i ARV
BACATAE TR o K i 2 B R 32 30, AH G2
HNN B — 1 S22 B PR Ay < YT e sV TR K
Hh R L3R, 37 Z2 Bl b AR ), TS At 2 2 5
Hb, RS T AR 228 X X R IR
DK AR B ORI B A o 0 SR A [ %) 3L, 3 B T
55— 4 R R U (PR 555, 1991) . 55—
+ 2 BRRR R MR, HR PG5 A5 (1998 ) 5 Hfiff
TR RERR R (KT 50 #4/50 g T 1) 47
T BB TS MG fk . BRI Al
B IR KA A R M2 X L R AR,
IRGCRESEIR KR =4 ( Christopher, 1976) . A&
A5 (1983) MRl PR 8 B ORI A I HA AR e 28 A
R KBS EE A 5 IR K TR ST R K

HH, BT AE(2004) ALK BRI AL A BT
TR R R, AR R IRK B,
R K B U B A T 8 0 AR A . SR — A 1
R IBGH MR | BT ARG 5 A 4
B E, B E R fok, IIRE 1 2 o S e i
e, B 4 )2 A DTS 2 R K AR BREE, IEI T K AR
LA IE AP (R E245, 1999, 2003; 5K K 2%, 2005) .

SRR (2007) X — B + )2 S )
P 2EAAE R S R HEAT T RIS, Al A 22 k™ 2 2R
SER R T A 2 VA A s S A AR
BRI Sr/Ba fH/NT 0.6, RKTTARY) Sr AT
100x107° ~ 300x107° Z [ GRX A LS5, 1998; 5Bk
45,2006), ME CY FLE—0F 1+ 2 Sr AT 104x
1070 ~ 144x10°° Z 8], FHIH N 122 x107° (X Iess,
2004); Jb3 07SR11 L& — M + 2 Sr HANF
118.72x107° ~ 167.61x107° Z [i1], Ba fH/ T 489.28x107 ~
586.67x 10°° Z[f], Sr/Ba fH/F 0.23 ~ 0.32 Z[i], &}
TN 1 2B AT (ZR 484, 2012) .

H A B A 2E 3 VT = A XA 20 7 T
BLEE AT, R B A A AR D | AR A DR
A DR D ANRD FURDRG ki LR /M s
HR R A 2 8 T AR A 5 2 — A X R IR B 2R 45
(RS =4, 2004; #XF, 2008; Z24E4Z, 2012; 251 4%,
2013), SF—if 2R 7 Y RLE S E, kol
A BRI S A, AR R A5 R A
(EAS A 1 2 DT IE R AL, BERG 2 A5 19~
Yy AR o (FEAEYT45, 2001; Vogt, 2002;
Schoonheydt, 2015) . XP4%45(2004) 7347 THIT =14



FHa3EH 1Y

ARSI KT = AN EE — 8 2 PR N H b T A 3

S —E + 2 A HoT R A L, XBIE4(2002)
AYHT T R B — T 4 2 R oy PR RN AR
fiE A 2 5P AR AR S C R

H AT, A3 AV 4 e 32 19 28 — 1+ )20 5%
FRREEAR 1V = A I35 — A 4 2 A T 4
(5B, 1996; 1AM, 2008; 2214 %, 2013; Zhang
etal, 2016) . JCiS &AL A —8E + )2 125 1] 23 1
fiE, 02 LA ) 2 R R A, AN AR R LA TR
WA, Solberg et al(2016) YRFFEFR W, £ 1- )2
FA WS IR T, 55— 28 R0 TR Hb
2, v DR e SRl R ) )2 (R & NITSE, 201 8a,
2022), HF—M+)ZHE T RMFE S X EENS %
PR (BRSO AE, 2013) o KL= MAMPIL 025 — Tl
T RAEVTRIAEE | W] Wi A5y I s BE AR, A
ARAF I AT HoAE o A SCARFETT IRV IR 2545 b [ 1 i 23
H, FERIL =AML A 50 ~ 100 m TR FEY
FL 179 4, T B3HFE R 10648 m; I AL L 756 1,
FiHER 31480 mo EZRE X AT, KRB T
KA =M — + 2 L Rk, Fx KT =
FAUNHL DX —0 + 2T T RGEMSR . BRIV
1t DX 55— 4 J2 A 25 0] 204 . B AL i B T A i
TRk, X TR B B e

1 WF5E DCH AR O

AT XA F A VIA) 38, T AR GA 16838 km?,
SR LAME RSO T (1) . JE3EBRRIL . Fil . 6
. S LA TR L 5 AbSR FAh, Y HEFR A, Hh
M — M 3 ~ 4 m, HIUREFE K, KEIL
370 m; RS 4 I AMTTIX INA 10 AAbiE3R B KT
A PEAR L FrBg Ah, Hb 530, Ml = fE— R
2.2 ~4.8 m, MU R AJE A IK 500 mo H—hf 2T
WM —& IR VAR L BEE X, JRE b X AT X
TR R X AT WL DX DR AR Rz A A, 2
— AN % B i AR T ETE AR 2 2 T T
A 3R S B ER P ) AR AR A R (R DA AR
1996; Li et al., 2002) . 55— + 2 KAV A4
XA o B A R T — B ek (a (J&] 2), R E (e,

2 MRSTRE

ATHFFEIR IS AR 2ok 3 KT = A dp 3
BOEE—AE 42, KIT =AM — 1+ 25 3
Bk [ HITE DGJI08 -37—2012( ik £ @ fise

WZH14,2012) O EEMHL: #£5K H ZK 1,
ZK2, BARQ B LA 2, b BF10 fL, NK fL .
LA fL. GY LI GIG fL A SCHk % £ FL (3B = %%,
1999, 2002, 2003; #XHfF, 2008; Z=4EZE, 2012; 2754,
2013). K Mastersizer 2000 OGR4 A EAT
SAHTI . QRAEE M+ 2 5 E A, 13 14, 1
BEHLZE AR 2 1, N ARMLZE AR 3 1, St
18 1. HHEG BT FEEAHE: CI, SO,> . CO,™
HCO, ,Na", Mg?" Ca®" K'8 i, I GB/T
50123—2019( e A RALFNE KR, 2019) B i
i . @HAT Tk 52 41 L H6k {5, W
PR PERRISS, &K, KRB R . i,
4 PUsy CE ARy | PG . = UU K
55 ) . JoO R B A . 4% R 4 T I Ty v AR
#E GB/T50123—2019 (4 AR A [ K ),
2019) ZERFFFTINR

ST A A A, XA — e 2 A
Rl BRI AERAE |+ T EdE . OSL 5C
DAELE SRAEA TG 43T, 20 2 0 JURL R B,
JER AR . C-M UURLE 4%, SIbT H TR |
TE LML R0 T A R R

3 PSSR

3.1 RLESH

KA 43 A JE R (U3 ZK 1 F1 ZK2 fL),
RAERIBRZI N 5 ome XM EE T TS50 #r, 26
— 0 R PP EPRARIEFIE Dl 4.21 ~ 8.57 @, F-HIH
K 6.10 s T+ UK 2 i 322 R D (2 ~
31 um, HY T 9~ 5 @), FHH 41.9% ~ 70.1%, V-1
HH 69.5%; HUCHANES (31 ~ 63 pm, AT 5 ~
4 @), HEEHENT 5.2% ~ 30.6% 28], FHE N
15.9%; ARE N T 2 pm, FHY TR T 9 ©) F & AE
7.5% ~ 23.3% ZIH], *F-2I{E R 10.8%:; 4HHD (63 ~ 125
um, 24T 4~ 30) FEH 1.0% ~ 13.8%, FIIEH N
3.8%; Y (KT 125 pm, A4 T/NT 3 @) DL 453
SR, JEBIE N 0~28.4%, /MEREUNT 1475~
3.106 Z 8], F-3{E K 2.126, 43kt 25— 2% I
AF 0.280 ~ 0.490 Z[A], “F-¥{E Ky 0.142, F{kin F
SRR ISR T 0.664 ~ 1.128 Z |1, SEH{E Ky
0.880, Jm Ti—H AFIE SIS,

BE =MNETZ NK, GY. LY LBk 75
21.2 um(5.06 @), 23.4 um(5.42 ®):21.0 um



4 Moy 18 4R GEOLOGICAL BULLETIN OF CHINA 2024 4
120°15'E 122°00'E
z P
OS" - - ’?—‘ &
o
on
BERED
et
W
-')
A
/-
3
i-
N
-j
9
N el S .\.-

I:I Rk A X
[ s

S RERG 0 X SRR (HERR)

%—a@*ﬁiwﬂﬁa e | T
ISI LRI R gmﬂj—
UL N
[:| Pt

E WU RE £ W
\
HUERR A 4

0 20 k
0 km tN

30°40'N

Bl 1 0+ 20 AR SRE i S A5 B (R LA L2 25 M43 A 3 DGJ08-37—2012 2:41)

Fig. 1 Distribution characteristics of the FHSL and location of sampling points
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Correlation analysis of soluble salt components in the FHSL

Table 2
miH b Na' K Ca* Mg* HCO; Cco,> cr SO,” pH
D 1 0.990™ 0.617" 0.076 0.864™ 0.280 0.422 0.984™ 0.629° 0.412
Na' 0.990™ 1 0.646 -0.047 0.800™ 0.235 0.484 0.985" 0.545 0.491
K 0.617° 0.646 1 —0.240 0.470 0.596 0.286 0.576 0.125 0.632"
Ca* 0.076 -0.047 ~0.240 1 0.520 0.144 -0.419 0.038 0.398 —0.643"
Mg* 0.864™ 0.800™ 0.470 0.520 1 0.388 0.037 0.809™ 0.756™ 0.085
HCO;” 0.280 0.235 0.596 0.144 0.388 1 -0.384 0.144 0.290 0.327
(CoRy 0.422 0.484 0.286 -0.419 0.037 —0.384 1 0.541 -0.153 0.282
cr 0.984™ 0.985™ 0.576 0.038 0.809™ 0.144 0.541 1 0.522 0.370
S0,> 0.629" 0.545 0.125 0.398 0.756" 0.290 -0.153 0.522 1 0.089
pH 0.412 0.491 0.632" —-0.643" 0.085 0.327 0.282 0.370 0.089 1
£33 F—WHIELTINMRERSGITHH
Table 3 Statistical analysis of geotechnical test results of the FHSL
REE/ / / / / / / c/ / C./ o/
SR= < Wy P . Pd . Wi Wy I, I a2 Es/MPa q Py oq Py
m % (grem™)  (grem™) % % MPa kPa ° kPa °
AR 360 371 274 207 170 1.020 399 245 168 097 0.60 12.69 55 17.5 55 24.1
WAME 240 219 272 1.85 135 0610 300 175 106 009 0.13 333 19 8.0 22 10.2
EHME 2996 2834 272 1.96 1.53  0.791 34.67 2098 13.69 0.56 030 6.42 3194 1399 3659 16.64
ML 50 46 49 46 46 46 50 50 50 46 44 44 29 29 14 14
BRFE 010 014 000  0.03 0.06 0.14 007 010 013 046 033 029 033 0.8 030 025
fRWEE -007 019 195  0.07 0.04 0.13 -023 031 003 -0.08 098 1.19 08 -062 026 0.19
53} 5 -0.62 —0.85 237 -1.19 -1.12  -1.03 -0.68 -140 -1.18 -129 198 203 -050 -023 -090 -0.62
T B b3 — 1 R TR S 5 4R 4 T 7 i AREGB/T50123—2019 (P A R ARFNEKFIFE, 2019), A8 A Bk +
é\ﬁ'i%?ﬁ/(mgkg’l) /E|\7J(%—3/%)
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: i
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! h e ABT
H H = 26 oo
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g : ;' —emeemem TRIREAR S28fo o o o °
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Fig. 6 Spatial distribution characteristics of

soluble salt in ZK3 borehole

content in FHSL
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Fig. 7 Spatial distribution characteristics of natural water
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1.87%, JHA 17 T /b By a3 (22 A JE 5, 1996) . A
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FLOPE T s iy, Y 44.0 ~ 46.5 m, 55— +)2
A, FRRIRAE, 2006) (e e )2 K AL FHLIX NBS fL
(AL TR X, BEYR 47.5 m, S555— 1 2 [H
W1, 2 DA, 2016) IR TR BURS 4T 14C MIAE, 45
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Table 4 Summary of measurement year results

HhfL REE/m ik WAy 4E4%/(a B.P.) SCHk
FX 15.9~16 I (kG L OSL 17410+880 F kS, 2004
FX 22.0 Ti%gg/; OSL 2272042430 F kA4, 2004
26.5~26.6 iREE SR TR OSL 101001130 TR, 2004
Mre 30.2~303 U M) RS 1 OSL 162301560 FokAeSE, 2004
SG7 252 TR R 1 OSL 1820041600 F5kAEAE, 2004; TN S dHBCRIACEZE D2, 2012
28.3~28.5 iRE Sk TR HC 14196220 AEINFEEE, 1998
< 30.17 ~ 30.35 el “C 18520520 kS, 2004
B3 Bkt 1
P5 44.0 e (Rl +2) C 12155¢115 TR S AR RIS ZE 2%, 2012
P5 46.5 e (R L 2) e 12565+115 TR & B NACH 2 143, 2012
NB3 475 IR “C 11541448 BARA, 2016
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Fig. 8 Schematic diagram of the formation of FHSL

and sea level change
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