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Mineralogical and textural variations in Upper Pleistocene and Holocene clay sediments from three cores taken in different 
depositional environments: the Venetian lagoonal littoral zone, the South Yellow Sea and the Yangtze River Delta, are reported . 
The compositional variations of clay layers from the three sites are attributed to major global climatic changes. Although the 
compositional difference of clay sediments of the three sites reflects the petrology of their different areas of provenance, the 
relative abundance and textural variations show a correlation with climatic-driven changes in their depositional environment. 
In the Venice lagoon the carbonate content decreases from cold to warm periods whereas in the Yangtze River delta and in the 
South Yellow Sea carbonates are absent or not signiticant, and the most noticeable changes are given by the total clay mineral 
content variations (chlorite, smectite, mixed-layer clay minerals and muscovite) and feldspar. There is a general increase in 
abundance of clay minerals and a decrease in feldspar content during warm periods. The cores from all three study sites have 
overconsolidated continentally-delived clay layers at the PleistocenelHolocene (ca. 10,000 BP) boundary. The overconsolidated 
nature of these hard clay layers is due to long subaerial exposure under a cold and dry climatic regime before the Holocene 
(Flandrian) transgression. 
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INTRODUCTION 

Tllis study forms part of a multidisciplinary investigation of 

the impact of climatic changes on depositional environments. 
The aim of this study was to contribute to the study of 
paleoclimatic changes using mineralogical and textural 

information to complement existing paleontological, 
palynological and dendrochronological data. This paper 
provides a general overview of regional paleoclimatic 
changes that have occurred in the Venice lagoon (Italy), 
South Yellow Sea and Yangtze River delta (China) since the 
end of the Pleistocene. The paper also discusses the 
mineralogical variations in clay sediments, in particular on 

the samples from the overconsolidated clay layer considered 
to be the last continental deposit before the Holocene 
(Flandrian) transgression. 

Study Areas 
The Veni.ce lagoon, in the northwestern Adriatic Sea, forms 
an arch-shaped area of about 500 km2 that is separated from 
the sea by a littoral sand bar about 50 km long (Fig. 1). 
Lagoonal waters freely exchange with the sea through the 
Lido, Malamocco and Chioggia inlets. The lagoon is 
underlain by about 1000 m of Quaternary sediments of sand, 

silt, clay and peat. Within this sequence are calcareous mud 

layers a few centimetres to a few metres thick . One of these 
mud layers, the Caranto unit, is overconsolidated, marks the 
Pleistocene-Holocene boundary and is linked to the evolution 

and origin of the lagoon. The natural evolution of the lagoon 
has been modified since 1500 A.D. with the redirection of 

the major tributaries into the open sea, the construction of 

breakwaters for inlet protection, and excavation of canals for 
inland navigation (Gatto and Carbognin 1981). 

The South Yellow Sea (Fig. 2) located east of Qingdao 
and Shanghai can be divided into three depositional regions: 
the 1101th slope, the central bottom and the south slope. The 
north slope is underlain by 30 to 40 m of muddy sediments 
formed by sediment derived from the Yellow River whereas 

bedrock is exposed on the south slope. The central bottom, 
where the water depth is more than 70 m, is covered by less 

than 10 m of sediments (Zhao and Li 1991). 
The Yangtze River (Fig. 2) flows into the East China 

Sea and has formed one of the word's largest deltas about 
300 km long with a radius of about 250 km. The Yangtze 
River delta is classified as a tide and fluvial dominated 
system. 

Paleoclimatic History 
In Europe, during the WUrmian glaciation, ca. 25,000-17,000 
BP, the climate was cold and dry . The Adriatic Sea was 
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Fig. 1. Venice lagoon and location of boreholes. 

about 90 to 130 m lower than today and the coastline was 
located about 300 km farther south (Gatto and Carbognin 
1981 ; Ciabatti et al. 1986). During this same period, sea 
level of the North China Sea (Yellow Sea and Bohai Sea) 
was 130 to 150 m lower than present and the coas tline was 
shifted about 600 krn to the east under cold and dry 
conditions (Zhao and Li 1991). The end of the Pleistocene 
in both regions was marked by continental emergence, a 
change from dry to very dry climatic conditions, followed by 
a period of no sedimentation (e.g., 17,000 to 10,000 BP; 
Bortolami et ai. 1984). Subaerial exposure desiccated, 
compacted and oxidised the Upper Pleistocene clay layer, 
previously deposited, to form an overconsolidated or stiff 
clay layer representative of the late Pleistocene-Holocene 
peliod in each of the study areas (Gatto and Previatello 1974; 
Bortolami et ai. 1977; Gatto and Carbognin 1981; Qin et ai. 
1990; Bonardi and Tosi 1994 1995, 1996). In Italy, the 
indurated layer, refened to as camnta in the lagoonal 
sequence, is considered to be the last continental deposit 
before the Holocene (F1andrian) transgression (Gatto and 
Previatello 1974; Gatto and Carbognin 1981). The end of 
the Pleistocene is also marked by periods of slightly higher 
temperatures and humidity alternating with colder 
(e.g., 16,000-13 ,300, 12,350-11 ,800, 10,800- 10,300 BP in 
the Adriatic and 22,000-15 ,000, 13,000- 11,850, 10,850-
10,300 BP in China) events (Bortolami et al. 1977; Yang and 
Lin 1991; Ortolani and Pagliuca 1994; Veggiani 1994). 

The post-glacial period since 10,000 BP was characterized 
by rugher temperatures and alternating periods of dry and 
humid climatic conditions (Yang and Lin 1991; Ortolani and 
Pagliuca 1994; Veggiani 1994). During the early part of this 
period, sea level rose over the Pleistocene paleoplains. The 
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Fig. 2. Location of core HI 06 in the South Yellow Sea and core LA on 
the Yangtze River della, China. 

transgression was accompanied by increased fluvial activity 
that reworked and dispersed the Pleistocene deposits and 
formed new marine sediments (Gatto and Previatello 1974; 
Qin and Zhao 1991; Tosi 1994). 

During the warm humid period between ca. 7,000 to 6,000 
BP, the coastline continued to transgress reaching 
approximately the present position in the Venetian basin and 
up to 150 krn further inland in the North China Sea (Zhao 
and Li 1991). Following this warm humid period, there was 
a general decrease in temperature and increase in humidity. 
The heavy sediment load carried by the rivers in both 
locations, combined with the climatic variations , caused 
progradation of the river estuaries and the gradual shift of the 
coastline seaward to their present positions (Gatto and 
Carbognin 1981; Tosi 1994; Zhao and Li 1991). 

MATERIALS AND METHODS 

Over 100 clay and clayey-silt samples were taken from the 
Venice lagoon littoral zone from 17 boreholes for detailed 
mineralogical, petrographic and chemical analyses. For 
illustrative purposes, some detailed results from one core in 
the lagoon are described in this paper. Core 12, located 
within the lagoon on the Island of Saint Andrea, is close to 
the centre of the littoral zone and is representative of the 
evolution of the central lagoon (Fig. 1). In addition, 55 
samples were taken from a 6 m-10ng core in 70 m of water in 
the Yellow Sea (H106) and 21 samples from a 30 m-Iong 
core from Yangtze River delta (LA), North China Sea for 
similar analyses (Fig. 2). 



Bonardi, M., Percival, J.B. and Tosi, L. The compositional relation of selected clay sediments to late Pleistocene-Holocene depositional environments from Italy and China. 
In: Clay for our future. Proceeding of the 11th International Clay Conference, June 15-21, 1997, Ottawa, Canada, pp. 767-774.

BONARDI ET Ai. - CLA Y SEDIMENTS FROM ITAL Y AND CHINA 769 

70 

60 

50 

40 

30 

20 

10 

Holocene 
marine-lagoonal 
sedimentation 

... -
---...-

, . .,." . , 

Pleistocene continental 
sedimentation 

',." 
~ ... Clay Minerals 

........-- Carbonates 

---- Pocket penetrometer 

wi th a Link Analytical AN 10000 integrated 
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backscatter electron detector. The polished thin 
sections were coated with a thin, conductive 
layer of carbon to prevent charging. 

RESULTS AND DISCUSSION 

Venice Lagoon 
The stratigraphy of the Venice lagoon can be 
broadly subdivided into two main units: 
Pleistocene and Holocene sedimentary 
sequences. As a representative example, "caranto" 

ot-----~------~----~~====r=====~----~----~ core 12 includes a section of clays and silts 
between 10 and 4 m depth, interbedded with 
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Sample depth (m) 
thin peat and sand layers, all overlain by about 

Fig. 3. Carbonate and total clay mineral content in clay-size fraction, and penetrometer 
measurements, core 12, Venice lagoon, Italy. 

4 m of sand. The caranta layer comprises a 
1.5 m-thick hard clay at about 7 m depth 
(Fig. 3). The sediments below the caranta are 
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Pleistocene continental 
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freshwater (fluvial-lacustrine) in ong1l1, 
whereas those above include marine and 
intertidal deposits. Climate-driven changes are 45 
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recorded in the variations in mineralogical and 
chemical composition and texture in the caranta 
layer and the clay layers above and below it. 

All samples from the Venice lagoon are 
dominated by clay minerals (illite and chlorite) 
and carbonates (calcite and dolomite) with 
subordinate quartz and feldspar. Some samples 
may contain trace amounts of a mixed-layer clay 
mineral (i.e, illite/smectite). The total clay 
mineral content of the Holocene (post-caranta) 
samples is greater than the carbonate content. 
However, carbonate and clay mineral contents 
are variable and show an antithetic trend in the 
Pleistocene samples as illustrated by core 12 

Fig. 4. Calcite and dolomite content in clay size fraction , core 12, Venice Lagoon Italy. (Fig. 3). In particular, the relative abundance of 

The mineralogy of bulk materials and their clay-size 
separates was determined by X-ray powder diffraction 
analysis (XRD). The clay-size fraction « 2 flm) was 
separated by centJifugation. Suspensions of the bulk and 

clay-size samples were pipetted onto glass slides and air
dlied overnight to produce oriented mounts. X -ray patterns 
of the ai.r-dried samples were recorded on a Philips PW 171 0 
automated powder diffractometer equipped with a graphite 
monochromator, using Cu Ko: radiation at 50 kV and 30 rnA. 
The samples were also X-rayed following saturation with 
ethylene glycol and heat treatment (2 hours at SSO 0c). 
Semi-quantitative analysis of some Venice samples was 
achieved llsing JADE® software to process digitally
acquired XRD data. Textural analyses of polished thin 
sections were made using a scanning electron microscope 
(SEM). The SEM is a Cambridge S-200 instrument equipped 

calcite alone can discriminate the continental 
from the marine lagoonal sedimentation (Fig. 4). 

Calcite significantly decreases towards the top of the section. 
The phyllosilicate composition of the clay fraction of all 

samples from the caranto unit varies such that a maximum 
content occurs at the top, a minimum amount in the middle 
and moderate amount at the bottom of the unit. Based on 
textural analyses by SEM, the caranta samples appear to be 
poorly sorted with detrital grains ranging from clay- to very 
fine sand-size. The subangular to subrounded carbonate and 
silicate grains are supported by a clay- to silt-size « 10 f-lm) 
matrix of the same composition. Some samples contain 
distinct coarse- (up to 100 /Jm), medium- « 50 /Jm) and fine
grained «10 f-lm) zones with randomly orientated 
phyllosilicates (Fig. SA). Ellipsoidal lenses (Fig. SB) ar'e 
defined by concentric zonation of phyllosilicates whereas in 
others the phyllosilicates appear to be more abundant and 
preferentially oriented in the horizontal plane (Fig. sq. This 
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Fig. 5. Scanning electron photomicrographs of samples from the Venice lagoon . Dark- to medium-grey grains are silicates; white grains, carbonates; 
needle-like grains, phyllosilicates (elongate blight grains, chlorite; grey grains, mica); black areas are pores. 
(A) Caranlo sample containing lenses and bands of fine-, medium- and coarse-grained zones. Coarse-grained zone shows poorly-sorted, subrounded to 
subangular carbonate and silicate detrital grains set in a matrix of the same composition; (Bl Close-up view of a circular-clay-rich lens within a caTanlo 

sample. Note the circular alignment of the phyllosilicates; (C) CaTanto sample showing preferred orientation of phyllosilicates as a result of compaction ; 
(D) Typical example of sample occurring below the commo unit; (El An example of a c lay-ri ch sample occurring above the coranto layer (Holocene 
sample) containing an ellipticallens of clay-size material within a poorly-soiled, coarse-grajned zone; (F) Close-up view of the clay lens from (E) showing 
preferential alignment of the phyllosilicate grains. 
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calcite content is highest during Wiirmian time, 
decreases to low levels at the climate optimum 
(6,000 BP), and increases slightly from then to 
the present. Clay mineral content varies from a 
low total during cold periods to higher contents 
during warmer periods. 
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South Yellow Sea, China 
Core HI 06, taken in the central bottom of the 
South Yellow Sea, represents the last 20,000 
years of sedimentation (Zhao and Li 1991, 
Bonardi et al., 1995). The stratigraphy of core 
H106 shows three distinct zones: an upper zone 
(0 - 3.99 m) of a grey to brown-black silty 
maJine clay, intercalated with organic and shell
rich layers and reworked nodules of hard clay at 
the base; a middle zone (3.99 - 4.75 m) with a 

Fig. 6. Total silicates (quartz + feldspar), clay minerals and carbonates in core HI06, 
South Yellow Sea, Chin~. 

silty hard clay containing iron oxide nodules 
and root remnants; and a lower zone (4.75 -
6.00 m) of continentally derived grey clayey
silt. The top of the middle zone (3.99 - 4.75 m) 

preferential alignment is visual evidence for the compaction 
and overconsolidation that has occurred. Cementation by 
carbonates or Fe-oxides (ferrihydrite) is also common in the 
caranto samples and may contribute to the nature (i.e., 
measurement) of the overconsolidation. The caranto layer 
is capped by about 0.5 m of reworked continental sediments. 

Penetrometer data indicate a general decrease in 
consolidation from the Pleistocene continental clay 
sediments towards the Holocene marine-lagoonal sediments. 
The caranto has a fairly high consolidation (Fig. 3) due to 
prolonged subaerial exposure in a cold and dry climate that 
favoured drainage and consolidation processes. 

The grain size of the samples taken below and above the 
caranto unit is similaJ' to that of the caranlo unit. Average 
grain size for the Holocene, caranto and Pleistocene samples 
are 25.1, 18.3 and 19.6 ,um, respectively. These samples 
contain matrix-suppOIted, subangular to subrounded, poorly
sorted detrital grains. The matrix has the same composition 
as the coarser grains, but is more abundant in samples below 
the caranlo unit than in the caranto or Holocene sediments 
(Fig. SD). Intraclasts and nodules of clay above the caranlO 
are material reworked from Pleistocene deposits (Figs. 5E 
and SF). 

Shell fragments have been completely filled by framboidal 
pyrite. Authigenic barite and pyrite framboids, as well as 
trace amounts of apatite, Fe-oxides, ilmenite, monazite, rutile 
and zircon, occur in all samples. Iron oxide cement 
(ferrihydrite or limonite) occurs in pores and cracks in many 
samples. All detrital minerals appear relatively fresh. 

The mineralogical composition and texture of the 
sediments reflect the petrology of the two main source areas: 
the carbonate-rich (dolomitic) region to the north and the 
metamorphic and granitic area to the south-west. The 
composition also reflects changes in climate. For example, 

marks the boundary between the Holocene marine and 
Pleistocene tenestrial deposits (Fig. 6) . 

The core samples are dominated by quartz with 
subordinate plagioclase, chJorite and mica (muscovitelbiotite) 
and minor to trace amounts of K feldspar and calcite (Fig. 6). 
Trace amounts of smectite, illite/smectite mixed-layer 
mineral, dolomite and amphibole are also present. Calcite is 
more abundant between the top of the core and about 2.75 m 
depth and is absent from 3.05 to 4.45 m (Bonardi et ai. 1995). 

Calcite occurs in the clay-size fraction in minor to trace 
amounts in most of the marine facies samples, is notably 
absent in the hard clay samples, and occurs in trace amounts 
in the lower unit. Chlorite and mica occur in abundant to 
minor amounts in both the continental and marine units with 
smectite more abundant in the continental unit relative to the 
marine unit. As the total clay mineral content increases there 
is a concomitant decrease in feldspar content suggesting that 
the clay minerals may be alteration products of incipient 
diagenesis. 

VaJ'iations in texture and porosity of the marine, hard clay 
and continental units are shown in Figure 7. The 
unconsolidated marine unit has high porosity and is 
uncompacted (Fig. 7 A) whereas the hard clay unit displays 
a preferred orientation of the phy!losilicates and has a lower 
porosity (Fig. 7B). The bottom of the hard clay layer has 
been minimally overconsolidated with respect to the upper 
part and shows a slightly higher porosity (Fig. 7C). 

The heavy mineral suite decrease with depth within the 
marine zone (Bonardi et ai. 1995). Heavy minerals include 
gamet, epidote, apatite, leucoxene, amphibole and authigenic 
pyrite. The change in concentration of heavy minerals in the 
upper part vs. the lower part of the marine unit suggests a 
change in provenance for the sediments. Provenance includes 
both the Yellow and Yangtze Rivers. 
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Fig. 7. Scanning electron photomicrograpbs of samples from South Yellow Sea (A-C) and Yangtze River delta (D-F). Dark- to medium-gre y grains are 
silicates; white grains, carbonates; needle-like grains, phyllosilicates (elongate bright grains, chlorite; grey grains, mica); black areas are pores. 
(A) CJay sediment above the hard clay unit showing poorly compucted, highly porous sediment; (B) Top of the hurd clay unit showing maximum 
overconsolidation and low porosity; (C) Minimum overconsolidation and high porosity at the bottom of the hard clay unit; (D) Maximum 
overconsolidation and low porosity at the top of the hard clay layer; (E) Overconsolidated hard clay layer with traces of oxidation (bright grains, 
ferrihydrite?); (F) Minimum overconsolidation and high porosity in the bottom of the hard clay unit, core LA. 
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Texturally these samples are similar to 
those taken from core H106. Maximum 
overconsolidation of the top of the hard clay 
layer con'esponds to a zone of low porosity 
(Fig. 7D). In contrast, minimum over
consolidation con'elates to a higher porosity 
(Fig. 7F). Cementation by Fe-oxides is 
observed and may contribute to the 
measurement of overconsolidation of the 
hard clay unit (Fig. 7E). 
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Fig. 8. Carbonate, quartz and total clay mineral contents in core LA, Yangtze River delta, 
China. 

microforaminifera, radioisotope 14C and 160, 
and dendrochronology) in the interpretation of 

In contrast to the Venice deposits, these sediments show 
limited compositional variation relative to cold and warm 
periods. Nevertheless total feldspar contents are slightly 
higher during the colder Pleistocene period and there is a 
distinct variation from the top to the bottom of the hard clay 
unit, reflecting alteration during the cold, dry period at the 
end of the Pleistocene. 

Yangtze River Delta, China 
Core LA, taken near the city of Shanghai on the Yangtze 
River delta, consists of an Upper Pleistocene sequence of 
continentally derived sands from 30 to 27 m depth, a yellow
brown to dark green hard clay from 27 to 22.5 m, and a 
Holocene sequence above 22.5 m (Fig. 8). The hard clay is 
believed to be a paleosol (B. Liu, Tongji University, 
Shanghai, pers. comm. 1995) and marks the Pleistocene
Holocene boundary. Holocene sediments comprise a lower 
neritic silt unit interbedded with thin sand layers from 22.5 
to 12.5 m, a subtidal sand and mud unit from 12.5 to 4 .10 m, 
and a fining-upwards sequence of tidal flat sands, silts and 
clays (Xu et al. 1982). 

The quartz content is relatively low and constant 
throughout the sediment column, with a slight decrease at the 
top of the hard clay (Fig. 8). Carbonates are absent in the 
neritic and Pleistocene sediments. The proportion of clay 
minerals, which include chlorite, mica and minor smectite 
and mixed-layers, is highest in the upper part of the tidal flat 
unit and in the neritic and hard clay. As the proportion of 
clay minerals increases in the tidal flat and continental 
Pleistocene sediments, there is a corresponding decrease in 
feldspar content (Bonardi et al. 1995) suggesting that the 
clay minerals may have formed due to the alteration of 
feldspars. In the neritic sediments, the feldspar content is 
proportionally higher and thus the clay minerals are 
likely detrital. 

climatic events that have occurred since 
25,000 BP. We have recognized mineralogical and textural 
variations in clay sediments from the three different sites that 
can be related to the depositional environments which have 
been influenced by global climatic changes, as well as to 
provenance. The hard clay layers at each of the three sites 
exhibit preferred orientation of the clay minerals as well as 
evidence of oxidation (presence of iron oxides). These are 
attributed to overconsolidation due to subaerial exposure 
during a cold and dry climatic period. At all sites the total 
feldspar content is highest during the colder period (i.e., 
Pleistocene). With climate warming the clay content 
increases due to alteration of feldspars during incipient 
diagenesis or alteration. In the lagoonal sediments from 
Venice, calcite content decreases towards the top of the 
section reflecting change in provenance of the material and 
thus the depositional environment. Heavy mineral contents 
for the Yellow Sea sediments also reflect changes in 
provenance of the matelials. 
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