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Abstract. Studies on the formation of the ancient Diexi bar- focused on the formation mechanism and stability of the bar-
rier lake on the Mingjiang River, southwestern China, haverier and the environment change with the life of the barrier.
long been carried out. However, investigations into the corre\Weidinger (1998) investigated the stability of the landslide
lation between the palaeoclimate and palaeoenvironment anbarriers located in the Himalayas. Trauth and Strecker (1999)
the palaeoseismic events in this area are rarely found in litdated the formation time of the landslide barrier lake located
erature. The present study took sediments from the ancierin northwestern Argentina. Wassmer et al. (2004) investi-
Diexi barrier lake to investigate the palaeoclimate, palaecoengated the landslide barrier lake located in the Rhine Valley
vironment and palaeoseismic events. A drilling at the centreof Switzerland and the research was mainly focused on the
of the barrier lake was conducted and the core of about 260 nfailure mechanism of the barrier. Krivonogov (2005) stud-
long was examined. The palaeoclimate and palaeoenvironied the ice-dammed lake located in northern Mongolia and
ment indicators (sporopollen, carbon and oxygen isotopesfocused on the formation time of the barrier and the environ-
organic matter, calcium carbonate, granularity) from the sedment during the time when the lake existed. Moreiras (2006)
iments have been tested and analysed, and indicate that theirvestigated the approximate formation time of the landslide
were 10 climatic and environmental periods between 30 00(arrier lake located on the Cordon del Plata River of in the
and 15000 a BP (before present). The discovered disturbanaeentral Andes and he considered the clogging event related
segments in the core indicate there were at least 10 seismio seismicity, together with climatic conditions, rock forma-
events during that period. The consistency between climaté¢ions and geological structures. Yang et al. (2005) investi-
change and seismic events indicates that a strong seismicityated the evolution of the ancient barrier lake in the Diexi
is normally accompanied by a climatic variation. This may be area by analysing the lithology and sediment system. An et
a useful supplement for climate and geohazard predictions iral. (2008) considered that the lacustrine deposit of the an-
the future. cient barrier lake along the Minjiang Fault reflects the tec-
tonic activities of the fault. Zhang et al. (2009) investigated
the climatic variation associated with the Diexi’'s ancient
dammed lake by AMS (accelerator mass spectroméfi@)-
1 Introduction dating and granulometry. They divided the evolution of the
palaeoclimate in the research area into three stages: stage |
The foreign matter caused by rockfall, landslide, debris row(40_5_33_4 kaBP — before present) being cold and dry cli-
and lava flow often clog a river by forming a barrier on it. mate, stage Il (33.4-31.7 ka BP) being warm and humid, and
Earthquakes are normally one of the main causes of rockstage |11 (31.7-31.1 ka BP) being relatively warm and humid.
fall, landslide and mudflow (Huang et al., 2008). The ancient\/\/ang et al. (2000, 2005, 2007, 2009) studied the geological

barrier lake refers to the remains formed by such events @nyironment and climatic evolution by dating the deposits in
long time ago. Previous studies about the barrier lake mainly
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Figure 2. Geological map of the Diexi area.

Figure 1. Regional geology. by the lake boundaries; and the deformational structures be-
ing limited to a single stratum by relative horizontal layers.
As above, studies about the Diexi barrier lake so far mainly

L ) o _ focused on the morphology of the sediments exposed and
the Diexi barrier lake and indicated that the barrier lake wasyh o environmental indicators in the sediments. However. re-

formed about 30 000 aBP ago and disappeared about 150008 5, ches on the correlation between the palaeoclimate and

later with a climatic evolution sequence similar to what has 5 3e0environment and the palaeoseismic events in this area

been discovered by Zhang et al. (2009). _are rarely found in literature. The present study takes the
However, studies on the palaeoclimate and palaeoenvironse jiments of the ancient Diexi barrier lake to investigate the

ment were carried out by taking barrier lake sediments t0 in-3 136 0environment and palaeoseismic events. A core drilling
vestigate the climate change law. Chen et al. (2000, 2003}y entire profile sampling was conducted at the centre of

in\{estiggted the palagoenvironmental features of the Daiyne piexi barrier lake, near the Tuanjie and Jiaochang vil-
hai barrier lake by taking core samples between 12.34 ang, s The environmental information (sporopollen, carbon

14.18 m in depth (age: 10.5ka BP). Wu et al. (2000) and Zhu, 4 oxygen isotope, organic matter, calcium carbonate, gran-
et al. (2004) obtained a function between the total 0rganic |5ty in the sediments were obtained. Based on this, 10 cli-

carbon and its isotope records in the Xingcuo Lake sedimentg, 5yic and environmental periods and 10 disturbance sections
and the corresponding precipitation and temperature. Zhao i, ave-like structure along the drill hole are interpreted. It

al. (2007) investigated the ancient vegetation environment ing to,nq that there is a close correlation between the palaeo-

the Ruoergai Basin with sporopollen analysis. By samplingjimatic evolution and the palaeoseismic events.
from the outcrops, Duan (2002) and Duan et al. (2002) indi-

cated that the palaeoclimate in the Diexi area experienced an
evolution of drought—humectation—drought. 2 Geological background

By testing the sediments in the Sant’Arcangelo Basin,
Moretti et al. (2007) indicated that the formation of the in- The research area is located in the northwestern Sichuan
ner deformation of the sediments was caused by earthquakeBlateau at the eastern edge of Tibetan Plateau formed by
Wang et al. (2006, 2011) attributed the wave-like structureshe crush and convergence of the Indian Plate and the
of the sediments in the Diexi ancient barrier lake to earth-Eurasian Plate. The region crosses the alpine valley region
quakes. Sims (1975) concluded that the wave-like structuregn the transition between the northwestern Sichuan Plate
of barrier-lake sediments may develop in the following cases:and the Sichuan Basin, where the well-known “north—south
the lake being close to the active tectonic zone in the contemearthquake tectonic zone” is located. The region is sur-
porary age; sediments being prone to liquefaction; the waverounded by three tectonic plates: the Qinghai-Tibet Plate,
like structure of the sediments being similar to the structureghe Yangzi Plate and the North China Plate. The action of
formed by the earthquake-vibration test; the deformationalthe Indian Plate, the Pacific Plate and the Eurasian Plate
scale of the sediments being small and normally constraineanakes the structure of this area complex. Revolving tectonic
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Figure 3. Typical cross section of the Diexi barrier lake (Section IlI-III" in Fig. 2.)

3 Methodology

Four drillings (ZK1, ZK2, ZK3 and ZK4) were carried out
in the Jiaochang and Tuanjie area, the central part of the an-
cient Diexi barrier lake. The depth and top elevation of the
four drill holes are 52, 84, 48 and 41.7 m, and 2337, 2177,
2231 and 2292 m.al., respectively. The drilling core, in to-
tal 216 m long, was well photographed and recorded. In order
to obtain the environmental information recorded in the sedi-
ment, soil samples were taken at every 4 m from the core and
in total 53 samples were collected. Each sample was divided
into three parts for spore-pollen and organic-matter testing
to extract the climatic information during the process of sed-
Figure 4. Structure of lacustrine sediment in the Diexi barrier lake. iment deposition. In addition, 108 soil samples were taken
from the core at every 2m. Each sample was divided into
) . o ) ] three parts for testing of carbon and oxygen isotopes, cal-
systems are widely spread in the Minjiang River regions. Thegjym carbonate and particle size distribution, respectively. A
Jiaochang Formation with a mountain-shaped arcuate strucgating test was carried out on the core at the soleplate alti-
ture is of several hundred metres wide (Fig. 1). tude and the top for determining the sediment formation and
The Diexi ancient barrier lake is located in the deep V- ayiinction times.
shaped gorge region of the Minjiang River (Fig. 2), where || tests were carried out according to Chinese standards
mountains are high, the gorge is deep and the river current igs jisted in the reference list. The sporopollen tests followed
fast with an average water surface gradient of about 10.3 %gy/T 5915-2000; the stable carbon and oxygen isotope tests
The thickness of the sediment in the middle of the barrieryere pased on SY/T 5915-2000; organic matter tests were
lake near the Tuanjie and Jiaochang villages is about 200 Myccording to NY/T85-1988; soil carbonate was based on cal-
The age of the sediments at the bottom is about 30 000 a angiym carbonate tests NY/T86-1988; particle size distribution

of those at the top about 15000 a. _ _ followed GB/T50123-1999; and dating tests were according
The barrier dam was formed by a series of landslides thaty anps-14C.

originated from the bank slopes. As shown in Fig. 3, the top
elevation of the lake sediments is about 234Qsi.aThe
thickness of the sediments near Tuanjie and Jiaochang vil4 Results

lages is greater than 200 m. In this area, the sediments are o

silty clay. At the tail of the barrier lake in Taiping Village 4-1 Palaeoclimatic indicators
(Fig. 2) the particle size is greater, showing a fluvial de-
posit feature. The sediments in the lake centre consist mainl
of layered silty sands and clay with clear colour variation
(Fig. 4). The thickness of the lamina is 2-5 cm.

In total, 12 532 sporopollens of 46 kinds are identified from
he tests. The content distribution of sporopollen along the
elevation is shown in Fig. 5. The arboreal sporopollen com-
prises the dominant content of about 59.9-89.1 % with an av-
erage of 76.2 %. Shrubby and herbaceous sporopollen is sec-
ond with the content of 6.7-36.9 % and average of 16.9 %.
Ferny spores and algous sporopollen rank third with the
content of 0.9-17.0% and average of 6.9%. The arboreal
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Figure 5. Pollen and spore schema with elevation.
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and(b) values of§~*C ands="0. Figure 7. Average content of organic matter.

Nat. Hazards Earth Syst. Sci., 14, 20622078 2014 www.nat-hazards-earth-syst-sci.net/14/2069/2014/



X. Q. Wang et al.: Palaeoclimate and palaeoseismic events discovered in Diexi barrier lake 2073

Cacos content g/kg dso (mm)
0 80 160
0 004 008

2350 7J_u_AJJJ_uJ_u |

_ | X

i XV i

* XIV B X
2300 — Xy 2 2300 7 i

* XI = - VI

| g ]

il X E ] VI

_ IX s 7
2250 —| = ] v

f VI _

- VI 2200 —

i VI - 1Y
2200 — v i

7 - I

i v _

B | I
2150 — _

n I 2100 — I
2100 —] I i

Figure 8. Content of CaC@with elevation. Figure 9. Mean particle size/so.

o _ 0.013 mm. The distinct variation @akq divides the elevation
pollens mainly includePinus Cupressaceae arfduercus  profile into 11 segments. Through the dating according to the

with little PicedAbies Tsuga Ulmus Betulg Juglans Tilia method of AMS24C, the year at 2094 mal. is 30 830 a BP
and Carya The shrubby and herbaceous pollens includegnd that at 2306 m is 16 902 a BP.

Corylus Ephedra Ericaceae Artemisia Chenopodiaceae,
Gramineae, Liliaceae and Cyperaceae. The ferny spore andl2 Disturbance segments in the drilling core
algous pollens include Polypodiaceae and Concentricystis.

As shown in Fig. 6, the maximum value&Cis 0.66 and  Through visual examination of the drilling core, 10 segments
the minimum is—7.35, with an average 6£0.43. The max-  are identified as they show disturbance structures similar to
imum value of$180 is —7.44 and the minimum is-11.72, those shown in Fig. 10. These disturbed segments typically
with an average of-9.42. The ratio 083C to §180 ranges  have the following features: (1) wavy and wrapping struc-
from 0.77 to—0.08, with an average of 0.05. It is noted in ture is popular; (2) the laminas vary in thickness; and (3) the
Fig. 6 that boths13C and$80 show the similar variation disturbed structure is sandwiched by the neighbouring upper
pattern along the elevation. and lower horizontal layers.

In the entire elevation profile, the maximum value of As shown in Fig. 11a, the wrapping structure is a kind of
the organic matter content is 1.57 % and the minimum isstructure formed by the flow of seismic liquefaction under
0.17 %, with an average of 0.68% (Fig. 7). According to an unconsolidated condition (Sims, 1975). Fig. 11b presents
the variation of the content, the whole profile can be di- a flame structure in a single layer, which is confined by hor-
vided into 11 segments (segments 1-XI). As shown in Fig. 8,izontal stratification at the top, indicating a younger lacus-
the maximum content of the calcium carbonate (Cg0®  trine deposit after the disturbance. This kind of disturbance
187.04 gkg?! and the minimum is 58.66 g kg, with an av-  exposed in the drilling core and outcrop is thought to be the
erage of 141.49 g kg in the entire elevation profile. Accord- product of earthquake vibrations, which liquefy the unsolid-
ing to the variation of the content of CaG(l5 segments can  ified lacustrine sedimentation.
be identified along the elevation profile.

The mean particle sizdgg, is presented in Fig. 9 along the
elevation. The maximum value of the mean patrticle size is
0.071 mm and the minimum is 0.002 mm, with an average of

www.nat-hazards-earth-syst-sci.net/14/2069/2014/ Nat. Hazards Earth Syst. Sci., 14, 20898 2014
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Figure 10.Features of disturbance layers in the drilling core.

5 Discussion

It is well known that the sporopollen is one of the palaeon-

tology indicators which are used for climate proxies. Plants
such asPinus Cupressaceae and Chenopodiaceae indicat

chilliness and drought, whil&suga Quercus Ulmus and
Corylusplants indicate warmth and humectation. As shown

in Fig. 5, arboreal sporopollen content is the most pro-
nounced followed by shrubby and herbaceous sporopollen.
The content of ferny spores and algous sporopollen is rela

tively low (in most case less than 10 %). According to the
variation of sporopollen, the whole elevation profile can be
divided into nine segments (I-1X) corresponding to nine cli-
mates. In each segmemjnus sporopollen dominates, fol-
lowed byQuercusor Cupressaceae.

Segment | presents &inusCupressacea@uercus
Chenopodiaceae sporopollen group. According to the ave

age content oPinus Cupressaceae, Chenopodiaceae (indi-

cating chilliness and droughtQuercusand Tsuga(indicat-

ing warmth and humectation), the climate in this segment

Nat. Hazards Earth Syst. Sci., 14, 20622078 2014
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Ele: Elevation (m a.b.s.l.)

would be cool and semi-humid and the vegetation represents
an acerose and broadleaved-forest type.

Segment 1l is mainly &inusQuercusChenopodiaceae
sporopollen group. The contents of all sporopollen are rel-
atively stable. Compared to Segment I, the conterRiofis
gndCoryIusincreased, that dQuercusandLarch obviously
decreased, while that of Chenopodiaceae Artdmisiastay
unchanged. This indicates a cold and dry climate and a veg-
etation of acerose—leaved-forest type.

Segment 1l presents &@inusQuercusCupressaceae-
Chenopodiaceae sporopollen group. The conterinfis
obviously decreases, while that of Cupressacea®amcus
increases sharply, as well as that.affch. As Quercusindi-
cates warmth and humectation, the climate in this segment is
cool and of semi-dry and the vegetation is of the acerose and
broadleaved-forest—grassland type.

Segment IV is mainly aPinusQuercusCupressaceae-
Artemisiasporopollen group. The content Bfnusand Cu-
pressaceae is basically unchanged. The contdrdrch and
Chenopodiaceae obviously decreases, while thtuzrcus

www.nat-hazards-earth-syst-sci.net/14/2069/2014/
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Table 1. The palaeoclimatic periods in the study area.

Segment  Elevation of Palaeoclimate and palaeoenvironment

disturbance Elevation Period
layer (a.s.l.) (a.s.l) (aBP) Climate Vegetation
10 2321-2313 2323-2333 15650-14992 warm-humid forest

9 2306-2300 2301-2323 16902-15650 warm-dry forest—grassland
8 2291-2288 2290-2301 17413-16902 cool-dry forest—grassland
7 2275-2269 2273-2290 18531-17413 cold-dry forest—grassland
6 2262-2253 2229-2273 21425-18531 hot-dry forest
5 2206-2200 2207-2229 22872-21425 warm-dry forest
4 2193-2189 2174-2207 25043-22872 cold-dry forest—grassland
3  2166-2163 2146-2174 26916-25043 cool-dry forest—grassland
2 2154-2152 2115-2146 29077-26916 hot-humid forest
1 2137-2134 2095-2115 30830-29077 warm-humid forest

andTsugaincreases markedly. This indicates the climate in
this segment is of warm and humid features with acerose and
broadleaved-forest—grassland vegetation.

Segment V is mainly aPinusQuercusCupressaceae-
Chenopodiaceae sporopollen group. The contentas€h
and Gramineae increases slightly. The contenQatrcus
and Tsugadecreases. This indicates a cold and semi-dry
climate with vegetation of the acerose and broadleaved-
forest type.

Segment VI is a PinusQuercusCorylusArtemisia
sporopollen group. The content Binusand Cupressaceae
increases, while that of Chenopodiaced@uercus and
Tsugadecreases markedly. This indicates a climate of warm
and humid features with vegetation of the acerose—leaved-
forest type.

Segment VIl is a PinusQuercusChenopodiaceae
sporopollen group. The content &finus increases, while
that of Quercusincreases, indicating a cold and semi-humid
climate with vegetation of the forest—grassland type.

Segment VIl is aPinusQuercusCupressacea€orylus
Gramineae sporopollen group. The contentRihus de-
creases, while that ouercusincreases, indicating a cli-
mate of cool and mid-drought features with vegetation of the
acerose and broadleaved-forest—grassland type.

Segment IX is mainly a PinusQuercusCorylus
Chenopodiaceae sporopollen group. The conterinfis
slightly increases, while that ofQuercus obviously de-
creases, indicating a cold and dry climate with forest-type
vegetation .

The climates in the above-mentioned nine segments ex-
hibit alternate warm-humid and cold-dry climates and al-

Figure 11. Earthquake-induced disturbance layer in the sedimenti€Mate vegetation types (forest—gra_ssland type in segments
I, 1V, VIl and VIl and forest type in segments I, I, V,

exposed on an outcrop. Viand 1X)
an .

Referring to the study by Chen et al. (2000) on open fresh-
water lakes, we consider that the high values&#C in-
dicates warm climate, while the low value 8tC means
cold climate. However, the high value &0 indicates cold

www.nat-hazards-earth-syst-sci.net/14/2069/2014/ Nat. Hazards Earth Syst. Sci., 14, 20898 2014
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Figure 12. Delineation of palaeoclimate in the study area.

climate, while the low value means humid climate. As shownenvironment, as the content of calcium carbonate in the sed-
in Fig. 6, the values 0813C ands180 and their ratio fluc-  iments reflects the palaeoclimatic features in the process of
tuate with elevation. According to the variation feature of forming sediments. Generally, the high Cag&€ntent rep-
813C/ 8180, the entire elevation profile is differentiated into resents a cold and dry climate, while the low represents a hu-
13 segments, each representing a climate type. Segmentsmid climate. According to this variation of CaG@ontent
I, 11l and X indicate humid climate and others are dry. Ad- in Fig. 8, the elevation profile can be differentiated into 15
ditionally, segments |, II, IV and V reflect typical cold cli- segments. Segments | and Il are relatively warm and humid,
mates. In general, the upper part of the profile experiencedvhile segments IX, X and XIV are somewhat cold and dry.
somewhat warm and dry climates, while the lower part expe- The Diexi barrier lake is an open and drained lake and
rienced relatively cold and humid climates. its sediments stem from materials upstream of the Min-

The organic matter represents the enrichment of humus ifiang River. The granularity test indicates that the sediments
soils, which is generally caused by bioorganic actions. Theare mostly silty clay, clayey silt and sandy silt. The coarse
high percentage of the organic matter not only illustrates thegrain represents plentiful rainfall, humid climate and strong
accumulation of the humus, but also indicates a humid conhydrodynamic conditions, while the finest grains represent
dition during the formation of soil and an active process of less rainfall, dry climate and weak hydrodynamic conditions
bioorganic action. A warm and humid climate favours luxu- (Chen et al., 2003). As shown in Fig. 9, the average parti-
riant growth of vegetation, which is beneficial to the accumu-cle sizes exhibit strong fluctuation with elevation. The vari-
lation of humus. Although the content of the organic matteration in the lower portion of the profile is relatively small,
in the stratum would be affected by the decomposition of thewhile that in the upper portion is relatively large. According
organic matter itself, the content measured today still reflectgo the granularity, the entire profile can be differentiated into
the biomass values at that time. According to the variation ofl1 segments. Segments I, V, VII, IX and Xl indicate a rela-
organic matter content in Fig. 7, the elevation profile can betively humid climate, while segments 11, 111, IV, VI VIl and
differentiated into 11 segments. X are relatively dry.

Based on studies on contemporary lakes, Wang and By combining the above-mentioned individual climatic in-
Li (1991) indicated that a close relationship exists betweendicators and the dating results, Fig. 12 and Table 1 are ob-
the sedimentation of calcium carbonate and the climate andained to summarize and delineate the palaeoclimatic history

Nat. Hazards Earth Syst. Sci., 14, 20622078 2014 www.nat-hazards-earth-syst-sci.net/14/2069/2014/
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