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Study on paleo-flood and slope failure events recorded as
- lacustrine sediment gravity flow deposits
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Lacustrine deposits record flood and earthquake events as intercalated
sediment gravity flow deposits. Magnitudes of erosion by flow events and high-
resolution event intervals can be determined from lacustrine deposits composed of
varves formed by annual layers. Sediment gravity flow deposits intercalated in
lacustrine sequences are caused by river flood inflow or lake slope failure triggered by
earthquakes. Sediment gravity flows deposit characteristic formations such as
hyperpycnites and turbidites when the flows lose grain support mechanisms in their
fluid. Statistical frequency distributions, such as lognormal, power-law, and exponential,
have been proposed for modeling sediment gravity flow deposits in terms of event
magnitude. Bed-thickness frequency distributions of such deposits reflect their origins
and materials in addition to the event magnitudes. Furthermore, stratigraphic changes
in bed-thickness and event frequency have been analyzed to evaluate event recurrence
intervals. Sediment core samples are frequently used for determining high-resolution
event magnitudes and recurrence intervals from lacustrine deposits. However, there are
certain limitations associated with the use of core samples, especially in determining
the origin of events. Moreover, it is difficult to identify the factors that control the bed
thickness of sediment gravity flow deposits through analyses of core samples. Therefore,
many studies have used paleo-earthquake records in addition to event correlation to
evaluate event magnitudes and recurrence intervals. Identification and classification of



sediment gravity flow deposits are important, and standard sedimentary facies are
necessary to solve the above-mentioned challenges. The aims of this study are: (1) to
establish typical sedimentary facies based on estimated sedimentary processes of flood,
slope failure, and flood-induced slope failure deposits with considering their lateral
changes, (2) to statistically characterize sediment gravity flow deposits with considering
relationships between deposit types and origins, and (3) to determine paleoclimates and
lake environments from stratigraphic variations in the studied formations. The Middle
Pleistocene Hiruzenbara and Miyajima formations, including various types of sediment
gravity flow deposits, were investigated in this study.

The Middle Pleistocene Hiruzenbara Formation, distributed in Maniwa City,
Okayama Prefecture, is composed of dammed lake deposits of the paleo-Hiruzenbara
Lake. The study sites have several diatomite mining pits and, therefore, sediment
gravity flow deposits in pits located several hundred meters to few kilometers apart can
be correlated. Flood inflow and slope failure deposits in the Hiruzenbara Formation can
be easily identified because background diatomaceous-deposit of background consists
of diatom fossil shells more than 95%. In this study, the thickness and frequency of
flood and slope failure deposits along the slope and in the central section of the paleo-
lake were measured. The Miyajima Formation is distributed in Nasushiobara City,
Tochigi Prefecture. This formation is composed of middle Pleistocene lacustrine
deposits of the paleo-Miyajima Caldera Lake and includes several flood deposits and
flood-induced slope failure deposits. Continuous outcrops of this formation occur along
the Houki River. In this study, flood, slope failure, and flood-induced slope failure
deposits were examined, and their thicknesses and frequencies were measured.

Columnar sections, continuous photographs, LL-channel samples, peel
samples, and block samples of the study sites were obtained. These samples were used
for detailed analyses of the sedimentary facies of sediment gravity flow deposits. In
addition to these examinations, thin section and grain size analyses of the samples were
carried out. The continuous photographs, LL-channel samples, and peel samples were
used for stratigraphic analysis of the sediment gravity flow deposits. Thicknesses of
sediment gravity flow deposits and frequencies by the number of annual layers were
examined using bed-thickness frequency distributions, rank-frequency plots, and
Poisson plots. Stratigraphic changes in the thicknesses and frequencies of sediment
gravity flow deposits were also examined.

Erosional and non-erosional flood deposits are observed in both formations
studied. Erosional flood deposits consist of inflow materials and have thicknesses of 2-
5 cm. These deposits can be divided into two units those are separated by an erosional

surface. The upper unit has weak inner erosional surfaces. Detailed observations



revealed that this type of deposit becomes thinner laterally toward the distal direction,
and the lower unit pinches out toward the distal area. Non-erosional deposits consist of
inflow materials and have thicknesses smaller than 1 mm. These deposits exhibit only
slight variations of sedimentary facies and are continuously distributed in the lateral
direction, with only a few exceptions of relatively thinner beds.

Slope failure deposits consist of rip-up clasts of background varved deposits
and have thicknesses of 1-5 cm. These deposits show lateral variations from those
containing large rip-up clasts to massive structureless beds. The sedimentary facies and
thickness of slope failure deposits change significantly in the lateral direction. Flood-
induced slope failure deposits consist of rip-up clasts of underlying deposits and inflow
deposits and have thicknesses of 1-100 cm. Similar to the case of slope failure deposits,
the lower layer of flood-induced slope failure deposits may be eroded. However, erosion
magnitudes are relatively weak when the base is composed of structureless deposits.
Significant lateral variations are observed in these deposits as well.

In the Hiruzenbara Formation, flood deposits consisting of on 193 layers in the
East pit, 371 layers in the South pit, and 40 layers in the West Pit were measured.
Moreover, slope failure deposits comprising 36 layers in the East pit, 103 layers in the
South pit, and 86 layers in the West Pit were investigated. In the Miyajima Formation,
flood-induced slope failure deposits consisting of 636 layers were studied. Bed-
thickness frequency distributions of the flood deposits correspond to power-law-like
distributions. The rank-frequency plot for the slope section (East pit) is a straight line,
whereas those for the central section of the lake (South and West pits) have a slight bend
at 6 mm. The bed-thickness frequency distributions of slope deposits show lognormal-
like distributions. The rank-frequency plots of slope failure deposits at all sections have
a sharp bend at 3 mm. The bed-thickness frequency distribution of flood-induced slope
failure deposits does not fit the power-law and lognormal distributions. However, with
the exception of slope failure deposits along the slope, the recurrence intervals of all
types of events in both formations correspond to Poisson distributions.

With the exception of the uppermost layer, frequencies of flood and slope
failure deposits in both sections of the Hiruzenbara Formation exhibit a similar
stratigraphic pattern. However, the frequency and thickness of the event deposits in the
central section of the lake are greater than those along the slope of the lake slope. In the
Miyajima Formation, the frequency of “double couplet”, event frequencies and their
stratigraphic patterns differ between the upper 450-year interval and the lower 720-year
interval. “Double couplet” and non-erosional sediment gravity flow deposits dominate
in the upper interval, whereas the lower interval is characterized by erosional sediment

gravity flow deposits with only few “double couplets”.



Thick flood deposits with an erosion base are likely to be hyperpycnites
because they consist of inflow materials and have an internal erosion surface. The upper
unit of such deposits has thin subunits with weak erosional surfaces, suggesting that
they were deposited by a fluctuating hyperpycnal flow. Pinching out of the lower unit
indicates that a flood flow deposited the upper unit and therefore it covers a larger area
of the basin. This observation reveals that the deceleration flow that deposits the upper
unit has a longer discharge duration than the acceleration flow that deposits the lower
unit. Flood-induced non-erosional sediment gravity flow deposits are mainly composed
of inflow materials and have good continuity without any erosion surfaces; therefore,
these deposits correspond to hypopycnites spreading along the water surface and
settling to the lake floor, or homopycnites mixing with lake water. Non-erosional flood
deposits without lateral continuity are likely to have been deposited by more dilute
sediment gravity flows that can easily diffuse and show discontinuous deposition. Slope
failure deposits including flood-induced slope failure deposits are composed of
“background” varved diatomite clasts and show significant facies changes with large
basal erosion. Additionally, its sedimentary character changes from clasts or blocks of
varved diatomite dominated slump-like deposits to massive structureless deposits in the
lateral direction. This facies change suggests that a debris flow generated by slope
failure of the lake might have resulted in a more dilute turbidity current and subsequent
deposition of different materials at different densities on each setting.

Flood events are interpreted as self-similar inverse cascades, and therefore it is
thought that flood magnitude (flood discharge) follows a power-law distribution. As the
bed-thickness frequency distribution of flood deposits in this study follows a power-law
distribution, it likely reflects flood magnitude (flood discharge). In the Hiruzenbara
Formation, the inclinations of the rank-frequency plots for the central section of the lake
changes at 6 mm. That is caused by the presence of several thick beds at the central
section of the lake. It is thought that topographical features, such as the slope of the lake
floor, affect the depositional process in this section.

It is suggested that the magnitude and frequency of earthquakes exhibit a
power-law relationship. However, bed-thickness frequencies exhibited lognormal
distributions in this study, and therefore they did not directly reflect earthquake
magnitudes. The slopes of the rank-frequency plots change at 3 mm, indicating that
deposits with thicknesses below 3 mm are rare. Thus, it is possible that small-scale
earthquakes do not induce slope failures. When flood and slope failure deposits cannot
be identified and distinguished like in the Miyajima Formation, the bed thickness
frequency distributions do not exhibit the features mentioned above. Recurrence
intervals of flood and earthquakes are thought to follow a Poisson distribution. The



recurrence intervals of bed deposition by these events in the Hiruzenbara and Miyajima
formations also follow a Poisson distribution, indicating that flood and earthquake
events occur as discrete random natural phenomena, except for sites with incomplete
event history records. For instance, because slope-failure induced sediment gravity flow
bypassed the lake slope and did not preserve the sedimentary bed, slope-failure deposits
along the lake slope in the Hiruzenbara Formation do not follow a Poisson distribution.

The frequency and thicknesses of sediment flow deposits in the Hiruzenbara
Formation along the slope and in the central section show a similar stratigraphic pattern.
Variations in the uppermost interval indicate differences in lake-filling processes in both
sections. The flood deposits might record climatic changes whereas the slope failure
deposits might reflect infilling processes of the lake. In the case of the Miyajima
Formation, several differences are observed between the upper and lower intervals. In
the lower interval, “double couplet” and non-erosional sediment gravity-flow deposits
are dominant whereas “double couplets” are rare in the upper interval, which is
dominated by erosional sediment gravity-flow deposits. The “double couplet” may be
formed via lake water circulation and stratification. In lake environments, hyperpycnites
may decline because thermocline formations interrupt hyperpycnal flows going down
into deeper parts of the lake. Moreover, varve preservation indicates that lake water
circulation occurred only in the upper parts of the lake. Colder climates are suggested
in a duration forming “double couplet” in the upper part of the Miyajima Formation.
Similar to the Heinrich events suggesting a colder climate in the Dansgaard—Oeschger
cycle in the Holocene, the durations were estimated as short-term colder periods that
were in a long-term warmer period. In the upper part of the Miyajima Formation
including “double couplet”, many flood events causing sediment gravity flows were
suggested due to heavy snowfalls in colder winter involving meltwater floods in the
spring season, except for the uppermost 300 years.

BEEDHEROER

HE IZFEER ST A IR E DA N2 N ZRERVIICHIT 2 2 & 1%, #iERF S, FF
BT, T, TREFICBIT2EBENRME Ny 7 ThDH A, £ < OWFFE Tk
IO REEEAY 1000 4FE2 5 100 FTAEE WS, Wb D [HIE PRI R 7 —/1 ) TOffMT
DEERTH D, HBFLEO T THIMRHERED L, HESSHOKR EZRKE LicA X Mg
DBRVRFEARTH 2 Z ENIMBILTN DD, FRICTHRHERE Y B 2 R & L0
LG ETX, ANV MRERESCE ORARFICET 2 gk E 14 v )HFkx
D B BRI A 7 — L O TN, IS D Z LN TE L. M x REEE O H G

[Study on paleo—flood and slope failure events recorded as lacustrine sediment

gravity flow deposits : WIEKE NiiidefEY & L TRtk Shvm bk « HHiEA XU M



B 2040 TiX, O &5 AR HERY O & S E @2 A0 L, ERNOoRER
B78 2 DOBEFHFIWR Y 7 2 a > TH DM LIRE O LEE & WA RALE o R E
HEEEEZRMNT2Z2L7T, 1) WERETRIZRED b2 EARHEREDIC OV TE OEFER
i LT BRI 23 BlER, SBHT A 2 CRFEZMAEL, Thae b & ICHREIBR
HE[E LT 9 2 CRIEO B 2\ MHEREY 0N - SREREEZI LTS, 2) FE
FIRHERE ) DB ECRASEE IOV TR 2B i L, ZhEhoiFEE A <> k
FAMBSCHBEORBR AL NCT S, 3) T OERBICEET 2 ERHEREY O BT+
WAL ERFTL, TINDHRBESCHREOEELZEET S, O3 HiaeEiRE L THFEE
To7-.

ZOMETIZET, HUEE, FEBICHW MR EIEELS, IRKER, ZiEEE:
GHEOERE 21TV, EAEREE, MEEORE, 7oy 7R EITo 72, B E
F =2 BLUORBORNEN 2B L CTHL NI R > TEROBEE b L 12, HIUEEICE
W 7849 D, EEBIZERBWT 1177 RO JE FrRisk e AT Uiz, wa e s iR
mHC 193 @, WM 371 Jg Ot E I HERE 23, IR T 36 @, WM
T 103 J8 O AR E D FHERE S 358D B, £EEBEIZEBW T 636 g otk L0z
MNFETE LT BREEME B D MR SRR ST, 2 0 9 Bk PEHEREY) 13 AME Ok 7>
HRHAX NET, TEHMIENRLOLIFHMREN LI OND. BRENLRLD
WA NR—=E A FEREEZEZ BN, TO Ef2z=y "OBZDIENMD GHOMAID) HiE
FTHIEL T D, ZiUE, Efo= FRHRET M OBEREMLS, Tiz=y b &
HESELHNOMIHB LIV bEVWI LIk EE2 N5, #IUEETIE, FHEAM
PRUKVEHERE ) X T, WIS L b L THEGEEOEFICREVLOREBH LD, =
NOITEVIRBEEOWKIKIZEIDREE T A FHDLWVIENARE Y F A MTHIGT D
AREMEN R TE 5. FMILEBICRB W THIEME & Z 2 DD EARHEREMII Ny 7 7T T
v ROEBHEREM NG, 20V v 7T v 77T AN LIZLIEETe. T RXAZXA B
BEOABEAR, ZRAHERIY > & JLIRHERES ~ & T ~D B 72 B2 b &2 v d 7=, Mg
ARy MZEDRHEREN A U LA REBIRIC L LHERE L2 b0 LI TE 5.
—J7, BB D BRI, Ny 7 7T T ROWRHERED NS D
WeEY) & RAMEORBRI 2 TR ET A LR HZ LD, Bk I OWKIZk - T
R ENTZRENZORIK E B 2 5D . (EROTHRAEREMIFTE T b (AR O S FH B R %
FFoA Ry FEORIRIZOW THEMITZR STV, 25 OBFFED KT E O #E
THREISNTZa7RE 2RI L0 TH D720, BT EF~DRBHZELOBEITITIR
RRH0, AR NEOEFOBELETIER 2 ETEThoTo. RiwLTIE, BHTORE
M7 BEABIEIC S S BN AL ZEET 5 2 & T, #FERREEZEZE L9 2 TOH
FRE MR ORIR & FREEE KV fEIC T A 2 LR TE .

WIZ, EHRERESEAXRY FOBLE ZOBERIZOWTER L., —RICE DK
HEREW) O J@IE B E AT 1T A N FOHBLICEET 5 B2 6N TEY, TOEJFIZEL-T
B0 RmTZENAbLNTWS. ZhICHESWT, EAfA25I & Liziokse
HEORMENFZ RSN TS, AIFFETIE, a7 2 AWk DOMFIFE TR S NFI
B STV IR E D R O I BT 2B E R ERH L 0o 72 2 8T, LV
Bl KA X FOBAEMME (BXRER), BEMESMAEZAFTLIENTEL. Z0)
B, wrtl R OB E S HERE S 1T, BRI TH DK & RO & AR IR LR
BT 2R LT, 0 Z L, BKMEENRITEKOHBEZ DO S O % BB L TV
LAREMENE X b . [AIIFIC Rank frequency plot DN 5, #7 L E 2 HEfE S w7
TR OANZ SEE R W B S HERE T2 L 9 RSB S L C W aTREME 2R3 2 &
MTE., HEBEBOHMKE (w7 =Fa2—F) LZOHE L OREFRIX Gutenberg—Richter H &
FiEh, REQMETRTZENMONTWDR, FrllEE O fREEM: B i HERE Y O & JEA4H
NI I N RESGATIERL, L LAMBIERSMICEM Lo/ Th o7z,
Rank frequency plot OfFEHT2>H1E, JEIE 3mm LLT O EREEMEHERE M) | T Heik i) 72 2



ERHMAIND DT, ZO0MOER E U C/NRELO H#E CIXREm AN il LB
SN WAREMEZREHRT A2 ENTE . —FHEERY O, BoKIZHER I NI-pEEED
THEREY) TlE, F DOBIEME ST EZ oM, JHBOEHSAOWTNE SRS 720, Wk
DL DA Xy MY OMFIETRENTWNWD LI, BEEEOL I RIEBEDA X |
HEREW) 5 el U7, KPR & JASEYE O T JHEREY) O B 8 L — A Tld, £ OREIR
EXPS LT i R S 72 W ATREMEN RIR S 5.

BEDRFHEDOETIX, et LI & & 2O ET 2 BB O v 7
L E S &2, 26 O EEREZEICRTHERICOVWTEE L. milEED
YR MEFS L OVHAEEMEA N N OBHEE & IR 0AmIE, B EEEHEZ R &0 X O R
Witz 7va BV THEE LAY — 2 ZR LTS, e BEECIIAREENE B D i HERE ) 7
P H 0, ZAUTIA O OHEITIZ K 0 RN ORI FZCHT 72 0 AREER A LIz <
{TpolzZ L L TH D, FFEBAEIZI W TR E O KM E 1 HERE Y 0
B CEET A K D105, ThiE, ZOBHORILKLOFEENC X v %75 R A%
ENHEISNZZE LT ENTED. —HEREEAD L, FlZ2®y FOE
%3 % Double couplet NEBIT B BHETIX, ENMHEED N FTALEZRE LW A
TOHLONRELBO LD, ZO X HRE2BORDE >~ 35 LIS R 7L Double
couplet ORFHIIZIE, WIAKHIZIEEL S DIREETE O 72 DIFIEIZE V iATe A N—E 7 F
A FOFEENME T L2 mGEMED S 5. Double couplet DIERRED B I, = OFHIIC LR FE
WRADOMBNTRE I ND D, — 5 T BREHERE R WAL HBREE 5 O — XA 70 BRAR Tl
MK O LSRR R CTh 5. B EE COBFMITERE A5 &, FrZED LE DK
450 [ DO FEFFFLEKIC Double couplet OIBAEBAENE N 0D, Z O TIEIXED
LBHAEDREIND. ZOX D REEFERAT— /L TOEABIE, FIULRELS) T
HHNTNANA LY b AXRY MY T D EEZOND. BEEOFED{LEECHlbk
RDNDIE, e BEBEYEZ bR CUoRME O HEFEY B ) pE 8 A E IR 2 =R Th 5.
SAEEBLEETOPNRA X FOBMMER & LT, LV EMELIELADESEOHEN
EEFOMBIZLDTWADHERKPHEE SN DD, Z ORILE Bk A X NHEED
DL DPIFICTN— T DORZ 5D Stephanodiscus akutsui % FiRE T 5HAOER
WCEVE#EEDND Z & ELIEFITHTHMTH D, ENO LRI & 2 5 5T i s
FEMERDE, ~NA U v A2 MEMESEEINTIME L~ AL TWD Z &3
LNTEY, ZOHERE LT, £ A= OIEHRIIC I BHARYWED S DKL R
RKTAHZETHREENHE AT ENERIN TS, B 5% S T8 Wk (LM akdE <
WEINDEARLADOHBLEBREEOMKIT, "YU vy A XV MIEIVAFEL A—
UINEM LS NI Z ERFOERI2DTEA S T O KD B RS S 2 S AR
JECTHITZ IR S LT,

ZO XD ITARBEERICTIE, WA T O ) ImHERR Y DR E R AE A T TS T
B eI, ZORFFEIIBITIZRS S A XY FNORSRIINZE L %2, #fgitiEnIEwIc X
R EINT=RFEOV LA EFHHFIHRHERY) T LR LV EREIZB W T—20
MR/ e L CBER LT, BIZZ 2B E#RE b & ICE B A B B
TOHHMREZBTO LR THEMPERDIRBOONDLI D THDL I &b, KEAER

ST A LR UTET 5 b0 L HE L



