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Abstract

In the densely populated region of East Asia, it is important to know the mechanism, scale, and frequency of
heavy precipitation brought about during the monsoons and typhoons. However, observational data, which cover
only several decades, are insufficient to examine the long-term trend of extreme precipitation and its background
mechanism. In humid areas, the transport flux of a suspended detrital material through a river system is known to
have an empirical power relationship with precipitation. Thus, the sedimentation flux of a fine detrital material
could potentially be used as a proxy for reconstructing past heavy precipitation events. To test the idea that the
sedimentation flux of detrital materials records past heavy precipitation events (e.g., typhoons), we focused on the
detrital flux estimated from the annually laminated sediment of Lake Suigetsu, central Japan, which is capable of
accurately correlating the age of detrital flux with the precipitation record. We first established a precise age model
(error within £1 year in average) beginning in 1920 A.D. on the basis of varve counting fine-tuned by correlation
between event layers with historical floods. The flux of the detrital material (g/cm2/year) was estimated on the basis
of Al,O3 content (wt%), dry bulk density (g/cm3), and sedimentation rate (cm/year) calculated from the age model.
The detrital flux of background sedimentation showed a weak positive correlation with annual and monthly (June
and September) precipitation excluding heavy precipitation that exceeded 100 mm/day. Furthermore, the thickness
of instantaneous event layers, which corresponds to several maxima of detrital flux and is correlated with floods
that occurred mainly during typhoons, showed a positive relationship with the total amount of precipitation that
caused a flood event. This result suggests that the detrital flux maxima (deposition of event layers) record past
extreme precipitation events that were likely associated with typhoons that hit the middle part of Honshu Island.
Based on this result, the record of typhoon-caused flood events can go back to older period (e.g., last glacial
period) on the basis of the occurrence, and thickness, or mass flux of event layers using long sediment cores from
Lake Suigetsu.
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Background

Since intensities and routes of typhoons affect human ac-
tivities in Asia, it is important to examine the long-term
behavior of typhoons over East Asia. However, it is diffi-
cult to quantitatively reconstruct precipitation records
with high temporal resolution for periods greater than
100 years because the observational record is limited
primarily to the last few decades [Schillereff et al. 2014].
Therefore, it is necessary to develop geological proxies to
reconstruct paleotyphoons. Pollen analysis combined with
the modern analog method has been used to reconstruct
monthly temperature and precipitation [Wright 1967;
Nakagawa et al. 2002; Nakagawa et al. 2005; Tarasov et al.
2011]. This method is based on the empirical relationship
between vegetation and local climate. However, precipita-
tion estimates obtained from pollen data are averaged over
a month or season due to the long timescale of biological
response. Thus, this method is not good at recording the
recurrence of high-intensity precipitation events such as
natural hazards, which have critical effects on human ac-
tivity. One complementary way to estimate past precipita-
tion is utilizing the flux of detrital materials transported
by a river to estimate the water discharge of the river sys-
tem, while the grain size distributions of the detrital mate-
rials record the intensity of the river systems. Particularly,
the flux of the detrital material from the river (RFq.y), i.e.,
the product of river water discharge and the concentration
of the suspended detrital material in the river water, is well
observed in the present rivers and known to be empiric-
ally related to water discharge (Q), as described in Eq. (1),

RFget = a x Q. (1)

The relationship represented by Eq. (1) is known as a
rating curve [Arnell 1992; Kazama et al. 2005; Yang et al.
2007; Sadeghi et al. 2008; Kaji and Nihei 2014], where a
and b are constants specific to an individual river basin.
Since the water discharge of a river system is proportional
to the precipitation in its river [Arnell 1992; Milliman and
Syvitski 1992; Yang et al. 2007], we can estimate precipita-
tion from the flux of the detrital material recorded in sedi-
ments. Because the river water discharge exponentially
affects the detrital flux, this method should be especially
sensitive to the heavy precipitation events. Therefore, this
method is useful for sediments that have high-resolution
and precise age-depth models and are found in regions
that suffer from heavy precipitation events such as mon-
soons and typhoons. Thus, this method can be applied to
lake sediments in Asia, which have high sedimentation
rate and precise age models, and are subjected to heavy
precipitation events.

Lake Suigetsu (35° 35" N, 135° 53" E) in central Japan is
known to have annually laminated (varved) sediment from
70 to 11.6 ka, and also from ~350 years ago to the present
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[Fukusawa et al. 1994; Marshall et al. 2012; Nakagawa et
al. 2012; Schlolaut et al. 2012]. Also, high-resolution **C
dating has been conducted during the past 52.8 kyrs
(average resolution of ~100 years) [Staff et al. 2011; Bronk
Ramsey et al. 2012], allowing the high-resolution estima-
tion of detrital flux throughout the past 70 kyrs. Herein,
we examined whether and how heavy precipitation events
due to typhoons were recorded in the detrital materials of
Lake Suigetsu sediments by comparing the flux of the
detrital material reconstructed from the Lake Suigetsu
sedimentary record and the observational precipitation
record spanning the last 80 years.

Hydrological, geographical, and climatological settings
Lake Suigetsu is one of the Mikata Five Lakes located in
the southern part of the Fukui prefecture in central Japan
(Fig. 1a, b). From the upper to the lower stream, Lakes
Mikata, Suigetsu, Suga, and Kugushi are connected by
narrow channels, and Lake Kugushi is open to the Sea of
Japan. The catchment area of Lake Suigetsu is small
(8.3 km?) considering the size of the lake itself (4.2 km?).
Therefore, the lake water of Lake Suigetsu comes mainly
from the catchment of Lake Mikata, which is connected
with Lake Suigetsu by a shallow channel. Furthermore,
most of the fine detrital materials are considered to have
been supplied from the Hasu River. Because coarse de-
trital grains from the Hasu River are trapped in Lake
Mikata, only fine suspended detrital particles can reach
Lake Suigetsu [Nakagawa et al. 2012; Schlolaut et al
2014]. This is a great advantage of using Lake Suigetsu
sediments in the present study because detrital materials
from the Hasu River can be identified from the grain size
distribution (Nagashima K et al: Asian dust transport
during the last one century recorded in Lake Suigetsu
sediments, submitted). In 1664, after the Kanbun Earth-
quake in 1662, an artificial channel called the Urami
channel was cut between Lakes Suigetsu and Kugushi,
the latter of which is connected to the Sea of Japan. This
channel allows the brackish water of Lake Kugushi to
flow into Lake Suigetsu, which produces a generally
anoxic environment at the bottom of Lake Suigetsu
[Fukusawa et al. 1994; Ramsey et al. 2013; Saito-Kato et
al. 2013]. Thus, the Lake Suigetsu sediment accumulated
since 1664 has clear varves. Although Lake Suigetsu is
formed by subsidence in the western side of Mikata Fault
(Fig. 1c), no fault movement was observed (historically
recorded) after the 1662 Kanbun Earthquake. Therefore,
the hydrology and sedimentation of Lake Suigetsu were
not changed by fault movement after 1662.

Methods

Samples

A short gravity core named SG12-LM3 with a length
of approximately 25 cm was recovered from the
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Pacific Ocean

(shown as numbers)
.

Fig. 1 a-c Location of Lake Suigetsu (modified after Nakagawa et al. 2005).

Also shown are the location of core SG12LM3 and other coring sites

central part of Lake Suigetsu using a Limnos core
sampler [Kansanen et al. 1991] on July 6, 2012. Be-
cause a Limnos sampler does not have any mechan-
ical actuator, it can retrieve the sediment-water
interface without any disturbance. To correlate and
reveal the mechanism of the sedimentation of event
layers, additional Limnos core sample was conducted
at multiple sites on June 20 and 21, 2014. The sam-
pling points are shown in Fig. 1lc, and half-split
scanned images are shown in Fig. 9. To determine the
chemical composition of the suspended particle material
from the Hasu River, 100 liters of river water was collected
at the mouth of the Hasu River on October 1, 2012,
immediately after the strong precipitation event that
occurred during the 17th typhoon in 2012, which went
through the central part of Honshu Island. The water was
filtered using a Millipore filter (pore diameter = 0.45 pm),
and the filtered suspended particle material of the Hasu
River was retrieved from the filtrating paper using
deionized water.

SG12-LM3 was sent to the University of Tokyo within
40 days after sampling and stored vertically in a refriger-
ator at 5 °C for half a year to let the top part of the

sediments compact to avoid fluidization during core
splitting. The core was then pushed into a tube of the
same diameter that was assembled using two tubes cut
in half. Next, two thin plastic boards attached together
were inserted into the slit between the two half-cut tubes.
Slab samples (20 x 5 x 0.7 cm) were taken from a half-split
core and subjected to soft X-ray analysis using a SOFTEX
CMB-2 in the filming condition of 40 kV/2 mA/5 min
exposure time. The remaining part of the core was sliced
into subsamples with thicknesses of 6 mm, corresponding
to a resolution of 2-3 years. The sliced samples were
weighed in wet condition (W,,, g) and then freeze-dried
for more than 30 h. The dried samples were weighed (W¢)
again. Grain density (GD, g/cm®) was measured for
dried samples using a He pycnometer (AccuPyc 1330,
Micrometrics Instrument Co.) at the Atmospheric and
Ocean Research Institute at the University of Tokyo.

Measurement of major elements

From each dried sample (including suspended particle
material sampled from the Hasu River), ~0.6 g was split
and used to make a glass bead. Before making the glass
bead, each sample was ignited, and the loss on ignition
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was calculated. X-ray fluorescence (XRF) analysis was
conducted to determine the concentrations of 10 major
elements (Al,O3, SiO,, TiO,, Fe,03, MnO, P,0Os5, Na,O,
CaO, MgO, and K,O) using an XRF spectrometer
(PANalytical Axios) equipped with an Rh tube. The 1o
values of the measurements were +0.046 % for SiO,,
0.0035 % for TiO,, 0.019 % for Al,O3;, 0.0067 % for
Fe,03, 0.0018 % for MnO, 0.0058 % for MgO, 0.003 %
for CaO, 0.0072 % for Na,O, 0.0057 % for K,O, and
0.0035 % for P5Os.

Measurements of radioactive nuclides

Using several sliced and dried samples, the radioactiv-
ities of *’Cs, *'°Pb, and *'*Pb were measured for 14 se-
lected samples using an ORTEC GWL-120230-S HPGe
(High-Purity Germanium) coaxial well photon detector
system with an inner diameter of 17 mm and an active
well depth of 40 mm at Hokkaido University. '*’Cs is a
fallout product of nuclear testing, which enables us to
constrain the age of the *’Cs peak to the peak age of
nuclear testing 1963 A.D. on the basis of the record of
nuclear testing [Delaune et al. 1978].

Excess *'°Pb, defined as the difference between the ra-
dioactivities of measured *'°Pb and *'*Pb, is a type of
radioactive nuclide provided from the ground surface
through the atmosphere that decays with a half-life time
of 22.3 years. This nuclide can be used to estimate the
mean mass accumulation rate (MAR, g/cm?®/year) of the
sediment assuming that sedimentation flux is constant.
Here, 2'°Pb is assumed to come from the sediment itself
and the ground surface. >**Pb is equal to the activity of
sediment-originated *'°Pb, assuming a constant mass
accumulation rate (g/cm*/year) and the radiation equi-
librium of the uranium series have been established
[Kato et al. 2003]. One to two grams of a dried sample
was weighed within an error of +0.5 mg and placed into
a plastic tube. The tube was then placed in the well-
shaped Ge detector. The measurement time was 48 h.
The gamma-ray spectra were obtained using a Seiko
EG&G MCA7600 multichannel analyzer. The analytical
errors (detection limits) of *’Cs, 21°Pb, and 2'*Pb were
0.006 (0.018) Bq/g, 0.28 (0.83) Bq/g, and 0.010 (0.030)
Bq/g, respectively.

Lithology and petrographical observation

Based on the macroscopic observation of a half-split core
and the microscopic observation of smear slides, the Lake
Suigetsu sediment is dominantly composed of diatom
frustules, clay- to silt-sized detrital materials, organic ma-
terials, and black-colored minerals showing grain aggrega-
tion considered to be siderite or pyrite formed in the
water column. Clear ~ mm-scale lamination composed of
alternating black-gray (mainly diatom shells and organic
material), brown (mainly diatom frustules and aggregated

Page 4 of 14

siderite), and gray (mainly detrital material) layers are ob-
served throughout the core.

Light-gray fine-grained detrital layers with thick-
nesses of a few millimeters with normal grading and a
sharp basal contact with the underlying sediment are
also observed at intervals of every centimeter interval
(Table 1). These characteristics of event layers identi-
fied in SG12-LM3 are similar to those of the event
layers of flood origin reported by a previous study
based on comparison with the chemical compositions
of basement rocks in the surrounding area [Schlolaut et
al. 2014]. We call these gray and graded layers with
sharp basal contact as “event layers” because these
characteristics indicate that these layers were deposited
in a short time by settling from thick, suspended, par-
ticulate matter. When assuming precipitation of
100 mm/day and settling grains with diameter of 3 um
[Nagashima et al., submitted] following Stokes' law,
suspended detrital material from Lake Mikata stays in
Lake Suigetsu for about 3 weeks.

Varve counting

Next we show 4 steps showing procedure of construct-
ing an age model. Varve counting was conducted based
on soft X-ray images to construct an age model for the
SG12-LM3 core. Each varve is defined as a set of a con-
tinuous lower light (high-density) layer and upper dark
(low-density) layer observed in the soft X-ray image.
The basal boundary of each varve was determined as
the steepest point of the change in brightness change
from the underlying dark (low-density) layer to the
overlying light (high-density) layer; the former repre-
sents the organic amorphous material accumulated
during summer, and the latter represents the siderite
and/or clay layer accumulated during winter [Schlolaut
et al. 2012]. Following the previous varve counting of
Lake Suigetsu sediments (Schlolaut et al. 2012), when
the varve does not have clear density contrast or is not
horizontally continuous (hereafter called unclear varve),
we consider that it formed at a rate of 1 layer per 0.5 +
0.5 years (Additional file 1: Figure S1).

The laminae, which have sharp basal contact with
the underlying layer and gradual contact with the
overlying layer in the soft X-ray images and are char-
acterized by higher density (light gray to white in the
images) than adjacent laminae, were defined as event
layers (Additional file 1: Figure S1). Event layers were
excluded from the annual layer counting because they
were considered to have accumulated in a short time
on the basis of the bottom’s sharp contact. Because
there was no clear lamination from depths of 17.3 to
19.1 cm, we considered this part as temporarily
bioturbated and interpolated the sedimentation rate
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Table 1 List of age control points based on the correlation between the event layers and historically recorded floods

List of event layer List of historically recorded flood
The cause of flood
bottom depth of event  Varve count age (additional S I Typho'on
Epent Eyer layer (distance from core constraint from 137Cs) th_E;/(entv layer Flood Date Total precioitation in TD: T“’P‘C‘"
umber top, om) (AD) ickness (mm) | Number (yr/month/day) Tsuruga (mm) deprIESSIOTl
B: Baiu (rainy
season)

El 0.6 2009-2011 1.1 - - - -

E2 2.45 2004-2007 0.65 F1 10/21/2004 150 T
E3*1 39 1996.5-2001.5 0.95 F2 8/14/1999 149 TD
E4*1 4.2 1996.5-2001.5 0.65 F3 9/22/1998 130

E5 6.3 1987.5-1993.5 1.05 F4 9/20/1990 260

- - - F5 8/1/1982 214 T
E6*2 10.38 1972.5-1979.5 0.55 F6 9/9/1976 124 T

E7 10.6 1969.5-1979.5 0.3 - - - -

E8*3 10.88 1969.5-1979.5 0.9 F7 8/23/1975 194 T
E9*4 11.3 1967.5-1979.5 0.6 F8 9/17/1972 216 T
E10%4 11.4 1967.5-1979.5 1.15 F9 7/13/1972 477 B

Ell 12.52 1963.5-1975.5 1.1 - - - -
El2 12.9 1962.5-1974.5 1.5 - - -

E13%4,5 13.24 1962.5-1974.5 1.8 F10 9/17/1965 410
E14%4,5 13.4 1962.5-1974.5 2.85 F11 9/10/1965 95

El5 14.4 1958.5-1971.5 1.5 - - - -
E16%6 15.05 1954.5-1968.5 0.65 F12 8/14/1959 258 T
E17 16.15 (oll?l‘etz.tsl:;zg:;‘si) 3.55 F13 9/25/1953 311 T

Gray shades indicate the pairs used as age-control points. These pairs are consistent with the estimated varve count age for each event layer, except those

symbolized as asterisks, which require further constraining
T typhoon, TD tropical depression, B Baiu (rainy season)

*1: Two neighboring event layers in the range of 5 years are compared to two floods which occurred in 1998 and 1999

*2: Based on varve re-counting from E5, age of E6 ranges from 1976 to 1977
*3: Based on varve re-counting from E6, ages of E8 ranges from 1973 to 1976

*4: Two neighboring event layers without varve between the layers are compared to two floods which occurred in 1 year (1972 and 1965)

*5: Based on varve re-counting from E16, age of E14 ranges from 1965 to 1967
*6: Based on varve re-counting from E17, age of E16 ranges from 1958 to 1960

(cm/year) based on the average varve thickness in
other parts (2.5 + 1.2 mm/year).

On the basis of the lamina counting assuming that the
top of the core formed in 2012, we estimated the age of
each lamina and cumulated preliminary dating error of
each lamina in the SG12-LM3 core. The results are plot-
ted versus depth in Fig. 2E.

Verification of varve count age using the 2'° Pb and '3’Cs
results

As a second step, we used **°Pb and '*’Cs to verify age
model based on varve counting. Figure 2D shows the depth
profiles of excess *'°Pb and '*’Cs concentrations. The pro-
file of 15 ?'°Pb data against mass accumulation (g/cm?)
was fit by a decaying curve, as shown in Fig. 2F. The age
model based on 2'°Pb (Fig. 2e) shows an age of 1925 A.D.

(£3) at the bottom of the core. At the same point, varve
counting suggested an age of 1930 A.D. (£10 varve count
years). Therefore, the *'°Pb-based age-depth model agrees
with the varve count age model within the error.

The first appearance of *’Cs is known to correspond
to the beginning of nuclear testing in 1954 A.D., and the
peak '*’Cs concentration corresponds to 1963 A.D.,
when nuclear testing was at its peak [Delaune et al.
1978]. In Fig. 2d, *’Cs appears (1954 A. D.) at a depth
of 15.4-15.8 c¢cm, while the depth of the varve count age
of 1954 A.D. is at a depth of 15.2-20.4 cm. '*’Cs has a
clear peak (1963 A. D.) at a depth of 14.0-15.2 cm, while
the depth of the varve count age of 1963 A.D. is 13.4—
15.8 cm. These results show that the varve count age
model is consistent with the '*’Cs-based ages within the
error (+10 years).
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Fig. 2 (A) Scanned image (color intensified). (B) Soft X-ray image (color intensified and length adjusted with A). (C) Columnar section. (D) *'°Pb (Bq/q)
and "¥Cs (Ba/g) excess profiles. (F) Varve count age of the SG12LM3 core. (F) The '°Pb decay curve against the cumulative weight (g/cm?). The '¥'Cs
control points (orange points) and estimated ages based on 2'°Pb (green fine) are also shown in (F)
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Fine-tuning based on the correlation between event
layers and flood events

The result of step 2 revealed that the varve count age
model is accurate for the past 90 years within an
error of +5-10 years. To further constrain the age
model, we compared the ages of event layers with
historical flood events. All of event layers found in
the SG12-LM3 core were interpreted to have been formed
by short-term events such as flood failures, as inferred from
their sharp contact with the underlying part, normal grad-
ing, and light-gray color. Smear slide observation revealed
that the even layers are mainly composed of detrital mate-
rials without diatom frustules, siderite, or pyrite. On the
other hand, flood events that affected human activities were
compiled by the staff of a local museum (Jomon Museum)
(Mikata Town History 1990; Memoric magazine of 50th

anniversary of Kaminaka-Town organization and Center of
Kaminaka-Town residents 2004; Looking back the history
of Mikata-Town and Mikata-Town 2005). There are 17
event layers and 13 historically recorded flood events
throughout SG12LM3 core (Table 1). Within the error of
the varve age model, event layer E3 is correlated with his-
torically recorded flood event F2. After this pair was corre-
lated, E3 and E4 were correlated with two floods F2 and F3
that occurred in 1998. Subsequently, E5 was correlated
with F4, and the age range was reduced. The same steps
were applied from the upper or lower control point. Conse-
quently, 12 event layers could be compared to historically
recorded flood events (Fig. 3 and Table 1). Then, using the
14 age-control points (Table 1), 2 from the *’Cs profile
and 12 from identified flood events, we finely tuned the
varve age model to explain the age difference between
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- - = = Probability of final age model (68.2%)
o varve count age
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W black diatom ooze
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U event layer

Fig. 3 Fine-tuned age model of SG12LM3 (black). Probability range (dashed lines) is estimated based on Bayesian analysis. Varve count age, '>'Cs
control points, and 12 pairs of event layers (blue solid lines) and historically recorded flood events (red solid lines) are also shown

neighboring age control points by counting unclear varves
(0.5 + 0.5 years in the preliminary age model) as 0+ 0, 1 +0,
or 0.5 + 0.5 years (Additional file 1: Figure S1).

Estimation of age uncertainty using a Bayesian approach

To verify the reliability of the fine-tuned age model, we - ~
conducted Bayesian analysis on the basis of study by Bronk 25 - Detrital material
Ramsey (2009) using OxCal software (http://cl4.arch.ox.a- ® SG12LM3(blackish part)
cuk). We used sets of varve counts and their errors @ SG12LM3(brown part)
sandwiched by two neighboring control points (a set is 0 SG12LM3(event layer)
called “si = sample interval”, Additional file 1: Figure S2A, < ¢ Hasu River
Additional file 2: Table S2) to estimate the age difference s
between centers of neighboring “si” using Bayesian analysis. O: .
In the analysis, varve counts and its errors are used as prior <
probability, and age of control points (Table 1) are used for 10 1
constraints. The results (Additional file 1: Figure S2B,
Additional file 2: Table S3) indicate that our estimations of 5 | )
the errors in ages for the fine-tuned age model are in Diatom
agreement with the posterior probability estimates of the
Bayesian analysis. Therefore, we verified the fine-tuned age 0 50 6 0 7 0 8 0 9 0 Q
model. We did not use a Bayesian age model because it :

. . . SiO,(Wt%)
does not provide annual resolution. For the error estima-
tion, we adopted a probability estimation based on Bayesian Fig. 4 X-Y plot of SiO, and Al,O5 content for SG12LM3 samples and
analysis because it narrows the age estimation error the Hasu Rivef suspendgd material. Black circles represent the values

of the Hasu River and diatom

(Additional file 2: Table S1). L



http://c14.arch.ox.ac.uk/
http://c14.arch.ox.ac.uk/

Suzuki et al. Progress in Earth and Planetary Science (2016) 3:5 Page 8 of 14

Table 2 XRF data of the SG12LM3 samples and suspended material from the Hasu River

Distance from the core top (cm) XRF data (wt%)

SG12LM3 Top Bottom Lol SiO, TiO, ALO; Fe,03 MNO MgO CaO NaO KO PyOs Cyerwt%) DBD(g/cm3)
SG12LM3-02 05 1.1 3340 6209 077 1645 774 010 315 102 449 354 063 4178 0.12
SG12LM3-03 1.1 1.7 3593 6046 072 1627 885 017 316 101 504 374 058 3883 0.1
SG12LM3-04 17 22 2814 5941 084 1760 964 021 313 092 456 329 040 4728 0.13
SG12LM3-05 2.2 2.8 2797 6160 081 1727 818 021 299 091 444 317 042 4763 0.14
SG12LM3-06 2.8 34 2767 5696 077 1893 1050 023 302 091 528 303 038 5043 0.13
SG12LM3-07 34 4 2401 5606 090 2151 957 026 29 083 435 318 037 6153 0.16
SG12LM3-08 4 46 3420 5754 083 1783 902 023 353 130 528 402 041 4293 0.1
SG12LM3-09 4.6 52 2943 6021 079 1722 907 023 302 101 480 328 038 4566 0.14
SG12LM3-10 5.2 58 2625 5881 080 1739 1032 023 306 091 511 305 032 4743 0.15
SG12LM3-11 5.8 6.4 2263 5957 086 1900 943 021 300 079 393 294 027 5608 0.18
SG12LM3-12 64 7 2625 6046 080 1783 827 023 302 087 494 327 030 4998 0.16
SG12LM3-13 7 76 2791 5797 081 1787 1054 030 301 091 487 338 033 4743 0.13
SG12LM3-14 76 82 2825 5694 080 1728 1064 033 316 119 575 361 031 4466 0.13
SG12LM3-15 82 89 2433 5939 084 1813 925 032 294 086 461 337 029 5164 0.13
SG12LM3-16 89 95 2461 5785 087 1801 1064 036 305 094 490 310 028 4999 0.15
SG12LM3-17 95 10.1 2822 5625 088 1784 1089 037 314 105 577 346 036 4606 0.14
SG12LM3-18 10.1 10.7 2445 5637 088 1938 1090 039 295 083 462 336 032 5382 0.16
SG12LM3-19 107 113 2170 5561 095 1998 1131 039 308 102 429 305 031 5743 0.19
SG12LM3-20 113 1.9 2266 5621 095 1908 1157 040 314 097 445 294 029 5394 0.17
SG12LM3-21 119 12.55 2054 5757 098 1923 1135 039 304 081 347 283 033 5695 0.20
SG12LM3-22 1255 13.1 1701 5566 105 2139 1128 035 313 074 334 277 029 6641 023
SG12LM3-23 131 13.7 1796 5537 102 2147 1137 036 310 079 342 280 031 6570 024
SG12LM3-24 137 14.3 2040 5680 1.00 1920 1184 050 319 082 360 279 026 5639 0.21
SG12LM3-25 143 14.95 2036 5631 100 1937 1192 057 317 082 374 283 027 5666 021
SG12LM3-26  14.95 15.55 2379 5672 093 1896 1144 065 307 091 400 303 030 5307 0.20
SG12LM3-27 1555 16.2 19.77 5414 101 2163 1226 065 300 074 334 293 031 6382 0.22
SG12LM3-28 162 16.7 2515 5531 093 1915 1261 074 302 088 406 296 035 5180 0.19
SG12LM3-29 16.7 17.3 2646 5452 088 1791 1433 076 296 095 431 303 036 4630 0.18
SG12LM3-30 173 179 2741 5549 089 1799 1301 069 302 1.12 424 304 049 4659 0.18
SG12LM3-31 179 1855 2745 5536 089 1788 1349 064 302 091 458 288 035 4613 0.17
SG12LM3-32 1855 19.2 2859 5372 086 1757 1468 064 303 088 505 322 035 4342 0.17
SG12LM3-33  19.2 19.75 2811 5515 088 1769 1422 060 295 088 435 294 034 449 0.18
SG12LM3-34 1975 204 2561 5731 089 1769 1296 047 285 080 405 266 033 4792 0.19
SG12LM3-35 204 21 2426 6360 077 1540 1054 034 248 066 356 236 028 4472 020
SG12LM3-36 21 216 2117 6721 071 1410 914 027 226 058 329 220 024 4389 0.21
SG12LM3-37 216 22.2 1912 6791 067 1323 958 025 217 057 344 195 024 4214 0.22
SG12LM3-38 222 22.7 2199 6729 067 1333 968 024 216 058 342 238 025 4070 022
SG12LM3-39  22.7 233 21,60 5603 091 1825 1317 052 300 083 415 284 031 5160 0.20
SG12LM3-40 233 239 2116 6384 078 1543 1037 030 245 065 344 248 027 4680 021
SG12LM3-41 239 24.5 2163 6543 073 1429 1022 028 232 062 351 234 026 4334 022
Hasu River

SG121001-01 - - 1620 5353 155 2061 1341 053 398 183 162 233 060 - -
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Estimation of detrital flux Al,O3 and SiO; contents of the samples represent a mixing
The flux of detrital material (Fg.,, mg/cm?/year) for each  ratio of diatom frustules and suspended detrital material
sample was calculated using Eq. (2) to compare with ob-  from the Hasu River. Moreover, we estimated the concen-
servational precipitation record of this region to examine tration of the suspended material originating from the
the relationship between Fy., and precipitation Hasu River for each sample on the basis of the equation
Faet = DBD x SR x Cye, (2) ALO; 100-LOI

ot = (Al i
Cuet = (AL O3 + SiO,) x 506 X 100

(3)
where DBD (g/cm?) is the dry bulk density estimated from

GD and WC, SR is the sedimentation rate (cm/year) based ~ where Al,O3; and SiO, are the concentrations (in wt%)
on the fine-tuned age model, and Cy, is the weight fraction  in each ignited sample measured by XRF (Fig. 4). The
of detrital material in the sample. The water content (WC, XRF data, Cge, and DBD of SG12LM3 are listed in
in weight fraction) was calculated on the basis of the dry  Table 2. The profiles of Cye, SR, DBD, and Fy, of a sam-
(Wg) and wet (W,,) weights of the sample, and DBD was  ple are shown in Fig. 5. The values of Cgy are higher (ca.
calculated from WC and grain density (GD, g/cm®). Cy4ee 60 %) in samples that contain event layers compared to
(wt%) was estimated on the basis of the Al,O3 and SiO,  other samples with Cge, =40 to 50 %; the latter samples
contents of each sample determined by XRF. The contents  were considered to represent background sedimentation.
of Al,O3 and SiO, were negatively correlated and mostly = The sedimentation rate (cm/year) tended to be higher
plotted on a line between the point of (SiO,, Al,O3) =(100  (~0.7 cm/year) in samples containing event layers and
(wt%), 0), which represents biogenic silica, and (53.5, 20.6), lower in other samples (~0.2 cm/year). DBD showed a
which represents suspended material from the Hasu River  decreasing trend from the top of the core (~0.1 g/cm?®)
(Fig. 4). These results are consistent with the idea that the  to the bottom (~0.25 g/cm?®), primarily due to increasing
suspended material from the Hasu River is the major compaction. The DBD values also tended to be higher in
source of the detrital material. Thus, we assumed that the  samples containing event layers (~0.25 g/cm?).

a b c d
Coet(Wt%) DBD(g/cm?) SR(cm/yr) F get(mg/cm?/yr)
50 100 0 0.2 04 0 ) 110 100

0 0.5

® Sample not including event layer
(black)

© Sample not including event layer
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0 Sample including event layer
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ST

0z
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Fig. 5 Depth profiles of the (A) weight fraction of detrital material (Cqe) and (B) Dry bulk density (DBD), (C) sedimentation rate (SR), and (D) flux of
detrital material (Fyer) Of SG12LM3. The sample which interval is less than 1 year is shown with red shade
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Fig. 6 X-Y plot of the annual precipitation (excluding >100 mm/day)

[IMA, http://www.datajma.gojp/gmd/risk/obsdl/index.php] and

corresponding detrital flux of SG12LM3 background sedimentation
samples (excluding the samples including event layers). The detrital
flux shows a weak positive relationship with the annual precipitation
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Faee varied widely from 10 to ~100 mg/cm?/year
(Fig. 5D); in samples including event layers, Fgo shows
maxima ranged from 10 to 100 mg/cm?®/year, whereas it
ranged from 10 ~ 35 mg/cm?/year in samples not including
event layers. Fge reached the maximum at 1965 A.D,
when this region received over 400 mm of continuous
precipitation within 1 week; this was the most significant
precipitation event in the past 100 years and was caused by
two typhoons that directly hit the area. The variations in
Fyee were closely associated with SR, suggesting that SR
(nearly equal to the varve thickness (+ event layers)) had a
stronger effect on Fye, than Cye, or DBD. The samples with
an extremely short interval (less than 1 year) were excluded
in the following discussion because of the large estimation
error of the Fg. due to the large uncertainty of the SR
(SG12LM3-22, depth=12.55 to 13.1 cm, red shaded in
Fig. 5). The flux of total detrital material calculated here
was 5- to 10-times larger than the eolian dust fluxes in SW
Honshu and the south-central part of the Sea of Japan,
which were estimated as less than 2 mg/cm?/year by obser-
vation [Osada et al. 2014] and analysis of sediment core

Fig. 7 a Linear regression correlation coefficients (R) of Fge; with monthly and annual precipitation amounts (excluding >100 mm/day). b Monthly
precipitation summed up at each category (mm/day) observed at the Tsuruga observatory averaged from 1937 to 2012. ¢ Same as (b) but for the
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floods and the thickness of the corresponding event layers
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Fig. 8 The relationship between the total precipitation during historical
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[Irino and Tada 2000; Nagashima et al. 2007], respectively.
Therefore, herein, we did not separate the contribution of
eolian dust.

Results and discussion

Relationship between detrital flux and precipitation in
Lake Suigetsu

We investigated the relationship between Fg., and observed
precipitation in the study region, which we expected to be
exponentially related. Here, we only discuss samples that
do not include event layers. The relationship between the
event layers and precipitation causing flooding is discussed
in “Relationship of event layers and flood events”. Figure 6
shows a plot of mean annual precipitation for each sample
and Fg.. Mean annual precipitation was estimated on the
basis of the ages of the top and bottom of each sample and
the precipitation record from Tsuruga observatory (20 km
NE of Lake Suigetsu; Fig. 1b) [obtained from Japan
Meteorological Agency, http://www.datajma.go.jp/gmd/
risk/obsdl/index.php].

®

the central part of Lake Suigetsu

Event layer thickness (cm)
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Fig. 9 a Scanned images of cores derived from Lake Suigetsu in 2014. The location of each core is shown in Fig. 1. b West—east and north-south profiles
of the event layers thicknesses. £14 and E77 are thicker in the eastern areas, whereas the rest of the event layers exhibit similar thicknesses or are thicker in

Event layer thickness (cm)
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The Fy; values of samples without event layers showed
a weak positive correlation (R =0.43) with annual precipi-
tation. However, except for one sample characterized by
high precipitation and high Fg. values, the correlation is
not so clear.

To examine the influence of seasonal precipitation on the
Fye of background sedimentation (excluding event layers),
we also examined the correlation between monthly precipi-
tation and Fy. As is shown in Fig. 7a, the correlation coef-
ficients have the highest value (R = 0.54) in June, known as
the Baiu season (Japanese rainy season) and characterized
by frequent heavy precipitation exceeding 30 mm (Fig. 7b).
In addition, the correlation coefficients have relatively
higher values in September (R =0.33), known as typhoon
season, also characterized by frequent heavy precipitation
(Fig. 7b). This result suggests that Fge in the background
sediment is rather sensitive to the precipitation in certain
season when strong river discharge is expected. We will
further investigate the relationship between suspended par-
ticles in the Hasu River and precipitation by conducting
turbidity measurements in the Hasu River.

Relationship of event layers and flood events

The event layers, characterized by detrital flux maxima,
could directly correlate to the historically recorded floods.
Then, we further examined the relationship between event
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layer thickness and total precipitation associated with the
historically recorded flood events to test whether the event
layers record intensity of the extreme precipitation. Figure 8
shows plots of event layer thickness versus cumulative
precipitation amount during a flood event. We observed a
strong positive linear relationship (thickness of event layer
(mm) = 0.34 + 0.0023 x (precipitation: mm); R=0.74) for
all event layers except E14 and E17, which are exception-
ally thick (2.85 and 3.5 mm, respectively). Based on the
relation, we examined whether the characteristics of these
two event layers E14 and E17 are distinctly different from
those of the other layers. Based on the scanned images of
half-split cores of near-surface sediments obtained from
different parts of the lake (Fig. 9a), the thicknesses of event
layers were similar throughout the lake, with the excep-
tions of layers E14 and E17 (Fig. 9b). This suggests that
most of the event layers were deposited from a suspended
sediment cloud that spread homogeneously all over the
lake. However, the thicknesses of event layers E14 and E17
vary significantly within the lake, indicating that E14 and
E17 include large amounts of detrital materials that were
directly supplied from the slopes surrounding the lake.

The number of typhoons that hit Japan without caus-
ing flooding is much greater than that of causing flood
events in the study area. To characterize typhoons that
cause flood recorded as event layers in Lake Suigetsu
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Fig. 10 Routes of typhoons (dashed lines), which caused historically recorded floods in the area around Lake Suigetsu. Schematic track of a
general typhoon (not generating flood around Lake Suigetsu) is shown as an arrow
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sediments, we summarized the routes of typhoons corre-
sponding to F1, 3-8, 10-13 of Table 1 (Fig. 10). These
typhoons which caused floods hit the middle part of
Honshu Island then moved to the north, passing through
the western side of the island. Because typhoons are
known to gain vapor from areas neighboring the typhoon
center [Fudeyasu et al. 2008], typhoons taking such a
route should have received vapor from the Japan Sea, en-
abling them to cause heavy precipitation on the Japan Sea
side of the island. In contrast, typhoons that did not cause
flooding around Lake Suigetsu passed through the south-
ern and eastern sides of Honshu Island. Furthermore,
event layers were deposited only when total precipitation
exceeded ~100 mm (Table 1, Fig. 8). As shown in Fig. 7c,
precipitation exceeding 100 mm/day occurs mainly in the
typhoon season and a little in Baiu seasons. These results
indicate that event layers were deposited during
strong precipitation, primarily precipitation caused by
approaching typhoons and thickened with increasing
precipitation.

Conclusions

A highly precise age model of the near-surface sediments
of Lake Suigetsu was established on the basis of varve
counting combined with a verification of the age estimation
using excess *'°Pb and "*’Cs dating. The model was fine-
tuned by correlating event layers and observed flood events.
Using sedimentation rates calculated from the developed
age model, XRF data, and dry bulk density data, the flux of
detrital material was reconstructed with a resolution of 2—3
years. The estimated detrital flux of background sedimenta-
tion showed a weak positive correlation with annual and
monthly (June and September) precipitation excluding
heavy precipitation that exceeded 100 mm/day. Further-
more, event layer thickness corresponded to the maxima
of detrital flux was positively related to the total amount
of precipitation during a flood event [(thickness of event
layer: mm) = 0.34 + 0.0023 x (precipitation: mm); R = 0.74].
These results indicate that the detrital flux maxima
(deposition of event layers) record the occurrence and
magnitude of flood events caused by typhoons. The
typhoons that trigger event layer deposition tend to pass
through the northwest part of Honshu Island, where they
receive an abundant vapor supply from the Sea of Japan.

Additional files

Additional file 1: Figure S1. A typical case of recognition, classification,
and counting of varves. Red lines are clear varves showing moderate
(~100) peaks with moderate gradient (5~10) in gray scale. Gray lines are
event layers showing high (>100) peaks with high gradient (10~30) in gray
scale. Yellow lines are unclear varves (counted as 0~1 year) showing low
peaks in gray scale or not horizontally continuous. Figure S2. (A) Sample
intervals of SG12LM3 used for Bayesian analysis and (B) estimated age
differences between the centers of neighboring sample intervals using
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Bayesian analysis. Open and close ranges show probabilities of age differences
based on varve counting and its coupling with Bayesian analysis, respectively.
(PPTX 550 kb)

Additional file 2: Table S1. Varve count age model and fine-tuned age
model with distance from the core top of SG12LM3 core. Table S2. List of
top and bottom age, varve count, and its error of each “si” input as prior
probability of Bayesian analysis. Table S3. List of age differences for
SG12LM3 estimated by Bayesian analysis. (XLSX 18 kb)
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