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Abstract
Hydrometer analysis of 49 sediment samples from Integrated
Ocean Drilling Program (IODP) Expedition 338 Site C0021, off-
shore Japan, indicates two lithologies: clayey silt (80% of samples)
and silty clay (20% of samples). Samples were collected at approx-
imately 1 sample per 2 m from 0.06 and 83.6–193.7 meters below
seafloor. Samples were selected with the primary objective of de-
termining particle size distribution within two mass transport de-
posits (MTD-A and MTD-B) and to establish the background
“non-MTD” particle size distribution. We performed hydrometer
analyses because of the fine-grained nature of the sediments.
Clayey silt is composed primarily of silt-size particles (>50 wt%)
with 25–50 wt% clay-sized particles and <20 wt% sand-sized parti-
cles. Silty clay is composed primarily of clay-sized particles (50
wt%) with 25–50 wt% silt-sized particles and <20 wt% sand-sized
particles. Samples from MTD-A plot within the silty clay and
clayey silt fields, whereas samples from MTD-B plot exclusively in
the clayey silt field.

Introduction
The Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE)
is dedicated to studying the fault mechanics and seismogenesis of
the thrusting Philippine Sea plate under the Eurasian plate by
drilling, logging boreholes, 3-D seismic imaging, core sampling,
and modeling (see the “Expedition 338 summary” chapter
[Strasser et al., 2014]). During IODP Expedition 338, a slope basin
seaward of the megasplay was logged and cored at Site C0021
(Figs. F1, F2). The slope basin, characterized in 3-D seismic data
by stacked mass transport deposits (MTDs) (Strasser et al., 2011),
was drilled and sampled in Hole C0018A during Expedition 333
and logged during Expedition 338 to define the Quaternary mass-
movement event stratigraphy and to analyze physical properties
to constrain sliding dynamics and tsunamigenic potential.
During Expedition 338, logging while drilling (LWD) to 294 me-
ters below seafloor (mbsf) and coring to 194.5 mbsf were con-
ducted at Site C0021. This site is located ≈2 km northwest of Site
C0018 and at a more proximal site for MTDs than observed at Site
C0018 (Fig. F2). LWD and coring at Site C0021 therefore provide
important information on the nature, provenance, and kinemat-
ics of MTDs.
 doi:10.2204/iodp.proc.338.201.2014
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Particle size distribution is a fundamental property
that plays a key role in the dynamic behavior of sub-
marine landslides (Sawyer et al., 2012). Our objective
was to measure downcore particle size distributions
with focus on the MTDs. We used hydrometer parti-
cle size analysis and classified sediment type accord-
ing to the Shepard (1954) classification (Fig. F3). We
analyzed 49 samples (Table T1) collected at the Ko-
chi Coring Facility, Japan, in April 2013.

Methods
Particle size analysis was conducted at the University
of Kentucky (USA) using the standard hydrometer
method for mud-dominated samples (ASTM, 2007).
Sawyer et al. (2008) present similar hydrometer ana-
lyzes on fine-grained sediments from within and
without MTDs in the Ursa Basin.

Principles of hydrometer analysis
Hydrometer analysis is based on Stokes’ law, which
defines the terminal velocity of a spherical particle
settling through a column of fluid. Stokes’ law as-
sumes all particles are spherical and settle at different
rates based on the size of each particle. A hydrometer
measures the density of the mixture at a known
depth below the surface. The density of the suspen-
sion is based on the specific gravity and amount of
sediment. The density of the mixture decreases as
the particles settle out of the suspension. From the
hydrometer readings, calculations provide the maxi-
mum particle diameter (D, in mm) at a specific time
(Eq. 1) and the percentage of the original sample
mass that is smaller than the particle diameter (mm)
at the specific time, and thus, still in suspension (Eq.
2) (Germaine and Germaine, 2009). Variables are de-
tailed in Table T2.

 (1)

where

H = distance particle falls (cm),
ρw = mass density of water (g/cm3),
Gs = specific gravity (dimensionless),
µ = viscosity of fluid (mPa·s),
g = acceleration due to gravity (cm/s2), and
D = Diameter of particle (mm).

Nm = [Gs/(Gs – 1)] × (V/MD) × ρc(rm – rw,m) × 100, (2)

where

Nm = percent finer material at reading m (%),
V = volume of suspension (cm3),
MD = dry soil mass of hydrometer specimen (g),

D 18μ
ρwg Gs 1–( )
------------------------------- H

t
----×=
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ρc = mass density of water at the calibration tem-
perature (g/cm3),

rm = hydrometer reading in suspension at time t
and temperature T (dimensionless),

rw,m = hydrometer reading in water with dispersant
at the same temperature as for rm (dimension-
less), and

m = reading number.

Samples
A total of 49 (20 cm3 plug) samples were chosen
from Hole C0021B from 0 to 0.06 mbsf and from
83.6 to 194 mbsf. Coring was not conducted be-
tween 0.06 and 83.6 mbsf. Twenty-nine samples
were collected from MTDs: 11 from MTD-A and 18
from MTD-B. The remaining 20 samples were se-
lected to establish the background non-MTD particle
size distribution. Moisture and density data for Site
C0021 reveals a range of grain densities between
2.55 and 2.77 g/cm3 and an average of 2.73 g/cm3 for
all 49 samples. Therefore, a density value of 2.7 was
used in Eqs. 1 and 2, and the error associated with
using this value is <5%.

Sample preparation
Sample preparation followed the ASTM hydrometer
method (ASTM, 2007). We briefly summarize the
method as follows:

1. Each sample was removed from its sealed plastic
shipping bag, weighed, and placed into a 250
mL beaker.

2. Each sample was soaked for 12 h in 125 mL of
5% solution of deflocculant (sodium hexmeta-
phosphate [Na6P6O18]).

3. Each sample was disaggregated by a malt mixer
for 2 min and then wet-sieved through a 63 µm
screen to separate sand-size particles.

4. The retained sand was dried and weighed for fi-
nal percent sand calculations.

5. The remaining <63 µm slurry was transferred to
a 1000 mL graduated cylinder and filled with de-
ionized water to 1000 mL.

6. One control cylinder was prepared with 5%
solution of dispersing agent and deionized wa-
ter filled to 1000 mL. We measured the hydro-
meter reading and monitored the temperature.
The laboratory temperature control system
maintained a stable temperature environment,
and thus there was little variation in viscosity.
However, if the temperature fluctuated by 1°C,
the resulting change in diameter was approxi-
mately 1%.
2
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Hydrometer analysis
Before starting each experiment, samples were mixed
for 2 min in the graduated cylinder using a plunger.
The timer was started when the plunger was re-
moved and the hydrometer was inserted. Hydrome-
ter readings were taken at 15, 30, and 60 s without
the hydrometer being removed. After the 60 s read-
ing, the hydrometer was removed and rinsed in de-
ionized water. The hydrometer was then reinserted,
and readings were taken at 2, 4, 8, 16, 32 min, and so
on until samples crossed the silt/clay boundary (2
µm), which typically occurred after a total settling
time of 10–12 h. We recorded hydrometer readings
to the nearest 0.1 g/L. An example hydrometer work-
sheet and graph are shown in Figures F4 and F5. Af-
ter each sample crossed the silt/clay boundary, it was
dried and weighed for a final <62.5 µm dry mass.

Results
We present weight percent sand, silt, and clay for all
samples in Table T1. Complete data sheets and parti-
cle size distribution curves similar to Figures F4 and
F5 are included in Microsoft Excel format in HY-
DROMETER in “Supplementary material.”

We plot particle size distributions on a ternary dia-
gram according to the classification of Shepard
(1954) (Figs. F6, F7) and as a downcore profile of
weight percent sand, silt, and clay against LWD
gamma ray and resistivity (Fig. F8).

The ternary classification defines two major litholo-
gies (silty clay and clayey silt) and four minor litho-
logies (silt, sandy clay, sandy silt, and sand silt clay)
(Fig. F7). Of the samples, 76% (37 of 49) are clayey
silt, 16% (8) are silty clay, and 8% (4) are minor lith-
ologies. Overall, clay content decreases downcore,
and the coarsest samples occur at the bottom of the
cored interval at Site C0021 (Fig. F8). No obvious
particle size differences occur between MTD and
non-MTD samples (Figs. F7, F8). However, samples
from MTD-A plot within both the silty clay and
clayey silt fields, whereas samples from MTD-B are
exclusively in the clayey silt field.
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Figure F1. Sites C0021 and C0018 located ~100 km off Kii peninsula. Stars = locations of the 1944 and 1946
earthquakes. Red line = location of the subduction trench. Black line = seismic line (Fig. F2). (Modified from
Strasser et al., 2014.)
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Figure F2. Seismic line A-A′ through Sites C0021 and C0018. Site C0021 line indicates total logging depth (294
mbsf). Coring only occurred between 83.6 and 194.5 mbsf. VE = vertical exaggeration. (From Strasser et al.,
2014.)
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Figure F3. Shepard (1954) classification ternary diagram based on relative percentages of sand, silt, and clay.
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Figure F4. Sample data sheet for hydrometer analysis. Hr = hydrometer reading, effective depth = depth (L in
Eq. 1) of hydrometer’s center corrected for viscosity. Data sheets for all experiments are available in HY-
DROMETER in “Supplementary material.”

Project: Test Number: 9H-8
Tested by: ZTM

Boring: retemordyH1200C Test Date: 12/2/2013
Sample: 9H-8 Type: 151H Fisher Brand

Location: 155.54mbsf Number: 98
Volume = 72 cm3 •Dispersing agent: Sodium 

2.70 Hr @ 1035 = 5.912 cm Hexametaphosphate
25.54 g Hr @ 1000 = 15.212 cm •Dispersing agent not included

6.25 g Meniscus = 0.8 g/L in sample dry mass
2.00 g

Elapsed Time Susp'n Reading

Water + 
Disp'nt 

Reading
Temp. 

(min.) (g/L) (g/L) (°C)

0.25 1020.1 1004.0 23.1
0.5 1019.9 1004.0 23.1

1 1019.5 1004.0 23.1
2 1019.2 1004.0 23.1
4 1018.8 1004.0 23.1
8 1018.0 1004.0 23.1

16 1017.0 1004.0 23.1
32 1016.0 1004.0 23.1
64 1015.0 1004.0 23.1

128 1013.5 1004.0 23.1
256 1012.0 1004.0 23.1
517 1011.0 1004.0 23.1
697 1010.5 1004.0 23.1

2897 1009.1 1004.0 23.1

Sieve Data
0.600
2.30

97.70 0.0625

Remarks/Comments: drying pan 3 (490.19g); dry mass plus pan (519.98)
dry mass= 29.79 g

% Sand % Silt % Clay
2.30 54.13 43.58

Final Data 

Viscosity Effective Depth % Finer Diameter

(g-s/cm2) )mm()%()mc(

9.54375E-06 9.631032735 100.12 0.080549
9.54375E-06 9.684390257 98.88

Hydrometer Analysis
Kumano 338-C0021

stluseRstnatsnoCstnemerusaeM

Assumed Specific Gravity:
Measured Dry Sample Mass:

Measured Dispersing Aggent Mass:
Mass Lost From Readings:

0.057115
9.54375E-06 9.791105301 96.39 0.040608
9.54375E-06 9.871141584 94.52 0.028831
9.54375E-06 9.977856628 92.04 0.020497
9.54375E-06 10.19128672 87.06 0.014648
9.54375E-06 10.45807433 80.84 0.010492
9.54375E-06 10.72486194 74.62 0.007513
9.54375E-06 10.99164955 68.40 0.005378
9.54375E-06 11.39183096 59.08 0.003872
9.54375E-06 11.79201238 49.75 0.002785
9.54375E-06 12.05879999 43.53 0.001982
9.54375E-06 12.19219379 40.42 0.001716
9.54375E-06 12.56569645 31.71 0.000855

Diameter (mm)

Sand-% of dry mass: 44.60 0.002
% passing 0.0625 mm:

(wet sieved at 62.5µm) Interpolated value at silt/sand boundary (2µm)
Mass retained on sieve (grams): % Finer
Proc. IODP | Volume 338 7
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Figure F5. Sample particle size distribution plot on a semilog scale (Sample 338-C0021B-9H-8, 69–71 cm;
155.53 mbsf). Black dots = hydrometer readings. Sand/silt boundary is defined at 62.5 µm; silt/clay boundary
is defined at 2 µm.
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Figure F6. Hydrometer results for 49 samples, Hole C0021B. Thirty-eight samples (76%) plot as clayey silt, 16%
(8) plot as silty clay, and 8% (4) plot in sandy clay, sandy silt, silt, and sand-silt-clay.
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Figure F7. Hydrometer results color-coded by mass transport deposit (MTD), Hole C0021B.
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Figure F8. Plot of particle size distribution with LWD gamma ray and resistivity, Hole C0021B. Mass transport
deposits (MTD) MTD-A and MTD-B occur at 94–117 and 135–176 mbsf (Strasser et al., 2011).
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Table T1. Particle size analysis, Hole C0021B.

Core, section, 
interval (cm)

Depth 
(mbsf)

Particle size (%)
Mass 

transport 
depositSand Silt Clay

338-C0021B-
1H-1 0.06 2.45 31.51 66.04
1H-5, 38–40 83.60 2.53 39.96 57.51
1H-5, 40–42 83.62 2.97 31.92 65.11
3H-2 90.30 4.95 57.03 38.02
3H-5 92.60 3.19 45.02 51.79
3H-6 94.00 5.04 59.92 35.04 MTD-A
3H-8 96.70 7.51 38.29 54.20 MTD-A
4H-1 99.80 2.08 64.72 33.20 MTD-A
4H-4 102.90 2.08 45.04 52.88 MTD-A
4H-6 105.70 1.72 37.74 60.54 MTD-A
4H-8 108.60 2.90 53.4 43.70 MTD-A
5H-1 109.50 6.11 52.58 41.31 MTD-A
5H-3 111.10 6.08 51.47 42.45 MTD-A
5H-4 112.60 8.66 53.43 37.91 MTD-A
5H-5 114.00 3.43 60.74 35.83 MTD-A
5H-6 114.50 8.80 48.34 42.86 MTD-A
5H-9 117.90 1.63 50.17 48.20
6H-2 118.80 5.43 62.23 32.34
6H-5 121.70 3.46 42.96 53.58
6H-7 124.60 2.94 60.66 36.40
6H-9 127.30 3.22 49.26 47.52
7H-2 128.90 3.60 50.61 45.79
7H-6 132.10 10.19 53.17 36.64
7H-9 136.40 1.14 56.55 42.31 MTD-B
8H-3 138.90 3.75 58.63 37.62 MTD-B
8H-5 141.80 3.51 52.39 44.10 MTD-B
8H-7 144.60 3.58 60.94 35.48 MTD-B
9H-1 147.20 2.11 60.69 37.20 MTD-B
9H-5 151.30 3.50 59.02 37.48 MTD-B
9H-8 155.50 2.29 54.13 43.58 MTD-B
10H-2 156.20 1.03 55.13 43.84 MTD-B
10H-5 160.20 3.48 55.84 40.68 MTD-B
10H-9 162.90 1.38 62.33 36.29 MTD-B
11H-1 165.20 2.80 60.75 36.45 MTD-B
11H-3 167.90 0.81 72.41 26.78 MTD-B
11H-5 169.90 0.87 65.72 33.41 MTD-B
12H-3 170.70 8.46 54.37 37.17 MTD-B
12H-4, 59–61 172.20 8.00 54.37 37.63 MTD-B
12H-4, 74–76 172.30 3.32 60.52 36.16 MTD-B
12H-6 174.10 1.85 53.00 45.15 MTD-B
13T-1, 31–33 175.80 6.34 66.03 27.63 MTD-B
13T-1, 73–75 176.20 1.04 59.38 39.58
13T-5 179.80 4.22 67.91 27.87
13T-6 180.40 31.54 12.80 55.66
13T-8 182.60 0.54 72.31 27.15
14T-1 185.70 3.23 75.48 21.29
14T-4 188.80 21.21 45.70 33.09
14T-6 191.70 40.06 46.57 13.37
14T-8 193.70 1.63 51.15 47.22
Proc. IODP | Volume 338 12
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Table T2. Nomenclature.

Variable Meaning Dimensions Value

H Distance particle falls cm Variable
ρw Mass density of water g/cm3 0.9975412
Gs Specific gravity Dimensionless 2.70
µ Viscosity of fluid mPa·s 9.53 × 10–6

t Time for fall Minutes Variable
g Acceleration due to gravity cm/s2 980
D Diameter of particle mm Variable
Nm Percent finer material at reading m Percent Variable
V Volume of suspension cm3 1000
MD Dry soil mass of hydrometer specimen g Variable
ρc Mass density of water at the calibration temperature g/cm3 0.9975412
rm Hydrometer reading in suspension at time, t, and temperature, T Dimensionless Variable
rw, m Hydrometer reading in water with dispersant at the same temperature as for rm Dimensionless 1004.0
m Reading number
Proc. IODP | Volume 338 13
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