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Abstract
Water activity (Aw) is one of the physicochemical properties that
may influence microbial activity in deep subseafloor environ-
ments; however, Aw for subseafloor sediments has never been ex-
amined, even at shallow depths. This study investigated Aw data
obtained from core samples collected during Integrated Ocean
Drilling Program Expedition 337 in the deep-water coal-bearing
basin off Shimokita, Japan. Aw did not show any depth depen-
dence and was relatively low in coal-bearing layers. Aw at depths
of 0–2466 meters below seafloor ranged from 0.95 to 0.98, which
is quite high and well suited to sustaining microorganisms. Aw for
sedimentary rocks was less affected by lithology and porosity
than it was by the NaCl concentration and degree of fluid satura-
tion. In addition, the Aw measurements performed in this study
yielded results that corresponded closely with values estimated
using Raoult’s law and interstitial water chemistry. It therefore ap-
pears that Aw for deep-marine sediments is strongly affected by
pore water chemistry. The low Aw anomaly in the coalbed unit is
considered to be due to contamination by drilling mud and fluid
into core samples.

Introduction
Water activity (Aw) is an important factor that limits and affects
microbial growth in foods and soils; as such, the effect of Aw on
bacterial growth has been investigated extensively in the food in-
dustry and in soil and plant ecosystems (Stark and Firestone,
1995; Fontana and Campbell, 2007; Welti-Chanes et al., 2007), as
well as in habitability assessments of extraterrestrial environ-
ments (Tosca et al., 2008). Aw is a measure of how efficiently pore
water facilitates the biogeochemical reactions that support micro-
bial growth in solid–fluid systems. Specifically, Aw is defined as
the ratio of the vapor pressure of a core sample (p) to that of pure
water (p0) and is expressed as follows (e.g., Grant, 2004):

Aw = p/p0 = RH/100, (1)

where RH (%) is the relative humidity of air and Aw ranges from 0
(no water) to 1 (pure water). A high Aw implies that an environ-
ment is more habitable to microbes; most microbes cannot prolif-
erate at water activity values below 0.9, and even extremophiles,
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such as xerophilic fungi, cannot survive at water ac-
tivities activity values of ~0.6 (Grant, 2004; Williams
and Hallsworth, 2009; Stevenson et al., 2015).

In the last two decades, scientific ocean drilling pro-
grams have discovered microbial communities in
deep subseafloor sediments (Parkes et al., 1994; Lipp
et al., 2008; Kallmeyer et al., 2012). The number of
microbial cells in these deep ocean floor sediments
typically decreases with depth, and the microbial
populations and the limit of microbial life are proba-
bly limited by a combination of chemical, physical,
and geological conditions, such as temperature, pore
water chemistry, and pH, which also limit microbial
survival in soil and food (Sutherland et al., 1994; Jen-
kins et al., 2002; Hinrichs and Inagaki, 2012); how-
ever, the effect of Aw on microorganism growth in
deep subseafloor sediments remains unclarified. Aw

also influences the rate of chemical reactions (Bell
and Hageman, 1994; Vittadini and Chinachoti,
2003), which implies that it could be used as an in-
dex for mass transport in deep subseafloor environ-
ments. Although the physicochemical properties of
subseafloor sediments are measured routinely on sci-
entific ocean drilling surveys, the Aw characteristics
of subseafloor sediments have never been examined,
even at shallow depths. Most pores of subseabed sed-
iments are filled with seawater, and high Aw close to
1 can be expected. However, Aw depends on solute
concentration, composition, and temperature (Star-
zak and Mathlouthi, 2006). Pore size distribution
and the fraction of clay minerals that adsorbed water
(Beckett and Augarde, 2013) may also influence Aw.
Therefore, Aw is likely to be lower than expected. The
relationship between Aw and the sediment water
content, which is referred to as the soil–water char-
acteristic curve (SWCC), is not only useful for esti-
mating unsaturated sediment behavior, but also the
pore structure and size distribution, both of which
affect permeability (Fredlund and Xing, 1994; Aung
et al., 2001). 

In this paper, we report Aw measurements conducted
on core samples collected from Integrated Ocean
Drilling Program (IODP) Expedition 337 (see the
“Site C0020” chapter [Expedition 337 Scientists,
2013b]). The effect of lithology, porosity, pore water
chemistry, and water content on Aw for core sedi-
ments was examined.

Methods and materials
The deep-water coal-bearing basin off Shimokita lies
in the Sanriku Province in a fore-arc basin formed by
the subduction of the Pacific plate beneath the
Proc. IODP | Volume 337
North American plate along the Japan Trench (Fig.
F1A). Scientific ocean drilling was performed in the
basin off Shimokita during Expeditions 902 (D/V
Chikyu shakedown Cruise CK06-06; Aoike, 2007) and
337 (see the “Site C0020” chapter [Expedition 337
Scientists, 2013b]), in order to clarify the main fac-
tors responsible for the vertical distribution and lim-
its of microbial activity in the deep sedimentary bio-
sphere. Expedition 902 recovered core samples from
0 to 365 meters below seafloor (mbsf) at Site C9001
(41°10.5983′N, 142°12.0328′E; 1180 m water depth),
and Expedition 337 drilled deeper at the same loca-
tion (the site name changed from Site C9001 to Site
C0020) to extend the coring depth of Expedition
902. During Expedition 337, core samples were col-
lected from 1276.5 to 2466 mbsf (Fig. F1B).

Sampling for analysis was conducted onshore at the
Kochi Core Center, Japan (http://www.kochi-
core.jp/en/index.html), where the core samples
had been stored as half-cylinders measuring 1–1.5 m
in length for 7 y (Expedition 902) and ~1 y (Expedi-
tion 337) at 4°C in gas-tight bags (ESCAL) to prevent
the evaporation of pore fluids from core sediments
during transfer and storage (Aoike, 2007; see the
“Methods” chapter [Expedition 337 Scientists,
2013a]). Samples for analysis were obtained by sub-
sampling core samples collected at intervals of ap-
proximately 40 m during Expedition 902. For Expe-
dition 337, two samples were collected from every
core unit (one unit is approximately 9.5 m long).
Discrete core samples were obtained from working
halves. Core samples were sliced into 90° sectors
measuring <5 mm in thickness (bulk weight = 4–11
g) at room temperature (20°–25°C). Each sample was
stored in a zipper storage bag after slicing to prevent
the evaporation of pore fluid. All Aw measurements
were completed one month after the samples were
sliced.

Aw measurements
The water activities of core samples were measured
using two commercially available Aw sensors that
employed different measurement principles. One
method is based on humidity measurements per-
formed using an electric resistance humidity sensor
(LabTouch-AW, Novasina, Switzerland), and the
other method is based on measuring the dew point
using an advanced chilled miller sensor (WP4-T,
Decagon Devices, Inc., Pullman, WA, USA). The sam-
ples in the zipper storage bags were placed in the lab-
oratory with a room temperature controlled at
around 23°C before the Aw measurements. Thin-
sliced samples were retrieved from the bags and put
in a disposable plastic cup (40 mm in diameter and
2
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12 mm deep). Then, a sample was placed in a sealed
measurement chamber that allows heating but not
cooling to stabilize the temperature of the samples.
Aw measurements were initially conducted by the
WP4-T system, then we proceeded to measure by us-
ing the LabTouch-AW system. The sample tempera-
ture, which was controlled using both sensors, was
kept at 25°C for all measurements. Both sample
chambers do not apply confining pressure and pore
pressure to samples. Therefore, the Aw measured in
this study reflects the value under control condi-
tions and not the in situ value (i.e., Brown et al.,
2017).

Based on the product specifications, the WP4-T sys-
tem was more accurate (±0.0004) than the
LabTouch-AW system (±0.005) for higher Aw values
(>0.964), with the standard deviation of five repli-
cate Aw readings for 24 samples measured with the
WP4-T (±0.00067) being less than that obtained with
the LabTouch-AW (±0.00089). Temperature control
was more accurate with the LabTouch-AW (constant
at 25.0°C) than with the WP4-T (24.9°–25.1°C). The
differences in Aw values between the two systems
were small for higher Aw values (>0.96), with the Aw

values from the WP4-T being smaller than those
from LabTouch-AW (<0.96; see Fig. F2; Table T1). We
therefore used the Aw measurements obtained using
the WP4-T system in this study.

Dependence of Aw on salinity and 
water content

The chemical composition, concentration, and water
content of aqueous solutions are all affected by the
thermodynamic properties and Aw (or vapor pres-
sure) (Fredlund and Xing, 1994; Aung et al., 2001;
Starzak and Mathlouthi, 2006). We therefore selected
six core samples to investigate the effect of salinity
and water content on Aw. To measure the effect of
the NaCl concentration on Aw, pore water was desali-
nated and replaced with pure water (Elix, Merck Mil-
lipore Corporation, Germany) by immersing core
samples in 1 L of pure water for several days. The
pure water was replaced 3 times to ensure that the
core sediments were desalinized. The samples were
then fully saturated by pure water (Elix) again using
a vacuum pump for 1 day before the start of the ex-
periment. After performing the Aw measurements,
the NaCl concentrations of pore water from the
same sample were restored by resaturating the core
sample in increasing concentrations of NaCl solu-
tion in a stepwise manner. In this way, the same sed-
iment materials were reused to investigate the effect
of water content on Aw and to conduct the porosity
measurements. To measure the dependence of Aw on
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pore water content, the water content of the same
sample was reduced in a stepwise manner by heating
the sample at temperatures between 50° and 70°C us-
ing a moisture analyzer (MX-50, A&D Co., Ltd., Ja-
pan).

Computation of Aw values 
from pore water chemistry

Aw is generally influenced by the physicochemical
characteristics of the interstitial pore water. Accord-
ing to Raoult’s law (Taoukis and Richardson, 2007),
Aw for an ideal solution is a function of the mole
fraction of the dissolved component, and is defined
as follows:

Aw = nw/(nw + ns),  (2)

where nw and ns are the total moles of water and sol-
utes, respectively. In this study, the interstitial water
chemistry data measured on the ship using whole-
round core samples, cuttings, and drilling mud
during Expeditions 902 and 337 (Aoike, 2007; see
the “Site C0020” chapter [Expedition 337 Scientists,
2013b]) was used in Equation 2 to predict Aw for core
samples. However, since there was a disparity in the
depth between interstitial water data measured on
board and the Aw values measured in this study, pore
water chemistry analyses were newly performed on
core samples from Expedition 902 and on drilling
mud fluid from Expedition 337. Samples for water
chemistry analyses during Expedition 902 were ob-
tained from core samples from working halves stored
for 7 y. We selected the massive core samples that did
not form fractures and tiny cracks for sampling. The
exterior (15–20 mm width) of the half-round section
was carefully removed to reduce drilling fluid con-
tamination, and then interstitial water was squeezed
from peeled sediment. The drilling fluid was col-
lected from the mud tanks at intervals of approxi-
mately 50 m during Expedition 337 (see the “Meth-
ods” chapter [Expedition 337 Scientists, 2013a]), and
then stored in plastic bottles (50–100 cm3) at 4°C in
the Kochi Core Center. Therefore, we used these
drilling mud samples (gravimetric water content
ranges from 0.75 to 0.92). The methodology used for
the water chemistry analysis performed in this study
was the same as that performed on the ship (see the
“Site C0020” chapter [Expedition 337 Scientists,
2013b]). The Aw for pore fluid with a multicompo-
nent of solutes in the core samples was calculated us-
ing Geochemist’s Workbench (GWB) (Bethke, 2008)
and PHREEQC for Windows (version 2.11; Parkhurst
and Appelo, 1999); the calculations of Aw using GWB
and PHREEQC are based on the Debye-Hückel equa-
tion (Helgeson, 1969) and Raoult’s law, respectively.
3
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Porosity measurements
The porosity and pore water content were calculated
from the measured pore and matrix volumes using
the same samples as that used for the Aw measure-
ments. Pore volume was calculated from wet and dry
weights by drying samples in an oven at 105°C for
24 h), and the matrix volumes of the core sample
were measured using a commercial helium gas pyc-
nometer (Pentapycnometer, Quantachrome Instru-
ments, Boynton Beach, FL, USA). Wet weights were
measured just before the Aw measurement, and dry
weight measurements were conducted after the Aw

measurements. The matrix volume was measured us-
ing four replicates, and the average value was used
for the porosity calculations. The standard deviation
of the matrix volume was ±0.023 cm3, which is
equivalent to ±1.5% and ±0.9% of the standard er-
rors for the matrix volume and porosity, respectively.
In this procedure, we may overestimate porosity, as
drying samples at 105°C may result in the loss of
some interlayer water in clay minerals.

Results
Depth profile of physical properties

The Aw for the core samples from Expedition 902
ranged from 0.975 to 0.981 and did not show a clear
correlation with depth (Fig. F3A; Table T1). The Aw

values from Expedition 337 were highly variable be-
low 1276 mbsf, ranging from 0.954 to 0.983,
whereas the Aw values for samples collected from
deeper horizons appeared to be lower than those
from shallower depths. Compared to the sequences
above and between the coalbed layers, Aw values
were relatively lower in coalbed layers. Lower Aw val-
ues were also observed at around 1300 mbsf (upper
portion of Unit II, near the starting depth of coring
in Expedition 337). The Aw values in coal samples,
which ranged from 0.977 to 0.979, were higher than
those in the sandstone and siltstone within coalbed
layers; however, on the whole, no obvious relation-
ship was observed between Aw and lithology (Table
T2).

The porosity of the core samples used in Aw measure-
ment decreased with depth, from 0.81 on the sea-
floor to 0.2 at the bottom of the core hole (Fig. F3B).
The porosity reduction curve is well described by an
exponential curve. A very low porosity of <0.05 was
observed in several depth intervals, and these were
considered to represent carbonate-cemented sand-
stone and siltstone. The logging porosity values cal-
culated using gamma ray bulk density data from the
Three-Detector Lithology Density logging tool (see
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the “Methods” chapter [Expedition 337 Scientists,
2013a]) were relatively lower than core sample po-
rosity values, though the overall agreement between
both porosity series was quite similar. Higher poros-
ity zones were observed at around 1950 and 2450
mbsf, where partial coalbed layers were formed, cor-
roborating previously reported porosity-depth trends
(Tanikawa et al., 2016).

Effect of physical and 
chemical properties on Aw

Figure F4A (Tables T3, T4) shows Aw as a function of
the weight fraction of NaCl solution saturated in the
core samples. The result shows that the Aw for all
samples decreased with increasing NaCl concentra-
tion and that the difference in Aw among the sam-
ples was relatively small between replicates at the
same concentration. Moreover, the water activities of
the sediments were similar, although somewhat
lower, than those calculated using Raoult’s law for
aqueous solutions of NaCl and the empirical equa-
tions introduced by Chirife and Resnik (1984). At
higher salinities (>15%), the empirical curve of Chir-
ife and Resnik (1984) fits the Aw values obtained for
the core samples considerably better than Raoult’s
law. Raoult’s law is generally applied to dilute aque-
ous solutions and is very accurate for Aw values
>0.95, although marked deviations from the law
were observed in more concentrated solutions. The
discrepancy between the modeled and measured Aw

values can be explained by intermolecular forces and
solvation effects in a solution (Fontán and Chirife,
1981; Lilley and Sutton, 1991). The discrepancy at
lower salinities (<5%) can be explained by incom-
plete desalination in our procedures.

Volumetric water contents normalized by saturated
volumetric water content (degree of water satura-
tion) were plotted against Aw to plot the SWCC (Fig.
F4B; Table T5). The water activities for six samples
did not decrease at higher water contents, and Aw re-
mained above 0.9, even after a 10% reduction in wa-
ter content (Table T3). Aw in coal samples gradually
decreased with decreasing water content at the onset
of drying the samples, whereas the water activities
for the other four samples were not affected by dry-
ing, even when their water contents were reduced by
50%. The sensitivity of Aw to water content can be
classified into one of three groups based on the
shape of the SWCC, and Aw values for clay at 178
mbsf (Expedition 902 Section 20H-4) and sandstone
at 1971 mbsf (Section 337-C0020A-21R-4) showed
the lowest sensitivity to water content at higher nor-
malized water contents. This result suggests that the
loss of small amounts of pore fluid by drainage or
4
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evaporation during shipping and sample treatment
did not affect the Aw of the samples if one assumes
that pore water chemistry did not change.

No significant relationship was observed between Aw

and porosity (Fig. F4C). Aw values were highly vari-
able at porosity values below 0.4 and relatively high
(0.972–0.974) in samples with very low porosity val-
ues (porosity < 0.06). However, as shown in Figure
F4C, Aw appears to decrease with porosity when the
lower Aw values are selected from a similar porosity
range.

Predicted Aw from water chemistry
Figure F5A shows a comparison of the predicted and
measured Aw values for core samples and drilling
mud water at 25°C. The predicted Aw values calcu-
lated from the pore water chemistry data were plot-
ted against the Aw values obtained at the same depth
as the samples used for the analysis of interstitial wa-
ter chemistry (<1.5 m apart). The values obtained
from the analysis with GWB were larger than those
obtained with PHREEQC, with deviations from the
measured values being slightly smaller for PHREEQC
than GWB. The lower predicted Aw values (<0.96)
were higher than the measured values, although the
deviation between the two values was small at
higher Aw values. On the whole, the predicted values
were moderately consistent with the measured val-
ues, implying that Aw for subseafloor sediments is in-
fluenced by the interstitial water chemistry and that
water chemistry data can be used to predict Aw for
sediments.

The Aw depth profile estimated based on the intersti-
tial water chemistry inferred using PHREEQC is
shown in Figure F5B. As core samples from Expedi-
tion 902 had been stored for 7 y before water chem-
istry analyses, oxidation and biochemical reactions
might occur to change pore water chemistry. Chemi-
cal diffusion between the contaminated outer part
and the inner part of the core sample is also expected
to occur during storage, and it may result in a mix-
ture of pore water and drilling fluid. Therefore, we
did not use pore water chemistry data from Expedi-
tion 902 newly measured in this study to estimate
the Aw depth profile (Fig. F5B). The predicted Aw for
shallow sediments above 350 mbsf from Expedition
902 decreased slightly with depth (0.9826 to 0.982),
and the predicted Aw was ~0.04 higher than the val-
ues obtained from the core samples. The predicted
Aw values for core samples collected from Expedition
337 ranged from 0.959 to 0.984, which is consistent
with the measured Aw values. The predicted Aw val-
ues at the top of Unit II (1277–1378 mbsf; Table T1)
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were lower than those at other depths but were simi-
lar to the measured Aw in core samples, cuttings, and
drilling mud at the same depths. The Aw values for
cuttings were similar to those for mud water, and
both measures were lower than the Aw values mea-
sured from core samples. No low anomalies were ob-
served in the predicted Aw values from the coal-bear-
ing layers, but drilling mud fluid had relatively low
Aw values in the coalbed. Similarities in the Aw values
for mud water samples and cuttings could be ex-
plained by high levels of contamination with drill-
ing mud fluid in cuttings (Inagaki et al., 2015), as
higher Cl– concentrations in cuttings and drilling
mud due to contamination by drilling fluid was re-
ported.
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W. Tanikawa et al. Data report: water activity of the deep coal-bearing basin
Figure F1. A. Location of Site C0020 off Shimokita. B. Core lithology, biostratigraphy, and lithologic units in
Hole C0020A from Expeditions 902 (CK06-06) and 337. Figures show data modified after Aoike (2007), the
“Site C0020” chapter (Expedition 337 Scientists, 2013b), and Inagaki et al. (2015).
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Figure F2. Relationship between water activity measured by WP4-T and LabTouch-AW sensors for the same
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W. Tanikawa et al. Data report: water activity of the deep coal-bearing basin
Figure F3. Depth profiles of (A) water activity and (B) porosity of core samples, Hole C0020A.
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W. Tanikawa et al. Data report: water activity of the deep coal-bearing basin
Figure F4. Relationship between water activity and (A) NaCl concentration, (B) water content normalized
using fully saturated water content for core samples (degree of water saturation), and (C) porosity.
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W. Tanikawa et al. Data report: water activity of the deep coal-bearing basin
Figure F5. A. Comparison of measured water activity and predicted water activity of core samples. Mean ab-
solute percentage deviations between measured and predicted values are shown on the same figure. B. Depth
profiles of predicted water activity at Site C0020. Predicted water activity was calculated from pore water chem-
istry data measured on the ship (core sample and cuttings) and in this study (drilling mud water). Fluid chem-
istry data from Expedition 902 newly measured in this study was not used to predict the water chemistry in B.
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W. Tanikawa et al. Data report: water activity of the deep coal-bearing basin
Table T1. Summary of water activity data in core samples collected during Expeditions 902 and 337. This table
is available in CSV format.

Table T2. Lithologic variation in water activity (Aw) and physical properties of core samples, Hole C0020A. This
table is available in CSV format.

Table T3. Summary of physical properties of samples used in water activity (Aw) measurements, Expeditions
902 and 337. This table is available in CSV format.

Table T4. Water activity and NaCl concentration of pore fluid in core samples collected during Expeditions 902
and 337. This table is available in CSV format.

Table T5. Water activity and degree of water saturation in core samples collected during Expeditions 902 and
337. This table is available in CSV format.
Proc. IODP | Volume 337 12


	Data report: water activity of the deep coal-bearing basin off Shimokita from IODP Expedition 337
	Wataru Tanikawa, Yoko Ohtomo, Glen Snyder, Yuki Morono, Yu’suke Kubo, Yoshihiro Iijima, Takuroh Noguchi, Kai-Uwe Hinrichs, and Fumio Inagaki
	Abstract
	Introduction
	Methods and materials
	Aw measurements
	Dependence of Aw on salinity and water content
	Computation of Aw values from pore water chemistry
	Porosity measurements

	Results
	Depth profile of physical properties
	Effect of physical and chemical properties on Aw
	Predicted Aw from water chemistry

	Acknowledgments
	References
	Figures
	Figure F1. A. Location of Site C0020 off Shimokita. B. Core lithology, biostratigraphy, and lithologic units in Hole C0020A from Expeditions 902 (CK06-06) and 337. Figures show data modified after Aoike (2007), the “Site C0020” chapter (Expeditio...
	Figure F2. Relationship between water activity measured by WP4-T and LabTouch-AW sensors for the same core samples.
	Figure F3. Depth profiles of (A) water activity and (B) porosity of core samples, Hole C0020A.
	Figure F4. Relationship between water activity and (A) NaCl concentration, (B) water content normalized using fully saturated water content for core samples (degree of water saturation), and (C) porosity.
	Figure F5. A. Comparison of measured water activity and predicted water activity of core samples. Mean absolute percentage deviations between measured and predicted values are shown on the same figure. B. Depth profiles of predicted water activity at...

	Tables
	Table T1. Summary of water activity data in core samples collected during Expeditions 902 and 337. This table is available in CSV format.
	Table T2. Lithologic variation in water activity (Aw) and physical properties of core samples, Hole C0020A. This table is available in CSV format.
	Table T3. Summary of physical properties of samples used in water activity (Aw) measurements, Expeditions 902 and 337. This table is available in CSV format.
	Table T4. Water activity and NaCl concentration of pore fluid in core samples collected during Expeditions 902 and 337. This table is available in CSV format.
	Table T5. Water activity and degree of water saturation in core samples collected during Expeditions 902 and 337. This table is available in CSV format.






