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Research Article
Effects of tides and weather on sedimentation of iron-oxyhydroxides in a
shallow-marine hydrothermal environment at Nagahama Bay, Satsuma
Iwo-Jima Island, Kagoshima, southwest Japan
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Abstract Nagahama Bay of Satsuma Iwo-Jima Island, southwest Japan, is an excellent
place for studying sedimentation of iron-oxyhydroxides by shallow-marine low-
temperature hydrothermal activity. Its fishing port has a narrow entrance that limits
exchange of seawater between the bay and open ocean, allowing the accumulation of
fine-grained precipitates of iron-bearing materials (Fe-oxyhydroxides) on the seafloor. The
fishing port is usually filled with orange- to brown-colored Fe-rich water, and deposits
>1.5 m thick Fe-rich sediments. To elucidate the movement and depositional processes of
the Fe-rich precipitates in the bay, we conducted continuous profiling of turbidity through-
out the tidal cycle and monitoring of surface water. The results showed that clear seawater
entered the bay during the rising tide, and turbid colored water flowed into the ocean
during the ebb tide. Neap tide was found to be an optimal condition for sedimentation of
Fe-oxyhydroxides due to weak tidal currents. Storms and heavy rains were also found to
have influenced precipitation of Fe-oxyhydroxides. Storm waves disturbed the bottom
sediments, resulting in increased turbidity and rapid re-deposition of Fe-oxyhydroxides
with an upward-fining sequence. Heavy rain carried Fe-oxyhydroxides originally accumu-
lated in nearby beach sands to the bay. Our findings provide information on optimal
conditions for the accumulation of Fe-rich sediments in shallow-marine hydrothermal

settings.
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INTRODUCTION

Iron-rich sedimentary sequences provide a key to
understanding the paleoenvironmental roles of
oxygen and hydrothermal activity in the ocean
(e.g. Holland 1984; Condie 1997). Previous studies
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of iron deposits have classified iron sedimentation
in different settings such as: (i) bog iron ores
(Stanton 1972); (ii) ironstone (mainly oolite; Young
& Taylor 1989); and (iii) banded iron formations
(BIF's; e.g. Robb 2005).

Bog iron ores are formed in lacustrine and
swamp environments associated with glaciated
terrain and tundra (Stanton 1972). In this setting,
the Fe?*-rich pore water from anoxic sediments
precipitates the ores by mixing with oxidized
surface water, as having been observed in modern

doi:10.1111/j.1440-1738.2012.00808.x



environments where swamps discharge into down-
stream drainage areas. Ironstone deposits with
oolitic appearance usually formed in shallow-
marine and deltaic environments by wave agita-
tion. These deposits are mainly Phanerozoic and
often associated with organic-rich black shales
that mark stages of major marine transgression
and flooding of the continental margin (Young &
Taylor 1989). The source of the iron is considered
to be weathering and oxidation of lateritic soils
(Young & Taylor 1989). Ironstones can also be
associated with submarine voleanic activity in plat-
form settings (Siehl & Thein 1989). BIFs are
bedded chemical sediments that consist of alter-
nating Fe-rich and Si-rich layers (Klein & Beukes
1993). They are generally grouped as Algoma,
Lake-Superior, or Rapitan types. The source of Fe
is thought to have been hydrothermal activity in
subaqueous environments. Models of the BIF for-
mation include the upwelling model (Klein &
Beukes 1993), Red Sea model (Ohmoto et al. 2006),
microbial mediation model (Konhauser & Ferris
1996; Takashima et al. 2011), and alkaline—ocean
model (Shibuya et al. 2010).

Bog iron, ironstone, and BIF's are lithologically
distinct. Bog iron consists of thin beds containing
local terrestrial detritus, ironstone forms mainly
massive layers containing oolites, and BIFs are
distinguished by well-defined laminations. The
depositional mechanisms for these iron deposits
remain uncertain because it is difficult to observe
the behavior of oxidized ferric matter in the ocean.
Most depositional models assume that oxidation of
Fe?* occurs when dissolved Fe?" is oxidized to be
essentially insoluble Fe** with either increasing Eh
or pH. However, the subsequent behaviors of Fe**-
bearing colloids are poorly understood. In marine
environments, Fe**-bearing colloids may be inter-
mediate materials in the formation of thick Fe-rich
layers. The fate of Fe® is thus important in under-
standing the entire process for the formation of
Fe-rich layers in sedimentary sequences.

Hydrothermal vents are often surrounded by
colored seawater, but no thick accumulation of iron
hydrate sediments has been reported in these par-
ticular areas (e.g. Tarasov et al. 1999, 2005). To
better understand sedimentary mechanisms of
Fe-rich layers under shallow-marine hydrother-
mal environments, we carried out an observational
study in Nagahama Bay of Satsuma Iwo-Jima
Island, southwest Japan. The island, approxi-
mately 50 km south of Kyushu Island, is character-
ized by shallow-water hydrothermal activity
where orange-brown and brown-white discharges
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can be found along the shoreline. Such coloring
occurs due to precipitation of Fe- and Al-bearing
minerals as a result of the neutralization and oxi-
dation of acidic hydrothermal fluids that contain
high concentrations of Fe and Al (Kamada 1964,
Nogami et al. 1993; Shinohara et al. 1993; Heden-
quist et al. 1994). The iron-rich hydrothermal
discharge of clear hot spring water around the
island is quickly colored after mixing with sea-
water, which induces ferric iron precipitation. The
colored water diffuses into a rocky and pebbly
coastline of the island, which is subject to strong
wave action and ocean currents. These hydrologi-
cal factors make it difficult to study depositional
mechanisms for iron hydrate (or oxides) along the
coastline.

A fishing port constructed in the innermost
portion of Nagahama Bay is protected from
wave action by artificial breakwaters. This setting
is expected to allow the deposition of Fe-
oxyhydroxides. Preliminary sediment sampling in
the fishing port recovered Fe-oxyhydroxide-rich
sediments of more than 1 m-thick. The protected
nature of the fishing port would provide a unique
opportunity to better understand the formation of
Fe-rich sediments.

The source and movement of Fe-bearing par-
ticles are difficult to observe in detail due to the
opacity of the water at the study sites, but can be
traced by measuring water turbidity. We per-
formed long-term observations for the movement
of the orange-brown water from fixed locations,
to examine the influence of the tidal currents in
the bay. Our findings provide information on the
optimal conditions for the accumulation of iron-
rich sediments in marine hydrothermal settings.

GEOLOGICAL SETTING OF SATSUMA
IWO-JIMA ISLAND

Satsuma Iwo-Jima Island (Fig. 1) is in the north-
western rim of the mostly submerged Kikai
Caldera (Matsumoto 1943), where a huge eruption
at 7.3 kya produced the Akahoya tephra, an exten-
sive and well-studied material in Japan (e.g.
Machida & Arai 1978; Maeno & Taniguchi 2007,
2009). The island is an active volcano 5.5 km long
from east to west and 4 km wide from north to
south. The north and west sides of the island are
thick basaltic cliffs of the remaining caldera struec-
ture (dashed line in Fig. 1). Two post-caldera vol-
canoes exist within the main caldera: the steep
rhyolitic Iwo-dake, and the basaltic cinder cone
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Inamura-dake (Ono et al. 1982). Iwo-dake was
formed from an eruption approximately 610-
500 years ago (Kawanabe & Saito 2002) and is still
active today, as evidenced by fumarolic gas of
902°C measured at the summit area in 1994 (Shi-
nohara et al. 2002).

The low-temperature hydrothermal fluids
around Satsuma Iwo-Jima Island have a mild
acidity (approx. pH 5) due to the presence of car-
bonic acid. It also contains high concentrations of
Al and Fe (up to 1250 and 649 mg/L, respectively;
Kamada 1964). Along the coastline of the island,
the low-temperature hydrothermal fluids are neu-
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Fig. 1 Topographic map of Satsuma Iwo-Jima Island. The square
labeled ‘A" indicates the area shown in Figure 2b.
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Fig. 2

tralized by the surrounding seawater, resulting in
the precipitation of Fe- and Al-bearing minerals.
The coloring of seawater into ivory or orange-
brown are due to AI(OH); and Fe(OH)s, respec-
tively, and occurs adjacent to beaches at Iwo-dake
volcano. Iron-rich microbial precipitates have been
reported from the coastline around the Akaiwa
area and in Nagahama Bay (Shikaura & Tazaki
2001).

SAMPLING SITES IN NAGAHAMA BAY

The orange-brown-colored hydrothermal fluids
are most prominent in Nagahama Bay in Satsuma
Iwo-Jima Island (F'ig. 1). Before the construction
of several breakwaters, the bay was a sandy beach
steeply declining to the open ocean, which allowed
quick outflow of orange-brown water. As shown in
Figure 2a, the port’s narrow entrance is protected
by two breakwaters at the southern end. The port
has a 200 m-long concrete ferry berth along its
east side and a T-shaped quay for small fishing
boats. Along the coastline of the island, the port is
the only place that retains the large volume of
orange-brown water. The port is divided into east
and west sides (E site and W site, respectively) by
the T-shaped quay (Fig.2b). Sediment dredging
was performed in 1983, 1984, 1986, 1989, and 1991
at the E site and in 1997 at the W site (Ninomiya
& Kiyokawa 2009). After construction of the

LEGEND

The records of dredging ®  Turbidity measuring point

P: 2007 site, S: 2008 site
igg;l ;g; - Sediment trap (E1,E2, W)
1984, 1986, 1989-1991, -5.5m

1997, -3m

(a) Overview of Nagahama Bay. (b) Dredging record at the fishing port (E and W sites) in Nagahama Bay (Kagoshima Prefecture 2008). In (a) and

(b), sites of turbidity measurements in 2007 are labeled P2—P10; those in 2008 are labeled S1-S10. E1, E2, and W1 denote sites for sediment trap

experiments.
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Fig. 3 (a) Bathymetric map of Nagahama Bay (data after Ninomiya & Kiyokawa 2009). (b) Map of sediment thickness in Nagahama Bay in 2008. Dots

indicate measurement points.

wharves, the bay became calmer and favorable for
sediment accumulation. The persistent presence of
orange-brown water in this area indicates that
hydrothermal activity remains active on the basin
floor of the E and W sites.

Bottom sediments of more than 1 m in thickness
were dredged from the W site during 15-25 June
2009. A 10 m-wide area along the eastern part of
the W site was not dredged (Fig. 2b). We collected
data on the sediment thickness and water depth in
2008 by using a 6 m-long bamboo stick that was

pushed through the sediment until it touched hard
rock basement or sandy substrate. Depth and
thickness data were cross-checked with line pro-
files using an echo-sounder (PS-50C; Honda Elec-
tronics Co., Toyohashi, Japan) on a small rubber
raft (FMI-332; Achilles Co., Tokyo, Japan) (see
Fig. 3). The bathymetric data shown in Figure 3a
were based on water depth during typical low tide,
which was 50 cm deeper than the depth in the
lowest tide level during spring tide. The E and
W sites have different bathymetric profiles. The
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W site has a relatively flat seafloor and is shallower
in the center. The E site gradually slopes toward
the open sea and is more than 6 m deep along the
T-shape quay (Fig.3a). Several small mounds
(<1 m in height) occur in the central area of the
E site. A cluster of mounds occurs in a 5m x 6 m
area near the eastern entrance of the fishing port.

The thickness of unconsolidated surface sedi-
ment at the W site is greater than 1m in the
middle of the basin, with a maximum of 1.5 m in the
central and eastern parts of the site. The E site
sediments were thinner and much coarser than
those of the W site, and consisted of 20-80 em-
thick Fe-rich mud and volcanic sand. The south-
western corner of the E site was covered by a
1.0-1.3 m-thick layer of mud (Fig.3b). For port
maintenance at E site, >1 m-thick bottom sedi-
ments were dredged from the W site during 15-25
June 2009; however, a 10 m-wide area along the
eastern part of the W site was kept from dredging
for preserving samples for our scientific research
(see Fig. 2b).

We estimated the sedimentation rate in Naga-
hama Bay by using a simple sediment trap device
consisting of a pair of 2 L bottles. The trap was
positioned 1 m above the seafloor at locations K1
and W for 203 days (6 September 2006 to 29 March
2007; see Fig.2). The estimated sedimentation
rates at these points were 3.6 g/em?/month at E1
and 5.4 g/em*/month at W, consistent with the mea-
surements of overall sediment thickness at these
sites (Fig. 3b) and the construction of the longer
breakwaters at the W site.

In addition to bathymetric measurements, we
obtained underwater images using an ‘Oguri-view’
system (underwater long-term recording camera
system attached with a flashbulb and a timer) (e.g.
Oguri et al. 2006) The images showed muddy, red
to brown bottom sediments with ripple marks at
the W site during high tide. The sediments con-
tained small pockmarks with widths of <5 em and
depths of 2-3 cm.

TURBIDITY MEASUREMENTS

To understand the daily and monthly hydrological
changes in Nagahama Bay, we monitored the tur-
bidity associated with mixing of the orange-brown
hydrothermal fluids and seawater (Figs4,5).
Using a multiple sensor (WX-22; Horiba), depth
profiles of the turbidity and pH were measured 5
times at 50 em intervals from the surface to the
bottom. The deepest point was 8 m at high tide,

© 2012 Blackwell Publishing Asia Pty Ltd

and the shallowest point was 2 m at low tide. Data
were collected during relatively calm periods from
23 September to 7 October 2007 (Fig. 4) and from
3 to 12 August 2008 (Fig. 5). Timings of measure-
ment are shown in tidal timetables provided by the
Japan Meteorological Agency (Figs4a,5a), and
were usually carried out four times a day (at high,
ebb, low, and incoming tides).

To monitor changes in turbidity, specific measur-
ing points were selected along the port quays. Two
sections were set along the T-shaped quay (P2-P4)
and the northeastern quay (P5-P10; Fig. 2b) for
the measurements in 2007. These are referred as
the East fishing port section. For the measure-
ments in 2008, another section was set along the
ferry port quay (S1-S10) and is referred as the
Ferry port section (Fig. 2b). The sites P8, P9, and
P10 correspond to S1, S2, and S3, respectively. A
nephelometric turbidity unit (NTU) was used to
quantify the turbidity. One NTU corresponds to
the turbidity of water containing 1 mg/L of finely
dissolved silica. Clear water has a value of 0 NTU.

TIME-SERIES CROSS-SECTION IMAGES
OF TURBIDITY

Cross-sectional images of the turbidity data were
drawn using Ocean Data View (ODV) software
(http://odv.awi.de). Wave height data (Figs 4a,5a)
were corrected with reference to ladder steps on
the side of the quay at the fishing port.

The turbidity data of the East fishing port and
the ferry port clearly show tidal effects on the
daily and longer term changes (Figs 4,5). The tur-
bidity change followed a daily cycle of tidal cur-
rents. At high tide, both data sets show that the
clear seawater (<10 NTU) flowed into the bay
along the sea bottom. Turbidity increased during
the ebb tide, as clearly seen in the fishing port
section (from 20 to 80 NTU; Fig. 4b). High turbid-
ity persisted until seawater came in during the
rising tide.

The turbidity data also responded to longer
term changes in the amplitude of the daily tide, as
seen in the data from 23 September 2007 to 4
October 2007 (Fig. 4) and from 3 to 12 August 2008
(Fig. 5). Both datasets show changes in response
to the transition from less turbid water during the
spring tide to more turbid water during the neap
tide. High turbidity during the neap tide from 4 to
7 September 2007 could have been affected by a
typhoon; however, the turbidity change in the 2008
data reflects a long-term tidal situation during fair
weather.
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Long-term turbidity change likely resulted
from the intensity of the seawater influx, which
responded to the amplitude of tidal change. During
the spring tide, the intense influx of clear seawater
(<10 NTU) to the fishing port from the outer ocean
resulted in a decrease in the turbidity. During the
neap tide, seawater influx was lower and the tur-
bidity was higher (Fig. 5).

Observations in August 2008 show that the tur-
bidity in deeper parts of the water column is
always lower than in shallower parts. When a
typhoon occurred during 4-7 October 2007, strong
waves at the E site resulted in enhanced turbidity
of the water. During the storm, turbidity of
>120 NTU was recorded in the shallow portion of
the East fishing port. This was likely due to sus-
pension of unconsolidated sediments because some
of the profiles of storm periods show higher tur-
bidity in deeper parts (Fig. 4).

Ninomiya and Kiyokawa (2009) reported a
range in pH (about 7.2-8) in the bay. The pH
and turbidity showed a negative correlation
during fair weather. Lower pH values (pH 7.2)
were associated with higher turbidity (60 NTU),
whereas higher pH values (pH 8) were associated
with turbidity of <10 NTU. These results are con-
sistent with our interpretation that turbidity is
related to the influx of seawater and its interac-
tions with acidic water from local hot spring
activity within the bay. During the storm event,
the correlation between pH and turbidity was
further strengthened (Ninomiya & Kiyokawa
2009).

COLOR CHANGES OF THE OCEAN SURFACE

Influences of tide and storm on the turbidity were
confirmed by images obtained using the automatic
camera recording system, which clearly shows the
expansion and contraction of orange-brown waters
within Nagahama Bay (Fig. 6). Surface waters
covering the study area were monitored by the
system, over short-term (30s) and long-term
(30 min) intervals, installed at a hilltop location
overlooking Nagahama Bay. Images covered both
sites (E and W) and the ferry berth in Nagahama
Bay.

Images recorded on 4 August 2008 are shown in
Figure 6, with turbidity cross-sections. During
high tide, green-colored seawater entered the bay.
During low tide, the orange-brown water flowed
out from the E and W sites through both sides of
the bay. The turbidity cross-section is consistent
with this change in the color of surface water.
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Heavy rains affected the turbidity on 9 April
2009, as shown in images taken at approximately
5 min intervals from 17.33 hours local time (F'ig. 7).
At approximately 17.30 hours the rains became
extremely heavy. A distinct color change where
orange-brown waters quickly flowed out from the
beach area (F'ig.7) occurred in the study area
within 10 min starting from 17.45 hours.

SEDIMENTATION OF FE-OXYHYDROXIDES

Formation of the Fe-oxyhydroxides around

Satsuma Iwo-Jima Island most likely results from

oxidation of Fe?" in acidic low-temperature hydro-

thermal fluids on neutralization by mixing with
seawater. The acidic low-temperature hydrother-
mal fluids have Fe concentrations of 649 mg/L

(Shinohara et al. 1993) and pH 5.5 (Shikaura &

Tazaki 2001). Such concentration of Fe is orders of

magnitude higher than the typical concentration

of Fe in seawater (parts per trillion). The turbid
portions of the water column within the bay have
pH 7.2-7.6, a range that is more acidic than that of
seawater. The generated Fe-oxyhydroxides have
patterns of sedimentation that can be estimated
from the cross-sectional images of turbidity (see

Figs 4,5). In this section we explore important pro-

cesses for the deposition of Fe-oxyhydroxides: (i)

tide-related calm conditions; (ii) wave-related sus-

pension and re-deposition of beach sediments; and

(iii) rain-related discharge sedimentation (Fig. 8).

1. During high tide in fair weather, Nagahama
Bay receives cold dense seawater along its
bottom from the outer ocean. It results in move-
ment of acidic hydrothermal fluids into the
overlying water column, where precipitation
of fine-grained particles of Fe-oxyhydroxides
occurs, imparting an orange-brown color to the
water. The colored seawater flows out to the
outer ocean along the sea surface during high
tide. Subsequently, the receding tide drains
clear seawater along the bottom. During the
neap tide, reduced seawater influx increases the
amount of highly turbid water, which results in
precipitation of Fe-oxyhydroxides (Fig. 8).

2. We propose two cases for the development of
high turbidity, likely leading to deposition of
Fe-oxyhydroxides. The first case is during the
low tide of spring tide conditions when water
levels reached at the lowest. Seawater in the
lower water column flows out of the bay, and the
orange-brown hydrothermal fluids move down-
ward (Figs 4,5). However, the tidal current was

© 2012 Blackwell Publishing Asia Pty Ltd
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4 August 2008
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Fig. 6 Photographs of Nagahama Bay and cross-sectional images for turbidity changes during spring tide on 4 August 2008. Data on cross-sectional
images are the same as those shown in Figure 5b. At high tide, clear seawater enters the bay, while at low tide, orange-brown hydrothermal fluids move
out from the surface and along both sides (ferry port and west beach) of the bay.

the strongest during the spring tide, inhibiting
the deposition of fine-grained materials. The
second case for high turbidity is the neap tide
when sluggish tidal currents limit the exchange
of seawater with the outer ocean. The neap tide
data in 2008 (Fig.5) show that turbidity was
higher than during spring tide due to a reduced
exchange with seawater and limited outflow,
which resulted in increased accumulation of
Fe-oxyhydroxides.
The extent of orange-brown hydrothermal fluids
in the bay was also influenced by strong waves.
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During periods of strong waves associated with
storms, typhoons or southerly winds, the sedi-
ments in the bay with only 5-10 m water depth
even during high tide are mixed and reworked to
increase turbidity. The presence of sand-sized par-
ticles in sediment traps shows that sand-size frac-
tions can be suspended by storm waves. Such
suspended materials resulted in new deposition on
the eroded surface.
3. Heavy rain also influences the extent of
orange-brown hydrothermal fluids in the bay.
During percolation of rainwater through



Fe sedimentation at Satsuma Two-Jima Is. 75

’ 17:45
-

2009 April 9

-

Fig. 7 Images showing the effect of rainfall on the sea surface of Nagahama Bay. Within 10 min after the start of heavy rainfall, a large volume of dark
orange-colored water flowed into in the bay. Black arrows show flow directions of dark orange-colored water.
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Fig. 8 Three models showing processes of Fe-oxyhydroxide sedimen-
tation in Nagahama Bay.

Fe-oxyhydroxide-containing beach sands, Fe-
oxyhydroxides would be partially removed and
carried to the ocean. This process would
increase turbidity and produce thick, poorly
consolidated deposits in the bay.

IMPLICATIONS

Three possible sedimentary processes given in
Figure 8, which may perturb pre-existing sedi-
ments, may have been recorded in ancient
Fe-oxide deposits hosted in shallow-water sedi-
ments. For example, Phanerozoic ironstones may
be good candidates, although their sedimentation
mechanism has been poorly known (Young &
Taylor 1989). They formed in shallow marine envi-
ronments from roiled oolites or pellets (Robb
2005). Their source of Fe was likely Fe** colloids
that were transported from fluvial environments.
The deposition occurred at sea-level highstand
in warm climates, where storm activity could
have been vigorous, such as those during the
Ordovician—Silurian and Jurassic. Effects of
reworking by strong waves may be seen in a thick
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sequence with graded bedding features, such as
that of Fe-rich sediments composed of volcaniclas-
tic materials. This study emphasizes less explored
important roles of tides and weather (storms and
heavy rains) in reworking sediments in shallow
marine environments, regardless of their deposi-
tional ages.

CONCLUDING REMARKS

A strong association was observed between tidal
movements and water turbidity in Nagahama Bay.
During high tide, clear seawater flows into the bay
along the seafloor. Neutralization of acidic hydro-
thermal fluids with seawater promoted precipita-
tion of Fe-oxyhydroxides. At low tide, seawater
returns to the open ocean along the water surface,
as does the orange-brown colored water.

With regard to the monthly cycle, the neap
tide with the lowest daily amplitude marked the
peak turbidity and highest concentration of
Fe-oxyhydroxides. Relatively weak exchange of
water with the open ocean allows precipitation
of fine-grained Fe-oxyhydroxides to accumulate at
the bottom.

Storm waves rework pre-existing unconsoli-
dated Fe-oxyhydroxide-rich sediments and result
in enhanced turbidity. After a storm event, the
reworked sediment particles quickly settle to the
bottom and may form a fining-upward sedimen-
tary unit.

Heavy rain triggers the transport of
Fe-oxyhydroxides from sands in beaches sur-
rounding the bay. This is a newly recognized
source of Fe in the study area, and may have impli-
cations for the process of iron sedimentation in
larger oceanic basins. Sedimentation processes of
Fe-oxyhydroxides in Nagahama Bay may improve
our understanding of the formation of ancient iron-
rich sedimentary sequences.
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