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Abstract—Thorium, protactinium and uranium isotopes were measured in five
surface sediments along a transect off Enshunada to confirm enhanced scavenging
of 231Pa at ocean margins near Japan islands. Unsupported 230Th/231Pa activity
ratios were from 5.6 to 9.3 at the respective stations. These ratios are clearly lower
than the production ratio of 10.8 in seawater. This indicates that Pa is effectively
removed from the water column to the sediments in preference to Th in this area.
Two stations located along the continental slope had especially lower values of
5.6 and 5.9 than others, which suggests that a further effective removal of Pa
occurs at the continental slope.

INTRODUCTION

The production rate of 23°Th and 23!Pa in the ocean is rigidly fixed since the radio-
active decay of 234U and 23°U which are dissolved uniformly in seawater as a
conservative element is the only significant source (KU et al., 1977). Thus they are
dispersed at constant rates throughout the world oceans. Because of their extremely
non-conservative behaviour in seawater, 23°Th and 23!Pa should accumulate from
the water column to the sediments with 230Th/231Pa activity ratio of 10.8 equal to
their production ratio. Actual measurements in deep-sea surface sediments and
manganese nodules, however, gave results that differ significantly from this value
(e.g., SACKETT, 1966; YANG et al., 1986). This fact means that a fractionation
process between both nuclides takes place in the ocean. BACON et al. (1976) have
proposed the intensified scavenging of 219Pb at the ocean margins, which is now
recognized as the boundary scavenging. ANDERSON et al. (1983a, b) confirmed that
a significant fraction of 231Pa relative to 239Th is transported laterally from the open
ocean to the ocean margins and removed there. Mainly two mechanisms may be
considered to be responsible for the enhanced scavenging of Pa in the ocean. One is
metal oxyhydroxide formation which is observed in the Panama and Guatemala
Basins (ANDERSON et al., 1983b) and on the East Pacific Rise (SHIMMIELD and PRICE,
1988). The other is by high particulate fluxes which are observed in the Antarctic
Ocean (DEMASTER, 1979), in the northern North Pacific (TAGUCHI ez al., 1989) and
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in the equatorial Pacific (ANDERSON et al., 1990). In other words, Pa is subject to
heterogenous removal spatially due to differences in particle composition and
particle rain rates. The Pacific map of 23°Th/23!Pa ratios in surface sediments de-
scribed by YANG et al. (1986) shows notably that the ocean-wide redistribution
processes do work for Pa. Pa leaves from the gyres because of no existence of high
reactive particles and/or high particle rainrates in the central Pacific, and subsequently
moves with water and finally accumulates in the marginal sediments. Oppositely,
such large-scale chemical fractionations could provide us with a possible tool to
determine the lateral movement of water (BACON, 1988; RUTGERS VAN DER LOEFF
and BERGER, 1993) and the past changes of productivity.

Since the ocean margin has high particle rain rates due to high biological
productivity and large supply of lithogenic particles from the coastal zone, this area
is important for a better understanding of the transport process by particles.

The objective of our study is to determine whether the enhanced scavenging of
231Pa relative to 230Th occurs at ocean margins near the Kuroshio.

SAMPLING AND ANALYTICAL METHODS

Marine sediment samples used in this work were collected by two cruises of
T.S. Seisui-Maru in 1992 using a gravity corer. The map of sampling locations is
shown in Fig. 1. The core samples were cut into segments of 1-4 cm thickness on

35°N

Kil PEN.

v{33

N 4000M

A\

T 1 1 1 5 ‘30
135°E 136 137 138 139 140

Fig. 1. Map with station locations.
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board and tightly sealed in plastic bags. They were returned to the lab and surface
sediments were used for the radiochemical analysis in this study.

Th, Pa and U isotopes in sediments were analyzed by the method of MCCABE
et al. (1979) which was some modified and is described briefly as follows. Dried
samples of 1-2 g were used. These samples were spiked with appropriate amounts
of 232U, 228Th and 233Pa yield tracers, and completely dissolved with a mixture of
HNOs3, HC1O4 and HF in a Teflon beaker. Th, Pa and U were separated and purified
by cation exchange column at 70-75°C and anion exchange column at room
temperature. Each separated nuclide was electrodeposited on a highly-polished
stainless steel planchet from a slightly acidified solution of pH 2 at the constant
current of 1 A for 2 hours. The preparations were suited for low-level alpha particle
spectroscopy. Counting was carried out by use of a low background 2z gas flow GM
counter for S-activity and by a multichannel pulse height analyzer with silicon
surface barrier detectors for a-activity.

RESULTS AND DISCUSSION

The data on 238U, 234U, 232Th, 230Th and 23!Pa in surface sediments are shown
in Table 1 together with the value of one standard deviation in the counting error. The
elevation of unsupported 239Th/23!Pa ratio by radioactive decay during depositions
is about 4% at 2 cm depth of sediments, even if the sediment accumulation rate of
1 cm kyr ! is assumed. As our results contain about 10% error (Table 2), a thickness
problem of core samples is negligible.

Unsupported 23°Th and 3! Pa

Measured total activities of 239Th and 23! Pa can be divided into their supported
fraction which is contained in detrital materials and unsupported component which

Table 1. Measured activites of U, Th and Pa isotopes

Station No.  Water B8y B4y B21p 20T Blpy
(coredepth)  Depth Radioactivity
(m) (dpm/g)
Sta.1 (34°16.0'N, 137°19.8'E)
(0-3cm) 692  1.09+0.03 1.07+0.03 2.274#0.07 1.75+0.05  0.12+0.01

Sta.2 (33°49.2'N, 137°37.2'E)
(0-2cm) 2070 0.96+0.06 0.94+0.06 1.72+0.07 2.02+0.07  0.24+0.02

Sta.3 (33°40.7'N, 137°36.1'E)
(0-2cm) 2513 2.46+0.07 2.73+0.07 1.77#0.05 2.95+0.07 0.38x0.02

Sta.4 (32°16.3'N, 138°35.9'E)
(0-1cm) 3040 1.03£0.04 1.01x0.04 1.90+0.11 5.60+0.25 0.61+0.02

Sta.5 (30°00.1'N, 140°00.0'E)
(0-1cm) 2980 0.45£0.03 0.46x0.03  0.50+0.02  3.49+0.08  0.42+0.02
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Table 2. Activity ratios of unsupported 23°Th and 23!Pa

Station 23415238y 238(y/232y, 2307, Blp,, 230 231pa,,
No. (Activity ratio) (dpm/g) (dpm/g) (Activity ratio)
Sta.l 0.99+0.04 0.48+0.02 0.68+0.06 0.07+0.01 9.3%1.5
Sta.2 0.98+0.08 0.56+0.04  1.08+0.09  0.19+0.02 5.6+0.7
Sta.3 1.11+0.04  1.39+0.05 2.01+0.08  0.34+0.02 5.9+0.4
Sta.4 0.98+0.05 0.54+0.04 4.60+0.25 0.56+0.02 8.2+0.5
Sta.5 1.04+0.09 0.90+0.06  3.22+0.08 0.41+0.02 7.9+0.5

is derived by scavenging from the water column. The one way of calculating
unsupported 23Th (239Th,y) is to subtract the measured 234U activity from the total
230Th activity. Similarly, unsupported 23!Pa (23! Pa,y) is calculated by subtracting the
235U activity (4.6% of the 238U activity) from the total 23!Pa activity. This is based
on the assumption that all of the 238U and 234U are detrital. This correction method
was used at Stas. 1, 2 and 4 because activity ratios of 234U/233U were nearly unity
which is expected to be in a closed system for U in mineral grains. However, some
U may also be derived from the water column in association with the biogenic
particulate matter. For example, the (234U/238U) ratio at Sta. 3 is 1.11 which is close
to that of seawater = 1.14 (NOzAKI, 1991). This is also consistent with the higher
(238U/232Th) ratio in the sediment of Sta. 3 than at other locations, for 232Th is likely
to be derived all in detrital phases. Therefore, another correction should be required
at Stas. 3 and 5 and was done by the following equations:

230Thex — 230Thmea4 _ 232Thmea.'(238U/232Th)det, (1)
231Paex = 231Pamea4 _ 0.046'232Thmea.'(238U/232Th)dct, (2)

where the subscripts “mea.” and “det.” refer to measured and detrital, respectively.
The lowest value of 0.53 averaged for Stas. 1, 2 and 4 was used for this equation as
the activity ratio of (233U/232Th) e, assuming all U are virtually of detrital origin for
these locations.

Calculated results of unsupported 230Th and 23!Pa are presented in Table 2. At
Stas. 1, 2 and 3 near land, detrital 239Th were 61%, 47% and 32% of total 230Th,
respectively, and were 18% and 8% of'total 239Th at outer Stas. 4 and 5, respectively.
The concentration of 232Th which is all detrital was about five times greater at Sta.
1 than at Sta. 5 (Table 1). It increases towards the margin. The content of lithogenic
particles originated from land gradually decreases towards the open ocean.

Unsupported 239Th/23!Pa activity ratios ranged from 5.6 to 9.3 at the five
stations, which were clearly lower than the production ratio of 10.8 in seawater. This
means that Pa is more effectively removed from the water column than Th in this
area. YANG et al.(1986) have mapped the distribution of (339Th/23!Pa)., activity ratio
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in surface sediments of the Pacific Ocean. The map shows that the extremely high
ratios of ~30 are observed in the central oligotrophic regions and the low ratios (<11)
are seen in the margins of the Pacific Ocean. In the western Pacific near Japan, there
is a contour line of the (239Th/231Pa)¢ activity ratio of 11 just to the south of our
observation area. Therefore, our data are consistent with the trend of the constructed
map, and suggest that the scavenging of Pa is further intensified in this area of ocean
margins.

Fractionation of 23°Th and 23! Pa

The nature of scavenging of 23!Pa and 239Th under the different particle flux
regimes can be best shown by defining a fractionation factor, F'ry/p, as,

(23°Th/23]Pa)
Frn/pa = (23°Th/231Pa)

particle

seawater

NozaKI and YANG (1987) obtained the (239Th/23!Pa)seawater activity ratios in sea-
water to be ~2.4 at the location close to Sta. 4 in this work by the Mn-fiber technique.
Since the (239Th/231Pa).y activity ratio for settling particles at Sta. 4 is not available,
Frn/pa has been calculated using the ratio for surface sediments. This is justified
because TAGUCHI et al. (1989) have found that the activity ratios of (230Th/231Pa).x
of settling particles agree well with those of the surface sediments in the northern
North Pacific. As given in Table 3, the value of Frrp/p, is calculated to be 3.4 for Sta.
4, avalue between 1 in the Panama and Guatemala Basins and 10 in the central North
Pacific (ANDERSON et al., 1983a, b). The regional difference of Fryp, may be as-
cribed to the difference in the chemical nature of particles. ANDERSON et al. (1983b)
suggested that no fractionation (Frip, = 1) takes place if the particle surface is coated
with MnQO, as for the case of Panama and Guatemala Basins whereas Th is
preferentially scavenged relative to Pa under oxygenated condition of very low
particle flux regime in the central Pacific. Off Enshunada, Mn cycling between
seawater and sediment is not likely to occur because the surface sediments down to
4-5 cm in depth are oxic. The approximately three times lower value of Fry/p, in the
western margin than in the central Pacific may be due to the higher particle flux with
some contribution of biogenic particles in the former region.

High aluminosilicate flux, increased biogenic activity and resuspension effect
can result in the greater total mass fluxes at ocean margins. As shown in Fig. 2, the
activity ratio of (339Th/23!Pa), in settling particles varies widely with total mass
flux. It also decreases significantly with increasing total mass flux in the range of less
than 150 mg m2day!. The data in the Gulf of Alaska characterized by the large
carbonate flux are the exceptions. SAITO et al. (1992) carried out sediment trap
experiments and obtained the total mass flux of about 100 mg m2day! at Sta. SB-
1 (31°32' N, 137°05' E) very close to our Sta. 4 in the Shikoku Basin. Therefore,
judging from Fig. 2, it seems that the intensity of particulate flux at Sta. 4 is enough
to make the low 230Th/231Pa ratio. TAGUCHI et al. (1989) obtained the total mass flux






