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228Ra and 226Ra radioactivities of the surface water in the 
northwestern North Pacific 

1. Introduction

In the northwestern North Pacific, two western boundary currents, the Kuroshio and 

the Oyashio, are associated with the subtropical anticyclonic and subarctic cyclonic gyres, 

respectively.  These currents interact with each other, resulting in a system known as the 

Kuroshio-Oyashio boundary region, which is characterized by a complex frontal structure 

and mixing of water masses (Kawai, 1972).  To the north of this region, the Western 

Subarctic Gyre flows southwestward from the Bering Sea (Fig. 1).  A part of the Western 

Subarctic Gyre flows into the Okhotsk Sea through the northern Kuril Straits (e.g. Ohtani, 

1989).  The Okhotsk Sea Water outflows to the Pacific through Bussol Strait, where it 

mixes with the Western Subarctic Gyre to form the Oyashio (e.g. Yasuda, 2003).  The 

Oyashio moves south along the southeastern coast of Hokkaido and merges with the 

Tsugaru Current off Honshu, which then flows out of the Japan Sea into the Pacific 

through the Tsugaru Strait (between Hokkaido and Honshu) (e.g. Yasuda et al., 1988). 

The Kuroshio is the western boundary current of the North Pacific subtropical gyre and 

flows northeastward along Honshu.  Water that comprises the Subtropical Water in the 

south of the Kuroshio, consists of warm and highly saline water.  Despite the 

considerable structural complexity of water masses in the northwestern North Pacific, 

except for physical oceanography, relatively few studies have been conducted in the area 

to date. 

Radium isotopes, 228Ra and 226Ra, are naturally occurring radionuclides that have 

been used extensively as tracers for seawater mixing due to their soluble nature (e.g. 

Nozaki et al., 1990).  228Ra (half-life of 5.75y) is used in such studies, especially for 

studying areas close to continents and the ocean bottom (Moore et al., 1986; Rutgers van 

der Loeff et al., 1995 and 2003; Kadko and Muench, 2005; Nakano-Ohta and Sato, 2006), 
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the transport of particulate matter in the water column (Legeleux and Reyss, 1996; van 

Beek et al., 2007), and the vertical flux of nutrients in the upper ocean (Ku et al., 1995; 

Nozaki and Yamamoto, 2001; Cai et al., 2002).  Since 228Ra is produced by the decay of 

232Th, which is concentrated in sediments and soil, the isotope is provided to the seawater 

from river water and from sediments at the continental shelf.  The concentration of 228Ra 

in surface seawater decreases in the course of mixing with open ocean water and because 

of radioactive decay.  226Ra is also produced from Th isotope (230Th) enriched in bottom 

sediment.  However, because of its longer half-life (1,600y), the concentration gradient 

from the coast to the ocean is lower than it is for 228Ra.  Therefore, the activity of 228Ra 

and the ratio of 228Ra/226Ra are considered useful as tracers of horizontal water mixing 

(Okubo, 1980; Nozaki et al., 1989; Krest et al., 1999).  While the ratios of 228Ra/226Ra at 

the sea surface have been determined previously in the Pacific Ocean (Moore, 1969; 

Kaufman et al., 1973; Knauss et al., 1978; Feely et al., 1980; Nozaki et al., 1990), the 

relative paucity of such data in the northwestern North Pacific and Okhotsk Sea has meant 

that these data have not been fully utilized to clarify these water mass structures. 

This dataset is presented the surface distributions of 228Ra and 226Ra in the 

northwestern North Pacific and Okhotsk Sea, and will help further understanding of 

surface water mixing in this region. 
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2. List of Investigators 

 
Hajime Kawakami (CEIST/JAMSTEC) 



 4 

3. Sampling and analysis 

 
Samples were collected during the R/V Mirai cruises MR00-K01 (Jan.–Feb. 2000) 

and MR00-K03 (May–Jun. 2000) in the northwestern North Pacific and Okhotsk Sea.  

Sampling stations and data are shown in Table 1 and Fig. 1.  Surface seawater samples 

were taken using a continuous pumping system, the intake for which is approximately 7 m 

below the surface.  Two kinds of samples were taken at each station, one for the 

measurement of the isotopic radium ratio, and the other for 226Ra activity.  

Approximately 200 L of the water from the system was passed through a column (f25 mm 

70 mm) packed with manganese-impregnated acrylic fiber (Mn-fiber) at a rate of ca. 15 L 

h–1 for concentration of radium isotopes (228Ra and 226Ra).  Activity of 226Ra was 

measured separately by passing 5L of seawater through a column packed with 2 ml of 

manganese-impregnated acrylic beads (Mn-beads) to concentrate radium (Kawabata et al., 

2003).  The flow rate of the sample was ca. 14 ml min–1, sufficiently low to bind 100% of 

the 226Ra onto the Mn-beads (Narita, personal communication).  The Mn-fiber and 

Mn-beads were then taken to a land-based laboratory for the determination of radium. 

The Mn-fiber was dissolved with mixture of 2N HCl and H2O2 solution.  Radium 

isotopes in the solution were coprecipitated with Ba (Ra) SO4 and 228Ra/226Ra ratios were 

determined by g-spectrometry (Michel et al., 1981; Yamada and Nozaki, 1986).  The 

activities of radium isotopes in the precipitate were measured using a well-type 

germanium detector (ORTEC GWL-120210).  226Ra activity was estimated from the 

peaks of its daughters, 214Pb (295 and 352 keV) and 214Bi (609 keV).  228Ra activity was 

estimated from the peaks of 228Ac at 911 and 964–969 keV.  A standard solution of 

barium (1 mol l–1) was prepared by dissolving low background Ba(OH)2 • 8H2O (Strem 

Chemicals, Inc.) in 1N HCl. 

The Mn-beads were also dissolved into the 2N HCl and H2O2 mixture, with 224Ra 

(0.1–0.2 Bq) prepared from 228Th solution using anion-exchange resin (AG1-X8), added as 

yield tracer.  Radium was purified using cation-exchange resin (AG 50W-X12).  The 

solution containing the radium was subsequently heated to dryness.  The purified radium 
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was dissolved with 0.5 ml of 0.05N HCl and 5 ml of 2-propanol, and electroplated onto a 

stainless-steel planchet (Koide and Bruland, 1975).  The planchets were alpha-counted 

with a silicon surface barrier detector (ORTEC Octete) and the activity of 228Ra was 

calculated from the 228Ra/226Ra ratio and 226Ra activity. 

The salinity at the sea surface was measured using Seacat Thermosalinograph 

(SBE-21 Sea-Bird Electronics, Inc) onboard the R/V Mirai. 
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4. Dataset 

 
Data obtained from cruises were electronically compiled in an MS Excel file 

(“228Ra_226Ra_NP.xls”). The data include sampling date, location, salinity, 226Ra 

activity, 228Ra activity, and acticity ratio of 228Ra relative to 226Ra (228Ra/226Ra). The error in 

226Ra, 228Ra, and 228Ra/226Ra measurements was estimated from the counting error. 
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5. Data analysis 

 

The obtained data was analyzed together with published data (Okubo, 1980; Yamada 

and Nozaki, 1986; Nozaki et al., 1990; Inoue et al., 2006; Fig. 1). 

Evaluation of water mixing in the surface water can be examined in great detail by 

involving four water masses.  Here we seek a fraction (Fn) of a water mass (n) at a station 

based on the measured parameters, i.e., 228Ra, 226Ra, and salinity.  Since Fn is constrained 

to 0 ≤ Fn ≤ 1, the multiple regression analysis is inappropriate in this case.  To estimate 

the mixing ratio of each water mass, we used logistic regression analysis.  Equation (1) 

shows the basic equation of the logistic regression analysis: 

 

ln[P/(1 – P)] = a0 + a1X1 + a2X2 + a3X3……..+ anXn  (1) 

 

where P and an are a probability and regression coefficient, respectively, and X’s are 

explanatory variables.  Since a fraction, F, of the water masses at a station can be 

regarded to be equivalent to probability (P) in Equation (1), the logistic equations for the 

water mass mixing can thus be derived as follows: 

 

ln[Fn /(1 – Fn)] = an0 + an1X228 + an2X226 + an3Xsal  (2) 

 

where Fn is a fraction of water mass n; n = 1, 2, 3, and 4, representing the four water 

masses, SAW, OKW, TCW, and the Subtropical Water (STW).  X228, X226, and Xsal are 

measured values of 228Ra, 226Ra, and salinity at each station, respectively.  Defining the 

fraction of SAW as a basic category for four subject variables, equation (2) can be 

arranged as follows: 

 

ln(FOKW/FSAW) = a0 + a1X228 + a2X226 + a3Xsal   (3) 

ln(FTCW/FSAW) = b0 + b1X228 + b2X226 + b3Xsal   (4) 
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ln(FSTW/FSAW) = c0 + c1X228 + c2X226 + c3Xsal   (5) 

 

In order to evaluate the optimum values for a, b, and c in equations (3–5), initial values of 

F at each station is required for iterative calculations.  Based on previous studies such as 

that of Yasuda (2003), the stations shown in Fig. 1 were categorized into four groups, each 

of which was assumed to have 100% of one of four water masses for the first attempt.  

Finally, calculated values a, b, and c, and measured parameters gives us Fn values.  The 

correlation coefficient (R2) for the analysis was calculated to be 0.88 (p < 0.0001).  Note 

that we did not consider the effect of 228Ra decay, because the time scale for water mixing 

in this region is relatively shorter than the half-life of 228Ra (5.75y). 

The results revealed the distributions of the each water mass in the area studied (Fig. 

2).  While a high percent of the SAW is observed north of 45°N and east of 160°E in the 

Subarctic Pacific, its influence extends inside the Okhotsk Sea and further south of the 

Kuril Islands (Fig. 2a).  The southern edge of the 50% SAW contour and the northern 

edge of the STW almost overlap (green belts of Figs. 2a and b), forming a boundary 

between the two water masses.  The boundary runs northward away from Japan (Fig. 2a 

and b), a feature that was not revealed by the salinity distribution.  In addition, a small 

but noticeable amount of the STW fraction (ca. 7%) appeared at around 45–50°N, 170°E.  

This may have been attributed to entrainment of the STW into the Western Subarctic 

Gyre. 

Due to the paucity of data for the Tsugaru Strait, the contribution of the TCW to the 

Pacific surface water is not well defined at present.  Nonetheless, it seems to be confined 

to the Tsugaru Strait and the coastal region of northern Honshu (Fig. 2c).  While the 

OKW appeared mainly inside the Okhotsk Sea, its influence could be traced further 

southwestward (Fig. 2d), indicating that the OYW carries the OKW in variable 

proportions.  It was suggested that the mixing of the OKW with SAW resulted in an 

increase in density which would then lead to these waters descending to a deeper layer 

(e.g., Yasuda 2003).  Consequently, the ratio of the OKW in the surface layer of the 

Oyashio may decrease as it moves further south.  The fractions of TCW at Stn. 1 and 
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OKW at Stn. 17 were approximately 100% and 6%, respectively (Figs. 4c and d).  These 

features could not be observed in the two end-member mixing results described in 

Kawakami and Kusakabe (2008).  The logistic regression analysis using four end 

members therefore appears to be more realistic approach with which to estimate water 

mixing in the northwestern North Pacific. 
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Figure captions 

Fig. 1. Sampling locations in the northwestern North Pacific and Okhotsk Sea. Closed and 

open circles indicate sampling stations of this and previous studies (Okubo, 1980; Yamada 

and Nozaki, 1986; Nozaki et al., 1990; Inoue et al., 2006), respectively.  Numbers 

adjacent to closed circles correspond to the station numbers in the dataset.  Lines with 

arrow show the ocean currents (Yasuda, 2003). 

 

Fig. 2. Fractions of (a) the western Subarctic Water (SAW), (b) Subtropical Water (STW), 

(c) Tsugaru Current Water (TCW), and (d) Okhotsk Water (OKW) in the surface layer.  

The mixing ratios were estimated from logistic regression analysis using 226Ra, 228Ra, and 

salinity data.  Dots indicate sampling locations. 
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