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Abstract—The distribution of natural radionuclides and organic matter in bottom sediments of the active bio-
sedimentation zone on the section drawn through the arctic front of the North Atlantic was studied. The ratios
of the amounts of **Ra, 2*®U, and **?Th, both deposited in the surface layer of bottom sediments from seawater
and supplied with the terrigenic material, were estimated. Direct deposition of radium from water to marine
sediments correlates with the organic matter content. The concentration of radium that is not in equilibrium
with uranium varies in the range 95-99% of the total content and increases with an increase in the content of
chloroform-soluble bitominoid (CB) (R = 0.95). The deposition of nonequilibrium ***U from water to bottom
deposits is also significant and ranges from 42 to 69% of the total ***U content. The concentration ratio of non-
equilibrium uranium and nonequilibrium radium in the sediments decreases with increasing depth and increases
with an increase in the CB content of the deposit. Positive correlation is observed between the content of tho-
rium and total uranium (R = 0.93) and of its nonequilibrium and terrigenic fractions (R = 0.93 and 0.94, respec-

tively).
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Based on data on spatial distribution of 226Ra, 23 SU,
and *’Th in the surface layer of marine sediments [1—
6], various hypotheses concerning the sources and ac-
cumulation mechanism of natural radionuclides in the
marine sediments were suggested [3, 5]. In so doing,
the possibility of direct deposition of **Ra from sea-
water was underestimated or rejected at all [3]. On the
contrary, as shown in [4, 5], direct transfer of radium
from water to marine sediments is a significant factor
of its accumulation in the surface layer of bottom sedi-
ments. Such mechanism of radionuclide deposition is
the most pronounced in active biosedimentation zones,
but studies of this process are scarce. It is also known
that there is positive correlation between the content of
*2Ra and **Th and the content of aromatic organic
substances, favoring selective accumulation of radio-
nuclides, in the sediment [7]. The relationships of the
2°Ra and **Th distribution in the surface layer of the
sediments and correlation of these radionuclides with
the organic matter of the sediments reflect the regional
features of the bottom sediment formation.
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In this work, with the aim of determining the condi-
tions of formation of zones with increased concentra-
tions of **Ra, ***U, and ***Th in bottom sediments
with high content of organic matter, we studied the
distribution of natural radionuclides and organic matter
in bottom sediments of the active biosedimentation
zone on the section drawn through the arctic front of
the North Atlantic. We estimated the ratios of the
22°Ra, #*U, and #*Th, both deposited in the surface
layer of bottom sediments from seawater and supplied
with the terrigenic material.

SAMPLING REGION AND PROCEDURE

The latitude section along 60°N crosses the steady-
state polar front with sharply changing hydrological,
hydrochemical, and biological characteristics of the
medium. In this highly productive zone of the ocean,
the annual average production varies within the front
from 200 to 500 mge m* daily [8]. Mass growth of
coccolithophores is observed every year in this region;
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Table 1. Coordinates of stations in the area studied and sediment characteristics (0—5 cm horizon)

Stig.on Lag\t;)lde Lor(l%\l;[)u de Depth, m Sediment type
3348 | 59°30' 18° 2183 Gray, fine alevrite, gravel impurity

3352 | 59°30.1" | 20°38.47' 2821 Brown pelite with fine alevrite impurity

3545 159°29.91"| 20°41.68' 2825 Brown sand with pelite impurity, foraminifer
3359 | 59°30’ 24°40.56' 2515 Dark brown pelite

3556 | 59°30.31" | 24°42.96' 2517 Dark gray-brown alevrite—pelite foraminifer silt
3568 | 59°30' 28°39.97' 1694 Olive-brown sand—pelite foraminifer silt

3378 |59°30.12" | 32°50.66' 2175 Light brown fine alevrite

3383 | 59°29' 36°06.15' 3083 Brown fine alevrite

3414 | 59°58' 43°04.9' 2985 Light brown alevrite with sand impurity

their primary production often amounts to 5-40% of
the primary production of phytoplankton [8, 9]. Cocco-
lithophores having calcium skeleton extract calcium
from seawater and make the major contribution to the
sedimentation flow of calcium carbonate to bottom
sediments [10, 11]. Under these conditions, the bio-
logical factor is one of the prevalent factors in creation
of the sedimentation flow, distribution of the organic
matter, and formation of the elemental composition of
bottom sediments.

Samples were taken with a Okean-0.25 bottom grab
from the surface (0—5 cm) layer of the bottom sedi-
ments in the North Atlantic along the 60°N latitude
section in the 49th and 51st voyages of Akademik
loffe research vessel within the framework of the Rus-
sian Science Foundation project “World Ocean in the
XXI Century: Climate, Ecosystems, Resources, Catas-
trophes” [12, 13]. The station locations and sediment
characteristics are given in Table 1. The surface layer
is mainly constituted by coccolith and foraminifer lime
sand of various particle sizes. The distribution of
Neoglobogquadrina pachyderma (s) (Ehrenberg) polar
plankton foraminifera species, IRD (ice rafted debris),
and CaCOs in the sediments suggests the interglacial
(Holocene) conditions of sediment accumulation in
this region [14].

The ***Ra and ***Th concentrations in the sediments
were determined at the Laboratory of Dosimetry and
Environmental Radioactivity, Department of Chemis-
try, Moscow State University using a y-ray spectrome-
ter equipped with a GC-3020 high-purity Ge detector
with the 30% efficiency on the ®’Co line (1.332 MeV)
and resolution of 1.8 keV at this energy. GENIE-400
PC software was used. “°Ra was determined by its
daughter product, *'*Bi (energy 609 keV), and ***Th,
by **®*Ac (energies 583 and 909 keV). Prior to meas-
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urements, the sediments packed in sealed containers
were kept for a month to accumulate the decay daugh-
ter products. The determination accuracy was 4-7%
for *°Ra and 7—-12% for ***Th.

In addition, we measured the content of Al and U in
the sediments by inductively coupled plasma mass
spectrometry (ICP MS). GSD-2 and SDO-1 standard
samples were used for the quality control. The meas-
urement error was 5% for Al and 13% for U.

The content of chloroform-soluble bituminoid (CB)
in the sediments was determined by cold extraction on
an ultrasonic bath. The samples preliminarily dried at
60°C were extracted three times with chloroform, and
the extracts were combined and evaporated on a rotary
evaporator.

RESULTS AND DISCUSSION

The results of determining the **°Ra, ***U, ***Th,
Al, and CB concentrations are given in Table 2. The
226Ra, *Th, and *U concentrations in the surface
layer of the sediments were compared to the organic
matter (CB) content of the sediment (Fig. 1).

The most significant changes in the **°Ra and or-
ganic matter (CB) concentrations in the sediments
were observed in the eastern part of the section (20—
30°W, Iceland Basin). This part of the section is lo-
cated in the region of arctic front in the highly produc-
tive zone of the ocean. The correlation of the ***Ra
concentration with the organic matter content of the
sediment is well pronounced (correlation coefficient
R = 0.95), suggesting significant contribution of the
biological community to the ***Ra accumulation in
bottom sediments of increased productivity (Fig. 2).

The **°Ra concentration in the sediment is deter-



634

DOMANOV et al.

Table 2. Concentrations of **°Ra, ***U, #**Th, Al, and CB in the surface layer of sediments

1

Station no. *Ra, Bq kg ' |?*U, Bqkg ' |*’Th, Bqkg'| Al % CB,mgg Depth, m
3348 75.1 5 6.9 2.1 0.016 2183
3352 43.1 5.8 4.4 2.2 0.013 2821
3545 36.3 4.6 4.1 1.9 0.012 2825
3359 67.3 8.5 10.5 3.5 0.019 2515
3556 69.9 59 7.2 24 0.0185 2517
3568 67.4 5.8 59 2.3 0.0175 1694
3378 28.5 4.9 52 2 0.01 2175
3383 19.1 7.6 10.7 3 0.01 3083
3414 26.5 8.9 12.2 3 0.01 2985

mined by the sum of the concentrations of ***Ra incor-
porated in biogenic particles such as carbonates, opal,
organic matter, “*°Ra equilibrium with uranium, ***Ra
supplied to the sediment with the terrigenic material in
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Fig. 2. Correlation between the *°Ra concentration in the
sediment and the chloroform-soluble bitominoid content.

which it occurs in radioactive equilibrium in the series
B8U—9Th—**Ra, and **°Ra produced by the Z*°Th de-
cay. By subtracting from the total radium activity
(226Ratot) the concentration of radium in equilibrium
with terrigenic uranium (226Raeq), we can estimate the
radium excess, i.e., the amount of nonequilibrium ra-
dium (***Ragy) directly extracted from water and pro-
duced by the decay of **°Th (***Ray,). The nonequilib-
rium radium content varies in the range 95-99% and
increases with an increase in the CB content of the
sediment (R = 0.95). The content of radium produced
by the **°Th decay was not calculated in this study.
However, for indirect estimation of ***Ray, at station
3348, we can use the data of Kuznetsov et al. [5], ac-
cording to which the 2R a;/***Ray ratio in ocean sedi-
ments varied in the range 0.2-0.9 (mean 0.46) and de-
pended on the sediment accumulation rate (R =—0.77).
The corresponding regression equation has the form

y=-0.1539x + 0.7893,

where y = 226Rar/***Ray, and x is the sediment accu-
mulation rate, cm/1000 years.

According to the data given in [16], the sediment
accumulation rate in the region of station 3348 is
1 ¢cm/2000 years. The 226Ra;,/**Ray,, ratio thus ob-
tained is 0.71. Thus, the relative amount of ***Ra ex-
tracted from water can be estimated at 29%.

Several factors determining both the intensity of the
Ra supply to the sediments and the ratio of the dis-
solved and suspended Ra vary with the depth. This is
associated both with a decrease in the organic matter
content of the sediments and with the Ra release into
the aqueous phase upon organic matter decomposition.
A decrease in the total **°Ra content and in the radium
excess in the suspended material with the depth was
noted previously for suspended material samples from
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Table 3. Concentrations of nonequilibrium 22Ra (excess, 226Raexc) and of terrigenic uranium fraction (23 8Uter) and uranium

excess (238Uexc) in the surface layer of sediments

Station no. 22Raexes Bq kg’1 PUrers Bq kg’1 P8V exer Bq kg’1 8U/7*Ra, % Depth, m
3348 74.4 0.70 4.3 6.7 2183
3352 42.4 0.73 5.0 13.3 2821
3545 35.7 0.62 4.0 12.7 2825
3359 66.2 1.13 7.4 12.6 2515
3556 69.1 0.79 5.1 8.4 2517
3568 66.7 0.75 5.0 8.5 1694
3378 27.8 0.66 42 17.1 2175
3383 18.1 0.98 6.6 39.9 3083
3414 254 1.14 7.7 33.5 2985

sedimentation traps [17]. In the depth range 389-—
5086 m, the ***Ra concentration in the suspended ma-
terial decreased by a factor of 2.2 and the flow of ex-
cess *°Ra, by a factor of 5.2 (PARFLUX E site) [17].
Degradation of the organic matter continues in the
sediment. In the process, the *Ray, produced by the
29Th decay is accumulated in the sediment. Thus, vari-
ous processes differing in the direction and intensity
make up a complex system of the formation of the ra-
dionuclide concentration pattern at different depths. In
the region studied, the total Ra content and its nonequi-
librium fraction (***Ra excess) in the sediments de-
crease with increasing depth (R = —0.82) for the major-
ity of samples except station 3378.

The ***U concentration in the sediment varies in the
range 4.6-8.9 Bq kg'. The mean value is 6.3 Bq kg
(Tables 2, 3). This value is close to the ***U clarke in
basalt (7.5 Bq kg™") [18]. Because the U : Al clarke
ratio adequately reflects their content in terrigenic
sediments, the terrigenic fraction of B8y (238Uter) in the
sediment can be estimated as

238Uter = (238Ucl/Alcl)A1measa

where 23’8U01/A1€1 is the *%U to Al clarke ratio in basalts
and Al 18 the aluminum concentration in the sam-
ple.

The terrigenic fraction of ***U in the sediment is
13-14%. The uranium excess (238Uexc, a part of 28y
bonded with biogenic particles such as carbonates,
opal, organic matter) was determined by subtracting
the terrigenic fraction from the total **U content of the
sediment (Table 3). This fraction of ***U has probably
been extracted directly from seawater and is not asso-
ciated with the daughter isotopes. Similar conclusion
was made previously in [17]. The uranium excess is
86-87% of the total 2*U content of the sediments.
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These results confirm the conclusion [4] that the major
fraction of uranium at deep ocean stations originates
from seawater uranium.

Table 4 illustrates the correlation between CB,
22Ra, »*2Th, and ***U and their fractions in the sedi-
ments.

The ***Th concentration (Bq kg™') varies from 4.1
to 12.2 at a mean value of 6.2. Increased ***Th content
is characteristic of the western part of the section, in
which alevrite and sand fractions with an impurity of
gravel materials prevail. These results agree with the
conclusions made in [5] that the Th concentration in
the sediments is determined by the supply of the terri-
genic material in which Th is present in the crystal
lattice of the minerals. The ***Th concentration corre-
lates with the Al concentration (R = 0.94). Positive
correlation is observed between the content of Th and
U (R = 0.93) and of its biogenic and terrigenic frac-
tions (R = 0.93 and 0.94, respectively). In the zone
with increased bituminoid concentration, no increase
in the Th and U concentrations in the sediment was
noted. Positive correlation is observed between the
22°Ra/**Th activity ratio and the CB concentration in
the sediment, which is due to an increase in the **°Ra
concentration and a decrease in the 2**Th concentration

Table 4. Correlation matrix of the correlation coefficients

Partﬁelfrne- 226Ra mTh 238U 238Uexc 238Uter 226Raexc CB
22Ra | 1.00 1.00 | 0.95
BIThH 1.00 | 0.93 | 0.93 | 0.94

B8y 0.93 | 1.00 | 1.00 | 1.00

U ke 0.93 | 1.00 | 1.00

28U rer 0.94 | 1.00 1.00

220Raexe | 1.00 1.00 | 0.95
CB |0.95 0.95 | 1.00
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in the sediment with an increase in the CB content.

Thus, we have confirmed the hypothesis that direct
deposition of Ra from seawater is a significant factor
of the Ra accumulation in the surface layer of bottom
sediments. The radium adsorbed from water and pro-
duced by the decay of the parent “°Th makes up the
major fraction of radium in the sediment (95-99%).
The fraction of terrigenic (equilibrium with uranium)
radium is insignificant. The content of the nonequilib-
rium Ra in the sediments increases with the CB con-
tent of the sediments (R = 0.95). Indirect estimation of
the fraction of Ra produced by the ***Th decay (station
3348) gives the value of 71% of the total Ra content.
The content of nonequilibrium **U deposited from
water is 86-87% of the total 2**U content of the sedi-
ments. The U/Ra concentration ratio in the sediments
increases with the depth and decreases with an increase
in the CB content of the sediment. Positive correlation
is observed between the content of Th and U (R =
0.93) and of its nonequilibrium and terrigenic fractions
(R =0.92 and 0.94, respectively).
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