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INTRODUCTION

In the Barents Sea, ferromanganese concretions
were found for the first time in the area of Polar Basin
Bay (northeastern part of the Barents Sea) during the
expedition of 

 

Ermak 

 

in 1901 [2] (Fig. 1); later on, the
chemical composition of the concretions was studied
[15]. Deryugin [5] mentioned the findings of concre-
tions in the area of the Central Rise. Gorshkova [4] rec-
ognized different types of ferromanganese formations:
typical ferromanganese concretions of a concentri-
cally-layered structure, ferule-shaped depositions on
stones, ferric-clayey concretions common in the central
area of the sea, as well as oxidized ferriginous frag-
ments. It is thought that these concretions formed by
substituting iron (and, to a smaller degree, manganese)
in the fragments of different rocks represented in the
sediments [8, 9]. At the same time, the contribution of
the diagenetic flux of Fe and Mn from the reduced zone
in the sediments was mentioned, as well as the involve-
ment of microorganisms in the oxidation of these ele-
ments [1].

The data published on the chemical composition of
the concretions and enclosing sediments of the Barents
Sea date mainly to the 1920s–1930s and predominantly
deal with the composition of macroelements. Up to
now, the paper by Gorshkova [4] has remained the most
complete study on the ferromanganese formations of
the Barents Sea. The results of chemical and mineral-
ogical analyses of the concretions from ten stations in
the western part of the Barents Sea are given in [10].
The only study dealing with the description of the
geochemistry of rare-earth elements (REE) in the con-
cretions and enclosing sediments of the west of the Ba-

rents Sea is publication [21]; formerly, no REE have
been determined in the sediments of the eastern area of
the sea.

The present paper deals with the study of the pro-
cesses of the formation of ferriginous concretions in the
Barents Sea on the basis of the data on the chemical
composition of REE in concretions, enclosing sedi-
ments, and their reactive components.

MATERIALS AND METHODS

 

Description of the Sediments 
and Ferriginous Concretions

 

The material was obtained during the cruise of
R/V 

 

Akademik Sergei Vavilov

 

 in 1997. During this
expedition, ferriginous concretions were found at
eleven stations, mainly in the central area of the sea.
The present study deals with the samples of concretions
and sediments taken with an “Okean-0.50” dredge sam-
pler (D) and a large-diameter tube (LDT) or box corer
(BC) at five stations. The scheme of the locations of the
sampling stations is shown in Fig. 1.

Station 841: 

 

71°57.0

 

′

 

 N, 

 

37°03.7

 

′

 

 E, 285 m depth.
Dredge sampler.

Layer 0–3 cm. Clayey silt, greenish brown, semi-
fluid.

Layer 3–20 cm (LDT). Silty–clayey silt of greenish
brown color, more compact. There were two ferrigi-
nous concretions in the dredged sample. A fragment of
a flat, oblong, irregularly-shaped concretion 

 

2

 

 × 

 

1

 

 ×

 

0.3 

 

cm in size was analyzed.
Station 847: 

 

73°26.1

 

′

 

 N, 

 

37°00.9

 

′

 

 E, 237 m depth.
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Abstract

 

—The contents of Fe, Mn, Al, P, and the rare-earth elements (REE) in ferriginous concretions and
enclosing sediments of the eastern part of the Barents Sea were studied. A direct Fe–P correlation in reactive
components of the sediments and concretions was found. The concretions were shown to be formed through
Fe(II) oxidation in the surface layer of the sediments and cementation of the sediment terrigenous fraction by
Fe(III) oxyhydroxides. The latter accumulate phosphorus due to the processes of sorption–coprecipitation, by
forming Fe(III) hydrophosphates. The REE composition in sediments and concretions normalized with respect
to shale is characterized by an increased proportion of light REE, which may be caused by the regional features
of the sources of supply. Due to the significant share of terrigenous matter in the Fe concretions (up to 65% for
Nd), the REE composition of the bulk samples is similar to that of enclosing sediments. The negative cerium
anomaly in the composition of reactive REE appears as the result of the effect of the REE sorbed from seawater.
The ferriginous crust features REE bulk composition closer to that of seawater than the composition of ferrig-
inous concretions from the sediments because of an essentially smaller content of the diluent terrigenous matter.
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Ferriginous concretions were found in the sample
collected with the box corer from the upper oxidized
layer of sediments (0–3 cm); a platelike formation was
also found in the 5-cm layer. The sediments were
highly variable: two dredged samples, taken one after
another, showed different thicknesses of the sediment
oxidized layer. In the first sample (D1), the sediment
was oxidized throughout its whole thickness (14 cm);
in the second one (D2), below the 2-cm level, reduced
silts with hydrotroilite appeared. The study considered
the sediments of the layers of 0–1cm (D1), 5–7 cm
(D2), and a flat concretion 

 

3

 

 × 

 

2

 

 × 

 

0.5

 

 cm in size (BC).

Station 853:

 

 74°40.4

 

′

 

 N, 

 

40°00.0

 

′

 

 E, 163 m depth.
Dredge sampler.

Layer 0–2 cm. Silty–sandy sediment, brownish
greenish gray. In the sediment composition, thin plate-
like concretions and rounded pebbles of crystalline
rocks were found. A flat 

 

2

 

 × 

 

1.5

 

 × 

 

0.3

 

-cm concretion
was taken for analysis.

Layer 2–5 cm. Silty–clayey sediment, greenish
gray, with a slight smell of hydrogen sulfide. A small
amount of attached hydrotroilite was mentioned.

Station 855. Dredge sampler-1. 

 

75°10.2

 

′

 

 N,

 

39°58.6

 

′

 

 E, 187 m depth. A, quasi-rounded boulder

 

26

 

 × 

 

18

 

 × 

 

12

 

 cm in size covered with a thin (1–3 mm)
crust of iron oxyhydroxides was collected. The line of
the boulder deepening into the sediment was visible:
the crust was thickened there. A sample of the crust was
taken from the lower (with respect to the location in the
sampler) side of the boulder.

Dredge sampler-

 

2. 75°10.00

 

′

 

 N, 

 

39°59.8

 

′

 

 E, 180 m
depth.

Layer 0–1 cm. Silty–sandy sediment, olive-colored
with a brown shade, semifluid. The sediment contained
platelike concretions (six of various sizes were found),
and angular badly rounded fragments of crystalline
rocks with ferriginous crusts. The study considered the
sample of loose slightly cemented concretion of flat
oblong configuration, 

 

5

 

 × 

 

2

 

 × 

 

0.5

 

 cm in size.
Layer 2–17 cm. Silty–clayey sediment, olive green

with dark parts enriched in hydrotroilite.
Station 860: 

 

76°55

 

′

 

 

 

N, 

 

40°00

 

′

 

 E, 216 m depth.
Dredge sampler. 

Layer 0–1 cm. Clayey–silty sediment was brownish
greenish gray, contained platelike ferriginous concretions
at the surface, very brittle, maximum 

 

6.5

 

 × 

 

5

 

 ×

 

 

 

1.5

 

 cm in
size. The study considered the sample of a slightly
cemented concretion of irregular shape (probably a
fragment), 

 

4

 

 × 

 

2.5

 

 × 

 

1.5

 

 cm in size.
Layer 2–16 cm. Silty–clayey mud, greenish gray,

compact.

 

Analytical Methods

 

The contents of 14 rare-earth elements were deter-
mined by mass spectrometry with ionization in an
inductively coupled plasma (ICP–MS) using the
Plasma Quad PQII STE set and following the proce-
dure described in [6]. The correctness of the analysis
was controlled with the SDO-5 standard of oceanic fer-
romanganese concretions; the reproducibility for all the
elements was less than 4%. The forms of reactive iron
were determined from sulfate extract [16]. The contents
of Fe, Al, Mn, and Ca were determined by atomic-
absorption spectrometry; to estimate the phosphorus
contents spectrophotometry was used. The contents of
reactive forms of the elements’ air-dried powdered
samples were also analyzed using Chester’s procedure
(1 mol 

 

NH

 

2

 

OH

 

 · HCl in a 25% 

 

CH

 

3

 

COOH

 

 solution) [17].

RESULTS OF THE ANALYSES

The data on the composition of macroelements and
their forms in ferriginous concretions and enclosing
sediments from five stations are given in Table 1. The
total content of iron in the sediments varied within a
small range (1.64–3.72%), and it was not always higher
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Fig. 1. 

 

Scheme of distribution of ferromanganese forma-
tions in the Barents Sea. 

 

1

 

—Ferriginous concretions sam-
pled during the cruise of R/V 

 

Akademik Sergei Vavilov

 

, with
station numbers; 

 

2

 

—locations of the published ferriginous
concretion findings with the estimation of their amount in a
sample: 

 

a

 

—few; 

 

b

 

—many; 

 

c

 

—numerous [4, 5]; 

 

3

 

—ferro-
manganese deposits on rocks [4, 14]; 

 

4

 

—ferromanganese
nodules [1, 4, 14, 20]; and 

 

5

 

—manganese micronodules [12].
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in the surface layer of the sediments than in the under-
lying one. At the same time, the phosphorus content
was always higher in the surface layer than in the
underlying one. The contents of manganese were close
to the background values for reduced terrigenous sedi-
ments (0.02–0.07%) [13].

Ferriginous concretions from the Barents Sea were
characterized by a considerably higher content of alu-
minum. Excluding the crust found over the boulder
from station 855, the aluminum content varied within
4.53–6.85%, which is close to that in the enclosing sed-
iments. The content of iron ranged up to 43.6% in the
crust, but it was usually lower in the concretions, vary-
ing between 8.6–18.4% (see Table 1). The increased
phosphorus contents were found in concretions. In the
reactive fraction of ferriginous concretions and in the
surface layers of the Barents Sea sediments, the content
of phosphorus correlated to that of iron (Fig. 2).

The contents of REE in the bulk samples of sedi-
ments and concretions are given in Table 2. One can see
from Table 2 that, both in concretions and enclosing
sediments of the surface and subsurface layers, the
REE content was close to that in the shale (NASC),
[19]. The REE contents normalized with respect to
shale are given in Fig. 3, whence it is evident that in the
sediments and concretions, except for the crust from

station 855, the REE compositions were also close to
the shale one, both for sediments and concretions,
which might be attributed to the regional features of the
sources of supply. The sources of the sediment matter
may be related to the silicic rocks of the Novaya Zem-
lya Islands and the Kola Peninsula with increased con-
tents of light REE. The almost complete identity of the

 

Table 1.  

 

Contents of aluminum, manganese, iron, phosphorus, and their reactive forms (%) in the surface sediments and fer-
riginous concretions of the Barents Sea

Station Layer, m Al Mn Fe

 

2+

 

Fe

 

3+

 

Fe

 

Chest.

 

Fe

 

tot.

 

P

 

Chest.

 

P

 

tot.

 

Sediments

841 0–1 6.50 0.04 0.36 1.16 1.38 3.72 0.150 0.152

2–5 6.66 0.03 0.39 0.22 0.44 2.88 0.042 0.058

847 0–1 5.80 0.03 0.14 0.73 0.60 2.31 0.077 0.090

5–7 7.84 0.03 0.43 0.29 0.43 2.75 0.046 0.063

853 0–1 7.14 0.02 0.17 0.25 n.a. 1.88 0.105 0.112

3–4 6.92 0.02 0.23 0.18 0.32 1.64 0.049 0.076

855 0–1 7.26 0.02 0.26 0.41 0.41 2.13 0.061 0.082

2–3 7.49 0.02 0.22 0.20 0.39 2.27 0.050 0.067

860 0–1 7.18 0.07 0.095 1.29 0.87 3.47 0.081 0.122

2–3 7.74 0.03 0.24 0.19 n.a. 2.81 n.a. 0.066

Concretions

841 6.85 0.04 n.a. n.a. 7.16 10.8 0.751 0.80

847 4.60 0.04 n.a. n.a. 4.59 18.4 0.342 0.69

853 6.17 0.04 n.a. n.a. 7.27 8.6 0.526 0.58

855 4.53 0.02 n.a. n.a. 8.59 16.1 0.662 0.92

Crust from station 855 0.65 0.08 n.a. n.a. 5.18 43.6 0.187 1.02

860 5.02 0.14 n.a. n.a. 5.56 17.5 0.321 0.74

 

Note: n.a. means “not analyzed”; Fe

 

2+

 

 and Fe

 

3+

 

 are the contents of bi- and trivalent reactive iron by sulfate extract; Fe

 

Chest.

 

 and P

 

Chest.

 

 are
the contents of reactive iron and phosphorus by by Chester’s extract and Fe

 

tot.

 

 and P

 

tot.

 

 are the total contents.

 

2 4 6 8 100

0.1

0.3

0.5

0.7

 

P

 

, %

Fe, %

 

1
2

 

Fig. 2. 

 

Dependence of the phosphorus contents on those of
iron in the reactive fraction of ferriginous concretions and
sediments of the Barents Sea (by the data on the extracts
with 1 mol NH

 

2

 

OH · HCl + 25-% CH

 

3

 

COOH and 3.5 N

 

H

 

2

 

SO

 

4

 

). 

 

1

 

—Sediments and 

 

2

 

—concretions.
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REE compositions in the sediments and concretions
shows that the latter were formed through the cementa-
tion of the terrigenous component of the sediment
rather than by substitution with iron oxides in rock

fragments. Otherwise, the REE compositions of con-
cretions might inherit those of the initial rocks.

The analysis of the contents of reactive iron forms in
the surface layers of the sediments showed that, at the
stations where ferriginous concretions were found,
both bi- and trivalent iron were fixed in the surface
layer, with the content of the former amounting to no
more than 1.29% (Table 1). Under these conditions, the
flux of bivalent iron from the reduced layers of sedi-
ments to the surface, as well as the iron oxidation in the
upper layer of the sediments, must take place.

To determine the reactive fraction, the Barents Sea
sediments were treated with Chester’s reactant [17].
The results of this treatment are shown in Table 1 for
iron and phosphorus and in Table 3 for rare-earth ele-
ments. From 19 to 37% of the total iron content
migrated from the sediment to the extract. In the sub-
surface layer of the sediments, the iron released into the
extract was slightly lower (15–20%). A similar regular-
ity was characteristic of the phosphorus migration into
the extract. In the surface layer, 66–99% migrated; in
the subsurface layer this portion was 64–75% of the
total content in the sediment. Because of the close rela-
tion between the iron and phosphorus contents in the
bulk composition of the Barents Sea sediments, the
decrease in the reactive iron content is very likely to
cause a decrease in the phosphorus content in the
extract.

The dependence of the percentage of reactive phos-
phorus on that of reactive iron for ferriginous concre-

 

Table 2.  

 

Contents of rare-earth elements (g per t) in the surface sediments and ferriginous concretions of the Barents Sea

Station Layer, cm La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ce/Ce*

Sediments
841 0–1 25.2 54.5 6.15 23.1 4.47 0.97 3.75 0.54 3.08 0.63 1.79 0.26 1.75 0.27 1.00

2–5 24.9 54.1 6.06 22.9 4.34 0.95 3.61 0.52 3.05 0.61 1.66 0.26 1.72 0.25 1.01
847 0–1 21.7 47.0 5.27 19.8 3.74 0.88 3.11 0.45 2.73 0.51 1.52 0.21 1.45 0.21 1.01

5–7 27.6 59.6 6.76 25.5 4.81 0.99 3.96 0.56 3.10 0.61 1.77 0.26 1.76 0.25 1.00
853 0–1 25.2 53.7 5.94 22.4 3.98 0.89 3.32 0.46 2.57 0.52 1.50 0.22 1.51 0.22 1.00

3–4 25.7 54.0 5.95 22.4 3.99 0.96 3.30 0.48 2.72 0.55 1.61 0.23 1.59 0.23 1.00
855 0–1 27.6 57.4 6.36 23.4 4.34 1.00 3.48 0.49 2.85 0.57 1.58 0.24 1.58 0.24 1.00

2–3 29.2 62.6 6.85 25.9 4.72 1.05 3.71 0.55 3.09 0.62 1.76 0.25 1.72 0.25 1.01
860 0–1 27.9 60.4 6.67 25.1 4.71 1.02 3.82 0.55 3.22 0.64 1.81 0.27 1.79 0.28 1.01

2–3 29.6 65.1 7.29 27.1 5.18 1.10 4.33 0.60 3.44 0.69 1.96 0.29 1.96 0.29 1.02
Concretions

841 27.6 56.8 6.56 25.0 4.85 1.11 4.30 0.63 3.57 0.74 2.05 0.28 1.97 0.29 0.96
847 23.4 47.3 5.45 20.8 3.95 0.91 3.37 0.48 2.74 0.54 1.50 0.22 1.40 0.19 0.95
853 26.8 54.9 6.19 23.5 4.25 1.02 3.75 0.53 3.04 0.60 1.70 0.25 1.67 0.24 0.97
855 24.0 48.7 5.53 21.2 3.81 0.90 3.38 0.47 2.64 0.54 1.45 0.21 1.42 0.20 0.96

Crust from 
station 855 29.7 44.0 5.28 21.0 4.46 1.18 4.85 0.77 4.88 1.03 3.04 0.44 2.89 0.44 0.77

860 29.6 57.6 6.61 25.2 4.74 1.07 4.16 0.60 3.50 0.70 1.95 0.28 1.83 0.27 0.93

 

Note: Ce/Ce* is the value of the cerium anomaly calculated by the formula Ce/Ce* = 2*(Ce/Ce

 

NASC

 

)/(La/La

 

NASC

 

 + Nd/Nd

 

NASC

 

), where
the NASC index is attributed to the contents in the reference shale.
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Fig. 3. 

 

REE contents in the sediments and ferriginous con-
cretions from station 855, normalized with respect to shale.
Sediments: 

 

1

 

, 

 

2

 

—bulk samples (

 

1

 

—0- to 1-cm layer, 

 

2

 

—
2- to

 

 

 

3-cm layer); 

 

3

 

, 

 

4—reactive fraction (3—0- to 1-cm lay-
er, 4—2- to 3-cm layer); ferriginous concretion: (5—bulk
sample, 6—extract); and crust: (7—bulk sample, 8—extract).



OCEANOLOGY      Vol. 41      No. 3      2001

ON THE GEOCHEMISTRY OF FERRIGINOUS CONCRETIONS OF THE BARENTS SEA 371

tions from the Barents Sea is given in Fig. 4. In the
same figure, the dependence of the percentage of reac-
tive REE on that of reactive iron is also shown. It is evi-
dent from Fig. 4 that the share of extracted phosphorus
increased with the growth of iron extraction, amounting
up to nearly 100% for ferriginous concretions from sta-
tions 841 and 843. In this case, the percentage of reac-
tive REE varied slightly, the share of the reactive frac-
tion of lanthanides initially increased with atomic num-
ber growth reaching a maximum for the intermediate
REE, then decreasing anew. The composition of reac-
tive REE, in the form normalized with respect to shale,
is given in Fig. 3. The reactive REE compositions of
ferriginous concretions and enclosing sediments evi-
dently differed as slightly as their total contents. This
fact shows that the terrigenous component is dominant
in the REE both in the sediments and in the concretions.
The exception was the crust over the boulder from sta-
tion 855. The bulk composition and that of reactive
REE in the crust feature a negative cerium anomaly and
a light REE deficiency characteristic of the REE dis-
solved in the oceanic water [18].

DISCUSSION

The results of the analyses of the sediments sampled
at five stations in the Barents Sea showed that the forms
of oxidized and reduced iron coexist in the surface
layer. The share of reduced iron increased in the subsur-

face layer where, by the data of the expeditionary sur-
veys, iron sulfides and hydrogen sulfide were some-
times present. Under the current redox conditions in the
sediments, where the iron redox reaction is the buffer-
ing process, manganese appeared in trace amounts
characteristic of the coastal reduced sediments of the
oceans and seas [13]. The absence of bivalent iron and
higher contents of Fe3+ in the surface layer were noted

Table 3.  Contents of rare-earth elements (g per t) in the extracts from the surface sediments and ferriginous concretions of
the Barents Sea

Station Layer, cm La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ce/Ce*

Sediments

841 0–1 6.7 16.3 2.00 8.0 1.67 0.39 1.62 0.21 1.22 0.22 0.54 0.070 0.40 0.050 0.99

2–5 6.2 14.9 1.76 7.1 1.43 0.34 1.35 0.18 1.00 0.17 0.47 0.061 0.32 0.047 1.00

847 0–1 4.0 10.0 1.24 5.0 1.02 0.23 1.00 0.13 0.71 0.13 0.36 0.039 0.22 0.028 0.99

5–7 5.6 13.7 1.63 6.6 1.31 0.29 1.20 0.18 0.93 0.17 0.42 0.052 0.30 0.040 1.00

853 0–1 3.8 8.9 1.17 5.0 1.00 0.24 1.01 0.13 0.77 0.14 0.35 0.040 0.25 0.039 0.90

3–4 4.5 10.6 1.36 5.6 1.21 0.27 1.11 0.15 0.86 0.15 0.39 0.049 0.26 0.038 0.93

855 0–1 4.0 9.8 1.25 5.2 1.05 0.23 1.02 0.13 0.77 0.13 0.35 0.043 0.23 0.030 0.95

2–3 5.6 13.2 1.64 6.7 1.40 0.30 1.32 0.18 0.90 0.18 0.44 0.051 0.29 0.040 0.96

860 0–1 5.6 14.1 1.69 7.0 1.51 0.35 1.42 0.20 1.07 0.19 0.49 0.056 0.33 0.042 1.00

Concretions

841 7.4 14.8 2.02 8.6 2.01 0.50 2.12 0.30 1.63 0.33 0.88 0.113 0.62 0.091 0.82

847 6.4 12.6 1.60 6.8 1.40 0.32 1.36 0.19 1.01 0.19 0.50 0.068 0.35 0.047 0.85

853 6.2 12.3 1.72 7.3 1.66 0.38 1.69 0.24 1.44 0.28 0.74 0.096 0.59 0.081 0.81

855 5.9 11.4 1.48 6.1 1.34 0.32 1.38 0.18 1.02 0.20 0.52 0.066 0.38 0.055 0.84

Crust from 
station 855 9.7 17.9 2.25 9.2 1.90 0.49 2.07 0.30 1.89 0.38 1.09 0.144 0.94 0.138 0.84

860 8.5 16.5 2.13 8.9 1.93 0.46 1.94 0.27 1.51 0.29 0.75 0.093 0.51 0.076 0.84

0

Elreact/El

0.50

0.25 0.50 0.75 1.00
Fereact/Fe

1
2
3

0.25

0.75

1.00

Fig. 4. Dependence of the share of an element (1—phospho-
rus, 2—lanthan, and 3—dysprosium) releasing into the ex-
tract, on the fraction of reactive iron. 
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in the sediments from Polar Basin Bay, as well as in
those from the Frantz Victoria Trough and the eastern
foot of the Persei Rise (authors’ unpublished data).
These are the areas where, according to Klenova, the
maximum contents of manganese (up to 0.53%) and
phosphorus (up to 0.32%) were found in the surface
layer of the sediments [10, 11]. Close to Polar Basin
Bay, findings of “typical” ferriginous concretions with
a Mn content up to 27% [4, 14, 15] and manganese
microconcretions [12] were formerly noted (see Fig. 1).

The diagenetic reactions proceed against the back-
ground of the unaltered lithogenic component of the
sediment. Aluminum is one of the least mobile ele-
ments in the diagenesis. Its reactive fraction is usually
small, it does not change the degree of oxidation, and
hence it does not take part in the redox reactions. The
changes in the sediment composition during the
diagenesis, as well as the formation of diagenetic ferri-
ginous concretions, may be considered using Al as an
indicator of terrigenous matter [7]. For example, Table 1
shows that the enrichment of the surface layer in iron is
not characteristic for all of the stations. The sediments
from stations 847 and 855 showed decreased iron con-
tents in the surface layer as compared to the subsurface
one. As far as the diagenetic changes in the composition
of the sediments must proceed against the background
of the chemically permanent terrigenous matter, the
accumulation of bulk iron in the surface layer rela-
tive to the subsurface one may be calculated as

where (Fe/Al)1 is the ratio of the total iron content to
that of aluminum in the surface layer and (Fe/Al)2 is the
similar ratio for the subsurface one. The calculation
shows that the surface layer is enriched with respect to
the subsurface one by a factor of 1.1–1.3, excluding sta-
tion 855, where no enrichment was registered (1.0).
Thus, during the diagenesis in the Barents Sea sedi-
ments, a slow accumulation of oxidized iron took place
in the surface layer (see Table 1).

∆Fe Fa/Al( )1/ Fe/Al( )2,=

The ferriginous concretions formed were, as a rule,
core-free and characterized by a large proportion of
lithogenic matter, which was confirmed by high alumi-
num contents (up to 6.85%) and by a negative Fe–Al
correlation (n = 6, r = –0.98). The latter correlation is
evidence of the fact that the ore fraction of the concre-
tions (Fe oxyhydroxides), while being accumulated, is
a diluent for the terrigenous matter.

Using aluminum as an indicator of terrigenous mat-
ter in ferriginous concretions, one may calculate the
accumulation of elements, including iron, associated
with the accumulation of an oxyhydroxide component.
The excess iron accumulation in concretions against
the enclosing sediments may be expressed as

where Fecon, Alcon are the contents of iron and alumi-
num, respectively, in the concretions; (Fe/Al)sed is the
ratio of iron to aluminum in the enclosing sediments
(surface layer). To compare the relative accumulation
of the elements in the concretions at particular stations,
one must normalize the value of excess accumulation,
yielded for iron and other elements, with respect to
their total contents in the concretion, and express it as
E1exc/E1con (%). These data for specific elements are
given in Table 4. Such a calculation allows one to verify
the completeness of the extraction of the reactive frac-
tion of the elements, when using the extracts. In the
case of complete extraction of the reactive fraction, the
data obtained by using the extract must agree with the
values calculated.

As it may be seen from Fig. 4, the share of reactive
phosphorus in the concretions increased with the
growth of the proportion of iron. The extraction of reac-
tive elements (Fe and P) close to the calculated value
was observed at two stations, namely stations 841 and
853. At other stations, the calculated values of accumu-
lation are higher than the share of Fe and P reactive ele-
ments; this was most pronounced for the ferriginous
crust.

Feexc Fecon Fe/Al( )sedAlcon( ),–=

Table 4.  (1) Proportions of elements in the extract with 1 mol NH2OH · HCl + 25% CH3COOH related to their total contents
in ferriginous concretions and crust from the Barents Sea and (2) calculated values of relative accumulation of the elements
in the concretions and crust against the surface layer of enclosing sediments. See text for the details of the calculations

Station
Fe P Nd Gd Er Lu

1 2 1 2 1 2 1 2 1 2 1 2

841 66 64 94 80 34 3 49 8 43 8 31 2

847 25 90 50 90 33 25 40 27 34 19 24 14

853 85 81 91 83 31 18 45 23 43 24 34 19

855 53 92 72 94 29 31 41 36 36 32 27 28
Crust from station 855 12 100 18 99 44 90 43 94 36 95 31 95

860 32 86 43 88 35 30 47 34 38 37 29 29

Note: the proportions of elements are given in percent with respect to the bulk content. The values differing less than by 20 relative % are
displayed in bold italic.
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The data on the contents of reactive elements are
underrated because the crystallization degree of the
crust matter, consisting mainly of iron oxyhydroxides,
increases. The increase of phosphorus migration to the
extract with increased iron release is evidence of the
phosphate ion existence in the structure of iron oxyhy-
droxide. In the extracts of sediments and ferriginous
concretions (including the data for the upper layers of
the sediments from other stations), a strong positive
correlation between iron and phosphorus contents was
observed: P(%) = 0.072.Fe(%) + 0.026, r = 0.89 at n = 42
(see Fig. 2). A similar relationship, though with a lower
P/Fe ratio, was noted for the Black Sea nodules [3].
This dependence may be explained by the presence of
iron hydrophosphates, along with oxyhydroxides, in
the sediment oxidized layer.

The REE migration to the extract, on the contrary,
did not increase with the growth of the reactive iron
content (Fig. 4). This fact shows that the REE are
sorbed mainly over the surface of iron oxyhydroxide
formations. By comparing the calculated values with
the observed REE release to the extract (Table 4), one
notices that they were very close for the concretions
from stations 847, 855, and 860, but there was a discor-
dance for stations 841 and 853. The most pronounced
disagreement between the calculated and experimental
data was evident for the Fe crust. The true release to the
extract was underrated by factors of 8.3 for iron, 5.6 for
P, and about twofold for REE (Nd). Figure 3 shows that
the REE composition is similar to that in seawater for
the Fe crust only. The data of Table 4 show that the dif-
ferences in the REE compositions in the crust and con-
cretions were caused by the share of reactive elements
with a correction for the terrigenous source by Al. As
for the crust, 90% of the total Nd content was of non-
terrigenous origin, whereas for other ferriginous con-
cretions this value was not greater than 35%. This
amount of the hydrogenous REE is quite sufficient to
provide the appearance of a negative cerium anomaly in
the composition of the REE reactive fraction (see
Fig. 3, Table 3).

CONCLUSIONS

Ferriginous concretions of the Barents Sea are
formed as a result of Fe(II) oxidation in the surface
layer of the sediments, and by cementation of the ter-
rigenous fraction of the sediment by Fe(III) oxyhydrox-
ides. The sources for bivalent iron are provided by the
reduced sediments of subsurface layers. Oxyhydrox-
ides of Fe(III) accumulate phosphorus both in the sur-
face layer of the sediments and in ferriginous concre-
tions through the sorption–coprecipitation processes,
thus forming the Fe(III) oxyhydrophosphates.

Because of the significant fraction of terrigenous
matter in Fe concretions (up to 65% for Nd), the REE
compositions of bulk samples are similar to those of the
enclosing sediments. In the reactive REE composition,
the negative Ce anomaly appears as a result of the influ-

ence of the REE sorbed from seawater. The ferriginous
crust features a bulk REE composition closer to that of
seawater than the composition of ferriginous concre-
tions from the sediments, because it contains a signifi-
cantly smaller amount of the diluent terrigenous matter.
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