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Abstract—The composition and magnetic properties of foraminifers from bottom sediments of the Mid-
Atlantic Ridge and their artificial analogs obtained by hydrothermal synthesis were studied. The presence of
magnetic hysteresis and theoretical modeling of hysteresis characteristics made it possible to assume the pres-
ence of grains of nonstoichiometric magnetite in single- and few-domain states.
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INTRODUCTION

One of the main tasks in the development of new
functional materials containing magnetic nanoparti-
cles is to obtain materials without toxic components
and using “green” technologies [1]. Biogenic calcite
skeletons have a number of advantages over artificially
produced analogs, including better mechanical prop-
erties, biodegradability, biocompatibility, controlla-
bility of properties, and others [2, 3], which makes it
urgent to study biomineralization processes on the
skeletons of microorganisms and mollusks. Such
objects are analogs of human bone material [4], and
the introduction of various impurities containing met-
als into the calcite matrix significantly changes their
properties and expands the scope of application. For
example, it makes them suitable for use as pigments in
paints, in targeted drug delivery [5], and tissue engi-
neering [6]. Their increased porosity is also an import-
ant factor in optical applications [7].

Foraminifera shells are biogenic structures based
on porous microparticles of calcium carbonate. Mag-
netic particles are formed in foraminifera during the
processes of their mineral replacement [8]; in this
case, calcium carbonate microparticles can be con-
trolled by an external magnetic field. Also, magnetic
structures on the skeleton of foraminifera can arise
during the formation of iron-containing biogenic
nodules on the surface of mineral skeletons [9]. To
date, there have been few studies on foraminifera con-
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taining magnetic inclusions, which is why the mag-
netic properties of such objects have been poorly stud-
ied. In addition to the above, the study of the magnetic
properties of objects of biogenic origin provides
important information for solving problems of mag-
netic granulometry [10].

Carbonate remains of planktonic and benthic
microorganisms are widespread in the Atlantic Ocean.
Samples of Holocene and Upper Pleistocene sedi-
ments containing microbiota (mainly benthic and
planktonic foraminifera and coccoliths) were col-
lected on RV Professor Logachev during research by
the Polar Marine Geological Exploration Expedition
in the Russian exploration region of the Mid-Atlantic
Ridge. This area is characterized by the widespread
occurrence of relict and active hydrothermal struc-
tures. Under the influence of hydrothermal fluids,
communities of microorganisms accumulate chemical
elements in carbonate shells. Changes occur in the
composition and structure of foraminiferal skeletons
up to their complete replacement and disappearance
[11, 12]. Planktonic foraminifera are subject to more
intense changes due to the significantly greater poros-
ity of their shells, greater sorption capacity, and higher
solubility [13]. Many studies have shown that, under
conditions of hydrothermal activity, foraminifera
shells actively accumulate metals Fe, Cu, Co, Cr, Ni,
and Ag. It was noted that, along the shells of microor-
ganisms, iron oxyhydroxides develop, in particular
goethite and ferromanganese formations, which form
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Table 1. Description of the studied samples

SERGIENKO et al.

Sample Description
F, Powder of ground shells of the Globorotalia species
F, Powder of ground shells of the Orbulina universa species
Fgi Single shell of the Globorotalia menardi species
Fo, Single shell of the Orbulina universa species
Fg Single shell of the Globigerinoides conglobatus species
Fou Powder of ground shells of the Orbulina universa species after hydrothermal deposition

small isometric accumulations on the surface of the
shells [14].

The purpose of this work was to study the compo-
sition and magnetic properties of iron-containing for-
mations located inside and on the surface of shells of
the planktonic foraminifera species Globigerinoides
ruber, Globigerinoides conglobatus, Globigerinoides sac-
culifer, Globigerinoides tenellus, Orbulina universa,
Globorotalia inflate, Globorotalia truncatulinoides, and
Globorotalia menardii from biogenic carbonate bottom
sediments of hydrothermally active areas of the Mid-
Atlantic Ridge. For comparative analysis, iron-con-
taining formations on foraminifera Orbulina universa
shells were synthesized, and their properties were
studied. Hysteresis characteristics of the samples
under study were also theoretically modeled.

EXPERIMENTAL

The petrographic structure and phase composition
of the samples were identified by scanning electron
microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDX) using a QUANTA 200 3D Dual-
Beam™ focused ion beam/scanning electron micro-
scopes (FIB/SEM) system (FEI, Netherlands) with a
Pegasus 4000 analytical complex (EDAX, United
States) and a TM 3000 tabletop scanning electron
microscope—microanalyzer (Hitachi, Japan). Magne-
tometric experiments consisted of measuring hystere-
sis loops in a maximum field of 7 T at 295 K and
recording remanence decay curves in a 5-T field with
a MPMS 3 magnetic property measurement system
(Quantum Design, United States) in vibrating sample
magnetometer mode with logarithmic field increment.
The sensitivity of the magnetometeris 1 X 10-"' A m?in
the absence of an external field, which makes it possi-
ble to measure weakly magnetic samples with the
structure of a nonmagnetic matrix with a low content
of ferrimagnetic impurities.

RESULTS AND DISCUSSION

Our previous work [15] considered the composi-
tion and magnetic properties of the foraminifera Glo-
bigerinoides ruber and Globigerinoides sacculifer, which
look like black spherules with a shiny surface. Electron
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microscopic studies and EDX showed that the surface
of the shells is composed of magnesium silicates—ser-
pentine and talc, probably forming epimorphs. Analy-
sis at a depth of 10 um by ion etching showed the pres-
ence of calcium. This can be explained by the fact that
the internal parts remained unreplaced. On the surface
of the shells, skeletal aggregates of iron oxide crystal-
lites were observed. According to morphological and
magnetogranulometric data, these oxides are mainly
represented by magnetite grains similar in size to sin-
gle-domain grains.

Table 1 describes the samples studied in this work.
Visually, foraminiferal shells with iron-containing for-
mations can be divided into two types (Fig. 1):

(1) light-colored translucent shells through the thin
surface of which one can see dark-colored crusts lining
completely or partially the inner surface (samples F;,
and F,);

(2) light-colored shells on the surface of which
microcrystalline (and possibly amorphous) mineral
aggregates grow in the form of crusts and clusters of
black color (samples F;;, F,,, and F;).

According to EDX data (Table 2), the foraminifera
shells have a predominantly carbonate (calcite) com-
position. They can be either unchanged, well pre-
served, or affected by recrystallization processes with
enlargement of calcite grains, or replacement by opal.
Crusts and growths are observed on both the outer and
inner surfaces of shells. The internal crusts of shells of
the first type consist of iron oxides (hydroxides), while
growths and crusts on shells of the second type show
the presence of iron and manganese in their composi-
tion. These are probably cryptocrystalline aggregates
of oxides and hydroxides of iron and manganese.
Along with oxides, pyrite is also found in the form of
separate aggregates, sometimes framboids.

In addition, for the purpose of comparative analy-
sis, sample F,, was synthesized; it was a powder of
ground shells of the species Orbulina universa, which
initially did not contain noticeable internal and exter-
nal dark inclusions. An attempt was made to experi-
mentally reproduce the conditions for the formation of
iron-containing phases on foraminifera shells [16—
19]. For this purpose, hydrothermal synthesis of iron
oxide nanoparticles was carried out in an aqueous sus-
Vol. 88
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Fig. 1. Optical images of foraminifera samples: (a) Fy, Globorotalia menardii; (b) F,, Orbulina universa; (c) Fy;, Globorotalia
menardii; (d) Fy,, Orbulina universa; (e) Fg3, Globigerinoides conglobatus; and (f) F,, Orbulina universa.

pension of foraminifera: a sample of “pure” unsubsti-
tuted calcite shells weighing 100 mg was added to
14 mL of distilled water with continuous stirring.
Then, 0.001 mol of FeSO,7H,0O (pure grade, Len-
Reaktiv, Russia) and 0.002 mol of Fe(NO;);9H,0
(reagent grade, Reaktivlorg, Russia) were dissolved in
the obtained suspension. After this, iron(II) and (I1II)
hydroxides were coprecipitated with a 25% ammonia
solution until a dark green precipitate formed (pH 12).
The resulting reaction mixture was transferred to a
Teflon cell of a 15-mL steel autoclave. The autoclave
was hermetically sealed, and its contents were kept iso-
thermally at 180°C and a pressure of 100 MPa for 4 h.
Next, foraminifera with iron oxide nanoparticles on
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the surface were removed from the autoclave, washed
several times with distilled water, and dried at 60°C to
constant weight.

To more accurately identify iron minerals, in this
work, the magnetic properties of iron-containing
shells were studied. Figure 2 shows the hysteresis loops
of the samples on which the saturation magnetization
M, saturation remanence M, coercivity H., and
remanence coercivity H, were measured. The measure-
ments were carried out both on single shells and on pow-
ders of ground shells of foraminifera of the same type of
replacement. In the former case, the measured values of
the magnetic moment could be close to the sensitivity
limit of the magnetometer (10~°—10-'° A m?).

Vol. 88

No.4 2024
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Table 2. Contents of chemical elements in iron-containing formations of samples of various types according to EDX data,

wt % (excluding carbon)

Element F, F Fart
(0} 36.32 30.57 30.83
Mg 2.96 3.07 _
Al 3.97 3.74 1.17
Si 3.88 5.01 1.69
P — 1.77 5.57
S — — 0.79
K 0.39 — —
Ca 13.22 10.11 20.57
Ti 0.47 — —
Mn — 19.12 —
Fe 38.79 26.61 39.38

Table 3. Parameters of magnetic hysteresis of foraminifera samples

Sample m, mg HoHe, mT | WoHr, miT | M, Am?/kg | My, Am?/kg | Heo/H, M./ M
F, 10.59 4.7 25.0 0.010 0.0006 53 0.060
F, 10.63 6.0 35.0 0.043 0.0014 5.8 0.033
F 0.10 9.0 30.0 0.027 0.0040 33 0.148
Fy 0.10 7.0 20.0 0.090 0.0040 2.9 0.044
Fg 0.08 1.0 32.0 0.033 0.0032 2.0 0.097
Fon 2.89 0.15 7.0 1.700 0.0120 46.7 0.007

Table 3 shows the weights and magnetic hysteresis
parameters of the samples under study. According to
magnetic granulometry data [10], the values of the
M. /M, and H_/H, ratios for all foraminiferal samples
indicate that they contain a significant amount of
fairly large single- and few-domain (pseudo-single-
domain) particles, and the artificial sample F,, should
contain a large number of smaller (superparamag-
netic) particles.

Under the approximation of a log—normal volume
distribution of particles [20, 21], it is possible to calcu-
late the most probable characteristic sizes of particles
in various magnetic states [22]. The probability den-
sity of the log—normal distribution is written as

1 _(ln(x/oz))2
xov2 exp( 20° ]’

where x = v/vp is the ratio of the particle volume to
the mean volume, & is the standard deviation, and o
is the mean value of the corresponding Gaussian dis-
tribution.

o(x) = (1)

In modeling, four ranges of grain sizes correspond-
ing to different magnetic states were considered:
superparamagnetic  (SP), single-domain (SD),
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pseudo-single-domain (PSD), and multidomain
(MD) particles with sizes of 0—25, 25—40, 40—100,
and 100—500 nm, respectively (see, e.g., [23—26]). By
PSD particles, we mean particles with vortex struc-
tures and a small number of domains, and the contri-
bution of multidomain particles to the hysteresis char-
acteristics are neglected.

Let us introduce the relative numbers of particles
corresponding to the above magnetic states: ng,, ny,
Nys> and n,4. The relative number of particles of each
group is expressed as

Xmax

nzT(p(x)dx j o(x)dx,

Xmin

(2)

where x; and x, are the lower and upper limits of the
volume range of a given group of particles, respec-
tively; and x,,,;, (d = 0) and x,,,, (d = 500 nm) are the
minimum and maximum relative volumes of particles,
respectively, and x, < X,

In our previous work [22], it was taken into account
that the samples contain SP particles blocked by mag-
netostatic interaction, which can contribute not only
to the saturation magnetization, but also to the satura-
tion remanence of the sample. Therefore, two groups
of SP particles can be distinguished: nbSP particles,
Vol. 88
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Fig. 2. Hysteresis loops in a field less than 1 T and reverse field demagnetization curves for samples (a) Fy, (b) F», (c) Fy;, (d) F,,
(e) Fg3, and (f) F,;. The saturation magnetization values obtained in a field of 7 T are given in Table 3.
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Table 4. Fractions of the volume concentration of ferrimagnetic particles in the corresponding magnetic states, d,,ca,

is the mean size of ferrimagnetic particles in the sample

anP’ % Cnbsp Cbsp Csd Cpsd Cmd dmean’ nm
1 0.01 0.04 0.11 0.46 0.38 36
10 0.10 0.24 0.31 0.35 0.00 19
25 0.25 0.20 0.22 0.33 0.00 7

which are unblocked (true) superparamagnetic parti-
cles (0—15 nm); and bSP particles, which are blocked
superparamagnetic particles (15—25 nm) (see, e.g.,
[27D).

For further modeling, three particle size distribu-
tions were chosen (Table 4), the first of which was used
for samples with a low content of nbSP particles
(about 1%); and the other two, for sample F,,, which,
according to magnetic granulometry, clearly contains
a significantly larger number of nbSP particles.

The relative number of nbSP particles is found
according to formula (2) at x; = 0 and x, = X, (the
volume corresponding to the blocking size, in our
case, dpg, = 15 nm). Then the relative mean volume of
nbSP particles is

Xpsp
= J. xQ(x)dx. (3)

0

Similarly, one can calculate the relative mean vol-
umes of the other particles in different magnetic states.
In this case, the mean volume and mean size of fer-
rimagnetic particles in the sample can be calculated
using the formulas

xnbsp

Vimean = Vp(nnbspxnbsp + nbspxbsp + NgqXsq
VRS
+ npsdxpsd + nmdxmd)’ dmean = (6Vmean/n) .
Then the fraction of the volume concentration of
unblocked ferrimagnetic particles in the sample is

_ ansp
- nnbsp s
mean

The best results for various C, (consistent with
experimental values of M, M, H ., H ) were obtained
using the characteristic sizes of ferrimagnetic particles
d,= 40 nm (foraminiferal samples) and 15 nm (sample
F,.) and the corresponding volumes of a spherical
particle v, = (n/6)d,.

Further calculations were made using the model of
single-domain particles with effective spontaneous
magnetization (SDEM model), which takes into
account the magnetostatic interaction between fer-
rimagnetic particles [28—30].

Using the SDEM model, in the mean field approx-
imation, it is possible to take into account the influ-
ence of magnetostatic interaction and to obtain distri-
bution functions of random fields at any volume con-

C

nbsp where v,

nbsp = Vpxnbsp‘ (5)
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centrations of a ferrimagnet [31]. Further, using the
experimental values of magnetization M, saturation
remanence M, coercivity H., and remanence coerciv-
ity H,, one can calculate the effective spontaneous
magnetization of particles: by saturation magnetiza-
tion, [ . and by saturation remanence, I .4 The
introduction of effective spontaneous magnetizations
makes it possible to evaluate the effect of the inhomo-
geneity of the magnetic moment in the bulk of the par-
ticle, which is determined by the formation of domain
and vortex structures, as well as possible chemical
inhomogeneity [32—34].

The magnetizations I .+ and I .+ were found by
solving the inverse problem of matching the theoreti-
cal values of these magnetizations, calculated using
both models, with experimental data. The calculations
were performed using dimensionless magnetization {
and volume concentration C;of ferrimagnetic particles
involved in its formation:

M 1%
= , Cp = N-mean (6
¢ Cele” v, )

Here, M means M, or M,,, and N is the number of

particles with mean volume v,.,, and concentration C;
in a sample of volume V,. The magnetization of a sys-
tem of uniaxial ferrimagnetic particles randomly dis-
tributed in a cylindrical volume is determined using
the modified method of moments and the expansion
in the Gram—Charlier series [31, 35].

As mentioned above, the interaction leads to
blocking of the magnetic moments of some SP parti-
cles, which contribute to the saturation remanence
[35]. Then the experimental values of M and M, agree
with the results of calculations using the SDEM
model:

Ms = Cf]seffa Mrs = Cf (1 _Cn

Cmd)lrseff' (7)

In modeling, the spontaneous magnetization of
magnetite, taking into account possible nonstoichi-
ometry, was taken to be I, = 450 x 10° A/m [36]. The
results are shown in Table 5.

bsp

For foraminifera samples, the best agreement with
experimental data is obtained when the content of true
superparamagnetic particles (nbSP) in the ferrimag-
netic fraction is no more than 1%. At the same time,
the volume concentration of the ferrimagnet (nonstoi-
chiometric magnetite) in the samples is low and is in
Vol. 88
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Table 5. Volume concentrations C;of the ferrimagnet in samples and the corresponding effective spontaneous magnetiza-
tions I .;r based on saturation remanence. For all samples, the effective spontaneous saturation magnetization is I . =

450 x 103 A/m

Sample nbSP, % Cp, 1073 g i, KA/m

F, 1 0.01 236
F, 1 0.05 140
Fq 1 0.03 365
F, 1 0.11 94
Fg; 1 0.02 146
F,. 10 1.74 168

25 1.74 201

the range of 10-3—10~*, and the effective spontaneous
magnetization /I . is about 100—350 kA/m. Judging
by the mean grain size (36 nm) and the 7, 4 value, it
can be assumed that the magnetic properties of fora-
miniferal samples are mainly determined by single-
and few-domain particles similar in composition to
magnetite.

The ferrimagnetic fraction of artificial sample F,
obtained by hydrothermal synthesis of magnetite
grains on foraminiferal skeletons contains a large frac-
tion of nbSP particles. Taking into account the mag-
netogranulometric ratios (see Table 3), the modeling
was carried out for fractions of 10 and 25% and mean
grain sizes of 19 and 7 nm, respectively. At much
higher ferrimagnetic concentration (about 1073), the
effective spontaneous magnetization I, . is of the
same order of magnitude as that for foraminiferal
samples.

Since all the studied foraminiferal samples con-
tained internal dark films, it can be assumed that the
magnetite in them is of biogenic origin; the mean grain
size is close to the single-domain limit of the order of
40 nm [10]. For the artificial sample, the foraminiferal
skeletons do not contain internal dark films, and the
magnetite particles synthesized on the surface have a
wider size spread, including a significant amount of
superparamagnetic particles.

CONCLUSIONS

The study was mase of the composition and mag-
netic properties of iron-containing formations located
inside and on the surface of foraminiferal shells from
biogenic carbonate bottom sediments of hydrother-
mally active areas of the Mid-Atlantic Ridge, as well as
artificial formations obtained by hydrothermal syn-
thesis.

Two types of foraminiferal shells were studied:
shells predominantly containing internal dark-colored
crusts, and shells containing external microcrystalline
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crusts and black clusters. In addition to the significant
content of carbon, oxygen, calcium, and iron in the
growths, shells of the second type also contain large
amounts of manganese.

The measured parameters of magnetic hysteresis
confirmed the presence of a noticeable ferrimagnetic
component and, according to magnetic granulometry
data, suggest that foraminiferal samples are dominated
by single- and few-domain particles; and artificial
samples, by smaller superparamagnetic particles.

The theoretical modeling of the hysteresis charac-
teristics of the samples under study made it possible to
estimate the composition and volumetric concentra-
tions of the ferrimagnet (nonstoichiometric magne-
tite), which makes the main contribution to the satu-
ration remanence. At the same time, the volume
concentration of the ferrimagnet in the samples is
low (105—10~*%), and the effective spontaneous mag-
netization is about 100—350 kA/m, which is signifi-
cantly higher than that of iron hydroxides, but lower
than that of pure magnetite. Most likely, this is
explained by the chemical and magnetic heterogeneity
of the grains, the mean size of which is about 40 nm.

The ferrimagnetic fraction of artificial samples
contains a large fraction of superparamagnetic parti-
cles. The modeling showed that the effective sponta-
neous magnetization is of the same order of magni-
tude as for foraminiferal samples, but the ferrimag-
netic concentration is significantly higher and the
mean grain size is smaller (about 10—20 nm).
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