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INTRODUCTION

Low-temperature sorption may be considered a
mechanism responsible for the formation of anomalous
metal concentrations in the process of lithogenesis
because many ore-forming elements are efficiently
extracted from natural waters and accumulate in sedi-
ments (Chelishchev et al., 1992; Angove et al., 1998;
Lead et al., 1999; Takahashi et al., 1999). During epige-
netic hydrothermal processes associated with pulses of
magmatic or tectonic activity, metallogenically special-
ized sedimentary sequences could serve as a source of
mobilized metals, in addition to their supply from deep-
seated chambers. The concept of recycling of primary
metal concentrations by subsequent processes
(Schneiderhöhn, 1952) remains popular and is used in
models of polygenetic deposits (U–Bi–Co–Ni–Ag, Cu,
Pb–Zn, etc.). Therefore, the forms of primary synge-
netic accumulation of dispersed metals in the course of
sedimentation remain an important subject of investiga-
tions.

The diversity of viewpoints on mechanisms of syn-
genetic concentration of metal ions by different miner-
als can be reduced, in fact, to the following two models:
either microcomponents precipitate along with macro-
components from seawater during the formation of
mineral phases or the microcomponents are adsorbed
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on the surface of earlier phases. It is assumed that pre-
cisely sorption controls the microcomponent chemical
composition of aluminosilicates, phosphates, and Mn
and Fe minerals in almost all oceanic sediments (Stra-
khov et al., 1968; Volkov, 1979; Cronan, 1980;
Andreev, 1994), although experimental data that would
confirm this statement are scarce.

Indeed, sorption is one of the main physicochemical
processes responsible for differentiation of metal ions
during mineral formation in the ocean. The ion
exchange properties of many natural compounds such
as aluminosilicates, phosphates, carbonates, Mn
oxides–hydroxides, and Fe hydroxides provide differ-
entiation of elements owing to interaction between sus-
pended particles of these minerals and seawater and to
filtration of the latter through the sedimentary sequence
and underlying rocks. In the ocean, sorption proceeds
relatively intensely, particularly at the active water–
sediment geochemical barrier, owing to the continual
contact of mineral phases with surface, bottom, and
interstitial seawater.

There are also other reasons why the problem of
heavy metal ion sorption has recently attracted the
attention of researchers. Interaction at the liquid–solid
interface controls migration and stabilization of metal
ions in natural low-temperature systems such as sedi-
ments of shallow-water reservoirs, drainage networks
of ground and human-made facilities, and the oceanic
shelf near urbanized areas, i.e., in systems with a highly
disturbed ecological equilibrium.
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Abstract

 

—Cation exchange reactions with participation of heavy metals Mn, Co, Ni, Cu, Zn, Cd, Ba, and Pb
were studied in oceanic low-temperature hydrothermal deposits of various mineral compositions and in hydro-
genic Fe–Mn crusts. Individual minerals and their assemblages differ significantly in absorptive capacity, which
increases in the following order: hematite 

 

� 

 

Si-protoferrihydrite < protoferrihydrite < goethite < nontronite 

 

�

 

Fe-vernadite + Mn-feroxyhyte < Fe-free vernadite < bernessite + Fe-free vernadite < bernessite; i.e., it succes-
sively increases from the mineral with a coordination type of lattice to minerals with a layer-type structure. The
exchange complex of all minerals includes Na

 

+

 

, K

 

+

 

, Ca

 

2+

 

, and Mg

 

2+

 

, i.e., the main cations of seawater. In Mn
minerals, Mn

 

2+

 

 is the main exchange component. The contribution of all the mentioned cations to the exchange
capacity of minerals is as high as 90–98%. The highest absorptive capacity among the examined low-tempera-
ture oceanic deposits is characteristic of hydrothermal Mn minerals. Their capacity exceeds substantially that
of hydrothermal oxides, hydroxides, Fe-aluminosilicates, and hydrogenic Fe–Mn minerals. The absorptive
capacity of all examined Mn minerals relative to heavy metals increases in the same order: Ni < Zn < Cd < Mn <
Co < Pb < Cu.
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The recent metalliferous sediments associated with
hydrothermal vents at the oceanic bottom also may be
enriched in heavy metals owing to their sorption by par-
ticles of Fe and Mn hydroxides (Butuzova, 1998;
Schaller et al., 2000), although the mechanisms of this
phenomenon remain ambiguous as yet. Of the total
diversity of oceanic sediments, only pelagic Fe–Mn
nodules and sedimentary crusts from seamounts have
been subjected to systematic experimental studies to
determine their sorption properties (Chelishchev et al.,
1992; Novikov and Yashina, 1993; Novikov et al.,
1995; Novikov, 1996; Novikov and Skornyakova,
1998; Novikov and Cherkashev, 2000). It was estab-
lished that they are highly selective natural sorbents of
metal ions, primarily, cations of heavy and rare metals,
and are characterized by high exchange capacity, selec-
tivity coefficients, and kinetic parameters. Fe–Mn nod-
ules and crusts can efficiently absorb cations of heavy
and rare alkali metals from natural waters, which pro-
vides high metal concentrations therein.

At the same time, oceanic low-temperature hydro-
thermal deposits, largely composed of Mn oxide–
hydroxides, Fe hydroxides, aluminosilicates, and sul-
fates, are interesting objects for study with regard to
their ion exchange properties. With respect to their spa-
tial distribution and genesis, these deposits occupy an
intermediate position between sulfides deposited near
hot hydrothermal vents, on the one hand, and metallif-
erous sediments that form dispersion halos at flanks of
hydrothermal fields distant from discharge zones of rel-
atively high-temperature sulfide-forming fluids, on the
other hand (Lisitsyn et al., 1991; Bogdanov et al.,
2004).

Using a complex of mineralogical and geochemical
methods, we studied low-temperature hydrothermal
sediments and hydrogenic Fe–Mn crusts sampled by
Pisces manned submersibles in the peripheral zone of
the Juan de Fuca hydrothermal field (Axial Seamount)
during Cruise 12 of the R/V 

 

Akademik Mstislav
Keldysh

 

 in 1986 (Bogdanov et al., 2004) and by a Mir
deepwater manned submersible in the active low-tem-
perature field of Franklin Seamount during Cruise 21 of
the same research vessel in 1990 (Lisitsyn et al., 1991).
At 

 

Axial Seamount

 

, brick red ochers are developed at
the surface of basalt at boundaries between neighboring
pillows and in a system of chaotically oriented fissures
that appeared in the course of basaltic lava solidifica-
tion. The ochers consist almost entirely of well-pre-
served relicts of ferruginous bacteria morphologically
identical to 

 

Gallionella

 

 or, less commonly, 

 

Siderocapsa

 

and 

 

Siderococcus

 

 (Bogdanova and Gorshkov, 1987).
The perfect preservation of bacterial relicts during a
long period (4 ka) is explained by simultaneous accu-
mulation of Fe hydroxides and silica at the surface of
bacteria. Ochers are largely composed of protoferrihy-
drite and ferrihydrite as a product of protoferrihydrite
recrystallization. Some samples contain an admixture
of hematite. The black crusts 1.5–2.0 mm thick
observed at the surface of basaltic flows at some dis-

tance from the hydrothermal field are composed of Fe-
free vernadite with less abundant bernessite. Ochers are
locally covered by hydrogenic films approximately
1 mm thick that are composed of Fe-vernadite closely
associated with Mn-feroxyhyte and goethite.

Hydrothermal deposits of 

 

Franklin Seamount

 

 make
up irregularly shaped mounds from a few centimeters to
7 m high. Most of these mounds are characterized by a
similar internal structure (Bogdanova et al., 1990; Gor-
shkov et al., 1992). Their surface is locally coated with
Mn crusts from 1 mm to 2 cm thick. The crusts are
underlain by bright orange, highly porous matter a few
tens of centimeters thick, which gives way down the
section to a dark green, finely dispersed substance.
Thus, there are three types of sediments regularly
replacing each other from the peripheral part of the
hydrothermal mound toward its center.

RESEARCH METHODS

Analytical transmission electron microscopy
(ATEM) was used in this study. A sample of approxi-
mately 50 mg in weight was taken to prepare an aque-
ous suspension with a UZDN-2T ultrasonic disperser.
A drop of suspension diluted to the desirable state was
placed on a cathodic film substrate and dried. The study
was carried out on a JEM-100C electron microscope
under an accelerating voltage of 100 kV. The micro-
scope was equipped with a goniometer that provided an
inclination of 

 

±

 

60°

 

. Microdiffraction of electrons was
the main method used for identification of mineral
phases. Their composition was controlled by a
KEVEX-5100 spectrometer.

Exchange reactions between water solutions of metal
salts with concentrations 

 

C

 

0

 

 = 1.0–0.001 g-equiv/l and
low-temperature hydrothermal and hydrogenic depos-
its were used for the study of their sorption properties
under similar conditions irrespective of the mineral
compositions of samples. Experiments were conducted
in the static regime at a temperature of 

 

20

 

 ± 

 

1°C

 

 and
intense stirring of phases with a constant liquid/solid
proportion equal to 100. When nontronite and Fe–Mn
minerals dominated in samples, the charge was as
heavy as 100–150 mg, while the samples consisting of
hydrothermal Mn minerals weighed 30–50 mg. For all
samples, the sorption of metal cations was studied in
three parallel runs with solution concentrations 

 

C

 

0

 

 = 1.0
and 0.001 g-equiv/l (the upper and lower limits in the
studied interval of concentrations) and in two parallel
runs with concentrations 

 

C

 

0

 

 = 0.1 and 0.01 g-equiv/l.
The reproducibility of measurements was 98.1–99.3%.
Nitrate (Ni, Co, Cu, Cd, Pb), chloride (Mn), and sulfate
(Zn) solutions were used in experiments.

The runs were carried out as follows. The charge
was placed into a glass test tube, a metal salt solution
was poured over the charge, and the tube was stop-
pered. Test tubes were inserted into a device allowing
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their rotation through 360

 

°

 

 to provide a uniform distri-
bution of solid particles throughout the solution.

The period to attain equilibrium cation species of
mineral assemblages was 7–10 days, which, according
to experimental data (Chelishchev et al., 1992; Novikov
and Cherkashev, 2000; Novikov, 2005), was sufficient
to establish equilibrium. The pH of solutions was mea-
sured before and after the runs with an EV-74 ionome-
ter. After sorption runs, phases were separated on the
blue ribbon paper filter. The solid phase was washed
with distilled water, dried at room temperature up to a
constant weight, and then decomposed in the appropri-
ate reagents. First the pH and then the concentrations of
metal ions were determined in equilibrium solutions.

The acid decomposition of aluminosilicate samples
was carried out in line with the procedure described by
Ponomarev (1963). The samples consisting of Fe min-
erals were first decomposed in a mixture of concen-
trated HF + 

 

HëlO

 

4

 

 solutions. The dry residue was then
additionally dissolved in 7% HCl solution, and both
solutions were poured into a single retort, where they
were diluted with distilled water up to a desirable level.
The samples composed of Mn minerals were dissolved
in a mixture of concentrated HCl + 

 

H

 

2

 

O

 

2

 

 solutions by
boiling for 3–5 min. The metal cation concentrations in
the respective solutions were measured with flame
atomic absorption spectroscopy (AAS) on a Perkin–
Elmer 503 device at the analytical laboratory of the
Institute of Oceanology, Russian Academy of Sciences,
by N.N. Zavadskaya, L.A. Fedorova, and N.P. Tolma-
cheva. The difference between the AAS results and
concentrations of elements in standard samples was
estimated by the 

 

t

 

-test (Doerfel, 1969). The differences
were insignificant at a confidence level of 0.95.

Particular attention was paid to the samples com-
posed of Mn minerals with possible occurrence of Mn
(IV) and (II). Like concentrations of other metals, the
Mn (II) content was determined with AAS after its pre-
liminary extraction from a separate charge by 1%
H

 

2

 

SO

 

4

 

 solution (Bazilevskaya, 1986).

MINERAL ASSEMBLAGES
OF LOW-TEMPERATURE DEPOSITS

The deposits of the first type are composed of 

 

Mn

 

minerals

 

: either of bernessite (sample 2157-14a) or a
mineral assemblage of hexagonal, monoclinic, and tri-
clinic bernessite and Fe-free vernadite (samples 1845-
10b, 2202-2A1b, and 2202-2B2) (Table 1). Bernessite
is represented by platy particles and thin scaly aggre-
gates characterized by the hexagonal unit cell with
parameters 

 

a

 

 = 2.83 

 

Å and 

 

c

 

 = 7.1 

 

Å, as well as by min-
erals described previously as 

 

14-

 

Å bernessite with the
orthorhombic unit cell and clinobernessite (Bogdanova
and Gorshkov, 1987). Different aggregates of the exam-
ined minerals differ in the spatial ordering of their
structure. Some scaly aggregates are characterized by a
relatively ordered structure, but most of them are poorly

ordered, determining the generally disordered structure
of the examined bernessites. Platy bernessite microc-
rystals make up frequent regular intergrowths with one
another. Bernessite is often associated with replacing
Fe-free vernadite.

The Mn content in low-temperature hydrothermal
Mn minerals ranges from approximately 21 to 31 wt %,
while the Fe content is lower by no less than an order of
magnitude: 0.84–3.02 wt % (Table 1). Among all exam-
ined assemblages, Mn minerals are characterized by the
lowest Si contents (1.45–10.80 wt %) and are interme-
diate between nontronite and Fe minerals in Al concen-
trations (0.33–1.88 wt %). The contents of heavy met-
als (Cu, Co, Ni, etc.) are low and range from thou-
sandths to tens of thousandths of a percent.

The Mn and Fe contents in hydrogenic Fe–Mn
crusts (samples 1479-2a, 1845-10a, 1863-2, etc.;
Table 1) are similar and vary from 9 to 20 wt %. In con-
trast to hydrothermal Mn and Fe minerals, the concen-
trations of heavy metals in these samples are one to two
orders of magnitude higher: from tenths to hundredths
of a percent.

In the second mineral assemblage, the main phases
are represented by 

 

protoferrihydrite

 

 (samples 1491-1,
1863-4, 2218-6, and 2192-2(2)b) and 

 

Si-bearing proto-
ferrihydrite

 

 (samples 2157-10, 2157-11, 2157-14, and
2170-7) (Fig. 1a) accompanied by subordinate nontro-
nite (samples 2192-2(2)b, 2170-2(2), 2170-4, and
2202-2A1.a) and sporadic hematite (samples 1863-4,
2202-2A2.2, 2202-2A2.3, and 2202-2A2.4). Electron
diffraction patterns obtained for Fe hydroxide particles
(Fig. 1b) contain two diffuse ring reflections with 

 

d

 

approximately equal to 2.5 and 1.45 Å, indicating only
two-dimensional ordering of this hydroxide, i.e.,
extremely small sizes of coherent dispersion areas. Fe
hydroxide particles contain silica and are mineralized
relicts of pedicellate bacteria belonging to the genus

 

Gallionella.

 

 Si-bearing protoferrihydrite contains
phosphorus (frequently up to 4–5 wt %), which indi-
cates a sufficiently young age of the hydrothermal
mound, and rare ferrihydrite particles (sample 2202-
2A1.a) as products of recrystallization of protoferrihy-
drite during aging of its individual particles.

Nontronite in these samples occurs as scaly aggre-
gates (Figs. 1c, 1d). The microdiffraction study of non-
tronite demonstrates that the mineral is characterized
by a highly disordered structure: relatively slight basic

 

hk

 

 and basal (

 

001

 

) reflections were recorded. Nontron-
ite scales are closely associated with Si-bearing protof-
errihydrite.

The Fe content in Fe minerals, Si-bearing protofer-
rihydrite included, ranges from 12.85 to 50.00 wt %
(Table 1). There is no notable difference in this param-
eter between samples composed practically of a single
phase (hematite, goethite, or protoferrihydrite) and
samples consisting of several mineral phases. The Mn
content in Fe minerals varies from 0.052 (hematite) to
2.64 wt % (protoferrihydrite). Sample 2202-2A2.2,
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(‡)
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Fig. 1.

 

 (a, c, e) SEM images and energy dispersive spectra and (b, d, f) electron diffraction patterns of mineral aggregates from low-
temperature deposits. (a, b) Bacteria-like particles of Si-bearing protoferrihydrite, magn. 55000; (c, d) nontronite, magn. 75000;
and (e, f) hematite, magn. 40000.
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which contains 6.15 wt % Mn, is the only exception.
The Si content in samples ranges mainly from 8.04 to
19.48 wt % and is lower only in goethite (sample 1479-
2b) and hematite (sample 1891-b): 3.84 and 5.25 wt %,
respectively. The Al contents are 0.88–7.36 wt % in
monomineral samples and 1.64–3.20 wt % in samples
with Si-bearing protoferrihydrite as the main phase.
The contents of heavy metals in Fe minerals are one to
two orders of magnitude lower in comparison with Mn
minerals.

The third mineral assemblage is composed of prac-
tically pure 

 

nontronite

 

 (samples 2157-6, 2157-7, and
2192-2(2)c). In electron microscope specimens, non-
tronite is observed as fine scaly aggregates. As com-
pared with the above-described nontronite, the mineral
under consideration is characterized by a more ordered
structure.

The Si content in nontronite ranges from 19.76 to
21.85 wt %. At the same time, these samples show high
Fe (40.75–47.14 wt %) and low Al and Mn (0.22–0.32
and 0.24–0.88 wt %, respectively) concentrations
(Table 1). The contents of heavy metal cations in the
samples are low and comparable with those in protofer-
rihydrite and Si-bearing protoferrihydrite.

The concentrations of major elements in samples
from all examined mineral assemblages vary from
tenths of a percent to a few percent (Table 1).

In the opinion of Lisitsyn et al. (1991), the mineral
zoning established in low-temperature hydrothermal
systems is determined by changes in physicochemical
conditions during migration of ore-bearing hydrother-
mal solution from the central part of the system toward
its periphery. Despite the variable modal mineral com-
position of sediments, their chemical composition is
relatively uniform, although the contents of some ele-
ments are notably different. For example, concentra-
tions of heavy metals (Cu, Zn, Pb, and others) in hydro-
thermal minerals vary from thousandths to ten thou-
sandths of a percent (Lisitsyn et al., 1991), while in
hydrogenic Fe–Mn minerals their contents are several
times or even one to two orders of magnitude higher.
Similar proportions were pointed out previously
(Bogdanov and Lisitsyn, 1990; Binns et al., 1993;
Bogdanov et al., 1997, 2004).

In our opinion, such a significant difference in con-
tents of metals is provided by different rates of nucle-
ation and growth of minerals, primarily Fe hydroxides
and Mn oxide–hydroxides, and by different absorptiv-
ity of minerals relative to these metals. The absorptive
capacity of minerals likely is a crucial factor that con-
trols the chemical composition of low-temperature
deposits. Indeed, sorption is the most important process
in differentiation of chemical elements, as was shown
by experimental studies of oceanic Fe–Mn nodules and
crusts of different genesis (Novikov and Yashina, 1993;
Novikov, 1996; Novikov and Skornyakova, 1998;
Novikov and Cherkashev, 2000).

It is convenient to consider the experimental results
for the groups of Fe minerals, Mn minerals, and alumi-
nosilicates separately.

SORPTION OF HEAVY METAL CATIONS
ON MINERALS OF LOW-TEMPERATURE 

DEPOSITS

The study of the ion exchange properties of Fe–Mn
deposits may be limited to determination of the main
variables (exchange capacity of minerals, composition
of exchangeable metal cations, reactivity of these min-
erals, kinetic parameters of sorption) or to determina-
tion of all ion exchange characteristics (Novikov,
2005). As was mentioned above, the examined low-
temperature hydrothermal deposits are crusts 1 mm–2 cm
thick or films thinner than 2 mm; i.e., the quantity of
material was insufficient for determination of all ion
exchange parameters and compelled us to limit our-
selves to the main characteristics. Nevertheless, the
results obtained make it possible to characterize low-
temperature hydrothermal deposits of different mineral
compositions as natural ion exchangers in comparison
with Fe–Mn deposits of diagenetic and sedimentary
origins.

Concentrated (1 N) solutions of heavy metal salts
were used in order to determine the maximal possible
absorptivity (exchange capacity) of low-temperature
hydrothermal mineral assemblages under given physic-
ochemical conditions. The use of such highly concen-
trated solutions was dictated primarily by kinetic rea-
sons. Second, the composition of the exchange com-
plex of minerals was established simultaneously with
the determination of the exchange capacity. Third, the
effect of other (in addition to those examined) dissolved
metal cations (except protons H

 

+

 

) on the solid phase is
practically ruled out. Such an approach allowed all
obtained data to be interpreted from the same stand-
point despite the different mineral composition of
examined samples. Recall that highly concentrated
solutions have repeatedly been used for the study of the
ion exchange properties of other natural minerals, e.g.,
micas, clays, zeolites, alkali feldspars, and sulfides
(Deer et al., 1962; Zaitseva, 1966; Chelishchev, 1973;
Tarasevich and Ovcharenko, 1975; Breck, 1973; Chel-
ishchev et al., 1988). Interpretation of the obtained
results took into account that exchange reactions pro-
ceed primarily on dominant mineral phases of each
sample and the ion exchange properties of particular
minerals are controlled by the structural type of lattice
and the position of metal cations therein. The compari-
son of data on sorption of metal cations from solutions
with concentrations of 1.0–0.001 N offers the opportu-
nity to consider the mechanism responsible for their
concentration in minerals of low-temperature hydro-
thermal deposits.

Interaction of samples of different mineral composi-
tions and genesis with water solutions of metal salts
results in modification of the chemical composition of
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the samples, which become enriched in alkali and
alkali-earth metals (first of all) and depleted in heavy
metals. Hence, exchange reactions between metal cat-
ions proceed in all examined heterogeneous systems.
The exchange between cations depends on the modal
composition and crystallochemical properties of miner-
als, the nature of absorbed cations, and other parame-
ters. Thereby, the exchange capacity of minerals (and
their assemblages) is highly variable. Let us consider
the data on sorption of metal cations for each of the
aforementioned mineral assemblages from low-tem-
perature hydrothermal deposits.

The absorptive capacity of 

 

Fe minerals

 

 varies from
0.03 to 0.98 mg-equiv/g, with maximal (0.44–0.98 mg-
equiv/g) and minimal (0.03–0.28 mg-equiv/g) values
characteristic of goethite and hematite, respectively
(Table 2). In general, the sorption activity of Fe miner-
als increases in the following order:

hematite < Si-bearing protoferrihydrite < protoferri-
hydrite < goethite.

The low exchange capacity of hematite is explained
by its belonging to the minerals with a coordination-
type structure, which is characterized by a very com-
pact arrangement of atoms in the lattice, while the other
Fe minerals pertain to minerals with a layer structure.

Hematite from sample 1891-b (Figs. 1e, 1f) is char-
acterized by a low exchange capacity relative to all
heavy metals (0.03–0.28 mg-equiv/g) irrespective of
the concentration of their solutions (Table 3). These
values are comparable with similar data obtained by
Novikov and Cherkashev (2000) despite the fact that
the Fe contents in hematite were different: 26.82 wt %
in our sample and 15.20 wt % in the material used in the
cited publication. The exchange of all heavy metal cat-
ions except Cu

 

2+

 

 on hematite occurs at the expense of
Na

 

+

 

; in the case of Cu

 

2+

 

, it occurs at the expense of Na

 

+

 

and Ca

 

2+

 

 (Table 4). Thereby, the exchange between
metal cations of the solid and liquid phases is equivalent.
The pH values in equilibrium solutions also remained
unchanged relative to the initial values (Table 5).

The exchange capacity of protoferrihydrite (sam-
ples 1491-1, 1863-4, and 2218-6) and Si-bearing proto-
ferrihydrite (samples 2157-10, 2157-11, 2157-14, and
2170-7) with respect to heavy metal cations absorbed
from 1 N solutions ranges from 0.23 to 0.74 and from
0.10 to 0.48 mg-equiv/g, respectively (Table 2). The
data obtained show that the exchange capacity of proto-
ferrihydrite relative to all cations is 1.5–2 times higher
in comparison with Si-bearing protoferrihydrite, prob-
ably, owing to the structural and textural properties of
the latter. Furthermore, the exchange capacity of proto-
ferrihydrite and its siliceous variety relative to each
examined element is practically constant and is inde-
pendent of the Fe

 

3+

 

 (FeOOH) content in samples
(Fig. 2a). This indicates that the number of exchange
centers in minerals is limited and these minerals
achieved their maximal exchange capacity under the
physicochemical conditions of the experiment.

The absorptivity of both minerals is realized by pas-
sage of cations of major elements (Na

 

+

 

, K+, Ca2+, and
Mg2+) (Table 2, sample 1491-1) into solution; the reac-
tivity of these elements (mg-equiv/g) decreases in the
following order: Na > Mg � Ca > K. At the same time,
all examined samples demonstrate the prevalence of the
sum of removed metal cations over the quantity of
absorbed metal cations, with an increase in the pH of
equilibrium solutions by 0.20–0.35 units relative to the
pH of initial solutions (Table 5). This implies that Fe
minerals also absorb protons ç+ in addition to heavy
metal cations.

At the same time, the results obtained for the sorp-
tion of heavy metal cations from solutions with lower
concentrations (0.1–0.001 N) demonstrate a decrease in
the exchange capacity of both minerals relative to the
values presented in Table 2. Their exchange capacity
decreased by 0.04–0.11 mg-equiv/g in the case of 0.1 N
solutions and amounts only to 0.02–0.11 mg-equiv/g in
the case of their sorption from 0.001 N solutions (Table 3,
samples 1491-1 and 2157-10). The decrease in the
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exchange capacity of minerals with respect to heavy
metal cations results in a reduced difference between
the exchange capacity and the sum of removed
exchange cations. In the case of sorption of heavy metal
cations from 0.001 N solutions, this difference is negli-
gible; i.e., the exchange is equivalent (Table 4, sam-
ple 1491-1). This is supported by a similar pH of the
equilibrium and initial solutions (Table 5). Hence, the
exchange capacity of protoferrihydrite and Si-bearing
protoferrihydrite is realized only at the expense of their
exchange cations, while protons H+ do not participate
in these reactions.

The presence of several mineral phases in samples
changes their absorptive properties. For example, the
occurrence of nontronite in sample 2192-2(2)b, in addi-

tion to protoferrihydrite, increases the exchange capac-
ity by 0.06 mg-equiv/g with respect to Mn and Zn and
by 0.24–0.27 mg-equiv/g with respect to Cu, Pb, Ni,
and Cd as compared with “pure” protoferrihydrite. A
similar situation is characteristic also of Si-bearing
protoferrihydrite, as is evident from a comparison of
data on the respective samples (Table 2).

As was mentioned above, goethite, a mineral of sed-
imentary genesis, is characterized by the highest
absorptive capacity among the Fe minerals. Despite
their different origin, the ion exchange reactions on
goethite are similar to those on other Fe minerals.
According to the data on sorption of metal cations from
1.0–0.1 N solutions, the exchange capacity of goethite
increases from Mn to Cu and then to Pb. The exchange

Table 3.  Exchange capacity, mg-equiv/g, of low-temperature hydrothermal and hydrogenic deposits versus concentrations
of metal salt solutions

Sample numbe Solution
concentration, N

Absorbed cation

Mn Ni Co Cu

1883-5 1.0 2.16 1.84 2.55 2.70

0.1 2.06 1.74 2.44 2.58

0.01 1.95 1.63 2.31 2.50

0.001 0.98 0.92 1.30 1.45

2202-2B2 1.0 2.64 2.20 3.04 3.14

0.1 2.50 2.04 2.90 3.06

0.01 2.28 1.80 2.68 2.84

0.001 0.94 0.88 1.32 1.38

2157-14a 1.0 2.97 2.60 3.36 3.58

0.01 2.66 2.23 3.00 3.23

0.001 1.24 1.16 1.57 1.76

1479-2b 1.0 0.44 0.52 0.56 0.98

0.1 0.36 0.40 0.41 0.88

0.001 0.08 0.08 0.05 0.12

1891b 1.0 0.04 0.07 0.04 0.28

0.01 0.02 0.03 0.01 0.12

0.001 0.02 0.02 0.01 0.05

1491-1 1.0 0.28 0.31 0.26 0.74

0.1 0.22 0.24 0.22 0.65

0.01 0.10 0.15 0.10 0.48

0.001 0.03 0.06 0.04 0.11

2157-10 1.0 0.14 0.15 0.13 0.47

0.1 0.11 0.11 0.09 0.35

0.01 0.06 0.06 0.04 0.21

0.001 0.03 0.04 0.03 0.10

2157-6 1.0 0.36 1.17 1.06 1.19

0.1 0.22 1.03 0.96 1.10

0.01 0.10 0.82 0.68 0.92

0.001 0.04 0.30 0.16 0.23
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capacity for these elements differs more than twofold,
indicating selective absorptivity (Tables 2, 3).
Exchange reactions in goethite are accompanied by
passage of cations of alkali and alkali-earth metals into
solutions (Table 4, sample 2157-6); their exchange
capacity decreases in the following order irrespective of
absorbed heavy metal cations: Na > Ca > Mg > K. As
in the case of protoferrihydrite and its siliceous variety,
the pH of equilibrium solutions is higher by 0.20–
0.45 units than the pH of initial solutions (Table 5).
This means that goethite is able to absorb from solu-
tions not only heavy metal cations but also protons H+;
as a result, the exchange remains equivalent and the
mineral matrix is electrically neutral.

Goethite is characterized by the same relationships
typical of other Fe minerals: the exchange capacity
decreases with reduced concentration of metal cations
in solutions, the sum of removed exchange cations is
equal to the capacity for the respective cation of heavy
metal, and the pH remains equal in the initial and equi-
librium solutions (Tables 3–5).

The trends of increasing exchange capacity of Fe
minerals with respect to the examined elements are
practically identical (Table 2) and thus indicate that the
ion exchange properties of these minerals are close to
one another. By capacity values, the metals may condi-
tionally be divided into three groups. In the case of
protoferrihydrite, Si-bearing protoferrihydrite, and
polymineral samples, the first group consists of Mn and
Co and the third group of Pb and Cu, and they are char-
acterized by minimal and maximal capacity values,
respectively. Cu always occupies the extreme right
position, while Co and Mn can change places in the
succession. The second group comprises Ni, Cd, and
Zn, which occupy an intermediate position between
elements of the first and third groups. As concerns
hematite and goethite, the succession is changed. In the
case of hematite, Cd is placed into a common group
with Co and Mn, while, in the case of goethite, Cd may
be regarded as an autonomous group and, thus, the fol-

lowing succession is established: Mn, Ni, Co, and Zn
(the first group); Cd (the second group); and Pb and Cu
(the third group).

The absorptivity of nontronite (samples 2157-6,
2157-7, and 2192-2(2)c) is substantially higher than
that of Fe minerals owing to its lattice structure and
physicochemical properties. Two types of isomorphic
replacements are characteristic of nontronite: Si4+ with
Al3+ in the octahedral layer and Si4+ with Fe3+ in the tet-
rahedral layer. In addition, Mg2+ and, probably, an
insignificant quantity of Fe3+, Mn2+, and Ni2+ are also
contained in octahedral coordination (Deer et al.,
1962). These replacements result in the appearance of a
negative charge in the Al–Si–O framework of the min-
eral that is compensated by interlayer cations, primarily
by Na+ and Ca2+, which provide the ion exchange prop-
erties of nontronite.

The results of exchange reactions indicate a selec-
tive capacity of nontronite with respect to heavy metal
cations. Based on exchange capacity (sorption of cat-
ions from 1.0 N solutions), the metals are divided into
two groups. The first group consists of Mn and Zn,
which show the minimal capacity (0.34–0.38 and 0.37–
0.43 mg-equiv/g, respectively). The remaining heavy
metals, whose capacity varies from 1.04 to 1.30 mg-
equiv/g (Table 2), are included in the second group.
These relationships are reflected in the series of pro-
gressive growth of the exchange capacity inherent to
nontronite (Table 2).

The exchange complex of nontronite consists of the
same cations as that of Fe minerals: Na+, K+, Ca2+, and
Mg2+ (Table 4, sample 2157-6). Their reactivity
decreases in the following order: Na > Ca > Mg > K.
The contribution of each exchange cation to the total
capacity of the mineral decreases in the same direction.
Like Fe minerals, nontronite also absorbs protons H+ in
addition to heavy metal cations: the pH of equilibrium
solutions increases by 0.15–0.25 units relative to the pH
of initial solutions (Table 5). This implies that, during

Table 5.  Average pH of equilibrium solutions after sorption of heavy metal cations on low-temperature hydrothermal deposits
So

lu
tio

n
of

 m
et

al
 s

al
t

pH of initial
solution with 

concentration, N

Average pH of equilibrium solutions with concentrations, N

1.0 0.001 1.0 0.001 1.0 0.001 1.0 0.001 1.0 0.001 1.0 0.001 1.0 0.001 1.0 0.001

1.0 0.001 B V B and V Fe-V and 
Mn-Ph G PFh and

Si-PFh H N

MnCl2 4.80 6.45 4.90 6.45 5.10 6.40 5.20 6.50 4.95 6.50 5.10 6.50 4.95 6.45 4.85 6.45 5.05 6.45

Ni(NO3)2 3.80 6.50 4.00 6.50 4.35 6.50 4.35 6.55 4.15 6.50 4.20 6.50 4.00 6.50 3.80 6.50 4.00 6.55

Co(NO3)2 3.45 6.60 3.05 6.45 3.10 6.50 3.30 6.50 3.00 6.55 3.90 6.60 3.75 6.65 3.45 6.60 3.65 6.60

Cu(NO3)2 3.40 5.20 3.00 5.05 2.95 5.15 3.20 5.20 3.10 5.25 3.80 5.25 3.60 5.25 3.45 5.25 3.55 5.30

ZnSO4 4.20 6.30 4.50 6.35 4.60 6.30 4.70 6.35 4.40 6.40 4.65 6.35 4.40 6.30 4.20 6.30 4.40 6.35

Cd(NO3)2 5.20 6.30 5.40 6.30 5.65 6.30 5.60 6.35 5.45 6.30 5.45 6.30 5.45 6.30 5.30 6.30 5.35 6.30

Pb(NO3)2 3.70 5.60 3.25 5.40 3.40 5.50 3.55 5.55 3.35 5.85 4.10 5.65 3.95 3.80 3.65 5.65 3.90 5.65
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sorption of heavy metal cations from concentrated solu-
tions, only exchange cations of nontronite take part in
the exchange reaction, while protons H+ play a subordi-
nate role in this process. In the case of 0.001 N solu-
tions, sorption is provided only at the expense of
exchange cations contained in nontronite, as is con-
firmed by the pH of equilibrium solutions (Tables 4, 5).
Nontronite is characterized by the same relationship as
that for Fe minerals: a decrease in the concentration of
heavy metal cations in solutions results in a decreased
exchange capacity (Table 3, sample 2157-6).

Our data on nontronite absorptivity are in rather
good agreement with the values obtained for minerals
of the montmorillonite group (0.80–1.50 mg-equiv/g)
by Deer et al. (1962), Kokotov (1980), and Zuzuk and
Kryukov (1987).

In exchange capacity, hydrothermal Mn minerals
substantially exceed not only the studied Fe minerals
and aluminosilicates of the same genesis but also
hydrogenic Mn minerals (Table 2). The following order
of Mn minerals is established in accordance with
increasing exchange capacity with respect to all metals:
Fe-vernadite, Mn-feroxyhyte < vernadite < bernessite +
vernadite < bernessite.

The exchange capacity of the hydrothermal assem-
blage Fe-vernadite + Mn-feroxyhyte + Mn minerals (by
sorption of metal cations from 1.0–0.1 N solutions) var-
ies within the same limits as in samples of similar com-
position studied by Chelishchev et al. (1992), Novikov
and Yashina (1993), Novikov et al. (1995), Novikov
(1996), and Novikov and Cherkashev (2000). The
obtained capacities of Mn minerals with respect to all
heavy metal cations are high for natural inorganic ion
exchangers and indicate that these metals are absorbed
by the entire crystallochemical volume of the Mn min-
erals. The same was noted previously for diagenetic
and sedimentary–diagenetic nodules composed of var-
ious Mn minerals with a layer structure. The character
of exchange reactions that proceed with participation of
Mn minerals is similar regardless of their genesis, so
that the obtained results may be described in general
terms.

A direct correlation between the exchange capacity
and the content of quadrivalent Mn (MnO2) was estab-
lished for hydrogenic crusts composed of Fe-vernadite
and Mn-feroxyhyte (Fig. 2b). Similar results were
obtained for other samples of sedimentary crusts from
various areas of the World Ocean (Novikov and Yashina,
1993; Novikov, 1996). A direct correlation was also
established for low-temperature hydrothermal deposits
composed of bernessite and vernadite (samples 2202-
2A1b, 2202-2B2 and 1845-10b) (Fig. 2c).

However, the absorptivity of samples is determined
not only by the content of MnO2 but also by their min-
eral compositions, as is evident from a comparison of
the exchange capacity obtained for samples 2157-14a
and 1845-10b. The first sample is composed exclu-
sively of bernessite, while the second sample consists

of vernadite and subordinate bernessite. The Mn con-
tents in these samples are practically identical:
30.52 and 30.84 wt %, respectively (Table 1). At the
same time, the absorptive capacity of sample 2157-14a
with respect to various heavy metal cations is by 0.22–
0.34 mg-equiv/g higher than that of sample 1845-10b
(Table 2).

The absorptivity of all examined Mn minerals
increases in the same succession from Ni2+ toward
Cu2+. In each mineral assemblage, the arrangement of
metal cations in this succession is similar and allows
compiling of a common series (Table 2). By exchange
capacity, metals are divided into two groups: (1) Ni2+,
Zn2+, Cd2+, and Mn2+ and (2) Co2+, Pb2+, and Cu2+.

In addition to Na+, K+, Ca2+, and Mg2+, the exchange
complex of all Mn minerals also includes cations of
heavy metals: Mn2+, Cu2+, Ni2+, Co2+, and Ba2+. How-
ever, only the contribution of Mn2+ to the exchange
capacity of Mn minerals is substantial, reaching 0.46–
0.55 mg-equiv/g for samples 1845-10b, 2157-14a,
2202-2A2.1, and 2202-2B2. The total contribution of
other heavy metal cations to the total capacity of Mn
minerals does not exceed 0.05 mg-equiv/g. Among the
main exchange cations, the highest reactivity is charac-
teristic of Ca2+ and Na+ and the lowest, of K+ (Table 4).
The series of decreasing reactivity of metal cations and
their contribution to the exchange capacity of Mn min-
erals coincide: Ca > Na > Mg > Mn2+ > K > (Ba, Ni, Zn,
Cu, Co).

Two specific features of absorption of heavy metal
cations by Mn minerals of low-temperature hydrother-
mal deposits have been revealed. First, the character of
absorption of metal cations by Mn minerals belonging
to the first and the second groups is different irrespec-
tive of their genesis. The sum of cations from the
exchange complex of Mn minerals passing into solu-
tion is higher by 0.14–0.37 mg-equiv/g than the amount
of absorbed Ni2+, Zn2+, Cd2+, and Mn2+ (the first group
of cations). At the same time, the exchange capacity of
these minerals with respect to Co2+, Pb2+, and Cu2+ (the
second group) exceeds by 0.15–0.30 mg-equiv/g the
quantity of removed cations of the exchange complex,
Mn2+ included (Table 4). The exchange equivalency is
retained in the first case owing to sorption of protons H+

by Mn minerals, and in the second case, by passage of
protons that occupy certain positions in Mn minerals
into solution. Correspondingly, sorption is accompa-
nied by an increase in the pH of equilibrium solutions
by 0.20 units (on average) relative to the pH of initial
solutions in the case of metal cations belonging to the
first group and by a decrease in the pH by 0.40–
0.55 units in the case of metal cations of the second
group (Table 5). This means that protons H+ enter into
the exchange complex of Mn minerals during sorption
of Co2+, Cu2+, and Pb2+.

The second specific feature of exchange reactions is
related to sorption of Co2+, which is accompanied by
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the complete removal of Mn2+ from hydrothermal Mn
minerals, whereas, during sorption of Cu2+ and Pb2+,
only 88.8–94.5% of divalent Mn is removed. Sorption
of other cations of heavy metals is accompanied by
much lesser removal of Mn2+, which does not exceed
35.8–43.7% of its initial content in samples (Table 4).

Such a character of the exchange reaction  +

   +  was previously pointed
out for layer Mn minerals from diagenetic and sedi-
mentary nodules, crusts, and crustal–nodular deposits
(Chelishchev et al., 1992; Novikov and Yashina, 1993;
Novikov and Skornyakova, 1998). Now, this phenome-
non has been established also for low-temperature
hydrothermal Mn minerals. Hence, it may be stated that
this relationship is characteristic of all layer Mn miner-
als irrespective of their genesis.

A decreased concentration of heavy metal cations in
solutions leads to a differential reduction in the
exchange capacity of Mn minerals irrespective of their
origin. When cations are absorbed from 0.1 and 0.01 N
solutions, the exchange capacity of Mn minerals
decreases by 0.08–0.14 and 0.20–0.40 mg-equiv/g,
respectively, in comparison with absorption from 1.0 N
solutions. In the case of absorption of metal cations
from 0.001 N solutions, the capacity is as high as 0.83–
1.76 mg-equiv/g, i.e., equals 35–54% of its maximal
value (Tables 3, 4). The exchange capacity of Mn min-

Cosolution
2+

Mnsolid
4+ Cosolid

2+ Mnsolution
2+

erals remains high for natural absorbents and exceeds
the capacity of Fe minerals and nontronite observed
during absorption of metal cations from concentrated
(1.0–0.1 N) solutions.

The exchange reactions with participation of Mn
minerals revealed one more specific feature of heavy
metal absorption. The exchange capacity of Mn miner-
als with respect to Ni2+, Zn2+, and Cd2+ absorbed from
1.0–0.01 N solutions is always lower than the quantity
of removed exchange cations. As concerns Mn2+, Co2+,
Cu2+, and Pb2+, the capacity is, conversely, higher. In
the case of sorption from 0.001 N solutions, these values
are either equal or close to equality for all metal cations
(Table 4). The pH of equilibrium solutions (1.0–0.01 N)
of Ni, Zn, and Cd salts is by 0.10–0.55 units higher than
the pH of initial solutions, whereas the pH of equilib-
rium solutions of Co, Cu, and Pb salts is by 0.15–
0.45 units lower. In the case of sorption of heavy metal
cations from 0.001 N solutions, the pH values of equi-
librium and initial solutions are either equal or have a
difference approaching zero (Table 5). Thus, taking into
account the concentrations of solutions of heavy metal
salts, the exchange capacity of Mn minerals, the quan-
tity of exchange cations passing into solutions, and the
pH of equilibrium solutions, one may state that the
mechanism responsible for sorption of Ni2+, Zn2+, and
Cd2+ is equivalent irrespective of the concentrations of
these solutions, while the mechanism of Co2+, Cu2+,

Table 6.  Enrichment coefficients of mineral assemblages after sorption of heavy metal cations

Ratio of mineral assemblages
Absorbed cation

Mn Ni Co Cu Zn Cd Pb

(Fe-V + Mn-Fh) : G 4.82 3.42 4.41 2.59 3.38 2.78 2.64

(Fe-V + Mn-Fh) : H 53.0 25.4 61.8 9.07 24.5 66.6 19.1

(Fe-V + Mn-Fh) : PFh 7.57 5.09 7.97 3.58 4.17 5.00 3.70

(Fe-V + Mn-Fh) : Si-PFh 16.3 11.1 22.4 5.64 7.84 11.7 5.90

(Fe-V + Mn-Fh) : N 5.89 1.53 2.47 2.10 4.90 1.61 1.94

V : G 5.50 4.00 4.91 3.03 3.79 3.11 3.01

V : H 60.5 29.7 68.8 10.6 27.5 74.6 23.6

V : PFh 9.31 7.17 11.5 4.18 4.89 6.79 4.22

V : Si-PFh 18.6 13.0 25.0 6.60 8.80 13.2 6.74

Be : N 6.72 1.78 2.75 2.45 5.50 1.80 2.21

B : G 6.75 5.00 6.21 3.65 4.71 3.86 3.74

B : H 74.2 37.1 86.5 12.8 34.1 92.6 27.1

B : PFh 10.6 7.43 11.1 4.65 5.81 6.95 4.82

B : Si-PFh 22.8 16.2 31.4 7.96 10.9 16.4 8.38

B : N 8.25 7.22 3.48 2.96 6.82 2.24 2.75

B : G 0.82 2.23 1.79 1.23 0.69 1.72 1.36

B : H 9.00 16.6 25.0 4.32 5.00 41.3 10.6

N : PFh 1.38 4.00 4.16 1.70 0.89 3.76 1.91

N : Si-PFh 2.77 7.25 9.09 2.69 1.60 7.29 3.05
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Fig. 3. Relationships between sorption and mineralogical characteristics of ferruginous and manganese deposits.

and Pb2+ sorption is superequivalent relative to the
exchange cations of metals, Mn2+ included, in the case
of their sorption from 1.0–0.01 N solutions and is equiv-
alent in sorption from 0.001 N solutions. The equiva-

lent exchange in sorption of Co2+ Cu2+, and Pb2+ from
diluted (0.001 N) solutions with the pH approaching the
neutral value indicates the decreased role of protons ç+

in exchange reactions.
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The role of Fe and its minerals in sorption of ore
matter in Fe–Mn deposits was considered by Cheli-
shchev et al. (1992), Novikov (1996), and Novikov and
Skornyakova (1998). On the one hand, the experimen-
tal data on sorption of ions of heavy and rare metals by
nodules and crusts of different chemical and mineral
compositions demonstrated a low sorption activity of
Fe minerals with respect to the metal cations. On the
other hand, the data obtained allowed the suggestion
that, in addition to isomorphic replacement of structural
Mn(IV) in MnO6 layers, Fe(III) also occupies other
sites in Mn minerals, from where it is not displaced into
solution by ions of heavy and rare metals, thereby
reducing the exchange capacity of minerals.

This study confirmed the above assumptions. Let us
compare the sorption of heavy metal cations in two
groups of samples. The first group consists of samp-
les 2192-3 and 1883-5, composed of Fe-free vernadite
and Fe-vernadite + Mn-feroxyhyte, respectively. The
latter minerals are close in Mn contents of 21.52 and
19.66 wt % and substantially differ (by more than an
order of magnitude) in Fe contents of 1.45 and 16.15 wt %,
respectively (Table 1). The exchange capacity of Fe-
free vernadite with respect to heavy metal cations
exceeds by 0.16–0.27 mg-equiv/g that of the Fe-verna-
dite + Mn-feroxyhyte assemblage. Hence, the occur-
rence of Fe in the sample reduces the absorptive prop-
erties of vernadite.

The second group is made up of separate layers of
sample 2202-2A2, where both the mineral composition
and the Mn and Fe contents change from the surface
toward central parts (Table 1). The external (0–1 cm)
layer of the sample, consisting of Fe-vernadite and
Mn-feroxyhyte, is characterized by an exchange capac-
ity ranging from 2.24 (Ni) to 3.35 (Cu) mg-equiv/g. In
two underlying layers of this sample (1–4 cm), com-
posed largely of Si-bearing protoferrihydrite, this
parameter ranges from 0.31 to 0.80 mg-equiv/g (1–
2 cm) and from 0.012 to 0.51 mg-equiv/g (2–4 cm).
The higher exchange capacity of the second layer
(1−2 cm) with respect to all heavy metal cations is
explained by an admixture of vernadite (the Mn content
is 6.15 wt %). The comparative analysis of the sorption
activity of Mn and Fe minerals explains, in our opinion,
the difference in contents of heavy metals in natural
samples.

Thus, the high sorption activity of low-temperature
hydrothermal and hydrogenic Mn minerals is largely
determined by their crystallochemical properties, the
content of quadrivalent Mn (MnO2) in samples, and the
selective sorption with respect to heavy metal cations.

The coefficients of mineral enrichment (Kenrich) as a
ratio of absorptivity values of different minerals with
respect to the given cations are also indicative of sub-
stantially higher sorption activity of Mn minerals than
Fe minerals and nontronite of any genesis. The highest
Kenrich values with respect to Cd are established for Mn
minerals and nontronite relative to hematite: 66.6–92.6
and 41.3, respectively (Table 6). The absorptive capac-

ity of nontronite with respect to all heavy metals is, in
turn, higher than that of Fe minerals (Kenrich is 1.23–
41.3). Mn2+ and Zn2+ are the only exception: Kenrich for
these cations is <1 for the nontronite–goethite and non-
tronite–protoferrihydrite pairs. Goethite and protoferri-
hydrite likely reveal a higher selectivity relative to these
cations in comparison with nontronite. Minimal Kenrich
values are established with respect to either Cu (2.59–
12.8 in 14 of 19 ratios) or Pb (2.64–6.74) (Table 6).

CONCLUSIONS

The obtained data on the sorption activity of oceanic
low-temperature hydrothermal and hydrogenic depos-
its of different mineral and chemical compositions pro-
vide insights into some general relationships.

All examined minerals and their assemblages are
able to exchange with metal cations in solutions,
although the exchange degree is different for each class
of minerals and is controlled by their structural, crystal-
lochemical, and physicochemical properties, as well as
by the chemical nature of absorbed metal cations. Thus,
these natural compounds are natural ion exchangers.

The sorption activity of low-temperature minerals
from Pacific hydrothermal fields increases in the fol-
lowing succession: hematite � Si-bearing protoferrihy-
drite < protoferrihydrite < goethite < nontronite � Fe-
vernadite + Mn-feroxyhyte < Fe-free vernadite < ber-
nessite + Fe-free vernadite < bernessite, i.e., increases
from the mineral with a coordination type of lattice
toward minerals with a layer structure.

By exchange capacity, the minerals are divided into
four groups. The first group includes hematite, charac-
terized by a very low capacity (up to 0.1 mg-equiv/g),
in which the cation exchange is realized by surface iso-
morphic replacements (Novikov and Cherkashev,
2000). The second group consists of protoferrihydrite
and goethite, whose exchange capacity varies from
0.23 to 0.98 mg-equiv/g. The third group is represented
by nontronite, whose capacity ranges from 1.04 to
1.30 mg-equiv/g with respect to most of the examined
cations and from 0.34 to 0.43 mg-equiv/g with respect
to Mn2+ and Zn2+. The mechanism of absorption of
heavy metal cations by minerals of the second and third
groups is equivalent. The fourth group is composed of
Mn minerals, which reveal striking sorption properties
irrespective of their genesis and are characterized by a
high capacity relative to heavy metal cations (1.42–
3.58 mg-equiv/g). The exchange capacity within this
group increases distinctly from hydrogenic Fe-verna-
dite toward hydrothermal bernessite and Fe-free verna-
dite. The sorption of Ni2+, Cd2+, Zn2+, and Mn2+ pro-
ceeds in line with the equivalent ion exchange mecha-
nism (as in the case of minerals belonging to the second
and third groups) at any concentration of metal salt
solutions. The sorption of Co2+, Pb2+, and Cu2+ is
superequivalent even taking into account Mn2+ in the
exchange complex of minerals when these cations are
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absorbed from concentrated solutions and equivalent
when they are absorbed from diluted solutions.

As can be seen from Table 2, two series of the
absorbed metal cations are distinguished. As concerns
Fe–Mn minerals, these series are identical. The differ-
ence consists only in the combination of Co2+ with Pb2+

and Cu2+ into a common series in Mn minerals. The
series for nontronite reveals a difference accounted for
by its lower selectivity with respect to Mn2+ and Zn2+

relative to other heavy metal cations.
The study of products of ion-exchanging reactions

carried out by electron microdiffraction did not estab-
lish new phases despite high contents of heavy metal
cations, particularly Pd2+, Cd2+, and Cu2+, in examined
minerals, primarily, in Mn varieties.

The exchange complex of minerals distinct in chem-
ical composition, lattice structure, and genesis consists
of Na+, K+, Ca2+, and Mg2+, i.e., of the main cations of
seawater. Mn minerals, irrespective of their genesis,
include also Mn2+ as a main exchange component,
which makes a substantial contribution to the exchange
capacity of these minerals (up to 0.5 mg-equiv/g) and
thus redistributes the shares of the other cations in the
total capacity. The contribution of all the above cations
to the exchange capacity of minerals amounts to 90–
98%. Ni2+, Cu2+, and Zn2+ are involved in exchange
reactions with participation of Mn minerals, although
their contribution to the capacity of minerals is insignif-
icant: 0.05–0.07 mg-equiv/g, or 2.0–3.5 wt % of their
content in samples.

The differences in ion-exchanging properties of
samples similar in genesis but different in chemical and
mineral compositions are substantially greater than in
the case of samples composed of minerals of the same
class but belonging to different genetic groups. Thus,
the crystallochemical and physicochemical properties
of natural minerals are their most important character-
istics for the process under consideration. The sorption
activity of low-temperature hydrothermal fields is pri-
marily determined by their mineral composition, while
the role of the genetic factor is significantly lower.
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