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Abstract—The petromagnetic properties of rocks from the Verkhnii Omolon, Magnetitovyi, Innyaga, and
Alekseeskii areas of the Southern Omolon iron-ore district located in the southern part of the Omolon Massif
(Northeast Russia) are investigated. The maximum values of natural remanent magnetization (NRM) and
magnetic susceptibility (k) of 22.8—1196 A/m and 1046 x 10~ SI on average, respectively, are typical of fer-
ruginous quartzite from the Innyaga site. The amphibolites exhibit high values of these magnetic parameters:
J,, is approximately 28.6 A/m and k is 45 % 103 SI. The magnetic properties (J, and k) of the plagiogneisses
and granite gneisses are highly heterogeneous and variable. The migmatites, rhyolites, and dacites are sub-
magnetic. Magnetic minerals are largely represented by multidomain and pseudosingle-domain magnetites
and their oxidation products such as maghemite, hematite, and iron hydroxides. It is revealed that the
amphibolites are characterized by normal polarity of the remanent magnetization, while the ferruginous
quartzites demonstrate normal and reverse polarities. These rocks may serve as sources of magnetic bipolar

anomalies.
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INTRODUCTION

Special complex geological—geophysical studies in
the southern Omolon Massif have revealed several
lodes of ferruginous quartzites, which provided
grounds for distinguishing the Omolon iron-ore prov-
ince, with the Southern Omolon iron-ore district
being its most promising area [5]. This region hosts
more than ten iron-ore occurrences [25]. Ferruginous
quartzites are represented by lens-shaped and strati-
form bodies among migmatites, amphibole and
biotite—amphibole plagiogneisses, amphibolites, and
basic crystalline schists. No uniform viewpoint exists
on the genesis and age of ferruginous quartzites. Most
researchers consider them as being metasomatic rocks
[14] related to Early Proterozoic granitization. Some
authors [9] accept the metasomatic nature of ferrugi-
nous quartzites, assuming, however, a two-stage pro-
cess with the formation of ores during Riphean
destruction of the crystalline basement. Other
researchers suggest a sedimentary origin of iron ores
[7]. For prospecting and exploring magnetite ores,
geophysical methods including ground and aeromag-
netic surveying are widely used [11]. Correct interpre-
tation of the data obtained by magnetic surveying
requires knowledge of the magnetic properties of
rocks. Despite the fact that iron-ore mineralization in
the Omolon Massif has been known for a long time,

the magnetic properties of its rocks remain insuffi-
ciently studied. The study of the magnetic properties
of the rocks in the region in question is aimed at the
assessment of the share of inductive and natural rema-
nent magnetization in the intensity of the magnetic
anomalies revealed by the ground magnetometric sur-
vey, which is of importance for contouring ore bodies
[10].

MATERIALS AND METHODS

The petromagnetic properties of rocks were studied
in a total of 120 samples from the Verkhnii Omolon,
Magnetitovyi, Innyaga, and Alekseevskii areas of the
South Omolon iron-ore district located in the south-
ern part of the Omolon Massif (Fig. 1). For study, ori-
ented and nonoriented samples taken from outcrops
and boreholes were used.

Natural remanent magnetization (J,, NRM) was
measured at the JR-5A (AGICO Ltd.) spin magne-
tometer. Prior to assessing the stability, the samples
were held for 5—15 days in the “along the field” and
“opposite to the field” states to be demagnetized by
the variable field with amplitudes of 5, 10, 20, 40, and
60 mT on LDA-3 (AGICO Ltd.) equipment. The
Remasoft program was used for calculating the
obtained data.
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Fig. 1. Location (a) and schematic geological map of the South Omolon iron-ore district (b) (after [6] modified).

(1) sedimentary rocks (P;—K,); (2) volcanogenic rocks of the Kedon Complex (D,_3kd); (3) Riphean sedimentary rocks (PR5);
(4) pre-Riphean crystalline basement; (5) Early Paleozoic intrusive rocks; (6) Middle Paleozoic granitoids; (7) geological bound-
aries; (&) tectonic fractures; (9) sampling areas: (a) Verkhnii Omolon, (b) Innyaga, (c) Magnetitovyi, (d) Alekseevskii.

The magnetic susceptibility (MS, k) and tempera-
ture dependence of k in the temperature interval of
20—700°C in the air and argon mediums were mea-
sured on an MFKI1-FA multifunctional kappameter
with the CS-3 (AGICO Ltd.) thermal attachment.
The heating and cooling rates were approximately 12—
13°C/min and the maximum heating temperature was
700°C. Some samples were heated in the argon
medium. The parameters of magnetic hysteresis,
including remanent saturation magnetization (J),
saturation magnetization (J;), inductive magnetiza-
tion (J;), coercive force (B,), and remanent coercive
force (B,) were measured on a J-meter automatic
coercimeter [2]. The maximum value of the induced
field was up to 500 mT. The relative share of the para-
magnetic component was calculated using the formula
[/; (at 500 mT) — J, (ferromagnetic component)]/J; (at
500 mT). For analyzing the dependence of saturation
magnetization on temperature J(7), magnetic scales
were used in an induction field of 500 mT [2]. The
samples were heated to 700°C with the heating rate of
approximately 100°C/min. The rock density was mea-
sured on an IMT-3 densitometer.

The mineralogical composition of the rocks was
studied with a MT 9000 Series polarization micro-
scope. Some samples were examined on Qemscan
equipment (Australia), which includes an EVO-50
scanning microscope and Quantax Espirit (Bruker)
energy dispersion system.

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vl. 9

BRIEF REVIEW OF AREAS

Systematic geological studies in the Omolon Mas-
sif were started in the 1930s and continue to the
present.

In the 1970s, special and complex geological—geo-
physical studies in the southwestern part of the Omo-
lon Massif revealed several large iron-ore occurrences.
This discovery provided grounds for defining the
South Omolon iron-ore district in this region.

The evaluation survey carried out by geologists of
the Northeast Regional Geological Agency
(L.G. Shpil’ko and A.P. Fadeev, 1973) with the aim of
revealing iron-ore objects in this area was accompa-
nied by the analysis of different regional aspects of its
stratigraphy, magmatism, tectonics, and mineral
resources with generalization of the data on the phys-
ical and petrochemical properties of rocks and inter-
pretation of the anomalous magnetic field [5, 7, 14].

The new data on the geological structure of the
region under consideration were obtained during
prospecting works carried out by the Dukat Mining—
Geological Company in 2009—2012 [13].

The Upper Omolon area is located on the left side
of the Ol’dyani River in its lower reaches (Fig. 1). The
central part of the ore field, approximately 8 km? in
size and composed of migmatites, gneisses, and
amphibolites, comprises five ore lodes dipping mostly
in the easterly to northeasterly directions. The lodes
are formed by conformable subparallel lens-shaped
bodies of ferruginous quartzites up to 160 m thick and

No. 4 2015



314

1100 m long. The vertical section of mineralization
varies from 300 to 500 m in thickness. The ores include
the following minerals: magnetite (35—50%); quartz
(15—50%); amphibole (up to 10%), and accessories
represented by apatite, ilmenite, and zircon. The ores
are characterized by lenticular—banded structures,
densely disseminated, and, less commonly, massive.
The total Fe content in them varies from 27 to 56%.
averaging 40.5%.

The Innyaga area is located in the upper reaches of
the Innyaga Creek, the left tributary of the Omolon
River. It represents a narrow (2 km) block of the base-
ment 8 km long among volcanics of the Kedon Com-
plex, which is dated to the Middle—Late Devonian
(Fig. 1) [3, 4]. The southern and southwestern parts of
the area are marked by intrusive bodies of Early Car-
boniferous quartz diorites and Cretaceous rhyolites.
The metamorphites developed in this area are
intensely dislocated into steep submeridional folds.

The ore-hosting sequence is composed of gneisses,
ferruginous quartzites, quartzite gneisses, crystalline
schists, and amphibolites, which are granitized to a
variable extent with the formation of migmatite gran-
ites. The rocks are universally intruded by Late Prot-
erozoic metagabbro sills and dikes of the Strelka Com-
plex. The ore lodes are represented by five conform-
able stratiform and lenticular bodies of ferruginous
quartzites up to 10—50 m thick. Their length ranges
from 200 to 1400 m. The ferruginous quartzites are
characterized by massive and lenticular—banded
structures, being composed of medium-grained mag-
netite, quartz, and amphibole. The total Fe content in
the ores varies from 20 to 41%, averaging 38.5%.

The Magnetitovyi area is defined on the left side of
the Omolon River in the Innyaga and Russkaya river
interfluve (Fig. 1). In this area, the ore-hosting
sequence is composed of migmatized amphibolites,
gneisses, quartzite gneisses, and quartzites dipping in
the monoclonal manner in the westerly direction at
angles of 60°—85°. The rocks are intruded by many
metabasite sills and dikes of the Strelka Complex.
Metamorphites are overlain by volcanics of the Kedon
Complex in the west and bounded by Early Paleozoic
granites of the Koargychan Massif in the south. The
area comprises five bodies of ferruginous quartzites
15—80 m thick and 300—800 m long. The ores are
characterized by diverse structural patterns: massive,
banded, lenticular—banded, plaiting, densely dissem-
inated, spotty, and irregularly disseminated. They are
composed of magnetite (15—40%), quartz (15—40%),
amphibole (5—25%), chlorite (1—10%), epidote, and
apatite (1%), The Fe content in them is as high as
39.9% on average.

The Alekseevskii area is located on the right side of
the Nizhnii Koargychan River near its mouth (Fig. 1).
The western and eastern parts of the area are com-
posed of Late Archean pagiogneisses (Nodla Com-
plex) and Early Proterozoic granite gneisses (Verkhnii
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Omolon Complex), respectively. They also include
lenticular bodies of variably migmataized amphibo-
lites. The rocks are characterized by a northeastern
strike with southeastward dip at angles of 50°—75°. In
the central part of the area, metamorphites are marked
by a mineralization zone with isolated lenticular bod-
ies of ferruginous quartzites 1—2 m thick and 20—30 m
(rarely 50 m) long. The Fe content in them ranges
from 32 to 38%. The mineralization intensity
increases toward the center of the zone. The zone is
2100 m long and 500—750 m wide. Along the zone
axis, metamorphites are intruded by a dike of Early
Paleozoic syenites of the Anmandykan Complex,
which gives way in the southwesterly direction to dior-
ites. The dike is up to 200 m thick and approximately
3 km long. The diorites and syenites contain veinlets
and lenticular bodies of amphibolized varieties with
disseminated magnetite concentrated in the zone up
to 30 m wide and approximately 300 m long. The total
Fe content is 15—21%.

RESULTS AND DISCUSSION
Diagnostics of Magmatic Minerals

Dependence of magnetic susceptibility on tempera-
ture The analysis of the k(7) curves available for the
examined samples reveals that magnetite with the
Curie temperature of approximately 580°C is the prin-
cipal magnetic mineral. At the same time, these curves
differ in their particular features (Fig. 2). The heating
curves obtained for some samples exhibit bends in the
400—450°C area, which are thought to be related to
cation-deficient magnetite (maghemite) (Figs. 2a, 2c,
2e, 2g). This mineral is resistant relative to heating,
when it is transformed into hematite. The maghemite-
to-hematite transformation temperature is highly
variable (from 250 to 900°C) depending on admix-
tures, size and shape of grains, degree of oxidation,
genesis, and heating rate [2, 17, 18]. In heating curves
J(T) and k(7), this transformation is recorded as the
J, and k drop at approximately 400°C [20, 21, 23, 24],
which is characteristic of the examined samples. After
heating, the magnetic susceptibility, as well as the sat-
uration magnetization values, decrease, since both the
magnetic susceptibility and J; of hematite are hun-
dreds of times lower as compared with these parame-
ters in magnetite and maghemite [26] and the cooling
curves are located below the heating curves. Such
curves are characteristic of ferruginous quartzites and
other rock types (Figs. 2a, 2c, 2e, 2g). Heating in the
air medium results in partial oxidation of the magne-
tite. Some samples were heated in the argon medium
(Fig. 2b, 2g, 2h). Judging from the k(7T) curves, no oxi-
dation of magnetite occurs under such conditions. All
the cooling curves are located above the heating
curves, reflecting the formation of magnetite, proba-
bly, after hematite. The presence of the latter is con-
firmed by optical methods. At the same time, it may
also be determined by the transition of maghemite into
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(M) magnetite; (Mg) maghemite; (Pr) pyrrhotite. Bold designates sample numbers, arrows indicate heating and cooling curves

and Curie points (transition) of minerals.

magnetite, which is established, for example, for the
ferruginous quartzites of the Kola Peninsula heated in
avacuum oven [1].

The heating and cooling curves obtained for the
sample of garnet plagiogneiss are typical of magnetite,
being practically reversible, which indicates stability of
the magnetic minerals during heating (Fig. 2d). Sam-
ple C13-133 contains pyrite (Fig. 2i). The cooling
curves k(7) demonstrate the susceptibility increase at
approximately 320°C, which corresponds to the Curie
point of pyrrhotite, which results from the pyrite
transformation into monoclonal pyrrhotite during
heating [12, 27].

Dependence of saturation magnetization on temper-
ature. Changes in saturation magnetization during

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vol. 9

heating were studied for all of the samples from the
examined rock collection. The curves J(7) obtained
for most samples are identical. The first-heating
curves demonstrate the magnetization drop at the
magnetite Curie temperature of approximately 580°C
(Fig. 3).

The second-heating curves of many samples are
located below their first-heating counterparts (Fig. 3).
This is explained by the oxidation of magnetite and
transformation of maghemite into hematite. Due to
the high heating rates, the maghemite-to-hematite
transition in curves J(7) is vague, although it is dis-
tinct in the differential curves (omitted from the fig-
ures). Some second-heating curves are located above
their first-heating counterparts, reflecting the appear-
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ance of newly formed magnetite resulting from the
transformations of paramagnetic Fe-bearing minerals.
The curves obtained for single samples are repeatable,
which is indicative of the stability of magnetic miner-
als during heating (omitted from the figures).

Hysteresis parameters. Figure 4 illustrates typical
hysteresis loops. The paramagnetic component of
inductive magnetization in most ferruginous quartz-
ites is usually low, rarely exceeding 10%. In the sam-
ples of granite gneisses, garnet plagiogneiss, migma-
tites, plagiogneisses, and amphibolites, the paramag-
netic component is frequently present in a more
notable share, amounting to 90% (Figs. 4b, 4c, 4¢, 4f).

Judging from the distribution of the J./J; and
B../B, values in the Day diagram [16], the magnetic
minerals of the amphibolites from the Innyaga area

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Mol. 9

and granite gneiss are characterized by the pseudosin-
gle-domain structure, while the magnetic minerals in
the plagiogneisses and migmatites are multidomain.
The magnetic minerals from almost all the quartzites
are multidomain (Fig. 5a).

It should be noted that multidomin particles are
magnetically soft, being easily remagnetized by the
present-day field. Stable remanent magnetization is
usually determined by single- and pseudosingle-
domain particles.

As expected, the ferruginous quartzites are charac-
terized by maximum values of inductive magnetiza-
tion, saturation magmetization, and remanent satura-
tion magnetization (table).

Optical mineralogy. In ferruginous quartzites, the
ore minerals form nest-shaped accumulations and
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Fig. 6. Characteristic mineral interrelations in ores.

(a) Sample 753-6¢; (b) Sample 595-3; (c) Sample 1043-1c. (Mt) magnetite, (TiMt) titanomagnetite, (ChPy) chalcopyrite, (Hm)

hematite, (Im) ilmenite, (Lim) limonite.

bands extended parallel to the metamorphic rock
banding. These minerals are dominated by magnetite,
which is frequently replaced along microfissures and
in the marginal parts of accumulations by hematite
and Fe hydroxide (Fig. 6).

Less common are the following minerals: low-Ti
titanomagnetite: Fe (97.69—99.78%), Ti (1.40—
1.55%); ilmenite: Fe (45.87—55.85%), Ti (47.54—
56.30%); chalcopyrite: Fe (29.90—30.80%), Cu
(31.71-34.14%), S (30.30—32.94%); pyrite: Fe
(44.82—46.26%), S (50.82—52.59%).

NRM Stability

Two groups of samples are definable on the basis of
the curves of NRM demagnetization by the variable
magnetic field. The dominant group of samples
(quartzites, migmatites) is characterized by a sharp
magnetization drop in low magnetic fields. The
median destructive field for them should be at least

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vol. 9

5mT. The magnetization (J,) of the amphibolites,
granite gneisses, and plagiogneisses is more stable
(Fig. 5b). The ferruginous quartzites were largely used
for stepwise thermal demagnetization. All the
obtained curves are uniform, being characterized by a
gradual magnetization decrease (Fig. 5c). After heat-
ing up to 600°C, most samples retain <1% of the initial
magnetization values. In these samples, the magneti-
zation is determined by magnetite. For some samples,
the magnetization after heating to these temperatures
retains 10—25% of its initial value. This magnetization
component is determined by hematite. As was noted,
hematite is not reflected in the J(7) curves. Special
investigations of a hematite—magnetite mixture with
different proportions of these minerals revealed that
hematite becomes reflected in the magnetic parame-
ters only in situations when its proportion exceeds
95% [17].
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Petrophysical Parameters

The Table presents the petrophysical parameters of
the studied rocks. The maximum values of magnetic
parameters are characteristic of the ferruginous
quartzites from the Innyaga area, where J,, is as high as
ranging from 22.8 to 1196 A/m and k averages 1046 x
103 SI. High values of magnetic parameters are also
established for the amphibolites: J,, is 28.6 A/m and &
is 45 x 1073 SI. The magnetic parameters (J,, and k) of
the plagiogneisses and granite gneisses are highly vari-
able in wide limits. The migmatites, rhyolites, and
dacites are submagnetic. The quartzite—sandstone
sample is characterized by insignificant negative mag-
netic susceptibility. It is conceivable that the rock-
forming minerals in this sample are represented by
diamagnetic minerals, whereas the insignificant
J, value is determined by some admixture of magnetic
minerals.

The Q factor value for all the studied rocks from the
areas under consideration vary from <1 to >1 (table).
Analysis of the Q factor distribution in the rocks
revealed that the values of this parameter are con-
trolled by the component composition of the natural
remanent magnetization vector and the composition
of the magnetic minerals.

The same rocks demonstrate different magnetic
properties in different areas. These variations are
determined by many factors: the NRM nature; the
domain state of magnetic minerals; and the content of
magnetite and products of its oxidation—maghemite,
hematite, and Fe hydroxides [22].

Parameters of Sources of Magnetic Anomalies

Highly magnetic amphibolites and ferruginous
quartzites may be responsible for magnetic anomalies.

Amphibolites are represented by samples taken
from all areas. The samples from the Verkhnii Omolon
and Magnetitovyi areas demonstrate significant posi-
tive correlation between natural remanent magnetiza-
tion and magnetic susceptibility: the correlation coef-
ficients (r) are 0.94 and 0.95, respectively. At the same
time, no correlation between J, and density or
between k and density for these areas is observable. For
the samples from the Innyaga area, the coefficient of
correlation between J,, and k is lower at 0.58. At the
same time, they exhibit positive correlation between J,,
and density (» = 0.46) and between k and density (» =
0.87). The petromagnetic properties of the amphibo-
lite samples from this area are controlled by the
domain state of the particles. They are characterized
by the maximum B, and B, values: 11.8—43.9 and
60.5—109.1 mT, respectively.

The J,/J, and B_,/B. values (0.23 and 3.48 in aver-
age, respectively) imply a dominant role of pseudosin-
gle-domain particles, while the samples from other
areas are dominated by multidomain particles. The
amphibolites are largely magnetized in accordance
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with the present-day magnetic field. They are rela-
tively stable and are resistant to remagnetization by the
laboratory magnetic field. Judging from the demagne-
tization results, their magnetization is easily destroyed
by the variable field, although the magnetization
direction remains unchanged. The high NRM and
magnetic susceptibility values provide grounds for the
conclusion that these rocks may substantially contrib-
ute to the intensity of positive magnetic anomalies.

Ferruginous quartzites were studied in the Verknii
Omolon and Innyaga areas. They differ from each
other in magnetic parameters. The samples from the
Innyaga area are characterized by a positive correla-
tion between J, and k, between J, and density, and
between k and density (correlation coefficients 0.40,
0.50, and 0.56, respectively). The coefficient of corre-
lation between J, and k for the samples from the
Verkhnii Omolon area is 0.2. No correlation is found
between J, and density or between k and density.
Almost all the quartzite samples are characterized by
the multidomain structure, although the J,,/J value is
higher for the quartzites from the Innyaga areca
(0.034 on average) as compared with that for their
counterparts from the Verkhnii Omolon area. The
B,,/B_ value obtained for the samples from the Innyaga
and Verkhnii Omolon areas averages 5.3 and 8.6,
respectively. Magnetization of the quartzites is mostly
represented by the magnetically soft component. The
variable magnetic field of 10 mT (100 Oe) destroys
over 90% of the natural remanent magnetization.
Microscopic investigations show that the magnetite
ore also includes hematite, although its contribution
to the natural remanent magnetization and magnetic
susceptibility is insignificant. Our studies revealed no
distinct correlation between the Fe,O; content and
magnetic susceptibility, which is likely explained by
the different quantitative and qualitative proportions
of the magnetic minerals.

The ferruginous quartzites are characterized by
high values of magnetic susceptibility, which induces
magnetization oriented along the present-day field.
The quartzites also exhibit high values of natural
remanent magnetization with positive and negative
inclinations.

The NRM values obtained for the ferruginous
quartzites from the Innyaga area are higher as com-
pared to this parameter in their counterparts from the
Verkhnii Omolon area. In contrast, the magnetic sus-
ceptibility is higher in the Verkhnii Omolon area than
in the Innyaga area.

The Q factor of the rocks in the Innyaga area is
characterized by higher values and, thus, their NRM
may contribute greatly to the anomalous field.

In the Verkhnii Omolon area, the Q factor demon-
strates lower values, with the gradient of the anoma-
lous zones being slightly smoothed and provided by
inductive magnetization of rocks.
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The superposition of inductive and natural rema-
nent magnetization should determine both the direc-
tion and intensity of the magnetic anomalies induced
by these rocks. The vertical alternation of normally
and reversely magnetized quartzites makes determina-
tion of the sum NRM direction difficult. It should be
noted that natural remanent magnetization is more
readily recognizable by the methods of ground mag-
netic survey since it may influence intensity of anom-
alies at the surface due to the different polarity of the
J, vector, while induced magnetization is more easily
detected by aeromagnetic and satellite-based survey-
ing [8, 10, 15].

CONCLUSIONS

(1) Study of the petromagnetic properties of the
rocks in the region under consideration has revealed
their high diversity.

Anomalously high values of natural remanent mag-
netization and magnetic susceptibility are characteris-
tic of the ferruginous quartzites and, to a lesser extent,
amphibolites, while the migmatites, plagiogneisses,
granite gneisses, and Paleozoic volcanics exhibit sub-
stantially lower values of these parameters.

(2) The magnetic minerals in the examined rocks
are largely represented by magnetite with the multido-
main and, less commonly, pseudosingle-domain
structure accompanied by subordinate hematite and
maghemite.

(3) The amphibolites and ferruginous quartzites
may serve as sources for magnetic anomalies of differ-
ent directions and intensities. The former are magne-
tized in accordance with the present-day magnetic
field, while the latter demonstrate both normal and
reverse polarities.
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