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Abstract—The paper presents the first findings of paleomagnetic studies on Middle Jurassic sedimentary
rocks of the Elgon Formation of the Ulban Terrane from the coastal outcrops along the Ulban Bay (53.5° N,
137.7° E). Demagnetization yielded a ChRM component of the pre-folding age. No inclination shallowing
effect for the ChRM vector was revealed in sandstone specimens of the Elgon Formation. The paleomagnetic
pole coordinates and the paleolatitude at which the studied rocks deposited were calculated: Plat = –34.3
(34.3)°; Plong = 161.2 (341.2)°; dm = 2.7, dp = 5.3, paleolatitude = 0.1° (+2.7°/–2.6°) S. The acquired
paleomagnetic data are evidence of the deposition of the rocks of the Ulban Terrane in the Middle Jurassic at
the boundary between the Asian paleocontinent and the Paleo-Pacific, which later formed part of the Sikhote
Alin Orogenic Belt.
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INTRODUCTION
The Ulban Terrane, or the neacontinental turbidite

basin, is located on the western coast of the Sea of
Okhotsk and is adjacent to the northern termination of
the Sikhote Alin Range. It has a sublatitudinal extent
and an arcuate wedge-like shape and is approximately
160 km wide and 400 km long. The terrane is com-
posed of thick (more than 11 km) series of terrigenous
fragmentary rock deposits, which are dominantly
sandstones with subordinate siltstones and argillites
with rare layers of conglomerates, gravelites, and sedi-
mentary breccias. Cherts and basalts are known to
have been found among terrigenous deposits [3–7].
The deposits are crumpled into a system of the E- and
NW-striking folds and build up the tectonic plates of
the southern vergence [3–8, 22]. The Ulban Terrane is
interpreted as a fragment of the Early Mesozoic accre-
tionary prism that is mainly composed of turbidites [3,
22]. In the north, the terrane borders with the Paleo-
zoic accretionary complexes of the Mongol–Okhotsk
Orogenic Belt (MOOB), whereas in the east it is
bounded by the Mesozoic accretionary complexes of
the Sikhote Alin Orogenic Belt (SAOB). The papers
that deal with the primary original materials on the
rocks of the Ulban turbidite basin and their analysis
are not numerous [4, 19, and others]; moreover, their
number is insufficient, given that they were published

more that 40 years ago. Its tectonic position falls
within the junction area of these two orogenic belts
and the general strikes of the inner structure are con-
cordant with the strikes of the adjacent orogenic belt
structures. This makes our understanding of tectonic
belonging of the Ulban Terrane either to the MOOB
or to the SAOB rather vague.

It is generally accepted that the Ulban Terrane is
considered as part of the structure of the eastern seg-
ment of the MOOB [3, 18, 22, 24, and others]. Such
understanding of its tectonic position originated from
the concepts proposed by Nagibina [21] on the tec-
tonic zonation of the Mongol–Okhotsk Belt, whose
eastern (locking) element is the Tugor-Nimelensky
Synclinorium comprising the Ulban, Mevachan and
Omel’da zones [21, p. 13].

A very different conception of the tectonic position
of the Ulban Terrane was postulated by V.V. Golozu-
bov, who assumed that the “…modern configuration
and the inner structure of the Ulban Terrane resulted
from heaping that occurred in front of the block-
impedients (these are likely northward located paleo-
zoids of the Galam segment of the Mongol–Okhotsk
Belt); a considerable (if not the dominant) part of the
Ulban turbidite basin was located southward of its
present day location along the eastern edge of the
Bureya Massif. Hence, it seems unlikely to be justifi-
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Fig. 1. A scheme showing the locations of the constructed geological sections (A, B, C, and D fragments) (see Figs. 2 and 3).
(1) Paleozoic Galam (GL) Terrane; (2–6) terranes-fragments: (2) Jurassic accretionary prisms (BDz, Badzhal); (3) Jurassic
nearcontinental turbidite basin (UL, Ulban); (4) Cretaceous syn-strike-slip turbidite nearcontinental basin (ZhR, Zhuravlevka–
Amur Terrane); (5) Hauterivian–Albian island-arc system of the Kema Terrane (KM); (6) Hauterivian–Albian accretionary
prism (KS, Kiselevka–Manoma). Tectonic scheme is given after [3].

Lake
Udyl

КМ

КС

135� 140�

GL

UL

BDz
Komsomolsk-on-Amur

KS

ZhR

Shantar Islands

Amur R
.

321

54 6

0 1 4 km

Ulban  B
ay

А B C D

SEA OF OKHOTSK

53�

53�
able to include the Ulban Terrane in the Mongol–
Okhotiya structures due to the fact that this terrane
laterally replaces the terranes of the Jurassic accretion-
ary prisms of the eastern frame of Eurasia” [7, p. 54].

In this paper, we attempt to present the results of
paleomagnetic studies on Middle Jurassic fragmentary
rock deposits of the Elgon Formation of the Ulban
Terrane. The main goal of our study was to determine
the paleolatitudes at which these rocks were deposited
on the assumption that this paleogeographic informa-
tion would sufficiently contribute to a validated inter-
pretation of the tectonic position of the Ulban Ter-
RUSSIAN JOUR
rane, and could help clarify the belonging of the Ulban
Terrane to the MOOB or to the SAOB.

THE GEOLOGICAL CHARACTERISTIC 
OF THE STUDY REGION

The geological data on the Ulban Terrane were
mainly derived from the geological surveys on a scale
of 1 : 200000 performed in the late 1960s [4, 5, 19, and
others]. The stratigraphic concepts developed on the
terrane deposits at that time [2, 16, 17] have not sig-
nificantly changed thus far. Since then, no new publi-
cations dealing with the original data on their structure
Fig. 2. The schematic geological section (plan) of the Middle Jurassic coastal deposits (D fragment) along the Ulban Bay, and
the attached stratigraphic column: (1) fine-grained and fine-to-medium grained sandstones, in some cases with rare thin siltstone
interbeds; (2) fine-grained and fine-to-medium grained sandstones with rare siltstone beds; (3) fine-grained and fine-to-
medium grained sandstones with rare siltstone members (0.3–1.5 m), containing thin fine-grained sandstone interbeds; (4) mas-
sive, more rarely thin-bedded siltstones, in some cases with thin (up to 5 cm) fine-grained sandstone interbeds; (5) siltstones with
rare fine-grained sandstone beds; (6) equal-ratio fine-grained sandstone and siltstone alternation; (7) alternated fine-grained
sandstones and siltstones with dominant sandstones; (8) alternated fine-grained sandstones and siltstones with strongly dominant
sandstones; (9) alternated fine-grained sandstones and siltstones with strongly dominant sandstones with rare siltstone beds;
(10) lens-shaped conglomerate interbeds; (11) siliceous rocks alternated by silica-clayey ones; (12) rubble–block talus; (13)
faults: a, ascertained, with dips shown, b, supposed; (14) strikes and dips of lamination, with dips shown: (a) with non-determined
“top-bottom” polarity, (b, c) with determined “top-bottom” polarity (b) normal, (c) overturned); (15) schistosity strikes and
dips, with dips shown; (16) schistosity zone; (17) sampling sites of the oriented samples collected for paleomagnetic studies, and
their numbers; (18) numbers of members.
NAL OF PACIFIC GEOLOGY  Vol. 15  No. 3  2021
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PALEOMAGNETISM OF THE MIDDLE JURASSIC SEDIMENTARY ROCKS 179
have appeared due to poor accessibility of the explic-
itly manifested coastal outcrops of the rocks deposited
along the Ulban Bay.

Primarily, the coastal deposits studied along the
Ulban Bay (Figs. 1–3) have been assigned to the upper
Lower Jurassic owing to their being concordantly
overlain by the deposits that contained the Middle
Jurassic, Aalenian–Bajocian fauna [4, 5]. Combined
with the overlying deposits, these deposits were later
considered as part of the Elgon Formation [9].

A detailed study of the section of the Elgon Forma-
tion along the coast of the Ulban Bay (Figs. 1–3) has
shown that it is mainly composed of the thick sand-
stone beds, and, to a lesser degree, the members with
alternated siltstones and sandstones, and siltstone
beds and rare lens-shaped conglomerates. The frag-
ment of siliceous and silica-clayey deposits is present
in tectonic constraints (Fig. 3a).

The section studies have revealed the massive and
laminated varieties of fine- and medium-grained
sandstones composing 45 to 670-m thick members
that contain rare siltstone layers (from a few centime-
ters to a few kilometers thick) and rare siltstone mem-
bers (0.3–1.5 m thick) with thin fine-grained sand-
stone interbeds.

The deposits were subdivided into the following
members: (1) those with equal sandstone-to-siltstone
ratios; (2) those with dominant sandstones; and
(3) those with strongly dominant sandstones. The
members where the sandstone-to-siltstone ratios are
equal are made up of fine-grained sandstones and silt-
stones whose thicknesses range from 0.5 to 30 cm, and
from 0.3 to 30 cm, respectively. In some cases, these
members contain sandstone beds up to 2-m thick. The
alternated members with dominant sandstones are
built up of up to 30-cm thick fine-grained sandstones
and siltstone layers a few centimeters thick. The mem-
bers where sandstones are strongly dominant are com-
posed of fine-grained sandstones with the thicknesses
varying from 5 cm to a few meters and siltstones with
thicknesses of up to a few centimeters. In the studied
section, these members are prevalent. In some cases,
they contain siltstone beds with fine-grained sand-
stone interbedding.

Separate siltstone beds are 10 to 34 m thick and
contain sandstone interbeds up to a few cm thick.

Conglomerate beds with variable thicknesses (up to
10 m) contain sandstone and siltstone pebble (0.5–
40 cm) of different degrees of roundness, which is dis-
tributed in the medium-grained sandstone matrix
(20–40%). The pebble sandstones are fine-grained
massive, fine-grained laminated, and medium-to-
coarse grained massive with siltstone fragments.

The studied deposits show the indications of tur-
bidites. They are the most pronounced in the members
with rhythmical sandstone and siltstone alternation
where these rocks exhibit equal ratios. The rhythms
are characterized by an erosional lower boundary,
RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 15 
which bears wash-up traces and show the presence of

outliers of the underlying siltstones. The sandy part of

the rhythms displays a pronounced gradational assort-

ment with more coarse-grained material at their bot-

toms. Casts of the current streams, f lute casts, and

traces of traction are observed at the rhythm bottoms

[10]. In rare cases, sedimentary textures of the Boum

sequence are identifiable. In many cases, the thick

sandstone layers of the sections appear to be compos-

ite and the A and AB elements of the Boum texture

sequence are recognized in some cases. Groups of

fine-grained sandstone laminas and thin (up to 5 cm)

fine-grained sandstone layers with thin parallel lami-

nation are frequently found among siltstones. Such

layers are interpreted as bottom flow deposits.

The Middle Jurassic sandstones have a polymictic

and quartz-feldspar composition [4]; the fragmentary

material accounts for 85–95% of the bulk of the rock.

The fragmentary mineral grains are presented by

quartz and feldspars (plagioclase and more rarely

K-feldspars) with an admixture (10–30%) of frag-

ments of siltstones, clayey, silica-clayey and siliceous

rocks, and quartzites, andesites, biotite and muscovite

leaflets, and pyroxene, epidote, sphene, granite, tour-

maline and zircon grains, which are few in number.

Cement is only observed in small-scale pores; it has a

hydromicaceous-quartz and quartz-hydromicaceous

composition with constant admixture of chlorite.

Siltstones are dark-gray and black. They appear to

be a clayey hydromicaceous chloritized mass which

accomodates the ore “dust” and siltstone clastics

(exceeding 50% of the rock bulk) of quartz and feld-

spars [4].

The Ulban Terrane fragment studied has an irregu-

lar structure, which displays a combination of large

isoclinal folds with more open and box folds. The fold

limbs compose the extended (up to 3 km) segments of

the section where a unilateral dipping of lamination

from 37° to 89° is observed (Figs. 2 and 3). The subver-

tical dips are alternated by the overturned ones that do

not indicate the “top–bottom” change of polarity

(Fig. 2). The imbricated sheet–thrust structure of the

terrane proposed by Natal’in [22] is displayed by a

small-scale tectonic wedge (20 m thick) composed of

siliceous and siliceous-clayey oceanic deposits, which

is squeezed between sandstones (Fig. 3).

According to [22], the imbricated sheet-thrust

structure of the terrane originated during the subduc-

tion stage, but the age of the deformations and their

development in space and time still remain to be

unclear. The Late Jurassic age of the youngest deposits

and the lack of Cretaceous deposits in the structure of

the Ulban Terrane may indicate that it originated at

the Jurassic–Cretaceous boundary.
 No. 3  2021
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Table 1. The results of the paleomagnetic studies

ϕ, λ, coordinates (latitude and longitude) of the sampling site; N1, the number of samples at the site; N2, the number of samples with
identified ChRM; Dec, Inc, the ChRM declination and inclination in the geographical (g) and stratigraphic (s) coordinate systems; K,
grouping of the ChRM distribution; a95, 95% confidence oval of the ChRM; Plat, Plong, latitude and longitude of the paleomagnetic
pole; dp, dm—semi-axes of the 95% confidence oval of the paleomagnetic pole; *, overridden bed. Paleomagnetic pole coordinates were
determined accounting for the magnetic declination value in the sampling area, 13° W.

Site ϕ, ° λ, ° N1 N2 Bed, ° Decg, ° Incg, ° K a95, ° Decs, ° Incs, °

P18/20 53.55 137.70 8 6 337 74* 340.2 78.2 21.2 14.9 156.3 –4.3

Р18/22 53.55 137.71 10 8 255 46 207.5 81.1 6.3 23.9 158.4 0.1

Р18/23 53.55 137.73 10 9 215 57 162.7 58.9 14.5 14.0 190.4 11.7

Р18/30 53.56 137.80 10 9 158 62 166.9 65.6 19.4 12.0 161.7 3.8

Р18/31 53.56 137.81 12 8 242 54 171.1 28.6 20.6 12.5 185.9 2.8

Р18/32 53.57 137.85 8 6 244 88 192.2 32.9 24.2 13.9 194.4 –30.0

Р18/37 53.59 137.97 12 6 40 60* 72.7 43.1 9.1 23.5 202.2 19.8

Р18/20а 53.55 137.70 8 7 337 74* 357.4 81.1 29.5 11.3 153.9 –7.6

Р18/21а 53.55 137.70 7 6 337 74* 75.4 76.4 23.9 14.0 142.9 –17.5

Р18/22а 53.55 137.71 10 9 255 46 131.9 81.0 14.5 14.0 148.0 –3.5

Р18/23а 53.55 137.73 10 10 215 57 183.4 57.2 38.3 7.9 198.4 4.0

Р18/25а 53.61 137.99 9 9 44 35 162.8 −20.2 9.1 18.0 168.6 –1.3

Р18/30а 53.56 137.80 10 4 158 62 197.8 70.2 22.7 19.7 170.8 12.2

Р18/31а 53.56 137.81 12 3 242 54 163.0 22.4 45.9 18.4 176.3 4.7

Р18/32а 53.57 137.85 8 6 244 88 154.7 50.0 18.5 16.0 204.0 1.0

ChRM mean direction for samples (N = 106) 163.1 62.2 4.5 7.3

7.7 5.3 173.9 –0.2

ChRM mean direction for sites (N = 15) 161.8 62.5 5.3 18.3

12.0 11.5 173.9 –0.2

Paleomagnetic pole coordinates Plat = –34.3 (34.3)°; Plong = 161.2 (341.2)°; dm = 2.7, dp = 5.3

Paleolatitude –0.1° (+2.7°/–2.6°)
PETRO- AND PALEOMAGNETIC STUDIES

Investigation Technique
Petro- and paleomagnetic measurements were per-

formed at the Khabarovsk Innovation and Analytical
Center, Kosygin Institute of Tectonics and Geophys-
ics, Far East Branch, Russian Academy of Sciences
(ITiG FEB RAS) using high-precision measurement
equipment (SQUID-magnetometer manufactured by
2G Enterprises, JR-6A spin-magnetometer, and the
MFK-IFA Kappa-bridge) by employing modern
measurement techniques [20, 26, 28].

A total of over 100 oriented sandstone samples were
collected from nine sampling sites on the coastal out-
crops along the Ulban Bay. Of these, six sites are
spaced at 250–1600 m distances from one another
over an entire section of 1727-m thick deposits (Figs. 2
and 3). One sampling site is located in the middle part
of another 1408-m thick section east of the first one
(Figs. 1 and 3). The other two sites are spaced at 8–10-
km distances northeast of the segment D of the section
described (see Table 1). The number of the samples
was 14 to 25 at each sampling site.
RUSSIAN JOUR
The samples collected at each sampling site were
divided into two equal groups: one group of samples
was subjected to an alternating magnetic field
(H-demagnetization), whereas the other group was
prepared for thermal demagnetization (T-demagneti-
zation). To perform paleomagnetic measurements, the
samples were preliminarily cut into two cubic speci-
mens with a 2-cm side dimensions using an electric
saw equipped with a diamond disk, and 2–3 cubic
specimens with a 1-cm side dimensions were prepared
for petromagnetic measurements.

As mentioned above, sample demagnetization was
carried out involving two techniques, namely, the
temperature, and alternating magnetic field. We
assume that convergence of the directions of the
revealed natural remanent magnetization (NRM)
components inferred from different demagnetization
techniques may serve as an additional criterion for val-
idation of the primary origin of the distinguished char-
acteristic remanent magnetization (ChRM) compo-
nent. During thermal demagnetization, the NRM was
measured on a JR-6A spin-magnetometer, whereas
the SQUID-magnetometer manufactured by 2G
NAL OF PACIFIC GEOLOGY  Vol. 15  No. 3  2021
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Fig. 4. A bilogarithmic diagram showing the NRM–km
dependence for the studied samples.
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Enterprises was employed for demagnetization by an
alternating field. In order to bring the specimens from
the electric oven, which is isolated by permalloyic
screens, to the measurement equipment, they were
placed in a μ-metal container. As a rule, all specimens
were demagnetized by stepwise heating up to 550–
580°C temperatures and a stepwise effect of alternat-
ing field of 50–80 mT intensity. The number of
demagnetization steps was dependent on the behavior
of the NRM vector during demagnetization, and, as a
rule, was not less than 12. The NRM components were
identified using the component analysis technique
and applying the PMGSC (Version 4.2) software cre-
ated by Enkin [32], and illustrated by plotting the Zij-
derveld orthogonal demagnetizattion diagrams [41].

Petromagnetic studies have determined the initial
magnetic susceptibility value (km), by using the
MFK-IFA Kappa-bridge, and calculated the Königs-
berger ratio (Q). To estimate the probable value of the
ChRM inclination shallowing for the sedimentary
rocks due to compaction, we employed (1) the depen-
dence between the anisotropy value of the initial mag-
netic susceptibility and the tangent of the ChRM incli-
nation angle [31] and (2) the “Elongation–inclina-
tion” method [38, 39]. All studied specimens show a
Königsberger ratio value less than 1.

The fold test, as implemented in the PMGSC (Ver-
sion 4.2 ) software developed by Enkin [32], was used
in our studies.

Investigation Results
The initial magnetic susceptibility and the NRM

values of the samples studied do not show strong vari-
ations, only an order of magnitude (Fig. 4). For all
samples, the Königsberger ratio values are less than 1,
which is typical of the sedimentary rocks with direc-
tional (DRM) and post-directional (PDRM) origin of
magnetization.

Laboratory paleomagnetic studies have analyzed a
total of 144 samples that were collected from nine
sampling sites with different strike and dip angles
(Table 1, Figs. 2 and 3). The analysis of the results
obtained involved 106 samples, in which a stable
paleomagnetic signal was detected (Table 1).

The investigation results show that the NRM val-
ues obtained for the samples show a two-component
composition in 90% of cases, whereas a three-compo-
nent composition occurs within the remaining 10%.

As an example, Fig. 5 illustrates the results of H-
and T-demagnetizations showing the two- and three-
component NRM compositions.

The thermal demagnetization determined the
three-component NRM composition in the P183102
sample (Fig. 5a): a low-temperature (LT) component
of the NRM was revealed in the temperatures between
20–300°C, not via the starting coordinate point; a
medium-temperature (MT) component was inferred
RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 15 
in the temperature range from 300 to 450°C that
exhibited similar behavior, and a high-temperature
(HT) component of the NRM for the sample, which
was determined in the temperatures from 450 to 550°C
that ran via the starting coordinate point.

From the results of H-demagnetization, a three-
component NRM composition has been recognized in
the P182307a sample (Fig. 5b). The orthogonal
demagnetization diagram clearly shows the low- (LC),
medium- (MC), and high-coercitive (HC) compo-
nents of the NRM in the ranges of 0–12, 12–30, and
30–48 mT, respectively. Unlike the LC and MC com-
ponents, the HC component runs via the starting
coordinate point.

Figures 5c and 5d illustrate the examples of a two-
component NRM composition, where the LT and HT
components were revealed in the case of T-demagne-
tization (Fig. 5c), and the LC and HC components
were identified in the case of H-demagnetization
(Fig. 5d). These components show behavior similar to
that typical of the above-described samples with a
three-component NRM composition.

We further analyzed the mean directions of the
NRM components for all samples and sampling sites.
A considerable site-to-site scatter in the distributions
of the LT and LC components of the NRM has been
observed: the confidence oval (a (a95) ranging from 17°
to 40° and the grouping of the distribution (K) varying
from 5 to 16. According to their locations on the ste-
reograms, they may be subdivided into two groups:
(1) the components located in the first quadrant with
the site-mean direction—Dg = 44.6°, Ig = 61.6, Kg =
44.4, a95g = 9.2°; (2) the components located in the

third and fourth quadrants with the site-mean direc-
tion—Dg = 170.3°, Ig = 45.4, Kg = 29.7 and a95g =

11.3°. These are post-folding directions, which is
shown by an increase in the grouping of their distribu-
tions by factors of 7.5 and 1.1 in the petrographic coor-
dinate system for the first and second groups, respec-
tively. The site-mean direction for the first group is
close to, but is not coincidental with, the direction of
the present day magnetic field observed in the sam-
 No. 3  2021
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Fig. 5. Examples of the orthogonal demagnetization diagrams (in the geographical coordinate system) of the samples with two-
(c, d) and three-component (a, b) NRM compositions determined from T- (a, c) and H-demagnetization procedures (b, d).
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pling area: (D = 0°, I = 68°). We suggest that this
behavior is due to the laboratory (viscous) NRM com-
ponent that was acquired during the sample prepara-
tion. The deviation of the mean-site direction for the
second group from the present day magnetic field
direction may be linked to a significant effect of the
viscous NRM component.

The MT and MC components of the NRM have
not been analyzed for the studied samples, as they
have only been identified in 10% of cases and do not
show a stable direction.

The HC and HT components of the NRM show
similar directions (Fig. 6, Table 1), which supports the
primary origin of this component. The orthogonal
demagnetization diagrams plotted using the H- and T-
demagnetization results obtained for all samples
clearly show the HC and HT components of the NRM
in the ranges between 25–60 mT and 430–570°C,
RUSSIAN JOUR
respectively, that coincide at the starting coordinate

point, as a rule. To conclude, this component may be

considered as the ChRM component for Middle

Jurassic sandstones of the Elgon Formation of the

Ulban Terrane. Using the ChRM component, we have

calculated the paleomagnetic pole coordinates and the

paleolatitude at which these rocks were deposited:

Plat = –34.3 (34.3)°; Plong = 161.2 (341.2)°; dm =

2.7, dp = 5.3, the paleolatitude = 0.1° (+2.7°/–2.6°) S

longitude (see Table 1).

Fold test. The ChRM component has been recog-

nized in 106 samples from the total of 144 samples. In

the stratigraphic coordinate system we observed an

increase in the grouping of the distribution of this

component, namely, by a factor of 1.7 for the samples,

and more than two times for the sites: Ks/Kg = 2.26

(Table 1) The maximum grouping was observed when

the 80% correction was introduced for the bed strike
NAL OF PACIFIC GEOLOGY  Vol. 15  No. 3  2021
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Fig. 6. The distribution of projected ChRM directions in the sandstones of the Elgon Formation, for samples (a) and sampling
sites (b). On the left, the geographical coordinate system; on the right, the stratigraphic coordinate system. The middle diagram
depicts the fold test (the dependence of grouping of the ChRM distribution on the unfolding value, %). Asterisks show the ChRM
mean directions.
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and dip angles (Fig. 6), which is evidence of the pre-

folding age of the ChRM, close to the time when these

rocks were deposited.

The determination of the probable inclination shal-
lowing. Sandstones were the focus of our study, as

mentioned. The effect of the inclination shallowing of

magnetization is typical of sedimentary rocks, which,

in turn, affects the correctness of the results of paleo-

magnetic studies. This phenomenon was discovered
experimentally by E. Johnson in the middle of the last

century, when the NRM declination (Dec) value was

found to be consistent with that of the Earth’s mag-

netic field during the re-deposition of clays, whereas

the NRM inclination (Inc) value appeared to be lower

than that of the Earth’s magnetic field. [28]. The effect

may be insufficiently displayed and may lie within the

paleomagnetic determination error (0°–5°); however,

it may attain a few tens of degrees, which considerably

affects the calculations of the paleolatitudes at which
RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 15 
the rocks are deposited, and the paleomagnetic pole
coordinate calculations [28, 33]. On this assumption,
it seems reasonable to perform the calculations of the
probable value of the ChRM inclination shallowing
for the studied rocks. Given that the number of the
analyzed samples (N) is over 100 and that the anisot-
ropy coefficient of the initial magnetic susceptibility
(P) is known for each sample, two independent meth-
ods may be involved to calculate the inclination shal-
lowing value.

The details of the first method can be found in [31].
We employed this method to determine the ChRM
inclination shallowing value in various rocks of the
SAOB [1, 25]. The method is reduced to the calcula-
tion of the correlation coefficient (rk) between the

inverse anisotropy value of the initial magnetic sus-
ceptibility and the tangent of the ChRM inclination
angle. The calculations did not reveal a relationship
between these two parameters (rk ~ –0.1), which indi-
 No. 3  2021
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Fig. 7. Estimation of the inclination shallowing in the sandstones of the Elgon Formation using the E–I method. Dashed line,
the expected E/I ratio, solid lines, the calculated values of the E/I ratios, obtained by modeling.
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cates the lack of the inclination shallowing effect in the
studied rocks.

The second method, “Elongation–Inclination”
(E–I) [38, 39], rests on the calculation of the inclina-
tion shallowing coefficient f using the statistical
method in [33]. To apply this method, we required a
sampling of no less than 80–100 samples; in our case,
this condition is satisfied. Successful practical exam-
ples that illustrate the application of this method have
been given in many publications, for instance, [27]. A
good convergence between the calculation results
obtained using the E–I method and the experimental
data on the re-deposition of the sedimentary rocks is
reported in [34]. Our calculations show that the incli-
nation shallowing value is less than 1° (Fig. 7), which,
first, lies within the determination error of the paleo-
magnetic method, and, second, points to the lack of
the effect of significant inclination shallowing of the
ChRM vector in the sandstones of the Elgon Forma-
tion.

DISCUSSION

The first point concerns the determination of the
polarity of the obtained paleomagnetic pole. The
available data are insufficient to solve this problem.
This is the reason that an unequivocal solution of this
problem is not possible. The obtained ChRM direc-
tion, which is close in time to the deposition of the
rocks of the Elgon Formation (Decg = 163.1°, Incg =

62.2°), may possess both direct and reversed polari-
ties. However, we assume that this is not fundamental
for the solution of the magnetotectonic problem,
which is the goal of our study, since the obtained
paleolatitude values are close to the equatorial ones.
The problem of polarity determination may be solved
by involving new paleomagnetic data on other objects
of the Ulban Terrane.

The second part of the discussion considers the
interpretation of the obtained paleolatitudes at which
RUSSIAN JOUR
the sandstones of the Elgon Formation of the Ulban
Terrane were deposited. According to different
authors [3, 17, 24, 29, 35, 36, and others], several
models exist that describe the formation of the Mon-
gol–Okhotsk Orogenic Belt, which mainly differ in
the configuration and the time of the formation of the
paleobasin. However, all these models rest on similar
concepts on the paleolatitudes at which the Mongol–
Okhotsk paleobasin was located, which range from
40° N to 60° N. Conversely, lower paleolatitudes are
typical of the terranes that are included in the Sikhote
Alin Orogenic Belt and the adjacent Sakhalin Branch;
these paleolatitudes vary between 0–5° N and 35–
50° N [1, 8, 11, 12, 15, 25, 30]. As a rule, the rocks of
older terranes of the SAOB are found to have been
deposited at lower latitudes (Fig. 8).

The paleomagnetic data on Middle Jurassic sand-
stones of the Elgon Formation of the Ulban Terrane
support their being part of the SAOB, because the
paleolatitudes at which these rocks were deposited are
close to the equatorial ones (Fig. 8). We may assume
that the sedimentary rocks that were deposited in the
Middle Jurassic turbidite basin at the boundary
between the Asian paleocontinent and the Paleo
Pacific were further translated northward along the
“continent–ocean” boundary for more than 5000 km.

We adduce one more argument in favor of the attri-
bution of the Ulban Terrane to the structure of the
Mongol–Okhotsk Fold Belt. According to new geo-
chronological and geological-structural data reported
by Sorokin et al. [37] the lack of detrital zircons that
were dated earlier than 171 Ma in the sedimentary
rocks of the eastern link of the Mongol-Okhotsk basin
supports its complete closure at the Early-to-Middle
Jurassic boundary.

It should be noted that the inferred equatorial
paleolatitudes at which Middle Jurassic rocks of the
Elgon Formation were deposited are not consistent
with the findings of the boreal fossil fauna in the Juras-
sic deposits of the Ulban Terrane [2]. To resolve this
NAL OF PACIFIC GEOLOGY  Vol. 15  No. 3  2021
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Fig. 8. Comparison between the paleolatitudes at which Middle Jurassic sedimentary rocks of the Elgon Formation of the Ulban
Terrane were deposited, and the paleolatitude locations of the Sikhote Alin—North Sakhalin Orogenic Belt and the Eurasian
continent for the time period of 0—200 Ma. (1, 2) Paleolatitudes at which the rocks of the Sikhote Alin–North Sakhalin Orogenic
Belt were formed: (1) after [14]; (2) after [30]; (3, 4) the paleolatitude of the Eurasian continent: (3) after [13]; (4) after [40];
(5) the paleolatitude at which Middle Jurassic sedimentary rocks of the Elgon Formation of the Ulban Terrane were deposited
(the present paper).
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contradiction, we need to conduct further studies. It is
worth noting that according to [2], ammonites of the
Harpoceras and Pseudoliceras genera have only been
identified in the Mikhalitsinsky Formation of the
Amgun River basin, while retroceramuses have been
found in the same basin, but in the Elgon Formation.
Belemnite fragments (a few examples) and picea and
pollen have only been detected in the coastal outcrops
along the Ulban Bay for which the paleomagnetic data
were obtained. Findings of Bennettitas, which, accord-
ing to [23], preferred a warm climate without seasonal
temperature variations, have been discovered among
the latter.

CONCLUSIONS

These studies have shown that most of the samples
have a two-component NRM composition; the HT
and HC components of their NRM appear to be pre-
folding and are considered as the ChRM components
for Middle Jurassic sandstones of the Elgon Forma-
tion of the Ulban Terrane. Based on these data, the
following inferences can be made:

(1) The sedimentary rocks of the Ulban Terrane
were deposited at near-equatorial paleolatitudes;

(2) In the post-Middle Jurassic, the rocks of the
Elgon Formation drifted northward along the “conti-
nent–ocean” boundary for more than 5000 km up to
their present day location;
RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 15 
(3) The Ulban Terrane is integrated in the system
of the Sikhote Alin Orogenic Belt, which is consistent
with the concept proposed by Golozubov [7].
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