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Abstract—This paper reports a study of the Rikord volcanic massif. The massif consists of four volcanic edi-
fices that coalesce in their bases, and is most likely Quaternary. The massif discharged basaltic and basaltic
andesite lavas during its earlier life. The observed high natural remanent magnetization that was found in
dredged rocks is due to high concentrations of single-domain and pseudo-single-domain grains of titanomag-
netite and magnetite. We have identified the directions of the conduits and the presence of peripheral magma
chambers. A 3D model has been developed for the central part of the Rikord volcanic massif; the model
includes ten large disturbing magnetic blocks that are most likely cooled, nearly vertical, conduits.
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INTRODUCTION

The Rikord submarine flat-summit volcanic massif
was so named in honor of the well-known Russian
navigator Petr Ivanovich Rikord, an investigator of the
Russian Far East seas (Bezrukov et al., 1958). The
massif lies in the central Kurils, in the middle of the
eponymous strait between Ketoi and Ushishir islands
(Fig. 1).

The Rikord massif was investigated during the
1949—1955 cruises launched by the Institute of
Oceanology and during five cruises of the R/V Vul-
kanolog in 1982—1991 carried out by the Institute of
Volcanology, Far East Branch, USSR Academy of
Sciences (Bezrukov et al., 1958; Podvodnyi vulkanizm ...,
1992). The Vulkanolog survey included echo sounding,
continuous seismoacoustic profiling (CSP), modular
hydromagnetic surveying (HMS), and dredging over
the near-summit part of the submarine volcanic mas-
sif (Anikin et al., 2017; Blokh et al., 2013, 2014, 2015,
2017; Bondarenko and Rashidov, 2007, 2011a, 2011b;
Podvodnyi vulkanizm ..., 1992).

The present paper is a review of the surveys con-
ducted during cruises of the R/V Vulkanolog and of
experiments in modern geophysical laboratories using
dredged rock material.

THE MORPHOSTRUCTURE

The submarine volcanoes in the central Kurils
mostly align themselves in chains that trend in differ-
ent directions; the volcanoes are confined to hypo-
thetical, primarily dextral strike slip or to the anxiliary
fractures around them. The strike slip separate the
central Kurils into four segments with different mor-
phostructures: Matua I. to Nadezhda Strait, Rasshua I.
to Ushishir Is., Rikord Strait to Diana Strait, and the
Simushir I. area (Bondarenko and Rashidov, 2011a,
2011b).

The central Kurils have experienced considerable
subsidence with amplitudes ranging between a few
hundreds of meters and 1 kilometer during Quaternary
time.

252



THE RIKORD SUBMARINE VOLCANIC MASSIF

253

(b)

52°

48°

KuriLKamchalka trench

S
Pacific Ocean

N

\‘-?‘,VA‘ \\‘
WSS

| B RN ] s B s =7

3] o o] K] 0

5 km

150°

Fig. 1. The location of the Rikord submarine volcanic massif (a) and a morphostructural sketch of the Rikord Strait (b). (1) ero-
sional and erosion—tectonic seafloor surfaces in the Kuril straits; (2) steep (>10°) erosion—tectonic or erosion—volcanogenic sea-
floor surfaces in the upper parts of slopes around the Greater Kuril arc; (3) flat seafloor areas at depths below 140—160 m corre-
sponding to the Holocene sea level rise; (4) submarine volcanoes; (5) flattened summits of submarine volcanoes; (6) volcanoes
on land; (7) faults identified by geophysical surveys; (8) buried older abrasion surfaces; (9) inferred zones of strike slips; (10) geo-
physical survey lines; (11) fragments of CSP lines, with resulting seismograms presented in Figs. 3 and 4; (12) areas of landslide

deposits; (13) Rikord graben.

The base of the Rikord submarine volcanic massif
is at depths of 600—700 m; its flat 2 X 9-km summit is
at 130—150 m (see Figs. 1a, 1b). The base of the massif
is 9 x 19 km, while the volume is approximately

50 km?.

The northern, western, and eastern slopes of the
massif are very steep, occasionally dipping at 20°—30°.
The southern slopes are more gentle, at 3°—7°. The
seafloor around the massif is uneven. This is probably
due to intense erosional activity of currents, especially
tidal currents, which can be as fast in the strait as 1.5—
4 knots. The massif consists of four volcanic edifices
whose bases have coalesced. The Rikord massif'is sep-
arated from the Ushishir Islands by seafloor areas
whose depths are 600—700 m, with the corresponding
seafloor areas off Ketoi Island at depths of 350—400 m.

SEISMOACOUSTIC SURVEYS

Judging from the seismoacoustic images, the mas-
sif consists of both dense effusive rocks and unconsol-
idated, apparently pyroclastic and sedimentary rocks.
Geophysical studies have revealed four distinct edi-
fices whose bases have coalesced (Blokh et al., 2013,
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2017); the edifices are composed of predominantly
massive volcanic rocks (Fig. 3a, V.1-V.4).

The V.1, V.2, and V.4 volcanoes (see Fig. 3) have
their flat summits at a depth of approximately 150 m.
There are small (within 200 m) lows between these.
The depths of the flat summits are at the depth of the
Late Pleistocene underwater terrace that resulted from
the considerable lowering of the Sea of Okhotsk
during the last glaciation (Bezrukov et al., 1958; Gor-
shkov, 1967; Kamchatka ..., 1974). We are thus entitled
to hypothesize that the Rikord edifices date from pre-
Holocene time. CSP surveying revealed between V.1
and V.2 a peculiar rock sequence of variably alternat-
ing deposits that are characterized by numerous, long,
dipping intensive reflectors (see Fig. 3a). These are
0.25—0.3 sthick in the scale of the two wave travel time
(TWT), which can amount to 250—300 m on the
assumption of 2000 m/s for the speed of sound. The
character of the seismoacoustic image of the section
suggests V.1 and V.2 as the source of material for this

rock sequence, with the transport occurring simulta-
neously from both volcanoes. The deposits were prob-
ably formed during Late Pleistocene time, resulting
from redeposition of the material that came from trun-
cation of the summits. Volcano V.3 is at present com-
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Fig. 2. The Rikord submarine volcanic massif. (a) bathymetry; (b) anomalous magnetic field AT,; (c) distribution of effective
magnetization J.¢ on the volcano; (d) distribution of effective magnetization J.¢ as shown on the volcano’s surface. Numerals

mark the lines shown in Figs. 1b, 3, and 9.

pletely buried under sediments and its summit is at
depths of 230—250 m.

The southern, relatively less steep, slopes of the
massif were found to clearly show clinoforms of lateral
accretion with tangential cross-bedding (see Fig. 3a).
This unit has a total thickness of 0.3-s TWT in the
upper part to 0.2-s TWT at the base of the massif. The
observed picture provides evidence of a high-energy
sedimentation setting that involved intensive inflow of
unconsolidated material, as well as indicating Volcano
V. 4 as the main source of the material. Most likely, the
material came from erosion of the Rikord summit
during Late Pleistocene time.

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 12

A number of faults are clearly identified in the
Rikord Strait based on CSP data (see Figs. 1b, 3). The
features in the seismoacoustic image of the section,
the pattern of the faults identified in the area, and the
relative positions of summit surfaces at the Great Kuril
island arc in the Rasshua—Ushishir area and in the
area between the Rikord massif and Simushir Island,
all suggest the presence of major fault zones at the
boundaries of these areas (see Fig. 3) involving strike-
slip movements (probably a right lateral strike-slip
fault and a normal-oblique fault) between the Ushishir
Islands and the Rikord submarine volcanic massif, as
well as in the southern part of the strait, between the
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Line 2-2'

Fig. 3. Fragments of CSP seismogram as recorded on lines 1—3. Mpl, multiple reflections; F, faults; V.1, V.2 ... the volcanic edi-
fices that make up the Rikord massif. The spatial locations of the lines can be seen in Fig. 1b.

Rikord massif and Ketoi Island (Bondarenko and
Rashidov, 2007). The Rikord massif itself lies within
the nearly north—south graben-like structure that we
have called the Rikord graben. The formation of the
graben may have been related to strike-slip movements
on the strike-slip zones mentioned above following the

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 12

mechanism of pull-apart depressions (Prokop’ev
et al., 2004; Tevelev and Tevelev, 1996). The crustal
extension that accompanies the formation of the
Rikord graben may have resulted in resumption of
magmatism and in the origination of the submarine
volcanic massif.
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Fig. 4. A fragment of a CSP seismogram along line 4. The arrow indicates a low-angle reflector. The location of the line is shown

in Fig. 1b.

A gently dipping reflecting interface on the CSP
sections occurs east of the Rikord massif at depths of
800—900 m (Fig. 4). Below that interface, we find
nearly no regular reflections on the CSP seismograms
upon a rather high level of recorded irregular signals.
This reflector seems to be an older abrasion peneplain
that was formed in volcanic rocks.

In the northern direction, this surface is overlain by
the lower part of the Ushishir volcanic massif, which is
most likely composed of predominantly unconsoli-
dated deposits (Bondarenko and Rashidov, 2007). The
deposits become rapidly thicker toward Yankich
Island (see Fig. 4). The long reflectors that are clearly
seen in the CSP seismograms within this rock

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 12

sequence make a fan that diverges toward the island.
The observed picture indicates that the incoming
material that composed the rock sequence was not
regular in its supply and that the source of the material
was in the Ushishir Islands area. The active Ushishir
Volcano was most likely the source. It is generally
thought (Bondarenko, 1986, 2015; Gorshkov, 1967;
Kamchatka ..., 1974) that the Ushishir massif dates
back to the Quaternary. The surface that its base over-
lies is older, Early Quaternary or Late Pliocene. Its
present-day location at a depth of 800—900 m indi-
cates a considerable Quaternary subsidence of the area
by approximately 900 m.
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Fig. 5. Basalt textures in sample B25-32/3 (a, b) and andesite textures in sample B25-32/9 (c, d). (/) plagioclase; (2) monoclinic

pyroxene; (3) volcanic glass or quartz; (4) titanomagnetite.

The surface of the unconformity is bounded on the
west by the Rikord graben. The Rikord graben and
massif are younger than this abrasion surface, that is,
Quaternary (possibly Middle to Late Pleistocene).

PETROGRAPHIC STUDIES

A segment approximately 1 km long was dredged at
depths of 360—270 m within the near-summit part of
the volcanic massif during the 25th cruise of the
R/V Vulkanolog. Various rocks were lifted, which were
mostly fresh angular fragments (Blokh et al., 2013,
2017; Podvodnyi vulkanizm ..., 1992). The chemical
compositions of the dredged rocks consist of two
series: a relatively low-silica, low-potassium, high-cal-
cium basaltic series (in wt %: SiO, = 48—50, K,0 =
0.1-0.3, CaO = 10.5—11.5) and a less abundant mod-
erate- and high-silica, moderate-potassium and low-
carbonate andesitic series (SiO, = 55—61, K,0=0.7—
1.0, CaO = 6.5—8.5) (Podvodnyi vulkanizm ..., 1992).
Rocks of an intermediate basaltic andesite composi-

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 12

tion are rare. Table 1 presents a short description of
rocks in all the three series, while Fig. 5 shows their
textures and mineral compositions.

One prominent feature in the mineralogy of the
rocks that compose the near-summit part of the
Rikord massif consists in the fact that a rare kind of
pyroxene was found in them, viz., pigeonite. The
chemical composition of the andesites clearly reveals
three pyroxene varieties: augite (Ca ~ 38 mol %),
pigeonite (Ca ~ 11 mol %), and hypersthene (Ca ~ 2—
4 mol %). The basalts and basaltic andesites were
found to have transitional compositions between clin-
opyroxene (pigeonite) and orthopyroxene (ferro-
hypersthene and hypersthene). Pigeonite cannot sur-
vive in lava as an independent mineral, unless the rock
cools very rapidly, with the pigeonite composition per-
sisting and being consistent with the initial equilib-
rium conditions during the eruption (Deer et al.,
1962). It thus appears that the combined presence
(paragenetic association) of olivine, pigeonite, and
orthopyroxene can be used to assess the temperature
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Table 1. The mineral composition and texture of the rocks that were dredged from the near-summit part of the Rikord sub-
marine volcanic massif

Rock properties Basalt Basaltic andesite Andesite
Texture Of rock Magnophyric
Of groundmass | Diabase, rarely trachytic | Microdoleritic, occasion- | Doleritic, occasionally

ally weakly trachytic,
rarely hyalopilitic or
interstitial

weakly trachytic

Phenocrysts to groundmass ratio

From 3/5to 1/1

From 3/5to 1/3

From 1/3 to 1\5

Phenocryst composition, %

Plagioclase (60—70),
monoclinic

pyroxene (10—25),
olivine (1—10),

rhombic pyroxene (0—3),
titanomagnetite (0)

Plagioclase (70—80),
monoclinic

pyroxene (7—15), olivine
(1-5, occasionally 10),
rhombic pyroxene (0—3),
titanomagnetite (<1)

Plagioclase (85—99),
monoclinic

pyroxene (1—15),
rhombic pyroxene (0—5),
olivine (0—1),
titanomagnetite (0—5)

Composition of microlites, %

Plagioclase (20—50),
monoclinic

pyroxene (20—40)
titanomagnetite (20—40),
occasionally volcanic
glass and quartz

in interstitions

Pyroxene (~40),
titanomagnetite (~40),
plagioclase 20

Plagioclase (30—35),
pyroxene (30—35)
titanomagnetite (30—40),
occasional quartz and
interstitial glass

Microlite size, mm 0.01-0.1 0.01-0.1 0.01-0.1
Phenocrysts
Plagioclase | Size (mm) 0.2—4 0.1-0.2to 4 0.2—4.0
Zonality 2—4 2—6 to 4
Composition From bitownite 89 at the | From bitownite to labra- | From bitownite 85
center to labradorite 52 | dorite at the center to andesine
at edges 38—45 at edges
Replacement Leaching of central Twinned, rich in glass Twinned, strongly
zones, glassy fringes inclusions fragmented with minute
in growth zones cracks, rich in inclusions
of glass and occasional
crystallized groundmass
Growths Among plagioclases, Some inner zones are rich | With glass
with rhombic pyroxene, |in glass inclusions (up to
and glass 90%)
Olivine Size 0.2—0.8, occasionally 1.5 | Usually below 0.1, occa- |0.2—0.8
sionally 0.2—0.8 to 1.5
Composition, mol % Fo from 64.8 to 74.4, Fo 60—70 Fo 60—70
or Fa from 35.2 to 25.6
Replacement With iddingsite and Weakly altered Almost completely
bowlingite along cracks leached
and edges of crystals
Growths With rhombic and mono-| With titanomagnetite With titanomagnetite

clinic pyroxene, titano-
magnetite inclusions

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 12
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Table 1. (Contd.)
Rock properties Basalt Basaltic andesite Andesite
Monoclinic |Size, mm 0.2-2.5 0.1-4 0.2—-0.8
pyroxene Composition, mol % Mg — from 40 to 50, Augite Mg 42.8,
Ca from 29 to 41, Ca 38.1,
Fe from 18 to 24, i.e., Fe 19.1 augite
augite and, more rarely, Mg 44.1;
ferroaugite Call.3;
Fe 44.6 pigeonite
Replacement Unaltered Unaltered Partly leached
Pigeonite Growths With plagioclase, olivine, | With plagioclase
and rhombic pyroxene. |and titanomagnetite
Pigeonite Size, mm <0.4
Rhombic Composition, mol % Mg from 44 to 68, Hypersthene, pigeonite | Mg 64.6;
pyroxene Fe from 21 to 45, Ca3.5;
Ca from 2.6 to 12, i.e, Fe 31.8 hypersthene.
from ferrihypersthene to Compositional breaks
hypersthene and between hypersthene
pigeonite without breaks and pigeonite
Replacement Unaltered Unaltered Unaltered
Growths Between itself, mono- With olivine and pla- With plagioclase
clinic pyroxene, olivine, |gioclase
and plagioclase
Titanomag- | Size Microlites only 0.1-1.0 0.2-0.8
netite Amount of Fell 0.65—0.68 formula units | 0.69—0.72 0.72—0.74
Amount of Felll 1.44—1.49 1.58—1.63 1.53—1.59
Amount of Ti 0.36—0.44 0.23—-0.28 0.27-0.31
Interstitial | Chemical composition | Not encountered Not encountered Si0, = 72.32 from 81.9;
glass TiO, = 0.5—1.12;
Al,O; = 11.8—12.22;
FeO =0.7-2.67;
Ca0 =2.76-3.2;
Na,O = 3.15-3.56;
K,0=0.5-3.64

of the melt in the magma chamber as 1200—1300°C
(the temperature that is suitable for the crystallization
and stable existence of pigeonite).

The existence of a nearly continuous chemical
series ranging from basalt to andesite, the presence of
transitional varieties from andesine to bytownite to
zonal plagioclase crystals, and the gradual replace-
ment of mafic mineral associations with sialic associ-
ations all point to a genetic affinity of the dredged
samples. This factual material suggests the discharge
of basaltic and basaltic andesite lavas during the initial
stages in the life of the Rikord volcanic massif.

As basalt was crystallizing, the parent melt was
depleted in mafic components and enriched in sialic

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 12

components. The differentiation resulted in the dis-
charge of various andesite flows that showed a variable
and gradually diminishing concentration of mafic
minerals and an increasing concentration of pla-
gioclase. One is then confronted with a situation in
which the composition of plagioclase phenocrysts in
andesites is not much more acidic than that in basalts.
This probably stems from the fact that a rapidly dimin-
ishing concentration of pyroxene leads to enrichment
in calcium.

It can be hypothesized that the oldest edifices in
the Rikord massif are basaltic and basaltic andesite in
composition, while the youngest ones are andesitic.
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MAGNETIC STUDIES

The first magnetic studies showed that basalts had
the highest magnetization among all dredged rocks;
the natural remanent magnetization of the basalt J,
reached 10 A/m, while those showing the least magne-
tization were andesites, with J,, being below or equal to
0.6 A/m (Blokh et al., 2013).

The present paper reports a comprehensive mag-
netic study of eight samples in order to identify the
main J, carrier in the rocks that compose the Rikord
volcanic massif using a previously reported technique
(Rashidov et al., 2014, 2015, 2016). Cubes with 1-cm
edges were used for the measurements.

The J, in the samples was measured using a JR-6
magnetometer (AGICO, Czech Republic) in three
orthogonal positions of a rotated sample. The mag-
netic susceptibility, &, and the degree of anisotropy in
the magnetic susceptibility, P', were determined using
a Multi- Function Kappabridge kappameter (AGICO,
Czech Republic).

For each sample we measured magnetic hysteresis
curves (Fig. 6) using a vibrating-sample magnetome-
ter (ORION, Russia) with subsequent measurement
of the domain state based on the J./J,and B_,/B, ratios
(Day et al., 1977) (Fig. 7a). The magnetic parameters
based on the magnetic hysteresis curves (Table 2) were
found after correcting for the paramagnetic back-
ground value (Jp).

The composition of the ferromagnetic fraction was
studied by thermomagnetic analysis (TMA) based on
the relationship between remanent saturation magneti-
zation J and temperature T using a two-component
thermal magnetometer (ORION, Russia) in ambient air.

These magnetic studies of basalt samples (samples
B25-32/3, B25-32/4, B25-32/5, B25-32/11, and
B25-32/12) and basaltic andesite sample B25-32/1
showed that the high values of J, = 2—9 A/m were due
to high concentrations (& = (9—23) % 1073 SI) of sin-
gle-domain and pseudo-single-domain grains (SD-
PSD) in low-coercive (B, = 18—23 mT) ferromagnetic
minerals. The samples had a low degree of magnetic
anisotropy (see Table 2).

The relatively low values of J, = 0.2—0.9 A/m in
basaltic andesite (sample B25-32/16) and in andesite
(sample B25-32/9) are due to a high concentration
(2 = (15—33) x 1073 SI) of pseudo-single-domain and
multidomain grains (PSD-MD) in low-coercive
(B, = 12—23 mT) ferromagnetic minerals. These sam-

ples also show low degrees of magnetic anisotropy (see
Table 2).

All rock samples investigated here can also be sub-
divided into two sets based on the behavior of the
curves of thermomagnetic analysis J(T).

One set includes samples of basalt (samples B25-32/3,
B25-32/4, B25-32/11, B25-32/12) and basaltic andes-
ite (samples B25-32/1, B25-32/16). TMA showed that
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Fig. 6. Sample curves of magnetic hysteresis in samples
where the main carriers of magnetization are magnetite (a)
and titanomaghemite (b). J, is the petromagnetic contri-
bution into magnetization; J is saturation magnetization.

the first-heating curves had their inflexion points in
the interval ~490—575°C (see Fig. 7b). The second-
heating curves are higher, irreversible, and have an
inflexion point at ~575°C. The main carrier of magne-
tization in these samples is a low-Ti titanomagnetite
whose composition is similar to that of magnetite. The
high Curie points are due to a likely high-temperature
oxidation affecting titanomagnetite when still in situ
conditions, resulting in decomposition into a phase
similar to magnetite and hemo-ilmenite. The growth
in magnetization on heating to 600°C and subsequent
cooling is due to further heterophase decomposition of
titanomagnetite.

The amount of Ti deduced from a microprobe
analysis of microlites and phenocrysts in basaltic sam-
ples B25-32/3 and B25-32/11 and in basaltic andesite
sample B25-32/16 yielded much lower Curie points,
indicating the presence of titanomaghemite. This is
another piece of evidence to corroborate the invariable
presence of several ferrimagnetic phases in actual oce-
anic basalts, including titanomaghemite, as well as
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Fig. 7. A Day diagram (a) and curves of thermomagnetic analysis J((T) for samples where the main carrier of magnetization is

magnetite (b) and titanomaghemite (c).

products of its single-phase and/or heterophase oxida-
tion (Priroda ..., 1996).

The other set identified from the behavior of TMA
curves includes basalt (sample B25-32/5) and andes-
ite (sample B25-32/9). The curve of the first heating
has an inflexion point around ~380—420° (see Fig. 7c).
The curve of the second heating is also much higher, is
irreversible, and has an inflexion point at ~575°C. The
main carrier of magnetization in these samples might
be titanomagnetite with concentrations of Ti X ~
0.22—0.28 or titanomaghemite. The growth of magne-
tization on heating to 600°C and subsequent cooling is

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 12

due to the heterophase decomposition of titanomag-
netite (or titanomaghemite).

A microprobe analysis showed that the microlites
in andesite sample B25-32/9 (see Figs. 5c, d) have
concentrations of Ti (X ~ 0.27—0.31) corresponding to
the theoretical Curie points of ~350—380°C, which is
somewhat below the experimental values. The main
magnetization carrier in this sample is a single-phase-
oxidized titanomagnetite. This is in keeping with the
result from the chemical analysis of titanomagnetite,
viz., that the titanomagnetite has possibly been oxi-
dized.
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Table 2. The petromagnetic characteristics of the rocks that make up the Rikord underwater volcanic massif

Jn’ a_,3 ' BO.S’ Jrsa Js’ Bcrs Bc:

No.| Samples Rock A/m 1()S I, Q, P T | A/m | A/m 3./ O B./B.| Texture |C, %
1 |B25-32/1-1 |Basaltic | 2.35 | 17.88 | 3.30{1.030| — |[175.0]2120|0.08| 18 | 7.70| 2.34 |PSD 0.47
2 |B25-32/1-2 |andesite | 274 49

3 |B25-32/3-1 |Basalt |3.96| 11.81 | 8.42(1.032| — |301.6/1890|0.16 | 22 [14.50| 1.52 |PSD 0.42
4 |B25-32/3-2 3.50 29

5 |B25-32/4-1 |Basalt | 3.51 | 12.51| 7.05|1.058| — |518.3|2175]0.24| 22 | 17.88| 1.23 |PSD,SD [0.45
6 |B25-32/4-2 3.41 29

7 |B25-32/5-1 |Basalt |5.99 | 9.07 |16.60|1.056| — |413.3[1620]0.26| 18 | 17.50| 1.03 |PSD,SD (0.45
8 |B25-32/5-2 5.86 55

9 |B25-32/9-1 |Andesite| 0.87 |14.57 | 1.50[1.036| — |259.6|1800 | 0.14 | 23 [13.30| 1.73 |PSD 0.47
10 |B25-32/9-2 0.65 97

11 |B25-32/11-1|Basalt | 5.32|13.67 | 9.781.024| — |449.1(2650|0.17 | 23 | 17.65| 1.30 |PSD,SD [0.55
12 | B25-32/11-2 5.25 28

13 | B25-32/12-1| Plagio- | 8.57 [22.94| 9.39|1.021 567.7{3950 | 0.14 | 19 |12.50| 1.52 |PSD 0.84
14 |B25-32/12-2|basalt | 7.80 80

15 |B25-32/16-1| Andesite| 0.21 [ 33.47 | 0.16(1.009| — |[114.0|3475|0.03| 12 | 3.70| 3.24 |PSD, MD [0.78
16 |B25-32/16-2 0.14

J,,, natural remanent magnetization; &, magnetic susceptibility; Q,,, Koenigsberger ratio; P', degree of anisotropy in magnetic suscepti-
bility; By 5, median field; J.;, remanent saturation magnetization; J, saturation magnetization; B, remanent coercive force; B, coer-
cive force; MD, multidomain grains; PSD, pseudo-single-domain grains; SD, single-domain grains; C, volumetric concentration of

ferrimagnetic material.

Basalt dredging usually yields samples from the
edges of a lava flow (Priroda ..., 1996). Crystallization
was occurring rather rapidly in the outer parts of a lava
flow. They typically show single-domain and pseudo-
single-domain textures of ferrimagnetic grains. The
presence of pigeonite provides evidence of very rapid
cooling. Titanomagnetite phenocrysts in olivine crys-
tals provide evidence of titanomagnetite crystallization
occurring during the earlier stages in the formation of
the rock.

The Koenigsberger ratio lies in the range between
1.5 and 16.6 for all basalt samples, that is, considerably
above unity. This supports the hypothesis that these
basalts are the chief source of the observed magnetic
anomalies due to the Rikord submarine volcanic massif.

GEOMAGNETIC SURVEYS

The anomalous magnetic field AT, of the Rikord
submarine volcanic massif exhibits a complicated
mosaic pattern that provides indirect evidence of its
origin as several volcanic cones that have coalesced.
The magnetic anomalies within the massif have inten-
sities in the range (—500...+1000) nT (see Fig. 2b).

The present interpretation of the geomagnetic data
was based on our own technology of MHS data simu-
lation in combination with echo sounding, CSP, and
the analysis of natural remanent magnetization J, and
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the chemical composition of dredged rocks (Blokh et
al., 2012). We used various interpretation methods;
some of these are aimed at the 2D and 2.5D analysis of
magnetic fields along individual tacks, while others
involved the entire data set. Qur calculations were
based on the true topography of volcanic edifices, tak-
ing the basement buried under sediments into account
as revealed by echo sounding and CSP. More accurate
results for the deeper structure of submarine volcanoes
were obtained using the method of singular points,
interpretation tomography, and the fitting method for
dealing with magnetic inversion problems (MIPs).

We used the IGLA software (Blokh et al., 2015,
2017; Blokh and Trusov, 2007) to determine that the
vector of effective magnetization deviated from the
normal field vector T, toward the southwest by an
angle of approximately 80°. The software implements
linear inversion in a multangular interpretation win-
dow by adjusting the model in interactive mode in the
shape of a truncated pyramid. Figure 8 shows the ini-
tial sites where the magnetic field was measured and
the fitted model; as well, it shows the distribution of
bedrock magnetization obtained using the REIST
software.

This direction of the magnetization vector is rather
typical of rocks in submarine volcanoes in the middle
of the Kuril island arc, while its variation within the
region provides evidence of periods of geomagnetic
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Fig. 8. Refining the direction of the magnetization vector in the Rikord submarine volcanic massif using IGLA software.

inversions coinciding with the times when the subma-
rine volcanoes were born (Blokh et al., 2015). The
available determinations of absolute age for volcanic
rocks sampled in the central Kuril Islands vary in the
range between 620 ka and 3.3 Ma (Lelikov and
Emel’yaova, 2007; Ishizuka et al., 2011). It should be
emphasized that the age of a sample taken by Japanese
researchers on the Ushishir Islands, near the subma-
rine volcanic massif under study here, is 1.17 Ma
(Ishizuka et al., 2011). It can therefore be surmised
that the Rikord volcanic massif was formed during the
last Matuyama—Brunhes geomagnetic inversion.

The singular points of functions that describe
anomalous fields for individual tacks were analyzed
using the SINGULAR integrated system (Blokh et al.,
1993), which implemented the well-known methods
due to V.N. Strakhov, V.M. Berezkin, and G.A. Tros-
hkov. The results showed that the main features of the
functions that describe anomalous fields were con-
fined to the top of the volcanic rocks (Fig. 9) and sup-
ported the existence of four volcanic edifices as iden-
tified by CSP.

Apart from this, the vertical distributions of local-
ized singular points suggested a nearly vertical, a
southwestern, and a south-southeastern direction of
the conduits and the presence of peripheral magma
chambers at a depth of ~2 km.

Three-dimensional simulation of the volcanic edi-
fice using the REIST software from the SIGMA-3D
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gravity and magnetic interpretation program package
(Babayants et al., 2004, 2005) showed that the maxi-
mum effective magnetization in the Rikord massif
reaches 0.7 A/m (see Figs. 2c, d). The rms error
achieved by 70 iterations in fitting the anomalous
magnetic field was 30 nT.

The tomographic analysis of the Rikord submarine
massif revealed a mosaic character of the associated
anomalous magnetic field (Blokh et al., 2013). The
leading tendency in the distribution of effective magne-
tization consists in several local zones coalescing with
increasing depth. One especially notices two positive
anomalous zones of J in the central and southwestern
parts of the massif that extend as far down as 5—6 km.

The mixed MIP was solved by the fitting method,
resulting in a 3D model of the central part of the vol-
canic massif and identifying ten major magnetically
disturbing blocks (Fig. 10, Table 3) whose effective
magnetizations vary in the range between 1 and
2 A/m; these blocks are hypothesized to be cooled
conduits. It is worth noting that several geologic fea-
tures in close proximity produce most of the magnetic
anomalies.

The blocks can be roughly subdivided into two sets
by the direction of the magnetization vector: those
whose deviation from the vertical is between 2° and 11°
and those with 14° to 23°; we believe that they trend
SW and SSE, which is quite consistent with the analy-
sis of the magnetic field using the IGLA software. This
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Fig. 9. An image synthesized by the SINGULAR software for location of singular points in a function that describes the anoma-
lous magnetic field AT, in the Rikord submarine volcanic massif; it is superposed on seafloor topography. The locations of the
lines are shown in Figs. 1b and 2.

may indicate a consistent timing of the formation of The depths to the tops of most features identified
these disturbing blocks and periods of magnetic inver-  here are in agreement with the topography of the vol-
sion when the Earth’s magnetizing field was rapidly canic massif, with the features themselves reaching
changing in direction. depths of 5.4 to 10 km below sea level.
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Fig. 10. A 3-D geomagnetic model for the central part of the Rikord submarine volcanic massif. Numerals mark major magnet-
ically disturbing blocks whose values of effective magnetization J ¢ are listed in Table 3.

Comparison between the results of geomagnetic
simulation and the data supplied by petrologic and
magnetic studies of rocks suggests that the Rikord vol-
canic massif is largely composed of effusive rocks
ranging from basalt to andesite.

CONCLUSIONS

The research reported above helped identify the
structure of the Rikord volcanic massif as consisting of
four volcanic edifices that coalesced at their bases; the
massifis most likely of Quaternary age (Middle to Late
Pleistocene, possibly the end of the Calabrian, when
the Matuyama—Brunhes geomagnetic inversion
occurred). The Rikord Strait was found to contain sev-
eral faults, while the Rikord massif itself is situated
within the nearly north—south Rikord graben.

The existence of a nearly continuous series of
chemical compositions from basalt to andesite, the
presence of transitional varieties from andesine to
bytownite to zonal plagioclase crystals, and the grad-
ual replacement of mafic mineral associations with
sialic ones, taken together suggests the effusion of
basaltic and basaltic andesite lavas during the earlier
stages in the life of the Rikord volcanic massif. The
melt had temperatures reaching ~1200—1300°C. As
the basalts were crystallizing, the parent melt was
depleted in mafic components and enriched in sialic
ones. This differentiation resulted in the effusion of
andesite flows.

The high values of natural remanent magnetization
in dredged rocks are due to a high concentration of
single-domain and pseudo-single-domain titanomag-
netite and magnetite grains. The Koenigsberger ratio

Table 3. The effective magnetization J; of anomaly-inducing bodies

Body # 1 2 3 4 5 6 7 8 9 10
Jory A/m 1.4 1.7 1 1.6 1.3 1 1.7 1.3 2 1.1
Magnetization angle 14 11 23 5 11 20 2 10 20 10
(deviation from the vertical) of J¢, °
Maximum depth of penetration, km 6.4 10 6.6 6.4 10 10 5.4 10 10 10
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY Vol.12 No.4 2018
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for all basalt samples lies in the 1.5—16.6 range; basalt
is probably the main source of the observed magnetic
anomalies due to the Rikord volcanic massif.

We found a nearly vertical, a southwestern, and a
south—southeastern direction for the conduits, and
detected peripheral magma chambers at a depth of
~2 km.

A 3D model for the middle of the Rikord massif
was developed containing ten magnetically disturbing
blocks; these are most likely cooled nearly vertical
magma-conducting passageways.
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