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In recent paper published in the Geophysi-
cal Journal, Gordienko [2024], a consistent
opponent of plate tectonics (PT), tried to
explain why the concept of linear magnetic
anomalies, which together with the idea of
ocean floor spreading is one of the main pil-
lars of PT, is erroneous or, at the very least,
questionable. From my point of view, it is one
of the most important successes of geophysics
in the 20th century. It deserves to have its his-
tory told at least briefly to understand whet-
her this concept is confirmed by observations.
I rely on literary sources, though the list of
references is far from being exhaustive. As an
accessible and comprehensive introduction
to paleomagnetism, I recommend the online
edition Tauxe et al. [2018], as well as the En-
cyclopedia of geomagnetism and paleomag-
netism [Gubbins, Herrero-Bervera, 2007]. The
most complete chronology of magnetic field
reversals to date can be found in the paper by
Gee and Kent [2007]. How it all began is de-
scribed in Cox et al. [1964] and Gallet [2021].

In the most general terms, it is currently
assumed that mid-ocean ridge (MOR) vol-
canism is accompanied by plate spreading.
The melt intruding into the crust in the cen-
tral MOR rift cools down, solidifies. When
its temperature drops to the Curie point, fer-
romagnetic inclusions become magnetized,
remembering the direction of the external
magnetic field, so that a central magnetic
anomaly arises. With further spreading, the
central anomaly breaks and a symmetrical
pair of equally magnetized anomalies ap-
pears. If the Earth's magnetic field changes,
e.g., a polarity reversal occurs, the direction

of magnetization of the next central anomaly
and the next pair of symmetrical anomalies
will be opposite to the previous one. Thus,
the Earth's oceanic crust turns into a recorder,
preserving a record of variations in the Earth's
magnetic field and the history of the ocean
floor spreading.

This is, of course, an idealized picture. Re-
ality, as always, turns out to be more complex
than simplified constructions. However, the
most important thing is that before it became
possible to use the ocean crust as a recorder,
it was necessary to understand that the record
existed and to learn how to read it, i.e., one
required an instrument that would allow to
study tectonics by studying the magnetiza-
tion of the ocean crust.

The solution to this problem took the first
half of the 20th century.

The existence of residual magnetization in
rocks has been known since the invention of
the compass since it was noticed that in some
places the magnetic needle deviates from its
standard position. In the late 19th — early
20th centuries, it was discovered that some
artifacts exposed to high temperatures (the
remains of burnt buildings, bricks, ceramics,
and kilns for firing them) retain a weak but
stable residual magnetization. Such magneti-
zation is studied by archaeomagnetism. It was
based on the observations of G. Folgheraiter
(e.g. Principe, Malfatti [2020]). Now, more
than 100 years later, these methods are still
widely used (Gallet [2021]). For example,
Vaknin et al. [2022] used archaeomagnetic
dating to reconstruct biblical (!) military cam-
paigns in the Southern Levant from 3000 to
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2500 years ago. The dating in this case was
based upon a very characteristic dependence
of the magnetic field intensity on time with
significant short-period variations and spikes,
in some cases twice the intensity of the mo-
dern field. The unusual polarity of magneti-
zation of rocks (serpentinites) was first men-
tioned by Alexander von Humboldtin a letter
published in 1797 [Humboldt, 1797]. In 1855,
Brown, while studying the magnetic field in
India, also discovered rocks with magnetiza-
tion opposite to the local field [Fuller, 1970;
Smith, 1971], but did not attach any impor-
tance to these observations, so they were pub-
lished only five years later and forgotten for
a hundred years.

The next step was taken by researchers
who studied the residual magnetization of
lava flows and the sedimentary rocks hea-
ted by them. In particular, Brunhes [1906]
described a lava flow overlying a clay layer
baked by this lava flow. Brunhes selected
oriented cubes of basalts and baked earth
and determined the direction of the natural
thermoremanent magnetization (NTM) vec-
tor. For all samples, the magnetization direc-
tion was the same, being the opposite to the
modern field direction. Since the length of
the outcrop exceeded 100 m, the magnetiza-
tion could not be caused by some acciden-
tal event, such as a lightning strike. In 1906,
Brunhes presented a report at a meeting of
the French Physical Society, on the discovery
of Miocene formations in the French Central
Massif with both the lava flows and the un-
derlying baked earth exhibiting magnetiza-
tion opposite to the modern magnetic field.
These results were later rechecked and fully
confirmed. At present, Brunhes'results are so
highly valued that the first orthozone of the
general magnetostratigraphic scale (0—7%80
thousand years) was named after him. Ho-
wever, at the beginning of the century, the
possibility of an oppositely directed terres-
trial magnetic field seemed so incredible that
these discoveries were not even mentioned in
his obituary (1910).

Despite the general skepticism regarding
the change in polarity of the geomagnetic
field, research in this direction continued.
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Mercanton [1926, 1932] found both direct-
ly and reversely magnetized igneous rocks
throughout the northern (Spitsbergen, Green-
land, Jan Mayen, Iceland, Faroe Islands, Mull)
as well as southern hemisphere (Australia).
Matuyama [1929] determined the magnetiza-
tion direction of 139 Quaternary samples col-
lected from 36 lava manifestations in Japan,
southern Korea, and northeastern China. He
found that the samples from two groups, with
the magnetization direction of the «normal»
one being close to the direction of the mo-
dern field, and the magnetization of the se-
cond group being opposite to it. Matuyama
was the first to correlate the magnetization
direction of the samples and the age of the
eruption and concluded that «normal» lavas
are younger (Pleistocene) than lavas with re-
verse magnetization. As aresult, the idea was
formulated that the magnetization of igneous
rocks and minerals is thermoremanent, i.e., it
is acquired during the cooling of rocks with
an initial temperature exceeding the Curie
point.

These observations did not completely
eliminate doubts about the reality of polarity
reversals. In the late 1940s, the question arose
about how stable thermoremanent magneti-
zation is, and whether the reverse polarity of
magnetized rock samples is a consequence of
a spontaneous change in polarity, which has
purely internal causes, not related to an exter-
nal field [Graham, 1949, 1953]. In particular,
Néel [1951] theoretically showed that sponta-
neous polarity reversal can occur during hea-
ting and subsequent cooling of fine-grained
material consisting of two components with
different Curie temperatures. Such processes
were subsequently discovered in laboratory
experiments with rocks [Nagata et al., 1951].
It turned out, however, that in nature these
phenomena are very rare, if they occur at all.
The final point in this problem was put by
Wilson [1966], who collected a set of 90 pairs
of samples taken from the contacts of dykes.
Each pair included a sample of the dyke
material itself and a sample of the host rock
that had been annealed. All samples acquired
normal, reverse, or intermediate magnetiza-
tion during cooling. It turned out that in 84
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pairs both samples had the same — normal or
reverse — magnetization. In three pairs, the
magnetization of the two samples was inter-
mediate between normal and reverse, but the
same. And only in three pairs was the magne-
tization of the dyke material and the host rock
opposite, i.e., spontaneous polarity reversal
can affect only about 3 % of the samples. In
other words, thermoremanent magnetization
is a reliable indicator of the direction of the
global magnetic field at the moment of co-
oling of the material.

To be accurate, the observed natural mag-
netization of rocks may be at least partially
due to chemical magnetization that occurs
because of oxidation of the parent rock at
temperatures below the Curie point. A dis-
cussion of this issue can be found in the
paper by Banerjee and Cox [1971].The last
thing necessary to turn paleomagnetism into
a tool for studying geodynamics is to relate
paleomagnetic measurements to a time scale.
Stratigraphic methods allow fixing the basic
time reference points but do not have suffi-
cient resolution. The radioisotope dating is,
of course, much more accurate. In particular,
Cox et al. [1964] were the first to use K-Ar
dating for this purpose. The first sufficiently
detailed scale recording the reversals of the
geomagnetic field was compiled by Heirtzler
et al. [1968]. This scale covered a time of up
to about 80 million years. The most complete
modern geomagnetic time scale, covering 160
million years, can be found in the review by
Gee and Kent [2007]. Such a scale makes it
possible to use paleomagnetic methods as a
tool for geodynamic analyses.

By the early 1960s, several pieces of the
«puzzle» became known that fit together
perfectly, forming the theory of ocean floor
spreading — one of the fundamental compo-
nents of plate tectonics.

The first piece of this «puzzle» was the
proof that the Earth's magnetic field has
flipped many times in its history, as discussed
above, and these reversals are «recorded» as
thermoremanent magnetization of rocks.

The second piece of the «puzzle» was de-
tailed surveys of the magnetic field in the
oceanic region using towed magnetometers
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along parallel routes about 5 nautical miles
apart (or even less if the field changed quick-
ly). These surveys revealed a surprising field
structure (e.qg., [Raff, Mason, 1961, Fig. 1]). It
turned out that the magnetic anomalies form
a very regular structure, consisting of parallel
stripes, hundreds of kilometers long and tens
of kilometers wide.

The third element of the «puzzle» is the
intuitive concept of ocean floor spreading
proposed by Dietz [1961]. Dietz had only
qualitative considerations that suggested
the possibility of ocean floor expansion, but
the term he coined turned out to be very
successful, and the meaning we now put into
this concept belongs to Vine and Matthews
[1963], and Vine and Wilson [1965].

Vine and Matthews [1963] studied mag-
netic field profiles in the North Atlantic and
northwest Indian Ocean. They noticed what
they called «granularity»: the variations in the
field looked as if the oceanic crust beneath
them were made up of blocks, with large gra-
dients of the field at the boundaries of the
blocks. Vine and Matthews pointed out that
if we assume that all the blocks have the same
polarity of magnetization, then, to explain
the «granularity», we have to suppose that
the properties of the blocks are quite diffe-
rent. For a long chain of blocks, this seems
completely unnatural. If the blocks have al-
ternating magnetization, the variations in the
field along the profile are easily explained,
but then about half of the oceanic crust has
a magnetization opposite to the present one.

The result of all these considerations was
the unification of all three pieces of the «puz-
zle» into what is now called the spreading
theory. It assumes that new crust is created
at mid-ocean ridges. After the solidification
of the erupted magma and cooling below the
Curie point, a central magnetic anomaly ap-
pears, which always has a polarity that coin-
cides with the modern magnetic field. It is
clear that, having agreed with the spreading
theory, it is necessary to check whether its
predictions are confirmed by observations.
Control tests for the spreading model are the
symmetry of the sequence of linear anoma-
lies relative to the ridge, the similarity of the
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Overview of the magnetic field in the Pacific Ocean west of the US and Canadian coasts. The black areas show

normal field polarity. See Fig. 1 by Raff, Mason [1961].

profiles on traverses crossing the same ridge
but located several tens of kilometers apart,
and, finally, the sameness of these sequences
of anomalies in different oceans.

The first such check was performed by
Vine and Wilson [1965], who studied the vari-
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ations of the magnetic field along the profiles
crossing the East Pacific Rise and the Juan
de Fuca Ridge. They showed that the varia-
tions of the field along three parallel profiles
crossing the Juan de Fuca Ridge and spaced
45 km apart are virtually indistinguishable. A
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comparison of one of the profiles with its in-
verted version made the symmetry of the pro-
file obvious. At the same time, the sequence of
anomalies on the profiles crossing the Juan de
Fuca Ridge is practically the same as on the
profile through the East Pacific Rise.

It is now generally accepted that the
spreading model successfully passes all these
tests (more examples one can find in the re-
view by Gee and Kent [2007]).

The modern timescale of magnetic field
reversals is usually presented as a time axis,
on which black and white rectangles show pe-
riods of direct and reversed magnetic field
directions [Gee, Kent, 2007]. Such a scale
looks like a bar code, and it is the same for
all oceans and all mid-ocean ridges. Never-
theless, the time axis digitization for various
ridges may differ, since it depends on the
spreading rate, which does not necessarily
have to be the same for all the MORs. The
time reference of the scale is carried out ac-
cording to key chrons and boundaries of geo-
logical periods. The timescales of magnetic
reversals for the Atlantic, Pacific and Indian
Oceans are presented by [Malinverno et al.,
2020, Fig. 4]. If there is a sufficiently dense
grid of magnetic profiles and all anomalies on
the profiles are identified, then by connecting
identical anomalies it is possible to obtain a
system of isochrones [Miller et al., 1997]. It
allows one to calculate the spreading rates on
different ridges and the rate of new crust cre-
ation. For example, according to Cognéand
Humler [2006], the globally averaged spread-
ing rate is approximately 5 cm/year, and the
production of the new crust is approximately
2.7 km?/year. It should be noted that observa-
tions of the ocean crust magnetic anomalies
cannot resolve short-term field excursions
that are detected during a detailed study of
sediments (e.g. [Melnyk et al., 2022]). There-
fore, the timescale uses only those chrons that
can be determined from marine magnetic
anomalies.

Thus, all the pieces of the «puzzle» fell into
place, and, in general, the spreading picture
islogical and consistent. Additionally, within
the framework, the dependence of the oce-
anic heat flow and ocean depth on the crustal
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age is naturally explained. As is known, up
to the crustal age of about 60 to 70 million
years, the oceanic heat flow decreases pro-
portionally to ', and the ocean depth in-
creases proportionally to 12 (e.g., [Parsons,
Sclater, 1977]). Even though the observa-
tions are quite «noisy», both dependencies
are clearly manifested (e.g. [Hasterok, 2013]).
Their physical cause is that in the vicinity of
the ridge, the convection in the plate mo-
ving away from the ridge is disrupted, and
the plate cools purely conductively from the
surface. Due to this, the heat flow decreases
with age, and the cooled part of the plate ex-
periences thermal contraction. As Aryasova
and Khazan [2016] showed, just at the plate
age of 60 to 70 million years the upper part
of the cooling plate becomes unstable. As a
result, convective mixing is triggered, which
keeps the heat flow and temperature of the
upper part of the plate (and, consequently,
the ocean depth) constant.

Although the picture is quite convincing,
attempts are being made to prove that the
spreading concept is erroneous or at least
questionable. The publication by V.V. Gordi-
enko [2024] also pursues this goal. It should be
said that the criticism and doubts of V.V. Gor-
dienko are based on real and well-known dif-
ficulties of theoretical geophysics: the inverse
problem of magnetometry as well as gravi-
metry has no unique solution. Therefore, it
is difficult to determine the detailed struc-
ture of the sources of magnetic anomalies.
This problem is, of course, well known. For
example, as noted in Gee and Kent [2007],
«despite more than 40 years of study, many
aspects of the magnetization source respon-
sible for lineated marine magnetic anomalies
remain uncertain».

However, it should be emphasized (and
this is the most important) that the geody-
namic interpretation of the system of magne-
tic anomalies is based only on their existence
and reference to the timescale, and does not
depend on their internal structure. Therefore,
alack of complete certainty about the internal
structure of the sources of anomalies does not
affect the geodynamic interpretation of obser-
vations. So, I do not see the point in discus-
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sing the specific comments of V.V. Gordienko,
who criticizes the models of the structure of
magnetization regions. The exclusions are
two Gordienko's comments that deal with
observations that are inconsistent with the
ideas about spreading.

V. Gordienko refers to the article by John-
son, Merrill [1978], which reports that during
deep-sea drilling it was discovered that in
the 600-m-thick layer of the crust the sign of
magnetization changes with depth, as if the
anomalies were located horizontally. Such an
arrangement of magnetic boundaries does
not correspond well to the concept of linear
anomalies, the boundaries of which in the
simplest model should be vertical. However,
it was later discovered that this result was
not repeated in any other borehole — this is
an isolated case. Moreover, in the article by
Tivey et al. [1998], published 20 years later,
by a group of authors that includes H. John-
son, an author of the article Johnson, Mer-
rill [1978], it is directly written that with a
complex spatial structure of the magnetiza-
tion region, a single borehole cannot allow
determining the geometry of the boundaries
of magnetized blocks.

The second difficulty mentioned by
V.V. Gordienko is the discovery, in the Mid-
Atlantic Ridge, of zircons with ages up to Ar-
chean, significantly exceeding the age of the
ocean floor on which they were located.

According to the spreading theory, rocks
near the mid-ocean ridges, i.e. where plates
originate, should be relatively young, a few
million years old at most. However, Pilot et al.
[1998] found zircons as old as 330 and 1300
million years in drill cores from the western
slope of the Mid-Atlantic Rift Valley, about
2000 km from the continents and far from
the islands. If these zircons had formed with
the gabbro in which they were found, their
age would have to be about 1 million years.
It was suspected that these zircons resulted
from contamination of the samples. Howe-
ver, since then, zircons much older than the
host rocks have been discovered by various
research groups, both in drill cores and by
dredging (e.g. [Bortnikov et al., 2008]) (many
examples can be found in Bea et al. [2020]).
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In addition to the uncertainty concerning
the origin of these zircons, it is difficult to
explain how they could have passed through
the mantle since zircons are unstable in low-
silica mafic and ultramafic melts. This prob-
lem is now actively discussed and studied
experimentally (e.g. [Bjerga et al., 2022]).
The general opinion is that old zircons are a
consequence of crustal recycling (e.g. [Bea
et al., 2001, 2020; Bortnikov et al., 2008]), but
the specific mechanism of zircon entry into
the mantle and subsequent movement to the
surface is still unknown. The only thing that
can be considered established is that zircons
can remain in a metastable state up to a pres-
sure of >8 GPa and a temperature of up to
about 900° C, i.e. they «survive» in the mantle
at fairly high pressures and temperatures.

Thus, all the fundamentally important
predictions of the spreading theory are in
good agreement with observations. The only
uncertainty with the ages of zircons requires
additional study, but, in my opinion, does not
compromise the theory.

If we agree with the validity of the sprea-
ding concept, then the question of confirming
the PT can be considered resolved. However,
there is also direct observational evidence of
the functioning of the subduction, which is
the second main element of PT [Stern, 2002;
Dixon, Moore, 2007; Zheng, Zhao, 2017; van
Keken, Wilson, 2023]. These confirmations
include, first of all, the existence of a deep-
sea trench at the plate boundary, as well as
the completely defined and always the same
nature of coseismic movements during sub-
duction earthquakes.

A deep-sea trench at the plate boundar-
ies occurs because a moving oceanic plate
«pulls» the edge of the continental plate
downwards. At the same time, due to the
pushing of the oceanic plate on the edge of
a continental one, the latter bends upwards.
The relative movement of the plates occurs
with slippage along a quasi-horizontal fault
between them. If slippage is blocked at some
section of the fault (in the future earthquake
source region), elastic stresses accumulate
and, upon reaching the yield strength of the
blocked section, a strong earthquake occurs
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and both plates are released. In this case, the
oceanic plate moves forward underneath the
continent, and the continental plate straight-
ens out, causing its edge to jump up, and
generating a tsunami. Thus, near the trench,
the vertical coseismic movements of the con-
tinental plate are ascending. With distance
from the trench, their amplitude decreases,
and then they change sign and become de-
scending with a decreasing amplitude (e.g.
[Plaftker, 1972; Plafker, Savage, 1970]). It is
important not only that such coseismic move-
ments are observed during all subduction
earthquakes, but also that there are no other
explanations for these observations.

If the slip along the fault between the con-
tinental and oceanic plates were not blocked,
then, at a relative velocity of 5—10 cm/year,
the oceanic plate would move 15—50 m in
300—500 years (a typical interval between
strong earthquakes). When an earthquake
occurs, this «delayed» movement is realized
as horizontal coseismic displacements.

This is, in general, a unique case. Real
plate movements, which, as someone noted,
occur at the speed of fingernail growth and
are only observable instrumentally, accumu-
late over hundreds of years to become visible
to the naked eye.

Here are some examples. During the 2011
Japanese earthquake, the coseismic horizon-
tal displacement was 42 m [Kodaira et al.,
2012]; during the 1960 Chilean earthquakes
it was at least 20 m and possibly 40 m [Plafker,
Savage, 1970]. During the 1964 Alaska earth-
quake, the coseismic horizontal displacement
was up to 30 m [Holdahl, Sauber, 1994]. All
of the above facts are purely observational
and indicate the reality of subduction. Ho-
wever, they are far from exhausting all that
is known about it. For example, there are to-
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