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Genesis of the

Arctic Ocean Basin

High-altitude aeromagnetic surveys provide new
data on the earth’s crust in this remote area.

Elizabeth R. King, Isidore Zietz, Leroy R. Alldredge

Aeromagnetic surveys have been
systematically made of more than
half the Arctic Ocean, and the high-
altitude aeromagnetic profiles thus ob-
tained (I) reveal significant contrasts
in the magnetic character of its sev-
eral parts. These contrasts suggest that
the earth’s crust under the Arctic
Ocean is complex, and that it resulted
from profound geologic changes dat-
ing back to Precambrian time.

The Arctic Ocean has the distinc-
tion of being the last of the oceans to
be discovered. Pack ice blankets its
surface, and the entire region was
thought to be covered by shallow seas
until Nansen’s polar expedition of
1899 recorded water depths of oceanic
magnitudes. As more soundings were
made, it was found that the deep water

is confined to a relatively restricted

central area that is surrounded by con-
tinental shelves which are exceptionally
broad off the Eurasian coast (Fig. 1).
This deep water is completely blocked
off from the deep water of the Pacific
and is linked with the Atlantic by a
single, narrow trough between Green-

Miss King is a geophysicist with the U.S.
Geological Survey, Washington, D.C.. Mr.
Zietz is chief of the Geological Survey’s Regional
Geophysics Branch; Dr., Alldredge is a research
geophysicist in the U.S. Coast and Geodetic
Survey, Washington, D.C.

26 JUNE 1964

land and Spitsbergen. Not until the
end of World War II was it discov-
ered that a major submarine mountain
range, the Lomonosov Range, extends
across the entire basin, dividing it into
two parts. The basin on the North
American side is further broken up
into two flat-floored basins by a lower
but much broader submarine feature,
the Alpha Rise. Although a consider-
able part of the basin on the Furasian
side of the Lomonosov Range is also
flat-bottomed, there is a large area ad-
jacent to Spitsbergen and Franz Josef
Land which has very rugged bottom
relief. Much uncertainty still remains
concerning the detailed topography un-
der the Arctic Ocean, although the
advent in 1957 of nuclear submarines
able to obtain continuous bottom pro-
files has contributed greatly to knowl-
edge of the terrain on the sea floor.

Nature of the Arctic Ocean Basin

The nature of the Arctic Ocean
Basin is a subject of debate, primarily
between geologists working on the ad-
jacent continental areas and geophysi-
cists utilizing data from earthquake
seismology and various types of geo-
physical measurements over the basin
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area itself, For the earth as a whole,
seismic refraction measurements, sup-
ported by much more abundant gravity
data, show that the crust in the con-
tinental areas is radically different from
that in the oceanic areas. The Mo-
horovi¢i¢ discontinuity, which sepa-
rates the dense, high-velocity rocks of
the mantle from the overlying crust,
is 20 to 40 kilometers deep under the
continents and only about 5 kilometers
deep under the floor of the oceans.
The continental crust is predominantly
silicic material in which there is an in-
crease in density and in seismic ve-
locity with depth, whereas the oceanic
crust is composed of more mafic rock
under a thin veneer of sedimentary
material. Ewing and Press (2) state
that, with the exception of certain
marginal tectonic belts, the earth’s
crust appears to belong to one of these
two distinct types. So far, direct
measurements of crustal thickness
have not been made in the Arctic
Ocean Basin. Until the oceanic or
continental nature of this region has
been definitely established, valid con-
clusions about jts geologic history and
the interrelationships of the surround-
ing continental blocks cannot be made.

Geology of Surrounding Areas

The known geology of the surround-
ing areas has led many geologists to
conclude that the deep Arctic basins
are a later development in a region
which was formerly an integral part
of the North American and Furasian
continents. A large part of this region
comprised the Hyberborean Shield of
Shatskiy (3) and constituted the nu-
cleus of Eardley’s proposed “Ancient
Arctica” (4), for which he cites a
number of arguments that are briefly
summarized here.

The Precambrian shields of the
Northern Hemisphere, which form
the cores of the continents, cluster
around the Arctic like fragments of
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an originally much larger whole. The
Canadian Shield and the adjacent
Greenland Shield are the largest, and
the Baltic Shield and Anabar Shield in
the Eurasian sector are more restricted
(Fig. 2). The shields are flanked by
extensive platform areas which occupy
much of the Arctic lowlands and
probably continue uninterrupted across
the continental shelves, especially north

of Scandinavia. Another platform may
occupy the Chukchi Shelf, as postu-
lated by Saks and others (5). These
platforms have a relatively thin cover
of Paleozoic sedimentary rocks over
the Precambrian crystalline complex
and resemble the Central Stable Re-
gion of middle North America, indi-
cating that epeiric sea conditions for-
merly prevailed through this whole

region. Eardley (4) concludes that the
Paleozoic Cordilleran Geosyncline of
western North  America extended
through Alaska, with the volcanic as-
semblage toward the Pacific and the
mainland assemblage bordering the
Arctic. Such a setup implies a source
of sediments north of the present
coast. Positive evidence for such land
areas is found in the thick clastic sedi-

NEW
SIBERIAN
ISLANDS

70%

B,
~y
WRANGEL § 000
ISLAND & N
l80°‘~” N

A

0°

ISYERNAYA
ZEMLYA

Fn:g'

s sl

%%’a&
&

OSEF . LAND

QD AtN
SPITSBERGEN

A F———CENTRAL MAGNETIC ZONE——

1000
GAMMAS

FEET

90°

20000
SEA

——FLIGHT ELEVATION-

LEVEL

-40000

2(1)0 o] 200

1 1 3 i1 L

4?0 MILES
CONTOUR INTERVAL 1000 METERS

Fig. 1. Topographic map of the Arctic Ocean, with accompanying aeromagnetic profile (heavy solid line). Dotted line shows the
areal extent of the Central Magnetic Zone. [Bathymetry after Ostenso (12)]

1552 SCIENCE, VOL. 144



mentary deposits of the Paleozoic and truncation of the major ridges at vari-

early Mesozoic which form an almost
continuous belt from Alaska through
the Arctic Archipelago (6).

These platform areas were sepa-
rated by a number of Paleozoic linear
orogenic belts which evidently were
originally more extensive than the
segments which are now found cross-
ing the Arctic margins (Fig. 2). Al-
though the Franklinian geosyncline of
the Canadian Arctic Archipelago
tends to parallel the coast and may
have a continuation across northern
Greenland, most of these fold belts
strike north onto the continental
shelves, where they can be traced
through the several island groups and
are apparently cut off by the present
deep Arctic basins. Most of the
Mesozoic tectonic trends are concord-
ant with the Arctic coasts, particularly
through Alaska and far eastern Si-
beria. Where the Verkhoyansk Fold-
ing strikes north through the New Si-
berian Islands, it lines up with the
Lomonosov Range, which Soviet ge-
ologists believe to be a related tectonic
feature (5). Eardley (4) concluded
that, although the breakup of Arctica
began in Paleozoic time, the basins ac-
quired their present great depths dur-
ing the Tertiary, which was distin-
guished by profound vertical move-
ments that amounted to 7600 meters
along the east coast of Greenland and
controlled, or at least modified, the
present coastlines of many of the is-
lands of the Canadian Arctic Archi-
pelago, adjacent Greenland, and Spits-
bergen. In a more recent study, Push-
charovskiy (7) postulates that the
formation of the deep basins com-
menced during the second half of the
Mesozoic.

Underwater Topography

The evidence from underwater to-
pography, although not conclusive, is
especially significant because, in the
absence of erosion, the topography
tends to reflect the mechanism respon-
sible for its origin. The bathymetric
data are too meager to give a true
picture of the terrain, but the con-
tinuous depth profiles obtained by the
nuclear submarines provide representa-
tive samples of the bottom detail in
each of the geomorphic provinces of
the Arctic Ocean. According to an
analysis of these profiles by Dietz and
Shumway (8), vertical movements of
750 to 1000 meters are indicated by
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ous elevations, evidently through pla-
nation by wave action when they
stood 750 to 1000 meters higher rela-
tive to present sea level. Many of the
slopes, particularly on the flanks of
the Alpha Rise, have steplike rises or
escarpments suggestive of block fault-
ing. The Lomonosov Range has slight-
ly convex slopes, which rule out the
construction of the ridge by volcanism

(8). Its relatively simple asymmetric
shape is indicative of a tectonic fea-
ture such as a fault block or slightly
overturned geanticline (8, p. 1326),
although the latter requires horizontal
compression rather than vertical up-
lift. The flatness of the deep basin

floors is due to a considerable accumu-
lation of sedimentary material, which
implies that the basins are well-estab-
lished features.

The combined areal
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extent of the basins is limited and is
roughly comparable to the area of the
Mediterranean or Caribbean seas.

Seismic Evidence

A considerable array of evidence
collected from analyses of earthquake
records indicates that the deep-basin
areas have an oceanic or intermediate
crust. It has been found from a study
of earthquake data that a short-period
surface wave, the Lg phase, is trans-
mitted through continental crust but
not through oceanic crust (2). Using
this as a criterion, Oliver et al. con-
cluded that the Arctic Ocean Basin
was oceanic because it did not trans-
mit the Lg phase (9). Rayleigh waves

and Love waves both have dispersion
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curves which vary with the thickness
of the crust. Dispersion of Rayleigh
waves transmitted through the Arctic
shows considerable scatter, but the
points fall Dbetween the theoretical
curves for typical oceanic and typical
continental crust (9). More recently,
Hunkins (70) calculated from the
Love-wave dispersion that the crust is
6 to 15 kilometers thick along a path
crossing all the major ridges and
basins.

Gravity Data

Similar results have been obtained
from gravity data. The published data
are few, particularly for the deep
basins; they consist of data obtained
at the U.S. drift stations (/) and of

measurements obtained during land-
ings on the sea ice by scientists of the
United States and Canada. In the deep-
basin areas the free-air gravity anom-
aly appears to be near zero except for
local variations, and over the Alpha
Rise and the edge of the continental
shelf it tends to be positive. The best
available data are from the area off
the coast of Alaska (/2). They indi-
cate a thinning of the crust from about
35 kilometers under the Brooks Range
to 17 kilometers in an area 700 kilo-
meters north of the coast; the calcula-
tions were based on reasonable density
values for crust and mantle and on
the assumption that no significant
lateral density contrasts are present. A
seaward shallowing of the Mohorovici¢
discontinuity is also indicated by grav-
ity data across the continental shelf
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northwest of the Canadian Arctic
Archipelago (Z73). Gravity observations
by the U.S.S.R., made on hundreds of
sea-ice landings all over the Arctic
Ocean, unfortunately have not been re-
leased, but presumably they form the
basis of several crustal-thickness maps
published by Demenitskaya (14).
These maps were derived from an
empirical relationship between Bou-
guer gravity values and seismic de-
terminations of the Mohorovidié dis-
continuity based on a world-wide com-
pilation of available data. In the Arctic
this relationship gives a thickness of 2
to 7 kilometers under the deep basins
and of 15 to 25 kilometers for the
intervening ridges, but there are no
seismic determinations against which
these values can be checked. Woollard
(15) has developed a similar empirical
formula which gives slightly greater
crustal thicknesses for both ridges and
basins (12, p. 74).

Magnetic Data

This apparent conflict of the geo-
physical interpretation with the in-
ferred geologic relationships  has
thrown considerable doubt on the con-
cept of an original land mass or region
of shallow seas (/6). The high-altitude
aeromagnetic profiles (Fig. 3) have
been analyzed in an attempt to re-
solve some of these contradictions.
The profiles were obtained at 6000
meters (20,000 ft) above sea level,
and they show regional magnetic pat-
terns very clearly. In addition, a con-
siderable number of low-level pro-
files have been obtained, at 450 meters
(1500 ft) above sea level, by workers
from the University of Wisconsin
(12); several of these low-level pro-
files extend farther into the Eurasian
Basin and considerably enhance the
coverage of the high-level group
(Fig. 3).

The most significant magnetic con-
trast is observed between profiles re-
corded on either side of the Lomono-
sov Range. Over the FEurasian Basin,
with a few exceptions, the profiles are
nearly flat or have only minor fluctua-
tions, but over most, if not all, of the
Central Arctic Basin and the Alpha
Rise, and over more than half the
Canadian Basin, there is a large re-
gion of closely spaced, high-amplitude
anomalies, some of them of as much
as 1000 gammas (one gamma is a
unit of magnetic intensity equal to
10~ oersted). This region, which we
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call the Central Magnetic Zone, is set
off for the most part by well-defined
boundaries (Fig. 1). The demarcation
between this zone and the surrounding
areas is particularly sharp on the con-
tinental shelf off the Canadian Arctic
Archipelago and over the Chukchi
Cap north of Wrangel Island, sug-
gesting fault control. Several block-
shaped anomalies over the flanks of
the Alpha Rise have widths compar-
able to that of the block faulting in-
ferred from block-shaped topography
recorded on the ocean-bottom profiles
along the Rise. This indicates that
faulting may have an influence on
the magnetic profiles here. Obviously
the substratum beneath the North
American sector is completely dif-
ferent from that of the Eurasian sec-

1000
GAMMAS

tor. Significantly, profiles over the Cen-
tral Magnetic Zone also show no
resemblance to oceanic magnetic pro-
files over the Atlantic and Pacific, even
for the more magnetic areas such as
the Bermuda Rise (I7) and the Cali-
fornia offshore area (/8). These true
oceanic profiles all look much alike,
except over isolated features such as
seamounts, and over regions of prob-
able thick sedimentary accumulation
near the continental margins. Typical
profiles for the Atlantic and Pacific
oceans are shown in Fig. 4, to illustrate
the contrast between these profiles and
a representative low-altitude profile
across the Central Magnetic Zone, for
which the distance from detector to
ocean floor was comparable. A low-
altitude profile over the Eurasian Basin

TYPICAL LOW-LEVEL PROFILE OVER CENTRAL MAGNETIC ZONE
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Fig. 4. Comparison of the two main types of aeromagnetic profile on either side of the
Lomonosov Range with typical profiles over major ocean areas.
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" is also given, to show that this basin
I does bear a close resemblance to truly
oceanic areas.

In the Central Magnetic Zone many
of the anomalies have amplitudes sev-
eral times those of the typical oceanic
anomalies. They also tend to be
grouped into a series of larger fea-
tures and to be much more irregular
] in their heights and frequency of oc-
;\ currence than anomalies observed over
A

1000 GAMMAS

the ocean areas. These same distinctive
‘” A | L characteristics are observed on profiles
’ ” N obtained over the highly magnetic Pre-

\ ‘)T“ \/\ U"‘\ M cambrian rocks of the Canadian Shield
‘M Ly (19) or over their buried equivalent
V to the south in the Central Stable Re-
gion of the United States (20). Al-

500 FEET ABOVE PRECAMBRIAN SHIELD though most of the magnetic data for

\ these regions have been recorded at
| lower elevations, when representative
profiles are arranged according to in-
creasing altitude from top to bottom,
their underlying similarity is clear
(Fig. 5), and the Arctic profiles might
be mistaken for the shield profiles ob-
tained at a higher elevation. This simi-
larity strongly suggests that the Central
Magnetic Zone is a large region where
the lithologic units have dimensions
b and magnetizations closely resembling
V 10,000 FEET ABOVE BASEMENT those of shield and platform areas. Sev-
OVER U.S. CENTRAL STABLE REGION eral of the high-altitude profiles of the
Central Magnetic Zone which extend

south across the Canadian Shield per-

mit a direct comparison of the two

) areas that is even more conclusive
J (Fig. 6). Both areas have magnetic

Fig. 5 (left). Comparison of aeromagnetic
profiles over continental cores with a pro-
file over the Alpha Rise. Fig. 6 (below).
Single aeromagnetic profile over the Cen-
tral Magnetic Zone of the Arctic Ocean
and the Canadian Shield, showing the sim-
ilarity of the magnetic characteristics of
the two regions. [Geology after Martin
(24)]
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anomalies, of similar amplitudes,
separated by a nearly flat segment of
profile over the intervening sedimen-
tary zone formed by the combined
thickness of the Mesozoic Sverdrup
Basin and the Paleozoic Franklinian
geosyncline. Thus the magnetic data
provide convincing evidence that the
floor of the Arctic Ocean on the North
American side of the Lomonosov
Range is formed by a large sunken
block, or blocks, of continental ma-
terial, a large part probably consisting
of a Precambrian complex similar to
that of the present shield areas.

The magnetic data show that the
Eurasian Basin is underlain by material
very different from a continental crys-
talline complex, and that magnetically
the basin has a much greater similarity
to typical deep-sea areas than to con-
tinents. A zone of earthquake epicen-
ters along the axis of this basin ap-
pears to be the northerly extension of
an epicenter zone associated with the
mid-Atlantic Ridge. Therefore a mid-
oceanic ridge has been postulated along
the trough between Greenland and
Spitsbergen and through the Eurasian
Basin in the region of rugged bottom
topography (21). Such ridges are char-
acteristically associated with high-am-
plitude magnetic anomalies, but there
is .no indication of such anomalies in
the magnetic data for the Furasian
Basin. Soviet geologists reject the mid-
ocean-ridge concept in favor of an ac-
tively subsiding geosynclinal trough re-
ceiving sediment from the Siberian
mainland (5), but such a theory does
not account for the extensive area of
jagged bottom topography. This area is

_ associated with a magnetic pattern of
short-period ripples and resembles the
Bermuda Rise and similar areas much
more closely than it resembles re-
gions of sedimentary accumulation,
which usually have much flatter mag-
netic profiles.

Conclusions

Although the geologic-magnetic evi-
dence that at least one part of the
Arctic basin is underlain by continental
rocks apparently conflicts with the
seismologic-gravity evidence that the
deep-water areas have an oceanic crust,
the data are not irreconcilable. Tt
should be emphasized that all the geo-
physical interpretations are based on
empirical methods or on arbitrary
initial assumptions about densities and
layering. Thus, transmission of the Lg
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phase is a criterion which may not be
valid for a structurally complex situa-
tion. Dispersion analyses are based on
comparisons with theoretical curves,
and errors may be introduced in cor-
recting for nonoceanic segments of the
wave path. There is a considerable
spread in the results of calculations
based on various empirical formulas
relating Bouguer gravity values to
crustal thickness. Although the free-
air gravity anomaly is close to zero in
the deep-water areas, indicating higher-
density material somewhere in the col-
umn of underlying rock, this require-
ment can be satisfied by density dis-
tributions other than that of a thin
crust over dense mantle material.

The seismological results can be
largely accounted for if the Eurasian
Basin is a genuine oceanic basin with
a thin crust. Most of the earthquake
paths used for both the Lg studies and
the Rayleigh- and Love-wave disper-
sion studies cross this basin, which may
not transmit the Lg phase. An estimate
of crustal thickness  derived from the
dispersion analyses may be an aver-
age value rather than the actual thick-
ness for either of the basins taken sep-
arately.

The formation of deep basins by
subsidence of a crustal segment im-
plies a mechanism for overcoming
the initial isostatic conditions, because
a sunken block of crustal material will
displace a large volume of denser man-
tle material. Removal of crustal ma-
terial from the base of the block by
subcrustal flowage (22) or by assimi-
lation, or addition of heavier material
to the crustal rocks, are some of the
possible devices. It is possible - that
crustal thinning may also be accom-
plished by tensional stresses, perhaps
as a result of convection currents in
the mantle, of global expansion, or of
some form of continental drift that
produces  widening intercontinental
rifts.

The abundant evidence of vertical
movement, particularly the block fault-
ing along the Alpha Rise, supports
the possibility that tensional stresses
operating through a series of normal
faults have been an important factor in
the formation of the deep-basin areas
on the North American side of the
Lomonosov Range. The range itself, if
it is a compressional tectonic feature,
may predate this tensional phase, but
it is significant that it forms the bound-
ary between these two crustal seg-
ments. The Burasian Basin, from all
the evidence available, may be an

original oceanic feature, or it may be
an enlarged rift of relatively recent
origin which is still expanding between
the Eurasian continent and the Lomon-
osov Range, as suggested by the ac-
tive seismic zone along its axis.
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