The Earth’s Hot Spots

These plumes of hot rock welling up from deep in the mantle are

a key link in the plate-tecconic cycle. The marks they leave on

passing plates include volcanoes, swells and midocean plateaus

by Gregory E. Vink, W. Jason Morgan and Peter R. Vogt

tle isolated, slender columns of

hot rock rise slowly toward the
surface, lifting the crust and forming
volcanoes. The plumes well up all
over the world, under continents and
oceans, both in the center of the mo-
bile plates that make up the earth's
outer shell and at the midocean ridges
where two plates spread apart. The
marks they leave at the surface are su-
perposed on the grand effects of plate
motion. Velcanic eruptions and earth-
gnakes associated with plumes oc-
cur far from plate boundaries, the site
of most such activity; the upwelling
currents also form broad anomalous
swells in the ocean floor and in conti-
nental terrain, These isolated areas of
geologic activity are-called hot spots.
Mantle plumes are relatively sta-
tionary, and so the crustal plates drift
over them. Often the passage of a plate
over a hot spot results in a trail of iden-
tifiable surface features whose linear
trend reveals the direction in which the
plate is moving. If the plate is oceanic,
the hot-spot track may be a continuous
volcanic ridge or a chain of velcan-

me deep inside the earth's man-

ic islands and seamounts rising high’

above the surrounding sca floor. The
most prominent example is the Hawai-
jan Islands; it was a visit there that led
1. Tuzo Wilson of the University of
Toronto to put forward the concept
of hot spots in 1963.

Wilson noticed that to the west of
Hawaii the islands disappear into at-
olls and shoals;, indicating they are

progressively more eroded and there-
fore older. The same observation had
been made more than a cenlury ear-
lier by the American geologist James
Dwight Dana, but Wilson was the first
to interpret the age progression as evi-
dence of continental drift. He pro-
posed that the island chain had been
formed by the westward motion of a
crustal slab over “a jetstream of lava”
now situated under Hawaii irself, at
the eastern end of the chain. The pro-
posal came at a time when textbooks,
including one coauthored just three
years earlier by Wilson himself, men-
tioned continental drift only as an in-
triguing idea advanced in the 1920%s
but later discredited.

In the past two decades the idea
has become generally accepted as part
of the theory of plate tectonics. The
earth's crust is now known to be em-
bedded in the rigid plates of the litho-
sphere, which is between 100 and 150
kilometers thick under continents and
about half as thick under oceans; the
continual motion of the plates over the
partially molten asthenosphere (the
portion of the mantle extending to 2
depth of roughly 200 kilometers) ex-

plains the development of ocean ba- §

sins and the formation of mountain
ranges. A major task of contemporary

geophysics is to understand how these §

surface processes are related to the
slow convective “creep” of hot rock in
the underlying mantle. Hot spots are
an important part of this connection.

Indeed, if the upwelling plumes were

MOTION OF THE PACIFIC PLATE over three fixed mantle plumes has produced three

to stop, the plates would grind to a
halt, Ultimately the energy that drives
plate motion is the heat released by the
decay of radioactive elements deep in
the mantle. The plumes provide an
efficient way of channeling the heat
toward the surface. Their efficiency is

parallel istand chains: the Hawaiian Islands and Emperor Seamounts, the Tuamotu and
Line islands, and the Austral, Gilbert and Marshall islands. The chains lie in the center of
_the plate, proving they were formed by a mechanism different from the one that produced
the volcanic island arcs of the western Pacific, which are associated with the subduction of
the plate ai oceanic {renches. The plumes originate deep in the mantle, and their surface
tracks reveal the path of the plates, About 40 million years ago the Pacific plate switched to
its present westward course from a more northerly heading; the change shows up as a bend
in the hot-spot chains. Active volcanves, such as Kilauea on Hawaii, are at the southeast-
ern end of the chains. To the northwest the volcanoes are extinct and progressively older.










The magnetic minerals in lava erupt-
ing from midocean ridges align them-
selves with the prevailing ficld, and
as the molten rock cools and solidi-
fies, the field direction is permanently
locked in the crust.

The magnetized crust is transported
away by the diverging plates in bands
that roughly parallel the ridge axis
Each band has a characleristic mag
netic anomaly and is made up of crust
formed at the same Ume, and 50 the
bands are called magnetic isochrons.
The age of various isochrons, and
therefore the sea-floor-spreading rate,
has been established through radio-
metric dating of rocks retrieved in
deep-sea drilling expeditions. By su-
perposing corresponding  isochrons
from opposite sides of the spreading
axis, one can reconstruct the relative
position of the plates at the time the
isochron pair was formed. (The super-
position in effect removes from the
map all sea floor created after the par-
ticular magnetic reversal.)

f the motion of one of the plates over
the plumes is known, then their rel-
ative motion allows the path of other
plates in the hot-spot reference frame
to be deduced. The general procedure
15 to begin with a well-defined hot-spot
track on one plate—say a chain of sea-
mounts—and then adjust the more am-

biguous tracks until the *best " is
achicved: the absolutc plate motions
that best satisfy the constraints estab-
lished by the hot-spot evidence and
the relative motions.

Using this procedure, we have re-
constructed the opening of the Atlan-
tic and Indian oceans. The reconstruc-
tions can be fested: surface features
along the hot-spot Lracks must by their
nature and age fit the hypothesis that
they were formed by the passage of a
plate over an upwelling plume. This
should be true not only along the well
defined portions of the tracks but also
in regions where the tracks have sim-
ply been extrapolated from the calcu.
lated plate motions and evidence of
hot-spot activity has not previously
been observed.

Although the awvailable data are
fragmentary (particularly concerning
the ages of sea-floor features), in gen-
eral the reconstructions pass the test. A
good example is the track of the hot
spot that formed the Great Meteor
Seamount south of the Azores [see il-
lustration on these two pages]. Two hun-
dred million years ago the area north-
west of Hudson Bay on the Arctic Cir-
cle was over the Great Meteor plume;
50 million vears later the hot spot was
under Ontario. The exposure of the
Canadian shield from Manitoba to
Ontario can be attributed to uplifting

of the crust by the plume: in an uplilt-
ed area sediment covering the Dase-
ment rocks is more [ikely 10 be croded
away over time.

Omne hundred million years ago the
track had reached the young and nar-
row Atlantic off Cape Cod. The pas-
sage of New Hampshire over the hot
spot is recorded by magma infrisions
in the metamorphic rock of the While
Mountains; the intrusions are betwecn
10 and 124 million vears old. For the
period from about 100 to B0 million
years ago the track follows the trend of
the New England Seamounts. Basced
on radiometric dating of rocks collect
ed from the seamounts, Robert A
Duncan of Oregon State University
has shown that the volcanoes get pro-
gressively younger toward the south-
east along the chain. Their ages coin-
cide with their passage over the hot
spol. From the ages and the distances
between the seamounts Duncan has
calculated the wvelocity of the MNorth
American plate during that period:
about 4.7 centimeters per year.

Approximately 80 million years ago
the Mid-Atlantic Ridge migrated west-
ward over the plume. The track contin-
ues on the African plate and ends at
the Great Meteor Seamount. At pres-
ent the hot spot should be about 500
kilometers southwest of Great Meteor,
Although there is a swell in that region
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structions, which must fit the relative plate motions derived from
sea-floor-spreading history, When the midocean ridge separating
two plates drifts over a plume, the track continues on the other plate
but is interrupted (broken lines) by sea floor formed at the ridpe
after it passed over the hot spot. A plate motion is a rotation, and
so thie-tracks approximate concentric citcles rather than parallel
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straight lines. Along the Madeira (M) and St. Helena (H) tracks
continents have later rifted apart; the plumes may promote rifting
by thinning a passing plate. The Snake River plain, where the litho-
sphere has been weakened by the track of the Yellowstone hot spot
(Y}, may be the site of a future rift. Not all hot spots are present in
each reconstruction because new ones form and old ones fade away,
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and buoyant material [rom the plumec.
A wave traveling down the ridge
would generate anomalously thick
crust, affecting the area nearest the hot
spot first. The elevated crust would
then be carried away on each side of
the axis by the spreading plates, [orm-
ing the V-shaped secondary ridges.
From the known spreading rate and
the angle between the secondary ridees
and the spreading axis one can est
mate the speed of the plume materiai;
it seems to flow down the axis at a rate
of five 1o 20 centimeters per year.

Because the midocean ridges move, a
hot spot is unlikely to be situated
under a spreading center for more than
a geologically brief period. It is con-
ceivable, however, that a plume might
feed a spreading axis from a distance,
provided it is close enough to the re-
gion in which the base of the litho-
sphere slopes up toward the axis. This
concept helps to explain some unusual
surface features in the Iceland area.

The plateau that includes Ieeland
stretches from Greenland in the west
to the Faeroe Islands in the east. The
section of the plateau east of Iceland
and east of the current spreading cen-
ter has long puzzled geologists. It= lin-
ear trend suggests a hot-spot origin.
Yet it could not simply have been
formed by the motion of a plate over a
fixed plume, because it does not coin-
cide with the track of the Iceland hot
spot, which is known from the recon-
structions of the early Atlantic. Some
workers have interpreted this as a sign
that the hot spot has not remained
stationary but has instead wandered
about, forming the plateau by occa-
sionally punching through the plate.
The argument implies that the recon-
structions are inaccurate: if plumes are
not fixed, they provide no absolute ref-
erence frame for mapping plate mo-
tions over the mantle.

Our own hypothesis is that the Ice-
land hot spot has remained stationary
and that the Iceland-Faeroe plateau
© section was made by rock flowing east-
ward from the hot spot to a now ex-
tinct spreading center. The hypothesis
can be tested. Presumably the plume
would feed the closest point on the
ridge. Thus at any time during the
formation of the plateau & line repre-
senting the shortest distance from the
plume to_the ridge should intersect
the center of the plateau. The plateau
would be symmetrical about the ridge
axis, but not necessarily perpendicular
to it. With respect to the hot spot, the
plates might have a component of mo-
tion parallel to the axis, and the ori-
entation of the plateau would be ob-
taingd by adding that component to
the relative motion of the plates (per-

pendicular to the axis). Finally, the age
of the plateau at any point would be
the same as that of the surrounding sea
floor, because the two were formed at
the same Lime. None of these predic-
tions would hold if the plateau were
formed by a wandering hot spot that
was not (eeding a ridge.

To test the model one of us (Vink)
reconstructed the opening ol the Nor
wegian-Greenland Sea and the forma-
tion of the plateaw. The method is the
same as that used for reconstructing
the early Atlantic: superposing mag-
netic isochrons reveals the relative po-
sition of the plates at the time of a
given magnetic anomaly, and the hot-
spot track shows the plate motions in
the hot-spot reference frame.

During the early opening of the ba-
sin, some 30 to 60 million years ago,
the Iceland hot spot was under eastern
Greenland. Its southerly track reflects
the northward motion of the Green-
land plate. The passage of the plate
over the plume probably produced
the extensive igneous rock formations
southwest of Scoresby Sound, which
from radiometric evidence are judged
to be roughly 55 million years old.
About 50 million years ago the Green-
land continental shelf moved over the
hot spot. At that time excess plume
material could have begun flowing
along the base of the oceanic litho-
sphere to the spreading center, and the
plateau would have started to form.
The Faeroe Islands, now at the eastern
end of the plateau, would have been
created first; their basalts are between
50 and 60 million years old. In the re-
construction of the period the nascent
plateau is roughly symmetrical about
the spreading axis, and the V shape of
its northern edge reflects the norther-
ly motion of the plates with respect to
the hot spot.

By 36 million vears ago the plates
had switched to a more westerly
course, causing the hot-spot track to
bend to the east. The change is appar-
ent in the geometry of the plateau: the
V is split by a younger segment with

an east-west heading, perpendicular

to the spreading axis. The plateau re-
mains symmetrical about the axis, and
a line from the hot-spot position inter-
sects the axis at the center of the pla-
teau. Both observations indicate the
plume was continuing to channel mol-
ten rock to the ridge.

By that time the hot spot was under
oceanic lithosphere, which is some-
what thinner than continental litho-
sphere. The plume would have thinned
it further. Our model assumes that the
ridge subsequently jumped to the area
of weakened lithosphere, leaving an
extinct spreading center on the eastern
section of the plateau. Although the

existence of such a reli€ 15 still beng
debated, geologic activily secms in-
deed to have ceased in the east al about
the time the spreading axis would have
jumped o the wesl; rocks collecied
from a drill hole near the center of the
eastern section are roughly 40 (o 43
million years old.

Sca-(loor spreading continued at the
western end of the plateauw. With the
hot spoi positioned under the spread-
ing axis, plume material began 1o flow
down the axis, giving the ridge ils pres-
ent tapered structure to the south. The
westward-moving plates soon pushed
the axis off the hot spot, but the plume
continued to feed the ridge. The oldest
oulcrops on [eeland are Found near the
east and west coasts, as one would ex-
pect on an island formed ataspreading
axis; their ages suggest the island was
born between 16 and 12 million years
ago. Iceland remains geologically ac-
tive. In the past few million years east-
ward movements of the spreading axis
have once again placed the ridge over
the hot spot.

The reconstructions show that a
fixed Iceland hot spot could well have
produced the observed geometry of
the Greenland-Faerce Plateau, It may
also have formed the Vering Plateau,
even though the latter is now 500 kilo-
meters to the north of Iceland. The hy-
pothesis rests on the assumption that a
plume will always feed the closest sec-
tion of a spreading axis. Just before the
formation of the Greenland-Faeroe
Plateau, when the hot spot was still
under Greenland, it may have been
closest to a northern ridge segment.
During that period it could have pro-
duced the Vering Plateau. The north-
erly motion of the Greenland plate lat-
er brought the southern spreading axis
closer to the hot spot, and so the plume
switched targets.

ike plate tectonics itself the notion of
hot spots is a simple but powerful
concept. It explains many features of
the carth’s surface that once seemed
disparate, and further research will un-
doubtedly lead to the atiribution of
other effects to upwelling plumes in
the mantle. At the same time the con-
cept is appealingly intuitive. Indeed, it
is only embellishing the truth a little to
suggest the Hawaiians recogmized the
track of their hot spot centuries before
it caught the attention of modern geol-
ogists. According to Hawaiian legend,
Pele, the fiery-eyed goddess of volea-
noes, originally lived on Kauai, at the
western end of the island chain. When
the god of the sea evicted her, she fled
to Oahu. Forced again to flee, she con-
tinued to move east, to Maui, and final-
ly to the island of Hawaii. She now
seethes in the crater at Kilauea.
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